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NOVEL OPTICAL FIBRE FABRICATION TECHNIQUES FOR Yb-OPED HIGH-
POWER FIBRE LASERS AND SENSING APPLICATIONS

by Andrew Simon Webb

The work presented in this thesis reports on foowveh techniques for fabricating
speciality silica preforms and optical fibres. Tpmject aims were to conceive new
fabrication methods by adapting conventional MedifiChemical Vapour Deposition
(MCVD) and optical fibre drawing equipment, and demonstrate fibre devices for
ytterbium (Yb)-doped high-power fibre lasers (HPRIOd optical sensing applications.

Firstly, a newin-situ solution doping technique is presented for fabricating
actively-doped fibre-preforms of complex designeThbrication and characterisation
of several multilayered rare-earth (RE)-doped Bbsaitable for HPFL applications are
reported, including an Yb-doped (>18,000 ppm, byghg fibre with a low effective-
NA, which incorporates a pedestal refractive ingexfile and a unique aluminosilcate
(AL:Si) inner-cladding. The vapour-phase depositadrRE ions in fibre-preforms has
also been demonstrated using a nafemical-in-crucible process that is intended for
use with precursors of low volatility. Modificatierto the standard MCVD setup were
made which allows the dopant source to be placétimthe substrate glassware and in
close proximity to the reaction zone. Preforms wdibpant concentrations of up to
25,000 ppm (by weight) of Y¥H ions have been attained using an organometallic
precursor, whilst passive Al'Si preforms containir@6 mol% of Al have been
achieved using gaseous aluminium chloride.

A straightforward fabrication technique for prochgisilica suspended-core
holey fibre (SC-HF) is also presented. The drawn fibre exhibitglatively low optical
loss (of 0.3 dB.m at A =1550 nm), and the high air-filling fraction, whi was
predicted as ~30 % (for a core size of 0.8 umbeigeved to the highest reported value
at the time the work was undertaken. The sensimpplbty of SC-HF has been
demonstrated by constructing an all-fibore acetyflie gas cell. The final
experimental chapter describes the first examplke wdvelflat fibre concept. Extended
lengths of low-loss planar glass substrates weredymed using MCVD and
conventional fibre drawing equipment. In combinatiovith direct UV-writing,
multifunctional planar waveguiding devices can lbdricated that are mechanically
flexible. The potential of the flat fibre platforfor sensing applications is discussed.

The reported fabrication techniques have been im@hted through the
successful demonstration of several fibre deviegslsle for Yb-doped HPFLs and
optical sensing applications. The developed teclesdave future potential in industry
and manufacturing, and it is anticipated that tlueknpresented will enable fibres with
novel properties and glass compositions to be relsed.
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Chapter 1 Introduction

Chapter 1

| ntroduction

1.1  History of optical fibrefabrication

In 1970, researchers at Corning Glass Works puigheir seminal paper on low-loss
optical fibres [1]. The concept of transmittingHigthrough glass had been known for
many years, but it was not until a pivotal repoféa years earlier by Kao et al. [2], that
research into high-purity glasses intensified. keaa@l. predicted that the impurities in
silica-based glass could be reduced sufficiently produce waveguides with an
attenuation of less than 20 dB.kma threshold that was, at the time, considered

practical for optical communications.

The fabrication method that Corning Glass Worksduseolved high-temperature
oxidation of precursor vapours to form glassy suoaticles that were deposited on the
outside of target rod, a process known as Outsigigour Deposition (OVD) [3]. The
soot body that was formed was subsequently comdetidand drawn into low-loss
optical fibre. In 1974, John MacChesney and co-wrgkat Bell Laboratories [4]
published a modified process for fabricating highiy glass, a process that was also
being investigated by David Payne and Alec Gamblag the University of
Southampton [5] and was called Modified Chemicalp®Ma Deposition (MCVD).
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MCVD utilises a similar vapour-phase reaction ditaiprecursors to that of OVD, but
the optically transparent glass layers are depbsitea single step on the inside of a
cylindrical glass tube. Although the OVD procespied the increased demand for
optical fibre at the time, it is MCVD that is mostdely used for preform manufacture

today.

Whilst MCVD technology was still in its infancy, aalternative fibre structure that
featured micron-scale air holes running alongetsggth was being explored, again for
the purpose of optical data transmission [6]. Thesmdy microstructured optical fibres
consisted of a solid silica core supported by twanore thin membranes. Unlike the
germanium-doped fibres produced by Corning Glasgké/omicrostructured fibres
were fabricated from a single-material (silica) amere also capable of attaining low-
loss levels similar to those achieved by OVD. Thenmgsing, yet challenging,
fabrication route of microstructured optical fioneas soon overshadowed by the low-
loss fibres that were possible using the MCVD psscand the relative ease in which
the technique could be implemented.

However, in 1996 there was a resurgence in thd 6&lmicrostructured fibres, largely

pioneered by Philip Russell and the advent of theksand-draw technique [7]. The

emphasis had shifted to the tantalising opticadgoce properties that these exotic
fibres could offer, which were difficult to achiewath any other types of fibre. Modern

microstructured fibres now comprise of an intricateay of holes, with their size and

placement creating unprecedented transmission deaistics, such as the well-known

‘endlessly single-mode’ fibre [8].

Alongside the mainstream development of low-lobses for optical communications,
there have been countless other fabrication tealsighat allow optical fibres with
unconventional structures and glass compositionsbeéorealised for a range of
applications [9]. Many of these speciality fibre$yron existing technology to create the
glass preform, notably MCVD, but adopt a fabricatioute which involves assembling
the fibre-preform, rather than depositing the glddse main constituent is normally
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silica, but the core and cladding materials carobdissimilar composition. The core
can therefore be derived from more unusual masgrgich as bulk crystals of silicon
[10] or YAG [11]. Fabrication techniques such ad-mo-tube (RIT), or powder-in-tube
(PIT) [12, 13], are used in these particular exaspand are more akin with traditional
glass-melting methods. The motivations that drive development of new fabrication
techniques are the changing applications for optitaes, which are still being
discovered.

1.2 Applications of optical fibre

In modern society, optical fibres are well knowntlaes transmission medium for optical
communications. It is optical amplifiers and lasen®wever, that have helped to
functionalise this infrastructure, with perhaps thmest eminent example being the
erbium doped fibre amplifier (EDFA) [14]. The EDF#hich consists of a laser active
gain medium that enables optical signals at a veagh ) of 1.55um to be
amplified, was developed in the late 1980s andbeas a resounding triumph. Closely-
related to the optical fibore amplifier is the razath (RE) doped fibre laser, which has,
in recent years, experienced similar levels of sssas the EDFA. Multi-kilowatts of
stable output power combined with a diffractionited beam has meant that fibre
lasers are now used routinely in industry for matgrocessing [15].

The first fibre laser was reported in 1964 [16]f tuwas not until 1985, and the
progress made by David Payne and co-workers dttiversity of Southampton [17],
that serious interest was generated. The fibrégptathas several advantages over solid
state lasers. The attraction lies in the supereanb quality and thermal management
that the fibre laser geometry allows. The demotisttaof a cladding-pumped fibre
laser a few years later [18], using semicondudceer diodes as the pump light source,
enabled the achievable output power to increasmatieally. The first fibre laser to

reach 100 W of single-mode output power was regdrné 999 [19], with the following
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decade seeing an impressive year-by-year increagghws now in the multi-kilowatt
regime [15].

In parallel with the development of fibre lasersl amplifiers, optical sensing has also
received considerable scientific attention over ybears. Optical fibres already play an
important part in manufacturing and industrial meses for analysing and monitoring
chemical and biological materials [20]. Althoughtioal fibre sensors can take many
forms, the architecture that is of relevance iis thork is an ‘intrinsic’ system, where

the fibre itself is the sensing medium as opposaddrely a light carrier to and from an
external modulator. These devices tend to be comptable, and integrate easily into
fibre networks. Sensing in optical fibres is aclei@\by altering the fibre structure so as
to gain access to the evanescent-field of the lpgbpagating in the core. This can be
most straightforwardly achieved by removing a secwof the glass cladding material.

The exposed region is then sensitive to its sudimgs and can be used to discern
external properties such as the refractive indexa diquid [21] or a particular gas

species [22].

Embedded in the mechanism by which index-guidingrositructured optical fibres

operate is the interaction between the core modetla surrounding medium, and it
was soon realised that the air holes provided ealiglatform for sensing elements in
the voids. The innately long optical path lengtihamed their sensitivity, and the early
work by Tanya Monro et al. predicted optical fibkesh overlapping fractions of up to

20—-30% [23]. Since then, numerous microstructufiore designs have been
suggested for sensing gases and liquids [24, 2bltla principle has given rise to an
entirely new class of fibre sensing devices, stedavanescent-field devices.

1.3 Thesisaims and structure

The broad aims of the work presented in this thesise to develop new fabrication
methods for silica optical fibres that are comgatitvith existing MCVD and fibre
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drawing technologies. Applications in ytterbium {¥doped high-power fibre lasers

and optical fibre sensing were targeted, whichareurrent interest in both academia
and industry. The objectives were to conceive afithe novel fabrication techniques,

as well as exemplify their potential by demonsh@tspeciality optical fibres designs

that can not easily be obtained using existing oethUnderpinning the research was
the intention to develop straightforward approachather than elaborate and complex
solutions, which would be more widely accessibld have a greater impact for optical
fibre fabrication outside the research environment.

This PhD was studied on a part-time basis, anduadgrtaken alongside employment
at the Optoelectronics Research Centre (ORC). Tt®ais currently a member of the
Silica Fibre Fabrication group, supporting the depment of preform and fibre
processes in the capacity of Senior Engineer. Kperemental and development work
reported in this thesis, including the design aodstruction of bespoke apparatus, was

undertaken by the author, unless otherwise stated.

The thesis is organised into seven chapters, imguthis introduction. Prior to the
presentation of any practical work, the backgroumfiokrmation relevant to silica optical
fibre fabrication is provided. Although the outconwé this work will involve
implementation of optical fibres as devices, itpedominantly advances in their
fabrication that have been studied, and as such intf@mation in Chapter 2
concentrates on these aspects. Any subsequentthatrkequires an understanding of
how the resultant optical fibore can be integratatb ia particular application is
addressed in the individual chapter. Having inttl the appropriate technical
background, the experimental work is then splitoifour distinct chapters, each
covering a separate fabrication technique. Theemtasion structure of these chapters
broadly follows the same form: an introductionle topic followed a description of the
developed fabrication technique, a report of tharatterisation results from the
fabricated preforms and fibres, and finally a sumn@and a list of the references used in
the text.
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Chapter 3 presents an-situ solution doping technique for incorporating RE ions into
preforms fabricated using MCVD [26]. The currenpeg of optical fibre used in high-
power fibre lasers are introduced and the limitagiof current fabrication methods are
highlighted. The experimental work reports on tealisation and characterisation of
selected Yb-doped fibre designs, including a lazges fibre suitable for large mode
area (LMA) operation, and a selectively RE-dopdulefiwith a raised inner-cladding.
The use of multiple Yb and aluminium (Al)-dopedday has been advocated in all of
the designs, and represents a format that is irtipadte to achieve with conventional

doping techniques.

In chapter 4, a vapour-phase RE-doping procesaviBD preform fabrication is
reported, termedhemical-in-crucible (CIC) [27]. The CIC process enables dopant
precursors that have a low volatility to be propatg for their suitability in preform
fabrication. The CIC process uses a new approactieatrically heating the dopant
precursor within the substrate glassware, and dowly a dedicated setup was
developed and constructed by the author. The denadios: of preforms fabricated
using the CIC process are reported and the chaisatten results from the resultant
fibres are presented. The work on the CIC process supported by Engineering and
Physical Sciences Research Council grant, EP/E(G3B72

Chapter 5 describes a straightforward fabricatechmnique for silicasuspended-core
holey fibre (SC-HF) [28] that was developed by the author. filme design exhibits a
small diameter core and a high air-filling fractidviodelling of the fibre confirmed that
the modal overlap is greater than 29 %Aat 1.5um) which, at the time that the work
was undertaken, was significantly higher than argvipusly reported index-guiding
structure used in this way. The fabrication andratizrisation of an all-fibre acetylene-

filled gas cell based on SC-HF is reported.

The work presented in the final experimental chaptates to an entirely new type of
optical fibre, termedlat fibre [29]. Flat fibre is fabricated using conventiohaCVD
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and fibre drawing equipment and represents a natiopin for extended length planar
devices. The first proof-of-concept for flat fibie reported and waveguiding channels
were defined using direct-UV writing [30]. The weih waveguides were characterised
and ways to improve the material properties of thee layer are discussed. The

progress towards realising an evanescent-fieldosarsng flat fibre is summarised.

Chapter 7 details the conclusions and future wérk.overall account of the work is
given, which is in addition to the summary providadthe end of each individual
chapter. The possible directions for future wor& discussed based on a continuation
of the current themes. Appendices A, B and C, pi@wa list of published articles, a
summary of the individual preforms and fibres thave been fabricated, and the effects
of the Mountbatten fire, respectively.

1.4 References

1. F.P. Kapron, D.B. Keck, and R.D. Maurer. "Radiatlosses in glass optical
waveguides"Applied Physics Letters, 17(10): 423-425, (1970).
2. K.C. Kao and G.A. Hockham. "Dielectric-fibre tage waveguides for optical

frequencies"Proceedings of the IEE, 113: 1151-1158, (1966).

3. M.G. Blankenship and C.W. Deneka. "Outside Vapeposition Method of
Fabricating Optical Waveguide Fiber$EEE Journal of Quantum Electronics,
18(10): 1418-1423, (1982).

4. J.B. MacChesney, P.B. O'Connor, and H.M. Preshynew technique for the
preparation of low-loss and graded-index opticakrfs". Proceedings of the
|EEE, 62(9): 1280-1281, (1974).

5. D.N. Payne and W.A. Gambling. "Silica-based loas optical fibre".
Electronics Letters, 10(15): 289-290, (1974).

6. P. Kaiser and H.W. Astle. "Low-loss single-matefibers made from pure
fused silica" Bell System Technical Journal, 53(6): 1021, (1974).



Chapter 1 Introduction

10.

11.

12.

13.

14.

15.

16.

17.

J.C. Knight, T.A. Birks, P. St.J. Russell, andvD Atkin. "All-silica single-
mode optical fiber with photonic crystal claddin@ptics Letters, 21(19): 1547,
(1996).

T.A. Birks, J.C. Knight, and P.S.J. Russell. dessly single-mode photonic
crystal fiber".Optics Letters, 22(13): 961-963, (1997).

A. Mendez and T.F. Morse&peciality Optical Fibers Handbook. Academic
Press. (2007).

J. Ballato, T. Hawkins, P. Foy, R. Stolen, BkKoz, M. Ellison, C. McMillen,
J. Reppert, A.M. Rao, M. Daw, S. Sharma, R. SloriStafsudd, R.R. Rice, and
D.R. Powers. "Silicon optical fiber"Optics Express, 16(23): 18675-18683,
(2008).

Y.-C. Huang, Y.-K. Lu, J.-G. Chen, Y.-C. Hsu;M. Huang, S.-L. Huang, and
W.-H. Cheng. "Broadband emission from Cr-dopedréldabricated by drawing
tower". Optics Express, 14(19): 8492-8497, (2006).

M. Neff, V. Romano, and W. Luthy. "Metal-dopdibres for broadband
emission: Fabrication with granulated oxideSptical Materials, 31(2): 247-
251, (2008).

R. Renner-Erny, L. Loredana Di, and W. Luth&. fovel technique for active
fibre production” Optical Materials, 29(8): 919-922, (2007).

R.J. Mears, L. Reekie, I.M. Jauncey, and D&yne. "Low-noise erbium-doped
fibre amplifier operating at 1.54 umElectronics Letters, 23(19): 1026-1028,
(1987).

Y. Jeong, A.J. Boyland, J.K. Sahu, S. ChungNilkson, and D.N. Payne.
"Multi-kilowatt single-mode ytterbium-doped large+e fiber laser"Journal of
the Optical Society of Korea, 13(4): 416-422, (2009).

C.J. Koester and E. Snitzer. "Amplification dnfibre laser".Applied Optics,
3(10): 1182-1186, (1964).

R.J. Mears, L. Reekie, S.B. Poole, and D.N.nBayNeodymium-doped silica
single-mode fibre lasersElectronics Letters, 21(17): 738-740, (1985).



Chapter 1 Introduction

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

E. Snitzer, H. Po, F. Hakimi, R. Tumminellida.C. McCollum. "Double-clad,
offset core Nd fiber laser.”" OSA Technical Digest Series, Optical Fiber
Sensors. paper PD5, (1988).

V. Dominic, S. MacCormack, R. Waarts, S. Sasidér Bicknese, R. Dohle, E.
Wolak, P.S. Yeh, and E. Zucker. "110 W fibre lasdflectronics Letters,
35(14): 1158-1160, (1999).

J.M. Lépez-HigueraHandbook of optical fibre sensing technology. Wiley-
Blackwell (2002).

J. Villatoro and D. Monzon-Hernandez. "Low-coptical fiber refractive-index
sensor based on core diameter mismatdblirnal of Lightwave Technology,
24(3): 1409-1413, (2006).

G. Stewart, W. Jin, and B. Culshaw. "Prospémtdibre-optic evanescent-field
gas sensors using absorption in the near-infrargaiisors and Actuators B:
Chemical, 38(1-3): 42-47, (1997).

T.M. Monro, D.J. Richardson, and P.J. Benri@&eveloping holey fibres for
evanescent field deviceElectronics Letters, 35(14): 1188-9, (1999).

G. Pickrell, W. Peng, and A. Wang. "Random-hoggical fiber evanescent-
wave gas sensingOptics Letters, 29(13): 1476-1478, (2004).

R.S. Windele, Y.L. Hoo, W. Jin, H.L. Ho, and\D.Wang. "Evanescent wave
gas sensing using microstructure fibre.4ih Pacific Rim Conference on Lasers
and Electro-Optics, Chiba. 8-9, (2001).

A.S. Webb, A.J. Boyland, R.J. Standish, S. Ya&, Sahu, and D.N. Payne.
"MCVD in-situ solution doping process for the fataiion of complex design
large core rare-earth doped fiberddurnal of Non-Crystalline Solids, 356: 848-
851, (2010).

A.J. Boyland, A.S. Webb, S. Yoo, F.H. Mountfdvt.P. Kalita, R.J. Standish,
J.K. Sahu, D.J. Richardson, and D.N. Payne. "OlpEdzer Fabrication Using
Novel Gas-Phase Deposition TechniqudSurnal of Lightwave Technology,
29(6): 912-915, (2011).

A.S. Webb, F. Poletti, D.J. Richardson, and 3#hu. "Suspended-core holey
fiber for evanescent-field sensin@ptical Engineering Letters, 46(1), (2007).



Introduction

Chapter 1

29.

30.

A.S. Webb, F.R. Mahamd Adikan, J.K. Sahu, Btandish, C.B.E. Gawith, J.C.
Gates, P.G.R. Smith, and D.N. Payne. "MCVD plandistates for UV-written

waveguide devicesElectronics Letters, 43(9): 517-519, (2007).

G.D. Emmerson, S.P. Watts, C.B.E. Gawith, Vbahis, M. Ibsen, R.B.
Williams, and P.G.R. Smith. "Fabrication of dirgctUV-written channel
waveguides with simultaneously defined integral ggragratings".Electronics

Letters, 38(24): 1531-2, (2002).

10



Chapter 2 Silica Optical Filsigbrication

Chapter 2

Silica Optical Fibre Fabrication

2.1 | ntr oduction

This chapter reviews the technologies behind prefand optical fibre fabrication, and
describes the equipment and techniques that rétatdhe work in the subsequent
chapters. A brief introduction to silica and raeeth (RE) glasses is firstly provided,
which outlines the transmission characteristics andability for use as an optical
waveguide. The major preform fabrication process@sthen examined, and a more
detailed account of Modified Chemical Vapour Defiosi(MCVD) is provided owing
to its significance throughout this thesis. Asrg@déaproportion of the experimental work
also focuses on incorporating RE ions into silicaf@ms, specifically ytterbium, the
numerous techniques associated with this are pexeas well as the practical
considerations and limitations of the different mygeches.

The second half of this chapter discusses optitme fdrawing and measurement
techniques, and the fibre requirements for deploymm lasing and sensing
applications. The configuration and operation oésearch-grade fibre drawing tower is
described, which is typical of those used for theeeimental work. The subject matter

in the first half of this chapter is relevant teethntire thesis, whereas the final two
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sections look specifically at ytterbium-doped fitesers (YDFL) and evanescent-wave
sensing, and relate to Chapters 3 and 4 and Clkaptand 6, respectively. The brief
introduction to these topics is expanded upon withe relevant chapters.

2.2  Silicaand rare-earth doped glasses

Silicon dioxide (SiQ) is one of nature’s most abundant compounds, oogunaturally

in a crystalline form as quartz. The crystal umtl of quartz consists of a silicon (Si)

atom bonded to four oxygen (O) atoms in a tetraddectsnfiguration. In a solid glass

phase, SiQ referred to as silica, is an amorphous matehn@t €xhibits no long-range

uniformity in its atomic arrangement and has omyited short-range periodicity (see
Figure 2.1). As a result of the lack of periodiciyglassy/amorphous silica, the voids

are irregular which controls the glass viscosity.

5

.

(@)

Figure 2.1: Representations of the *spybridized silicon (dark circles) with oxygen (ope
circles) in (a) silica crystal and (b) in amorpharsglassy silica [2]. The crystalline structure
depicts a 3-dimensional periodic array of Si andt@ns, which is absent in the amorphous or

glassy silica.

Transforming a crystal into a glass can be achidwedraditional ‘melt-quenching’,
whereby the material is heated until it forms aeiss liquid and is then rapidly cooled.
With insufficient time for a regular lattice to oefn, the disordered molecular structure
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is frozen-in. The temperature at which the visdapsd becomes a solid glass is known
as the transition temperatureg{Bnd can be regarded as the temperature belowhwhic
the molecules have relatively little mobility. Fpure SiQ, Ty is in the region of
1200 °C [1]. However, this value will depend on thge of cooling, and therefore the

properties of a glass will differ depending on tihermal history of the material.

In principle, nearly all materials will form a g&a# cooled sufficiently fast, however,
relativity few can do so on their own in the sanmenmer as Si@ These types of oxides
are known as ‘glass formers’, and include germandioxide (GeQ), phosphorus
pentoxide (POs), and boron trioxide (BDs). In addition to glass formers, dopant
elements in oxide glasses can also be classecktygork modifiers’ or ‘intermediates’,
which are often classified by their atomic bondesgth. Network modifiers sit in
interstitial positions within the glass network,eéking the Si-O-Si bonds and
modifying the chemical and optical properties of tflass, but are not able to form a
glass themselves. These include alkali and alka&lareh metal oxides, of which sodium
(Na) is perhaps the most important as it reducesambrking temperature of the glass
[2]. An intermediate oxide is a conditional glassnier which does not form a glass

independently but can combine with other oxidethénglass network.

Amorphous silica glass has a very high opticaldpamency over a broad wavelength
(A) range of 0.&m to 2.0um, making it ideal for optical waveguiding applicais.
This low-loss window is bound by fundamental absorpedges in the ultraviolet (UV)
and near-infrared (IR) regions as a result of faable electron transitions and
molecular vibrations in the glass. The dominans loechanism within the transparent
region is Rayleigh scattering, which defines theotletical minimum loss in silica as
0.125 dB.krit at A = 1.55um [2]. Rayleigh scattering is an intrinsic loss mmegism
that is caused by inhomogeneities in the glassiwaiie of a similar length scale as the
wavelength of light, and introduces an optical Itss is proportional t&™. In contrast,
extrinsic losses arise from impurities such as metes and hydroxyl (OH) groups that
are present in the glass structure. Transition Ini@ta such as chromium (Cr), copper
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(Cu) and iron (Fe) introduce to a considerable giigm in optical fibres that is of the
order 1 dB.krt for every part per million (ppm) of impurity [3However, it is OH
groups that account for the highest contributiorth® absorption in silica, and which
are most difficult to eradicate. OH molecules thid embedded in silica glass structure
have a fundamental stretching vibratiomat 2.73um. This fundamental vibration, in
combination with harmonic vibrations, manifests cmracteristic absorption peaks
centred at wavelengths of 1.86, 1.24um and 0.95um, with every ppm responsible
for an absorption of 54 dB.ki 2.3 dB.knT, and 0.83 dB.kih, respectively [2].

Reducing the attenuation in optical fibres thatassed by the presence of OH groups is
addressed at the start of the preform fabricatimtgss. In the case of MCVD, the
substrate itself can be a major source of contarmand is partially suppressed by
careful selection of the starting material. A glagse that is widely used as a substrate
and jacketing tube, both commercially and in thbofatory is SUPRASIL-F300
(Heraeus, Germany), which is synthetic fused qudttas manufactured from the
oxidation of silicon-rich precursors (as opposedn&turally fused quartz) to form a
porous soot body that can be efficiently dehydrdietbre being sintered into glass.
Thereatter, it is ground and drilled to the regdiicemensions. F300 glass exhibits only
trace metal impurities, at the sub-parts per bill{ppb) level, and the manufacturing
process is regulated so as to maintain the OH obate<1 ppm [4].

Whilst considerable efforts are made to remove iips from the glass to reduce
unwanted absorption and scattering losses, thbatatie incorporation of RE ions into
the silica structure is desirable for the purpo$dight amplification. RE ions are
optically active, enabling them to absorb and digiitt at different wavelengths. Lasing
is based on the process of stimulated emissionjratite case of RE-doped silica fibre
used in applications for telecommunications thessimn wavelengths typically lie
within the favourable ‘eye-safe’ range between nband 2.Qum. Furthermore, RE
ions are relatively insensitive to their host miadeby virtue of their electronic
structure; the outer 5s and 5p electrons shieleléderonic structure when incorporated
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into the glass matrix whilst the 4f inner shellrésponsible for optical absorption and

emission.

In a purely silica host glass, trivalent RE ions caly be incorporated homogenously
in low concentrations owing to a lack of non-brigioxygen sites. In the ‘continuous
random network’ model proposed by Zacharison [Hgche corner of the silica
tetrahedron shares a ‘bridging’ oxygen ion to famgid network. Trivalent RE ions in
oxide glasses require the coordination of 6 to @jexr ions and are therefore not easily
dissolved in pure silica. When RE ions such asuenb{Er*) are introduced into the
glass, the silica tetrahedron are displaced sahkeadopant ion is bonded to six O atoms
(see Figure 2.2(a)) [6]. The coordination balarscadhieved by the 3+ erbium and the
three -1 oxygens, where two oxygen atoms behawm@sn terms as charge. Since the
Si** tetrahedron donates one electron to each O neightie Ef* ion does not fit well

in the silica network [7]. Owing to the insufficienumber of ‘non-bridging’ oxygen
ions in silica, RE ions tend to share oxygen iotmctv leads to ‘clustering’. The close
proximity of the RE then permits energy to be tfamed through RE-O-RE bonds [8].
This limits the maximum concentration of RE ionsatthcan be incorporated

homogenously in pure silica to around 100 ppm, bigit.

Figure 2.2: lllustration showing (a) the inclusion of an®Eion in the pure silica network,
indicating the movement of the silica tetrahedroratcommodate the RE ion [6], and (b) the

coordination of an Er ion in an Al co-doped silglass [7].

15



Chapter 2 Silica Optical Filsigbrication

It is well known that the solubility of RE ions gilica can be increased by incorporating
aluminium and phosphorous co-dopants into the glabgh surround the RE ion and
shield its charge. In the case of aluminium, tevalAP* ions substitute for &iions in
the glass network, and with three Al ions in clpseximity a RE ion can provide the
charge compensation (Figure 2.2(b)) [7]. Phospr®mravides a similar structural role
to aluminium and is incorporated as #Ptetrahedron. An in-depth model of the effect
of co-doping on the structural properties in RE-elbgilica glass is given by Arai et al.
[9]. The authors describe that RE ions that can aomtrdinate sufficiently to non-
bridging oxygens cluster together to form ‘ill-cdorated’ ions. The addition of Al
ions, coupled with the Si ions, surround the REachieving charge compensation and
resulting in ‘well-coordinated ions’. As both alumim and phosphorus are soluble in
silica glass, they are used extensively in RE-dgilexh fibres to allow RE constituents
to be incorporated in relatively high concentrasion

2.3 Preform fabrication

The industrial processes used in manufacturingasdptical fibres have been developed
over many years and are now well established [@O@kical fibre is manufactured in
two-stages. The first stage involves fabricating gkass preform with the compositional
and waveguiding refractive index profile (RIP) thatrequired for the resultant fibre.
Fibre is then pulled from the preform in a drawtogver, with a reduction in diameter
of more than two orders of magnitude. Producingpttegorm arguably poses a greater
challenge in terms of fabrication than the fibrawling stage, and has consequently
given rise to a handful of disparate techniquesahawidely used.

The leading preform manufacturing processes aradbyocategorised as Chemical
Vapour Deposition (CVD), and involve the high-temgiare reaction of precursor
vapours to deposit silica particles on a substrabe three main CVD methods are:
Outside Vapour Deposition (OVD) [11], Vapour-phaseal Deposition (VAD) [12]

and MCVD [13]. VAD and OVD are well known as thelustry standards for mass-

16



Chapter 2 Silica Optical Filsigbrication

producing transmission optical fibre, and althouglVD endures a comparatively
lower deposition rate, it is a highly versatile pees and relatively simple to implement.
A photograph of the MCVD system used for the méjoaf the experimental work
presented in this thesis is shown in Figure 2. eOnhoteworthy preform fabrication
processes are Plasma-activated Chemical Vapour ddepo(PCVD) [14] and Direct
Nanoparticle Deposition (DND) [15]. PCVD is similer MCVD except that instead of
a fuel burner, microwave-generated plasma prouldesecessary energy to initiate the
chemical reactions inside the substrate tube. DBIDhe proprietary technology of
LIEKKI (Finland) and is a variant of the OVD prosethat was developed to improve
aspects of the deposition efficiency and contr@rdtre preform RIP.

Preform Lathe & Gas System Control

arriage
Speed _mm/min Curent pass
200.0
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Manual Mode, .. .-

Figure 2.3: (a) Photograph of a MCVD lathe in operation, any gbsnap-shot image of the
graphical interface used for its control.

The CVD processes used in preform fabrication aafulther categorised according to
the type of chemical reaction that is responsiblegroducing the silica particles. In
MCVD, the precursor vapour is mixed with an oxygearrier gas and transported inside
a glass tube to the heat source where it undebegh-temperature oxidation reaction.
By contrast, in OVD and VAD processes the precussgour is fed directly into a
burner flame and a hydrolysis reaction is initiat€de resultant glass particles are then
deposited on to a rotating target rod. Hydrolysithe same mechanism that takes place
in other CVD techniques, such as Flame Hydrolyspdsition (FHD) [16]. FHD can
be regarded as the equivalent deposition procegsréalucing planar silica layers, and
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is revisited in Chapter 6 in the context of alteéiveadeposition techniques for planar
devices.

The final distinction between MCVD, OVD and VAD, tisat the former is a single-step
fabrication process, whereas OVD and VAD requiteposition, or soot stage, as well
as a combined dehydration and consolidation stélge.latter stage entails drying the
porous soot to remove OH ion impurities before st donsolidated into glass.
Dehydration is achieved by immersing the soot bodw controlled atmosphere of
helium (He) and chlorine (gl gas at an elevated temperature of between 95heC
1250°C [17]. This is sufficient to effectuate a reaatisetween the ¢lgas and the OH
ions, but is low enough not to densify the sootlowang dehydration, the temperature
is increased to 1200 — 1600 °C and the soot bodysously sintered into a dense,
bubble-free glass preform.

2.3.1 M odified chemical vapour deposition

The MCVD process involves flowing the vapour froralile precursors down the
centre of an externally heated rotating glass t(dee Figure 2.4). The precursors
undergo a high-temperature reaction upon reaclhiagutirner, and deposit amorphous
particles on the inside surface which are sintdngdhe trailing burner as it traverses
along the length of the tube [18]. After the reqdilayers have been deposited, the tube
is collapsed at a high temperature into a solid kodwn as a preform. The MCVD
process is described in detail below.

The glassware is assembled between two synchronowdgating chucks of a
glassworking lathe, along which an oxy-hydrogennbkurcarriage traverses. The
precursors are located remotely in a chemical esncd and are delivered through a
heated umbilical line (30 — 40 °C) and gas-tightiting seal to the substrate tube. The
main chemical precursors used in the MCVD procesgshe halide compounds: silicon
tetrachloride (SiG), germanium tetrachloride (Gef;lphosphorus oxychloride (PQLI

and boron tribromide (BB). These precursors are characterised by their vaglour
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pressures at room temperature (~100 kPa) and caffibently vaporised by passing a
carrier gas, such as oxygenyJ@r nitrogen (N), through a ‘bubbler containing the
liquid reagent. This approach takes advantage ef dbmparatively lower vapour
pressure of the unwanted metallic impurities ani@cgively purifies the precursor.
Supplementary process gases includeg I@¢, N and sulphurhexafluoride ($F which
are entrained in the gas stream within the chen@oalosure to ensure that they are
homogenously mixed and in a laminar flow upon resghhe substrate. The flow rates
of all gases are accurately regulated by compubetralled mass flow controllers
(MFC).

Extract
Gas rotary seal Silica substrate
R tube NE I

hhd Yz i

—

Oxy-hydrogen
burner
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Figure 2.4: Schematic of the MCVD process showing the glaskwgrlathe and chemical

delivery system.

The temperature of the substrate tube is measweanhinfrared pyrometer, which
provides feedback to the computer and controlsloe of hydrogen (H) and Q to the
burner in order to maintain the required temperatilihe pyrometer is usually focused
on the axial centre of the tube, at a point whichresponds to the peak glass

temperature when the carriage traverse speed e $80 mm.miit. The position of the
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hot-zone, however, will shift depending on the e@ye speed, and thus a fixed
pyrometer can sometimes lead to an incorrect tesyper reading. The measurement
becomes even less accurate if the burner is ttedsla the upstream direction, as is
necessary for depositing phosphosilicate soot &aj9]. For these reasons, a thermal
imaging camera can be used, in addition to therpgter, which is able to measure the
temperature over a wider field of view and ascertdie peak glass temperature
irrespective of its location on the tube surfaceghé&rmal imaging system was available
for most of the experimental work reported in tthiesis. The correlation between the
temperature measured by the thermal imaging cammedathat of the fixed position
pyrometer was experimentally determined and theceféf carriage speed is illustrated
in Figure 2.5.

2400

Pyrometer (carriage —)
—*— Pyrometer (carriage )
—— |Infrared camera (carriage —)
—=*— Infrared camera (carriage )

2200
2000
1800
1600 H
1400 H
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25 50 75 100 125 150
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Figure 2.5: Comparsion of the glass temperature measured éypytometer and the infrared
camera at various burner carriage speeds, in timstiream () and upstream<{) directions

(the burner flow rates were fixed aj &30 L.min' and Q = 15 L.min?).

The substrate tube used for preform fabricationasmally F300-quality glass with a
nominal outside diameter of 20 mm and an insidendtar of 16 mm. A variation in
diameter of <0.1 mm is tolerated and the tube shadditionally exhibit a high
tolerance on the ovality, siding, and bow alonglatsgth. After the substrate tube has
been chemically cleaned, it is assembled on te labhd undergoes further preparation
with a gas-phase etching pass using, 8F similar fluorinated compound, to eliminate
any remaining contamination. This is followed byigh-temperature flame-polishing
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pass (2000 —2100 °C) to smooth out the microscopgularities that were formed
during the etching. Prior to the core layer, selvgtiga cladding layers are deposited to
provide a low-loss barrier which prevents OH ioos,any other contaminants, from

diffusing inwards.

The core layer is produced by adding Ge&2IPOC} to the SiCJ gas stream in order to
raise the index of the glass in accordance withfitire design. At high-temperatures,
SiCl, vapour reacts with oxygen to form the silica netwyavhilst GeCJ oxidises into
GeQ. Similarly, POC{ is converted into #s which also increases the refractive index
of the glass, but reduces the processing temperand allows multiple glass layers to
be deposited without significant tube distortio®rBis incorporated into silica a$8s
and reduces the refractive index of the glass. Balaping also significantly increases
the thermal expansion coefficient of the glass entherefore normally reserved for

speciality fibre structures. Its use is studiedHer in Chapters 3 and 6.

The balanced oxidation reactions for the four npagcursors are shown below.

SiCly + O, - SiO, + 2Ch (.1
GeCl+ O, -~ GeQ + 2Cb (2.2)
4POCE + 30, —» 2P0s + 6Ch (2.3)
4BBr; + 30, - 2B,05 + 6BR (2.4)

These chemical reactions are initiated at tempegatin the region of 1300 °C to
1600 °C, although the overall efficiency of matemaorporation, even above 1600 °C,
is typically only around 40 — 70 % [18]. The corsien of SiC} and PO into their
oxide forms is effectively unity at temperature®abd around 1475 °C [20]. However,
the conversion of Gegto GeQ is incomplete at temperatures above ~1125 °Cas th
excess of Glfrom the oxidation of SiGlshifts the reaction equilibrium in favour of
GeCl. The excess of €lin the tube, which is typically between 3 — 10 %ring
processing [10], is however beneficial as it reéteurably to remove OH ions.
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The dominant mass transfer mechanism responsibte glass deposition is

thermophoresis [21]. As the oxy-hydrogen burnewsldaraverses along the length of
the substrate tube in the same direction as theflgas it produces a temperature
gradient within the tube with the hottest point giaally lagging behind the centre of
the burner. As the precursors reach this hot-zévey undergo a high-temperature
oxidation reaction resulting in the growth of subron-sized amorphous particles.
These are subsequently deposited downstream wher&ube wall is cooler and are
viscously sintered into a glassy layer as the bupasses over them.

Thermophoresis describes how a particle suspermdedlaminar gas flow acquires a
velocity towards a lower temperature as a resuliedig bombarded by gas molecules
of different average energies [21]. Following thedation reaction, the initial direction
of the particles is towards the centre of the twibere the gas is cooler. However, as
they travel further downstream, the tube tempeeatsilower than that of the gas and
the particles are deposited on the glass wall. Masticle paths lead to deposition,
whilst those particles travelling at, or closettee axial centre of the tube travel directly
to the extract. As the oxide particles travel dawesm, they continually collide and
combine with other particles to produce a ranggizds. Once sintered, this particle size
variation has no effect on the resulting glassraat it has profound implications for
soot deposition which is discussed further in tbet subsection.

The temperature profile inside the tube means ttimatposition at which a particle is
formed dictates the trajectory it will follow downsam. Consequently, factors such as
the tube wall thickness, gas flow rate, burneriage, and to a lesser extent the tube
rotation speed, will all influence the temperatprefile and play a role in the deposition
efficiency [22]. Methods to enhance the deposiidficiency by force cooling of the
gas after it has passed through the reaction Z&8Je ¢r introducing internal directional
gas jets downstream of the burner [24] have beparted but add complexity to the
system and are normally unnecessary for most re@seark.
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Following deposition of the cladding and core lay¢he glass temperature is increased
to around 2200 °C and the tube is collapsed sdliee tube collapses under surface
tension effects which prevail at high temperatuess the viscosity of the glass
exponentially decreases. The collapsing stage dllpicequires several passes with the
carriage speed being reduced in each consecutigs. gdhis compensates for the
increased wall thickness in the glass and enshedsthe inside surface temperature of
the tube is sufficiently high to allow deformatiofs.slightly positive pressure (relative
to atmospheric) is maintained within the tube dyrthe collapse stage so that the
surface tension dominates the collapse, ratherttt@reduced pressure, and in this way

the core remains circularly symmetric in the fipegform.

There is an abundance of reports in the literathme describe how the aforementioned
variables affect the deposition process [18, 2], &any of these provide an excellent
grounding in understanding the process paramdievgever, the complex nature of the
MCVD process means that experience and empiriciiyved recipes are of most

practical use to the fabricator.

2.3.2 Solution doping

Transporting the vapour from RE precursors sucHl#sSl; and ErC, in the same way
as SiC), GeCl, POC} and BBg, is impractical owing to their naturally low vapou
pressure at room temperature. Appreciable vaponrbeaproduced from RE halide
compounds at elevated temperatures, but the neeligbh temperature delivery lines
precludes their use in a MCVD process. An altemeatand more accessible route for
doping preforms with RE ions, is to impregnate dgiheess with a solution in which the
dopant ions are dissolved. This process is knowsolsion doping [25] and is regarded
as the principal method for fabricating RE-dopinga preforms by MCVD, both in
industry and research alike. The solution dopirgptéue is simple to implement and
enables an extensive range of dopant ions to lwepocated into the glass structure. It
is reviewed in-depth here owing to its importarcée work presented in Chapter 3.
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Figure 2.6: Depiction of the solution doping technique used RE-doping silica preforms,

illustrating that the substrate tube needs to remdrom the lathe for each doped layer required.

The solution doping technique is an addendum tatmyentional MCVD process and
begins with the deposition of a porous oxide laj@Qwn as a ‘soot’, on the inside of
the substrate tube (see Figure 2.6). The soot laygeposited using a reduced burner
temperature which oxidises the SjGlapour but is insufficient to consolidate the
resultant particles. The substrate tube is thenovenh from the lathe and soaked
vertically in a solvent solution containing the Wed RE chlorides. After soaking for
1 hour, the solution is drained, and the residigalid is left to evaporate. The glassware
is then reassembled on the lathe. To achieve delegl of OH impurity in the resultant
glass a dehydration stage is required, which ire®Mowing C} gas through the
substrate tube whilst heating to ~6@ [26]. At this temperature, the Cdas reacts
readily with the water molecules, liberating hydeagchloride (HCI) vapour in the
process (see equation 2.5). After dehydration, dbet layer is sintered at around
2000 °C and the tube is subsequently collapsdukinisual manner.
2H,O + 2Ch - 4HCI+ O (2.5)
The characteristics of the deposited soot layerdar@ted by the burner temperature,
which directly affects the porosity of the sootvesll as its adhesion to the inner glass
surface. If the burner temperature is too high,sbet layer becomes partially sintered;
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whereas, if the burner temperature is inadequiagesdot layer may not adhere to glass
surface [27]. Therefore, an optimum soot depositemperature exists for a particular

set of process conditions (e.g. precursor gas ffides, carriage traverse speed etc.).

Silica is doped with germanium or phosphorous prilynéo raise the refractive index of
the glass, but is also used to enhance the sdlubiliRE ions in the structure. GeCl
and POd are combined with Si¢lin the vapour-phase and deposited at a reduced
burner temperature to produce a doped soot layera@idition of Ge@and BOs to the
glass, however, lowers its melting point and cooseat]y the porosity of the soot layer
IS more sensitive to the deposition temperatura #raundoped soot layer. It has been
reported that an increase of 40 °C in the depwosigmperature used for a Ge-doped
soot reduces the layer thickness by 45 %, andlatassinto a significant reduction in
the RE absorption of the resultant fibre [28].He tase of a soot layer doped witOR

the situation is even more problematic: within teenperature range needed for the
oxidation reaction to occur, the traversing buresabstantially sinters the soot as it
passes. To overcome this problem, the soot is dedoby translating the burner
carriage in the opposite direction to the gas flothus preventing premature
consolidation of the deposited particles. A low penature pre-sintering pass, in the
conventional downstream direction, is subsequemtlgded to sufficiently adhere the

soot layer to the glass surface [19].

As well as the soot porosity, variations in the tiple sizes, both radially and
longitudinally along the tube, will strongly inflnee the dopant incorporation and
uniformity in the final preform. The effects of themperature gradient and the
thermopheretic forces in the tube direct the pladi@long different trajectories. The
temperature the particles experience, and thendistéhey travel, will influence their
growth and produce a distribution of particle sizkat follow different trajectories
towards the tube wall (see Figure 2.7). The lasget particles (of the order of 150 nm)
are deposited close to the burner whilst smalletighes (of the order of 15 nm) are
deposited further downstream [30]. During normaglthtemperature) deposition, this

variation is inconsequential as the particles an@ediately consolidated by the burner.
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However, in a soot layer, the outcome is a hiera@hparticle sizes with the largest
particles nearest the layer surface and graduailgller particles located towards the
substrate wall. Moreover, smaller particles willséu more easily, which further
contributes to the porosity gradient. The continupbosition of smaller particles
downstream also introduces a thickness gradiemigatioe length of the substrate. This
longitudinal thickness variation can be as largapm to 35um over a distance of

350 mm, and results in a slightly tapered cordéfinal preform [31].

Substrate tube

v ‘ ~ -

' \ Particle

vy

Reaction trajectories Larger
zone particles
y - Smaller ® ,/O
e particles ° ()
OAOA O‘ e o e T e ogoogoogoogoog
JM) M\ Larger y Smaller Further
particles particles downstream

Figure 2.7: lllustration of the thermopheretic effect on thewth and distribution of particle
sizes inside a substrate tube. The lefthand sidevsltthe trajectories of particles due to the
temperature gradients inside the tube, and theéhdgid side shows the hierarchy of sizes in the

soot layer deposited downstream [18, 29].

In comparison to establishing the optimum soot déjom temperature, the soaking and
drying stages in the solution doping technique emenparatively straightforward.
However, consideration should be given to the aggoof the dopant solution, which
increases with dopant concentration. Peeling ofsth@ may occur if it is soaked in a
high viscosity solution, especially if the layerpsorly adhered to the glass substrate.
Furthermore, a high viscosity solution may requare extended soaking duration to
ensure it fully penetrates the soot layer. Dhamlet[32] reported that the soaking
duration can be used to control the desired RE extnation, however, the outcome is
strongly dependent on the morphology of the sogerlaFor this reason, the soot is
usually left immersed in the solution for 1 houmhi@h is sufficient for most soot and

solution compositions to reach a saturation pdit.[
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The use of aluminium (Al) as an index-raising cgdalat offers certain advantages over
GeQ, and BOs, and is used extensively for the experimental woekorted in
Chapter 3. Al is added to the RE solution diredtlythe form of hydrated AlGJ which
allows a pure silica soot to be deposited thus kiynpy the soot preparation stage.
Furthermore, Al-doping increases the solubilityRE ions in the silica glass network,
and the high melting point of AD; has a further benefit of preventing a centralidip
the RIP that manifests itself during the collapsgs of the MCVD process.

The incorporation of AlD; into silica preforms using the solution dopinghteique has
been studied extensively by Tang et al. [29, 3b}. the aforementioned reasons, the
soot deposition temperature significantly affe¢ts intake of AIG{ and consequently
the resultant NA of the preform. For example, @Qecrease in burner temperature,
for a pure silica soot and a fixed Al-concentratimtreases the preform NA from 0.14
to 0.18 [31]. As described previously, the rad@tiation of particle sizes in a soot layer
also affects its porosity. Considering an Al-onlypdnt solution, the lower porosity of
the layer near the glass surface impedes penetratid results in a gradient in the Al
concentration. Analysis shows that there is a sligtrease in Al close to the exposed
surface which then dramatically decreases towdregytass wall [30]. The maximum
concentration is seen at a depth of ~25 % fronexp@sed surface. The slight reduction
close to the surface suggests that At2in be lost to evaporation, assisted by the drying
process and the gas flow in the tube [29]. Interght, for a preform NA of around 0.12
this central depletion of Al is not replicated imetfinal preform RIP [31], but does
manifest itself as ‘ripples’ that are visible iretRIP of multi-layered preforms.

2.3.3  Vapour-phase deposition of rare-earth ions

The previous section describes a liquid prepardagehnique for incorporating RE ions
into silica preforms that are fabricated using MCMD this subsection, methods for
delivering RE precursors in the vapour-phase ferpirposes of preform fabrication are
discussed and the key chemical reactions involverl autlined. Over the years,
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numerous methods have emerged, and although theagies of these designs differ,
they can usually be classified into one of themess illustrated in Figure 2.8 [33].
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Figure 2.8: Classification of methods used for vapour-phasgosiéion of RE constituents in
silica preforms: (a) heated frit, (b) heated soufceheated source injector, (d) aerosol delivery

(e) and organometallic chelate delivery [33].

The ‘heated frit' and ‘heated source’ techniquesvah in Figure 2.8(a) and (b),
respectively, both introduce the dopants throughebaporation of RE chlorides that
are situated upstream of the substrate tube [33)8the case of the heated frit design,
the vapour source is an unsintered soot layerithsitoeen previously impregnated with
a solvent solution containing the RE ions; wherdes heated source method uses a
solid form of the RE compound. For both techniquies first necessary to dehydrate
the RE precursor in a chlorinated atmosphere t@mventhe bonded OH ions. The RE
dopant is then evaporated into the gas stream atnigethe tube externally to several
hundred degrees. Concentrations of up to 300 ppiNd3f ions have been reported
using the technique [34]. However, achieving apjpitdg higher concentrations than
this is impractical owing to the RE chlorides comigy into a less volatile oxide form
when heated in the presence of oxygen. The redsainany RE vapour at all is

produced whilst oxygen gas is flowing in the tubemost likely due to vaporisation of
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the more volatile oxyhalide compounds which coustitthe intermediate products in

the oxidation reaction [35].

The ‘heated source injector’ method shown in Fig2u&c) addresses the problem of
unintended oxidation by segregating the RE chlosderce from the conventional
precursors. However, any advancement from glass/edgl designs that involve
multiple tubes in this way is offset by the needhéat the external glassware to an even
higher temperature to reach the same temperatuhenwhe internal glassware. This
then risks oxidising the Si¢Clvapour in the outer glass tube. The problem can be
overcome by simply swapping the chemical inputdjrend locating the RE within the
outer glassware, although it is not believed thi& &pproach has been reported in the

literature.

The aerosol delivery method illustrated in Figur&(@) eliminates the need for volatile
precursors, as well as high temperature heatind, uses an ultrasonic nebuliser to
produce aerosol particles from a RE solution [3Gje generated particles are of the
order of several microns in diameter, and are efitly buoyant to be generated
remotely and transported to the reaction zone tgirainormal chemical delivery line.
The RE chlorides can be dissolved in an aqueousrganic-based liquid although a
solution with a low viscosity and surface tensio desirable to enable easy
nebulisation. Tetraethylorthosilicate (TEOS) is ecoomly used for this purpose, and is
available in high purity [37]. Glass oxides contaghNd, Er, Al, and P have all been
demonstrated using this method [38], although rment reports have been found.
Given the relative ease with which the technique lsa implemented, it is presumed
that researchers have probably explored the ussemfsol delivery, but were either
unsuccessful or are aware of significant limitasioof the process for preform

fabrication.
In Figure 2.8(e), a delivery system based on RHatbe is shown. Chelates are

organometallic compounds that have a significahigher vapour pressure than RE
chlorides and are volatized at a more manageabipasture of around 150 — 200 °C
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[39]. Although the chelate vapour source can beatked external to the lathe, it still
requires the entire line, including the rotary joitm be maintained at around 150 °C to

prevent condensation during vapour transport.

The different preform fabrication routes descriladbve address the need to transport
dopant vapour to the reaction zone in a contra@labbanner as well as the specific
properties of the precursor. The vapour pressuteeothosen precursor is critical to the
method used and a comparison of the aforementipreslirsors is shown in Figure 2.9.
For RE chelate compounds the vapour pressuresheere characterised by Sicre et al.
and can range from approximately 0.1 kPa to 1 kP2@0 °C) for the lanthanide series,
with Yb among the highest at 1 kPa [39]. In coriirélse vapour pressure of RE
chlorides is considerably lower and typically regaia temperature of around 1000 °C
to achieve 1 kPa [40], although data extrapolatecthfa publication by Moriarty [41]

suggests that in the case of Yb@he vapour pressure at this temperature is nearer

0.2 kPa.
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Figure 2.9: Comparison of the vapour pressures of conventibadtle precursors (Si¢hand
GeCly), aluminium chloride (AIClg), RE chelate (Er(thg) and erbium chloride (Er¢)I[33].

As well as the difference between the vapour pressdi RE chlorides and chelate
complexes, the oxidation reactions that take p&eealso important in understanding
their use in MCVD. At elevated temperatures, REocgtes undergo an oxidation
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reaction and in the case of ytterbium the convarsiom YbCk to Yb,O3 is shown
below,

4Yb + 3Q; - 2Yb,0s + 6Ch (2.6)

The temperature at which the reaction occurs ionapt for determining the correct
oxidation temperature to use during preform faltioca To calculate the likelihood of a
chemical reaction, an equilibrium constant can b&ulated for the reaction at a

specific temperature using,

AG
InNK="—"- 2.7
= (2.7)

whereK is the equilibrium constan6 is the Gibbs free energy (J.npIR is the ideal
gas constant (J:-Kmor?), andT is the temperature (K).

3e+5
—— 4YbCl, + 30, - 2Yb,0, + 6Cl,
3e+5
2e+5
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Figure 2.10: Equilibrium constant for the oxidation reaction yiterbium chloride over the
temperature range of 300 K up to 1500 K.

An equilibrium constant that is much larger thamndicates that the reaction has a
strong tendency to lie in the product side of ts&ction, whereas K is much smaller
than 1 then the reaction will consist of largely}changed reactants. The equilibrium
constant has been calculated for the reaction sho6) using on-line software [42]
and is plotted in Figure 2.10. It is important tote that the oxidation of Ybglcan
occur at temperatures lower than that at whichifsogamt vapour would evolve, and is
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key in understanding why the heated-source injegpmroach (shown in Figure 2.8(c))
separates the precursor vapour from the oxygeialigit

The high temperature reactions that take place @htdate compounds in the presence
of oxygen are more complicated and have been stubie Xiong et al. [43].
Thermogravimetric (TG) and Differential Thermal Aysis (DTA) was conducted on
Yb chelate samples (Yb¢O11H19)3) above their melting point of 169 °C. It is refsal
that between a temperature of 200 °C and 250 °Caimplex remains in the gas phase,
with decomposition beginning at around 278 °C. gecdfic temperatures of 423 °C and
548 °C, the decomposition products of hydrocarbwh @arbon undergo oxidation, and
at temperatures of above 650 °C the decompositionoxidation of the precursor is
complete. These findings have been vital in undedihg the use of chelate compounds
in MCVD preform fabrication and this process isds¢d further in Chapter 4.

2.4  Optical fibredrawing

The second stage of the fabrication process iotwart the solid glass preform into
fibre using a drawing tower. The exact configunatamd specification of the equipment
will depend on whether it is designed for manufaotuor research, although the basic
components are essentially the same irrespectivehef application. The major
difference is that in commercial establishmentsemghhundreds of kilometres of fibre
can be produced in a single day, the drawing spaadbe in excess of 600 m.iiim
order to minimise operational costs. As the maxintlrawing speed required increases,
the physical height of the tower needs to be exdrd ensure that the temperature of
the fibre is sufficiently low upon reaching the ting applicator. Even at a distance of
several metres from the furnace exit, the glasgpéeature can be >100 °C at a draw
speed of 600 m.mth[44]. Therefore, the height of the tower needbe@ppropriate for
the drawing speeds that are required. When incrgathe tower height becomes
impractical, forced cooling of the fibre is employ§44]. Additionally, specially-
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designed coating applicators and high-power cuovens are required to cope with the
high drawing speeds.

In stark contrast to a production environment, dr@wing speeds used for fabricating
speciality silica fibres within the Optoelectroniegesearch Centre (ORC) are typically
in the range of 3 m.mihto 25 m.mift. As such, the equipment specification is less
demanding and a modest tower height of around 6 preferable so as to allow the
operator to access all parts of the tower quiddigreover, the challenges in coating the
fibre tend to be towards large diameters (up to8@pand non-cylindrical geometries
rather than high draw speeds. The key attributes drfawing tower are detailed below
and reflect the typical configuration of the towéhat were used for the experimental
work reported within this thesis.

A schematic of a research-grade drawing towerasvshin Figure 2.11. The preform is
attached to a motorised chuck at the top of thevitigatower that slowly feeds the glass
into the furnace at a rate of between 0.1 mmi’naind 10 mm.mifl. The furnace, which
is resistively heated, is continually purged witigan during operation to prevent the
graphite elements from oxidising (burning). An atigble aperture at the top and
bottom of the furnace reduces turbulent gas flowgkvwould otherwise contribute to
fluctuations in fibre diameter. To begin the dragvprocess, a sacrificial length of glass
welded to the end of the preform, known as thepdris positioned directly below the
hot-zone of the furnace. The furnace temperatuthas increased, and as the glass
softens it tapers to form a necked-down region. d@itep falls under gravity and is
pulled downwards, by hand, before removing andsfeanng the fibre on to the
capstan. The motorised mini-capstan is used faelatiameter (>0.5 mm) uncoated
glass fibres or capillaries and was utilised foe #xperimental work presented in
Chapters 5 and 6.
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Figure 2.11: lllustration of a research-grade optical fibrevdrey tower and identification of the

key equipment.

Situated directly beneath the furnace is a lasemeier and position gauge that
continuously monitors the fibre. Through a feedbkxp to the control computer, the

preform feed rateof) and capstan speed)(are varied in order to maintain a constant

fibre diameter, typically to within £um. Once the draw reaches a steady state, the law
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of mass conservation can be applied, where then®lof the glass entering the furnace
is equal to the volume of glass exiting the furndldeus the preform diameted,§ and
fibre diameter ;) are related to feed rate and capstan speed by,

2

v, _d;
= 2.8
U; d? (2.8)

A liquid polymer or silicone-based coating is apglito the glass fibre during the
drawing process which is subsequently cured, ettemally or with ultraviolet (UV)
radiation. The function of the coating is predomityato protect the optical fibre from
abrasion and scratches and preserve its mechastresgth, but it also provides an
optical interface for double-cladding fibre (seati@d.6.3). For this purpose, the cured
coating should exhibit low optical loss around thavelength range of interest, and

ideally be as thin as possible to aid heat exwadti high-power applications.

The two main types of UV-cured polymer coating ugmdthe work described in this
thesis are: DeSolite® 3471-3-14 (DSM Desotech, Natherlands) and EFIRON®
PC-373 (Luvantix, Korea), and are categorised Isirtioured refractive index (n)
relative to that of silica (n=1.458 at =633 nm). DeSolite® 3471-3-14 coating,
abbreviated to DSM-314 hereafter, has a higheacgfre index than undoped silica
(n=1.51) and is designed for transmission fibleere it is necessary to ‘strip out’ any
higher-order cladding modes which might otherwisapde with the signal in the core.
PC-373 has a lower refractive index than silica= (h37) and is applied to double-
cladding fibre to enable the pump-light to be gdide the silica glass cladding region

via total internal reflection.

The coating assembly can either be a gravity-asbigpplicator or a closed pressurised
system. Both comprise of a reservoir of liquid amatand a precision-engineered die
through which the fibre is pulled. The pressurigpglicator was introduced to combat
the increased slip between the fibre and coatirag ticcurs at high line speeds
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(>300 m.mirt) [45, 46]. The pressure required to force theitiquoating on to fibre is
proportional to the capstan speed, for a fixedossg, and to a certain extent can be
used to tailor the coating thickness [47]. Howe\at, optimum pressure is reached
when the shear rate is minimum, at which pointdbated fibre diameter is a function
of the fibre and die dimensions only [45]. The optm pressure needed for the coating
applicator is strongly influenced by the viscositfythe liquid coating. In the case of
PC-373, the viscosity of the liquid coating is 750Pa.s at a temperature of 25 °C, and
reduces to 2100 mPa.s at 40 °C. The viscosity ef ligher-index DSM-314 is
7700 mPa.s at 25 °C, and has a comparable dependartemperature. These coatings
are typically heated to around 35 — 40 °C so that fgressures required during their

application are within the practical range of th@ipment.

Before the fibre passes on to the drum windertehsion in the line is measured. This
is performed on the coated fibre and relates tommbination of the bare fibre and
coating tension. The measured tension will increeitie reducing furnace temperature,
as well as increasing draw speeds, and is norrkefly within the range of 20 — 80 g.
The measured tension provides additional inforrmaadout the temperature of the
glass in the hot-zone and complements the measuteofighe furnace temperature

obtained by the pyrometer.

A final additional piece of equipment, which is migi found on a drawing tower
designed for research and development, is a prgfoessurisation and vacuum facility.
This is used for microstructured optical fibre dinagy where it is necessary to control
and manipulate the shape of air holes in the pmefand is used for the work presented
in Chapters 5 and 6. The pressure inside the prefabe is monitored and controlled
through a hollow preform handle, on to which a pigeis connected. The control
mechanism can take the form of a closed loop MF@hvbontinually adjusts the flow
of No or He to maintain a specific pressure, or equalbmn comprise of a simple
arrangement of manual gas valves and a sensitessyre gauge. It is usual to be able

to switch the pipeline to a vacuum pump in ordeolttain pressures below atmosphere.
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Pressure ranges of 50 mbar (relative to atmosphevhich are controllable to within

+0.1 mbar, are typical.

2.5  Measurement techniques

The need to qualitatively assess the optical ptegzeof different fibres in a comparable
way has led to professional organisations devetpparious standardised procedures
for their measurement. These procedures are nowlywigcognised, as too are the
measurement techniqgues and equipment involved. ddnepment and analytical
methods that were used throughout this thesis asedoon these standards and are

described below.

25.1 Preform analysis

During the MCVD preform fabrication process theseo reliable means of measuring
the composition or thickness of the deposited ky€herefore, the material properties
are analysed once the process is complete andhabebeen collapsed into a solid
preform. The refractive index and geometry of tlepasited glass are evaluated using
an industry standard Preform Analyzer (Photon KasetUS). The model used for the

measurements reported herein was the PK2600HPshewn in Figure 2.12(a).

Figure 2.12: Photographs of the preform and fibre measurmeunipeatent used throughout the
experimental work. (a) Preform Analyser PK2600HH &) Refractive Index Profiler S14, both

manufactured by Photon Kinetics (US).

37



Chapter 2 Silica Optical Filsigbrication

The principle of operation involves scanning a &sad laser beam across the diameter
of the preform and measuring its deflective angleaaious points [48]. From this data
a RIP is calculated which expresses the measudex iifference relative to a liquid of
known refractive index in which the preform is imms®ed. The PK2600HP is fully
automated and can perform multiple measurementgtiahinally along the preform, as
well as at different rotational angles to assegsosality in the deposited core.

2.5.2 Fibre analysis

The RIP of an optical fibre should mimic that o&tbriginal perform (with the core
features scaled down proportionately) and so pngfithe fibre is not necessarily
required. However, if it is suspected that the adepants in the fibre have diffused
radially, or a more accurate measurement of the cbameter is required, a RIP
measurement can be performed [49]. The equipmesd e the experimental work
was the S14 Refractive Index Profiler (Photon KiogetUS), shown in Figure 2.12(b).
The measurement is performed by inserting a cledibed sample inside a specially
designed cell which contains a refractive index gefocussed laser beam then scans
through a transparent window at the base of tHeocetlo the fibre end and the refracted
light is collected by an optical sensor. The meaguangle of refraction is used to
determine the index of the fibre at a given pomd a 3-dimensional profile of the fibre

is constructed.

2.5.3 Fibre transmission measur ements

The properties of an optical fibre such as the tspkloss and the RE constituents can
all be measured with a ‘white-light’ set-up, andstimethod was used extensively
during the experimental work. The apparatus cansdta light source (typically a
tungsten-bulb) which is free-space coupled intogample fibre via an objective. The
light exiting the fibre is then captured by an ogalispectrum analyser (OSA) and the
intensity recorded as a function of the wavelen@. monitoring the transmission

characteristics of a fibre across the visible agaranfrared wavelength range (typically
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from 400 nm to 1700 nm) the OSA can provide infaiaraabout the RE concentration
as well as any OH ion impurity. This is conveyed ddysorption bands which are
observed at frequencies that are specific to acp&at atom or molecule. From the
intensity of the absorption, the ion concentratian then be calculated.

To measure the attenuation in fibre samples a cltbeethod can be performed using a
white-light setup. Light is launched into the losgdéength of fibre possible without
incurring excessive degradation of the signal ligihdl the spectrum is recorded on the
OSA. The fibre is then cut to a length of ~1 m ahd light exiting the fibre is re-
measured. The loss in the fibre is then a subtmaaf the two spectra and is normally
converted to a logarithmic scale and expresseceeibels per kilometre (dB.KM. By
using this approach, where the launch conditionsbath measurements remain
unaltered, the emission characteristics of thetdgglurce itself are eliminated from the

measurement.

The loss in an optical fibore can also be evaluatisthg Optical Time Domain

Reflectometry (OTDR) [50]. This method involvesedjing optical pulses into a fibre
and measuring the backscattered Rayleigh signa.iftensity and arrival time of the
detected signal then allows a loss to be calculased function of fibre length. A long
optical pulse width with return a higher intensgtignal, whereas a shorter pulse will
provide better spatial information. A high resabdutiv-OTDR (Luciol Instruments,

Switzerland) with a laser source at a wavelength2#5 nm was available during the
experimental work and was used to compare thetsesbtained using the white-light
set-up.

2.6  Ytterbium doped fibrelasers

The motives for introducing RE ions into silica réb for the purpose of light
amplification are numerous. Optical fibre lendelitsvell to a lasing medium, and the
inherent geometry means that it is robust, candrapactly coiled, and unlike bulk

39



Chapter 2 Silica Optical Filsigbrication

materials, it has a large surface-to-volume ratiowang it to dissipate excess heat
generated during lasing.

The foremost RE dopants used in silica opticalefiare neodymium (Nd), ytterbium
(Yb) and erbium (Er). Nt ions were one of the first RE dopants to be inctaged into
silica fibres for the purpose of light amplificatioThey can be pumped at around
A = 0.80um with laser diodes, and have an emission waveteo§t~1.08um [51].
Glasses doped with Erions have a laser transition aroukg 1.53um and are most
renowned for their use as the erbium-doped fibrpléier (EDFA) [52]. These glasses
can also be sensitised with ¥ko produce an Yb co-doped Er fibre laser [53].sThi
symbiotic relationship allows the fibre to be pumipeith alternative light sources
within the YB* absorption band, and the energy is subsequeanthgferred to the Bt
ions. The typical emission wavelength of*ln a silica glass is arourid= 1.06um,
and for most modern high-power laser applicatiomsdéped fibres are the preferred
choice. YB* ions in silica benefit from a broad-gain bandwijdihlong lifetime in the
excited state (~1 ms), and can be incorporated antslica host in relatively high
concentrations [8].

The experimental work on RE incorporation detailithin this thesis focuses
exclusively on Yb because of the current intenestigh-power fibre lasers. This section
provides a brief background on amplification andilg in RE-doped glasses and
introduces the concept of a double-cladding opfiba¢ which is relevant to Chapters 3
and 4.

2.6.1 Electronic structure of ytterbium

The energy level structure of ¥bis relatively simple compared to other lanthanides
owing to only one missing electron from the 4f §h¥b** comprises of only two
manifolds: the uppeifs;; level and a lowefF;; level, which are split further into three
upper and four lower Stark levels (see Figure 2.Y¥B}" ions in a silica host absorb

over a wide wavelength range and produce two distiraxima centred at 915 nm and

40



Chapter 2 Silica Optical Filsigbrication

975 nm, which correspond to transitions originafirogn the ground leved up to levels

e, f and g [54]. The emission spectrum of ¥bions also extends over a broad
wavelength range from 970 nm up to 1200 nm andbéshiwo peaks at around 975 nm
and 1030 nm. The narrow emission line seen at 97%srcharacterised by a transition
that returns the electron to its ground staeo(a) and in a laser configuration this
corresponds to a quasi-three level system. Howememg to re-absorption at this
wavelength, Yb-doped fibres are typically operatsda quasi-four level laser system,
where the lower level is situated above the grostate. Here, the ions are pumped at
915 nm into the upper sublevélandg which then decay into tH&, manifold above

the ground level and emission is observed at ard080 nm [54].
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Figure 2.13: (a) Absorption and emission cross-section of Ypeatbsilica glass [55], and (b) an

illustration of the energy level structure of %¥ishowing the upper and lower Stark levels

In addition to the laser transitions described a&bothere are also non-radiative
transitions which can impair the performance of @®iped fibre lasers. These
transitions arise from interactions between either host glass and RE ions or, when
the RE ion separation is small, between the doma¥ themselves. RE ions which
interact with vibrations in the host lattice resuit relaxation of the excited atom
through the emission of multiple phonons. The nundigphonons will depend on the
gap between the energy states of the RE ion angthbron energy of the glass. The

probability of non-radiative relaxation is low whenlarge number of phonons are
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required to bridge the energy gap, whereas theagtm rate is comparably higher in a
high phonon energy glass such as silica.

Interactions that occur between multiple RE iorsbdéad to non-radiative transitions
and are a type of concentration quenching. WhenoRE within the glass are in close
proximity, energy can be transferred to adjacens ithrough processes such as cross-
relaxation and cooperative up-conversion [6]. Althb this process is beneficial for
devices such as Er:Yb fibre amplifiers [53], thersing of energy in an excited ion
usually leads to non-radiative decay back to tleugd level. Energy transfer can also
occur between RE ions and other impurities in thegysuch as OH. OH quenching is a
parasitic effect that greatly reduces the radiatigesition rate in actively-doped fibres
and provides a motivation for reducing impuritiesloped silica glass.

2.6.2 Optical amplification and lasing

Light amplification exploits a process known asrstiated emission. Radiation, of the
correct wavelength, incident on an atom is absodzaing excitation of an electron
into a higher energy state. The arrival of anoffteston then relaxes the electron back
to the minimum energy ground level, prompting thession of a second photon. The
optical properties of this second photon are idahtio those of the incident photon and
its wavelength is dictated by the difference betwte two energy levels. For optical
amplification to occur, proportionally more eleatsomust reside in an upper energy
level than the lower energy level, a condition knows population inversion.

Stimulated emission then dominates over absorpéiod,a net gain can be achieved.

The principle of light amplification can be usedctnstruct a RE-doped laser oscillator
by placing mirrors (or typically Bragg gratingsthme case of a fibre laser) at each end of
the gain medium. The mirrors are selected to bélyigeflective at the emission
wavelength and of low reflectivity at the waveldamgif the pump light. The lasing
medium is then pumped continuously to maintain pugstion inversion and a small

proportion of the emitted photons then exit theityeas the laser output.
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976 nm T\ ) Dichoric mirror

Lens | HR @ 1060 nm
" HT @ 975 nm
Pump
Yb-doped Throughput
fibre

Dichoric mirror
HR @ 975 nm, _ -
HT @ 1060 nm Signal output

Figure 2.14: Schematic of the experimental setup for measutieglaser efficiency in a Yb-
doped fibre. HR and HT correspond to high refteci@nd high transmission, respectively, at the

stipulated wavelength.

Figure 2.14 shows a schematic of an experiment@ipséor measuring the laser
efficiency of an Yb-doped fibre, and is referendadChapters 3 and 4. The laser
efficiency is defined as the ratio of the outpuiveo to the input pump power. The
pump source, which is typically a laser diode vathoperating wavelength of 976 nm,
is free-space coupled into the Yb-doped fibre w#iroating and focusing lenses. The
fibre ends are cleaved perpendicularly to its @axid the 4 % Fresnel reflections form
the laser cavity. The output signal is then sepdriom the pump beam using dichroic

mirrors at each end.

2.6.3 Double-cladding fibre

Achieving increasingly higher output powers in @dasers is ultimately limited by the
need to launch high pump powers directly into ttigva core of the optical fibre. Core-
pumping schemes that require single-mode (SM) autpm the fibre also necessitate
SM pump sources. The double-cladding fibre (DCF} wlaveloped to allow high-
power multi-moded sources with a low beam quastych as diode bars and stacks, to
be used for the pump light, and is now the accepeametry for high-power fibre

lasers.
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A schematic of a DCF is shown in Figure 2.15. Tdset light travels in the central core
of the fibre which is doped with active ions. Sumding the core region is the inner-
cladding, into which the multi-moded pump lightasinched. The pump is confined to
the inner-cladding region by the lower refractivelax of the polymer cladding and

absorbed by the active ions in the core as it yaies.

Rare-earth Silica inner-
doped core (n,) cladding (n,)
Signal
output
Polymer where n;>n, >N,

Figure 2.15: lllustration showing the operation of a claddingyped optical fibre laser. Pump

light is launched into the inner-cladding whichsses the rare-earth doped core as it propagates.

The area of the inner-cladding in a DCF is sigaifity larger than that of the core, and
therefore supports many modes. Most of these dpticades will intersect the core
region as intended, but some will follow a helipath along the fibre length and exhibit
a negligible overlap with the active ions. Furthere) the mode distribution in the
inner-cladding also becomes sensitive to the lauvcmhditions and influences the
absorption in the fibre. To resolves these isstles,circular symmetry of the inner-
cladding is removed. There are numerous reportidriiterature of geometric designs
that initiate a break in the symmetry of the filmeluding, off-centre core, rectangular
inner-cladding, hexagonal cladding and D-shaped (5ée Figure 2.16). All of these
fibre structures provide a significant improvemeénthe absorption efficiency which,
compared to a circularly symmetric profile, is monan doubled [57]. However, it is a
simple D-shaped design that is generally adoptddndmch ensures an efficient overlap
of the pump light with the fibre core. Also, theaplk is not too dissimilar to

conventional fibres that splicing becomes an i$56¢
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cladding coating
(b) (c) (d)

(@)

Figure 2.16: Cross-sectional representations of DCF geometfa@spffset core, (b) square, (c)
hexagonal and (d) D-shaped, used to improve theppabsorption efficiency in RE-doped
fibres..

The D-shape in the fibre is produced by machinirftaindentation on the surface of
the glass preform. The preform is secured horidzlgntan a reference block, and a
rotating grinding tool traverses back and forth o&mg around 20@um of glass in each
pass. An overall reduction in preform diameter oD44 is normally targeted and
typically takes 1 — 2 hours to complete. The myjlprocess can be repeated on multiple
faces in order to produce square or hexagonal-s@ssonal profiles.

2.7  Sensing using optical fibre

Sensing devices that are based on optical fibredbedound in countless applications.
Their abundance can be largely attributed to them@l of improved functionality and

better suitability for demanding applications, c@mgu to electrical sensors. The
physical attributes of optical fiores make them atractive candidate for sensing
applications: they are robust, can be compactlyfedpiand can withstand hostile
environments and high temperatures. Furthermowe,irtherently low optical loss of

silica fibores means that sensing points can beillised over long distances without
incurring deterioration of the signal light.

Optical fibre sensors can be classified on theshafsiheir application and the properties
that are being measured or distinguished. The epmin of a sensor may be based on
physical (e.g. pressure, strain and displacemastigmical (e.g. pH content, gas
analysis) or biomedical (e.g. endoscopy) measurtsnevhich are detected through
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modulation of the transmitted light [58]. Anothe@nportant distinction is whether the
sensing mechanism is ‘intrinsic’ or ‘extrinsic’ ttimsic sensors use the fibre itself as the
sensing element, which directly interacts with theasurand, whereas extrinsic sensors
rely on an external optical device to detect charigdts surroundings, and the optical

fibres relay the information.

The sensing architecture can consist of measureniegit are made at single or multiple
points along the length of the fibre, or distriit@ver the entire length. In Chapter 5,
gas sensing that uses the entire length of a MOtheasensing element is reported,
whereas the work reported in Chapter 6 was aimed atultiple point, or quasi-
distributed, sensing arrangement. Both of theseagmbes are based on the principle of
evanescent-field sensing which is described below.

2.7.1 Evanescent-field sensing

The light in conventional optical fibre propagateshe central core and is confined by
the lower refractive index of the surrounding cliagddby total internal reflection. At the
boundary between these two media, a small percemtiipe propagating wave, known
as the evanescent-field, penetrates into the silmdding. Outside the confines of the
core, the electric-field strength decreases expmignand a small proportion of the
total energy travels unhindered in the low-losscailcladding [3]. If the cladding
material of an optical waveguide is partially reradythe evanescent-field is able to
interact with its surroundings. The properties ltd tmedium outside the core can then
be discerned by detecting a change in the trarenitght at the output end of the fibre.
For example, a simple refractive index sensor eardnstructed using this principle,
where a change in the index contrast between the omaterial and that of the
surrounding medium is conveyed as an intensity raidun of the guided light. This
type of approach can be expanded to quantify nunsepooperties about the material
surrounding the core [59].
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The detection sensitivity of an optical fibore semsall depend predominantly on the
extent that the light overlaps the sample beingsmesl, and the interaction length. The
distance that the evanescent-field extends outdidecore region is known as the
penetration depth, and is defined as the distaeqeined for the electric-field amplitude
to drop to & of its value at the interface [20]. For a modeskeik contrast, such as that

in a conventional SM fibre, the penetration depthbe only a few microns, at most.

2.7.2 Realisation of optical fibre sensors

To realise an evanescent-field sensor using awgaldtbre, the glass cladding must be
removed in order to access the light in the coreer@ical or mechanical means can be
employed for this purpose, but both methods reqthes process to be accurately
controlled so that an appreciable proportion ofeéki@anescent-field is exposed without
causing severe disruption to the light guiding mips of the fibre. Side-polishing the
fibre is one such method, and is achieved usingsal® powders to polish an isolated
section of the optical fibre which is held securaisolid block [59]. The benefit of this
approach is that the transmission in the fibrelmasimultaneously monitored whilst the

cladding is being removed to reveal when the petistacet is near the core.

As previously stated, the detection sensitivityoatlepends on the interaction length,
and in side-polished fibres, where only a smallae@f glass cladding is removed, the
interaction length is typically a few centimetrekwever, if the polishing is performed
on the glass preform prior to fibre drawing, theeraction length can be increased to
several metres [60]. This extended interactiontleng a significant advancement for
sensing applications but the overall sensitivitysafe-polished fibre is still relatively
low, and heavily dependent on the accuracy of nit&l glass removal in the preform.
Furthermore, the resultant fibre shape is diffitalsplice to conventional circular fibre,
and although side-polished fibre has been arounchémy years, integration difficulties
have limited its appeal for most applications.
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Microstructured optical fibores (MOF) offer one dfet most attractive options for a
sensing platform. The intrinsic overlap between fhepagating light and the air-
cladding makes them ideal for sensing gases aodléqgesiding in the holes. The long
interaction length also means that MOF-based sereerable to characterise a variety
of trace elements within the transmission windowib¢a glass. For example, resolving
the absorption lines of a known gas species wittenholes of the fibre can be used to
create a compact alternative to the free-spacecgiisused for wavelength references
[61]. Although most early index guiding silica MO#&esigns exhibited a weak
interaction with the sample (<1 %) [62], in recgaars new fibre designs have seen this
figure increase significantly. Evanescent-field g&nsing is the focus of the work
presented in Chapter 5, and a new technique foick&ting MOF with a high air-filling

fraction is reported.
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Chapter 3

|n-situ Solution Doping Technique

3.1 | ntr oduction

The conventional Modified Chemical Vapour DepositiMCVD) process used for
silica preform fabrication does not support theivaey of rare-earth (RE) chemicals
with a standard bubbler system, owing to the lowowa pressure of RE halide
compounds at room temperature. To overcome thistalion, a liquid-phase
preparation of the preform is used, known as swiutioping [1]. Almost since its
conception, solution doping has been the leadiogrigue for incorporating RE ions
into silica preforms as a result of its simpliciand low cost to implement. Its
drawbacks, however, arise when multiple layers @nmmex preform structures are
required, as the substrate tube must be removedtfie preform-making lathe for each
doped layer, progressively reducing the usabletleafpreform. Moreover, there is the
potential for introducing contamination and disiagbthe fragile porous soot layer
when the glassware is transferred to the apparaiusolution infiltration. When
combined with the duration needed for the dopahitism to fully saturate the soot
layer, the entire process becomes a time consuapegation and only practicable for a
maximum of 3 RE-doped layers.
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In this chapter, a new doping technique is presertermedin-situ solution doping,
which is suitable for fabricating actively-dopedfarms with complex refractive index
profiles (RIP) using conventional RE halide preouss[2, 3]. The need to dismantle,
and reassemble the glassware from the preform-maldthe is removed, which
considerably reduces the processing time for eagkr| and increases the overall

preform yield compared to traditional solution dapi

The first section is a prelude to the experimemalk and introduces some of the
existing RE-doped fibre designs that are currefatioured for high-power fibre laser
applications. The work that has been conductediranlating these fibre designs, and
understanding their preform fabrication requirerseig then presented. In particular,
those preforms that incorporate a large diameted®ged core or a pedestal RIP were
targeted. The in-situ solution doping techniquethen described and the process
refinements that have been made are highlightecrelimafter, demonstrations of
specific RE-doped preform designs are reportedfadthich are based around multiple
ytterbium (Yb)- and aluminium (Al)-doped glass legieand which represent preform
structures that are unobtainable using conventiepaltion doping. Details of the
preform fabrication process are explained in ead®cand characterisation results from
the drawn fibres are presented. Finally, a sumroétlze work is provided.

3.2 Rare-earth doped fibredesigns

Recent advances in the design of RE-doped fiberdasave been pivotal in attaining
the high output powers that are now possible, aatevachieved principally through
optimising the refractive index and doping concatibn profile [4, 5]. Increasing the
output power from silica fibres in to the kilowagégime, however, is hindered by the
onset of nonlinear effects, such as stimulateddgiiih scattering (SBS) and stimulated
Raman scattering (SRS). SBS and SRS limit the peaaing ability and performance
of fibre laser systems, and improvements to theefitbesign are needed to suppress
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these unwanted effects. The existing approachébr design, and the difficulties in

fabrication, are reviewed below.

Progress in scaling the output power of doubledilagl fibore (DCF) lasers has largely
been possible due to the large mode-area (LMA)efibesign [6]. LMA fibres are
characterised by a step-function RIP and an extecdee diameter (in the region of
20 to 30um), which reduces the power density and staveshaffonset of parasitic
nonlinear effects. Furthermore, as the size ofctive region containing the active ions
is increased, so too is the absorption per ungtierand consequently the overall length
of the fibre device can be reduced. To maintainnsic single-mode (SM) guidance in
a LMA fibre, it is necessary to reduce the numérageerture (NA) of the core to ~0.06.
The relationship between the number of guided mawales fibre and the core NA is

expressed by the normalised frequency paraméter,

Vv :%NA (3.1)

wherea is the fibre radius andl is the operating wavelength. For SM guidance tugc
the conditionV < 2.405 must be satisfied. Core NA values <<0@8&dlto a high
bending sensitivity (i.e. loss) and compromise Waeguiding capacity of the fibre.
Therefore, there is a practical upper limit on¢bee diameter for purely SM operation.

If the geometry and operating wavelength of theefiare such that higher-order modes
are confined in the core, then mode filtering teghes can be used to institute SM
guidance. Coiling the fibre is a convenient waywvinich to discriminate against higher-
order modes, as the fundamental modey{LB least sensitive to the effect of bending
[7]. In a fibre with a 4Qum diameter core and a NA of 0.05, a modest benuigauf
0.12 m is sufficient to impart a bend-induced lsthe LR; mode of around 1 dB.fn
whilst the effect on the LJ? mode is negligible [8]. SM guidance can also beieecd

by tailoring the launch conditions into the fibre that the LB, mode is preferentially
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excited [9]. Or alternatively, selective core dapimr differential mode gain, can be
achieved by confining the active ions in the fiboethe central region of the core. The
distribution of RE dopants is then tailored so thatosely matches the intensity field of
the LR; mode, and thus gain in higher-order modes is sogmitly reduced.

The power threshold for SBS is inversely propowido the effective fibre length [10],
and consequently a high RE absorption is normaligeted in order to minimise the
limitations imposed by nonlinear effects. In condtian with co-dopants, such as
aluminium and phosphorous, the silica glass netwarkthe capacity to accommodate
relatively high concentrations of RE ions. The #&ddiof these co-dopants, however,
increases the refractive index of the glass andlyes the fabrication of fibres with a
low-NA core. This has led to the development opadestal’ RIP, which incorporates
an inner-cladding region with a raised refractindeix that surrounds the core [5]. It is
then the effective refractive index between theecamd the inner-cladding of the fibre
that is responsible for optical guidance, and witiah be designed to be of low-NA.

Applications where the polarisation of the sigmgiht in a RE-doped fibre laser needs to
be conserved are achieved through stress-inducettitgence, which decouples the
polarisations of a SM core. The two main typesaépsation-maintaining (PM) fibres
are ‘bow-tie’ and PANDA [11]. Both bow-tie and PAMD fibres incorporate
borosilicate stress-applying regions to induce fbivgence, but are fabricated in very
dissimilar ways. Bow-tie fibres are fabricated eiyi by MCVD, in a single-step
process, with the stress regions deposited in-pitioy to the core layer. Conversely,
PANDA fibres are fabricated using a multi-step @ss; which involves drilling holes
into a solid preform and inserting pre-fabricateardsilicate ‘stress rods’. Bow-tie
fibres generally allow the most accurate contrarothe separation between the stress
members and the core, although it is PANDA fibies tare considered to give the best
preform scalability and reproducibility as a resofitthe decoupled fabrication stages
[12]. The fabrication process for PANDA fibres istdiled further in subsection 3.3.8,
with the demonstration of a pedestal RIP fibredaag a unique aluminosilicate (Al:Si)
inner-cladding.
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The fibre types described above all present chgdlenwhen using MCVD and the

solution doping process to fabricate the preforme Tssues relate to an inability to

deposit multiple RE-doped glass layers, which iratdy means that before the preform
can be drawn into fibre, it has to be sleeved @mabal etched to achieve the correct
cladding-to-core diameter ratio. For preforms thabrporate a pedestal RIP, the raised
refractive index of the inner-cladding is achiewesing phosphorous (P) or germanium
(Ge), as a plurality of glass layers can be depdsi the vapour-phase. However, the
high concentration of Ge or P dopants in the gleases the final preform inherently

stressed, due to the mismatch in thermal exparnsionpared to that of the undoped
silica cladding. This consequently precludes anstqpoocessing of the preform, and in

particular, prevents holes from being drilled itite glass to fabricate PANDA fibres.

Although the solution doping technique is widelyppted, future high-power fibre laser
designs will require complex RIPs and compositi@mg] the inherent constraints of the
current approach are preventing these fibres fr@mngorealised. This has been the
motivation behind developing the in-situ solutioopthg technique, and in particular,
the work has concentrated on the use of multipled¥ped and Al-doped silica layers
[3]. This composition leaves the preform non-stedssnd allows post-processing of the
glass to be performed in order to achieve noveéfgiructures [13, 14].

3.3 Experimental Work

This section describes the experimental work tlaet Ieen undertaken to develop the
in-situ solution doping technique and demonstrate-de@ped preforms that have
complex RIPs. Subsection 3.3.1 presents the commiteulation work that was
performed on large-core and pedestal RIP fibrebsé&ation 3.3.2 then examines the
preform fabrication requirements based on thesdinfgs. Following a description of
the in-situ solution doping technique in subsect®.3, the fabricated preforms and
fiores are described and the characterisation teesarle reported. The computer

simulation work and modelling of large-core mudétiered preforms was all undertaken
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by the author, including the development of thecpes and fabrication of the preforms.
The passive fibre characterisation was also comglély the author, whilst the laser
performance measurements were conducted by Drg&eanYoo.

3.31 Simulation of optical fibre modes

To understand the design criteria for large-core pedestal RIP fibres, a study was
conducted using numerical mode-solving softwaretifer) to analyse the optical
modes that propagate in fibres with idealised RI®ptiFiber proprietary software
operates by fibre mode solving of LP modes by dirdifference and transfer matrix
methods. The findings formed the basis of the talbeid preforms reported in the
subsequent sections. Firstly, the condition foglgfmode guidance was obtained by
simulating a series of step-index RIPs, and varyimg core diameter and refractive
index contrast £n) between 6 —3gm and 0.001 — 0.005, respectively. Figure 3.1
shows the results of this computation, which wagopsed at operating wavelengths of
1550 nm and 1060 nm. The index of refraction usedhfe undoped silica cladding was
taken as 1.458.

Core refractive index difference (An) Core refractive index difference (An)
0.001 | 0.002 | 0.003 | 0.004 | 0.005 0.001 | 0.002 | 0.003 | 0.004 | 0.005
6 6
8 LP,, 8
LP,,
10 10
12 [ (L2 LPgy, LPy, L 12
T |14 T 14
\? 16 % 16 LP,, LP
5 5 o1 LPy
& 18 2 18
5|20 520
T [ 22 T |22
o o
8 24 |LPy, LP,, 8 24 LPgy, LPy, L
26 26
28 28
30 30
32 32
34 34
(a) Wavelength = 1060 nm (b) Wavelength = 1550 nm

Figure 3.1: The theoretical linearly polarised modes propagaitina step-function optical fibre,
calculated using OptFiber software, at wavelengft{a) 1060 nm and (b) 1550 nm.
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It if is assumed thaan = 0.001 represents the lowest practical indefeidihce that can
be achieved using the MCVD process, the maximura diameter of a fibre that will
support solely the Lf2 mode at wavelengths of 1060 nm and 1550 nm igni4and

20 um, respectively. This means that a LMA fibre witbae diameter in the region of
20 — 30um, as is often quoted in the literature, will beltnmaoded, or few-moded, at

this wavelength.

The simulation data shown in Figure 3.1 can alsajqdied to a fibre with a pedestal
RIP, where the effective refractive index betwdsndore and the inner-claddintynt«)

is modelled as a simple step-function with an itéincladding. This assumption,
however, assumes that the medium surrounding tieg tothis case the inner-cladding,
behaves as a ‘true’ optical cladding and is ofisigiit width. The diameter threshold
for the inner-cladding was regarded as the poinvl@th any further increase in its

width had a negligible effect on the modal prom=riof the core [5].

In a step-index fibre with a core diameter of @8 andAn of 0.001, it was predicted

that four core modes will be supportedAat 1.06um (Figure 3.1). Using OptiFiber

software, a pedestal RIP was simulated with theedsions of the effective core
matching those of the step-index above. The ovemalktAn was set to 0.01, which is
indicative of the index rise in a highly RE-dopdaté. The mode field diameter (MFD),
which describes the transverse distribution ofdpécal intensity, was then computed
for inner-cladding widths that ranged fronutn to 30um. These results are plotted in

Figure 3.2 for the lower-order modes.

The results indicate that the influence the indadding width has on the MFD of the
core modes reduces as its width increases. Asntier-cladding width is extended, it
begins to behave as a ‘true’ optical cladding aodmerely an extended core feature.
The MFD of the modes in the simulated RIP are @nisto within <0.1 %, beyond an
inner-cladding width of 1'pm. This equates to inner-cladding and core diaraebér

59 um and 25um, respectively, and a diameter ratio of 2.4.
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Figure 3.2: OptiFiber simulation analysing the effect of inmtadding width on the core modes
of a pedestal RIP fibre. (a) The simulated RIP, @mdhe MFD of the lower-order modes as a

function of inner-cladding width.

The appropriate inner-cladding-to-core diameterorat the pedestal RIP will also
depend oAng of the core. The core modes will spatially spreativards as thAnes

is reduced, and therefore a larger inner-claddimjhwwill be needed. The extent of this
effect was investigated by applying the same typeM&D analysis as performed
previously, withAne varied between 0.001 and 0.005. The results osithelation are

shown in Figure 3.3. For clarity of illustratiomlg the LPO1 is shown.
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Figure 3.3: OptiFiber simulation analysing the effect of inredadding width on the Liz mode
of a pedestal RIP with different effective coreiged. (a) The simulated RIP, and (b) the MFD of
the LR; mode as a function of inner-cladding for effecto@e indices of between 0.001 and

0.005.
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The results indicate that & is reduced, a larger inner-cladding width is neetie
ensure that optical guidance occurs in the desaghebre. For &ne; of 0.001, 0.002,
0.003, 0.004 and 0.005, the inner-cladding widttvlaith any further increase ceases to
change the MFD of the kPmode (to within <0.1 %), was measured from theQgras
17.2pm, 9.7um, 7.9um, 5.1um and 4.9um, respectively. This equates to a minimum
inner-cladding-to-core diameter ratio of 2.4, 118, 1.4 and 1.1 for a corresponding
Ang; of 0.001, 0.002, 0.003, 0.004 and 0.005, respelgtivt is believed that such a
guantitative study has not been reported previouslhe literature, and the findings
formed the basis for design of the pedestal RIR fiported in section 3.3.6.

3.3.2 M odelling of multi-layered preforms

The motivations behind depositing multiple RE-dofsggers in MCVD preforms were
explained in section 3.2. This subsection presprastical and theoretical work that
was undertaken to explore the relationship betwhemumber of deposited layers and
the size of the core in the final preform. Thiomhation was required in order to arrive
at the preform recipes reported later in this clig@nd in particular those with a large
diameter core and pedestal RIP.

In the MCVD process, the thermophoretic efficieoay be defined as the ratio between
the amount of glass deposited on the tube wallthatiformed by the initial chemical
reaction, and will depend on many factors [15]. Sehenclude the burner velocity and
flame profile, the wall thickness of the substrgl&ss, and the total gas flow inside the
tube. Nagel et al. [16] reported that if the tenapere inside the tube is sufficient for
complete oxidation of the precursors, then the dejpo efficiency will be strongly
dependent on the burner parameters, but only weddqpendent on the gas flow rate
and tube radius.

During preform fabrication, most of the lathe paedens such as the burner velocity and

flame profile remain constant throughout the precesd in most cases are fixed for a
particular MCVD system in order to promote reprability. Therefore, providing that
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the temperature inside the tube is high enouglkdarplete oxidation (i.e. conversion of
SiCl, into SiQ) the deposition efficiency will be the same forckedayer that is
deposited. The emphasis of the work in this chaptewever, is on the deposition of
soot layers (which are required for Yb-doping), amstead constitutes a regime where
the particle formation may be limited by an incoetplreaction. In this case, the gas
flow rate and tube radius are relevant, and Nagell.ereported that the deposition
efficiency will be dependent on effective transééiparticles to the tube wall [16]. As
the tube radius will change between successiveepassrough viscous collapse, the

amount of glass deposited on the tube wall may batyween layers.

A pragmatic approach was taken to evaluate howtube dimensions and reagent
vapour flow rate used in MCVD influence the thickseof the core layers in the final
preform. For the purpose of modelling, the depdsiégers were viewed (at any given
position along the tube length) as a circular ‘rimgth a defined thickness and cross-
sectional area (CSA). Figure 3.4 shows the parametieat were used for the
calculations. Note that for clarity, the layer nwernhg is the reverse of the order in
which they are deposited so as to ensure that ¢mrat layer is always denoted

‘layer 1’, regardless of the quantity of layers suolered.

Initial glass After deposition The collapsed
substrate tube of multiple layers preform
(not to scale)
R\
— Layer2 ————— Rl
— Layer3——\——
(c)
t = layer thickness in tube T = layer thickness in preform
r = layer radius in tube R = layer radius in preform

Figure 3.4: Cross-sectional depiction of the layer depositiomcpss, with the parameters used to
describe the layer and tube geometry in the (adtsatie tube, (b) after deposition, (c) and in the

collapsed preform.
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Following deposition of the required number of lksyén the substrate, the tube is
radially collapsed to form the solid preform. Byp&fing conservation of mass, the
CSA of each deposited layer in the substrate tslexjual to that of the corresponding
layer in the collapsed preform. This is illustratedFigure 3.4 and the relationship is
expressed mathematically below,

Layer 1: CSA = n(r® — 19 = R (3.2)
Layer 2: CSA =n(r2* — ) = n(R? — R?) (3.3)
Layer n: CSA =n(r? = rnt) = 1(R.? = R (3.4)

where CSA is the layer cross-sectional area{namd n denotes the layer number.

Similarly, the thicknesses of the layers depositethe substrate, t, and the thicknesses

of the collapsed layers in the preform, T, areteeldy,

ti=n—rh,and t=rn—n, andt=r—rn1 (3.5)

Ti1=R, and =R -R, and T=R — Ru1 (3.6)

By applying the mathematical rule of ‘differencetefo squares’ to equation (3.4), and
substituting into the general form of equations5)3and (3.6), the following
relationships were derived,

tn = CSA1/TC ( h+ rn-l) (37)

Th=CSA/n (R *+ Ru1) (3.8)

Using the equations above, the dimensions of ar¢tieal preform comprising of 10
layers deposited inside a substrate tube wikFrl0 mm and;¥ = 8 mm was modelled.
The CSA used for each of the deposited layers wtmated to be 0.5 mfinand was
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arrived at retrospectively from examining many poesly fabricated preforms. It was
assumed that there was no collapse between eashFgisre 3.5 and Figure 3.6 predict
the CSA and thickness in each of 10 layers in theollapsed tube and the collapsed
preform, respectively. The CSA of the individuaydas remains constant in both the
substrate tube and the collapsed preform, howgverthickness of each layer decreases
as the number of layers increases. In the solitbpre this means that each individual
layer contributes less to the overall core thickndsan the previous one, with the

thickest layer being closest to the axial centre.
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Figure 3.5: Properties of the layers in a theoretical uncobapsubstrate tube with 10 deposited

layers (note: layer 1 is closest to the centrad akithe tube). Dotted lines indicate trend only.
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Figure 3.6: Properties of the layers in a theoretical collapsegform with 10 deposited layers

(note: layer 1 is closest to the central axis efgheform). Dotted lines indicate trend only.
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To check the validity of this model, the findingene compared with the RIP of a
multilayered preform (L30154). The preform congistef 10 Al:Si layers, each
deposited initially as a soot layer with identipabcess conditions, and doped using the
in-situ solution doping technique. The cross-seeiarea and thickness of the layers
was measured from a RIP of the preform obtainenigusiPK2600HP Preform Analyzer
(Photon Kinetics, US). The findings are plotted Rigure 3.7, together with the
theoretical layer CSA and thickness. The predidteshds in the layer CSA and
thickness are in good agreement with the measuakets, and support the proposition
that with unvarying fabrication conditions, the CS# multiple soot layers is

approximately constant.

Refractive index profile 0.6 . . 0.5
of actual preform core A S— J
—— Predicted thickness trend é
Predicted CSA trend 0.3 =
* Measured CSA 7y
¢ *  Measured thickness L 02 &
£
(@]
2
|_
w | w Preform L30154
-1 1 0.0 : : : ‘ ‘ ‘ ‘ ‘ 0.0
Preform radius (mm) 1 2 3 4 5 6 7 8 9 10
(@) (b) Layer number, n

Figure 3.7: (a) Refractive index profile of 10-layered prefoti®0154, indicating the boundaries
of the deposited layers. (b) Comparison of meas@®és and thicknesses in the preform to the

predicted values.

These results imply that the core diameter in tilapsed preform is independent of the
substrate tube dimensions at the time of depositidnis means that there is no
advantage in selecting a larger diameter substtdte in order to produce a larger
diameter core in the resultant preform. To verifgde findings, a single Ge-doped core
layer was deposited in 3 differently sized substraibes, measuring a nominal
28x 24 mm, 20x 16 mm and 1& 12 mm. Following the core deposition, half of each
glass tube was removed from the lathe while theaneimg glass was collapsed into a
solid preform in the normal manner. Small sectifvsam both the uncollapsed tubes and
the solid preforms were then sawn and polished,theddimensions of the Ge-doped
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layer measured using an optical microscope. Figu8 shows the results, plotted
together with the theoretical trends fitted usirguations (3.7) and (3.8). Error bars
have been applied to the measured values to rdfiecimitations of the microscope
and how accurately the Ge-doped layers could ledied. The findings show that the
core diameter in the final preform is independdnhe substrate tube size.

30 (a) Sub b 16 (b) f
— a ubstrate tube —_ Preform
E 25 | E 147
= =12
207 10 i I T
8 15 | 2 08 !
< c
2 10| S 0.6
=1 <
3 5| Theoretical g 041 Theoretical
= *  Measured = 0.2 ¢ Measured
— 4

0 ‘ ; ‘ 0.0 ‘ ‘

10 15 20 25 30 10 15 20 25 30
Substrate inner diameter 2r,5 (mm) Substrate inner diameter 2r,, (mm)

Figure 3.8: Experimentally determined dimensions of a singleSGkyer, deposited under the
same process conditions, in 3 differently sizedssabe tubes. The thickness of the layers in the
(a) uncollapsed tube and (b) solid preform were sme=l using an optical microscope. The

curves represent the theoretical trends.

The results obtained are in good agreement withhgfpothesis that the CSA of the
deposited layer, at a given point along the tubéhée same irrespective of the substrate
tube dimensions at the time of deposition. In otHeposition trials, an apparent
reduction in the final core diameter has been alesewhen the layer was deposited on
a small internal diameter tube (e.g. ~5— 7 mm), mamed to the more conventional
20x 16 mm tube. This, however, can be attributed tchareased gas velocity through
the tube which decreases the resident time of ¢éagent in the hot zone and thus
reduces the reaction efficiency [17], and is ndewiation from the current theory.

The expected CSA of a glass layer in a preformbees equated to the precursor flow
rate used during deposition. The data for this wasained retrospectively, by
measuring the RIP of existing preforms, and regatime layer thickness to the initial

SiCl, flow rate. Only preforms where the soot layer waposited on a 280 16 mm

68



Chapter 3 In-situ Solution Dopingchnique

substrate tube, using a burner velocity of 100 mim‘trand doped with a relatively low
concentration solution, were examined. The averagasured CSA of layers deposited
using a SiCJ flow rate of 50, 100, 150 and 200 ml.mjrwere (to within ~10 %) 0.35,
0.48, 0.61 and 0.75 nfinrespectively (and a bubbler temperature of@B These
results predict that a single core layer, deposidg a SiCl gas flow of 50 ml.miH,
will produce a core diameter in the resultant pmefahat measures 0.67 mm. This is
compared to a layer deposited with a $iftlw rate of 200 ml.mit}, which results in a
core diameter of 0.98 mm.

The correlation between the SiGlow rate and expected layer CSA can be expressed
numerically. If the total core diameter in the jmeh, Do: (See Figure 3.4), consists of
multiple individual layers, each with the same C$#en the total number of layers, N

is related to the total core diameter by,

2
—]—Tx Dot

- 3.
4" CSA, ¥

By inserting the predicted CSA values for a paftécsiCl flow rate, as deduced
previously, into equation (3.9), the number of tayeequired to produce a specific
preform core diameter can be calculated. This @vshin Figure 3.9 for SiGlflow
rates of 50, 100, 150 and 200 ml.fhifThe graph reveals that several or more layers are
needed to realise even a modest core diametemwoh.2(Higher flow rates of Si¢kan

be used, but introduce an undesirable dopant gradihich is discussed further in

subsection 3.3.5).
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Figure 3.9: Graph illustrating the predicted correlation betwé#ige number of deposited layers in
a substrate tube and the core diameter in thetaasydreform. The difference inddis shown for
SiCl, flow rates of 50, 100, 150 and 150 ml.ihin

3.3.3 I n-situ solution doping technique

The in-situ solution doping technique was develop&d incorporating RE and co-
dopant ions into preforms fabricated using the MCpfidcess. The technique involves
impregnating a soot layer deposited on the insifla silica substrate tube with a
solution containing the dopant ions. The liquiddedivered through a small diameter
glass tube, which is inserted into the open enth@fylassware while the substrate tube
remains on the lathe. Once the soot layer is datliréhe delivery tube is removed and
the solvent left to evaporate, leaving the dopantsibehind. The soot layer is then
oxidised and consolidated into a glassy layer. &rsteps are shown schematically in
Figure 3.10 and the process used for fabricatiegptieforms reported in this chapter is
described in detail below.

The glassware was arranged in the normal manneptedlofor MCVD preform
fabrication. A SUPRASIL-F300 (Heraeus, Germany)sstdie tube was used for all
performs, which measured a nominalX06 mm in diameter and 500 mm in length,
and exhibited a high diameter tolerance (typicallyl mm over 1 m). Before joining

the exhaust glassware, the tip of the substrate tuas heated and deftly flared
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outwards using a graphite rod. Once assembled,a@Bpn of the substrate glass
involved the standard etching, polishing and clagdayers as described in Chapter 2.

Extract

Step 1) Soot deposition Substrate tube J

A soot is deposited on the = - R (

inside of the substrate tube v
Reagents, @ Burner

SICl, O, etc. ——— (1500 - 1700 °C)
Step 2) Solution filling

A delivery tube is inserted L: e NW';“E! 7 1

upstream and the liquid v

dopant solution is introduced Dopant solution pumped

through delivery tube

Step 3) Sinter/Collapse

The dried soot layer is

oxidised and the substrate

tube is collapsed and sealed Burner (~2150 °C) @

«——

Figure 3.10: Process steps for in-situ solution doping of pmeffabricated using MCVD.

A soot layer was deposited on the inside of thessate tube using a burner
temperature that was sufficiently low to ensuredyporosity, and was typically in the
range of 1500 — 170TC. The required concentration of RE and Al co-dédntorides
were dissolved in a methanol solution and delivedoethe soot layer through a small
diameter glass tube inserted into the exhaust flibe.other end of the glass delivery
tube was attached to a peristaltic pump via aailimibber hose and the solution was
pumped slowly into the rotating substrate tube. lidwad flow was halted once the soot
layer visibly darkened in colour, indicating thaetlayer was saturated. The delivery
rate was chosen so that the entire soot surfaceseased evenly, but was slow enough
that the peristaltic pump could be stopped prompplgn the liquid reaching the end of
the soot layer. Depending on the soot thicknesgad found that a flow rate of between
10 — 15 ml.mift was adequate to soak the porous layer uniformiy,taok around 15 —
30 seconds to complete. After infiltration, theidely tube was withdrawn and the
solvent left to evaporate.
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To accelerate the drying process, a nitroges) ¢fds flow of around 2000 ml.minwas
directed through the substrate tube. It was fohatl the soot layer appeared visibly dry
after around 15 mins, although a total drying tiofebetween 30 and 60 mins was
typically required. This drying period was extendedher for thicker soot layers or if a
high viscosity solution had been used. If the dagér was not sufficiently dry before
processing continued, the residual methanol igniie@parably damaging the soot
layer. After the required drying period, the dopeger was oxidized and sintered. The
soot deposition and soaking steps were then repéfabaultiple layers were required,
after which the tube was collapsed and sealedemusimal manner.

substrate exhaust tube
tube

Figure 3.11: Photograph showing the final design of the PTFEpetaused to deliver the RE

solution in the in-situ solution doping technique.

Two important refinements were subsequently maddéddaechnique described above,
relating to the delivery tube and the soot dryingditions. To improve the repeatability
in soaking the soot layer, and to avoid disturling fragile layer with the tip of the
glass tube, a bespoke adapter was designed whictected to the end of the delivery
tube. Figure 3.11 shows a photograph of the fidalpger which was machined from
polytetrafluoroethylene (PTFE) by Mr. Ken Framptdhe PTFE adapter fitted on to an
8 x4 mm diameter glass tube and the dopant solutias eirected through a small
central hole. The spherical shape and design oPIHEE adapter enabled it to self-
locate when pushed into the flared end of the satestube and rotate independently of
the delivery tube.
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To establish the optimum soot drying conditiongr8forms were fabricated and the
concentration of hydroxyl (OH) ions in the resuttdibre was measured. Identical
processing parameters were used in each case dgceptdisparity in the soot drying
conditions. Preform L10009 was dried for 60 minghva continuous blgas flow of
2000 ml.mif* directed downstream through the tube. Preform L0OGcluded the
same 60 min drying, but with an additional 30 npesiod where the gas species was
O, and the burner traversed back and forth alongttibe at a low temperature
(<500°C). Preform L10011 included both of the aforememe drying steps, as well
as an extra step where the gas was heated for 30 mins by a stationary buetare it
passed into the substrate tube.

Fibre was drawn from each of the preforms and thkkdOncentration was evaluated
using a standard white-light setup. The fibre frpreforms L10009, L100010 and
L10011 revealed OH impurity levels of 5.3 ppm, Bpm and 2.7 ppm, by weight,
respectively, indicating that the inclusion ofthltee drying stages aided removal of OH
groups. Other drying regimes were explored, allbed less systematic manner, but it
was found that using the current MCVD system thenimnum achievable OH
concentration was ~2.5 ppm. It was concluded thgindg periods extending beyond
~3 hours were of limited benefit, and that chlotima would be necessary to eradicate
the OH impurities any further.

3.34 Evaluation of the in-situ solution doping technique

The developed in-situ solution doping technique leen directly compared against the
traditional solution doping method by fabricatingot RE-doped preforms with a single
core layer prepared using the respective techniffle®\ F300-quality substrate tube
measuring 2& 16 mm, and with a diameter tolerance of 0.1 mras wsed in each
case. Following the conventional glass polishing aeladding steps, a silica soot layer
was deposited in each substrate using the sameitioosdto ensure identical soot
porosity. The same solution containing 12 g of AlEH,O and 4 g of YbGI6H,O
dissolved in 200 ml of methanol was used to dopt lsoot layers. Preform L30186
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was fabricated using the in-situ solution dopinghteque. The solution was fed into the
substrate tube at a flow rate of 12 ml.thimnd after infiltration, the oxide layer was
subject to a drying period of 30 mins with a bas flow of 2000 ml.mih passing
through the tube. The substrate tube remained enlate throughout the process.
L30196 was fabricated using the traditional solutamoping method and was soaked
vertically in the dopant solution for 60 mins, aftehich it was left to dry vertically for
a further 60 mins in the atmosphere.

0.018 In-situ solution doped preform
0.015 - (L30186)
' — Traditional solution doped preform
0.012 1 (L30196)
c 0.009 -
<
0.006 -
0.003 -
0.000 1

-3 -2 -1 0 1 2 3
Preform radius (mm)
Figure 3.12: Comparison of the refractive index profiles fronefarms fabricated using the in-
situ solution doping technique and the traditiosalution doping method. The same dopant

solution was used in both cases.

The RIPs of the collapsed preforms were measuried 8#K2600HP equipment and the
results can be seen in Figure 3.12. The averagefMpfeform L30186 and L30196 was
0.17 and 0.13, respectively. The core diameterrefopm L30186 and L30196 was
0.99 mm and 0.86 mm, respectively, measured at ftitlewidth half-maximum
(FWHM). The variation in refractive index along thength of the preform was
<5x 10”. The difference between the core diameters ithated to an increase in the
volume of glass resulting from the additional ifparation of dopant ions in the case of
L30186 [18].

To assess the Yb concentration, both preforms weae/n into DCF and denoted as
T0296 (for the in-situ solution doped preform) an@308 (for the solution doped
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preform). The fibres were 120m in diameter and a PC-373 coating was applied. The
RIP of the fibres was measured by using a S14 HRbefiler (Photon Kinetics, US) and
was found to be consistent with the preform RIPe Wi concentration was evaluated
as 10,700 ppm for T0296 and 4,700 ppm for TO308wbkight, based on Yb-induced
absorption ali = 976 nm. The background losses in both fibresewaeasured using
optical time-domain reflectometer (OTDR) equipméntodel: v-OTDR, Datacom)
operating atA = 1285 nm. Losses of 38 dB.Kmand 21 dB.knt were measured for
T0296 and T0308, respectively. The higher backgiolmss evaluated for T0296 is
attributed to scattering losses from the increadegant incorporation. In addition,
Figure 3.13 shows the loss spectrum for T0296 petawith a white-light cut-back
measurement. The OH concentration in the fibre eedsulated as 2.3 ppm, by weight,
which compared to 2.1 ppm for fibre TO308. Theeati#hce in OH levels is attributed to
the higher Al concentration in preform L30186 asesult of the increased retention of
AICI3.6H,0 during soaking.

300

In-situ solution doped fibre
250 H (T0296-L30186)

200
150

100 H

Core loss (dB.km'l)

50 1

; Al

1050 1225 1400 1575 1750
Wavelength (nm)

Figure 3.13: Loss spectrum of fibore T0296-L30186 obtained usmgvhite-light cut-back

measurement. The visible peak at 1380 nm correspmnabsorped OH ions in the fibre.

Both fibres were tested in a laser configuration yy Seongwoo Yoo using the
experimental setup depicted in Chapter 2. The dibvere cladding-pumped by a fibre-
coupled laser diode operating Zat 975 nm. The output power was found to increase
linearly with the launched pump power, and the ouipf the in-situ solution doped
fibre (T0296) reached 13.7 W for a launched pumyeroof just over 17 W. A slope
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efficiency of 79 % was calculated. This result cangs to a similar laser measurement
performed on T0308, where the maximum output powas 13.6 W, and the slope

efficiency was 78 %.

From the RIP measurements of the preforms, it ideg¥ that for a given solution

concentration, the in-situ solution doping techeiquroduces a comparatively higher
NA than using traditional vertical solution dopinthis effect has been observed for all
fabricated performs irrespective of the soot comjows liquid delivery flow rate, or

soot drying regime. The fibre absorption measurésnehow that there is a marked
increase in the Yb concentration, and it is pregi¢dhat the increase in Al concentration
will be in-line with that of Yb. A summary of the@mplete comparison between the two

techniques is shown in Table 3.1.

In-situ solution Conventional
doping solution doping
(L30186/T0296) (L30196/T0308)

Soaking/drying time 30 mins 120 mins
Average preform NA 0.17 0.13
Preform core diameter 0.99 mm 0.86 mm
Preform NA variation <5x1b <5 x 10*
Nominal fibre diameter 120pum 120pm

Yb concentration 10,700 ppm 4,700 ppm
Loss (at\=1285 nm) 38 dB.kni 21 dB.km'
OH concentration 2.3 ppm 2.1 ppm
Laser slope efficiency 79 % 78 %

Table 3.1 — Comparison of the measured properties of Yb-dopeSi preforms, L30186 and
L30196, and fibres, T0296 and T0308, fabricatedgifie in-situ solution doping technique and

the traditional solution doping method.

3.35 Multi-layered preform fabrication

One of the salient features of the in-situ solutdoping technique is the ability to
deposit a plurality of RE-doped layers. This caligbis needed when fabricating
preforms that require a large core diameter or ¢exnRIP. To demonstrate that several
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layers can be deposited using the in-situ soludioping technique, an Yb-doped Al:Si

preform with a low-NA core, suitable for LMA appditons, was fabricated.

Preform L30154 consisted of 10 individual layeracte deposited at a temperature of
1475 °C and with a Si¢flow rate of 100 ml.mit. The soot layers were doped with a
solution containing 2.5 g of AlgBH,O and 2.5 g of YbGI6H,O dissolved in 1000 mi
of methanol, which from previous experience waseeigd to produce a core NA of
~0.06. The RIP of the resultant preform was measatedifferent points along its
length, and the longitudinal position of z =150 n{where z =0 represents the
beginning-of-deposition end of the preform) is showw Figure 3.14(a). The average
NA and diameter of the core was measured as 0.072#&mm, respectively, and the
refractive index was found to vary <0x5L0” along the 300 mm length of the preform.
The fabrication process was optimised to eliminatgy ‘central dip’ by carefully
controlling the soot drying and oxidation stages awoid dopant depletion. The
processing time needed to fabricate all 10 Yb-dopé8i layers was ~8 hours, in
addition to the standard time taken to depositiriieal cladding layers and collapse the

preform.
6 6
(@ —— preform (®) —— Fibre
L30154 T0215
~ 4 4
o o5
o 1
= S
X 2 X 2]
c c
< <
0 0
-3 -2 -1 0 1 2 3 -40 -20 0 20 40

Preform radius (mm) Fibre radius (um)

Figure 3.14: Refractive index profiles of 10-layered Yb-dopedShi(a) preform L30154, and (b)

fibre T0215 (inset: image of cross-section).

The preform was drawn into fibre (T0215) of glagsnteter 125um and coated with
PC-373. A sample of the fibore was measured by MsbdRt Standish using S14
equipment, and revealed that the radial undulateen in the preform RIP was reduced
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to generally less than 110* as shown in Figure 3.14(b). The core and cladding
diameters of the fibre were 2dn and 125um, respectively. Comparing these measured
values to the step-index computer simulations pewa in subsection 3.3.1, it was
predicted that a fibre with these dimensions wippgort 4 modes (i.e. b LPo2, LPi1

and LBj) atA = 1.06pum.

Preform L30154 demonstrates the scalable naturehefin-situ solution doping
technique for RE-doped fibre fabrication, showihgttmany RE-doped layers can be
deposited, almost indefinitely. Nevertheless, itstdl beneficial to maximise the
thickness of each soot layer to limit the overalinter of layers that are required. The
soot thickness can be increased by either, inargabe SiCj gas flow rate, or reducing
the burner traverse speed during deposition. Horyevewas found that to avoid
blocking the tube with the generated soot, thetmaldimit for the SiC) flow rate was

200 ml.min* (when using a standard-sized substrate tube).

Three preforms were fabricated to explore whethiick soot layer could be achieved
from multiple individual layers, each depositedhat relatively low SiGlflow rate (i.e.
<200 ml.mir"). A thick soot layer that is produced in this wags been termed as a
‘soot-set’. Each preform was fabricated with a dtad-sized substrate tube and the
usual glass preparation and cladding layer step® \@pplied. All soot layers were
deposited using a SiClflow rate of 100 ml.mift at a deposition temperature of
1600°C. A soot-set consisting of 10, 5, and 1 individsabt layers was applied to
preforms L30200, L30202 and L30207, respectivelgctEsoot-set was subject to a
single doping step using the in-situ solution dgpiachnique. The RIP of the resultant
preforms was measured. The pdakwas slightly different in each case, and so ler t
purposes of comparing the core diameter, the RAWse been normalised with respect to
the undoped silica cladding (see Figure 3.15). mrsary of the preform fabrication

parameters and measured results are shown in 3able
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Figure 3.15: Refractive index profiles of Yb-doped Al:Si prefasrh30207, L30202 and L30200,

which incorporate a soot-set comprised of 1, 5 Hhthdividual layers, respectively. Each soot-
set was doped using the in-situ solution dopindirieue. (Dotted vertical lines indicate the
deposited glass thickness of each preform).

Preform Preform Preform
L30207 L30202 L30200
Number of soot layers in soot-set 1 5 10
SiCl, flow rate 100 ml.miit 100 ml.mi* 100 ml.mir*
Soot deposition temperature 1600 °C 1600 °C 1600 °C
Solution doping steps 1 1 1
Core diameter (deposited glass) 1.31 mm 1.85 mm 8 ram
Core diameter (FWHM) 1.14 mm 1.20 mm 1.03 mm

Table 3.2: Fabrication parameters and resultant core sizesforfins L30207, L30202 and
L30200 were fabricated using soot-sets that coragrisf 1, 5 and 10 individual soot layers,
respectively.

Figure 3.15 illustrates that, although the depdsgéass region (depicted as vertical
dotted lines on the graph) increases with the nurabsoot layers deposited, the core
thickness measured at the FWHM is similar for ga@form. This suggests that each
deposition pass in the soot-set partially sintérs previously laid soot layer, thus
reducing its porosity and the ability to take uppdot from the solution. Therefore,
soot-sets are not necessarily suitable for fabnggireforms with a large diameter step-
index core, but have been used effectively to meeethe thickness of the inner-
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cladding region in pedestal RIP preforms where padb gradient is tolerable (as

detailed in subsection 3.3.7).

3.3.6 Pedestal refractive index profile fibre

A pedestal RIP preform with a low effective NA cdras been fabricated using the in-
situ solution doping technique. The RIP was basethat shown in that Figure 3.2(a),
and the target dimensions for the fibre were deérivsing the information presented in
subsection 3.3.1. The preform features a highlydgped Al:Si core and a unique Al:Si
inner-cladding. Details of how the preform fabrioat recipe was determined and

characterisation of the resultant fibre are prestbelow.

In subsection 3.3.1, it was shown that for a pedédtP with a coré\ne; of 0.001, the
inner-cladding-to-core diameter ratio must be >®.4nsure that guidance occurs in the
designated core region. In subsection 3.3.2, it walsulated that a single layer
deposited using a SiCflow rate of 50 ml.mift results in a core diameter in the final
preform of 0.67 mm. Therefore, to achieve the adrdgameter ratio, the inner-cladding
diameter must be >1.61 mm. From the data shownguaré& 3.9, it was calculated that

the required diameter ratio required >4 inner-clagdayers.

To achieve @&ne 0f 0.001 in the preform, the targeted index regetlhe core and inner-
cladding was 0.010 and 0.009, respectively. Theeotnation of Al and Yb required
for the core was calculated from previously faltecbperforms, and the chosen solution
was expected to result in an Yb concentration otiad 17,000 ppm, by weight. The
dopant concentration of Al required for the inn&dding was then adjusted

accordingly to produce the correct index contragt ¥hat of the core.

In addition to the dopant concentration in the 8ohs, the temperature at which the
soot layer is deposited influences its porosity andsequently its dopant uptake. This
effect was found to be more significant than aptted. To illustrate the problem,
preforms L30186 and L30187 were fabricated usingntidal recipes except for a
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disparity in the soot deposition temperature. AlSflow rate of 100 ml.miff was used

in both cases, but a burner temperature of P85@3°C was used for L30186
compared to 1650C +3°C for preform L30187. Measurements of the resultant
preforms revealed that tin of L30186 was & 10° compared ta\n of 10x 10° for
L30187, demonstrating that a change in soot dapodiémperature of 100C can alter
the final refractive index by as much as 20°. This issue is further compounded as
the pyrometer measures the temperature of the glass surface, which will differ
from that inside the substrate, and is dependeth®ntube wall thickness and gas flow

rate.
Deposition pass  Sigflow O, flow Burner Carriage Dopant solution
(ml.minY)  (mLminl) témperature speed . (AICl5.6H,0+YbCl.6H,0
(°C) (mm.min~)  in 200 ml methanol)
Clad layers 1to 3 200 600 2025 150 N/A
Pedestal layer 1 200 400 1575 100 20g Al
Pedestal layer 2 200 400 1585 100 20g Al
Pedestal layer 3 200 400 1595 100 20g Al
Pedestal layer 4 200 400 1605 100 20g Al
Pedestal layer 5 200 400 1615 100 20g Al
Buffer layer 20 600 2025 150 N/A
Core layer 50 550 1625 100 12g Al +4g Yb

Table 3.3: Summary of the recipe used for fabricating pedd?ilpreform L30225.

Numerous trials preforms were fabricated in ordesptimise the process requirements.
The final recipe for pedestal RIP preform L30225si®wn in Table 3.3, and was
fabricated on a 28 16 mm diameter F300 substrate tube. The measuifedoRthe
collapsed preform revealed an average ammeof 0.008 and a\ne; of 0.002. The
measured core and inner-cladding diameters were i@ and 2.8 mm, respectively.
This diameter ratio of 3.7 is higher than anticgohtbut is very dependent on where the
core and cladding boundaries are defined in the tRi€e. Fibre (T0361) was drawn
from the preform in a DCF configuration to an outdiameter of 40@m.
Measurements of the fibre RIP revealed that the eod inner-cladding diameters were

27 um and 87um, respectively, equating to an inner-cladding-doecratio of 3.1 and
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indicating that diffusion between the two regioosk place during the drawing process
(see Figure 3.16(a)). The radial index variatiaa. (ripples) in the inner-cladding was
also reduced compared to the preform RIP, agaarasult of diffusion effects.

14 : 10 5
12 | (@ —— Fibre () —— Elemental Al
T0361-1.30225 .8 Elemental Yb} 4 ~
10 1 S 3
¢ 3 N "\* =
'S 81 < 6 - | 3%
— %) 8
X 6 = =
S 4 §4 ’ 28
2 <2 1>
O 4
‘ ‘ ‘ 0 ‘ ‘ ‘ 0
-100 -50 0 50 100 -100 -50 0 50 100

Fibre radius (um) Fibre radius (um)

Figure 3.16: Pedestal fibre TO361. (a) Refractive index profii¢gh inset of fibre cross-section,

and (b) radial analysis of the dopant distributising energy-dispersive X-ray spectroscopy.

To verify that the diffusion effects were not swadtal, and that the Yb ions were still
confined to the central core region following fibdeawing, the glass composition of
fibore TO361 was analysed using energy-dispersiveayXspectroscopy (EDX). The
obtained results for the elemental concentratidngboand Al in the fibre are shown in

Figure 3.16(b) and confirm that the Yb ions aredprainantly confined to the core.

The Yb concentration in fibore was measured as IBpsn, by weight, using a white-
light experimental set-up and is good agreement ulite anticipated value. The
background loss was evaluated as 40 dB.kat A = 1550 nm, using a cut-back
measurement, and the OH concentration was caldulte~4 ppm, by weight. The
performance of the fibre was tested in a laserigardtion by Dr. Seongwoo Yoo (see
Chapter 2 for a schematic of a fibre laser setihg pump sourcex(= 976 nm) was
coupled into a 1.6 m length of the fibre. The sleffeciency of the fibre was measured
as 82 % and the laser output power characteristickjding the output spectrum, are
shown in Figure 3.17.
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Figure 3.17: (a) Laser characteristics of pedestal RIP fibre6l0Bdicating a slope efficiency of

82%, and the (b) output spectrum.

The data from the fibre RIP shown in Figure 3.16¢@s imported into the OptiFiber
software and the intensity fields of the predictede modes Lf2, LP11, LPy2 and LR
were simulated (see Figure 3.18). The resultstittis that the lower-order modes are
well confined to the central gain region by theesetive refractive index contrast of the
core, and exhibit a negligible overlap with theameladding. The higher-order modes,
which propagate predominantly in the inner-claddregion, can be suppressed by
coiling the fibre.
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Figure 3.18: OptiFiber simulation of fibre T0O361, illustratingdt the supported modes, &P

LPqy,, LP;; and LR, are confined to the core region.
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3.3.7 Non-circular pedestal refractive index profilefibre

The natural circular symmetry of DCF is removedriyoducing a D-shape in the glass
preform. This suppresses helical modes from prapaga the cladding and promotes
interaction of the pump light with the doped caggion [19]. It is logical to assume that
a similar situation exists in fibre that has a mdeRIP, whereby unwanted helical
modes propagate in the circular inner-cladding.tHis subsection, a novel way to
remove the circular symmetry of the inner-claddmgresented, and the effect on the

pump absorption efficiency is reported.

Pedestal RIP preforms with a pedestal RIP thatfatsacated using MCVD and the
traditional process and solution doping are ndiable for post-processing owing to the
high concentrations of;Ps or GeQ that are incorporated into the inner-cladding gjlas
Any post-processing that is attempted near the ewovald most likely shatter the
preform. The preform demonstrated in the previcetien, however, is considerably
less stressed, as the Al:Si inner-cladding haseanthl expansion coefficient that is
closer to that of the pure silica cladding [14]sPprocessing has been investigating in
pedestal RIP preform L30184, which was fabricatéti wn Al:Si inner-cladding and a
Yb-doped AlSi core. The inner-cladding was depukitusing 4 soot-sets, each
comprising of 3 soot layers, and a single layer desosited for the core. The inner-
cladding and core diameters of the preform weresomed as 0.79 and 3.1 mm,
respectively, representing a diameter ratio of Bl averagén of the inner-cladding

and core was measured from the RIP as 0.004 at@,0€spectively.

To remove the circular symmetry of the inner-claddin the preform, holes were
drilled longitudinally into the preform. The placent and size of the holes were chosen
so that they intersected equally with both the irsl@dding and outer-cladding glass
regions. The holes were drilled to staggered depthsetween 50 mm and 75 mm to
produce three separate structures for comparismKgure 3.19). Once the machined
surfaces had been polished, pure silica (F300kglads were inserted into the holes to

produce a solid preform. Generating multiple figeometries from adjacent sections of
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a single preform ensured that any minor longitudinariations in the dopant

concentration were minimised.

(A) double modified inner- (B) double modified inner-
cladding BEN cladding (D-shaped)

(C) Single modified inner- (D) unmodified inner-
cladding (D-shaped) cladding (D-shaped)

Figure 3.19: Cross-sectional images of fibres T0285-A, T0285-&285-C and T0285-D, drawn
from pedestal RIP preform L30184, and their respegositions in the preform.

The entire preform was drawn into 12t diameter fibre, in a single run, and a low-
index coating (PC-373) was applied. The nominafgre feed and capstan speeds
were 0.5 mm.mit and 8 m.miit, respectively. A vacuum of 2 mbar (below
atmospheric pressure) was applied to the top ofptedorm handle during the fibre

draw to ensure that the air voids were removed. dawh fibre structure, a length of
between 50 m and 100 m was drawn, and the indiitiodified sections were denoted
as A, B, C and D as shown in Figure 3.19. The R#3 weasured from a sample of
each fibre structure and revealed that the comaelier of ~81m and an inner-cladding

diameter of ~3Qm in the unmodified axis.

The Yb concentration in the fibres was evaluatethgusa standard white-light
experimental setup and the results are summariseligure 3.20. The peak core
absorption at A =976 nm was measured as 10.68 dB.ml0.16 dB.nt and
10.69 dB.rit for fibres B, C and D, respectively.
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Figure 3.20: Graphs showing the absorption from Yb ions in pedeIP fibres (a) T0285-B,
T0285-C, T0285-D, and (b) T0285-A, illustrating tféect of a non-circular inner-cladding.

The

unexpected similarity in the measured absarptmlues for fibres B, C and D

suggests that the removal of the circular symmigttye inner-cladding does not have

any measurable effect on the absorption. The rsafwnthis have been attributed to

three possible origins:

The

1) The higher-order inner-cladding modes that hevew modal overlap
with the core are of sufficiently low energy thaey are undetectable
with the white-light absorption measurements.

2) The ‘ripples’ seen in the fibre RIP instigate deemixing, even in the
unmodified inner-cladding of fibre sample D.

3) The dissymmetry in the outer-cladding (D-shap®)sufficient to
introduce enough perturbation to the propagatigbtlthat any helical

modes in the inner-cladding region are suppressed.

measured RE absorption in fibre A is shown igufe 3.20(b). Owing to the

circularly symmetric outer-cladding, the measuretmgas conducted on uncoiled and

tightly coiled fibre samples. The peak absorptiontie tightly coiled sample is

10.31 dB.n‘f, which, to within the error of the measurementthe same as that
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obtained for fibres B, C and D. It has not yet beencluded which of the three possible
reasons above is correct. However, if it is assuthed tightly coiling the fibre is a
definitive way to ensure mode-mixing, then thisgesjs that the D-shape in fibres B, C
and D is adequate to prevent helical modes fromauyating, both in the outer-cladding
as well as the inner-cladding.

3.3.8 Polarisation-maintaining (PANDA) optical fibre

Polarisation-maintaining (PM) optical fibres areedsvhere there is a need to conserve
the polarisation of the signal light, and the mehéor their fabrication were introduced
in section 3.2. In this subsection, a PANDA fibrghwa pedestal RIP and an Al:Si
inner-cladding is reported. Conventional pedest& Rreforms are fabricated using P
or Ge to raise the index of the inner-cladding,e&plained previously, and are not
suitable for post-processing owing the thermal egmm mismatch with that of the
undoped silica. The fibre reported here is belietedbe the first demonstration of a
PANDA fibre with a pedestal RIP that permits theess-applying parts (SAPs) to be
positioned within the inner-cladding region to nraige the birefringence [13].

The placement and size of the SAPs in a PANDA fiiledictate its birefringence and
PM capabilities. Sasaki et al. numerically modelied effect that the diameter of the
SAPs, and their proximity to the core, has on tledah birefringence of a fibre with
twin circular stress regions [20]. Sasaki et ghonted that a ratio of 0.7 between the
diameter of the stressed regitnand the fibre radiud, is desirable. Similarly, a ratio
of 3 is deemed optimum fafa, wherer is the distance from the geometric centre of the
fibre to the edge of the SAP amdis the core radius. Adhering to this specification
yields a theoretical birefringence in the fibre ©£.5x 10* although this value is

dependent on the core refractive index and theatipgrwavelength [20].
A PANDA fibre has been fabricated using preform 180 and the target diameter

ratios recommended by Sasaki et al. [20]. The pnefevas first ‘'squashed’ on a glass-
working lathe to increase the outer glass dianfeden 12.1 mm to 14.8 mm. The holes
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for the SAPs were then drilled diametrically intetpreform to a positional accuracy
approaching 5@m, using in-house ultrasonic drilling equipment.e-Rabricated
borosilicate stress rods were used for the SAPH, veere chemically etched to a
diameter of 4.8 mm to remove the majority of theaicladding. A cladding-to-core
diameter ratio of 1.05 was achieved. The clearéeieveen the stress rods and the
drilled holes was found to be critical and, a g&f.@ mm to 0.3 mm was deemed to be
optimum. It was found that if the clearance wasl&rge, the holes collapsed during the
draw to eliminate the void and tended to deformadbwe elliptically. Conversely, if the
gap was too small, there was the potential forpirapair between the surfaces owing to
the inevitable slight non-uniformity along the lém@f the stress rods.

The surface quality of the holes following ultragodrilling was reasonable, but it was
found that if the visible scratches were not rensowfore drawing, small holes
developed in the fibre at the interface of the sstreegions as a result of trapped gas
between the fused glass surfaces. A similar effead also seen if the contaminants
from the coolant used in the drilling process weoe adequately removed prior to fibre
drawing. Both issues were resolved for preform 18Dlby performing a high-
temperature flame polish on the lathe after dglliburing this process, the pressure
inside the holes was controlled to avoid any caekapr deformation.

The preform was assembled with a glass handledttaehed to the upper end to allow
the air inside to be evacuated during the draw. dpylied vacuum ensured that the
surfaces between the stress rods and the holesdséal applied vacuum of 15 mbar
(below atmospheric) was found to be sufficient. Timal fibre drawing parameters,
included, a furnace temperature of 2080 a draw speed of 10 m.rffirand a preform
feed speed of 0.7 mm.minA 200 m length of fibre (T0283) was successfdligwn at

a diameter of 12im which was coated with PC-373. A cross-sectiomhef fibre is

shown in Figure 3.21(a).
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Figure 3.21: PANDA fibre T0283(a) cross section and (b) refretindex profiles in the

modified and unmodified axes.

The RIP of fibre T0283 was measured by Mr. Robe¢ain&ish using S14 equipment
(see Figure 3.21(b)) and the average inner-claddiagneter was evaluated ps and
31um along the modified and unmodified axes, respebtivA diameter ratio of 3.2
and 0.6 were obtained fofa andt/b, respectively, which are in good agreement with
the targeted values as defined by Sasaki et dl. [XIng a standard white-light setup,
the induced cladding absorption from the Yb ionsthe fiore was measured as
12.7 dB.n" atA = 976 nm.

The birefringence and laser performance of theefivas assessed by Dr. Seongwoo
Yoo0. The birefringence in the fibore was measurddgua cross-polariser method and a
value of 2.4 x 18 was calculated, based on the beat length frormgresured spectrum
of a 1.02 m length of fibre [14]. The laser perfarme of the fibore was determined
using an experimental setup based on that showhapter 2. The measured output
power versus launched pump power is shown in Fi@u?2. A linear increase was
observed which represented a slope efficiency o%79he maximum output power
was 14.7 W, which was limited by the pump powerilatsge. The fibre length was
2.5 m and 98 % of the pump was absorbed. The patan extinction ratio (PER) was
also measured by placing a polariser in the signdaput. A figure of 12 dB was

obtained at maximum output power.
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Figure 3.22: Laser output power versus launched pump power #NDA fibore T0283

indicating a slope efficiency of 79 % (inset: eroasspectrum).

34 Summary

In this chapter, a novel in-situ solution dopinghmique has been presented. The
developed technique allows RE-doped preforms watingex design to be fabricated
using the MCVD process. A direct comparison betwdentwo methods showed an
enhancement in dopant incorporation when usingtinsolution doping, without any
deterioration in the fibre performance. The in-gtlution doping technique is a viable
alternative to traditional solution doping that yices a vast improvement on the

preform yield and labour investment [2].

The ability to produce multiple RE-doped silicaday using the in-situ solution doping
technique was demonstrated with the fabricatiom aD-layered Yb-doped step-index
preform. The core measured 2.6 mm in diameter laadotv-NA of 0.07 was free from
any central dip, making it suitable for LMA applimms. A slight undulation was
observed in the RIP as a result of either, thetmminot fully penetrating the soot layer
during soaking, or evaporation of Al during the dation passes. This effect has also
been documented by Tang et al. [21], and it iselelil that an adjustment to the burner
temperature used during the soot deposition asasdllirther optimisation of the drying
conditions would be beneficial in flattening thePRIf low-NA multilayered preforms.
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To further increase the core diameter, the feasilaf using soot-sets was investigated.
Preliminary results indicated that without furtlegrtimisation of the burner temperature
a detrimental porosity gradient was introduceds™Msas a result of the previously laid
soot layer being sintered during the following d&ipon pass. It may be possible to
lessen the porosity gradient by optimising the sdeposition temperature for each
subsequent layer. By reducing the burner tempesafr each soot layer it would

ensure that the porosity of the layers nearestttibe wall would be maintained,

however trials would be needed to ascertain if #pproach detrimentally affects the
overall adhesion of the soot body.

A large proportion of the experimental work invalvéhe fabrication of pedestal RIP
preforms that included a unique Al:Si inner-claddihe multilayered inner-cladding
was achieved using the in-situ solution technigo@ r@sulted in a glass preform which
was tolerant to post-processing. Using this apprpae fibore with a high Yb
concentration (>18,000 ppm, by weight) and a loweaive-NA (~0.06) was
demonstrated for what is believed to be the firset[3]. The fibre was testing in a
lasing configuration and slope efficiency of 82 %asvmeasured at 11 W of output
power. Computer simulation of the fibre RIP confinthat the lower-order modes
were confined to the central core region and etddba negligible overlap with the
inner-cladding.

The use of Al:Si for the inner-cladding of a pedé&IP preform, as opposed to Ge:Si
or P:Si, results in a reduced thermal expansiomatish with that of the silica cladding.
The benefits of this were demonstrated by fabmgatyb-doped fibres featuring an
asymmetric inner-cladding, and which have not besgn in the literature previously.
The post-processing was intended to break the symnod the inner-cladding to

enhance the pump absorption, although, in the dibtested, the absorption
measurements suggested that the D-shaped outdingadias sufficient to suppress
helical modes from propagating even without modiythe inner-cladding symmetry.
These findings were contrary to expectations. Taeain the origin of the results, a
repeat of the experiments is needed using a pédsstectured preform with a
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comparatively larger diameter inner-cladding. I$imilar outcome is observed in this
fibre it would eliminate the remaining possibilgi¢hat were raised in subsection 3.3.7
and allow a more accurate interpretation of theltes

The ability to conduct post-processing on a pedi&dta preform was also demonstrated
with the fabrication of a PANDA design fibre [134]1 The preform glass was tolerant
to drilling and therefore placement of the SAPs wasrestricted. The birefringence in
the fibre was measured as 2.4 x*énd a slope efficiency of 79 % was achieved. It is
believed that this is the first demonstration qfemlestal RIP PANDA fibre, where the
SAPs are permitted to overlap with the inner-clagdiregion to maximise the

birefringence.
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Chapter 4

Chemical-in-Crucible Process

4.1 | ntr oduction

In this chapter, a novel method for incorporatirgpant ions into silica preforms is
presented. The process, which has been teninedical-in-crucible (CIC), enables a
range of dopant precursors with low vapour pressuce be prototyped for their
suitability in preform fabrication using Modifiedn€@mical Vapour Deposition (MCVD)
[1]. The originality of the process resides in thlacement of the dopant precursor,
which is within the substrate glassware and inecla®ximity to the reaction-zone. The
precursor is heated directly by an electrical tegslement heater rather than the
vapour being generated and transported from amrettsource, as is conventional with
MCVD. This approach means that the CIC process ruamerous advantages over
traditional preform doping techniques: the extentEdperature range, up to several
hundred degrees Celsius, allows less volatile psecs to be vaporised. Small amounts
of dopant precursor can also be used in singletueds, which avoids any unwanted
reactions that may arise with larger quantitiest tuwe subject to repeated thermal
cycles. There is also the potential for more homeges RE incorporation.
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This chapter begins with a review of existing vapdelivery schemes used in preform
fabrication and builds on the introduction provided Chapter 2. Commercially
available deposition systems, as well as thosentgohs confined to the scientific
literature are discussed, and their practicaliaesl limitations are highlighted. The
focus of the work presented in this chapter waddweelop a vapour-phase deposition
technique for ytterbium- and aluminium-based prsats. The experimental work was
intended to provide proof for the underlying cortcepthe CIC process, as well as the
chosen precursors, rather than targeting a spdifie design. Several preforms have
been successfully fabricated using the CIC prodas&iding preforms doped using an
organometallic ytterbium precursor. It was foundtthnderstanding the properties and
behaviour of rare-earth organometallic precursonsigh temperatures was paramount
to their successful implementation in MCVD andsash, a section has been dedicated
to these findings. Fibres have been drawn from kt#rbium- and aluminium-doped
silica preforms and the characterisation results presented. Finally, a highly
ytterbium-doped phosphosilicate fibore was testedaidaser configuration and the
optical-to-optical conversion efficiency is repatid].

4.2  Motivation and prior art

A MCVD-based system capable of delivering raretedRE) dopants in the vapour-
phase, analogous to the conventional bubbler clasn&®iCl, GeCl, POC} and BBg,

is a tantalising prospect for active preform fasticn. This capability would permit an
arbitrary number of glassy layers to be deposgadh with a specific RE concentration,
and with a greater control over the refractive indkan with solution doping [2].
Furthermore, it would remove the dependence of giopacorporation on soot
characteristics. As oxidation of the glass-formigwgd rare-earth components occurs
simultaneous at the reaction-zone, it would alseetthe potential for creating a more
homogeneous distribution of RE ions in the layeudtre and improving the lasing
efficiency of the resultant fibre.
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The RE chemical precursors that are used in thatisnl doping process are metal
halides, such as erbium and ytterbium chloride, lzange the molecular form of RECI
These compounds are solid at room temperature\aithlale commercially in the high
purities that are needed for fibre fabrication.(up to 99.9999 %, from RE metals
analysis). Rare-earth chlorides are hygroscopadlile oxidising in air, and therefore
require stringent chemical handling practices. Heewehydrated rare-earth chlorides
(RECE.xH20) are highly soluble in water, as well as solvesutsh as methanol, and are
therefore easily integrated into a solution dogngcess.

Although rare-earth chlorides are appropriate @utson doping, their intrinsically low
volatility means that they are less attractive &a@our source. Anhydrous RE chlorides
have a vapour pressure in the region of 1 kPa(d@d *C) and require a temperature of
at least several hundred degrees Celsius to praahpreciable vapour [3]. Therefore, a
system capable of efficiently transporting gaseR&schloride to a rotating substrate
tube on a lathe, and integration of this into catmal MCVD equipment, requires
considerable engineering investment. Notably, tinéiree delivery line, from the
chemical bubblers through to the rotary seal arel glass tube, must be heated to

prevent the vapour from condensing en-route angahy the pipe-work.

For the reasons mentioned above, organometalliateheomplexes are an attractive
candidate for a dopant vapour-source owing to tfaourable physical properties [4].
Chelates, (the name of which refers to the specii@mical bonding of the compound)
are solid at room temperature and evolve vapouuentities comparable to SiJlat
room temperature) at a temperature of only 1006-°20 thus considerably simplifying
the specification on heated lines. The vapour pres®f three lanthanide chelate

compounds in the range of 150 — 28Dis shown in Figure 4.1.
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Figure 4.1: Vapour pressure of rare-earth chelate compoundgrbyam, erbium, and

neodymium. Data taken from [4].

Complexes based on metal chelates are well knowheifield of organic chemistry and
were proposed for use in silica optical fibre faltion as early as 1990 [5]. However,
the complexity of the equipment required for vapiog and delivering chelate vapour
at elevated temperatures is thought to be the nea$y they have not yet been fully
exploited in MCVD. In recent years, vapour deliveggstems that are compatible with
preform fabrication equipment and chelate precsrsbave become available
commercially. The Norwegian company Nextrom, whgbecialises in fibre optic
fabrication equipment, now offer a high temperatapour delivery system (NHS) [6]
that is compatible with up to four dopant souréégure 4.2 shows a photograph of the
NHS system, alongside a schematic of the interips work illustrating the inherent

sophistication of the equipment.

A similar, Advanced Chelate Delivery System is algwailable from Optacore
(Slovenia), a company that provides MCVD-based tgwis for speciality fibre
fabrication [7]. Optacore adopt the same desigrraguh as Nextrom, whereby the
chelate source is located and vaporised in a dediceabinet and delivered through
heated lines to the preform-making lathe. A majbficdltly is heating the rotary seal
assembly to the same temperature as the delivegy Whilst maintaining its gas-tight
integrity, and Optacore have developed a propgeadasign to overcome this problem.

98



Chapter 4 Chemical-in-Cile Process

Additionally, the rotary seal assembly incorporatd®ated sliding injection tube which
protrudes into the substrate glassware to bringpthet of reagent mixing closer to the

reaction-zone.

Mass flow _| || %%
controllers || o
| Gas directing
solenoid
| valves
Dopapt Dopant
chemical 1 __ | _ chemical 2
(in heated (in heated
jacket) jacket)

(b)

Figure 4.2: The external (a) and internal (b) view of Nextrorhigh-temperture delivery system
(NHS) which is suitable for up to 4 dopant chensdél.

Despite high-temperature delivery systems beingnseruially available for MCVD,
there are only a handful of reports in the literatof their successful implementation. A
summary of the known progress in the area of agiredorm fabrication using chelate
precursors is given in the following paragraphs.

The fabrication of RE-doped preforms using chefatecursors was first reported by
Tumminelli et al. [5]. Silica fibres containing kdr neodymium oxide (N@s),
ytterbium oxide (YbOs3) or erbium oxide (E£s3) were presented, all co-doped with
aluminium oxide (AdOs) and prepared using TRIS(2,2,6,6,-tetramethyliptane-
dione) RE chelate compounds. The experimental sesgad by Tumminelli et al.
located the RE precursors externally to the MCVihdaand transported the dopant
vapour with a helium (He) carrier gas through atéeaotary seal to the reaction-zone.
An additional ribbon burner, spanning the lengthtlod substrate tube, was used to
warm the glassware during deposition. An erbiurergium co-doped fibre was
reportedly fabricated using this method and exbdb#a RE concentration of >11 wt% of

Yb,Os, which was calculated by comparing the Yb-induogtical absorption in the
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fibre with that of a known glass composition. Therkw by Tumminelli et al. was

undertaken at a time when the solution doping teclenwas in its infancy and can
arguably be regarded as proof-of-concept for prefabrication using vapour-phase
deposition of RE ions. Moreover, no information te obtained preform refractive
index profile or dopant uniformity was disclosedydaonly limited data has been
provided on the laser results of a fibre doped Witht% of NGOs.

Over a decade later, Jackson et al. [8] reportedch dhulium (Tm)-doped preform
fabricated using a chelate-based MCVD techniquetic@pfibre was drawn into a
double-cladding geometry from the preform which teamed ~0.35 wt% of Te®s in
an aluminosilicate (Al:Si) host glass. An outputvyeo of >1.5 W at a wavelength)(of

~2 um was demonstrated with a slope efficiency of 13 %.

In 2008, a more explicit account of preform fabtima using RE chelates was reported.
Sekiya et al. [9] described how vapour from chelatecursors, which were located
externally to the lathe, were transported througlatéd lines in the same way as
depicted by Tumminelli et al. and Jackson et aé €kperimental setup also included a
‘nickel-chrome heated nozzle’, which protruded itbe glassware to ensure that the
dopant vapour did not condense prematurely. Sediya. targeted a large-mode area
(LMA) Yb-doped preform structure, using Yb(DPMghelate (essentially the same
compound as TRIS(2,2,6,6,-tetramethyl-3,5-heptamex)) co-doped using Al€IThe
focus of the article was on validating their fabtion technique and around 40 doped
layers were deposited, forming a 5—-6 mm diameme with a maximum Yb
concentration of 1.2 wt%. Sekiya et al. cite th early difficulties in achieving good
radial and longitudinal dopant uniformity in theefisrm were overcome with improved
process control. Confirmation of their improvementss presented by way of Scanning
Electronic  Microscopy-Electron Probe Microscopy MAss (SEM-EPMA)
measurements, which showed a radial variation ipadb concentration of less
than+10 %.
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Sekiya et al. omit any reference to fibre beingndrdrom the preforms, and instead the
continuing results were reported separately byt Real. [10]. In this article, Petit et al.
correlated the chelate temperature used during glegosition the Yb-incorporation in
the resultant fibre. A concentration of 0.12 wt%l dn2 wt% was achieved using a
furnace temperature of 20Q@ and 25C0C, respectively. It was also demonstrated that
the solubility limit of Yb in silica, without anyczdoping, was 0.2 wt%. A LMA fibre
with ~0.3 wt% YBhOs3; and ~0.4 wt% AlO; was tested in a laser configuration, and a

slope efficiency of 73 %, with respect to launcpednp power, was reported.

An alternative vapour deposition technique has beported by Lenardic et al. (of
Optacore) [11], termed ‘flash vaporization’, whishbased on a hybrid delivery method
for MCVD and was developed in conjunction with Keream (France). Lenardic et al.
proposed that the sublimation of some solid chgta¢éeursors does not yield a stable
and reproducible vapour flow, and that the materiaay thermally degrade when
subjected to prolonged direct contact heating. & hesues can reportedly be evaded by
using the flash vaporization technique. The protess amalgamation of aerosol and
chelate doping techniques. Dopant precursors esedissolved in a solvent which is
then atomised and directly injected into a highgemture (up to 250C) evaporation
chamber. The aerosol is instantly vaporised and diygant mixture is transported
through heated lines and a high temperature reayto the substrate tube. Rare-earth
organometallic precursors are typically dissolved TIEOS (tetraethylorthosilicate
Si(OGHs)4), which is readily available in high-purity andalacts as a silica precursor,
thus removing the need for SiClThe layer deposition step can be repeated agreegqu
and 20 or more RE-doped layers are achievable [12].

An Yb-doped aluminosilicate fibre fabricated usthg flash vaporization technique has
been reported by Lenardic et al. [11]. The fibrd Bameasured ¥:; content of up to
3.2 wt% and a background loss of 20 dB’in the A = 1100 — 1300 nm transmission
window. A subsequent article by Lenardic et al. anqs the repertoire of precursors
that can be deposited using flash vaporizatiomttude, bismuth (Bi), iron (Fe) and
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cobalt (Co) [12].A Bi-doped aluminosilicate preform was fabricatesing Bi(tmhd}
and Al(acag) precursors. Analysis of the preform samples, h@neshowed only trace
amounts of BOs;, and no explanation for the low concentration wagn. Similarly,
the preforms doped with iron and cobalt, achievethgs Fe(thmd) and Co(acag)
precursors, also showed low concentrations andlibkence of characterisation from the

drawn fibres suggests that the process still reguiefinement.

The accounts in the literature of MCVD preform fabtion using RE chelate
compounds provide encouraging results, howevers iapparent from the lack of
publications and underwhelming results in this atleat the employed schemes harbour
certain problems. It is also possible that theitunsdns that possess these specialist
facilities do not wish to openly publicise theina@dpment, but the inherent complexity
of the currently available equipment is believedbéoa contributing factor. Locating the
dopant source external to the preform-making lajhygears to be symptomatic of many
of the cited problems. A logical step, therefoeto situate the chemical precursor
closer to the substrate tube initially. Techniqsesh as the heated frit and heated
source, which were alluded to in Chapter 2, botbpadhis approach. However, the
exponential dependence of vapour pressure on tamtoper and the potential for
premature oxidation of the dopant, means that mgatie chemical from the glass
exterior does not allow a steady flow of dopantowato be maintained.

The CIC process presented in this chapter addresbesf the issues that are

encountered with the existing technologies. Finstl foremost, the CIC setup uses
relatively simple components that remove the needhie remote vaporiser and heated
delivery lines that are integral to the previoushentioned systems. Instead, the
precursors are situated in a glass crucible thau ¢dose proximity to the reaction-zone

and heated directly, rather than by an externaldaurThis strategy gives the crucible its
superior temperature stability and, moreover, i ¢@ heated to several hundred
degrees Celsius, allowing a wider range of preasradth low volatility to be used.
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4.3  Experimental work

This section presents the experimental work unklentan developing the CIC process,
and silica preform fabrication using vapour-phasepasition of ytterbium and
aluminium dopants. Identifying a suitable precurdor Yb and Al is equally as
important as the process itself, and three chemltae been selected for investigation:
aluminium chloride, ytterbium chloride and yttenmiuTRIS(2,2,6,6,-tetramethyl-3,5-
heptane-dionato). Preforms have been successfaltyichted using two of these
precursors. The preforms and the fibres drawn flleem have been characterised and
the findings are discussed. The modified rotary} aea glassware arrangement was
conceived and engineered by the author and therpnefwere fabricated solely or in
conjunction with Dr. Alex Boyland. The passive 8brcharacterisation was also
conducted by the author, whilst the laser resuéiszvobtained by Dr. Seongwoo Yoo.

431 Preform fabrication using chemical-in-cr ucible pr ocess

The experimental setup used for the CIC processpaafbrm fabrication is shown
schematically in Figure 4.3. The dopant precursaes situated in a glass crucible,
which is positioned within the glassware a smaitahce from the start of the substrate
tube. The crucible is electrically heated usingesistive-element, and a flow of He
carrier gas is directed over the heated precunsdrtransports the vapour downstream
to the reaction-zone. The dopant vapours are liyitiparated from the conventional
reagent chemicals (i.e. SiCIGeCl, POC} and BBg) which pass through the outer
glassware. Segregating the solid dopant mateoat that of the glass-forming vapours
prevents the contents of the crucible from oxidjsprematurely. A novel rotary seal
permits the inner glass tube to remain stationany @as tight whilst the outer tube
rotates. The final design of the rotary seal areamgnt, with a dual-gas input adapter
and provisions for the electrically heated crucibiequired extensive engineering to
reach its developed stage and is the key parteo€tl process.
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Figure 4.3: Schematic of CIC apparatus designed and built Iy abhthor showing (below)
photographs of the modified rotary seal and heettednical crucible.

The CIC process avoids the need to heat the rateay by situating the chemical
crucible close to the reaction-zone and heating-gitu. The rotary seal was initially
purchased from Production Techniques (Hampshire, &1 modified to allow for two
gas inputs as well as accommodating an 8 mm dianggéss tube through which
electric wires can be fed. An additional T-ada@lows the wires from the crucible
heater to be accessed whilst maintaining gas-tigtggrity. Owing to a practical
limitation in the size of the inner glass tube, ahd required compatibility with a
20x 16 mm diameter substrate tube, the crucible aateheeeded to be miniature in
size. No suitable commercial products were foumdtlre items were designed and

constructed in-house.

The basic heater design consisted of an electresistance wire that was formed
around a glass crucible. This straightforward apphoavoided any complications with
out-gassing from glues or complex materials whicaynhave subsequently been
incorporated into the preform as impurities. Niekktomium (nichrome 80/20) wire

was used as the heating element, which has a haiinghpoint (1400C) and good
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resistance to oxidation. A custom-made low-voltageiable power supply, with a
feedback temperature control mode via a thermoeomplut, was purchased from EFI
(Suffolk, UK).

The specifications of the power supply and resc#anire depended on a number of
factors, such as the final heater design and raga® flow around the crucible, which
would be dictated by the fabrication process antewet known initially. As a starting
point, preliminary trials performed using existipgpwer supplies and heating wires
suggested that a power in the region of 100 W,esliced from the measured voltage
and current, was needed to achieve a temperatuteinegion of 200 — 30TC. This
temperature range and identified power rating wseduas the basis for selecting the

power supply and resistance wire, and is elabongped below.

The resistivity ) of nichrome wire is ~k 10° Q.m*, which is related to its physical
dimension byp = R(A/I), where R is the resistance, ahdndl| are the area and length,
respectively. The power (P) transferred to the wize be calculated from P ZAR.
The maximum power dissipated, using a set voltsgderefore a trade-off between the
length of the resistance wire and its cross-seatiarea. i.e. a thicker, or shorter length,
wire will result in an increased power. For reasohsafety, the output voltage of the
power supply was limited to <10 V. At maximum outpeoltage, a wire with a
resistance of ©Q would therefore dissipate a power of 100 W. Thectelsal current
drawn through the wire under these conditions wced10 A (from P =?R). The
anticipated length of the wire was around 0.15 ngd ao a diameter of 0.5 mm was
chosen which complied with the required electricasistance, as well as being
sufficiently ductile that it could be shaped asuieed. The power supply and nichrome

wire was specified based on these calculations.
During the course of the research, a number osglascible designs were tested. The

evolution of these designs is shown in Figure €ducible A was the first incarnation,
and employed a quartz crucible with a volume ofcaf, around which the nichrome
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wire was wound. The coiled wire arrangement comeded the generated heat, in a
similar way as a filament bulb, and was capablezathing a maximum temperature of
~650 °C (at 10 V). Crucible B was intended for &ardopant quantities and had a larger
internal volume than crucible A. However, it wasifiol that its increased thermal mass
and simplistic heating-wire arrangement reduceajisrating temperature to <400 °C.
Crucible C was made from borosilicate glass and sugplied by a third party. This
was the first attempt at actively monitoring thenperature of the crucible by means of
a glass sheath in which a thermocouple was insekedest control of the temperature
was possible, but the semi-circular profile mednait the surface area reduced as the
quantity of chemical decreased. Crucible designd3 the final design, and was made
by milling a parallel-walled trench in a glass fd@ mm diameter), on to which glass
end faces were welded. A hole was drilled intogbkd glass region beneath the trench
to accommodate a thermocouple. An operating teryeraf up to ~450 °C could be
achieved, and with feedback control this tempeeatuas stable to better thaf °C.

surface area ~80 3mm2
volume ~785 mm

Figure 4.4: Crucible designs trialled with the CIC apparatube Tmeasured surface area and
volume of the chemical in a fully filled crucible shown. The insets illustrate the cross-sectional
shapes of the designs.

MCVD preform fabrication using the CIC apparatusaducted in the conventional

manner, with the main reagent flows and lathe @britmctions all operated from the
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standard computer interface. The process begirmstingt customary preparation steps of
gas-phase etching of the substrate glass (SUPRASOO, from Heraeus, Germany)
using sulphur hexafluoride (§F followed by the deposition of several undopdutai
cladding layers. At the core deposition stage, thecible heater is ramped to
temperature and allowed to stabilise. Once vapsigeen exiting the inner tube, the
carrier gas flow can be varied to ensure that thpour is efficiently transported
downstream and without significant turbulence. Oseg the crucible temperature is
adjusted to control the dopant concentration arel e gas flow remains fixed.
Numerous preforms have been fabricated using ¢aisnique to validate and optimise
the CIC process. In each case, a standard stegetied index profile consisting of one
or more core layers was targeted. Specific prefoames reported in the following
sections, whereas a full list of the fabricationgwan be found in Appendix B.2.

4.3.2 Preform fabrication using gaseous aluminium chloride

Aluminium chloride (AIC}) is widely used in industry and can be producegbdssing
chlorine gas over metallic aluminium at an elevatsdperature [13]. AlGlis also the
primary precursor for incorporating aluminium, ihetform of AbOs, into fibre-
preforms. It acts as an index-rising glass modifar in optical fibres as well as
improving the RE solubility in silica [14]. The hsyated form of AICY (e.g.
AICl3.6H,0), however, is most familiar to MCVD preform fadators through the role

it plays in the solution doping process [2].

The fundamental chemical differences between amugdand hydrated Alglrenders
the latter compound ineffective as a vapour sou@eing to the interaction forces
within hydrated AICL.6H,O (which can also be written [Al@D)s]Cls), heating of the
chemical does not yield Al-vapour, but instead tledency is for the compound to
hydrolyze resulting in the decomposition reactitwovgn in (4.1) [15]. This reaction
reportedly occurs at a temperature of°@Q but is most rapid around 185G, and

decomposition is still incomplete at 3%0.
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2AIGI6H,0 — Al,O3 + 6HCI + 3HO (4.1)

Hydrated aluminium chloride is therefore unsuitafoleuse in the CIC process, as the
reaction product, ADs, is a non-volatile compound with a melting poirit2054°C
and a boiling point of almost 297C [16]. The properties of anhydrous aluminium
chloride, however, are more favourable. Al€liblimes above 100 and has a vapour
pressure of around 1 kPa at ~T@)[16]. It is also readily available with a purby up

to 99.999 % (Sigma Aldrich product). AlCtloes, however, require careful handling
practises as it is corrosive and hydroscopic, amtact with water initiates a violent
hydrolysis reaction that releases HCI fumes and. hea

Preform L30114 has been fabricated using the Cticgss and anhydrous AlCis the
precursor for the Al-doped core. To avoid contamdm a dry nitrogen (B purged
glovebox was used to decant ~0.5 g of Al@hto crucible A, which was then
transferred to the preform-making lathe in a sedledilled container. Once in the
glassware setup, a dry gas flow over the crucilbdes waintained. A silica substrate
tube, measuring 2016 mm in diameter was prepared in the usual manhnkee
crucible was heated to a temperature of 200 —€3(KRe ambiguity relates to the
absence of temperature feedback with the partiarlacible used) and a single core
layer was deposited using a burner temperatur®®® 2C. The carriage traverse speed
was 80 mm.mitl, the SiCJ flow rate was 100 ml.mih and the He flow rate directed
over the crucible was 200 ml.mimBY the end of the core pass the entirety of tH&lA
had been exhausted. The tube was subsequenthpsedlaand sealed in to a solid

preform.

The refractive index profile (RIP) of the preformasvmeasured at intervals along its
length, Z, (where Z = 0 designates the preformtmysat the beginning of deposition)
using PK2600HP (Photon Kinetics, US) equipment. Tineasured refractive index
difference QAn) and core diameters are plotted in Figure 4.Ssighificant variation

along the length can be observed. It was also ntitatd a section of the preform,
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between length positions Z = 70 and 140 mm, appeatdte and corresponds to the
region of highest refractive index. The large vioia in An, ranging from 0.007 to
0.018, is attributed to a diminishing amount ofilde AICI; in the crucible towards
the end of the deposition pass.

0.020 3.0
—*— An
—s+— Core diameter [ 2-2 .
0.015 H c
t 2.0 E
I3
5 0.010 1 r 1.5 g
K|
r1.0 ©
0.005 =
_ : 05 ©
white section
0.000 ‘ in preform ‘ ‘ 0.0
0 50 100 150 200 250

Preform position, Z (mm)

Figure 4.5: Peak refractive index and core diameter of pref€38114, measured at 30 mm

intervals along its length.

Preform L30114 was drawn from position Z = 150 nmto ifibre (T0171) of 8Qum in
diameter and coated with a high-index polymer (DSM). The RIP of the fibre was
measured by Mr. Robert Standish using S14 (Photaeti€s, US) equipment, which
revealed a core diameter of &&h and a calculated peak NA of 0.17 (Figure 4.6 Th
optical loss was measured using optical time-domeflectometery (OTDR) equipment
(model: v-OTDR, Datacom) and was calculated to be 2.5 dB.lan the operating
wavelength of 1285 nm. The absorptiomat 1380 nm, resulting from hydroxyl (OH)
ions, has been measured as ~2 dB.kising a white-light set up over a fibre length of
100 m. This equates to an impurity of <<1 partmpélion (ppm), by weight.

These fibre results assert the use of Atid the CIC process for producing passively-
doped preforms with various NA values and relagivilw optical losses. Further
preforms have since been fabricated, in collabonatith Dr. Alexander Boyland, to
explore the upper concentration limit of Al-incorpbon using the CIC method.
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Preforms L30258, L30259 and L30260 were producemhgushe same process
parameters as those described for L30114, excepghéocrucible temperature which
was 140 °C, 175 °C and 190 °C, respectively. Thprawved crucible design D (see
Figure 4.4) was also used in these experimentstenthermal stability achieved at the

target temperature wad °C.
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Figure 4.6: Aluminosilicate fibore TO171 fabricated using theQCproces showing (a) the

measured refractive index profile and (b) a crestisnal image.
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Figure 4.7: (a) Graph showing the averaga for aluminosilicate preforms fabricated using
crucible temperatures of 14C, 175°C and 190°C, respectively and (b) the RIP of preform
L30260.

The RIP of the collapsed preforms was measuredtetvals along their length. The
averageAn is indicated in Figure 4.7(a) and is plotted agathe crucible temperature

that was used during fabrication. The longitudivaliation in the refractive index, for
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all cases, was significantly less than in the fpstform (L30114), and typically less
than 5x 10° over a nominal 300 mm length. The vast improvenientniformity is
attributed to the temperature feedback control e possible with the newer design
of crucible. The RIP of preform L30260 is shown kigure 4.7(b) and shows the
highest index contrast achieved, to date, of Oud8¢ch corresponds to an NA of 0.30.
This represents an addition to the silica glassfAd,O; of ~16.5 mol%, and is higher
than previously reported results using either aifistisolution doping method [17] or
an external Al-source delivery system [18].

4.3.3  Suitability of ytterbium chloride for vapour deposition

Hydrated ytterbium chloride (YbgbH,O) is the conventional precursor used for
incorporating Yb ions in MCVD preform fabricatioand is administered through a
solution doping step [2]. It is available in higlarpy (99.998+ %, based on trace metal
and rare-earth analysis) and is used extensivetgdaarch and industry alike for high
power fibre lasers, with proven results. This sehiea examines whether Yb{3¥H,O

is suitable for use as a vapour source.

The chemical YbGI6H,O has a specified melting point of 150, at which point
decomposition of the compound also begins [16]cdntrast, dehydrated Yb{has a
melting point of 854C and a vapour pressure of ~1 kPa at T@QL6]. It is therefore
crucial to understand the differences between Mhgdraand anhydrous ytterbium
chloride, in the same way as defined for aluminahtoride in the previous section, and
whether the compound can be used in the CIC process

There are numerous studies on the thermal decotiposaf hydrated lanthanide

chlorides, including the chemical Yk@H,O [19-21]. The dehydration scheme
reportedly depends on the atmosphere in whichdhgound is heated, although some
of the studies in the literature are specificalimed at those in the field of analytical
chemistry and use unfamiliar experimental techrsqu&endlandt et al. [21] uses a

thermobalance to examine the decomposition of ¥.66,0, among other compounds,
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at temperatures of up to several hundred degred¢siu€ein the presence of air.
Decomposition of the starting material undergoedtipie reactions, characterised by
intermediate species approximating to the form Yh®Qt the final product is Yi®Ds;
when the reaction is complete at a temperatur&85f6. As YrO; has a melting point

of 2355°C and a boiling point of over 400C [16], it is unsuitable as a vapour source
for ytterbium. Ashcroft et al. [19] and Hong et 0] separately examined the
dehydration scheme of lanthanide chloride (Lh@ldrates in atmospheres containing
1% hydrogen chloride (HCI) gas as well as nitrogaly. Both articles reported an
integer reduction in the number of bonded waterecudes as the compound was heated
up to 200 °C, characterised by the reaction kn€bO - LnCl;mH,O + (n-m)HO.

The final product was anhydrous lanthanide chloride

The results in the literature indicate that as $8EH,O is gradually heated, it passes
through notable stages where water molecules aneved from the starting material.
The final product is YbG] but the reduction happens in combination with the
production of other oxychloride-based compounds.e Téxact form of these
intermediate species appears to be dependent eoardasuch as the surrounding
atmosphere, the heating scheme, the rare-eartleeieand even its initial purity [20,
21]. It is not entirely clear whether the reporgegberiments were carried out in a dry
atmosphere, however, the results suggest that lygtas taking place simultaneously
with the dehydration (i.e. the water evolving asatlete temperatures is reacting and

converting the starting compound to oxychloride).

The dehydration scheme of Yh@H,O has been experimentally determined. Two
approaches were followed: the first used thermadgretvic (TG) equipment to

accurately monitor the mass change in a samplevthatsubjected to a heating cycle,
whilst the second provided a visible indicationtbé process and involved heating a

sample inside a glass tube placed on the preforkirgdathe.
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The thermal decomposition of Yh(@H,O was analysed using Perkin Elmer Diamond
TG equipment. The apparatus consists of a sampleedarence crucible enclosed in a
furnace through which an inert gas is flowed. Eaghcible is attached to a
microbalance and thermocouple that allows the samgight and temperature to be
monitored by a computer. A sample of YR6H,O weighing 6.6 mg was placed in a
alumina crucible, within the TG equipment, and filmnace was purged with dry;)gas

at a flow rate of 200 ml.mih The furnace temperature was increased from ambjen
to 900 °C, at a ramp rate of 10 °C.thimnd the measurement data logged. The results
showed that the sample weight had reduced raprdiy fits starting value to around
4.4 mg upon reaching ~228&. Thereafter, the weight decreased slowly to 3j4am
900 °C. Overall, the trace displayed a gradual dndpe sample weight but without any
distinguishing features. Further information wasvemded when the data was
differentiated (with respect to time), as showikrigure 4.8.
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Figure 4.8: Thermogravimetric analysis of Yb&H,0 sample (ramp rate = 10 °C.Mjn

The graph shows sharp dips, corresponding to reqgight loss, centred at sample
temperatures of 122 °C, 150 °C, 170 °C and 20@90ad dip is also evident around
310 °C. Comparing these results with those repariethe literature [19, 20], it is
concluded that the abrupt changes in sample weegitesent the integer reduction of
H,0 from the sample. Comparable TG data was obtaigdgipouros et al. in a similar
experiment analysing Nd€J22]. From Figure 4.8, it is also evident thatsignificant
weight reduction occurs above a temperature of ©800rhis suggests that hydrolysis
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reactions are taking place with the compound th&ft behind in parallel with the @
release. The end product of these reactions isveslito be predominantly YOs.

The second experiment to investigate the dehydraifoYbCk.6H,O adopted a more
rudimentary method. A silica glass tube was assednbh the preform-making lathe
through which a flow of dry Nwas passed. Midway along the tube a small section
the glass was expanded, into which ~1 g of ¥I8ELO was placed. The tube was
rotated at a slow speed and the carriage burneusesto gradually heat the glass from
room temperature up to around 70 (this corresponded to the lower temperature limit
of the optical pyrometer). This temperature wasntaémed for 30 minutes, after which
the temperature was increased to ~18D0During the initial temperature ramp, a
significant amount of clear liquid, presumably watollected in the tube downstream
of the chemical sample. At no point was vapour sa@iving from the sample, or any
visible deposits observed on the inner surfacénefglass tube. During the subsequent
temperature rise to 160C, no vapour or evidence of chemical deposits vesn,s
indicating that the chemical had been converte@ toon-volatile form, presumably
Yb,Os. This was further substantiated by emptying the/gery remains into a beaker

of water. The particles were insoluble, consisteitth the properties of Yi®Ds.

These findings concluded that the conventional &t ytterbium chloride chemical
used in solution doping is not suitable as a vapsowurce or starting material for use in
the CIC process. Anhydrous YhGhay be suitable, but the intrinsically low volayil

of the compound still means a temperature of betw&@) — 1000C is required to

produce sufficient vapour thus a and meaningfulasbpncorporation in the preform.
This temperature regime was not possible usingettisting crucible designs, but
preliminary work towards a high temperature crueitbbsign is discussed in Chapter 7.

434  Ytterbium(TRIYS) and the chemical-in-crucible process

The majority of the preforms that have been falbeidaising the CIC process have been
doped using the chemical precursor ytterbium(TREB&6-tetramethyl-3,5-
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heptanedionato)). This organic chelate compoundciwis abbreviated to Yb(TRIS)
hereafter, has the chemical formulasts;OsYb and can be readily purchased from
chemical suppliers that specialise in precursorcif@mical vapour deposition (CVD)
applications. It is available with a purity of up 29.9 % (Strem Chemicals product) and
its material properties include a melting pointl&7 — 169 °C and a boiling point of
300 °C [4]. Yb(TRIS) sublimes from its solid foramd has a vapour pressure of around
1 kPa at a temperature of 200 °C [4].

During the conventional MCVD process, the chlormesed precursors, SiCiGeCl,
and POGJundergo a well documented oxidation reaction inhbezone of the burner
which results in amorphous particles of 5iGeQ and RBOs, respectively. In contrast,
the high-temperature chemical reactions that td&eepwith RE chelate compounds in
the presence of oxygen are less well understood. eédperimental work in preform
fabrication using Yb(TRIS) has uncovered a numbiepractical and material-based
considerations pertaining to its use. These finglingve helped to better understand the
deposition process with RE chelates and some ofntpertant process variables are
described below. The experimental setup refereabghown in Figure 4.3.

Firstly, the position of the crucible within theagbware was found to be crucial for the
chelate vapour to be transported efficiently to téaction-zone. When the separation
between the crucible and the substrate tube watdfizient, the spatial ‘spread’ of the

burner flame inadvertently heated the precurstheastart of each pass. However, if the
distance between the crucible and substrate wasssixe, then the vapour tended to
condense on the cool glass wall before reachingreéhetion-zone. A separation of
between 175 mm and 200 mm was found to be optimam, was adopted for the

glassware set up in all preform runs to improvar ttepeatability.

Before the core deposition pass commenced, theibéeuwas heated to its target
temperature. During this period, of between 30H2@ seconds, any chelate vapour
evolving from the crucible had the tendency to @rs# on the cold inner surface of the
substrate tube. It was found that repeatedly tewvgrthe carriage at a high speed
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(>1000 mm.mift) along the length of the glassware using a buteraperature of 100 —
300 °C was an effective way to re-evaporate thpadb and prevent any further

deposits on the glass surface.

The flow rates of the dopant carrier gas (He) tgtothe central glassware, and the
oxygen (Q) in the outer tube, were set once the chelate wap@as visible, and were
adjusting independently to achieve efficient tramsmpf the vapour downstream and
without any obvious turbulence. Suitable He andy&s flows were found to be around
1200 ml.miit and 1000 ml.min, respectively. Failure to achieve a net flow
downstream resulted in the undesired ignition @& ¥Wbo(TRIS) vapour as the burner
commenced its pass. Once the He ap@d& flows were set appropriately, the required
concentration of Yb was adjusted by means of theilcle temperature.

Following the core layer deposition pass, manyrefqrm fabrication runs exhibited a
distinct section near the start of the substrabe tf white and dark coloured deposits
that still remained in the final preform. The ongdf this contamination is believed to
be inhomogeneous carbon- and RE-rich particles ttoapremature decomposition of

Yb(TRIS), and is reasoned as follows:

When the core deposition pass commences, the gatigsstationary at the beginning of
the substrate tube, and undergoes a dwell (of €t®regls) whilst the glass surface
reaches its target temperature (typically in thggae of 1950 — 2100 °C). During this
period, chelate vapour is already flowing downstrda a steady state together with
SiCl,. As the internal gas temperature reaches ~65QH€,Yb(TRIS) compound
decomposes into its metallic and organic constigid@3], but the temperature is
insufficient to oxidise the Si¢lvapour. This results in carbon- and RE-rich degsosi
several centimetres downstream of the burner (thezealso the combined reactions
with SiCly vapour to consider, although the described effexs still apparent in trials
where initiating the SiGlflow was delayed). Once the burner has reachethitget
temperature it then traverses downstream and passeshe contaminated region. The

carbon deposits should readily evaporate in thegemyatmosphere at above ~600 °C,
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but the Yb ions are more likely to be oxide in foamd are therefore less volatile. From
the experiments performed, it appears that acgusmme contaminates on the glass
tube during the burner start-up sequence is unafbted However, by extending the
length of the original substrate tube so as toumhel a ‘sacrificial’ region, these

problems were not transferred into the final prefor

It should be noted that the decomposition of Yb@Rdescribed above is the intended
mechanism for doping the deposited glass with ¥isidut with the desired reaction
taking place at high temperature and in combinatath SiCl, oxidation. The
thermopheretic deposition process occurs onceléss gemperature and chelate vapour
flow have stabilised and the carriage velocity astant. The Yb(TRIS) and SiCl
vapours (and POgIn the case of the preforms reported in the foilhgnsections) then
undergo a high-temperature oxidation reaction upgathing the hot-zone and form

glassy particles downstream that are sinteredeabumer passes over them.

435 Preform fabrication using ytterbium(TRIS)

In order to establish the appropriate process twondi for using chelate compounds
within the CIC process, numerous trial preformsenvabricated. These are tabulated in
Appendix B.2. The understanding acquired from theggeriments has subsequently
been used to produce two phosphosilicate preforosing YDb(TRIS), which
demonstrate the capability for low and high RE-awm®ncentrations. Their fabrication
and characterisation is reported here.

Preforms L30193 and L30194 were fabricated usieggiassware arrangement shown
in Figure 4.3 and crucible design D (see Figurg.4~éedback control of the crucible
temperature was possible through the integral tbeowple, and the temperature
stability was to be maintained to with#i °C. Both preforms were fabricated with a
F300-quality substrate tube measuring a nominat 26 mm in diameter and 500 mm
in length. The standard glass preparation stepgladding layers were applied before a
single core layer was deposited. The gas flow rasesl during deposition of the Yb-
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doped core were, Sigt 150 ml.mint, POCk= 450 ml.min*, O,= 1200 ml.mifi and

He = 1200 ml.mift. The crucible was heated to a temperature of°ZDh the case of
preform L30193, and 25T for L30194, as measured by the thermocouple. The
temperature of the burner was maintained at B30UC during deposition and the
carriage traverse was set to 100 mm:hirollowing deposition the tube was collapsed

and sealed in the normal manner.
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Figure 4.9: Variation in An along the length of preforms (a) L30193 and (8D194, and an
example refractive index profile (b) and (d), regpely. Z = 0 corresponds to the preform

position at the beginning of deposition.

Multiple RIP measurements were made spanning tigtheof each preform. A plot of
the peakAn versus longitudinal position can be seen in Fgu®, alongside which is
an example of the preform RIP. The prominent cédipain the RIP is a result of,Ps

evaporation during the seal pass, as the equipmastnot equipped for ‘over-doping’
during this final step. Although the variation iefractive index along the preform
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shows reasonably good uniformity, it is primarilg adication of the phosphorous
incorporation rather than the Yb-concentration.

Preform Fibre Position Core/cladding  Yb-concentration
drawn diameter gm)

L30193 T0299 BOD 12/126 8,000 ppm

L30193 T0383 MOD 12/125

L30193 T0300 EOD 13/129 7,200 ppm

L30194 T0302 BOD 13/128 24,000 ppm

L30194 T0327 MOD 40/400 20,100 ppm

L30194 T0303 EOD 12/120 15,700 ppm

Table 4.1 — Summary of fibre draws from Yb-doped phosphagitcpreforms L30193 and
L30194. (BOD, MOD and EOD denote the positions friira beginning, middle, and end of
deposition).

A series of fibres were drawn from each preformtfee purpose of assessing the Yb-
concentration and the background optical loss, afl as for subsequent device
implementation (see Table 4.1). Fibres T0299 an®0U0were drawn from the
beginning-of-deposition (BOD) and end-of-depositifOD) regions of L30193,
respectively, whilst the fibre originating from ti8&OD and EOD of preform L30194
are denoted as T0302 and T0303. The target fitametier in each case was 1256
and the fibres were drawn in a double-cladding (PGEometry with a low-index
(PC-373) coating. The induced absorption fron?'Yibns at a wavelength of 976 nm
was evaluated from white-light measurements. Filshesvn from preform L30193
(crucible temperature = 20C) reveal a concentration of ~8,000 ppm, by weight,
whilst those fibres drawn from preform L30194 (a¢hble temperature = 25TC) reveal

a higher concentration of ~20,000 ppm, by weightzafiation in the measured values
from alternative ends of the preforms is obseraed, in each case the RE incorporation
is lower from the EOD section.

The background loss in the fibres was establisisgthuOTDR. The results from fibres

belonging to both preforms indicate that the losses in the region of 100 —

175 dB.knt (atA = 1285 nm), but with seemingly incompatible valuésr example, a
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background loss of 148 dB.khand 102 dB.kil was obtained for fibres T0300 and
T0303, respectively, and points towards a highetenia loss for the fibre with a lower

Yb incorporation. Additional loss measurements @802 and T0383, which was drawn
with a high-index coating, were performed usingandard white-light setup and the
results are shown in Figure 4.10. The loss specfrom an existing undoped F300-
quality rod, drawn with the same low-index coatirgalso plotted for comparison to
illustrate the expected wavelength dependent tresssom of the silica glass. The graph
depicts an uncharacteristic lowest loss regiorh@ tisible wavelength range for both
Yb-doped fibres (~29 dB.kmatA = 715 nm) which increases significantly towards th

near-infrared.
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Figure 4.10: Loss spectra of fibres T0383-L30193 and T0302-L304i9owing a trend of higher
loss towards the near-infrared region. A plot af tiptical loss from an undoped F300-quality

glass rod, coated with a low-index polymer, isum@d for comparison.

The obtained loss trend is hypothesised to be w@tresabsorption bands which mask
what would be a more conventional looking tracehwat low-loss region around
A = 1550 nm. Absorption from OH groups are visibteAa= 1380 nm as well as at
A = 1240 nm, which can be equated to 7.4 ppm, bghteof impurity in the core glass.
The relatively low purity starting precursor of 9% is also a potential source of
contamination. A detailed chemical certificate obbysis of the impurities within the
precursor was unavailable from the supplier, bogltion peaks seen at wavelengths

of around 530 nm, 654 nm and 1543 nm suggest #eepce of Bf ions. The intensity
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of the assumed Efrpeak at\ = 530 nm is equivalent to a concentration in #gian of

1 ppm, by weight, and is entirely consistent with manufacturers specified purity for
Yb(TRIS). It is believed that absorption from thesend other impurities, are
responsible for the high background loss seenam#ar-infrared range.

A large diameter fibre (T0303), drawn from the high-concentration preform L30194,

has been tested in a lasing configuration by Don§e/00 Yoo. The experimental setup
was based on that shown in Chapter 2. The fibre eledding-pumped by a fibre-

coupled 975 nm laser diode via collimating and &deg lenses. A coupling efficiency
of over 85 % was obtained. The laser output powearacteristics for the fibre are
shown in Figure 4.11, together with the spectrukensat maximum output power. The
output of the fibre reached 16 W for a launched pyower 20 W. The output power
linearly increased with the launched pump powehwaislope efficiency of 84 %.

16 0
— Linear fit
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2 8 > -40
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Figure 4.11: Laser efficiency measurement of Yb-doped fibre T838B80194 showing (a) the
slope efficiency and (b) emission spectrum.

The laser result shows good optical-to-optical ersn efficiency at modest pump
power. This result compares well against an Yb doidae fabricated by Petit et al.

using Yb(TRIS) [10]. Petit et al. reported the d@agfficiency in the fibre as 74 % with

an output power of approximately 100 W. Furtheridework has been carried out, by
others, on fibre T0327 (drawn from preform L3019¢)ich has generated an output
power of 200 W although initial results indicatattbhe slope efficiency is 72 % [24].
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44  Summary

A novel fabrication process for doping preformsngsprecursors that have a low
vapour pressure has been conceived and studied.CI@eexperimental setup is
compatible with conventional MCVD apparatus andwal new and unusual dopants to
be assessed for their suitability in preform fadtimn. The prior art in vapour-phase
deposition of RE dopants was firstly reviewed, amel drawbacks of existing schemes
were highlighted. The CIC process possesses mavgntafes over its counterpart
methods, including the option to trial small quaes of potentially expensive or
untested dopant materials, and the innate capatwliise higher temperatures than are
possible with external-source delivery systems.

A passively-doped preform was fabricated using dndys AICE and the CIC process.
The measured refractive index profiles showed aimamx NA of 0.23, corresponding
to an AbOs; concentration of 10.5 mol%. Fibre drawn from thefprm revealed an
optical loss of 2 dB.kf atA = 1285 nm, and an OH impurity of <1 ppm, by weight
This demonstrates that relatively low loss fibra t& achieved using the CIC process
and the results compare well against similar resimtthe literature. Simpson et al.
reported on the fabrication of an Al-only fibre nigia gas-phase technique with a
measured loss of 0.75 dB.Kmt 1.6um. The NA of this fibre was 0.18, and although a
fibre with a higher NA of 0.29 was also reportes tivas achieved with the addition of
phosphorous to the core composition. Simpson etegbrted a considerably higher
value of 4 — 12 dB.k¢h for the OH impurity in their fibres compared teetB dB.knt
experimentally determined in fibore TO171. The measwent on fibre TO171 however

was only performed on a 100 m long sample and filneréncludes a scaling error.

The feasibility of using either hydrated or anhyasoytterbium chloride as a vapour
delivery source was explored. The thermal deconiposiof YbCk.6H,O was
examined using TG equipment as well as by direatihg within a silica tube on the

perform-making lathe. TG analysis revealed a mogshiction in weight as the sample

122



Chapter 4 Chemical-in-Cile Process

temperature was increased, whilst a transparentdligvas seen evolving from the
chemical when it was heated on the lathe. Thesd#infys were consistent with the
evaporation of water from the chemical and the solnble residue suggested that it
had combined with the sample to form a non-volatdenpound consistent with ¥Os.

It was concluded that Ybg6H,O was unsuitable for use in the CIC process and
anhydrous ytterbium chloride would be better suée@ RE precursor.

The main part of the experimental work involved tlee of the chemical compound
Yb(TRIS). The fabrication and characterisation @fot Yb-doped phosphosilicate
preforms have been reported, which represent lawvhagh RE concentrations. Optical
measurements on the fibre drawn from these prefoerealed an Yb concentration of
~8,000 ppm and ~20,000 ppm, by weight, obtained vait crucible temperature of
200°C and 250C, respectively. The achieved Yb concentrationshagker than those
reported by Sekiya et al. [9] using the same pmaour although their work
predominantly focussed on optimising the radial dmbitudinal uniformity of the
deposited layers and no attempts at higher corat@nis were discussed. They report
good radial uniformity of refractive index in a fwam with 40-50 deposited layers and
negligible longitudinal variation in the Yb conceation over a length of 340 mm. This
compares to the preforms reported here which haxiation in the refractive index of
up to 0.002 over the same length of preform.

The background loss in the fibres depicted an uacheristic lowest loss region
(~29 dB.km* at A =715nm) in the visible wavelength range, whiatcréased
significantly towards the near-infrared (~152 dBkatA = 1550 nm). It was suggested
that this loss trend was caused by the relatively purity of the starting precursor
(99.9 %). There is no mention of the loss in theerd reports by either Sekiya et al. or
Petit et al. on the fibre fabricated using thes-ghase deposition using Yb(TRIS).

Finally, a length of fibre with a high Yb-concertoam of 15,700 ppm, by weight, was
tested in a lasing configuration. The output of tinee reached 16 W for a launched
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pump power 20 W, and a slope efficiency of 84 % whined. Further device work
on a larger diameter fibre (4Q0n) drawn from the same preform was tested up to
200 W, which demonstrates the potential of the @i@tess to produce Yb-doped fibre
for high-power applications [24].
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Chapter 5

Suspended-Core Holey Fibre

5.1 | ntr oduction

In this chapter, a new fabrication technique isspn¢ed for producing a relatively

simple type of optical fibre that is suitable f@nsing applications. The fibre, which has
been calledsuspended-core holey fibre (SC-HF), has a geometry similar to that of an
air-suspended rod with three thin struts supporéingolid core. The motivation for

developing SC-HF was drawn from a similar fibraisture, often referred to as wagon-
wheel fibre, which has been reported previouslg kompound glass and is fabricated
using a glass extrusion method [1]. The struct@itbese fibres incorporates a high air-
filling fraction that makes them an ideal platfofor sensing gas and liquid species
entrained in the holes. However, at the time thekwwesented in this chapter was
undertaken, it is not believed that the distinctthheee-holed fibre design had been

demonstrated previously in a silica host.

A fabrication technique for SC-HF has been deveadophkich utilises a straightforward
drilling method to define the preform, rather thane labour intensive route
conventionally used for fabricating silica holeyrs. The fabrication technique is

described in the experimental section and the alptibaracterisation that has been
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performed on SC-HF is reported [2]. To evaluateftaetion of light that overlaps with
the air holes in a SC-HF, and to assess its siiitafur sensing applications, computer
simulation was performed based on a profile of $ii@HF. The sensing capability of
the SC-HF was then demonstrated using acetylene\geng to its strong absorption
lines in the low-loss wavelength range (1510 —184) of silica glass. The practical
issues relating to fusion splicing air-claddingréib were also addressed and a robust
all-fibore acetylene gas cell was constructed whstlowed good stability over an
extended time period.

Finally, the SC-HF architecture was used as thedation to develop a novel type of
holey fibre with a germanium-doped core. Unlike esttholey fibre designs that
incorporate a germanium core, the fibre reportethis chapter exhibits a small-core
diameter (<qum) initially, which is expanded into a larger higidex region (of several
microns in diameter) when the cladding holes alagsed during conventional fusion
splicing. This ability provides an easy method edilsng gas species inside the fibre for
sensing applications whilst retaining a high-indeare that is compatible with

conventional solid core fibre.

5.2  Overview of holey fibre

Since optical guidance was first demonstrated miaostructured fibre over a decade
ago [3], it has attracted widespread interest ftbwn scientific community eager to

exploit the unique optical properties it posses$és. term microstructured optical fibre
(MOF) is used to refer to any fibre, normally ofgle material (i.e. undoped), which
has a structure that utilises air-holes along atsgth to facilitate light propagation.

Holey fibre (HF) generally refers to those fibredieh are index guiding and are
categorised by a solid central core and an airehgd(Figure 5.1(a)). It is also possible
for hollow core MOFs to guide light despite haviegore of lower refractive index than
the cladding. These photonic bandgap fibres (PB&ferate by bandgap effects and
confine light to the air core at frequencies wherepagation into the cladding is not
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possible (Figure 5.1(b)). PBGFs have the poteritinllower transmission loss than
conventional fibres and are also candidates fosisgrapplications. However, the work
within this thesis focuses only on the propertiesadid core HFs.

Figure 5.1: Photographs showing the cross-sectional structufleft) a solid core HF and (right)
a photonic bandgap fibre (PBGP) [4].

Solid core HFs have a guidance mechanism analagarsventional optical fibre with
an array of holes in the cladding that forms arraye refractive index lower than that
of the core. The effective index model of a HF \irest proposed by Birks et al. [5] and
approximates the complex structure to that of @ stelex fibre, with an effective
refractive index for the air-cladding regionsf§nand a higher refractive index for the
central solid region where a hole is missing{ As the guided modes in the fibre will
extend further into the cladding at longer wavetaagthus producing a larger index
contrast, g is strongly wavelength dependent. At shorter wevgths, the modes are
tightly confined to the core and sample less ofaieladding, and consequentlyns
only slightly lower than g, The effective index model enables an effectivealue
(normalised frequency), ¢, to be determined for a HF to predict the critéoiasingle-
mode (SM) operation [5]. This also reveals how &xplicit dependence of V on
wavelength is counteracted by the effective inderti@ast of the air-cladding, and
creates the potential for SM guidance over an elg@nvavelength range.

The cladding of a conventional HF consists of amyaof circular air holes that are
arranged in a hexagonal lattice with a hole diamede and pitch (i.e. hole-to-hole
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spacing),/\, which determines the optical properties of the€fibA stack-and-draw
technique [3] (which is explained in the followisgction) is most commonly used to
define the initial preform structure, and permitsnplete freedom in the placement and
size of the holes. The fibre can therefore be edado produce an effective core area
(Aef) to match a particular application. For exampldarge effective mode area is
achieved by either decreasing the diameter of tleshor spacing them further apart
(essentially smaller values ol Engineering the structure in this manner campce
fibre with a very large & (>600pum?® at A = 1.55um) and a numerical aperture (NA)
less than 0.05 [6], which would be difficult to aagplish in conventional optical fibre
using dopant control methods such as Modified Chalhiapour Deposition (MCVD).
Large mode area HFs are attractive for high-povgétt igeneration or delivery, where
the unwanted nonlinear effects and thermal damagemanimised by virtue of the
reduced power density in the core [7].

HFs that contain features on the same scale asvéiwelength of the light being
transmitted, and incorporate a high air-filling diian (large values of &), create a
tight modal confinement in the core and give riseathigh refractive index contrast.
This generates a high nonlinearity per unit lengtid these small-core HFs are
appropriate for nonlinear optical fibore applicasofB]. The effective nonlinearity
parametery, is most conveniently related to the effectiveaatlkrough the equation
vy = 2Ny | (Metr), Wheren, is the nonlinear refractive index of the matermlthough
the intrinsic value ofy in silica glass is relatively low, the mode coefinent in high
NA fibres can result in an effective nonlinearibat is many times higher than that of a
conventional optical fibre [8]. Moreover, a smatire HF fabricated using the
developed technique reported in this chapter hhgewaed an effective nonlinearity of
60 Wkm? (atA = 1.55um) [9], compared to the theoretical maximum foruaepsilica
HF at this wavelength of ~60 Wkm™, as predicted by Finazzi et al. [10].
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521 Sensing in holey fibre

The intrinsic overlap between the propagating lightl the air-cladding in HFs allows
them to be used for sensing applications by exppithe interrogating properties of the
evanescent-field. Using this approach, the presaricgases and liquids entrained
within the holes of a HF may be detected througticapabsorption of the transmitted
light at specific wavelengths. As well as identifyi chemicals, this principle has
stimulated a number of innovative optical devicelseme exotic materials, such as
polymers, are permanently infused into the holeghef silica fibre to intentionally

sensitise the guidance properties to a particuleir@nment [11]. The potential of these
ideas has given rise to an entirely new class of Hésigned for sensing, known as

evanescent-field devices.

HFs that employ evanescent-field sensing for gasctien [12-14] possess numerous
beneficial qualities: they offer a high sensitiviwing to the potential for long optical
interaction lengths, require extremely small sanvoliemes to fill the holes in the fibre
(in the region ofuL per metre), and have the ability to be compactiyed. However,
despite these credentials, at the time the resgasdented here was undertaken, most
of the index-guiding fibres exhibited a modal oaerlwith the air holes of only a few
percent [15].

The most important prerequisite for HF as a sengiagform is that there exists a
significant overlap between the light propagatinghie core and the air-cladding. In a
conventional HF, which incorporates multiple ringfsair holes, the design criterion is
towards a high value of &/(i.e. the air-filling fraction). Monro et al. shed that the
proportion of the fundamental mode located in thecladding increases significantly
with the parameter 4/, particularly at longer wavelengths, and predicteat the modal

overlap is up to 30 % for &/= 0.8 and\ = 0.75um (atA = 1.55um) [15].
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Theoretical studies on HFs have also been condumtdéinazzi et al. who examined
the properties of small-core holey fibres with ghhiair-filling fraction [10]. The
condition for highly non-linear silica fibores wagmvestigated and the concept of a
jacketed air-suspended rod (JASR) was introduckd. JASR represents a holey fibre
with an air-filling fraction of 100 % and is clog® the structure of SC-HF. As
previously stated, the effective non-linearity paeter is inversely proportional to the
Aer, and so small-core holey fibres with a tight modahfinement are desirable for
non-linearity devices. The diagram shown in Fighr2 illustrates how the ¢ varies
with core (rod) diameter for a JASR. For non-lin@gplications the & should be
minimised in order to maximige However, for the purpose of evanescent-field isgns
the Asr needs to be maximised so that a large proportidheolight is located outside
the core. The preferred method for increasing theistherefore to significantly reduce
the core diameter, which has been shown to incralasest exponentially below a core
diameter below ~1.gm [10]. It is this regime together with the ideatisgeometry of
the JASR that was targeted in the development ef S&-HF, and provided the
motivation behind the work reported in this chapter

Jacketed air
suspended rod

A (um?)

0

06 08 10 12 14 16 18 20
Rod diameter (um)

Figure 5.2: Simulation of how the effective areaf\in a jacketed air suspended rod (JASR)
varies with rod diameter [10]. The graph illusteateat the A« increases significantly below a
rod diameter of 1.2im, which makes the small-core JASR ideal for eveemsfield sensing

applications.
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Although HFs with a small core diameter and a fagkfilling fraction are desirable for
sensing and nonlinear applications, they genemdyr an additional optical loss over
more conventional structures. Finazzi et al. regmbtthat small-core HFs suffer from
high confinement loss which increases as the cae reduces. This effect can be
significant and is the dominant loss mechanismilicaswhen the core diameter is less
than ~1um [10]. Furthermore, HFs with a largesApotentially have a large scattering
loss caused by the roughness at the air-silica daigs which is accentuated by the
high intensity of light at the interface [16]. Infi@ce roughness scattering is how well
known in HFs and is attributed to surface fluctoasgi of the molten glass surface which
occur during drawing and are frozen-in as the fitwels. These fundamental effects
consequently place a lower limit on the loss trat be achieved in HFs and are also
applicable to SC-HF

5.2.2 Fabrication techniques

Conventional HFs are generally fabricated by emplpyeither a drilling [17] or

stacking [3] technique to define the preform stwet The former method is a
straightforward approach that was used predomiypantthe early days of silica HF
development, but with the advent of the stack-amvdtechnique, its appeal has
diminished. However, drilling is still used for cpound glass HF, where producing
long uniform lengths of capillaries is not viabéed remains popular for manufacturing
preform geometries that have up to around 20 vpaleed holes [17]. For silica HFs

that have a complex transverse profile the stackelaw method is the obvious route.

A stacked HF preform consists of a large numbethof hollow glass capillaries that
are packed inside an outer jacket tube. The cap#lare firstly manufactured using a
standard optical fibre drawing tower and originftam a high-purity substrate tube,
such as SUPRASIL-F300 (Heraeus, Germany). Any laeg@tions in the diameter of
the capillaries will preclude the stacking procassl so screening selects only those
which lie within a tolerable diameter range (typliga<l % deviation). To this end,
there are numerous reports in the literature deggathe capillary drawing process [18-
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20], detailing both theoretical calculations angh@xmental data, including the seminal

work by Fitt et al. [18]. Fitt et al. identify thearameters that influence the collapse of
the capillary during the draw and define a collapsgo that relates the effects of

surface tension and viscosity of the glass. AswuigBeosity is strongly dependent on

temperature, it is the furnace setting that prialtlypgoverns the degree of collapse.

Fitt et al. also showed that the hole collapsédédapillary is more sensitive to the tube
feed speed than the draw speed as a direct comsmxjaéthe length of time the glass

resides in the furnace hot-zone. A plain circulssiymmetric substrate tube can be
successfully drawn into a capillary with the uppad open to atmosphere by adjusting
only the capstan speed and accepting some inevitadllapse. However, an over-

pressure is normally applied to the upper end ef tiibe to counteract the surface
tension effects, allowing the exact dimensiondhefdapillary to be fine-tuned.

Once obtained, the hollow capillaries are cleawemove contamination and residual
glass fragments, and are then sealed (i.e. flamedjuat one end. This eliminates the
sharp edges, but more importantly, when closetdeatipper end the capillaries are able
to expand during the drawing process to eliminatevanted interstitial gaps. The
prepared capillaries are then stacked in a hexagorangement inside the jacket tube.
(The hexagonal lattice structure is not exclusiee, represents the highest capillary fill-
factor). The outer diameter of the capillaries gauket tube are typically around 0.5 —
2 mm and 20 mm, respectively, and are largely thdtay the required draw-down ratio

and glass sizes that are easily handled [19].

Depending on the required feature size, the assehgskeform is either drawn directly
into fibre, or drawn into a capillary and then meagn inside another jacket tube to
further scale down the structure. The drawing pseder HF, however, is nontrivial.
Once the fibre drawing process is initiated, artaivls period begins as the gas trapped
inside the sealed capillaries heats up and expditds.is counteracted by gas exiting
through the lower (open) end of the glassware. 3diépressurising and regulating
effect is beneficial in preventing the holes froollapsing shut, but as the volume of
glass decreases (i.e. the remaining length of prefeduces), the pressure inside the

134



Chapter 5 Suspended-Qdodey Fibre

capillaries continually changes and consequengyditaw is always in a transient state
[21]. This issue is compounded by the thermal gnatdthat exists radially across the
preform, which governs the local viscosity of tHasg, and translates into a different
expansion for the capillaries depending on theacéyosition across the preform [22].
It is noted that even a modest change in furnacpeeature of 10 °C can significantly
alter the overall geometry of the fibre [19].

There are several steps involved in the stack-aadranethod which means that HF
fabrication using this technique can be a time gomsg process, sometimes taking
weeks to complete. For HFs that require a largdillig fraction and a small core
diameter, the fabrication technique developed GrHS- is a much simpler approach
and less prone to complications. The steps invoingtle conventional stack-and-draw
are, fabrication and preparation of the hollow tapes, assembly of the stacked
preform, and fibre drawing. However, for SC-HF, theform itself is prepared by
drilling longitudinal holes into a glass substratel thus the need to produce and stack
capillaries is removed. The complexity of the filewing stage in SC-HF is also
reduced owing to its relatively simple transversedure; whereas in conventional HF
it is necessary to control the geometry of sevengls of holes, the only requirement
during SC-HF drawing is that the holes expand sigffitly to maximise the strut length.
Further details of the fabrication process devedofor SC-HF are described in the

following section.

5.3 Experimental work

This section describes the fabrication and charigaeteon of SC-HF. Using computer
modelling, the optical properties of the core moutethe fibre have been investigated,
and confirm a high overlap with the air-claddindgheTsuitability of the SC-HF as an
evanescent-field sensor has been verified by detrabimg) an all-fibre acetylene-filled
gas cell. A novel germanium-doped SC-HF has alen beoposed, which was aimed at
simplifying the construction of an all-fiore gasliceas well as improving its
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compatibility with conventional solid optical fiar&he development, fabrication, and
characterisation of SC-HF were undertaken by thdaay including the evanescent-
field sensing demonstration. The computer modeluag performed by Dr. Francesco
Poletti.

531 Fabrication of suspended-core holey fibre

The processing steps for fabricating SC-HF are showFigure 5.3, and begin with
defining the preform structure by creating thredebcarranged in a triangular shape
within a solid silica rod. The substrate glass dthdse of high-purity as, unlike preforms
manufactured using MCVD where the signal lightreansmitted through glass formed
by the oxidation of SiG) optical guidance in SC-HF occurs in the startmgterial
itself. Commercially available synthetic fused csli rods (either HLQ-210 or
SUPRASIL-F300 grade), purchased from Heraeus (Gey)ndave been used for this
purpose.

1. Drill holes into 2. Draw drilled vacuum 3. Draw into fibre
glass rod rod into capillary under vacuum

- s 7ul
5 GETER

Insert capillary

into jacket tube top of

capillary
sealed

o

‘ SC-HF

= furnace ‘ \
hot-zone

Figure 5.3: lllustration of the processing steps involved e ttechnique developed for

fabricating Suspended-core holey fibre.

The holes in the glass rod were formed using higdeipion in-house ultrasonic drilling
equipment (SonicMifl, US) that is specifically designed for use wittagg. The
equipment is capable of grinding holes in glasstaip depth of 150 mm, and uses a
hollow drill impregnated with diamond grit at th@.t The nature of the process

demands extremely slow drilling speeds (of betw2@® - 500um.min™) and requires
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coolant to be continually flowed through the hollawil piece to remove particulates
and prevent overheating of the tool. Hole sizegirajpfrom 1 mm up to and above
10 mm in diameter are possible, and with carefigihahent of the sample, a positional

accuracy of better than 50 pm can be achieved.

Hole X-position | y-position
A 0 (2rd,,,)N3
” B -(2r+d,)/2 | -(2r+d,.,)/2V3
C (2r+d,,)2 |-(2r+d,,)/2V3

Figure 5.4: Arrangement and positional calculation for theatomn of holes in a SC-HF.

It is necessary to position the holes as closethegas possible so that the web of glass
between them will be sufficiently thin once it isated down into fibre. Figure 5.4
shows the calculation for the position of the hpéegl was derived using trigonometry.
It was found that a separations{gl of 0.3 mm between adjacent holes was the
minimum value possible, without sustaining craakshe adjoining glass owing to the
high pressure coolant used during the drilling pssc The dimensions used for the
glass rod and the diameter of the holes were inahge of 15 — 20 mm, and 4 — 8 mm,

respectively.

With the use of a pristine tool bit, the surfacealdgy of the holes after ultrasonic
drilling is reasonable but visible scratches aremadly still evident. Flame polishing
the glass preform on a lathe was explored, butthagotential to distort the shape of
the holes or trap air bubbles in the glass if thnér temperature was too high. Instead,
it was found that a more suitable option was tohmaeeally polish the inner surface of
the holes, and bespoke apparatus was construaed-{gure 5.5). The glassware was
clamped vertically and submerged within a receptadntaining SF1 polishing fluid
(Logitech, UK). A nylon-bristled tube brush wasnh@ted to the head of the ultrasonic
drill and slowly fed in and out of the hole whilsitating at a speed of ~1000 rpm. The
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effect that polishing the preform has on the lasghe final fibre has not yet been
quantified, but the image in Figure 5.5(c) shows drearly visible improvement in
surface quality.

Nylon brush attached ) o
to rotating spindle With polishing

Drilled glass submerged Without pblishing
in SF1 polishing fluid

Figure 55: (a) Sonicmilf ultrasonic drilling equipment and (b) interchanigalpolishing
apparatus constructued in-house. (c) Comparisasuidbce quality of drilled holes with and
without polishing.

Once drilled and polished, the glass rod was drawa standard fibre drawing tower
into a capillary of ~1 mm diameter using the miapstan. The upper end of the
preform handle tube was left open to atmospherd, tha furnace temperature was
optimised in order to retain the internal geometfyhe drilled glass. A temperature of
>100 °C below that used for the initial gravity drayas found to be appropriate. A
preform feed speed of a few mm.fiwas fast enough to avoid excessively deforming
or collapsing the holes, although, as expectedddminant parameter was the furnace
temperature. The potential benefit in pressurigimg holes during the capillary draw
was explored, but the minimal gain in retaining éxact structure (or indeed expanding
the holes) was deemed unnecessary when considbengventual deformation of the
capillary during the fibre drawing.

The final stage of the fabrication process is tohier reduce the feature size of the core,

and manipulate the shape of the holes in the eapilso that the fibre structure
approximates that of a small core suspended by tfinia struts. A length of capillary
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(~200 — 300 mm long) was sealed at the upper en@ flame, and inserted into a
cladding tube. The action of sealing the capillemguces a build up of pressure when
the preform traverses through the furnace hot-zam# prevents the capillary from
collapsing internally [21]. In conventional holeypre fabrication, the jacket tube is
chosen to be a close fit to that of the capillaryas to avoid excessive expansion of the
holes that would distort the final structure. Imtiast, the approach used for realising
SC-HF was to intentionally use a loose-fitting jatkube with a large air gap (~2 mm)
between the capillary and outer glass so that paeded during the fibre draw and
elongated the supporting glass struts. This expansas aided by reducing the pressure
between the capillary and the surrounding air sgacepplying a partial vacuum. A
cladding tube with a comparatively large wall tmeks was therefore needed so that the
vacuum preferentially expanded the capillary ang ewllapse of the jacket tube was
minimised. To this end, a dedicated mass flow adlett (MFC) pressure and vacuum
system was constructed, which was connected téofh@f a preform to allow a fine
control of the pressure up #100 mbar relative to atmosphere. The preform feet a
mini-capstan speeds used for drawing SC-HF weracdlp in the region of

2 mm.min" and 10 m.mii, respectively, and the fibre was coated with ehtiiglex
polymer (DSM-314) in the usual manner.

Capillary Substrate Drilling Capillary Comments

number glass parameters diameter

F0595 HLQ-210 rod r=2.5mm 1.5mm First proof-of-concept
18 mm dia. Jsep= 0.5 mm capillary

Fo648 F300 rod r=4mm 1.9 mm Reduced outer wall
20 mm dia. Osep= 0.5 mm thickness

T0252 Ge:Si preform r=15mm 1.5mm Glass cracked
(LIEKKI) Osep=0.5mm significantly during
15 mm dia. ultrasonic drilling

T0256 F300 rod r=2.25mm 1.2 mm Establishing process
15 mm dia. Osep= 0.3 mm parameters on new

equipment

all/partially lost in fire, fabricated post-fire

Table 5.1: Summary of capillaries that were drawn and theupaters used to drill the glass

preform.
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Fibre Cladding tube Capillary Fibre Comments
number quality/size used diameter
FO597 F300 F0595 ~125um Initial proof-of-
8.5x 3.2 mm concept SC-HF
F0656 F300 F0648 ~125um Explore
8.5x 3.2 mm pressurisation to
expand strut length
F0753 F300 F0595 ~12%um Process optimisation
6.9x 3.5 mm
Fo793 F300 F0595 125um Draw of SC-HF for
12x 4.8 mm characterisation and
analysis
T0257 CFQ T0256 125um Establishing process
8x 4.2 mm parameters on new
equipment
T0262 CFQ T0256 125um Establishing process
8x4.2mm parameters on new
equipment
T0265 F300 tube T0252 125um Draw of Ge:Si core
8 x4 mm capillary

All/partially lost in fire, fabricated post-fire

Table 5.2: Summary of the fabricated suspended-core holegdiland the associated capillary

that was used.

Table 5.1 and Table 5.2 summarise the preforms fiéunes, respectively, produced
during the development of the SC-HF fabricationcess. The optimum drawing
conditions in each case were obtained empiricaltyeere found to depend heavily on
the cladding tube dimensions. Although the exaatviiig conditions differed for each
fibre the systematic approach detailed below wamdoto be sufficient to repeatedly
achieve SC-HF with the desired geometry. (It iuas=d that the glassware has been

prepared as described previously, and with thelaapsealed at the upper end).

» Following the initial gravity drop, the furnace tparature is lowered by at least
50°C to increase the viscosity of the glass arsbele the effect of the
subsequent vacuum. A transient period then follewtsist the shape of the
neck-down region is stabilising.
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* To reduce the complexity of the drawing regime, pheform feed and capstan
speeds are fixed once the required fibre diamstechieved, leaving only the
furnace temperature and applied vacuum to adjusbaked fibre tension in the
region of 60 — 70 g, at a draw speed of around 10imt, is sought.

* The air inside the preform is initially kept at atspheric pressure whilst the
fibre cross-section is continually monitored undaroptical microscope. When
the internal structure of the capillary is clearigible, and without any obvious
hole collapse, the vacuum pump is turned and aspresnside the cladding tube
of 30 — 60 mbar below atmospheric is targeted.

» Depending on the exact dimensions of the startreppm, a maximum value of
60 mbar for the applied vacuum is normally sufintieo create the desired fibre
profile. If a higher differential pressure is recpd, it is preferable to increase the
furnace temperature, in 5°C increments, until terect fibre structure is

achieved.

The above methodology was found to be adequatech@\&e to the intended fibre
structure, but it is noted that active pressumsabf the internal capillary during the
draw may be advantageous. However, this was nddmpin this work as it was felt to
detract from the intended straightforward naturthefcurrent approach.

5.3.2 Fibre characterisation and simulation

A complete characterisation of all the capillargesl fibres detailed in Table 5.1 and
Table 5.2 has not been possible, as many werecébd prior to the Mountbatten
building fire in October 2005 and were destroyedhia incident (see Appendix C.1).
The transmission properties and gas sensing peaforenof the SC-HF reported here
relates to measurements conducted on fibre FO5®, fo the fire, whilst the more

recent simulation studies are based on the crat®sal profile of fiore FO793 (see

Table 5.2).
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Figure 5.6: Cross-sectional images of (a) drawn capillary F)%hd (b) suspended-core holey
fibre FO597 (inset: SEM micrograph).

Figure 5.6(a) shows a cross-sectional image oflleapiF0595. The capillary was
1.5 mm in diameter and has the approximate straicdimensions of 100 um and
500 um, for the core diameter.{d and hole diameter (2r), respectively, disregaydin
any ovality. Figure 5.6(b) is the resultant SC-H%97), which was drawn to a
nominal outer diameter of 125 um and coated withgh-index polymer (DSM-314).
During the drawing process, various furnace tenmpeza and vacuum settings were
explored, which resulted in fibres with measuredecdiameters and strut lengths
ranging from 0.8 — @dm and 8 — 13 um, respectively. Further analysisgiai scanning
electron microscope (SEM) revealed that the sthitkhess was in the region of
200 nm.

The background loss in a 15 m length of SC-HF f{5i@597), with gyre= 1.2um, was
obtained using a standard white-light cutback mesamsant (Figure 5.7). The calculated
propagation loss in the fibre was 0.33 dB.atA = 1550 nm, and is in good agreement
with recent reports of similar small-core structuf@3]. It is believed that interface
roughness scattering from the holes has a significantribution to the overall loss,
which has been reported by Roberts et al. [16]hasdominant loss mechanism for

small-core HFs.
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Figure 5.7: Measure wavelength dependent loss for SC-HF F8B6Wing absorption peaks as a
result of OH impurity.

The strong absorption bands observed at wavelength$385 nm, 1245 nm and
945 nm, correspond to hydroxyl (OH) ions, and theensity of the 1245 nm peak
(which is visible without saturating the detecteguates to an OH concentration of
~300 parts per million (ppm), by weight. This valisein stark contrast to the quoted
figure of 30 ppm in the manufacturer’s data sheettlie bulk material (HLQ-210). A
comparative OH measurement was performed on SCHBJF; which was fabricated
using a high-purity F300 glass having a certifigd €ntent of <1 ppm, by weight. The
calculated concentration in this case was ~240 ppoarporation of OH impurities in
the fibre can originate from adsorbed hydroxyl iamshe preform prior to the drawing
which subsequently diffuses into the glass at hehperatures. This effect has very
recently been shown to be more detrimental for somak HFs (<2um) which incur a
significant attenuation as a result [24]. Furthemmcsurface absorbed OH from the
atmosphere may also be present in the fibres fallgpwhe draw which will also
contribute to the measured result [25]. For theF8&G-reported here, no specific steps
were taken to actively remove OH contamination mrepost-drawing, but its impact

will be considered in future work.

In addition to the practical experiments, a thdoattanalysis of the SC-HF was

performed by Dr. Francesco Poletti using numersalulations to examine the core
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mode properties of the fibre. The modelling wasedasn an outline of the fibre shape
taken from an SEM micrograph of FO793. A full vectinite element method (FEM)
was used to asses the fraction of light propagatinge air-cladding (see Figure 5.8).
The feature size was scaled accordingly to obtaia tr fibres with different values of
deore The proportion of the light predicted to be tiéimg in the air for a fibre with
Oeore= 1.2 pum is 11.5 %, and increases to nearly 30H&W o= 0.8 um. At the time
that this research was carried out, this resultessgnted a higher core mode overlap
than any other previously reported index guidingigies [2].
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Figure 5.8: Fraction of power propagating in the holes of at#cas a function of core diameter

atA = 1550 nm (inset: simulated mode profile in theego

5.3.3 Evanescent-field gas sensing

There are numerous reports in the literature oheseent-field sensing using MOF,
many of which demonstrate the ability using acetglgas [12-14]. The experimental
setup that is used differs slightly in each case, domprises of the same essential
components: a tuneable laser source, an opticatiet and the sample fibre. The fibre
is typically located in a gas-tight chamber withrisparent windows, whilst free-space
optics provides the means to couple light in andafuhe core. This approach allows
unrestricted access to the fibre ends to infusestiraple gas, and circumvents the
problematic issue of splicing MOF to conventionalic core fibre [26]. However, the

arrangement has practical limitations regardingydterm stability, and to realise an all-
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fibore gas cell, the need to splice to conventiosalid fibre is unavoidable. The
apparatus that was constructed for the SC-HF peadva convenient way of assessing
the performance of the fibre initially, and usedsianple method of aligning and
launching light into the sample. The subject oficspd) is addressed thereafter in
subsection 5.3.4.

Gasin

MM launch fibre

Tunable laser > O

source

Data
storage MM collection
: fibre Gas out
Power meter < O .

Splice

Figure 5.9: Schematic of the experimental setup used for S@d#sensing, and photographs of
the bespoke chamber that was designed specificalthe purpose.

Figure 5.9 shows the experimental setup used taunedhe gas detecting capability of
SC-HF. The fibre output from a tuneable laser seyAgilent 8164A, tuneable from
A = 1520 to 1545 nm) was delivered through a stahdeaded-index multimode (MM)
fibre, which was in turn, free-space coupled to ra fength of FO597 (= 1.2um,
strut length = 8m). The fibre ends were located within a purposé-lshhamber that
had been constructed in-house and provided a feegibd quick way to test the sensing
performance of HFs. The chamber itself was made f/RT FE material to offer some
compatibility with corrosive gases, and standarddp@cal fibre connectors provided a
straightforward way of securing and aligning therds whilst producing the gas-tight
seal needed for gas filling. The distance betwdenlaunch and sample fibre was
monitored through an optical microscope and thesitppns were adjusted as necessary
(see photographs in Figure 5.9). The separatiowdset the MM and sample fibre, in
this case, was set to ~50 um. MM fibre was usedHerlaunch fibre to reduce the
required alignment accuracy and maximise the availaunch power. The other end of
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the SC-HF was spliced to the collection fibre usamgEricsson FSU995-PM arc-fusion
splicer, and again standard MM fibre was used Mg purpose (the SC-HF structure
was collapsed during splicing, and the implicatiosis this are discussed in the
following section). The collection fibre was thetaahed to an optical power meter (HP
81531A).

To fill the fibre, a flow of 100 % acetylene {d,) gas was passed through the chamber,
orthogonal to the fibre face, at a rate of 200 rim:mAfter 5 minutes, the chamber was
sealed. Infiltration of the gas into the voids lod¢ tSC-HF relied solely on diffusion and
thus a significant length of time was needed to metely fill the fibre. The internal
volume of the chamber was significantly larger thaat of the holes in the fibre, and as
such any dilution of the acetylene gas was deemdx thegligible. The tuneable laser
was scanned between wavelengths 1520 nm and 154fthra resolution of 0.01 nm.
The data from the power meter was recorded anckdt@nd the sweep repeated at
hourly intervals.
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Figure 5.10: Experimentally measured spectrum of acetylenedfillSC-HF showing the

characteristic absorption lines ofH; in the wavelegnth range of 1520 nm to 1545 nm.

The absorption spectrum from the fibre is shown Figure 5.10 and clearly
demonstrates the potential of SC-HF as an evaneBehgas sensor [2]. The time
lapsed measurement data is shown in Figure 5.Hlisarentred on the absorption line

at A =1530.37 nm. The intensity of the absorption ¢enseen to increase to its
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maximum value of 16 dBm over a period of hourshesdcetylene gas diffused along
the 1 m length of fibre. No significant change loisarption was seen after 7 hours.
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Figure 5.11: Time lapse data of acetylene absorption kne 1530.37 nm measured in a 1 m
length of gas-filled SC-HF over a duration of 7 reou

534  All-fibre acetylene gas cell

The experimental set up shown in Figure 5.9 wagyded for conveniently evaluating
the gas detecting capability of SC-HF, but not gmadly to achieve the long-term
stability required for an optical wavelength refeze. In this section, the practical issues
encountered with splicing SC-HF to conventionaldsdibre are reported and an all-
fibre acetylene-filled gas cell is demonstratede Torrent advances in splicing MOF
are firstly discussed.

In 2005, the first gas-filled microstructured fibzell was reported [27] using photonic
band gap fibre (PBGF). The high overlap of the pgating light with the hollow-core
made it ideally suited for sensing applicationsmpared to the significantly lower
mode overlap of index-guiding HFs at the time [1#he basic construction of a
microstructured all-fibre gas cell involves firstlgplicing one end of the MOF to
conventional solid fibre and leaving the other epeén so it can be infiltrated with the
desired gas species. The air inside the holeseoMOF is then evacuated, and after

filling with the sample gas the open end of thedils immediately fused closed using a
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fusion splicer to form a hermetic seal. The gasssally loaded in to the fibre at a
higher pressure than atmospheric to prevent thessgf air.

The main obstacle in realising an all-fibore gad, @glindeed any other integrated device
based on HF, is splicing the air-cladding fibre solid transmission fibre without
incurring a significantly coupling loss. The inaabte need for compatibility between
MOFs and conventional solid fibores was addressemh safter their inception by
Bennett et al. [28], and there now exists an abonoelaf literature on electric arc fusion
splicing techniques using commercially availableipment [26, 29-31]. Some of the

key points on splicing HFs are summarised below.

A splice loss between a HF and a conventional singdde fibre (SMF) is the result of
either a mode field mismatch between the corea,anllapse in the structure of the HF
to such an extent that the light-guiding properaéthe fibre are severely disrupted. To
avoid the latter issue, a weak arc power and a shwation is used as the hole collapse
is a direct consequence of surface tension effadte glass as the fibre is heated above
its softening point [26]. Frazao et al. [29] recoemd that in addition to the reduced
power density, the position of the fibre ends witkthe arc field should be displaced.
The HF end-face is offset from the central axishef arc discharge and thus the power
intensity it experiences is reduced. Using thisrapph, Frazao et al. reported a
minimum splice loss of 0.25 dB between a small-ddFe (d = 2.3um and d\ = 0.5)
and a standard SMF-2gCorning) fibre using a Fujikura fusion splicelS-40S).

In an effort to reduce the field mismatch between fibres, specifically small-core
HFs which have dissimilar mode-field diameters (MFRiao et al. prescribed the use
of repeated arc discharges [31]. Here, the fibresimtially fused together and then
subjected to further heating in order to modify axpand the mode field of the
propagating light. With the application of aroureltd 30 discharges, the fibre structure
gradually deforms whilst the light throughput isxtiauously monitored to ascertain the
optimum mode field match. Further studies into thishnique have been carried out by
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Tse et al. [32], who achieved an average splice ¢dsl.3 dB between small-core HF
(diameter = 1.31m) and commercial solid core fibre (Nufern-UHNALFM = 4.8um),
using a Furukawa FITEL-S177 fusion splicer. Howeviar contrast to Xiao et al.,
Tse et al. reported that a large overlap distacoenpression) between the fibres (of
>15um) was beneficial during splicing and compensabesHe concave end-face that

is formed during fusion in high-air filling fractioHFs [27].

Although the cited articles provided a valuableighs into the splicing process, the

equipment settings were not found to be directydferable to SC-HF and the model
of fusion splicer available for this work (i.e. E3son FSU-995PM). Program settings
suitable for splicing SC-HF to small-core transnoisdibre, as well as those needed to
controllably collapse the fibre holes for realisiaggas cell, were experimentally

determined for the Ericson FSU-995PM fusion spliddre derived parameter values
are shown in Table 5.3 along with the default sg&i One point worth noting, and

which appears to be overlooked in the literatig¢he issue of fusion splicing fibre that

contains a flammable gas species such as acetytewas found that a sustained arc
from the fusion splicer, or an open fibre end poséd near the arc field, was indeed
sufficient to ignite an acetylene-loaded fibre. S[Hiowever, was avoided when the arc
power and duration were suitably low, such as ogPam 1.

An acetylene-filled gas cell was successfully adatising a 1 m length of SC-HF
(FO793) which was fusion spliced to a small-coreghhNA, transmission fibre
(Fibercore SM600, MFD = 4.8m) using Program 1 listed in Table 5.3. The SC-HF
end-face was offset from the electrode axis, asiqusly described. The SM600 fibre
was chosen to minimise the mode field mismatch éetwthe two fibres. The PTFE
chamber shown in Figure 5.9 was adapted to fa@lifiling the fibre with acetylene
(CH,) gas. Infiltration of the gas into the voids oetl®C-HF relied, as before, on
diffusion and as such it was left for several hdorensure the entire length was filled.
The fibre was then removed from the loading cetl anmediately collapsed on the
splicer using Program 2. To avoid ignition of theesdoaded fibre during this process,
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the fibre was clamped in the splicer such that tmen end was positioned

approximately 50 — 100 mm away from the arc field.

Splice parameters Program O  Program 1 Program 2
SM to SM SC-HF to SC-HF
(default) SM collapse
Prefuse time (s) 0.2 0.2 0.2
Prefuse current (mA) 10.0 8.0 8.0
Gap (im) 50.0 5.0 40.0
Overlap {um) 10.0 10.0 0.0
Fusion time 1 (s) 0.3 0.3 0.3
Fusion current 1 (mA)  10.5 8.0 8.5
Fusion time 2 (s) 2.0 15 2.0
Fusion current 2 (mA)  16.3 10.0 12.0
Fusion time 3 (s) 2.0 0.0 0.0
Fusion current 3 (mA) 12.5 0.0 0.0

Table 5.3: Splicing parameters experimentally derived foricépy SMF to SC-HF, and
controllably collapsing the end of SC-HF, usingaitsson FSU-995PM arc fusion splicer.

The fibre was subsequently cleaved in the collapseggbn using a FK-11 (Photon
Kinetics) with a variable magnification camera fesed on the cleaver tip. The addition
of the camera allowed the exact position of thawdepoint to be accurately controlled
so that the minimal amount of the collapsed regi@s retained, as shown in Figure
5.12(b). Collapsing the fibre structure invariabiijsrupted its optical guidance
properties, but when viewed under an optical mimops the effect was not deemed to
be excessive. Fibres that have been collapsed laaded in this way, with a retained
solid section (geavd Of nominally 100um, 150pum and 20Qum, were analysed. The
photograph in Figure 5.12(c) shows the end fac fitire with the maximum length of
solid section examined (i.eqdve= 200um). Although the light shows high divergence,
the image suggests that most of the power is cedfwithin a circular area of ~1b6n

in diameter.
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SC-HF
cross-section

Side view of SC-HF,
following collapse and
cleaving

End face illumination
of collapsed region

SC-HF all-fibre C,H, gas cell

©)

Figure 5.12: Images relating to the construction of a SC-HFggls showing, (a) the fibre cross-
section, (b) the collapsed region and cleave distarfc) the end-face illumination after
collapsing, and (d) the complete all-fibre acetglditied gas cell.

Finally, the pre-cleaved end of the gas-filled SE-Mas spliced to a length of

transmission fibre. This output fibre served ordyaaconduit to deliver the light to the

spectrum analyser and so a pure silica core filag wsed. An undoped F300 silica rod
was drawn to a diameter of 1pH and coated with a low index coating (PC-375),
producing a NA of 0.49. The collection fibre wadicgd to the collapsed end of the

SC-HF using the standard SM-SM program (Program Dable 5.3) and with the SC-

HF offset from the arc field to avoid any furthellapse.

—— Time =0 hrs
—— Time =72 hrs

Intensity (dBm)
o
N

-60 . .
1519.8 1520.4 1521.0 1521.6

Wavelength (nm)

Figure 5.13: Evaluation of absorption over time in the assenhidespended-core holey fibre
acetylene-filled gas cell.
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The absorption spectrum from the acetylene-filledl was monitored over a time

period of 72 hours and the results are shown iur€ig.13. The average change in
absorption was less than 0.5 dB (~3 %) and isbated to fluctuations in the output

power from the laser. The splice loss between BeHE and transmission fibres was
ascertained by a cut-back measurement, afterrtteeltipse trial was complete, and was
of the order of 2 dB.

5.35 Germanium-doped suspended-cor e holey fibre

In this subsection, a novel fabrication approacteported for realising a SC-HF with a
germanium (Ge)-doped core that, following the quda of the air holes, can produce a
solid high-index region of several micrometers ianteter. Passive dopants have been
reported in HFs previously, and are incorporateditioer endow the fibre with further
functionality (e.g. through the inscription of adgg grating), or enable the core to
retain light-guiding properties in the event of Hieholes being collapsed during fusion
splicing [33]. HFs that are fabricated using thacktand-draw process facilitate the
inclusion of a high-index core by substitution afeoor more of the central elements
with a doped glass rod during the preform assemblge-doped SC-HF fabricated
using this substitution route was reported by Hugle and was designed for refractive
index sensing [34]. The A andAn of the Ge-doped core in the fibre wagré® and

9 x 10° (with respect to undoped silica), respectivelythlgh the fibre exhibited a
high overlap of the core light with the air-cladgijrthe size and index contrast of core
would be inadequate to confine the propagating ligihhe holes were collapsed.

The intended application of the SC-HF demonstraere is an all-fibre gas cell and, as
before, the structure exhibits a small diametee ¢oe. <2um). However, once the air

holes are collapsed, during splicing, the centraldBped core region increases to
>13um. This attribute allows the fibre ends to be intamally collapsed to seal a

sample gas inside, whilst the enduring high-indexecenables it to be spliced to
conventional transmission fibre. The profile of tBe-doped SC-HF is formed by
defining the initial three-hole arrangement emyirelithin the core area of a doped
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preform. In the drawn fibre, light propagation oin the suspended-core in the same
way as the pure silica SC-HF. However, when thehales are collapsed, the light is
guided in the solid core as well as the combinedd@med region of glass that

previously lay beyond the thin supporting struts.

A Ge-doped preform was purchased from the fibre ufaaturer LIEKKI (Finland),
with an outer diameter of 15 mm and a step-indar ecoeasuring 10 mm in diameter
with a NA = 0.12. Holes were drilled in the prefowhich were 3 mm in diameter, with
a depof 0.5 mm, and were contained entirely within geemanium section of the glass.
However, during the ultrasonic drilling process pgneform suffered extensive cracking
(see Figure 5.14(a)). This was attributed to adoup of stress in the glass resulting
from the manufacturing process, and although thlendrprocess was repeated in other

sections of the preform, the results were the same.

3 holes Silica
drilled

vertically

in preform | &

‘ ) l Cracks

i
W

Ge-doped glass

Capillary drawn from cracked preform

Figure 5.14: (a) Photograph illustrating the cracks that fornredhe germanosilicate preform
after ultrasonic drilling (viewed under cross-p@arg lenses). (b) and (c) show the cross-

sectional images of the resultant capillary, tademarious points during the draw.

Despite the cracking, the drilled preform was dramto capillaries. The preform feed
and mini-capstan speed, were 0.25 mmiand 2 mm.mitt, respectively, and a
capillary of ~1.5 mm in diameter was obtained. Bignificant amount of germanium
glass in the preform required the drawing tempeeata be reduced to approximately
1990 °C. The holes suffered significant collapsedng the draw and a pressure of

2 mbar was applied to the top of the preform tonteract the surface tension effects.
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The majority of the material drawn was inevitabigtdrted, as shown in Figure 5.14(b),
but a small 50 mm long section, was obtained withdesired profile (Figure 5.14(c)).

The 50 mm long capillary was sealed at one end smudired in an undoped silica
cladding tube (F300-quality) that measured 842 mm in diameter. The preform
assembly was then drawn at a temperature of 2066iQ a feed and capstan speed of
1.2 mm.mift and 5.0 m.mif}, respectively. The final fibre diameter was a nuahi
125um and was coated with a high index coating (DSM}3Adter varying the applied
vacuum to discover the optimum setting, a finalueabf 65 mbar below atmospheric
was deemed appropriate. The short length of thélagpused in the preform assembly
resulted in only a few meters of usable fibre (T®)26 he dimensions of the fibre were
measured using an optical microscope and revealsate diameter of 1.am and a

variation in strut length of between 316 to 6.5um (Figure 5.15(a)).

Figure 5.15: Cross-sectional images of (a) Ge-doped SC-HF ahdhé resultant high-index

region following collapse of the holes using fusgpilicing equipment.

The relatively short length of fibre obtained pretdd any quantitative measurement of
the transmission characteristics, although attergpb launch solely into the designated
core proved difficult. A length of SM600 fibre (MFB®4.3um) was used to couple
white-light into the SC-HF whilst the output frorhet fibre was monitored with a
microscope and camera. However, in only a few layrasitions was the light guided
predominantly in the core but still without sigodint coupling to the outer Ge-doped
ring. This was attributed to a high confinementsiakie to the length of the struts

supporting the core of the SC-HF, which were on§/8n at the shortest point. The
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guidance properties of the fibre were also analys®dg light sources with operating
wavelengths of 633 nm and 1550 nm, but with theeseesault.

A small length of fibre (T0265) was collapsed usiPxgpgram 3 (see Table 5.3) on the
fusion splicer and then cleaved within the solidtie&. Figure 5.15(b) shows the end-
face of the illuminated fibre with the formed higtdex region clearly visible. The solid
Ge-doped core is approximated as being circulah aitdiameter of 13.8m. The
ability to collapse the holes in a SC-HF for thegmse of enclosing a gas sample whilst
still retaining a large high-index guiding sectismot believed to have been previously
reported. It is believed that the construction fadl-fibre index-guiding gas cell using
Ge-doped SC-HF will be significantly simplified Wwitthis approach. Unfortunately
there was insufficient fibre obtained from the driowvallow further investigation, but
demonstration of this concept will be the subjdduture work.

5.4  Summary

In this chapter, the fabrication of a silica SC-HBs been presented that uses a
straightforward drilling technique to define theefurm [2]. The simplicity of the fibre
geometry allows long lengths to be drawn with malifongitudinal variation, and the
high-air filling fraction structure makes it ideaBuited for evanescent-field sensing.

Characterisation of the SC-HF revealed a backgrolos$ of 0.33 dB.m (at

A = 1550 nm), which is comparable to other smalkecdtF structures [24]. The
measured loss spectrum of the SC-HF also exhilstezhg absorption bands in the
near-infrared region that corresponded to OH iamghe glass, with a calculated
concentration of ~300 ppm. The evaluated impurigaswot believed to originate from
the starting material but instead derived fromegitadsorbed OH ions in the preform
prior to the drawing, that subsequently diffusetb ithe glass at high temperatures, or
surface adsorbed OH from the atmosphere preseingdehiaracterisation [25].
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The modal properties of SC-HF were studied usingernical simulations based on an
outline of the core shape taken from a SEM micrplgraThe fraction of light
propagating in the air-cladding of a fibre was ased using different core sizes. In a
fibre with a core diameter of 1.2 um, the overlafhwhe air-cladding was predicted to
be 11.5 %, which increased to almost 30 % for allemaore size of 0.8 um (at
A = 1550 nm). This result places the SC-HF aboveratidex guiding fibres available
at the time as having the highest predicted coréenaverlap.

The large structural air holes in SC-HF, and thghHraction of light that propagates
within them, makes the fibre an ideal platform $ensing applications. This capability
has been demonstrated using acetylene gas. Thetduam a high resolution tuneable
laser source was used to successfully resolvehacteristic absorption lines between
A = 1520 and 1545 nm in a fibre loaded witfHg gas. These initial experiments were
then extended to realise an all-fibore SC-HF gakvdeich showed good stability over a
time period of 72 hours. To construct the gas tteWas necessary to controllably
collapse the holes in the SC-HF and splice it taveational solid core fibre. A splicing
loss of around 2 dB was achieved during this omeraivhich compares to Tse et al.
who report a splice loss of 1.3 dB between smaikddF and commercial solid core
fibre. More investigation is therefore needed toeasin the exact loss incurred when
splicing SC-HF and methods in which to reduce ti$s.|

Finally, a novel fabrication method for a smalleoGe-doped SC-HF has been
demonstrated, which retains a large high-indexreéobre following collapse of the air
holes. The target application is again an all-figas cell, where a chemical sample can
be straightforwardly trapped in the holes of thediby intentionally collapsing the air-
cladding using a commercial fusion splicer. Thiprapch simplifies the process of
constructing a gas cell and it is believed thatftdrened Ge-doped central region will
facilitate low-loss splicing to transmission fibréhe fabrication route was successful,
however, most of the fibre obtained was distorted as such limited characterisation
could be performed.
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Chapter 6

Flat Fibre

6.1 | ntr oduction

In this chapter, a fabrication technique for anirelyt new type of fibre is presented,
which has been calleflat fibre. Flat fibre exploits conventional Modified Chemilica
Vapour Deposition (MCVD) and optical fibre drawitgchnology to produce a novel
planar optical substrate into which waveguidingrefeds can be written using direct
ultraviolet (UV)-writing [1]. Flat fibre is fabrided by depositing photosensitive glass
layers on the inside of a silica substrate tubeclvhs subsequently collapsed flat
geometry and drawn into planar geometry. The mbtmabehind the work was to
combine the advantages of multifunctional planaticap circuits with the scalable
nature of the optical fibre drawing process to dtgvea new platform for optical

devices.

Optical planar devices, such as couplers, splitigaselength filters etc., are normally
defined in thin layers of doped glass that havenbeeposited on a silicon wafer.
Although the fabrication techniques for these typésptical components are well-
established, the devices that are produced ammaittly constrained by the size (and
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even the rigidity) of the initial silicon substrate contrast, flat fibores can be produced
in long lengths that are sufficiently thin that tinaterial is mechanically flexible.

The first section in this chapter provides an owwof planar glass fabrication and
waveguide writing, specifically flame hydrolysispesition and direct UV-writing. The
introduction is necessary in order to outline thiemart in planar waveguides, as well
as convey the reasons for developing flat fibre ampreciate its merits. The
experimental section then begins with a descriptérhow flat fibre is fabricated.
Optical waveguides have been demonstrated in pHgsioped flat fibore samples
(which were UV-written by others) and the transmisgroperties are reported. A more
detailed analysis of the fabrication process istheesented, which examines how the
processing conditions affect the geometry and gtamsiposition of the resultant
material. In relation to the obtained optical logsecific characteristics of the core layer

are examined and ways to improve on the resultdiaceissed.

The unique properties of flat fibres, in terms lodéit extended lengths and mechanical
flexibility, are discussed in the final subsectiarthe context of optical sensing. Owing

to the overwhelming interest in the flat fibore ceptby members of the Optoelectronics
Research Centre (ORC), device realisation usingfilee has been studied by other

PhD students. An overview of this work and theipr&lary results are reported.

6.2  Maotivation and planar waveguide technology

In 1969, Steward E. Miller first shared his revautry outlook for an integrated
optical platform that combined multiple optical gpoments on a single planar substrate
[2]. His vision was to replace the existing bulktiogl components that were
individually susceptible to the effects of temparatand vibration, with a single device
that was inherently more stable. Forty years aegirated optical devices have become
ubiquitous in modern day optical telecommunicatg&ystems, and play a vital role
alongside optical fibres.
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Integrated optical circuits consist of an arrayvwdveguiding channels that route,
discriminate, and modulate optical signals, analsgto the electrical signals in a
microelectronics integrated circuit (IC). Integiht@ptical devices are also fabricated in
a similar way to ICs, using a combination of phibholgraphy and reactive ion etching
(RIE), and sharing some of the economic benefitt dre afforded by the well-

established semiconductor industry. The fabricapoocess for a planar optical circuit
entails several individual processing steps whrehshiown schematically in Figure 6.1.

uv
photoresist
core layer (n,)
under-cladding
layer (n,)
(where, n>n,) photomask
>
substrate
a) Deposit silica b) Spin-coat with c) Expose resist
glass layers photoresist through mask
developed high-index
photoresist core
over-cladding
layer (n,)
[ (where n;=n,)
buried
waveguide
d) Develop and e) Etch unprotected f) Deposit over-
remove resist core material cladding layer

Figure 6.1: A schematic of the processing steps involved ibri¢ating a buried optical

waveguide using photolithgraphy and etching.

The fabrication of a planar waveguide circuit begwith the deposition of silica glass
layers on a silicon wafer using a Chemical Vapoep@sition (CVD)-based process,
such as flame hydrolysis. An optical under-claddimdirst deposited, followed by a
second glass layer which is doped with germanium) (® increase its index of
refraction and which ultimately forms the core bé twaveguide. The glass surface is
then spin-coated with a thin layer (a few micromsk) of photoresist, on to which the
predetermined waveguiding pattern is imprinted fyyosure to UV radiation through a
photomask. After the photoresist is developedatieas that were shielded from the UV
light are chemically washed away. RIE is then usedemove all core glass material
other than that protected by the photoresist. inah over-cladding glass layer, with
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the same refractive index as that of the underdatay is deposited on top of the

exposed structure to form the buried waveguideutirc

The processes of photolithography and etchingdbri¢ating integrated optical circuits
is well established technology, and is capablerofipcing multiple devices on a single
substrate wafer to an exacting specification. AMback to the process, however, is that
any alteration to the waveguiding layout require=sating a new photomask; a task that
requires extensive cleanroom equipment and a ceradite time investment. In the last
decade, an alternative method of defining opticaveguide channels, without the need
for a photomask, has emerged, and is known astdw®ewriting [3]. Direct UV-
writing uses a short-wavelength laser beam focussed photosensitive glass layer to
induce a localised refractive index change. Duiimgdiation, the glass substrate is
translated relative to the laser beam and the peedeed waveguide pattern is traced
out. Direct UV-writing is ideally suited for rapjorototyping of waveguide devices, and
its software-driven apparatus allows any designngba to be implemented in a
straightforward manner. Furthermore, by substitutine single-spot laser used in the
traditional UV-writing setup for two overlapping dms, Bragg gratings can be
simultaneously written into the waveguiding chanimeh single step [4]. Direct UV-
writing is an integral part of realising opticalwiges in flat fibre and is explained in

more detail in subsection 6.2.2.

Within a production environment, many aspects efdlass deposition and waveguide
fabrication processes described above are semiatgo to increase the yield and
reduce operating costs. However, neither flamedlydis nor photolithography can be
classed as scalable in the same way as optical rilanufacture. For example, in optical
fibre drawing, glass can effectively be drawn inieély as the total obtainable length
simply scales proportionately with the preform dnsiens. Similarly, the volume of a
preform produced using MCVD can be scaled up bgygusi larger substrate tube and
depositing more glass layers. However, the numlbgslanar devices produced in a
single fabrication run is determined (and limitég)the size of the substrate wafer and
the onset of optical loss in the waveguiding ch#ifethe component density is too
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high. These inherent fabrication differences betwagtical fibore and planar devices are
not generally viewed as restrictive, as each isandgd as a separate technology
designed to satisfy a particular demand i.e. lemgths of low-loss transmission media,
or multifunctional optical waveguiding circuits. theless, an optical platform that
possesses both of these qualities has the potdatiakalising unique waveguiding
devices.

The aim of the work presented in this chapter wasxplore ways in which to combine
the scalable nature and advantages of the fibrevinigaprocess with the inherent
functionality of planar technology. Flat fibre isetresult of that work [1], and exploits
MCVD and optical fibre drawing equipment to generaixtended lengths of doped
planar material into which waveguiding channels ¢@nwritten using direct UV-

writing (see Figure 6.2). The entire process igiehtly scalable, including the use of
UV-writing in which it is only the physical movemerange of the translation stages
within the setup that determine the length of thanmels that can be written. Flat fibre
fabrication is therefore well suited to a product@r manufacturing environment as the
process, including drawing and waveguide writing) ©e run continuously in exactly
the same way as conventional fibre drawing. Unl&eFHD process, where the
deposition area is restricted by the size of thiewahe size of the flat fibre (i.e. length)
is simply increased by increasing the glass volwhehe preform. It can also be
envisaged that the waveguide writing process cdddintegrated into the drawing

tower and performed during the draw to mass produdéple optical devices [5].

By using MCVD to deposit the core layers in fldir&, the developed process has the
capacity for creating glass layers with a lowerslafan can be achievable by
conventional planar methods, as well as allowingsieperior control over the layer
uniformity and composition for both passive andiv&ctconstituents. Flat fibre also
possesses many of the individual merits of plamal aptical fibre technologies. A
simple comparison between these three formatsowrshn Table 6.1. The categories

have knowingly been chosen with a bias towardsfitae, as well as some positive
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assumptions being made about its potential los®peance, but only to reinforce the
motivation behind the work.

Flat fibre Direct UV-writing
UV Laser

Produced by collapsing flat a
hollow glass tube that has a
core layer deposited by

MCVD

Substrate is translated
relative to laser - maximum
substrate size depends

y only on the stages used

Photosensitive
planar layer into
which waveguides
are written

Waveguides -
straight, s-bends
nd Bragg gratings

Dimensions depend
on draw-down ratio -

thinner glass is more N,
flexible. “;{\5

Figure 6.2: Flat fibre concept. Depiction of optical waveguidevices being written into a
sample using direct UV-writing.

Capabilities of waveguide Planar Optical fibre  Flat fibre
technology waveguide
devices

Extended size/lengths x v v
Coupling of waveguides (e.g. Y-splitter)v’ x v
Low optical loss (dB.r, or better) x v v
Scalable process for substrate/preform x v v
Scalable process for devices/fibre v v v
Passive and active devices v v v
Mechanically flexible x v v
Cleave to size/length (i.e. no polishing) x v v

Table 6.1:A summary of the properties of planar, opticatdiband flat fibre formats indicating
their relative capabilities.

The targeted application for flat fibre is initialbptical sensing. The flexibility of the
glass, and the ability to incorporate Bragg gratinlgiring waveguide writing, means
that flat fibre could be used to detect mechangtaéss and strain [6]. In other

applications, ‘windows’ could be introduced intadplengths of UV-written flat fibre
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samples to expose the core light and produce difunad evanescent-field sensor in a
qguasi-distributed arrangement. Both of these casceppresent devices, that are
impractical to fabricate using rigid planar devices conventional optical fibre

technology, and are discussed further in subse6ti®b.

6.2.1 Fabricating planar glass substrates

The optical performance of a planar waveguide dépesn the quality of the initial
substrate glass. The glass layers should possesghadegree of thickness and
compositional uniformity, and be of sufficientlywooptical loss within the wavelength
range of interest. In the context of silica fibebfication, the low-loss core layers are
achieved in the preform through the use of MCVDe Elquivalent deposition processes
used for creating planar glass layers are Plasrharieed Chemical Vapour Deposition
(PECVD) [7] and Flame Hydrolysis Deposition (FHC3].[ An overview of FHD is
given here, both to provide a more complete pictafeplanar silica deposition
technology, as well as to reinforce the advantaglesising MCVD for flat fibre
fabrication. Furthermore, FHD is the process culyamsed for planar glass deposition
within the ORC.

Precursors H Ar O

Torch movement
Soot
S|I|con particles  turntable

Wafer rotates

@

Figure 6.3:(a) Schematic of the flame hydrolysis depositioncpss and (b) a photograph of the

equipment in use during the deposition stage.

Flame hydrolysis is the fundamental reaction in imgkfibre-preforms via Outside
Vapour Deposition (OVD) and Vapour Axial DepositiBhAD). The chemical reaction
has been recognised for many years, but it wasunok the early 1980s that flame
hydrolysis was adopted for planar glass depositiorthe format now known as
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FHD [9]. FHD involves injecting halide precursor paars directly into an oxy-
hydrogen torch where they undergo a chemical r@ac¢t produce fine silica particles
that are directed towards a flat substrate (seer€i§.3). The low-density soot that is
deposited is then sintered inside a high tempezaturmace to form a glassy layer.
Many discrete layers are built up in this way widpeated deposition and sintering
cycles. The final composition of the glass is colted by the dopant flow rates used
during deposition.

The substrate material on to which the glass layefSHD are deposited is normally
silicon, rather than silica, owing to its availatyilat a low-cost and with a high planarity
as a result of the demands from the microelectsomdustry. This format is known as
silica-on-silicon (Si@Si). Before any actual glass deposition takeseplacthermal
oxide is grown on the silicon wafer to improve didhesive properties for the soot, and
alleviate the effects of the difference in therregpansion properties between silicon
and silica. The surface of elemental silicon rgadxidises, and exposing the wafer to a
high pressure oxygen-rich environment at a tempegadf ~1000 °C for a period of
several hours is sufficient to develop a thermadl@x few microns thick [7].

The fabrication of buried waveguides, such as thdlssstrated in Figure 6.1,
necessitates three (or more) distinct regions: rademrscladding, a core, and an over-
cladding. These regions are deposited, in turntopnof the thermal oxide, with each
layer being fully sintered before depositing thextnene. The composition of the
cladding and core is governed by the concentratid®iO,, GeQ, P,Os and BOs in the
glass. Both the silica under- and over-claddingedayare doped with boron and
phosphorous, and a similar glass refractive indexthat of undoped silica (i.e.
n=1.459) is targeted. The primary reason for fipooating BOs and BOs is to
significantly reduce the melting point of the oxjolarticles and facilitate sintering of the
soot at a lower temperature than would be possiiite pure silica. The core region will
include the addition of GeQto increase its refractive index relative to thadding

layers, and the final thickness of the glass laydrbe around 5 — um depending on
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the application. The concentration of germaniunthi& core layer will depend on the
application, but the refractive index increase vbé in the region of 0.5 26(Ais

defined as (&re- Nad)/Ncore fOr weakly-guided waveguides).

The dopant vapours that are delivered to the torainate from a source material in
the same manner as described in Chapter 2 forrmusors used in MCVD. These
vapours can derive from a solid, liquid, or gasrseuand be either organic or inorganic
in nature. The chemicals used in the FHD systerhiwithe ORC are: Sigl GeCl,
PCk and BC}. The latter compound is gaseous at room temperathiist the former
chemicals are bubbled from a liquid source. Witthia flame of the torch the dopant
vapours undergo complex chemical reactions witkeatioxidation occurring at high
temperatures, and hydrolysis being the dominanttioea below ~1200 °C [7]. The
balanced chemical reactions in the case of silietiachloride are written below [7].

SiCly + O, — SiO, + 2Cb (6.1)

SiCl, + 2H0 — SiO, + 4HCl (5.2

In addition to the concentration of dopant vaposediduring deposition, a number of
physical factors will affect the morphology of tdeposited soot (and resultant glass),
such as the torch design and placement, as wehleatuel and carrier gas flow rates
[10]. The sintering conditions will also affect tkeyer characteristics. For example, a
furnace temperature that is too high will causeasht to evaporate from the surface,
whilst an incorrect ramp rate may result in therfation of defects. Understanding the
effects of the various process parameters is paratrfor producing high-quality planar
layers using FHD. With optimised conditions, thdraetive index and thickness
variation is ~1 % and the typical waveguide losa mermanium-doped Si(3i layer is
around 0.02 dB.cth[11].
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6.2.2  Waveguide definition using direct UV-writing

Direct UV-writing is a single-step process for d@fg optical waveguide circuits in
planar glass samples and was first demonstratadygrmanosilicate planar sample by
Svalgaard et al. [3]. Unlike photolithography aridheng techniques, UV-writing does
not require the use of a photoresistive layer, @tqrhask, or a second glass deposition
step to encase the formed waveguide. Instead, mapment refractive index change is
made in the pre-fabricated glass structure throexgosure to a focussed argon-ion
laser beam operating &t= 244 nm. The substrate is translated relativéhéoUV light

to produce the desired waveguide layout, whichamarsist of both straight and curved
channels. The entire process is computer contralieblcomplex designs can be written

with very high precision.

In order to induce a refractive index change in ¢iass, the UV-writing process
exploits the photosensitivity that is exhibited byme materials. The glass sample
typically consists of a three-layered structurehwat germanium-doped silica layer
(=5 pum thick) sandwiched between an under- and overdatgd The exact mechanism
responsible for the index change in germanium-dogksds is beyond the brief
overview provided here, but is associated with cisfevithin the silica glass matrix that
lead to germanium oxygen-deficient centres (GOD@hen irradiated by UV light,
these defects are affected in such a way that abemic bonding is modified, causing a

localised refractive index change.

The extent to which the refractive index is chandadng UV irradiation will depend
on the amount of GODC in the glass, which will gase with the germanium
concentration. The index change will also dependhenlaser power and the energy
transferred to the sample, and this exposure istdigal by the Fluencd;, measured in
kJ.cmi®. The fluence relates the translation speed ofsthsstrate «) with the power
density () and spot sized) of the laser, and is expressedlas @) / v. The index rise of
UV-written waveguides can be as high as 0.02 [1joagh an order of magnitude

lower than this is more typical.
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Direct UV-writing has been researched at the OR#&c#ically the Planar Optical
Materials Group, for many years, and its develognhas led to a technique known as
Direct Grating Writing (DGW) [13]. DGW is an exteom of direct UV-writing that
enables channel waveguides and Bragg gratings tdefieed simultaneously. By
focussing two crossed laser beams on a single tepoteate an interference pattern,
intensity profile is created in the sample. Thetigrais then produced by translating the
substrate whilst modulating the laser on and othdinat the substrate is displaced by a
distance equal to the period of the interferenash éane the laser is on. If the laser
output is kept constant whilst the substrate igersed then the interference pattern is
averaged out and a straight waveguide is produtled.DGW equipment within the
ORC has been used (by others) to inscribe the wadeg and gratings in the flat fibre
samples that are reported in the following section.

6.3  EXxperimental work

The virtues of flat fibre lie in the combination afnovel fabrication route and existing

waveguide writing technology. As each part is dinli$ process, they are addressed
here separately in the first two subsections. Stilmse 6.3.1 presents the fabrication
process developed for flat fibre, whilst subsecto8.2 reports on the characterisation
of direct UV-written flat fibre samples. This expaental work was undertaken prior to,

and continued shortly after the Mountbatten firee(sAppendix C.1), and was

predominantly to provide a proof of concept [14libSections 6.3.3 and 6.3.4 then
report on the work undertaken to further understiwedabrication requirements for flat

fibre and the findings are discussed in relatiotht previously obtained measurement
results from the UV-written waveguides. Finally smbsection 6.3.5, an overview of the
device work conducted by others on optical sensirfat fibre is provided.

Owing to the disruption of the Mountbatten fire,yaof the described fabrication

process details refer to the MCVD system and optfdae drawing equipment
available at the time the work was carried out. Sterable optimisation of the off-site
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equipment was needed to continue research effamd, consequently numerous
preforms and fibres were fabricated. A selective &ee reported in this chapter in order
to convey the necessary results, whilst the fudriation list is shown in Appendix B.4.

It should be noted that all fabrication and charasation work reported here on flat
fibore was completed by the author, and any assistdmat was provided by others is
clearly disclosed. The UV-writing of all flat fiboreamples, however, was kindly
undertaken by the Planar Optical Materials groug ianparticular benefited from the

committed efforts of Dr. Rafiq Adikan.

6.3.1 Flat fibrefabrication

The process developed for fabricating flat fibrgoilves two stages. The first stage
involves depositing silica layers on the insidedircular glass tube using conventional
MCVD equipment. A high-quality SUPRASIL-F300 (Heuse Germany) glass
substrate with low hydroxyl (OH) ion impurity wasead in most cases and enabled
direct comparisons to be made with conventionakfjreforms regarding the material
loss, as well as exhibiting a high transparencthatwavelength used for UV-writing.
The F300 substrate tube was subjected to the gssaphase etching (using sulphur
hexafluoride) and flame polishing preparation stepsfore several undoped silica
cladding layers were deposited. The core layer wan doped with a high
concentration of germanium to increase its photsiseity and therefore its response to
UV irradiation. The deposition process was haltéerathe core layer had been
deposited, with the tube remaining uncollapsed.

The second stage of the fabrication process wasnsfer the glassware to an optical
fibre drawing tower (see Figure 6.4). The uncokappreform was then drawn down to
a mm-scale using the mini-capstan whilst the atimerspinside the tube was held under
vacuum. A dedicated vacuum system was built fog ghirpose which allowed the
pressure inside the tube to be regulated betweeand -1000 mbar, relative to
atmospheric. The drawing conditions were firstht I¢o stabilise without any

differential pressure inside the tube until a dacwcapillary with the correct dimensions
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was achieved. This was verified under an opticarosicope. The atmosphere inside the
tube was then evacuated to initiate tube collaps@eriod of several minutes was

sufficient for the tube to collapse, as shown iguFe 6.4(b).

Vacuum
pump
=

Time =0
Vacuum =0
(Circular tube)

Circular tube Vacuum
‘preform’
Mini- (o) Flat fibre
capstan | v
° Several
minutes

@ (b)

Figure 6.4:(a) lllustration of a circular tube (preform) beidgawn into flat fibre, and (b) cross-

sectional images of the glass as it gradually de$dnto a planar geometry.

It was found that the drawing process remainedlestabhce the vacuum pump was
initiated and continued indefinitely without any asereable deviation in the geometry
of the flat fibre. The uncoated flat fibre was @ub ~1 m lengths for ease of handling.
The cross-sectional dimensions of the flat fibrpafeled on the size of the starting
substrate and the associated preform feed and capstan speed. A standard
20x 16 mm tube typically produced flat fibre with outtmensions of ~% 1 mm and
was achieved using feed and draw speeds in thee rahd — 5 mm.mirt and 0.25 —
1 m.min*, respectively (see Figure 6.5(a)). The core théslsndepended on the layer
thickness deposited in the tube initially, but with single Ge:Si layer, and the
aforementioned scaling-down ratios, the final theess was typically around 5 -pih.
This was chosen to match the spot size of the slesequently used for writing the

waveguide.

By using a standard sized glass tube measuring Zmm, and the aforementioned

range of drawing conditions, a huge variation iordi dimensions was possible. For
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convenience, the early experimental work focussethe standard sized substrate, and
the largest flat fibre samples obtained were apprately 4x 2 mm, limited by
manageable feed speeds during fabrication (i.e. rbOmint). By using a larger
diameter starting tube and, if necessary, a furmatie an increased internal bore, it is
anticipated that the maximum achievable size ofefibould be increased (which is
investigated further in subsection 6.3.4). Howevee, overall thickness of the material
will affect its mechanical flexibility, and the ga will become more rigid as its
dimensions increase. Therefore, smaller fibre dsimaTs may be preferable for certain
applications. The unique flexibility of flat fibne shown in Figure 6.5(b).

Photosensitive layer

Figure 6.5:(a) Cross-sectional image of flat fibre showing tippical dimensions and shape. (b)

lllustration of the mechanical flexibility of fldibre.

6.3.2  Waveguidewriting and characterisation

Most planar waveguide circuits, irrespective ofitlscemplexity, are composed of three
distinct types of waveguides: splitting and cougplianctions, wavelength selectivity
channels through the inclusion of a Bragg gratarg] interconnecting waveguides that
can be straight or S-bends. A myriad of opticalcfions can be realised using a
combination of these fundamental elements, arsltihese basic components that have

been demonstrated in flat fibre to exemplify it$guaial [1].
Multiple waveguide channels have been UV-writtengermanium-doped flat fibre

samples (FO764) using DGW equipment. Both straagitt Y-splitting channels were

defined in 50 mm long samples. Bragg gratings ved¢se defined in flat fiore samples
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with a designed Bragg wavelengthp) and period A) of 1550 nm of 529.37 nm,

respectively. The UV-written waveguides were imagaul characterised using a
dedicated setup that was assembled to combinechategeable light sources and
detectors for both alignment and measurement pag)dor conciseness, Figure 6.6
shows the complete array of components, includiogée used for the material and loss

measurements reported later in this subsection.

Flat fibre sample

(4-axis manipulator) SMF28 Power

/Graded meter

! [
| Launch L Sample ! | Collection |
1
| 1 | |
1 HeNe ! I | Power I
I | (\=633nm) i1 Camera : I ot meter IR !
I O I : and monitor Ll objective : camera |
I —> - _ | IGE ,,,,,,,,,,,,,,,,,,, 70— !
I SME28 I Translation | | I
I LD or 1 stages I Folding :
! | (= 1550 nm) SMB0O 1y 4 ¥ ——= I mirror |
: = : ! >— : : Monitor |
| | : =) 11 |
[ ASE I I osa | |
I | (A ~ 1550 nm) 3dB Iy Il !
| : coupler : | N i :
| 11
| ¥ Ll |
I : | | :
| |
| ! |

Figure 6.6: Experimental setup used for imaging and charaiteyiflat fibre and UV-written
waveguide samples. All apparatus are illustratad, those components categorised as ‘launch’

or ‘collection’ were interchangeable dependinglomrequired measurement.

Central to the experimental setup was a 4-axistation stage which held the flat fibre
sample and incorporated positional adjustmentspftoth and yaw. A fibre-coupled
He-Ne laser was used for alignment purposes, wdocitd be interchanged with a laser
diode or amplified spontaneous emission (ASE) ssu perform near-infrared
measurements without disturbing the launch conaktioThe launch fibre was butt-
coupled to the flat fibore sample and alignment \a@fed by a magnifying camera
mounted above the sample. An index matching gel wgasl to improve the coupling
efficiency. The waveguides were imaged using eitheisible or infrared (IR) camera,
depending on the light source being used, and sittemeasurements were recorded
using an optical spectrum analyser (OSA) or oppocaler meter.
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Figure 6.7(a-c) shows images of the UV-writtenigtraand splitting waveguides in flat
fibre samples FO764, illuminated with visible £ 633 nm) and IRN = 1550 nm) light.
The waveguides are visible as bright spots in thetral core layer, although it is
evident that light is also being guided in the higtlex layer due to non-optimised
launch conditions. Figure 6.7(d) shows the refléceectrum from a UV-written Bragg
grating obtained with assistance from Sumiaty Amlaad using the ASE source and a
3 dB coupler. The Bragg wavelength,) of the grating is related to the period and the
effective refractive index of the mode.¢nhby 2Ane. The peak reflection of the grating
was measured on the OSA as 1555.38 nm, equatiagrg@ of 1.469. Therefore, the
refractive index contrastAq) of the UV-written waveguide, with respect to apdd
silica (taken as 1.445 at= 1550 nm) is 0.024. This figure, however, inclsidee index
rise from the germanosilicate core layer in théiahpreform, which has been inferred
from that of another preform (LNOOO5) fabricatedhwsimilar conditions as ~0.019.
The resultant index modulation from the UV-writiisgtherefore 0.005.

-65
(@)
€ -70 |
Single waveguide m
t
2 75
7]
c
0]
Y-splitter j= 80 |
- —— _85 | ; . |
Y-splitter A =1550 nm 1520 1530 1540 1550 1560 1570

Wavelength (nm)

Figure 6.7:End face images of transmitted light from flardtsamples (a) straight channel, and
(b-c) Y-splitting channels. (d) Reflected spectrinom a UV-written Bragg grating.

In a conventional Si®Si planar waveguide, the optical loss is not gasdtablished
using a cut-back measurement in the same way &=biibre. Instead, the propagation
loss is determined by butt-coupling standard simadele fibres (SMF) to the input and
output facets of the waveguide and comparing thasomed transmission to that of the
directly coupled SMF-to-SMF. The subtracted losguife, however, is heavily
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dependent on the quality of the polished facets ted coupling efficiency to the
waveguide. Therefore, a total throughput (i.e. SM#veguide-SMF) loss value is
guoted, which is deemed acceptable given that gtead device will normally be
connectorised with optical fibres.

Flat fibre can be cleaved easily by hand usingrami knife, and, as the core layer is
in the centre of the glass, the UV-written waveguidmains unaffected. Using this
method, a true loss measurement of the waveguidebeamade by systematically
cutting-back the sample to ascertain the transchpiaver per unit length. This method
was applied to a 50 mm long flat fibore sample (FD7@&ith a single UV-written

channel. A SMF from the ASE laser source was dagtdb the waveguide by Dr James
Gates in order to provide a fixed launch positiangd the power output from the flat
fiore was recorded using both free-space opticswall as a butt-coupled fibre

measurement. For the free-space measurement, thiegwde was firstly imaged

through an objective lens and an adjustable irt® @m IR viewer. The lens position
was then adjusted whilst viewing the waveguidelenrhonitor until focussed, and the
aperture of the iris was then reduced to resthetdollected light to only that of the
waveguide. Once positioned, the objective lensaamdera position remained fixed and
a flip-back mirror redirected the light exiting tlilat fiore sample onto a large-area
power meter. The intensity value was then recowdéd both the free-space and fibre-
coupled arrangement, and repeated after progréssiuéting back the glass sample.
The results are shown in Figure 6.8 and a linegression has been applied using

software.

The calculated waveguide loss from the free-spadefiare-coupled measurements of
the flat fibre sample are 0.3 dB.¢rand 0.4 dB.cm, respectively. Both of these values
are higher than the propagation loss reported @ literature of 0.2 dB.cth (at

A = 1.54pm) for a Ge:Si UV-written Si:Si@sample [15]. The higher loss measured in

the flat fibre is believed to be a result of normsed conditions used for the UV-
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writing. The contribution to the

loss from the cogéass material has also been

measured using the same cut-back technique, aesgasted below.

10
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— Linear fit (free-space)
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Figure 6.8: Propagation loss of UV-
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Figure 6.9: Material loss in the core

layer of a flat fibremgale, measured using a cut-back

technique (inset: image of the illuminated corestdy

A cut-back loss measurement was performed on an#@0long flat fiore sample

(TO059). The core dimensions were ~806um and the glass had not been subject to

any UV-writing. To provide a fixed launch positiaifie sample was pigtailed to SMF

by Dr. James Gates. The light at 633 nm) exiting the flat fibre was captured on a

large-area detector via an adjustable iris. Thesomegnent results are presented in
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Figure 6.9, and the calculated loss was 0.01 dB.chhis value is lower than that
obtained by Tandon et. al of 0.02 dB:tiior an optimised FHD deposited glass layer
(i.e. buried waveguide) [11] and suggests thatptlexiously measured waveguide loss
was a consequence of the non-optimal writing camabt A material loss of
0.01 dB.crit obtained for the flat fibore sample is, howevernsiderably higher that
expected from a glass prepared using MCVD. Theipidigsof scattering losses arising

from a non-uniform dopant distribution in the cag@xamined in the next subsection.

6.3.3 Properties of the deposited core

To produce a UV-written waveguide with a high refrge index contrast, it is essential
that the substrate glass exhibits a high degrgehofosensitivity. The intensity of the
UV absorption band centred on=244 nm has a linear dependence on the molar
fraction of GeQ in the glass, and so its photosensitivity cantieaced by increasing
the germanium concentration [7]. The gemanosilicate layer in flat fibre is doped
using an MCVD process, and as such a dopant caatient of up to ~30 mol% is
possible [16]. In contrast, SMFs used for telecomication purposes comprise of
~3 mol% of germanium. There is no recognised mdtricphotosensitivity, however,
based on reports in the literature, a @e@ncentration in silica of around 5 — 10 mol%
is appropriate for UV-writing [3, 7]. This value wahe basis on which most of the flat
fibres were fabricated.

The molar fraction of Gefin silica glass can be inferred from its indexrefraction.
Therefore, as the dopant concentration in MCVDasegned by the ratio of Sicand
GeCl}, in the tube during deposition, by measuring tHeactive index of the resultant
glass, the precursor flow rates can be equateldet@&eQ concentration. To determine
the amount of Ge that was needed in the core ofidhdibre, a series of conventional
preforms were fabricated and their refractive ingesfiles (RIP) compared to the
precursor flow rates that were used during coresiéipn. GeCJ:SiCl, ratios of 0.5:1,
1:1, 2:1, and 3:1, were used for preforms L300130007, L30010, and L30013,
respectively. The ©flow rate was maintained at 600 ml.mjnand the burner
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temperature used during deposition was between 1@&md 2025 °C. The RIPs of the
preforms were measured using a PK2600 Preform Zeal{fPhoton Kinetics, US) and
the refractive index contrast as a function of $@CkL vapour flow was plotted (see
Figure 6.10).
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Figure 6.10:Measured (average) core refractive index of prefot 30011, L30007, L30010 and
L30013 as a function of Gef$iCl, vapour flow rate. Right-hand axis: equivalent GeO
concentration as given by [17].

The measured data agrees well with that reporte@duyyanov et al. [16], including the
linear fitting that has been overlaid on the graphe relationship between refractive
index and oxide addition is reported by Huang eashAn = 0.148x mol% [17] and has
been added on the right-hand axis to the graphigor& 6.10. Therefore, it was
concluded that a volumetric ratio of >2 for the Ge8ICl, flow rates was required to
achieve a Ge®concentration in the deposited glass of betweerll8 mol%, which

was deemed necessary for successful UV-writingpirfibre samples.

Although GeQ is added to silica glass to increase its photasehg the associated
index rise is not necessarily desirable. In FHDrobhois added to the core layer to
reduce its refractive index and ensure it closeltames that of the surrounding layers.
This results in a waveguide with a more symmetriasden field, and minimises the
coupling loss when connected to standard optiba¢ fj18]. Boron, in the form of £

in silica glass, has a molar refractivity Ah =-0.0375% mol% [19] and is readily
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available in MCVD systems with a BBiprecursor. Furthermore, boron co-doping
enhances the photosensitivity of silica glass, arths been reported that in a fibre
containing ~16 mol% of GeOthe UV-induced index modulation is increased by
7 x 10 [20].

Flat fibres have been fabricated (T0384) from aohocro-doped germanosilicate
preform (G30168) produced using conventional MCVBuipment. The preform
contained three layers that were deposited usi@,, SseCl, and BBg precursor flow
rates of 100 ml.mih, 200 ml.mif*, and, 100 ml.mif, respectively. The burner
temperature was 1800 °C and the carriage travpessiavas 150 mm.miin The RIP of

a flat fibore sample drawn from the preform was mead using an S14 Profiler (Photon
Kinetics, US). The index rise in the core was 0,00B8ich compares to an anticipated
index rise in the absence of boron of 0.008. Usimgmolar refractivity for GePand
B.Os; quoted above, the calculated oxide additions &b fibre sample T0384 are
5.4 mol%, and 13.3 mol%, respectively. Optical waudes have been UV-written in
these flat fibore samples and have shown an enhandest modulation compared to
those without boron co-doping. Work is ongoing t@uatify these preliminary findings.

A consequence of doping silica with high concemirat of either Ge®@or B,Os is an
increase in the thermal expansion coefficient ef gfass. In flat fibre, the equivalent
over- and under-cladding regions are formed bysihea substrate tube, and as such
some mismatch with the core is inevitable. The edédhce between the thermal
expansion coefficients of the deposited core aedctadding tube is a function of the
dopant concentration in the core, and can be eduttea weight factor of the
incorporated constituent [21]. The contributionsnfir GeQ and BOs; can be expressed
in the units of °C.mol', and are reported as 0.X10’°C.mol* and
1.8x 107 °C.mol*, respectively [22]. Using these values, the thérmepansion
mismatch introduced into preform G30168 as a resuthe contributions from GeO
and BO; was calculated as ~810° °C™. Flat fibre was successfully drawn from this

preform (i.e. TO384) immediately after fabricatiamwever, the following day the
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remaining glass tube had developed visible cracktie deposited layer. It was found
that generally glass layers deposited using higbgaf GeCJ or BBr; vapour to SiCJ
vapour (i.e. 5 or more) were prone to cracking.maost cases, the glass preform
appeared unaffected immediately after deposition dateriorated over a period of
hours. These findings imposed a practical uppet lom the dopant concentration that
could be used in flat fibre using the current tegha.

As well as an increase in the thermal expansiomatich, the addition of Ge(and
B»Os has another undesired effect for flat fibre; aucthn in the melting point of the
glass. In FHD samples, this change is essentialhgduce the sintering temperature of
the deposited soot particles to below that of heos wafer substrate (i.e. 142C).
However, in MCVD, high working temperatures (i.2080°C) are unavoidable and
often lead to the preferential evaporation of dépdrom the silica, causing the well
known ‘central dip’ in the RIP [16]. Techniques ®txio limit this effect, such as over-
doping or pre-etching of the core before the fisehl pass [23], but none of these
treatments are appropriate for flat fibre fabricatas the collapse stage is performed on

the drawing tower.

Figure 6.11:(a) Cross-sectional image of UV-written channeleguide in flat fibre sample
FO764, and (b) magnification of the waveguiding@agshowing evidence of a central dip in the

deposited layers and the non-uniform illuminatiamnf the core.

Figure 6.11 shows the cross-sectional image of awdien waveguide in flat fibre
sample FO764, illuminated with a He-Ne laser. lespa of the core light under high
magnification revealed that the intensity distribntwas not uniform and there was
some evidence of a central dip (see Figure 6.11{h¢se guiding characteristics may
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have contributed to the measured waveguide lossilisection 6.3.2. The depletion of
dopants from the central core region is symptonmaiticollapsing a glass tube at high
temperature, and is undoubtedly accentuated bydtieced pressure inside the tube
during the flat fibre drawing process. By usingowér furnace temperature, it may be
possible to reduce the severity of the central diperhaps lessen its apparent effect by
increasing the number of core layers in the prefsonthat the require draw-down ratio

is increased.

6.3.4 Fibre drawing parameters

The size and shape of flat fibre is determinedheydrawing conditions. As the glass is
drawn uncoated, the main process variables ardorpmefeed rate, capstan speed,
furnace temperature, and the relative pressurelanthe tube. The effect that these
parameters have on the final geometry of the fibas investigated and the findings are
discussed below.

Substrate tube Flat fibre

‘ Idealised — -
collapse <_~> I L,
o) = =

D,

Figure 6.12:Depiction of a circular substrate tube and thalided shape when reshaped into a
flat profile.

The flat fibre drawing process involves feedingrraudar glass tube into the furnace of
a drawing tower at a constant rate. The tube iseently collapsed into a flat profile
(aided by a reduced pressure inside the tube)rensize of the glass exiting the furnace
is determined by the speed of the capstan. Fopaineose of modelling, the drawing
process has been considered as two separate stagestial collapse of the glass tube,
and its subsequent reduction in size, i.e. scalmgn factor. The first stage is shown in
Figure 6.12 and depicts a circular tube flatteméd an idealised shape. The dimensions
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of the flattened tube have been defined a4, andL,, and are related to the circular
tube by equations (6.1), (6.2) and (6.3), respebtivFor the purposes of simplicity, the
core thickness has been approximated as zero.

L. :gx D, (6.1)
L,=D,-D, (6.2)
L, :[7—27-XD2J+(D1—D2) (6.3)

The dimensions of the drawn fibre are dictatedHgyrate at which the glass is fed into
the furnace, and the speed of the capstan, anglated by the conservation of mass as
explained in Chapter 2. By defining a scaling-ddfactor, the dimensions of the flat
fibore can be predicted for a given tube size ushmgequations above. This has been
done for 3 different sized substrate tubes anddhkalts are shown in Figure 6.13. The
findings suggest that a huge range of flat fibreesiare possible by selecting the
appropriate scaling-down factor. However, in pi@sticertain constraints were placed
on the allowable values. For example, it was fothad a capstan speed of >5 m.thin
became unmanageable owing to the need to cutaks gl hand at regular intervals. A
capstan speed <0.2 m.rifirwas also problematic, and failed to produce sieffic

tension in the fibre, even when the furnace tentpesavas relatively low.

Similarly, practical limitations also applied toetipreform feed rate. A feed speed that
was in excess of 9 mm.mirncaused the draw to become unstable, owing to libet s
resident time of the glass in the furnace and auffitiently formed neck-down region.
However, no issues were found with feed speedfetidwer end of the scale, and
values of 0.1 mm.mih or less were possible. The restrictions imposedtactical
issues are indicated by a greyed region in Figut8.6
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Figure 6.13: Flat fibre dimensions as a function of scaling-dofactor for starting tubes

measuring (a) 28 19 mm, (b) 20« 16 mm and (c) 18 12 mm. The greyed region signifies

scaling-down factors that are impractical usingdheent equipment.
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The effect of furnace temperature and applied vacon the collapse of the tube has
also been investigated. In conventional prefornmidalion, the surface tension effects
in the glass at high temperatures act to collapsetiibe in a symmetrical manner.
Creation of the planar geometry required for fibtd, however, requires a negative
differential pressure between the inside of thesgltube and its exterior. At high
furnace temperatures, it was found that even a stodifferential pressure of a few
millibar (mbar) was sufficient to initiate planaolapse of the tube. The extent of the
collapse was influenced by the magnitude of thdieggwacuum, as well as the furnace
temperature. It was important to understand thativel impact of these changes and

establish whether the geometric calculations ptesepreviously are valid.

Two independent drawing trials were performed oQ&fuality (Heraeus, Germany)
silica tubes to examine the effect of furnace terapee and applied vacuum (the
nominal diameter was 2016 mm, although there was a slight variation iantkters
which is apparent in the results). In the firsaltria differential pressure of -10 mbar,
(relative to atmospheric) was maintained insidetthe whilst the furnace temperature
was varied from 2020C to 2140°C. In the second trial, the furnace temperature was
kept constant at 202 whilst the applied vacuum was varied from O t0 rdbar
(relative to atmospheric). Glass samples were exagniafter making incremental
changes, and the average wall thickness was mehssirgg an optical microscope. The
results are shown in Figure 6.14 and Figure 6.15.

The results indicate that an increase in eitherfalneace temperature or the applied
vacuum is sufficient to deform the circular tubadas accompanied by an increase in
the wall thickness of the glass. For the sizesibés tested, either an increase in furnace
temperature of 14€C, or a reduction of the internal pressure by 4@mwmas sufficient

to produce flat fibre. The resultant increase il Wackness, however, was different in
each case. Increasing the vacuum in order to cdlgpe fibre increased the wall
thickness by 45 %, compared to 23 % for an incr@aslee furnace temperature. These

186



Chapter 6 Flat Fibre

findings need to be taken into consideration whaouating the required preform feed

and capstan speeds.
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Figure 6.14: Examining the effects of tube collapse with constdifferential pressure and
varying furnace temperature. (a to f) Selected s=sestional images showing the extent of

collapse, and (g) a plot of the measured wall tigsls.
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Figure 6.15: Examining the effects of tube collapse with constiurnace temperature and
varying applied vacuum. (a to f) Selected crossiseal images showing the extent of collapse,

and (g) a plot of the measured wall thickness.

6.3.5 Sensing devices using flat fibre

The main application identified for flat fibore wagptical sensing. It was envisaged that
extended lengths of flexible glass substrates cbeldsed for quasi-distributed sensing,
with functionality enabled through the inscriptiasf densely-packed UV-written

waveguides and Bragg gratings. In a quasi-distethsensing, or point-sensing scheme,
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the optical waveguide incorporates multiple nodest tare sensitive to a localised
change in the environment. These changes are ddtbgt either an alteration to the
properties of the waveguide (normally via a Bragaftigg), or through direct interaction
with the evanescent-field. Evanescent-field sensitgch was introduced in Chapter 2,
involves partially exposing the propagating wave that it can interact with its
surroundings. To realise a flat fibore sensor, dyproach requires the silica over-
cladding to be removed at regular intervals to ml®wdetection ‘windows’ through
which the evanescent-field can be accessed. Altiduly device realisation was not
within the aims of this thesis, the preliminary weowards a flat fibre sensor has begun

and the progress so far is summarised below.

Chemical etching and RIE techniques have both baplored to selectively remove the
over-cladding from flat fibore samples, with varyidggrees of success. The associated
problems were: efficiently masking off the areagtdss to be etched, and etching the
over-cladding to the correct depth with sufficieaicuracy. Chemical etching of a flat
fibore sample was explored using hydrofluoric (HE)daOwing to the aggressive nature
of HF, very few materials were found that were retyi resistant to its effects, and
screening a specific area for etching proved difficWwax was found to be the most
promising material and also adhered well to thegkurface. A flat fiore sample was
partially coated in wax and SMFs were connectedatth end of sample to enable the
etching progress to be monitored by measuring itte throughput. The attempts to
chemically etch the sample were mainly unsuccesahd issues relating to the surface
tension of the liquid, which prevented ‘wetting’ thfe sample, and evaporation of the

acid were experienced.

Preliminary trials were conducted using RIE to ciely remove regions of the over-
cladding in flat fibore samples. Glass samples, d mim in length, were masked by
hand using Kapton tape to leave multiple exposedlows, each with a size of around
500x% 100um. The depth of the core in these particular sasnpias ~25um from the

surface. The RIE equipment was operated by Mr. Ne#sions, and several etching
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runs were performed on flat fibres using variougetidurations. Unlike the experiments
with HF acid, where the etching progress was moaitaontinuously, RIE relied on
establishing an etching rate. After processing,sihe and depth of the etched windows
was measured using a P16 Surface Profiler (Omnidd¢éh Depths of between 12
and 29um were achieved and the calculated etch rate wiagn@.min’. From these
early studies, it is believed that RIE is capabfeachieving the micron accuracy
required to selectively etch the over-claddinglat fibres to a specific depth.

As RIE is not practical for removing glass thaséveral tens of microns thick, the over-
cladding of the flat fibre needs to be minimisetlisTcan be achieved by depositing a
thicker core layer, which subsequently requireggadr scaling-down factor, or using a

thinner-walled substrate tube initially. Reducihg bver-cladding thickness in the final

fibre is also possible, and the Planar Optical Malegroup have pursued this approach
using mechanical polishing. A flat-fibore sample v&ide-polished on one edge to gain
access to the evanescent-field of a UV-written \gaige. The initial results show that a
wavelength shift in the peak reflection of a Braggting was detectable when the
sample was exposed to a refractive index liquichef1.3 compared to that of air

(n=1) [24].

Bragg gratings are inherently sensitive to chamgasrain and temperature and can thus
be used for sensing applications. A change in gr@g@ of the grating can be detected,
either through the flexing of the waveguiding mediar a difference in its expansion as
a result of a temperature change. These typesngbsg have important applications in
monitoring the structural health of buildings angupment. The first results of a
bending and twisting sensor using the flat fibratfolrm have been demonstrated by the
Planar Optical Materials group [6]. The findingsveal a proportional relationship
between the mechanical flexing of the sample ardiibasured wavelength shift of the
Bragg grating. These preliminary results, and thagmrted above, demonstrate the

potential of flat fibre sensing devices and furtfesearch in this area is on-going.
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6.4 Summary

This chapter has reported on the fabrication podéesa novel flat fibre platform. In

combination with direct UV-writing, flat fibore prades a new type of planar glass
substrate into which waveguides and Bragg grataagsbe defined in order to produce
unique optical devices. The successful fabricabérgermanosilicate and boron co-
doped flat fiore samples has been demonstratedJafdritten waveguide channels

have been characterised.

The propagation loss of a UV-written optical wavielgun a Ge:Si flat fibre sample has
been measured as <0.4 dBtmsing the cut-back method. It was acknowledged tha
this value is higher than that reported by Svaldatral. [15] of 0.2 dB.cih and the
discrepancy was attributed to non-optimised UV-wgitconditions. However, a more
recent measurement of the loss in a B:Ge:Si flaefreveals a figure of 0.12 dB.¢m
[25]. The material loss in a (non UV-written) fi#re sample was also measured using
the cut-back method, and the result of 0.01 dB.dsnlower than that reported for an
optimised FHD glass sample [11].

The core deposition and fibre drawing processedldbrfibre have been investigated
with respect to the resultant dopant compositioth #lore geometry. Properties of the
core glass, such as its refractive index, photasehgs and thermal expansion
coefficient, have been investigated and the degsayameters were discussed. Practical
limits were observed with regards to the maximurpaid concentration that could be
attained, and non-uniformity was observed in tHemination from a UV-written
waveguide highlighting the detrimental effects ohigh dopant concentration. The
drawing parameters were investigated and it wasvshmow they influence the final
size and geometry of flat fibre. A basic geometnadel was derived to calculate the
range of flat fiore sizes that were possible uding current equipment, and also to
understand the practical limitations on the glass and flexibility.
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The primary device application for flat fibre wagtical sensing. It was envisaged that
the unique attributes of flat fibre could be uglisfor producing functional waveguiding
circuits on a substrate that was not constrainedehbgth or rigidity. As the work
presented in this chapter mainly focussed on thedation technique and a proof-of-
concept, the majority of the device implementati@as conducted by the Planar Optical
Materials group. This preliminary work was summeadisDuring the development of
flat fibre there was also intense interest fromeothesearchers and institutions. In
particular, the work presented in subsections GaBd 6.3.2 is being continued by the
University of Malaysia to explore the potential dpgtions for flat fibre technology
[26]. Furthermore, the work on flat fibre has gexted commercial interest and has led
to a European patent which has now been licended [5

6.5 References

1. A.S. Webb, F.R. Mahamd Adikan, J.K. Sahu, Rtdnd@sh, C.B.E. Gawith, J.C.
Gates, P.G.R. Smith, and D.N. Payne. "MCVD plandistrates for UV-written
waveguide devicesElectronics Letters43(9): 517-519, (2007).

2. S.E. Miller. "Integrated optics: IntroductiorBell Syst. Tech. J48(7): 2059-
2069, (1969).

3. M. Svalgaard, C.V. Poulsen, A. Bjarklev, andRoulsen. "Direct UV writing of
buried singlemode channel waveguides in Ge-doplerh dilms". Electronics
Letters 30(17): 1401, (1994).

4. G.D. Emmerson, C.B.E. Gawith, 1.J.G. SparrowB.RWilliams, and P.G.R.
Smith. "Physical observation of single step UV-terit integrated planar Bragg
structures and their application as a refractivdein sensor"Applied Optics
44(24): 5042, (2005).

5. A.S. Webb, M.F.R. Adikan, J.K. Sahu, C.B.E. GawP.G.R. Smith, and D.N.
Payne,Method of fabricating a planar substrate having ioat waveguides
(Patent Number WO2008035067), 2007.

191



Chapter 6 Flat Fibre

6. S. Ambran, C. Holmes, J.C. Gates, A.S. Webb, 3&hu, and P.G.R. Smith.
"UV-written Bragg gratings in a flat-fiber platforms a bending and twisting
sensor." inConference on Lasers and Electro-Optics Europe andn@um
Electronics Conference, May 22 - 26, Munich, Germ#2§11).

7. [.J.G. Sparrow. "Development and applicationsUd written waveguides".
Optoelectronics Research CentRhD Thesis, (2005).

8. Y. Wu, H. Xin, L. Zhang, Z. Zhuo, Y. Yu, W. ZhgnG. Liu, and Y. Zhang.
"Fabrication of planar optical waveguide materialsilicon by flame hydrolysis
deposition." inProceedings SPIE - Optoelectronics, Materials, andifes for
Communications, Chin&51, (2001).

9. M. Kawachi, M. Yasu, and T. Edahiro. "Fabricatiof SiO2-TiO2 glass planar
optical waveguides by flame hydrolysis depositideléctronics Letters19(15):
583-584, (1983).

10. S.P. Watts. "Flame hydrolysis deposition of tpeensitive silicate layers
suitable for the definition of waveguiding struasrthrough direct ultraviolet
writing". Optoelectronics Research CentRhD Thesis, (2002).

11. P. Tandon and H. Boek. "Experimental and theale studies of flame
hydrolysis deposition process for making glassesftical planar devicesd.
Non-Cryst. Solids317(3): 275-289, (2003).

12. M. Svalgaard and K. Faerch. "High index conttdgtwritten waveguides." in
European Conference on Integrated Optics (ECIO'05gn@ble, France522-
524, (2005).

13. G.D. Emmerson, S.P. Watts, C.B.E. Gawith, Vbahis, M. Ibsen, R.B.
Williams, and P.G.R. Smith. "Fabrication of dirgctUV-written channel
waveguides with simultaneously defined integral dgragratings".Electronics
Letters 38(24): 1531-2, (2002).

14. M.F.R. Adikan, A.S. Webb, C.B.E. Gawith, J.Git€s, J.K. Sahu, P.G.R. Smith,
and D.N. Payne. "First demonstration of direct UYitien Bragg gratings in
collapsed fobre planar samples."38nd European Conference and Exhibition
on Optical Communication ECOC, Cannes, Fran@®06).

192



Chapter 6 Flat Fibre

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

M. Svalgaard and M. Kristensen. "Directly UVitten silica-on-silicon planar
waveguides with low lossElectronics Letters33(10): 861-863, (1997).

A. Gur'yanov, M. Salganskii, V. Khopin, M. Butm and M. Likhachev.
"GeO2-rich low-loss single-mode optical fiberdhorganic Materials 44(3):
278-284, (2008).

Y.Y. Huang, A. Sarkar, and P.C. Schultz. "Retship between composition,
density and refractive index for germania silicasges"J. Non-Cryst. Solids
27(1): 29-37, (1978).

D. Zauner, M. Svalgaard, and M. Kristensen.réEily UV written silica-on-
silicon planar waveguides with low insertion loss.Proceedings of the Optical
Fiber Communication Conference, Feb 22-27, San 108e149-150, (1998).
L.G. Van Uitert, D.A. Pinnow, J.C. Williams,d..Rich, R.E. Jaeger, and W.H.
Grodkiewicz. "Borosilicate glasses for fiber opticsaveguides".Materials
Research Bulletin8(4): 469-476, (1973).

D.L. Williams, B.J. Ainslie, J.R. Armitage, Kashyap, and R. Campbell.
"Enhanced UV photosensitivity in boron codoped garasilicate fibres".
Electronics Letters29(1): 45, (1993).

S. Yoo, A.S. Webb, A.J. Boyland, R.J. Standidh,Dhar, and J.K. Sahu.
"Linearly polarized ytterbium-doped fiber laser @& pedestal design with
aluminosilicate inner claddinglaser Physics Letter8(6): 453-457, (2011).
N.P. Bansal and R.H. Doremittandbook of glass propertieAcademic Press.
(1986).

S. Hopland. "Removal of the refractive index diy an etching method".
Electronics Letters14(24): 757-759, (1978).

C. Holmes, F.R.M. Adikan, A.S. Webb, J.C. Gae8.E. Gawith, J.K. Sahu,
P.G.R. Smith, and D.N. Payne. "Evanescent fielgisgnn novel flat fiber." in
Conference on Quantum Electronics and Laser Sciemmc#e@nce on Lasers
and Electro-Optics, CLEO/QELS, San Jose, CA, Unitest(2008).

S. Ambran, H.L. Rogers, A.S. Webb, J.C. Gdiedlolmes, P.G.R. Smith, and

J.K. SahuA loss comparison of flat-fibre and silica-on-silicdirect UV written

193



Chapter 6 Flat Fibre

26.

waveguides using a novel Bragg grating measuremehnigue in Photon 10
2010: University of Southampton, Southampton.

F. Mahamd Adikan, S. Sandoghchi, W. Chong, RipSon, M. Mahdi, A.
Webb, J. Gates, and C. Holmes. "Direct UV Writtepti€al Waveguides in
Flexible Glass Flat Fiber ChipsSelected Topics in Quantum Electronics, IEEE
Journal of PP(99): 1-1, (2011).

194



Chapter 7 Conclusions and Future Work

Chapter 7

Conclusions and Future Work

7.1 | ntr oduction

The aims of this thesis have been met throughekeldpment of four novel fabrication
techniques for silica preforms and fibres. Detafishe techniques have been described
and example fibre devices have been demonstratedcl@ions from the work are
provided here and the possible directions for ittegsearch are outlined based on a

continuation of the current themes.

7.2  In-situ solution doping technique

An in-situ solution doping technique has been dgyedl for producing multilayered
rare-earth (RE)-doped preforms suitable for fibasel applications. A geometrical
model of the layer deposition process was derivedrder to calculate the fabrication
requirements of preforms with complex refractivdar profiles (RIP). The influence
that the substrate tube dimensions and precursarrtites had on the final preform RIP
were established, and the implications of thesdirips was experimentally verified.
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The potential of the in-situ solution doping teajue for producing multiple RE-doped
layers was demonstrated with a large-core fibréablé for large-mode area (LMA)
applications. The fibre comprised of ten Yb-dopaygels which was, at the time of
fabrication, limited only by a gradual collapsetire substrate tube during the high-
temperature sintering passes. However, with cowtvel the internal tube pressure, as
is now possible on the current MCVD system, it xpexted that tens of RE-doped
layers can be achieved. Theoretical calculatiorglipt that a in-situ solution doped
preform core diameter of around 5 mm is entirelggiole in a reasonable timescale.
Any further scaling of the diameter is likely to lmited only by practical issues, such
as time constraints, or the diminishing return epasiting multiple layers (i.e. each
layer that is deposited contributes less to theallveore diameter than the previous

layer).

The geometrical model was implemented when fabngaselectively-doped pedestal
RIP preforms. These consisted of an Yb-doped cock an aluminosilicate (Al:Si)
inner-cladding, which was favoured over germanceié (Ge:Si) or phosphosilicate
(P:Si), and produced a glass preform which wasdoteto post-processing. This unique
approach was exploited for fibre structures thatueed a non-circular inner-cladding.
More investigation is needed to assess whetherviagudhe circular symmetry of the
inner-cladding can enhance the pump absorptioniefity, although it is expected to
be important in fibres with a larger inner-claddidgmeter. Future work relating to
pedestal RIP fibres will be based on a P:Si hastgyfor the Yb-doped core in order to
mitigate possible photodarkening effects at higivgrs. Soot layers that are P-doped
are more sensitive to the burner temperature thae gilica, and further optimisation
will be required, but the lower sintering temperataf the soot will allow an increased

number of layers to be deposited without signifidaibe collapse.

196



Chapter 7 Conclusions and Future Work

7.3  Chemical-in-crucible process

The vapour-phase deposition of RE ions in fibrefgoras has been demonstrated using
a novel chemical-in-crucible (CIC) process. Modifions were made to the standard
MCVD setup which allowed the dopant precursor seu@ be situated within the
substrate glassware and transported directly tadhetion-zone in the vapour-phase.
Yb-doped preforms with a concentration of up toORS, ppm (by weight) were
achieved using an organometalic Yb(TRIS) precurBassively-doped preforms were
fabricated using AlG| and a maximum concentration of 16.5 mol% wasea@u using

a crucible temperature of 190 °C. Characterisatibtine Al:Si fibres is still required to
ascertain the optical loss and OH impurity.

The optical loss measured in fibres doped usinglRb§) was found to be higher than
expected at near-infrared wavelengths, and theivela low purity of commercially
available Yb(TRIS) was cited as a possible causgh&r work will examine the use of
alternative precursors, and in particular, anhydrgtterbium chloride (YbG), which
was identified in subsection 4.3.3. The intrindicdbw vapour pressure of Ybgl
(10 kPa at 1000 °C) will require the chemical tohsated to several hundred degrees
Celsius to produce sufficient vapour. Preliminamyrkvhas begun on a high temperature
crucible design and early trials suggest that tgh temperature regime that is required
can be implemented into the current CIC setup. Bxyntal work is on-going to assess
whether the vapour from precursors such as Yl@&h be transported efficiently to the
substrate tube without condensing and oxidisingnatarely.

Further studies on Yb-doped P:Si preforms will adgplore the use of an Al:Si inner-
cladding to achieve a pedestal RIP which is toletapost-processing of the glass. This
will necessitate dual heated crucibles inside thesyvare so that the vapour from AJCI
and Yb(TRIS) can be delivered simultaneously.
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7.4  Suspended-core holey fibre

A straightforward fabrication technique for prochgisilica suspended-core holey fibre
(SC-HF) has been presented. Using computer siroalatihe air-filling fraction of the
fabricated fibre was predicted to be up to 30 % facore size of 0.8m). The high
overlap of the propagating light with the air-holeas employed to demonstrate gas
sensing using the SC-HF, and an all-fibre acetyféleel gas cell was realised. The
difficulties in splicing SC-HF to conventional slcore fibre were overcome and the

methods used are reported.

A novel fabrication technique for Ge-doped SC-HFswaso presented. The fibre
exhibits the same high air-filling fraction as thedoped SC-HF, and the structure is
achieved by defining the holes within the core sagof a doped preform. The fibre
features a small-diameter core, but upon collajp$keeoholes it retains a larger diameter
high-index region that is compatibility with cont@mal solid core fibre. A sample gas
can be straightforwardly trapped in the fibre bymionally collapsing the air-cladding
using a commercial fusion splicer. Although, onlfea short lengths of Ge-doped SC-
HF were produced, due to the preform cracking dutime drilling process, future
research will continue this work using an Al-dogedform which should be tolerant to
ultrasonic drilling. The preform will be fabricataditially using the in-situ solution
doping technique, and a ~5 mm core will be targeféw merits of a SC-HF with a
doped core will be demonstrated by constructingalfibre gas cell and testing its

long-term stability.

7.5 Flat fibre

A novel fabrication route has been presented fodpcing extended lengths of planar
glass substrates using MCVD and conventional filo@awing equipment. In
combination with direct UV-writing, flat fibore carbe used as a platform for
multifunctional waveguiding devices that are meatally flexible. Straight and
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splitting waveguide channels as well as Bragg ggatihave all been demonstrated in
flat fibre samples that have a highly-doped Gedgec

The fabrication issues and considerations pertgitonthe photosensitivity of the core
layer were discussed, as well the physical dimewssad flat fibre that can be currently
drawn. In particular, those areas relating to tbmmosition of the core glass will be
investigated as part of future work. These includehancing the photosensitivity
through optimisation of B- and Ge-doping, incregdine aspect ratio of the flat fibre to
enlarge the usable area for UV-writing, and refv@cindex matching of the deposited
layer to that of the undoped silica cladding to oy compatibility with conventional

optical fibre.

The potential of flat fibre for sensing applicatowas discussed, and the progress in
realising an evanescent-field sensor was summaridedconcept of a long flexible flat
fibre sensor with detection ‘windows’ distributeld@g the length and integrated optical
waveguides circuits was envisaged, although thssnad yet been realised. Preliminary
trials to introduce detection windows in flat fiosamples have been conducted using
reactive ion etching (RIE). This method appearbdm suitable way to remove a few
tens of microns of silica glass over-cladding waihh accurate control over the etch
depth. This route will be followed in future woiks well as methods to reduce the over-
cladding thickness of the flat fibore samples. Illwaiso be necessary to reduce the
waveguiding loss to allow long lengths of flat Bbsamples to be used. This will be
addressed primarily through optimisation of the W¥ting parameters.
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Appendix B

Fabrication Summary

B.1 Chapter 3

The table below details the full list of fabricatpceforms and fibres pertaining to the
experimental work on in-situ solution doping regadrtin Chapter 3. (For brevity, the

dopant solutions containing AIECH,O or YbCE.H,O are abbreviated to Al and Yb,

respectively, and unless otherwise stated, ar®ldes in 200 ml of methanol. Where

multiple layers were used, the solution concerdretor each layer is detailed and refers
to an un-doped silica soot unless stated as béiogghosilicate, P:Si).

Preform  Target Number Core dopant Number Inner-cladding Fibre
number  preform of core  solution of inner-  dopant solution number

profile layers cladding

layers

L30089 Process test 2 49 Al/l2g Yb - - TO117
L30096 Graded 3 49 Al/2.2g Yb - - T0130

index 4q Ali2.2g Yb

4g Al/l2.49 Yb
L30097 Pedestal 1 20g Al/dg Yb 3 45¢g Al T0134
(450 ml)

211



Appendix B Fehtion Summary
Preform  Target Number Core dopant Number Inner-cladding Fibre
number  preform of core  solution of inner-  dopant solution number
profile layers cladding
layers
L30102 Graded 4 2g Alllg Yb - - T0150
index 3g Alllg Yb
4g Al/1g Yb
5g Al/llg Yb
L30108 Processtest 1 6g Al/ldg Yb - - TO174
(P:Si)
L30133 Large core 3 1g Al/lg Yb - - T0193
L30135 Pedestal 1 10g Al/3.6g Yb 1 10g Al -
L30152 Large core 10 2.5g Al/l25g Yb - - -
(1000 ml)
L30153 Large core 3 2.5g AILI - - -
2.5g YbC}
(1000 ml)
L30154 Large core 10 2.5g Al/l25g Yb - - T0215
(1000 ml)
L30163 Pedestal 1 12g Al/Ag Yb 5 12g Al T0240
T0244
T0251
L30169 Pedestal 1 169 Al/4g Yb 5 16g Al No
(failed) preform
L30171  Processtest 1 169 Al/4g Yb 5 169 Al No
(failed) preform
L30172 Processtest 1 10g Al/2g Yb - - T0257
L30182 Pedestal 1 12g Al/4g Yb 2 15g Al -
L30183 Pedestal 1 12g Al/4g Yb 5 15¢g Al -
L30184 Pedestal 1 12g Al/4g Yb 14 15g Al T0283
T0285
L30186 Soottemp 1 12g Al/4g Yb - T0296
comparison
L30187 Soottemp 1 12g Al/4g Yb - - T0297
comparison
L30190 Bismuth 1 0.8g ByO3 - - T0298
oxide (200 ml HO)
L30196 Vertical 1 12g Al/4g Yb - TO308
comparison
L30200 Multiple 10 12g Al/4g Yb - TO313
soots and
soakings
L30202 Multiple 5 12g Al/4g Yb - TO314
soots and
soakings
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Preform  Target Number Core dopant Number Inner-cladding Fibre
number  preform of core  solution of inner-  dopant solution number
profile layers cladding
layers
L30206 Processtest 1 49 Al/l6g Yb - - T0316
(P:Si)
L30207 Processtest 5 12g Al/dg Yb - - T0319
L30208 Multiple 1 49 Al/6g Yb - - TO0321
doping (P:Si)
L30219 Pedestal 1 12g Al/4g Yb 7 20g Al -
L30222 Multiple 1 12g Al/4g Yb - - T0344
doping T0345
L30223 Pedestal 1 129 Al/4g Yb 5 20g Al T0349
L30225 Pedestal 1 12g Al/4g Yb 5 20g Al TO361

(Fibres were drawn with the assistance of Mr. RoB&ndish)

B.2 Chapter 4

The table below summarises the preforms and fifadescated using the chemical-in-
crucible process. (The crucible type (A, B, C orrBlers to those shown in Figure 4.4,
and the process flow rates of Si@hd POG, in ml.min®, are abbreviated to Si and P,

respectively, for conciseness).

Preform  Fibre Crucible Dopant Reagents Remarks
number  number temperature®C) precursor flow (sccm)
and type

L30083 - 377 (A) Al(TRIS) Si No conclusive index
(200) rise

L30085 - 210 (A) Al(TRIS) Si No conclusive index
(50) rise

L30094 T0124 343 (A) Yb(TRIS) P:Si -

TO0137 (100:100)
L30099 - 284-409 (A) YbGH,O/ Si To confirm theory
AICI;3H,0 (200)

L30101 T0145 228 (A) Yb(TRIS) P:Si White core
(50:25)

L30104 T0169 284 (A) F:Yb(TRIS) P:Si White core
(200:25)

L30105 - 199 (A) Yb(TRIS) P:Si Vapour ignited
(100:25)
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Preform  Fibre Crucible Dopant Reagents Remarks
number  number temperature®C) precursor flow (sccm)
and type
L30110 T0168 332 (A) Er:Yb(TRIS) P:Si Vapour ignited.
(100:25) White core
L30114 TO171 230 (A) AlIGI Si Partially white core
(100)
L30156 T0216 235 (B) Yb(TRIS) P:Si White core
(200:50)
L30157 T0220 400 (A) BiGlI P:Si -
(200:100)
L30159 T0221 20% (B) Yb(TRIS) P:Si Blue colouring in
(600:300) core
L30168 T0246 230 (D) Yb(TRIS) P:Si -
w/o fb (500:200)
L30193 T0299 200 (D) Yb(TRIS) P:Si -
TO300 (450:150)
TO383
L30194 T0302 250 (D) Yb(TRIS) P:Si -
TO303 (450:150)
T0327
L30258 A0003 170 (D) AICkL Si -
A0067 (200)
L30259 A0004 140 (D) AlGI Si -
(200)
L30260 - 190 (D) AlC] Si -
(200)

(Fibres were drawn with the assistance of Mr.dRbBtandish)
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B.3 Chapter 5

The table below lists the capillaries and fibrdwritzated in Chapter 5. All details were

included in the chapter itself but are repeateé f@r completeness.

Capillary Substrate Drilling Capillary Remarks

number glass parameters diameter

F0595 HLQ-210 rod r=2.5mm 1.5mm First proof-of-concept capillary
18 mm dia. dsep= 0.5 mm

Fo648 F300 rod r=4mm 1.9 mm Reduced outer wall thickness
20 mm dia. Osep= 0.5 mm

T0252 Ge:Si preform r=15mm 1.5mm Glass cracked significantly
(LIEKKI) Osep= 0.5 mm during ultrasonic drilling
15 mm dia.

T0256 F300 rod r=2.25mm 1.2 mm Establishing process parameters
15 mm dia. Osep= 0.3 mm on new equipment

Fibre number Cladding tube Capillary  Fibre Remarks

used diameter

F0597 F300 F0595 ~12%um Initial proof-of-concept SC-HF
8.5x 3.2 mm

F0656 F300 F0648 ~125%im Exploring pressurisation to expand
8.5x 3.2 mm strut length

F0753 F300 F0595 ~125%im Process optimisation
6.9x 3.5 mm

F0793 F300 F0595 125um Draw of SC-HF for characterisation
12x 4.8 mm and analysis

T0257 CFQ T0256 125um Establishing process parameters on
8x4.2 mm new equipment

T0262 CFQ T0256 125um Establishing process parameters on
8x 4.2 mm new equipment

T0265 F300 tube T0252 125um Draw of Ge:Si core capillary
8x4 mm

"all/partially lost in fire, fabricated post-fire
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B.4 Chapter 6

The table below lists the capillary and fibres aigihg to the experimental work

presented in Chapter 6.

Capillary Substrate Drilling Notes

number glass parameters

*G2046 ORC lathe 2 Ge-doped tube preparation 3leyees
Ge:Si=10:1

*F0651-G2046

*LN0O025

*FO0673-LN0025

*LN0O028

*FO764-LN0028

L30007
L30010
L30011
L30013
Draw-0f-G30000

Draw-0f-G30000

G3003

Draw-0f-G30003

G30004

G30005

G30006

ORC 5m tower

ORC lathe 2

ORC 5m tower

ORC lathe 2

ORC 5m tower

Temp Lathe 3
Temp Lathe 3
Temp Lathe 3
Temp Lathe 3
Temp 12m tower

Temp 12m tower

Temp Lathe 3

Temp 12m tower
Temp Lathe 3
Temp Lathe 3

Temp Lathe 3

Investigation of drawing

parameters

Ge-doped tube preparation

Investigation of drawing

parameters

Ge-doped tube preparation

Investigating the codlap

sequence

Ge-doped calibration preform
Ge-doped calibration preform
Ge-doped calibration preform
Ge-doped calibration preform
Investigation of temgture and

vacuum

Investigation of faca

temperature

Ge-doped tube preparation

Investigation of whltkness at
low temperature

Investigating deposited layer

thickness

Ge-doped tube preparation

P-doped tube preparation

216

Furnace = 2050 °C
Applied vaccum
0 to -100 mbar

16 yers
Ge'Si=1:1
Furnace = 1990 °C

Applied vacuum
-10 mbar

8 tayers
Ge:'Si=2:1
Pre-core collapse
Furnace = 1970 °C
Applied vacuum
-15 mbar

Ste 11

Se 2:1

:S20.5:1

Se 3:1
Furnace = 2020 °C

Applied vacuum
0 to -60 mbar

Furnace = 2020 to 2140 °C
Applied vacuum
-10 mbar
3lapees
Ge:Si=21
Pre-core collapse

Furnace = 2000 °C and
below

3 core layers

Ge:Si=21
&lagers

Ge:Si=21

2lapees
P:Si=21
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Capillary
number

Substrate
glass

Drilling
parameters

Notes

Draw-0f-G3005

G30007

G3009

Draw-o0f-G3007

G30010

Draw-0f-G3010

G30012

Draw-of- G30012

G30021

T0059-G30021

G30024

T0065-G30024

G30168

L30093

T0129-L.30093
T0268
T0384

Temp 12m tower
Temp Lathe 3

Temp Lathe 3
Temp 12m tower

Temp Lathe 3

Temp 12m tower

Temp Lathe 3

Temp 12m tower

Temp Lathe 3

Temp 12m tower

Temp Lathe 3

Temp 12m tower

Temp Lathe 3

Temp Lathe 3

Temp 12m tower
Temp 12m tower
Temp 12m tower

Investigation of dnagvi
parameters

Ge-doped tube preparation

Collapsing tube on lathe
Draw of flat fibre 1dW-writing

Furnace = 2020 °C

Slagers
Ge:'Si=2:1
Various

Applied vacuum
-10 mbar
Feed = 8.4 mm.mih

Ge-doped tube preparation (thir2 core layers

wall)

Samples for UV-writinigls

P-doped tube preparation

Investigation ofvdrey
parameters

Ge-doped rube preparation

Draw of flat fibre tv-writing
and cut-back measurement

Investigation of thick P-doped
core

Draw of thick P-dopsmbt

Boron co-doped trials

Trial of collapsing on lathe

Draw of drilled preform
Draw of milled preform
Draw of boron co-doped tube

Ge:Si=21
Applied vacuum
0 to -20 mbar
Furnace = 2040 °C
6lapees
P:Si=21
Applied vacuum
0 to -20 mbar
Furnace = 2045 °C
Slagers
Ge:Si=21
Pre-core collapse
Applied vacuum
-30 mbar
Furnace = 2060 °C
10 core layers
P:Si=21
Pre-core collapse
Applied vacuum
-35 mbar
Furnace = 2060 °C
3 corerla
B:Ge:Si=1:2:1
care layers
Ge:Si=21
Furnace = 2070 °C
Furnac2000 °C

pliéd vacuum
-25 mbar
Furnace = 2030 °C
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Appendix C

Fire Related | ssues

C.1 Mountbatten building fire

In October 2005, a major fire at the UniversitySduthampton devastated the ORC’s
facilities and the Mountbatten building. The clemm area that housed the silica
optical fibre fabrication equipment was entirelystteyed, along with the preform and
fibre samples stored within. The measurement laboes and offices, included those
used by the author, were also badly damaged anydwibee subsequently demolished
together with the rest of the building.

Following the fire, work promptly began to re-howtaff and students, and temporary
buildings were erected adjacent to the ORC heatgysamproviding over a 100 people
with much needed office and laboratory space. TiheaS-ibre Fabrication group was
fortunate enough to be offered the use of cleanrtamitities at an off-site location, and
by June 2006 the ability to fabricate preforms ditdle was restored. Both these
locations remained home to the author, and theafetste Silica Group members, until
the new Mountbatten building was complete and rebea the cleanroom complex

could resume in June 2010.

219



Appendix C Fire Related Issues

Although the author’'s PhD studies continued ater Mountbatten fire, the event had a
significant impact on the research activities. aample, not all of the equipment
previously used was accessible until very receatlg as such the research directions
and topics followed were largely dictated by thaikble resources, which may be

reflected in the thesis. The key issues that weceuntered are summarised below.

1) All preform and fibre samples fabricated by @nghor prior to October 2005
were lost in the fire. Consequently characterisatibsome samples, particularly
those fibres pertaining to Chapter 5, remains ingets.

2) The temporary office and laboratory space ifldmg 47 was a major asset
following the fire, however, in reality it took Iger than expected to re-order all
the necessary measurement equipment and as seahncateprogress was slow.

3) The temporary off-site facilities presented ahtecal challenge in having to
learn the operation of new equipment, as well asstablishing fabrication
processes. In particular, the replacement MCVDesgstequired considerable
optimisation and the drawing tower available foe wgs significant larger, in

height, than the 5 m tower used previously at tR&€O

4) Technical challenges were also encountered onceethefabrication equipment
was installed into the Mountbatten building. Thegstems were manufactured
by SG Controls (Cambridge, UK), rather than Heath{idJ, USA) as used
previously, and as such time was needed to gainliasation with the

equipment and the control interface.
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