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Abstract

Over the past decade there has been a significant amount of work in developing hollow
core optical fibres made of silica glass that have a core surround that has a negative curvature.
This continued development is in order to allow silica fibres to transmit at wavelengths where
the material absorption is too high to guide with traditional step index fibres. These hollow
fibres do not guide by total internal reflection as the refractive index step is the wrong way
around. They guide light by having a high reflectivity at the core boundary that keeps
the light guided in the air core of the fibre. These hollow core designs mean the light has
to interact less with the highly absorbing glass, and has allowed their transmission to be
pushed in the ultraviolet and infrared.

This work takes an alternate approach to the usual methods employed to overcome
current fibre performance limits. Rather than developing a new cross sectional design that
has lower fibre losses, or by fabricating current designs as perfectly as possible, or using
different glasses altogether, instead we will incorporate alternative materials into the region
surrounding the core by using a chemical deposition process. These multi-material fibres
allows us to circumvent the attenuation limits of silica glass for guiding in the mid infrared
spectral range.

I will use the theory of Bragg fibres to model a system of concentric dielectric and air
rings that guide by the same high reflection mechanism as silica hollow negative curvature
fibres and will show that the values of attenuation for this model can be used to compare
to the measured attenuation of fabricated silica hollow core negative curvature fibres. I
will investigate the attenuation behaviour of a composite material guiding wall structure
comprised of silica and sapphire (Al2O3) at 5 µm wavelength, as sapphire is the material we
are able to deposit with our facilities. At 5 µm the material loss of silica is extremely high,
and it will be shown that it is the dominant contributor to the attenuation of the fibre, even
when the silica is only 5% of the guiding structure.

Sapphire has a higher refractive index and a lower material absorption than silica, so I will
explore how the higher refractive index and lower absorption each contribute independently
to the improvements of attenuation to help gain insight into the underlying balance between
confinement loss and material loss.

Atomic layer deposition experiments were carried out that confirm the feasibility of
depositing dielectric materials inside hollow optical fibres but find that with the current
equipment available the penetration depth encounters severe diminishing returns and only
25 mm of fibre length was able to be coated.

I will also give an outline of the fabrication process used for making these silica negative
curvature fibres. The main challenge is that the fibre structure scales with the guiding
wavelength, so the fibres become larger for guiding in the infrared. This becomes a problem
for the standard two stage stack and draw technique that draws the fibre to an intermediate
size, before drawing down to fibre. I fabricated a fibre with a 100 µm core that has a guidance
band from 2.7 to 4 µm wavelength using the two stage technique. To draw a fibre with a
200 µm core that guided at 4.6 µm at 1 dB/m, I needed to develop a new pressurisation
technique that allowed me to draw straight to fibre, without an intermediate stage.
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Chapter 1

Introduction

Many industrial machining and medical applications use CO or CO2 lasers that operate

at 5 µm and 10.6 µm, as they are very cost efficient high power lasers that are good at

cutting plastics and metals, and are absorbed strongly by organic matter. Currently these

applications require precise manipulation of the material to be cut, the laser itself or some

articulated arm encompassing a mirror system [1] which can be expensive to develop and

maintain. Optical fibres that have high damage thresholds and large power handling ca-

pabilities in these wavelength regimes can provide a solution to these problems, allowing a

static laser system, but with flexible laser beam delivery. These fibres would need to be able

to deliver 10 - 100 W’s of power over a few meters, so their attenuation needs to ideally be

less than 1 dB/m. An attenuation of 1 dB/m means that you lose ∼20% per meter. An

attenuation higher than this begins to limit the application length to ∼1 m and also limits

the power handling without active cooling of the fibre. A lower attenuation means that you

can deliver more power over a given length, or you can use a longer length of fibre.

There are a few types of fibres commercially available for guiding CO2 laser light at

10.6µm. Most non oxide materials can transmit at longer wavelengths than chalcogenide

glasses which are transparent in the infrared, but they do not have a glassy region so they

cannot be drawn into fibres like glasses can, which makes their fabrication difficult and

slow [2].

For guiding light at 10.6 µm the best commercial solid core step-index fibres are silver

halide polycrystalline fibres and are made by hot extrusion by ART Photonics. They are
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made from a core material of AgCl0.25Br0.75 and a cladding of AgCl0.50Br0.50 where the

subscripts are the molar fraction of that element in the compound. The available core sizes

range from 240 µm to 860 µm. These fibres achieve a loss of around 0.5 dB/m at 10.6 µm

and their maximum tranmistted power is 50W CW [3]. These polycrystalline fibres have a

high refractive index of 2.15 which gives a Fresnel reflection loss on the end faces of 25% [3]

and the structure consists of grains on the order of 10 µm or larger [2], which is the likely

cause of the fibres attenuation being higher than the attenuation of the bulk crystals over the

entire mid-infrared range [4]. Another issue with these fibres is that they plastically deform

long before fracture. This increases the scattering from separated grain boundaries [2] and

may lead to further damage when transmitting high power.

Hollow core fibres for 10.6 µm are available from OmniGuide. Their hollow fibres use

an alternating layers of high refractive index As2S3 and a low refractive index polymer

(PES) to confine light to the core by Photonic Bandgap Guidance. This fibre has a straight

transmission at 10.6 µm of 1 dB/m for 700 µm diameter core and can transmit up to 25W

without damage [5].

Hollow core fibres for 10.6 µm are available from Polymicro Technologies. Their hollow

fibres have a silica tube with a silver layer deposited on the inside up to a micron thick.

A thin AgI dielectric layer is then formed on the inside with a thickness of 0.8µm [2]. This

gives a maximum straight transmission at 10.6 µm of 0.5 dB/m for 1000 µm core diameter

and a maximum of 1 dB/m for 500 µm core diameter [6].

Hollow core fibres have some advantages over solid core fibres. As the light travels mainly

in an air core they have lower insertion loss and no end reflections. Also the damage threshold

of the fibres is increased allowing higher average and peak powers to be delivered. Hollow

fibres can deliver 80W CW without issue, and higher powers require a cooling solution

to prevent damage. By water cooling the fibres, a maximum of 1000W was transmitted

at 10.6 µm through a 1.54 m long 700 µm core hollow silica waveguide with Ag and AgI

layer [7].

Solid core fibres for high power in the IR tend to have a large diameter to increase

the damage threshold, and so are very multimoded, even for long wavelengths. Hollow

waveguides typically transmit fewer modes than solid core fibres. Marcatili and Schmeltzer

studied the attenuation of simple hollow waveguides and their theory is widely acknowledged.
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They estimate that the modal attenuation in hollow waveguides varies as Unm
2/a3. Unm is

a mode dependent parameter, and it is the mth root of Jn−1 = 0 where m and n are the

radial and azimuthal index that identify each optical mode. For the lowest order HE11 mode

it is equal to 2.405, and it increases for the higher order modes [8].

In general there is a trade off between different performance aspects with these fibres.

Larger core fibres have better transmission, and more modes survive increasing output power

but reducing output beam quality and they becomes less flexible. Smaller core fibres are

more flexible, but have generally lower transmission. Applications for infrared fibres typically

do not involve tight bends of the fibres though.

The designs of the polycrystalline AgBrCl fibre and the hollow Ag / AgI fibre have been

the same for the past 20 years and they have seen little development. The hollow fibre is

a simple capillary, and uses a silica tube because it has a very smooth surface which then

has a Ag / AgI layer deposited on it. Hollow silica fibres however have had very active

research over the past decade, using a micro-structured core to try and combat some of

these disadvantages.

Silica glass is the most studied and developed optical fibre material as it has excellent

optical and mechanical properties that make it ideal for producing optical fibres. However as

optical absorption is wavelength dependent, silica glass is not suitable for guiding 10.6 µm

light, even with a hollow structure. There are no agreed wavelength region boundaries

but generally between visible and roughly 2 µm is called the near-infrared (NIR) and from

2 µm to ∼15 µm is called the mid-infrared (MIR) and beyond this is the far-infrared. The

loss of solid core silica fibres is low in the 0.5 to 2 µm region with a minimum loss of

around 0.2 dB/km at 1.55 µm [11]. Silica glass has electronic resonances in the ultraviolet

and vibrational resonances in the mid-infrared, beyond 2 µm. This causes the material

absorption of silica to increase rapidly above 2 µm, such that the bulk material loss at 2,

3, 4, and 5 µm are 0.08 dB/m (80 dB/km), 50, 860, and ∼15,000 dB/m respectively for

Heraeus F300 fused silica glass [12].

This high material loss and the demand for an optical fibre that guides in the IR has

lead to a significant development of silica hollow core fibres over recent years to push their

transmittance into the ultraviolet [13,14] and infrared [15–17], beyond the normal transmittance

of bulk silica.
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Figure 1.1 Scanning Electron Microscopy images of hollow core opti-
cal fibre types. a) [20] PBG-PCF fibre, b) [22] Kagome cladding fibre with
straight core walls, c) [23] Kagome cladding with negative curvature hypocy-
cloid walls, d) [24] and e) [16] are simplified hollow core negative curvature
fibres and f) [25] is a variant which removes the touching points of the walls.

There are two main types of guidance mechanisms for single material hollow core fi-

bres. One uses a photonic crystal fibre structure (PCF) for photonic bandgap guidance

(PBG) [15,18–20] (figure 1.1a). The other uses anti-resonant reflection, a thin film interfer-

ence effect, to achieve a high reflectivity at the core cladding boundary to confine the light

to the core [16,21–25] (figure 1.1b-f). Because it relies only on a high reflection, there are no

guided modes in a traditional sense, and the modes that exist in these fibres are called ‘leaky

modes’. The spectral guidance of these fibres is governed by the thickness of the guiding ma-

terial surrounding the core, rather than the lattice constant of PCF-PBG fibres [21]. These

fibres generally have broader transmission windows than PBG fibres, and have undergone

significant development in recent years. Anti resonant optical fibres started off as Kagome

lattice fibres [26] which resemble closely to the PCF-PBG cladding structure (figure1.1b,c),

but these Kagome fibres do not possess a bandgap [18,27]. It was demonstrated that most of

the light confinement occurs due to the anti resonant reflection of the first layer surrounding

the core [28] and around the same time the importance of having a core surround of negative
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curvature was found [29]. The negative curvature moves the touching points of the cladding

structure away from the mode field of the core. These touching points act as additional

optical resonators, which increases the loss of the fibres if light is able to couple into them.

These two findings generated interest in the research of simplified structure hollow core

fibres, as a simplified structure makes it easier to scale the fibre size for applications in

different spectral ranges. The simplification of the fibres designs have allowed their structure

to be more easily optimised than PCF-PBG’s or Kagome anti resonant fibres. The fibre

designs have been optimised such that their spectral range is now again limited by the

material absorption even though the overlap of the optical field in the core with the cladding

glass is >1000 less than solid core silica fibres.

For guidance in the UV the material absorption is increasing as the wavelength is reduced,

and there are difficulties with surface tension during fabrication and surface scattering effects

become more of an issue as the fibre geometry is scaled down [14,30,31]. For increasing guid-

ance in the mid-infrared it is the rapidly increasing material absorption of silica [12,25,32].

Despite this, Kolyadin et. al. [25] improved on the simplified negative curvature fibres by

removing the touching points of the cladding (figure 1.1f), increasing transmission at wave-

lengths of extremely high material loss, achieving a loss of 4 - 5 dB/m average for 2.5 - 5 µm

range, 30 dB/m at 5.8 µm and 50 dB/m at 7.7 µm in a pure silica fibre by a cut back

measurement from 90 cm to 23 cm. While this showed transmission was possible when

the material loss value is extremely high, more work has been done to try and reduce the

attenuation.

Fei Yu produced a thin walled negative curvature fibre with 7 non touching rings of aver-

age thickness ∼0.8 µm, with a core diameter of 105 µm. He records a loss of 0.018 dB/m at

3.16 µm, ∼3000 times less than the bulk absorption, and 0.04 dB/m at 4 µm, ∼20,000 times

less than the bulk absorption [17]. These fibres show that these hollow core structures are

absolutely the strategy needed to overcome high material absorption.

Even with these optimised structures and designs, it is difficult to get transmission of

light at 5 µm over more than a few meters. There are other materials that you would

prefer to use for guidance in the IR, such as Sapphire as it has lower material absorption

than silica in the infrared, but it is a crystal and not a glass so you cannot make fibre out

of them using the developed processes for silica fibres. Chalcogenide glasses are another
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a b c

Figure 1.2 a) SEM image of a fabricated hollow core optical fibre made
with As20Se50Te20 chalcogenide glass with a 750 µm outer diameter [33], b)
cross section of hollow core optical fibre made with As2S3 chalcogenide glass
with a 700 µm outer diameter [36] and c) SEM image of a fabricated hollow
core optical fibre made with Tellurite glass with a core size of 187 µm [38].

category of glass so in principle the fabrication techniques developed for silica hollow core

fibres can be applied to them. They are composed of two or more chalcogen elements so their

transmission is higher in the infrared than the lighter oxides based glasses like silica. These

glasses however aren’t readily available like silica glass is. They have a low glass transition

temperature which generally limits their power handling, and their viscosity changes rapidly

with temperature so they have a very short working range which makes their fabrication

process very difficult.

An example of the legitimacy of the design was shown by Kosolapov et.al. [33] who fab-

ricated a negative curvature fibre with a core boundary of 8 touching capillaries as in [24]

figure 1.1d but made of As20Se50Te20 chalcogenide glass. Because of the fabrication diffi-

culty the structure was not as intended shown in figure 1.2a and has a measured loss of

11 dB/m at 10.6 µm wavelength which is higher than the theoretical loss of 0.2 - 1 dB/m

at 10.6 µm for a design with a perfect cladding structure where the capillaries are identical

perfect circles and spaced equally around the outer tube [33]. This theoretical loss is however

lower than the loss of ∼4 dB/m for solid core AsSeTe fibres at 10.6 µm [34,35].

This group has more recently fabricated another 8 touching capillary core boundary of

negative curvature fibre but with As2S3 glass [36] shown in figure 1.2b using the ‘stack and

draw’ technique. As2S3 is made of lighter elements and the transmission was not measured

up to 10.6 µm. It has a minimum loss of 3 dB/m at 4.8 µm, and the loss was less than

5 dB/m from 4.5 - 6 µm, which is again higher than the theoretical losses. This is due

to inhomogeneity along the fibre length and imperfection in the cladding tubes. These

imperfections make them worse than the loss measured for solid core As2S3, measured to be

0.2 dB/m at 4.8 µm and is less than 1 dB/m from 1.5 - 6.2 µm [37].
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Another fibre was fabricated to guide around 5um but was instead made from Tellurite

rather than a glass based on As, Se or S, and is shown in figure 1.2c. The initial preform

was made by extrusion, and then drawn to fibre while pressurising the capillaries. It has

a loss of 14.2 dB/m at 4.9 µm, and 8.2 dB/m at 5 µm. This is higher than the calculated

losses when using the exact cross section of their fabricated fibres. This is attributed to

inhomogeneity along the fibre length that is not captured in the SEM image of the end face.

The confinement loss is calculated to be higher than the contribution of material absorption

due to the gaps between the capillaries and the variance in their size [38]

We are in the situation where silica glass is a great optical material, so the hollow core

fibres can be fabricated with the correct cladding structure, but it is the incorrect material

for guiding into the mid to far infrared. The correct materials are either crystalline solids

(sapphire, AgBrCl) or chalcogenide glasses that are very difficult to make into the correct

hollow core cladding structure.

In this work I aim to bridge the gap between theses two situations to overcome the

fabrication limitations of the correct materials, so that we can make the correct materials

into the correct hollow core fibre shape to improve their current performance.

The principle is to use a silica hollow core fibre that has the desired structure, and to

then grow the required optical material onto the internal silica surfaces of the fibre. This way

we can take advantage of the established techniques and fabrication stability of silica glass,

while giving us a very smooth surface to deposit onto. The chemical deposition technique

I will be using is Atomic Layer Deposition (ALD). It is a self limiting chemical growth

technique that gives mono layer control of the thickness of the deposited material. This is

crucial as the anti-resonant reflection guidance mechanism of these fibres depends critically

on the thickness of the cladding layer, and it helps to ensure a uniform deposition along the

lengths of the fibres.

This work will focus on growing Al2O3 (alumina) onto silica as this ALD process is the

most studied and it is considered ideal. It is also less absorbing than silica in the mid infrared,

but will not take us all the way to 10.6 µm guidance. This makes it a good candidate to

test the idea. The idea is displayed in figure 1.3.

After the deposition, the high lossy silica would ideally be etched away, leaving just the

deposited material. The etch rates for silica and alumina are very similar, so it will be

very difficult to selectively etch the silica and not the alumina. Because of this the aim of
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bare silica fibre silica with deposited material silica etched away

Figure 1.3 Diagram showing the use of a hollow core negative curvature
fibre made of silica being used as a scaffold, to be able to give an alternative
transparent material the correct hollow core fibre structure.

the work will be to investigate the effects of a composite material cladding structure to try

and overcome the material loss limitations of silica. We note that a silica based composite

material structure has been realised [39]. However we instead have the intention of using a

composite silica structure to extend the use of hollow core negative curvature fibres into the

mid-infrared with attenuation levels suitable for high power transfer applications.

As the guiding layer will be grown chemically we would no longer be limited to glasses,

and it has the potential to unlock a whole range of dielectric materials which can then

be chosen depending on the spectral range required from the fibre. With the necessary

development of fibre fabrication and chemical deposition techniques in this project, we aim

to have the knowledge to extend the spectral range of the fibres to guide CO2 laser light

at 10.6 µm of high power in a hollow core fibre that uses a negative curvature all dielectric

surround, unlike those that are currently commercially available.
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Chapter 2

Background

There are a few things that we need to understand in order to create a silica based fibre that

has a composite dielectric structure. First we need to understand the guidance mechanism

for an all silica anti resonant reflection fibre, and what requirements the guidance mechanism

has on the structure of the fibre. When we understand this we can then see how the guidance

is modified by adding additional dielectric layers to the silica. To do this we will look at the

thin film interference effect of an Fabry-Pérot etalon and how this is the same underlying

mechanism to the guidance of anti resonant reflection hollow core optical fibres.

Following this we will learn that the fibre guidance depends critically on the thickness of

the dielectric material surrounding the fibre core. This gives us a strict requirement for the

deposition process used to deposit the dielectric material onto the silica. We need to have

precise control over the thickness of material deposited and it needs to be uniform along the

fibre length. The chemical deposition process that best suits these needs is Atomic Layer

Deposition (ALD). This deposition technique is usually used for growing material on wafers,

and it will be challenging to use it to grow material inside a length of fibre. We need to

have an understanding of what a standard ALD process involves and what parameters we

are able to adjust to try and adapt it to one that is capable of penetrating along a length

of fibre.

The study of the anti resonant reflection guidance mechanism will give us some choices for

what the structure of the fibre needs to be in order to guide a chosen wavelength. However

this does not give us any indication of the attenuation behaviour of that structure. In order
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to investigate this I will use the theory of Bragg fibres to analytically solve for the complex

propagation constant for a model system of concentric dielectric and air rings that guide by

the same anti resonant reflection mechanism. This will tell us about the attenuation and the

modal behaviour of this structure. With this simple model we will be able to investigate the

effects of material loss for the silica and dielectric layer and how this contribution depends

on their thicknesses in the structure. We will also be able to investigate the positional

dependence of this added dielectric layer. This would translate to seeing if it is preferential

to deposit this dielectric material on the core side of the silica, or inside the rings of the

fibre.

I will also give an outline of the fabrication process for making these negative curvature

fibres with silica. Silica glass has a large working temperature range, which means that its

viscosity changes slowly with temperature. This makes it an ideal glass for the fabrication

of these fibres. Chalcogenide glasses are another type of glass that has lower material

absorption in the infrared than silica, but they have a very short working range. This makes

it difficult or inappropriate to use these glasses with the fabrication processes that have been

developed with silica fibres.
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2.1 The Fabry Pérot etalon and its relation to Anti Resonant Reflection
guidance

2.1 The Fabry Pérot etalon and its relation to Anti Res-
onant Reflection guidance

Solid core fibres typically have a core material with a higher refractive index than the

surrounding cladding so they confine light to the core by total internal reflection at the

core-cladding interface. For hollow core fibres, as the core is usually filled with air it has

a lower refractive index than the cladding material. This means total internal reflection

cannot occur at the core-cladding boundary as the refractive index step is the wrong way

around. The guidance mechanism of these types of fibres instead relies on the interference

of multiple reflections within the thin dielectric layer surrounding the core to effectively

produce a very high reflectivity at the core-cladding boundary that confines most of the

light to the core.

This is a thin film interference effect and so the conditions for guidance depend critically

on the guiding layer thickness. This is best understood by considering a Fabry-Pérot etalon

as a thin slab of dielectric with partially reflective parallel faces. Light that approaches the

boundary at a shallow angle will have a large amount of the incident field reflected and

a small amount transmitted. This transmitted light will reflect back and forth inside the

slab many times, gradually reducing in amplitude as a small amount is transmitted each

time it reflects off the boundaries. It is the phase difference between the primary beam that

was incident on the slab, and the other transmitted beams that determine the transmission

behaviour of the etalon. The procedure for arriving at an expression for the transmission of

a Fabry-Pérot etalon is given in [40,41] and other places, but I will work through it here.

Consider a field with amplitude Ui incident on a slab of dielectric material at angle θi.

The slab has a thickness d and a refractive index n surrounded by air on both sides. The

slab has amplitude transmission and reflection coefficients t and r. The total transmitted

amplitude UT is the sum of all the transmitted components along a plane perpendicular to

their direction. At these wavefronts each of the transmitted beams have a different optical

path length that we can determine. The situation is shown in figure 2.1.

We will start by finding the amplitude of the first two beams at the 1Ost wavefront.

The scalar amplitudes of the beams are different due to the second beam undergoing two

reflections at the interfaces, and the phases of the two beams are different due to the dif-

ferent optical path lengths. The field at point A immediately on the outside of the slab is
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A

Figure 2.1 Schematic diagram for the optical path length differences for
an incident beam that is reflected multiple times inside a slab of dielectric.

U1 = Uit
2ei(ωt) and we will use this point to measure the phase differences as this is the

point where their optical paths deviate.

The optical path length is given by the geometrical length times the refractive index.

This is then multiplied by the free space wavenumber k0 = 2π/λ to get the phase of the

wave at that point. So the fields at the 1Ost wavefront for the first, U1,1 and second beam

U2,1 are given as

U1,1 = Uit
2ei(ωt+k0l

′) and U2,1 = Uit
2r2ei(ωt+2kl), (2.1)

where k = kon. So the sum of the fields at this wavefront is simply

UT = Uit
2ei(ωt+k0l

′) + Uit
2r2ei(ωt+2kl). (2.2)

For these two beams the phase difference between them is

δ = 2kl − k0l′. (2.3)
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If we include the third beam the sum of the fields for the wavefront at 2O is

UT = Uit
2ei(ωt+2k0l

′) + Uit
2r2ei(ωt+2kl+k0l

′) + Uit
2r4ei(ωt+4kl). (2.4)

Or writing in terms of δ,

UT = Uit
2ei(ωt+2k0l

′) + Uit
2r2ei(ωt+δ+2k0l

′) + Uit
2r4ei(ωt+2δ+2k0l

′)

= Uit
2ei(ωt+2k0l

′)
(

1 + r2ei(δ) + r4ei(2δ)
)
.

(2.5)

As the 2k0l
′ term is common for all the fields, this means it does not change the phase

relation between them and we can omit this term. When summing P beams this is equivalent

to moving the phase reference point from A to (P − 1)k0l
′ units along the optical path of

the first beam.

Equation (2.5) can now more easily be generalised to include P transmitted beams and

is given as

UT,P = Uit
2ei(ωt)

P−1∑
p=0

(
r2eiδ

)p
. (2.6)

This summation is a geometrical series and can be evaluated to give

UT,P = Uit
2ei(ωt)

(
1− r2P eiPδ

)
(1− r2eiδ)

. (2.7)

As r2 < 1 as P becomes large the series converges to

UT,∞ = Uit
2ei(ωt)

1

(1− r2eiδ)
. (2.8)

From now on we will just write UT,∞ as UT . The transmitted intensity IT is given by UTU
∗
T

where ∗ denotes the complex conjugate,

IT = U2
i t

4 ei(ωt)e−i(ωt)

(1− r2eiδ)(1− r2e−iδ)

= Iit
4 1

(1 + r4 − r2(e+iδ + e−iδ)

= Iit
4 1

(1 + r4 − r22 cos δ)
.

(2.9)
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Figure 2.2 Transmission of a Fabry-Pérot etalon and its dependence on δ
according to equation (2.10) for intensity reflectivity values of 0.09 (green),
0.25 (purple), 0.49 (yellow), 0.81 (orange) and 0.96 (blue). For increasing
values of reflectivity, the region of low transmission becomes lower and
wider while the region of high transmission becomes increasingly narrow.

The transmission of the etalon is then IT /Ii. Using the relation cos 2θ = 1− 2 sin2 θ and

then simplifying we get

T = t4
1

((1− r2)2 + 4r2 sin2 δ
2 )

=

(
t4

(1− r2)2

)
1

(1 + 4r2

(1−r2)2 sin2 δ
2 )
.

(2.10)

The transmission behaviour of this equation is shown in figure 2.2. As t and r are the

amplitude transmisison coefficients, if the material is lossless then t2 + r2 = 1 and the

t4/(1− r2)2 term is equal to 1. If the reflection coefficient r is large the prefactor to sin2 δ/2

can become very large, and so this term leads to a significant reduction in the transmission

for values of δ/2 that aren’t close to π. This leads to there being very sharp and narrow
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regions of high transmission. This makes sense as the transmission relies on the superposition

of many small amplitude components. The phase difference between the primary beam and

the following transmitted beams increases by integer multiples of δ each time. So if the

second beam is slightly out of phase with the first primary beam, this difference increases

for the following reflections and the superposition quickly breaks down, and the later beams

that cycle around to being in phase again are too weak to contribute.

The condition for maximum transmission requires setting the sin2 term to zero, so when

δ/2 = mπ, where m is an integer. For this value of δ, T = 1, or IT = Ii. The phase

difference δ depends on the angle of incidence of the initial beam θi, the thickness of the

slab d, its refractive index n and also the wavelength of the light λ. From figure 2.1 and

equation (2.3) the phase difference between adjacent beams is

δ = 2kl − k0l′

=
2kd

cos θr
− 2k0d tan θr sin θi.

(2.11)

Writing k as k0n and converting θi to θr through Snells law allows the trigonometric terms

to be gathered to get the condition

δ = 2k0nd cos θr = 2mπ (2.12)

for constructive interference at the output side of the slab.

The condition for minimum transmission requires setting the sin2 term of equation (2.10)

to 1. This gives the requirement δ/2 = π(m− 1/2), or rather

δ = 2k0nd cos θr = π(2m− 1) (2.13)

for destructive interference at the output side of the slab. This condition makes it so the

first two beams that have the largest amplitudes are out of phase with each other. However

as the phase of the third beam is twice that of the second beam, it now becomes in phase

with the first beam again. So the higher order transmitted beams cycle between being in

and out of phase with the first beam. This means there will still be some transmission as

there are still beams in phase with each other. The transmission will never be zero, but it

can be made arbitrarily low if the amplitude reflection coefficient r is made sufficiently high.
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The reflection at an interface is given by the Fresnel coefficients and it is dependent on the

refractive index step of the interface and the angle of incidence. The coefficients for the S

and P polarisation are given as

RS =

∣∣∣∣n1 cos θi − n2 cos θt
n1 cos θi + n2 cos θt

∣∣∣∣2 =

∣∣∣∣∣∣∣∣
n1 cos θi − n2

√
1−

(
n1

n2
sin θi

)2
n1 cos θi + n2

√
1−

(
n1

n2
sin θi

)2
∣∣∣∣∣∣∣∣
2

RP =

∣∣∣∣n2 cos θi − n1 cos θt
n2 cos θi + n1 cos θt

∣∣∣∣2 =

∣∣∣∣∣∣∣∣
n2 cos θi − n1

√
1−

(
n1

n2
sin θi

)2
n2 cos θi + n1

√
1−

(
n1

n2
sin θi

)2
∣∣∣∣∣∣∣∣
2

,

(2.14)

where n1 is the refractive index of the incident medium and n2 is the index of the transmitted

medium. As the choice of materials is usually restricted, a high reflectivity is most easily

achieved by having a large angle of incidence to the boundary.

Using the value of δ = π(2m− 1) in equation (2.10) the minimum transmission is given

as

Tmin =
1

1 + 4r2

(1−r2)2
=

(1− r2)2

(1 + r2)2
. (2.15)

For the case when the angle of incidence to the boundary is large, the cos θi terms in

equation (2.14) tends to 0, and sin θi tends to 1. This then gives a value of reflection that

tends to 1. With r being high equation 2.15 becomes

Tmin =
(1− r2)2

(1 + r2)2
≈ (1− r2)2

4
≈ (t2)2

4
. (2.16)

With this value of δ, because there are always some beams that are in phase with

each other and out of phase with others this isn’t really a strong resonance like behaviour.

There isn’t some unification of all the phases of the beams like with the condition for

maximum transmission. So despite this resonant condition for δ being the absolute minimum

in transmission, there isn’t the strict requirement to match it like you would normally expect

from resonant behaviour because we still get a large and flat reduction in T for values of δ

that aren’t close to 2π.

The way the transmission and reflectance of a Fabry Pérot etalon, and the angle of inci-

dence to the boundary relates to a hollow core fibre is shown in figure 2.3 by illustrating the
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air

n

Figure 2.3 A schematic diagram for the behaviour of light inside a hollow
core fibre. The left side shows a ray model picture and the right side shows
the fields of the first two modes. The reflection of light from the core
boundary is governed by the behaviour of a Fabry Pérot etalon. The
transmitted component of the light will undergo many internal reflections
and the strength of the reflection at the core boundary will be due to the
phase relation of the rays returning to the core. The wave vector of the
light in the core links the ray model to waveguide modes. The wave vector
is parallel to the direction of the beam. Modes of increasing order have
larger ky’s and a smaller β which increases φi, the angle of the beam in
the waveguide.

fibre as a slab waveguide. Hollow core optical fibres are designed considering the narrow re-

gions of high transmission of the etalon, as there will be specific wavelengths that satisfy the

phase matching condition of equation (2.12). These are called resonant wavelengths and will

result in a very high loss for the fibre as the guiding wall surrounding the core becomes trans-

parent at these wavelengths. The wavelengths that satisfy the condition of equation (2.13)

are called anti resonant wavelengths and result in a low fibre loss as the guiding wall becomes

highly reflective according to equation (2.15). The wavelengths that are resonant or anti

resonant for a fibre can be reliably calculated from equations (2.12) and (2.13) by writing

k0 = 2π/λ. Inside the waveguide the free space wave vector n0k0 is broken down into the

two perpendicular axes of the waveguide. One is along the optical axis of the waveguide and

we call it the propagation constant β, and the other is then along the cross section of the

waveguide and we call it the transverse wave vector ky. The modes of the waveguide have a
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transverse wavelength λy, that scales with the size of the waveguide core. As ky = 2π/λy,

a larger core will give the modes a smaller transverse wave vector. This means that the

effective angle inside the waveguide φi, is also smaller.

For the wavelengths we are trying to keep inside the core, we need to reduce the value

of Tmin as much as possible. As mentioned before to do this we need the reflectivity to be

as high as possible by increasing the angle of incidence to the boundary. For the waveguide

mode situation this means that we want the fibre core to be as large as possible to reduce

ky and φi. There are of course practical limitations to the size of fibre we can use but these

hollow core fibres typically have a core size that is 20 - 40λ so the value of ky for the first

few modes compared to k0 ends up being small.

This allows us to use a glancing angle approximation when finding the resonant and anti

resonant wavelengths from equations (2.12) and (2.13). This means sin θr ≈ 1/n, and along

with the identity cos2θ = 1− sin2 θ we write equation (2.12) as

2
2π

λ
nd

(
1−

(
1

n

)2
) 1

2

= 2mπ. (2.17)

Rearranging for λ and taking n inside the brackets you get

λm =
2d

m

(
n2 − 1

) 1
2 , for m = 0, 1, 2... (2.18)

where λm is the mth wavelength to match the resonance condition. The first resonance for

m = 0 is a bit of a special case but it is still valid. It corresponds to a resonance at infinite

λ or for a wall thickness of zero.

The anti resonant wavelengths can be found following the same procedure used to get to

equation (2.18) from their condition for δ. The anti resonant wavelengths are given as

λk =
4d

(2k + 1)

(
n2 − 1

) 1
2 , for k = 0, 1, 2.... (2.19)

Equation 2.18 and 2.19 are known as the ARROW model equations (Anti Resonant Reflect-

ing Optical Waveguide), and I have relabelled m as k for the anti resonant wavelengths to

match the ARROW model equations used in the community.

It is important to note that equation (2.19) comes from the phase condition that is in
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the centre of the high transmission peaks of figure 2.2. When the reflectivity is high this

region becomes very wide and flat so it is not necessary to make sure the wavelength you

wish to guide is exactly at λk. The values of λk should be used only as an indicator. After

all, the transmission changes so rapidly at values of λm it is much more important to know

these values so your guiding wavelength isn’t close to them.

Furthermore in some certain cases knowing a value of λk isn’t that useful. For example,

for a particular fibre wall thickness d if you want to guide at a wavelength that is longer

than λm when m = 1, the next resonance for m = 0 is at λ = ∞ so knowing what the

wavelength of λk=0 is between these two is basically useless.

If you restart this analysis but instead look at the superposition of the waves to give

a high reflectivity off the first interface of the Fabry Pérot etalon you arrive at the same

equations for λm and λk.
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2.2 ALD: Atomic Layer Deposition

Atomic layer deposition (ALD) is a form of chemical vapour deposition (CVD) process

that allows the controllable growth of inorganic material layers down to the Ångstrom or

monolayer level by using self limiting surface reactions [42]. The substrate is exposed to one

reactant ‘A’, and then the system is purged to remove un-reacted reactants and byproducts

and then exposed to a second reactant ‘B’. The product of the two sequential surface reac-

tions is a layer of material that has surface reaction sites that are used by A. This process

is one reaction cycle. This allows the surface to be exposed in a ABAB. . . binary reaction

sequence and the material is grown in a very controllable stepwise fashion [42].

The reactants for ALD growth are gas phase molecules so they fill all space of the reaction

chamber. This means that in addition to the self limiting nature of the reaction processes

the ALD process obtains smooth layers that conform to the shape of the original substrate,

even for very large or complicated structures. This is because the reactant exposure times

are controlled so that the reactions are driven to completion during each reaction cycle [43].

In reality there will be different reactant gas fluxes around the reaction chamber, but this

does not affect the grown surface quality. The reactants will adsorb and desorb from the

surface where the reaction has already completed, and move on to the unreacted sites of the

surface [42]. These abilities to grow layers of material with highly controllable layer thickness,

independent of surface geometry with gas phase reactants make ALD the best choice to grow

dielectric material on the inside of a hollow core negative curvature fibre.

The material that will be deposited will be Al2O3 (alumina) as this ALD process is the

most studied and it is considered ideal. This makes it a good candidate to test the method

as the challenge will be with the geometry and not the underlying ALD process.

2.2.1 The chemistry of Al2O3 ALD

The two reactants, or precursors that will be used for the deposition of Al2O3 are Trimethy-

laluminum (TMA, Al(CH3)3) and water (H2O). There are many other choices available for

Al2O3 growth (table III in [44]) but the TMA and water process is a typical ideal ALD pro-

cess. It has been studied in various different experimental conditions, and is one of the most

studied of the ALD processes. The Al(CH3)3 reactant is highly reactive and the reactions

are truly self terminating and at the same time thermally stable. Also the gaseous reaction

product is methane (CH4) which is rather inert and does not interfere with the growth [44].
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Figure 2.4 Schematic for one ALD cycle in a binary reaction sequence
for deposition of Al2O3

[44]. Here reactant A is TMA and reactant B is H2O
and the byproduct is CH4. Step #1 shows the processes in equation 2.20,
step #3 shows the process in equation 2.21. In step #4 the reactants and
byproducts are purged and the surface again has active OH sites to begin
the next cycle.
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The typical surface chemistry of the two stage reaction of TMA exposure followed by

H2O is described as

AlOH∗ + Al(CH3)3 −→ AlOAl(CH3)∗2 + CH4 (2.20)

Al(CH3)∗ + H2O −→ AlOH∗ + CH4 (2.21)

where the asterisks denote the surface species. One ALD cycle for Al2O3 deposition is shown

schematically in figure 2.4. It is important to have efficient nucleation of the initial surface

to produce a continuous and pinhole free surface to reduce the number of scattering sites as

these will contribute to the loss of the fibre [42]. For this to happen the first precursor needs

to react with the surface on the very first ALD cycle [42]. Fortunately this efficient nucle-

ation is observed for metal oxide ALD on oxide substrates as oxide surfaces have hydroxyl

groups (-OH) that are typically reactive with organometallic precursors [42]. Organometallic

compounds are those that contain at least one direct carbon-metal bond, which is the case

for TMA. The silicon dioxide surface of the fibre will have these hydroxyl groups (Si-OH)

and the surface reaction between these and TMA is given as

SiOH∗ + Al(CH3)3 −→ SiOAl(CH3)∗2 + CH4. (2.22)

The following exposure of H2O is the same as equation 2.21. It is important to note that

the surface species will not always be hydroxylated Si but will also be siloxane bridges

(Si-O-Si) [45].

In general reactions at surfaces are complicated and figure 2.5 shows the results of possible

reactions that can happen to the TMA exposed silica surface. For more information on the

surface reactions refer to [44,45].

2.2.2 The use of a carrier gas in ALD reactors

The ALD process can broadly be categorised into two categories. One that uses the pre-

cursors alone, and one that uses a carrier gas. For those that do not use a carrier gas,

the precursors are exposed to the surface and then the chamber is evacuated to remove

all precursor and byproducts of the reaction before the next precursor is released into the

chamber. This leads to long purge times without the use of a purge gas to flush the chamber
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Figure 2.5 a) Potential surface species on a silica surface and b) a pos-
sible surface following TMA exposure [45].

of the precursors. However the precursors have a long exposure time to the surface so the

precursor material can be used very efficiently. The other category of reactor uses a carrier

gas to entrain the precursors, and is how most ALD reactors operate [42]. The carrier gas is

in viscous flow and flows continuously through the chamber, and the precursors are dosed

into the flow of the carrier gas [46]. This gives the reactants a short residence time in the

chamber and hence a more inefficient use of the precursor material. The advantage of this

reactor type is that the ALD cycle times are much shorter than those that do not use a

carrier gas [42].

For both types of reactor the optimization of the precursor pulse and purge times is

important. The reactions that occur during each phase of the cycle are self terminating, so

increasing the precursor pulse time beyond a certain limit will not cause more material to be

deposited on the surface as there will be no more reaction sites on the surface. The reactor

purge times also needs to be sufficiently long to ensure that there is no precursor left from

the previous phase of the cycle in the chamber when the second precursor is introduced. If

both of the precursors are present in the reactor then CVD reactions will occur and material

will be deposited continuously to the surface, and you lose the precise controllability of the

layer thickness [44].
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2.3 Theory of a Bragg fibre

2.3.1 Solving for anti resonant hollow core fibres

The theory for electromagnetic waveguides has been around for decades and here we call

upon the theory of Bragg fibres as these best describe the guidance mechanism of negative

curvature fibre that we are going to use, as no full analytic theory for the guidance of these

fibres exists at the current time. Bragg fibres consist of a core surrounded by a cladding

made up of multiple layers of different refractive indices.

Recent work by D. Bird looks at deriving analytic expressions of the attenuation of

model anti-resonant fibres consisting of concentric ring regions of air and glass for a number

of model structures shown in figure 2.6. He shows that these specific cases of Bragg fibres

are useful for investigating the attenuation behaviour of hollow core anti resonant fibres [47].

Figure 2.6 Schematic diagram of glass-air multi-layered structures. Air
regions are white, glass regions are shaded, and black lines represent the
boundaries between layers. n refers to the number of complete layers in
each structure: n = 0 represents a hollow glass tube; n = 1 a thin-walled
capillary; n = 2 a jacketed capillary; n = 3 two nested capillaries; n = 4
as for n = 3 but with an outer glass jacket. In each case the outermost
region extends to infinity [47].

These structures can be modelled analytically using Bragg fibre theory, which we will

use here. D. Bird’s work discusses how finite element calculations of fabricated hollow

core antiresonant reflection fibres with a negative curvature core boundary have a lower
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attenuation than the canonically perfect structures of figure 2.6.

We consider a cylindrically symmetric fibre that is uniform along its length. We will

model the n=3 structure of figure 2.6 as when using values for the optical properties of

silica this structure gives values that match closest to the attenuation of real hollow core

negative curvature fibres. This is shown in section 4.

The goal of modelling these Bragg fibres is to determine the attenuation and modal

behaviour of a hollow core fibre which has a guiding wall that is constructed from multi-

ple materials by finding the complex propagation constant of a particular structure. This

complex propagation constant defines the attenuation and the optical mode profile in the

waveguide. This waveguide mode describes the transverse spatial distribution of the light

that does not change with propagation distance, apart from a phase term. Knowing the

mode profile will allow us to investigate the field behaviour in the guiding wall surrounding

the core.

We take into account both confinement and material loss, with a focus on investigating

the loss dependence on the thickness of the silica section in the guiding wall as the loss in

silica is high for the wavelengths we are interested in. We will investigate the positional de-

pendence of the silica in the composite guiding walls of silica and Al2O3 as the best position

in term of loss will change our requirements of the ALD process.

We follow the method given by Pochi Yeh, Amnon Yariv and Emanuel Marom [48] who

use a matrix formalism to find the modal properties of the fibre. This matrix contains the

dielectric boundary conditions and is used to relate the fields between adjacent layers and

helps to simplify the analysis.

We use a cylindrical coordinate system (r, θ, z) and take z to be the direction of propa-

gation. Each of the field components then have the form

Ψ(r, θ, z, t) = Ψ(r, θ)ei(βz−ωt), (2.23)

where Ψ represents Er, Eθ, Ez, Hr, Hθ, and Hz field components. β is the complex

propagation constant that we are trying to solve for, ω is the angular frequency and i is the

imaginary unit. As the guidance mechanism of these hollow core negative curvature fibres

use anti-resonant reflection, there will be both outward and inward propagating components
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of the oscillating fields of the light in the guiding wall. Because of this it is more natural

to use the Hankel functions instead of the Bessel functions of the first and second kind to

describe the field components. These are defined as:

H
(1)
l (x) = Jl(x) + iYl(x) (2.24)

H
(2)
l (x) = Jl(x)− iYl(x) (2.25)

The z component of the electric and magnetic fields are given as:

Ez(r, θ) = [AjH
(1)
l (kjr) +BjH

(2)
l (kjr)] cos(lθ + φ) (2.26)

H̃z(r, θ) = [CjH
(1)
l (kjr) +DjH

(2)
l (kjr)] cos(lθ + ψ) (2.27)

where A, B, C, D, φ and ψ are constants and l is an integer. H
(1)
l and H

(2)
l are the Hankel

functions of the first and second kind respectively, and j labels the region of the guiding layer

structure starting at 1 for the first region around the core and increasing radially outwards

from the core. Here H̃z is defined as

H̃z(r, θ) =

(
µ0

ε0

) 1
2

Hz(r, θ) (2.28)

to tidy the equations given in [48]. The transverse wavevector is given as:

kj = (k20εj − β2)
1
2 (2.29)

where k0 is the free space wavevector and εj is the dielectric constant of region j. All of the

other field components are given in terms of Ez and H̃z as:

Er(r, θ) =
i

k2

[
β
∂Ez
∂r

+
k0
r

∂H̃z

∂θ

]
(2.30)

Eθ(r, θ) =
i

k2

[
β

r

∂Ez
∂θ
− k0

∂H̃z

∂r

]
(2.31)

H̃r(r, θ) =
i

k2

[
β
∂H̃z

∂r
− k0ε

r

∂Ez
∂θ

]
(2.32)

H̃θ(r, θ) =
i

k2

[
β

r

∂H̃z

∂θ
+ k0ε

∂Ez
∂r

]
. (2.33)
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The electromagnetic boundary conditions are that Ez, Hz Eθ and Hθ are continuous at

each interface of the guiding structure. We use these to determine the relationship between

Aj , Bj , Cj , Dj coefficients and Aj+1, Bj+1, Cj+1, Dj+1 coefficients in the next layer.

The matrix formalism of P. Yeh et. al. aims to find the matrix M that relates these field

coefficients, i.e., 
A2

B2

C2

D2

 = M


A1

B1

C1

D1

 . (2.34)

2.3.2 Deriving the Matrix

The continuity of the Ez component at the boundary between two layers at r = ρ gives

[A1H
(1)
l (k1ρ) +B1H

(2)
l (k1ρ)] cos(lθ + φ1)

= [A2H
(1)
l (k2ρ) +B2H

(2)
l (k2ρ)] cos(lθ + φ2). (2.35)

As this equation needs to be satisfied for all θ it shows

φ1 = φ2, (2.36)

and in the same way

ψ1 = ψ2 (2.37)

for the continuity of the Hz component. As l is an integer the cos components are equal

and the continuity of the Ez and Hz components across the boundary now give

A1H
(1)
l (k1ρ) +B1H

(2)
l (k1ρ) = A2H

(1)
l (k2ρ) +B2H

(2)
l (k2ρ) (2.38)

C1H
(1)
l (k1ρ) +D1H

(2)
l (k1ρ) = C2H

(1)
l (k2ρ) +D2H

(2)
l (k2ρ). (2.39)
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The continuity of Eθ from equation (2.31) using (2.26) and (2.27) gives

i

k21

(
− lβ

ρ

[
A1H

(1)
l (k1ρ) +B1H

(2)
l (k1ρ)

]
sin(lθ + φ)

− k0k1
[
C1H

(1)′

l (k1ρ) +D1H
(2)′

l (k1ρ)
]

cos(lθ + ψ)

)

=
i

k22

(
− lβ

ρ

[
A2H

(1)
l (k2ρ) +B2H

(2)
l (k2ρ)

]
sin(lθ + φ)

− k0k2
[
C2H

(1)′

l (k2ρ) +D2H
(2)′

l (k2ρ)
]

cos(lθ + ψ)

)
, (2.40)

where the prime denotes the derivatives with respect to their own argument. Again

this needs to be satisfied for all θ. Although we know (2.38) and (2.39), as k1 6= k2, the

coefficients of the sin and cos terms are different. Therefore we find that to be satisfied for

all θ the θ dependence must be the same to preserve the relative values of the coefficients

of the sin and cos terms. This requires

sin lθ + φ = ± cos lθ + ψ, (2.41)

which leads to

φ = ψ ± π

2
. (2.42)

Continuing with the continuity of H̃θ from equation (2.33), using (2.26) and (2.27) gives

i

k21

(
− lβ

ρ

[
C1H

(1)
l (k1ρ) +D1H

(2)
l (k1ρ)

]
sin(lθ + ψ)

+ k0k1ε1

[
A1H

(1)′

l (k1ρ) +B1H
(2)′

l (k1ρ)
]

cos(lθ + φ)

)

=
i

k22

(
− lβ

ρ

[
C2H

(1)
l (k2ρ) +D2H

(2)
l (k2ρ)

]
sin(lθ + ψ)

+ k0k2ε2

[
A2H

(1)′

l (k2ρ) +B2H
(2)′

l (k2ρ)
]

cos(lθ + φ)

)
. (2.43)

Using (2.42) and depending on your choices of φ and ψ the solutions can be split into two

categories. For example, using φ = 0 and ψ = −π2 in (2.26) and (2.27) we get set I and
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using φ = −π2 and ψ = 0 we get set II.

I Ez =
[
AH

(1)
l (kr) +BH

(2)
l (kr)

]
cos(lθ) (2.44)

Hz =
[
CH

(1)
l (kr) +DH

(2)
l (kr)

]
sin(lθ) (2.45)

II Ez =
[
AH

(1)
l (kr) +BH

(2)
l (kr)

]
sin(lθ) (2.46)

Hz =
[
CH

(1)
l (kr) +DH

(2)
l (kr)

]
cos(lθ). (2.47)

(2.48)

From here we choose to only look at category I solutions. We then use φ = 0 and ψ = −π2
in (2.40) and (2.43) the trigonometric components cancel on both sides and the equations

are simplified. For simplicity we are going to introduce the notation as in [48] (1→ 2) which

means the equation has the same terms, but the subscript 1 is replaced by subscript 2. The

final form of the boundary conditions can now be written as

A1H
(1)
l (k1ρ) + B1H

(2)
l (k1ρ) + 0 + 0 = (1→ 2)

k0ε1
k1
A1H

(1)′

l (k1ρ) + k0ε1
k1
B1H

(2)′

l (k1ρ) + lβ
k21ρ

C1H
(1)
l (k1ρ) + lβ

k21ρ
D1H

(2)
l (k1ρ) = (1→ 2)

0 + 0 + C1H
(1)
l (k1ρ) + D1H

(2)
l (k1ρ) = (1→ 2)

lβ
k21ρ

A1H
(1)
l (k1ρ) + lβ

k21ρ
B1H

(2)
l (k1ρ) + k0

k1
D1H

(2)′

l (k1ρ) + k0
k1
D1H

(2)′

l (k1ρ) = (1→ 2).

(2.49)

Equation (2.49) can instead be written in the matrix form

M(1, ρ)


A1

B1

C1

D1

 = M(2, ρ)


A2

B2

C2

D2

 . (2.50)
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where

M(j, ρ) =



H
(1)
l (kjρ) H

(2)
l (kjρ) 0 0

k0εj
kj
H

(1)′

l (kjρ)
k0εj
kj
H

(2)′

l (kjρ) lβ
k2jρ

H
(1)
l (kjρ) lβ

k2jρ
H

(2)
l (kjρ)

0 0 H
(1)
l (kjρ) H

(2)
l (kjρ)

lβ
k2jρ

H
(1)
l (kjρ) lβ

k2jρ
H

(2)
l (kjρ) k0

kj
H

(1)′

l (kjρ) k0
kj
H

(2)′

l (kjρ)



. (2.51)

2.3.3 Solving for β

By multiplying each side of (2.50) by the inverse of M(2, ρ) we can write it in the form

 A2
B2
C2
D2

 = M−1(2, ρ)M(1, ρ)


A1

B1

C1

D1

 (2.52)

where there is one inverse-matrix matrix pair for each interface within the guiding wall. By

applying equation (2.52) successively for each boundary, we can relate the field coefficients

in the core to those in the final region as:
Af

Bf

Cf

Df

 = M−1(f, rf )M(N, rf )M−1(N, rN−1)M(N−1, rN−1) . . .M−1(1, rc)M(c, rc)


Ac

Bc

Cc

Dc


(2.53)

where N is the total number of guiding regions (not including the final infinite region, f),

and rj is the outer radius of the jth guiding region.

Now to solve (2.53) this equation for β we need to address some of the properties of the

Hankel functions. The bessel Y component tends to infinity at r → 0, so for solutions to
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remain finite at the origin we need

Ac = Bc and Cc = Dc (2.54)

so that the bessel Y terms within (2.26) and (2.27) cancel. Initially we chose to use Hankel

functions as they are more natural to describe inward and outward propagating components.

Another requirement of the solutions is that there must be no incoming waves from infinity

outside the structure. For this requirement we need

Bf = 0 and Df = 0. (2.55)

These conditions are sufficient to solve a given structure for β and hence find the attenuation

and the mode profile of the structure.

2.3.4 Parameterisation

We parameterise the system in terms of dimensionless parameters x and D which are given

by:

x = kcrc = (k20 − β2)
1
2 rc and D = k0rc =

2π

λ0
rc. (2.56)

With the terms in equation (2.56) we can write all the terms that are in the matrix (2.51)

in terms of the parameters of (2.56). From equation (2.29) and taking ε = 1 for the core we

can write the propagation constant as

β = k0

(
1− x2

D2

) 1
2

. (2.57)

As D is a constant of the structure for a given wavelength, it will be shown later that x is

the only parameter we need to vary to find the propagation constant of the structure. The

other terms of (2.51) are given as:

kjr =
r

rc
D
(
εj − 1 +

x2

D2

) 1
2

,
k0
kj

=
1(

εj − 1 + x2

D2

) 1
2

,
lβ

k2j r
=
rc
r

l

D

(1− x2

D2 )
1
2

(εj − 1 + x2

D2 )
. (2.58)

To simplify the equations we set G as
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Gj =
(1− x2

D2 )
1
2

(εj − 1 + x2

D2 )
. (2.59)

The parameterised version of (2.51) and its inverse are given by

M(j, r) =



H
(1)
l (kjr) H

(2)
l (kjr) 0 0

εjH
(1)′
l (kjr)(

εj−1+ x2

D2

) 1
2

εjH
(2)′
l (kjr)(

εj−1+ x2

D2

) 1
2

rc
r
l
DGjH

(1)
l (kjr)

rc
r
l
DGjH

(2)
l (kjr)

0 0 H
(1)
l (kjr) H

(2)
l (kjr)

rc
r
l
DGjH

(1)
l (kjr)

rc
r
l
DGjH

(2)
l (kjr)

H
(1)′
l (kjr)(

εj−1+ x2

D2

) 1
2

H
(2)′
l (kjr)(

εj−1+ x2

D2

) 1
2


(2.60)

and

M−1(j, r) =



H
(2)′
l (kjr)(

εj−1+ x2

D2

) 1
2

− 1
εj
H

(2)
l (kjr)

rc
r

l
εjD

GjH
(2)
l (kjr) 0

−H(1)′
l (kjr)(

εj−1+ x2

D2

) 1
2

1
εj
H

(1)
l (kjr) − rcr

l
εjD

GjH
(1)
l (kjr) 0

rc
r
l
DGjH

(2)
l (kjr) 0

H
(2)′
l (kjr)(

εj−1+ x2

D2

) 1
2

−H(2)
l (kjr)

− rcr
l
DGjH

(1)
l (kjr) 0

−H(1)′
l (kjr)(

εj−1+ x2

D2

) 1
2

H
(1)
l (kjr)


× r

rc

iπ

4
D(εj − 1 +

x2

D2
). (2.61)

The arguments of the Hankel functions are given by the first term in (2.58). Now all the

elements are parameterised in terms of D, ε, l, r/rc all of which are set by the structure of

the fibre and also x.
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2.3.5 Setting up a minimisation problem

To satisfy (2.54) we set 
AC

BC

CC

DC

 =


1

1

P

P

 (2.62)

where P is a parameter we will determine. Following from equation (2.53) and using m to

label the resultant elements, we now have
Af

Bf

Cf

Df

 =


m11(x) m12(x) m13(x) m14(x)

m21(x) m22(x) m23(x) m24(x)

m31(x) m32(x) m33(x) m34(x)

m41(x) m42(x) m43(x) m44(x)




1

1

P

P

 (2.63)

to solve in 4 dimensions (<(x),=(x),<(P ),=(P )). Next we use the condition for allowed

solutions (2.55) to determine P for our trial x value, so that we only need to solve for x. As

we know that both Bf and Df need to be zero simultaneously, we can choose the value of

P so that one is always zero. Then we only need to find the value for x to make the other

zero. Inspecting the 2nd row of resultant vector (2.63) we have

Bf (x, P ) =
(
m21(x) +m22(x) + Pm23(x) + Pm24(x)

)
= 0 (2.64)

which gives

P =
−
(
m21(x) +m22(x)

)
(
m23(x) +m24(x)

) . (2.65)

Now we need to find the value of x that solves

|Df (x, P )|2 =
∣∣∣m41(x) +m42(x) + P

(
m43(x) +m44(x)

)∣∣∣2 = 0. (2.66)

Once we have the value for x we than have the complex propagation constant for this

structure following (2.57). For each value of l there will be multiple values of x that satisfy

(2.66) and these represent different mode solutions of the structure. The lowest allowed

value of x being the lowest order modes for a given l. It is important to mention that when
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l = 0 the matrix of equation (2.63) becomes block diagonal and represents two separate

solutions. The upper left block gives TM mode solutions as Eθ and Hz equal zero. The

lower right block represent TE mode solutions that have Ez and Hθ equal zero. The other

mode solutions for l 6= 0 represent HE and EH mode solutions.
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2.4 Hollow core negative curvature fibre Fabrication

We are able to fabricate these hollow core optical fibres using the fabrication facilities avail-

able at Bath. The fibre tower allows us to lower glass rods and tubes a few 10’s of mm in

diameter into a vertical furnace heated to around 2000°C, where the glass softens allowing

it to neck down under its own weight and then be pulled out of the bottom of the furnace.

As we have a fixed amount of glass if we pull it out of the furnace faster than we are feeding

it in, then the diameter of the rod or tube will be reduced. Controlling both of these speeds

allows us to have control over the diameter of the glass coming out of the furnace.

To fabricate these hollow core optical fibres, the structure is made on the macroscopic

scale and then drawn down to fibre size. The first stage is to make a stack which is then

drawn to canes. Then we take the canes and draw them down to fibre size.

To make the initial stack, we start with a large glass tube around 25 to 30 mm in outer

diameter. We then draw another tube down to multiple tubes of size 1-3 mm diameter that

will become the capillaries of the final fibre. These stack inside the large tube with another

tube 10-15 mm in diameter which then supports the structure we need. A schematic of a

stack is shown in figure 5.1. As the resonators in the final fibre need to be isolated they must

be supported only at the ends of the stack in order to keep them in place in the centre. This

assembly is drawn down to canes of 2-7 mm diameter, where we keep the middle section of

the stack where the resonators have now fused to the wall and dont need the end supports

any longer.

The canes are then drawn to fibres with a diameter of a few 100 µm’s, and it is usually

during this stage that we apply pressure to the capillaries. This allows us to stop them

collapsing or to inflate them, giving us control over their diameter and the size of the gaps

between adjacent capillaries in the final fibre structure.

The stack starts off close to the structure of the fibre we want and we are trying to

maintain this complicated structure through each stage of the process. To do this we need

to have good control of the viscosity of the glass. We need to have the viscosity high enough

so there is a large tension on the fibre cross section to keep the structure the same, but still

being soft enough to allow it to be pulled out of the furnace.

We control the viscosity by controlling the temperature of the furnace, and how the
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Figure 2.7 Schematic diagram for a anti resonant hollow core fibre stack
with non touching resonators. The ends of the stack are structured to
support the centre of the stack that has the desired fibre design [49].

viscosity changes with temperature is different for different glasses. Silica glass has a very

large working temperature range so the viscosity varies slowly with changing temperature.

This makes it technologically possible to reliably place the viscosity exactly where we need

it. If we were working with glasses that have a small working temperature range (such as

chalcogenide glasses), this would place a much higher demand on the accuracy and control

of the furnace temperature. We would need to change the furnace temperature slowly and

carefully to avoid overshooting the ‘sweet spot’ and we would use up a significant portion of

the glass just getting the temperature and tension correct. In addition to this these glasses

would be more significantly affected by temperature fluctuations during the fabrication

process, and sensitive to the day to day differences of the furnace performance. We have

two fibre towers, and the two furnaces do not perform identically as the heating element

wears with use. Because of this the furnaces can operate at slightly different temperatures

even when they are both set to the same temperature. The large working range of silica

makes it so the viscosity of the glass doesn’t behave radically differently when using one

furnace over the other which provides reliability and consistency between each stage of the

fibre drawing process. More importantly, because of the robustness to changes in viscosity

with temperature the effects of random temperature fluctuations during each stage of the

fabrication process are reduced. This is important because fluctuations in size at any stage

of the process will remain in the structure and lead to uniformity in the final fibre.
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Despite all the reliability and stability benefits of using a glass with a large working

temperature range, the process of making these fibres is still challenging. This structure of

rings that we want to make is inherently unstable. The surface tension of these rings will

cause them to reduce their diameter to minimise their surface tension. We need these to

stay open and not collapse. The pressurisation during the cane to fibre stage is a measure

we need to add to combat this instability. We are not eliminating the instabilities, we are

just trying to counter them and the whole system is in a delicate balance. We need the glass

to be well behaved and not another source of unstable behaviour.

41



Chapter 3

ALD Results

3.1 ALD of Al2O3 inside fibres

3.1.1 Deposition of a Standard recipe

A set of experiments were performed to confirm the validity of depositing Al2O3 inside an

optical fibre using atomic layer deposition. The ALD reactor used is the Beneq TFS 200,

a commercially available unit designed and optimised for using a nitrogen (N2) carrier gas

to grow metal oxides on flat substrates. The reactor has a cylindrical shape with a 20 cm

diameter and a hight of 5 cm.

The two precursors needed for the growth of Al2O3 are trimethylaluminium (TMA,

Al(CH3)3) and water (H2O). A schematic of the gas delivery system for the reactor is shown

in figure 3.1. We can control all of the valves. The precursors are dosed into the N2 carrier

gas stream to transport them to the reactor. The valves to the precursors are opened for

a set amount of time to control the amount of material supplied to the reactor. I will call

this opening and closing of the precursor valves a pulse. The recipe is defined by the valve

timings.

The reactor is exposed to Trimethylaluminum (TMA, Al(CH3)3), and then the system

is purged to remove un-reacted precursor and CH4 byproduct by keeping the valve for the

N2 and exhaust vacuum open. Then the reactor is exposed to the second precursor, water

(H2O), and then purged ready to start the sequence over again. This procedure is one

reaction cycle for Al2O3 ALD.
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H20

N2

TMA

reactor

vaccum

valve
Gas exhausts 

Gas inlets 

Figure 3.1 Schematic for the gas handling of the ALD reactor, and a
picture of the reactor with the cover removed. The reactant gases enter
and exit the chamber through a ring of holes to distribute them evenly
over the sample.

A standard recipe for growing layers of Al2O3 on a Si substrate that has an oxide layer

was first used as a benchmark for optimising the deposition parameters for our needs.

Multiple runs were carried out for 100, 200, 300 and 400 cycles. The growth per cycle is

around one layer of Al2O3 which is roughly 1.1 Å, so these number of cycles correspond to

approximately 11, 22, 33 and 44 nm thickness.

Between each run the only parameter changed was the number of ALD cycles, the other

parameters were kept the same. The depositions were carried out at 200°C with the chamber

kept at around 2 mbar. For the standard recipe the TMA pulse and purge times used were

150 ms and 500 ms respectively, and the H2O pulse and purge times were 150 ms and

750 ms respectively. These timings are shown in figure 3.2. The fibre used in this first ALD

experiment was a hollow core antiresonant fibre with 10 non-touching rings of thickness

2.4 µm and a fibre core diameter of 110 µm. For each target thickness two fibres were

attached to a silicon substrate with kapton high temperature tape and loaded into the

chamber. The gas enters the chamber from one side and flows to the exit on the opposite

side. The fibres were placed so that the fibre ends faced the gas inlet and outlet. The fibre

lengths used in this deposition experiment varied from 49 mm to 75 mm in length.

The spectral response of the fibres after the deposition were compared to a piece of the

same fibre that had not been processed. The Al2O3 layers added to the silica will change

the guiding wall thickness (d in equation 2.18) so the resonant wavelengths of the processed

fibres should shift to longer wavelengths. Comparing the spectral response of the processed
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TMA TMAH20

N2 open

N2 closed
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150 ms
pulse

150 ms
pulse
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500 ms
purge

750 ms
purge

time

Exhaust open

Exhaust closed

always open

Precursor open

Precursor closed

Figure 3.2 Pulse timings for TMA and H2O values for the standard
Al2O3 ALD process. The N2 carrier gas is always flowing and the exhaust
is always open.

and unprocessed fibres is an easy preliminary way of gaining insight into the results of

the deposition experiments before deciding if we need to carry out experiments that more

directly measure the deposited thickness of the Al2O3. The experimental setup used to

take the transmission measurements is shown in figure 3.3. A tungsten lamp was used as a

broadband light source, and coupled into a 62.5 µm patch cable. This was butt coupled to

the input of the sample fibre, and a 200 µm path cable was butt coupled to the output that

was connected to an Optical Spectrum Analyiser (OSA). The spectral measurements taken

after Al2O3 deposition are shown in figure 3.4.

As the transmission bands are not simply shifted to longer wavelengths this shows that

Al2O3 has not been deposited uniformly down the fibre. From these results we cannot

determine the thickness profile of the deposited Al2O3 along the fibre. However it does

show that increasing the number of ALD cycles increased the amount deposited, as the

change in the edge of the resonance becomes more pronounced with increasing the number

of ALD cycles.

The behaviour of the long wavelength side of the low transmission region is governed by

the range of Al2O3 thickness added to the silica. For the unprocessed fibre, wavelengths

longer than the central wavelength of the resonance are further from the resonance condition

for the fixed thickness of silica, and the transmission becomes higher.
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tungsten
lamp fibre alignment stages

OSA

input
fibre

collection
fibre

sample
fibre

Figure 3.3 A schematic diagram of the experimental setup used for tak-
ing fibre transmission measurements of the short fibres used in these ALD
experiments. A 62.5 µm input fibre and 200 µm collection fibre were butt
coupled to the sample fibre.

However for the processed fibres, due to the Al2O3 deposition there is a part of the fibre

that is slightly thicker and is now the correct size for perfect resonance for this slightly

longer wavelength. This means the transmission isn’t as high for that wavelength when

compared to the unprocessed fibre. As the transmission increases more slowly for increasing

wavelength, this indicates that the deposition hasn’t been uniform and a range of thicknesses

has been deposited that increases with more ALD cycles. For increasingly longer wavelengths

eventually it becomes far from resonance for the whole range of thicknesses present and the

transmission recovers to the same high transmission value of the unprocessed fibre.

The behaviour of the short wavelength side of the resonance is governed by the minimum

thickness of the guiding wall in the structure. For these shorter wavelengths the thicker

walled sections of the fibres are even further from resonance than for the original thickness

of the pure silica. So the main factor effecting their transmission is still the thickness of

the silica as this section becomes resonant first. Because of this, the short wavelength edge

is less affected by the non uniform layering of Al2O3 and will only be significantly affected

by deposition along the full length of the fibre. This will affect the position of the short

wavelength edge and not the shape.

The non uniform deposition comes from the precursors not properly reaching the centre

of the fibre. At this stage it was unclear if the precursors could not reach the centre of the

fibres, or if the N2 carrier gas couldn’t as well.

Although it is difficult to know if there is a pressure flow contribution to the transport
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Figure 3.4 Transmission spectra for fibres after Al2O3 ALD deposition
for the 850 nm to 1750 nm wavelength range. The transmission of the
traces have been normalised to be equal at 1405 nm for easier comparison.
Transmission spectra of an unprocessed fibre is added for comparison (blue)
to all plots. a) 100 cycles for two fibres of length 63 mm and 75 mm b) 200
cycles for fibres of length 47 mm and 48 mm c) 400 cycles for two fibres of
length 61 and 49 mm. d) is the high loss region of c) between 1200 nm to
1400 nm.
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of materials down the fibre, there will at least be a contribution from diffusion. However

diffusion is a slow process so it would be preferred to establish a pressure gradient between

the inside and outside of the fibre so that the material flows into the fibres due to this

pressure difference.

3.1.2 Changing the standard recipe

The standard recipe for Al2O3 deposition uses parameters that give a balance between being

material efficient and time efficient. The reactor is kept at around 2 mbar pressure, as this

gives a good balance between the ability of the carrier gas to entrain the reactants and the

ability to purge the stagnant reactants and byproducts from the reactor. If the pressure

is too low the mean free path of the carrier gas becomes too long and it is no longer in

viscous flow and cant effectively entrain the reactants. If the pressure is too high the mean

displacement of the reactants in the carrier gas become shorter and take longer to purge

between cycles [42]. The reactor is not completely sealed so increasing the pressure of the

inner reactor zone where the samples are can lead to reactant leakage to the outer zone

of the chamber which leads to difficulty in purging these reactants from the chamber, and

could lead to CVD processes occurring in the chamber.

Changing the temperature of the reactor will change the surface chemistry of the reac-

tions. Increasing the temperature above 125°C causes a decrease in the surface OH group

concentration for both Al2O3 and silica surfaces, which reduces the growth per cycle. At

temperatures above 300°C TMA begins to thermally decompose [44,50]. Lowering the tem-

perature of the reactor can cause the required purge times between cycles to become long.

At 125°C the required purge times for TMA and H2O are around 5 s and 10 s respectively

and for deposition at temperatures as low as 33°C the purge times for TMA and H2O are

around 20 s and 180 s respectively [50].

Increasing the precursor pulse times will result in a more inefficient use of the precursor

material as most will be wasted, but it is the only parameter that we can change that

doesn’t affect the dynamics of the reaction processes. Increasing the pulse times should aid

the diffusion contribution of the precursors as the concentration gradient between the inside

and outside of the fibres will be higher. But before trying this I worked on trying to establish

a gas flow due to having a pressure gradient between the ends and the centre of the fibres as
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3.1 ALD of Al2O3 inside fibres

this is the transport type that is most suitable for scaling the process to practically useful

fibre lengths.

The next few experiments aimed to explore what deposition parameters we can change

in order to try and improve the flow contribution of material to the centre of the fibres if

there is any at all, or to at least try to establish some flow.

From the results of figure 3.4 it appears the precursor material cannot get to the centre

of the fibre, so perhaps there is a low density of N2 too, so there could be a lower pressure

at the centre of the fibres. Increasing the pressure of the chamber will increase this pressure

difference further and the gas should flow into the fibres (if it didn’t already) until the

pressure difference balances out, at which point the fibre is filled. This at least ensures

that gas gets to the centre of the fibre. It then becomes a question of how much precursor

material this will bring into the fibre.
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Figure 3.5 Valve timings for a 5 s residency experiment to increase the
pressure inside the reactor. The N2 carrier gas is always flowing and the
exhaust is only opened to purge the reactor.

3.2 Raising the reactor pressure

The easiest way we can increase the pressure of the reactor is by continuing to flow N2

into the chamber after the precursor pulse but with the exhaust of the reactor closed. The

added gas should increase the pressure, provided it doesn’t all just leak out as the reactor

is not completely sealed. The results of figure 3.4 show that increasing the number of cycles

increases the effects of the deposition. So following on from this, this next experiment uses

1000 cycles as well as increasing the pressure in the reactor. The higher number of cycles

makes the resonance features due to the additional thickness of Al2O3 separated further in

wavelength from the original resonance so it can be more easily examined.

The precursor pulse times were kept the same at 150 ms for TMA and H2O, but after the

pulse of precursor the flow of N2 was left open for 5 s before the exhaust was opened to purge

for 5 s. The valve timings are shown in figure 3.5. The fibres used for this experiment are

different from the previous and they are hollow core antiresonant fibres with 8 non-touching

rings instead of 10 and of ring thicknesses from 1.63 to 1.68 µm, and they have a fibre core

diameter of ≈105 µm. The fibres were aligned parallel to each other with one end facing

the inlet and the other end facing the exhaust of the reaction chamber. Six fibres of varying

lengths from 64 mm to 84 mm were used in the experiment.

For this experiment a sample piece of silicon wafer was placed in the chamber along with
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Figure 3.6 Schematic diagram for the optical path length differences for
an incident beam that is reflected multiple times inside a slab of dielectric
that has an additional layer of a higher refractive index.

the fibres. 1000 cycles should deposit approximately 110 nm of Al2O3 and following the

deposition, ellipsometry measurements of the silicon wafer gave a deposited Al2O3 thickness

of 106.0±0.2 nm.

From this thickness we can calculate the expected location of the new resonances by

calculating the transmission of the guiding wall with equation 2.10. The additional layer

of Al2O3 increases the optical path length of the following transmitted beams in the fibre

capillary wall, shown in figure 3.6. This gives an additional phase contribution that needs

to be added to the δ term in equation 2.10 which becomes,

δ = 2mπ =
4π

λ

(
ds
(
n2s − 1

) 1
2 + da

(
n2a − 1

) 1
2

)
, (3.1)

where the refractive index of silica is ns, and Al2O3 is na, and the thickness of the silica

capillary in the fibre is ds and the thickness of deposited Al2O3 is da. As the Al2O3 could

be deposited on both the internal and external surfaces of the capillaries, the transmission

for da (red) and 2da (orange) were calculated for ‘Fibre 1’. The transmission of the guiding

wall is a measure of how lossy the fibre is. A high guiding wall transmission means that

the light leaves the fibre rather than being reflected and kept in the core. In figure 3.7 the
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3.2 Raising the reactor pressure

calculated reflection (1−T ) of the guiding wall is plotted, and labelled ‘Fibre Transmission’

on the right y-axis. The measured transmission spectrum of ‘Fibre 1’ and ‘Fibre 5’ from the

set are shown in figure 3.7.

The fibre in figure 3.7a is 74 mm long and has a wall thickness of 1.65 µm, and the fibre in

figure 3.7b is 79 mm long and had a wall thickness of 1.68 µm. The spectral response of the

fibres was taken before the experiments to directly compare each fibre after the experiment.

Adding layers of Al2O3 to the walls of the fibres will change the thickness of the guiding

wall so the resonance bands should shift to longer wavelengths.

From figure 3.7 we can see that after the deposition there is a clear additional resonance,

labelled λ2, and a much shallower and broader resonance feature labelled λ3, but the original

is also present, labelled λ1. The location of the resonances predicted by equation 2.10 for

110 µm and 220 µm of added Al2O3 match very well to the λ2 and λ3 features respectively.

This gives us very strong confidence that the thickness of Al2O3 deposited inside the fibres

match the prescribed thickness for the number of ALD cycles.

An alternative way to confirm this is by measuring the wavelength shift of the new

resonance, and calculating the thickness of Al2O3 added that corresponds to this shift by

modifying equation 2.18 like we did with equation 3.1. The additional layer of Al2O3 in-

creases the optical path length of the following transmitted beams, so an additional term is

added in equation 2.18, and it becomes

λm =
2

m

(
ds
(
n2s − 1

) 1
2 + da

(
n2a − 1

) 1
2

)
, for m = 0, 1, 2... (3.2)

From the transmission measurements we have the λm of the new resonance, the refractive

index of silica ns and alumina na at this wavelength and we know the thickness of the silica

capillaries, ds so we can calculate the thickness of the deposited alumina, da. The wavelength

shift from λ1 to λ2 corresponds to a calculated deposition of 110±10 nm for both figures

when using the refractive index of bulk sapphire which has a value of 1.74 to 1.75 in this

wavelength region. For silica glass it is 1.44 to 1.45. The Al2O3 that we deposit will be

amorphous so it will not have exactly the same refractive index as bulk sapphire [42], but as

the calculated value of deposited thickness matches the prescribed thickness deposited for

1000 cycles then the value of refractive index must be very similar.
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Figure 3.7 Transmission spectra for fibres after 1000 cycles of Al2O3

ALD deposition for the 650 nm to 1750 nm wavelength range, for two fi-
bres of length a) 74 mm and b) 79 mm for before (black) and after (blue)
deposition. a) has predicted fibre transmission (right axis) using equa-
tion 2.10 with prescribed thicknesses of 110 µm (red) and 220 µm (orange).
A schematic side view of the fibres is shown in c). The light blue illustrates
where we think the Al2O3 has been deposited inside the fibre.

52



3.2 Raising the reactor pressure

Doing the same analysis with λ3 to determine the deposited thickness gives a value of

230±30 nm for this resonance. As this is roughly twice the calculated thickness for the

other resonance, and it matches the predicted location of a double thickness (orange trace

in figure 3.7a) we assume this is due to some deposition on both surfaces of the capillaries.

It is shallow and broad so this indicates that it is only over a very short distance as it doesn’t

have much effect and it is not very uniform. This additional layer must be on the internal

surface of the capillaries as the transport into the capillaries will be worse than transport

into the core.

We can attribute the original resonance still being present to there being two different

sections within the fibre. A section with the added Al2O3, and a section without. This idea

is illustrated in figure 3.7c which shows a schematic of where we think the Al2O3 has been

deposited.

For example, before the deposition light at around 1150nm in figure 3.7b is very strongly

attenuated due to this wavelength matching one of the resonance orders for that thickness

of the silica. After the deposition it is still attenuated very strongly at this wavelength,

and the other deep resonances are in the same positions, so there must be a large region

within the fibre that has the same wall thickness as before. From this we can say that Al2O3

has not been deposited on the whole length of the fibre. The new resonances at λ2 and λ3

are clear and separated from the pure silica resonance at λ1 and unlike in figure 3.4 the

long wavelength edge of the resonance at λ1 is unaffected by the deposition. This is a good

indicator that we do not have a range of Al2O3 thickness deposited along the fibre, and

instead the guiding wall thickness, d, abruptly changes from one thickness to another.

Although the Al2O3 has not been deposited along the whole length of fibre, this still

shows that ALD deposition is absolutely the technique we need to use. It is a technique

that gives control over the thickness of the material deposited, and we have shown that where

the precursors have been able to reach inside the fibres, the thickness of Al2O3 deposited

there is uniform and exactly what we asked for.

The resonance due to the silica at λ1 and the new resonance from the addition of Al2O3

at λ2 do not have the same depth. This is because the length of the regions with and

without Al2O3 are different. The severity of the loss of the fibre depends on how much

the light interacts with the walls of the fibre (even for the high transmission regions). This

depends generally on the total length of the fibre. To illustrate this for a different piece
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Figure 3.8 Transmission spectra for two lengths of the same fibre 48 mm
(blue) and 86 mm (orange) long, showing the difference in attenuation
at resonant wavelengths. The transmission of the two traces have been
normalised to be equal at 930 nm to eliminate differences in their high
transmission level.

of fibre than those used in the ALD experiments, figure 3.8 shows the transmission spectra

for two different lengths of the same fibre, 48 mm and 86 mm long. It has 8 non touching

rings of thickness 2.83 µm, and a fibre core diameter of 190 µm. The two spectra have been

normalised at 930 nm to eliminate differences in their high transmission level to be able to

see the difference in the depth of the resonances. For hollow core negative curvature fibres as

the light is guided down the fibre, light at all wavelengths attenuates due to confinement loss,

becoming more attenuated as the length of fibre increases. This also means the attenuation

at the spectral resonances is reduced for a shorter length of fibre.

So by looking at the resonances in figure 3.7, we can gain some information about how far

the Al2O3 has been deposited down the fibre, based on the relative depths of the resonances.

3.3 Investigating the penetration of Al2O3 deposition

To try to determine how far down the fibre the Al2O3 has been deposited, next I took a fibre

from the set of experiments described in section 3.2 and divided it up into three sections, a

front, middle and end section. The transmission spectra was taken for each section to try
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3.4 A range of fibre lengths

and determine if it is depositing in both ends of the fibre, or just the side that was facing

the chamber inlet. The results of this experiment are shown in figure 3.9. The transmission

of the full fibre has been included to compare.

We can see clearly that the front, middle and end segments of the original fibre have a

resonance due to an uncoated section of silica, and only the front and end have a resonance

due to the added Al2O3 deposition. Due to the absence of this resonance in the middle

section we can see that the Al2O3 has not reached the centre of the fibre, and is deposited

only into the front and end of the fibre.

As explained previously with figure 3.8 we can try to use the depths of the resonance to

get some extra information. The depth of the resonance at 1270 nm due to the additional

Al2O3 for both the red and green trace are about equal at ∼1.8 dB. From this we can say

that the Al2O3 has been deposited equally far down each end of the fibre. So about half

the light to be attenuated at 1270 nm is lost at the beginning of the fibre, continues to

propagate and is then attenuated again at the end. Because of this it seems that the fibre

end that faces the gas inlet of the chamber does not show preferential deposition of Al2O3.

The reactor is designed to disperse the precursors evenly over the sample area, and has a

height of 5 cm so there is a lot of space above the fibres. Because of this it is likely that the

precursors spread throughout the chamber quickly, and then the precursors will flow into

the fibres from both sides.

By comparing the depth of the silica resonance with the depth of the added Al2O3

resonance, we can also get some idea of what fraction of the fibre length has the deposition.

For the red trace the resonance due to silica is ∼4 dB deep and due to Al2O3 it is ∼1.8 dB

deep. From this we suspect that just under a third the length of this piece of fibre is coated

with Al2O3, so somewhere around ∼8 mm, with a similar result for the green trace.

3.4 A range of fibre lengths

With knowing how far down we think the Al2O3 has been deposited, the next experiment

that I carried out used the same deposition parameters and timings as those used in figure

3.7 but with more fibres over a much larger length range. For this experiment fibres of

length from 24 mm to 76 mm were used. The fibres are again hollow core antiresonant fibres

with 8 non touching rings of thickness 1.67 µm and a core size of ∼105 µm.
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Figure 3.9 Transmission spectra for a 84 mm long fibre (blue) that was
then cut into three sections. A front section (red) that was closest to the
chamber inlet, a middle section (purple) and an end section (green) that
was closest to the exhaust. The absence of the resonance peak at 1270 nm
for the middle section (purple) indicates that there has been no deposition
in the centre of the fibre.

As the Al2O3 penetrates around 8 mm into either end of the fibres then we expect a

16 mm fibre to have its total length covered with Al2O3, and the resonance due to silica

should disappear. However this length of fibres is too short to test, but a 24 mm fibre is

short enough to have more than half its length covered with Al2O3, provided the deposition

behaviour is the same as the last run. For the fibres of increasing length, the depth of the

resonance due to Al2O3 should stay the same as the length of silica covered with Al2O3

should be the same in all fibres. The depth of the resonance due to uncoated silica should

become progressively deeper due to there being more and more uncoated silica in the centre

of the fibres. The transmission spectra for before and after the ALD experiment are shown

in figure 3.10.

The results of figure 3.10 are in excellent agreement to our expectations. From this we can

be confident that the deposition behaviour from one experiment to the next is repeatable.

Figure 3.11 shows normalised transmission spectra for the before and after spectra of

figure 3.10 for a smaller wavelength window. The transmission spectra are normalised so

that the transmission is equal for the fibres at 1478 nm. This is so that the depth of
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3.4 A range of fibre lengths

the resonances are easier to compare for the different lengths of fibre by making the high

transmission regions approximately equal. Figure 3.11b shows much more clearly the key

result displayed in figure 3.10b. For all of the fibres the resonance due to the additional

Al2O3 at around 1275 nm all have a very similar depth and shape, so they have the same

length of fibre covered with Al2O3. For the resonance at around 1165 nm, for the 24 mm

fibre the resonance is almost eliminated entirely, indicating that this fibre has a majority

of its length covered with Al2O3. The strength of the resonance due to the thickness of

uncoated silica increases for the longer fibre lengths.

As having a wait time of 5 seconds seemed to give an improvement over the standard

timings we also did a deposition run that used a 10 second wait and purge time to see if we

would get further improvement. The results of this deposition are shown in figure 3.11c and

shows no improvement.

The first thought is the scenario that there just isn’t enough material in the initial

precursor pulse so the precursor is used up within the 5 s wait time. I am told a 150 ms

pulse of precursor that was used in all the experiments so far is more than enough to coat

the internal surfaces of the reactor, and is often done to passivate the aluminium walls of

the reactor after it has been opened and cleaned. The surface area of the reactor is ≈

×100 higher than the surface area of all the added fibres, so we are adding a tiny amount of

extra surface. So it is unlikely that extra surface area uses up the remainder of the precursor

material. We should have more than enough precursor material entering the reactor, but the

precursors can’t reach the centre of the fibres. There must be a problem with the transport

mechanisms.
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Figure 3.10 Normalised transmission spectra for 13 fibres before a) and
after b) 1000 cycles of Al2O3 ALD deposition for the 550 nm to 1750 nm
wavelength range using the timings shown in figure 3.5. The transmission
of the two traces have been normalised to be equal at 1478 nm to eliminate
differences due to input coupling.

58



3.4 A range of fibre lengths

1000 1050 1100 1150 1200 1250 1300 1350 1400
Wavelength (nm)

-13

-11

-9

-7

-5

-3

-1

1

3

N
or

m
al

is
ed

 T
ra

ns
m

is
si

on
 (d

B
)

24mm
27mm
32mm
32mm
38mm
44mm
49mm
55mm
59mm
61mm
65mm
71mm
76mm

(a)

1000 1050 1100 1150 1200 1250 1300 1350 1400
Wavelength (nm)

-13

-11

-9

-7

-5

-3

-1

1

3

N
or

m
al

is
ed

 T
ra

ns
m

is
si

on
 (d

B
)

24mm
27mm
32mm
32mm
38mm
44mm
49mm
55mm
59mm
61mm
65mm
71mm
76mm

(b)

1000 1050 1100 1150 1200 1250 1300 1350 1400
Wavelength (nm)

-13

-11

-9

-7

-5

-3

-1

1

3

N
or

m
al

is
ed

 T
ra

ns
m

is
si

on
 (d

B
)

22mm
29mm
38mm
48mm
56mm
67mm

(c)

Figure 3.11 Normalised transmission spectra for fibres presented in fig-
ure 3.10 over a smaller wavelength range for a) before and b) after 1000
cycles of Al2O3 deposition using timings shwon in figure 3.5. c) is from a
separate deposition run and uses a 10 s wait and purge time not 5 s. As
the depth of the resonances at 1270 nm are all roughly equal it shows that
the Al2O3 has been deposited down an equal length for all of the fibres.
The deepening of the resonance at 1165 nm as fibre length increases shows
that there is an increasing amount of uncoated silica inside the fibre. a)
and b) are normalised to be equal at 1478 nm and c) is normalised to be
equal at 1464 nm to eliminate differences due to input coupling.
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3.5 Pressure flow contribution of precursor transport into the fibres

3.5 Pressure flow contribution of precursor transport

into the fibres

Because the resonance due to the additional Al2O3 is separated nicely and has essentially

the same shape as the resonance due to the uncoated silica it indicates that in the fibres

there is an abrupt change from having Al2O3 to none. The deposition is uniform along the

length it reaches, which is exactly what we need, but the precursor still isn’t getting to the

centre.

It is difficult to know what is happening inside the reactor but the additional wait time

giving no improvement means the total contribution of precursor transport through pressure

flow and diffusion is the same. This could mean a few things. First, if the pressure didn’t

get any higher for the 10 s than it did for 5 s with the inlet open, then the pressure flow

contributed the same. This would also indicate that the gas is leaking from the reactor to

the outer chamber. Additionally because the deposition is indistinguishable this would then

mean the diffusion contribution must also be the same. If the excess gas is leaking out for

both timings then it would take some precursor material with it so the extra residency time

doesn’t give a better diffusion contribution as there is no precursor left. Everything happens

within the first 5 s.

Another situation could be that the pressure of the reactor was higher than it was for

5 s, but this higher pressure doesn’t bring any more precursor material into the fibre when

this pressure equilibrates. This would show that the pressure balances before the precursors

reach the fibres or the precursor material is just too sparse in the chamber with the N2. If

there is a higher pressure due to a 10 s residency, this increased density of atoms inside the

fibre has negligible more precursor molecules.

Upon reflection it becomes clearer why no more precursor enters the fibres. Air diffuses

into fibres over time, so these very short pieces of fibre are being loaded into the reactor

already filled with air. The reactor is evacuated and purged to roughly 5 mbar of N2 when

the fibres are loaded and it takes around 30 minutes to get to 200°C before the start of the

first cycle. So on the first cycle the precursors arrive in a chamber that is filled with N2

and fibres filled with N2. The precursor is then brought into the chamber with more N2,

and the N2 is left flowing to increase the pressure to try and entrain the increasingly dilute

precursor to go into the fibre.
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3.5 Pressure flow contribution of precursor transport into the fibres

Although it is not clear what is happening to the precursor gasses, we can still think about

how sparse the precursor is inside the fibres, assuming the gas mixture gets everywhere.

A film of Al2O3 grown at 177 °C has a density of 3.0 g/cm3 [50] which gives the number

of Al2O3 units per square centimetre to be 6.8×1014 units/cm2. For a capillary of diameter

100 µm and length 10 cm it will need 2×1014 Al2O3 units to cover its inside surface. As-

suming one unit requires two TMA molecules, this would require 4×1014 molecules for the

capillaries inside surface, compared to 1×1018 to coat the reactor walls. 1×1018 molecules

in the chamber would equate to a pressure due to TMA of 0.05 mbar, so in 150 ms of the

valve being open we would have more than this number of molecules entering the chamber.

However the volume inside the fibres is very small so practically all the molecules will

be outside the fibres. To have the correct number of molecules inside the fibres at a given

moment the pressure due to TMA inside the fibres needs to be very high because their

volume is so small. The pressure due to purely TMA to have this many molecules to coat

the inside walls of the capillary in an instant would be ∼ 30 mbar. We do not have this, and

we aren’t coating the fibres immediately. The pressure in the reactor is usually 1-5 mbar,

and mostly N2. Even if the reactor and capillary was filled with only TMA to 5 mbar the

number of TMA molecules inside the fibre is estimated to be 6×1013. An order of magnitude

less than what you need coat the surface in an instant, but with 1×1020 in the chamber.

This many molecules inside the fibre will coat about 15% of the fibre surface, or equivalently

this number of molecules is enough to coat 15 mm of a the 10 cm capillary. This is about

equal to the experiments already shown and we certainly have far less than a partial pressure

of 5 mbar due to TMA or H2O in the reactor.

It is becoming clear that we cannot make the pressure due to TMA high enough to have

the required number density to automatically coat the fibres. The fibres also start filled

with N2 which makes it difficult to try get more gas inside the fibres, hoping this will bring

precursors inside the fibres.

So although there should be enough molecules in total in the chamber, the number going

into the fibre due to some pressure flow must be much less than one layers worth, for both

the 5 s and 10 s wait experiments. The results must be due to the diffusion of precursor

into the ends of the fibres.

All of these issues would go away if we were able to establish a constant pressure dif-
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ferential between the ends of the fibres. This means we would be able to continuously flow

precursor material through the full length of the fibre. To achieve this one example would be

to connect one end of the fibre to the exhaust. Unfortunately we do not have access to this as

the fibres are placed into the chamber through a loading arm. We would have to dismantle

the reaction chamber in order to modify it every time we wanted to do a deposition.

The previous experiments and calculations seem to show that diffusion is doing all the

work, so we shall have to rely on the manipulation of the diffusion mechanics in order to

try and increase the amount of precursor entering the fibres and increase how far down the

fibres we can deposit. Diffusion is a slow process and the diffusion length needed is going to

increase if we manage to get the precursors down further in the fibres. Because of this we

expected to see some diminishing returns on our efforts.

3.6 Diffusion contribution

We need to begin to understand the role of diffusion in the transport of precursor material

as it seems to be doing all of the work. Some simple calculations were carried out to get an

estimate of how far the precursor molecules could diffuse in a given time. This will give us

some idea of if they are able to reach the centre of the fibre in the time window given in the

experiments that we have run.

To do this we need to know what the diffusion coefficient is for the precursors. Diffusion

is a measure of the net movement of molecules from an area of high concentration to an

area of low concentration as a result of the random motion of the molecules. The diffusion

coefficient depends on the physical dynamics of the interacting gases, such as the molecule

velocities and their mean free paths. For a mixture the diffusion coefficient is usually given

as a value for the pair of gases.

A rough estimate for the diffusion time of the molecules can be achieved by considering

a one-dimensional random walk, where the molecules have an equal chance of moving to the

left or to the right. It can be shown that the mean square of the molecule displacement can

be given as [51]

〈x2〉 = 2Dt, (3.3)

where x is the displacement, t is time and D is the diffusion coefficient which has dimen-
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sions of area per unit time (m2s-1). Equation 3.3 applies to each dimension. So for three

dimensions it is given as

〈r2〉 = 6Dt. (3.4)

Although this is a very basic model, it is still useful as properly analysing the flux at a

given point in the chamber is very difficult, due to all the time varying parameters, and even

equations 3.3 and 3.4 are limited in their use to us as experimental values for the diffusion

coefficient of TMA in N2 seem to not exist.

Nevertheless we can get some insight from looking at the diffusion time for H2O in

N2. The diffusion coefficient for H2O in N2 at 200°C and a chamber pressure of 5 mbar is

≈120 cm2s-1. Therefore the time required for a mean displacement in one dimension along

5 cm fibre is ≈100 ms.

So this shows that the time for the water molecules to diffuse a distance equal to half the

fibre length is a lot shorter than the 5 s and 10 s residency time that we gave them in the

experiments. So the molecules have enough time to travel the distance, but there doesn’t

seem to be complete layers forming at the centre of the fibres.

For the molecules that enter the fibre, they will collide with the internal walls of the fibre

and encounter the reaction sites of the surface many times before they reach the centre of

the fibre. TMA is a very reactive molecule so it has a high probability of reacting with the

surface. Therefore it is likely that the TMA reacts with the first few sites it encounters.

Over time more and more sites near the entrance of the fibre are used up which means

the subsequent TMA molecules entering the fibre can move past these, progressively getting

deeper into the fibre. This thought seems to be confirmed by the deposition experiments as

they show there is an abrupt change from Al2O3 to none.

As the molecules have enough time to travel to the centre of the fibres, and we have

enough precursor material entering the chamber, it seems we are not getting enough molecules

entering the fibre in the time window given in order to use up all of the reaction sites of the

fibre. The flux of molecules is too low.

Properly analysing the flux into the fibre is very difficult as we cannot know for sure

what the partial pressures and dynamic concentration gradients are, but we know what

parameters influence the flux.
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3.6 Diffusion contribution

3.6.1 Optimising the Flux into the fibres

The flux of diffusing molecules is described by Fick’s law of diffusion that relates the net

flux of molecules to their concentration gradient and it is given as [51]

J = −D dψ

dx
, (3.5)

where J is the diffusion flux, D is the diffusion coefficient, ψ is the concentration of molecules

and x is a spatial dimension. The diffusion flux has units of number of molecules per unit

area, per unit time (No.m-2s-1). The minus sign means that molecules move opposite to the

concentration gradient (from high to low concentration).

For the diffusion coefficients we largely depend on experimental measurements as no

universal theory exists that allows their accurate calculation. The most common method

for theoretical estimation of gaseous diffusion is accurate to an average of about 8%, and is

given by [52]

D =
1.86 · 10−3 T

3
2

(
1
M1

+ 1
M2

) 1
2

P σ2
12 Ω

, (3.6)

where T is the temperature, M are the molecular weights, P is the total pressure in the

chamber, σ12 is the collision diameter, dependent of the physical size of the two species, and

Ω is a collision integral parameter. It is a more complicated parameter to determine, but is

usually of order one.

From looking at equations 3.5 and 3.6 we can get an idea for what we can do to increase

the flux into the fibres.

3.6.2 Larger diameter fibres

Firstly we tried using fibres of a larger diameter. Increasing the fibre diameters will increase

both the internal surface area of the fibres and the area of the end face but not equally.

The internal surface area increases linearly with the diameter, and the area of the end face

increases with the square of the diameter, so increasing the fibre diameter will be beneficial

for increasing the depth of the deposition as the addition of the extra surface sites should be

overcome by the increased flux due to increasing the area of the fibre end face. We should

be getting more molecules in than the number of new surface sites.

64



3.6 Diffusion contribution

The fibres of figure 3.11c had a capillary thickness of 1.67 µm and a 105 µm core and the

deposition used a 10 s wait and purge time. Along side these fibres there was another set of

fibres that also had 8 non touching rings but of thickness 2.83 µm, and a core diameter of

190 µm. Because of the different wall thicknesses the resonances will be in different positions.

The normalised transmission spectra of the 190 µm core fibre is shown in figure 3.12 with

the 105 µm of figure 3.11c reprinted as figure 3.12a.

In figure 3.12b the resonance at around 1185 nm is eliminated for the 23 mm long fibre,

and almost eliminated for the 29 mm long fibre, indicating that nearly 29 mm of fibre

have been covered with Al2O3. Comparing to figure 3.12a only 22 mm of fibre was almost

covered for the 105 µm core fibre. From this we can say that increasing the core size has had

a positive but small effect on the penetration of the Al2O3 deposition. Again the strength

of the original resonance increases due to there being a increasing amount of uncoated silica

wall inside the fibre.

The new resonance due to the deposition is also closer to the original compared to the

105 µm fibre even though the two fibres have the same thickness of Al2O3 deposited on them.

The position of the new resonance corresponds to a added Al2O3 thickness of 107±7 nm

for the 105 µm core fibre and 109±14 nm for the 190 µm core fibre and it is still uniform

along the length it deposits. This new resonance being closer makes analysing the relative

resonance strengths more difficult. This is because the 190 µm fibre has a much larger

resonator thickness, so the resonance order number (m in equation 2.18) is higher in this

wavelength region. The resonance at 1165 nm for the 105 µm fibre is the 3rd resonance from

the fundamental, and the resonance at 1185 nm for the 190 µm fibre is the 5th resonance.

The higher order resonances will occur closer together in wavelength, which can be seen

in previous figures. Having a larger wall thickness shifts all of these resonances to higher

wavelengths. So in the wavelength window of figure 3.12, the neighbouring resonances of

the 190 µm fibre can be seen as they are much closer than for the 105 µm fibre for the same

wavelength region. You can begin to see the 6th resonance at 1000 nm and its additional

resonance due to the deposition.

Also the wiggles of the transmission spectra make things more unclear, and makes the

normalisation more unreliable. However we can still see enough behaviour that is different

from the 105 µm fibre used in figure 3.11c and 3.12a to say that having a larger fibre core is

beneficial. It has aided the diffusion of precursor molecules into the fibres but the penetration

still isnt a practically useful length.
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Figure 3.12 Normalised transmission spectra for a) ∼105 µm core fibre
and b) ∼190 µm core fibre after 1000 cycles of Al2O3 deposition using 10 s
fill and purge times. a) is normalised to be equal at 1478 nm and b) is
normalised to be equal at 1400 nm. Inset is an image of the fibres used, at
the same magnification. The resonance around 1270 nm in a) shows that
the Al2O3 has been deposited down an equal length for all of the fibres.
The resonance due to the additional Al2O3 in b) is closer to the silica
resonance as it is a higher order resonance due to thicker silica rings in
this fibre, but the same thickness of alumina has been deposited. Almost
22 mm of fibre has been covered with Al2O3 in a) and almost 29mm in b).
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3.6 Diffusion contribution

3.6.3 Low pressure residency

Another thing that should help is it increase the time before purging in each phase of the

cycle. The flux is the count of molecules per area per unit time. If we increase the time

window then we simply allow more molecules to enter. But we have already realised that

diffusion is doing all the work, and in figure 3.11c a longer wait time didn’t improve the

depth of the deposition.

One reason for this may be that the diffusion coefficient is too low. Although the rough

estimations tell us the molecules have enough time, increasing the diffusion coefficient further

may still help.

Most of the parameters that affect the value of D depend on the physical properties of

the two gases that are interacting. The only things that we can change are the temperature

and the pressure of the chamber in order to manipulate the value of the diffusion coefficient.

As mentioned in section 3.1.2 changing the temperature of the reaction process will begin

to change the chemistry of the surface reactions so it is best to change the total pressure of

the reactor.

The inverse relation to total pressure of equation 3.6 comes from the dependence on the

mean free path of the molecules. As the total pressure increases, the density of the molecules

in the chamber increases which in turn reduces the mean free path of the molecules. There

are more molecules to collide with to stop their movement.

For the experiments that we have run, after dosing the precursors into the N2 carrier

gas stream we left the N2 flowing to increase the pressure in the chamber to try and aid a

pressure difference flow of reactants. As explained it isn’t clear how helpful this was. In fact

over the 5 seconds of fill time the pressure in the chamber increased from 1 mbar to 5 mbar,

which would have reduced the diffusion coefficient by a factor of 5, which is significant when

we now think diffusive transport is doing all of the work.

The next test was to flow the N2 long enough to get the precursors into the chamber, and

then close off the flow to leave the precursors in the chamber at low pressure. The partial

pressures of the precursors will be the same as before but they should have a much higher

diffusion coefficient as the total pressure is lower.

This gave no improvement over results of figure 3.12a. Along with the other results this
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seems to indicate that all the of progress is being made at the very start of each cycle as

so far trying to improve the time dependent contributions to the diffusion mechanics have

made no improvement. Having a larger fibre will help from the very instant the precursors

get to the reactor. If all the progress is made at the very start, then the precursor must be

leaving the reactor over time, because as you wait longer nothing more will enter into the

fibres as there is no precursor left.

I would like to carry out an experiment that uses the valve timings of figure 3.2 to confirm

this by seeing if the deposition results are the same for 1000 cycles when no wait time is

used. Unfortunately I did not have time to carry out this experiment.

3.6.4 Deposition with a triple pulse

As the precursor material seems to leave the reactor, and we think the progress is made at

the start of each cycle, the next thing that we tried was just repeating this initial moment.

For the next deposition run we repeated the first stage of the two part ALD cycle three times

before doing the second stage of the cycle three times, rather than alternating between the

two. We did not include a wait time in this recipe between the precursor dose and purge

but instead the purge is started immediately after the precursor dose like in the standard

recipe. We used a 150 ms TMA pulse followed by a 500 ms purge, three times, and then

150 ms H2O pulse followed by a 750 ms purge three times. This was again for 1000 cycles.

These timings are shown in figure 3.13.

The results for this deposition run are shown in figure 3.14. Rather than comparing to

other fibres in the same run, instead fibres of similar length were chosen from past runs to

compare to. These triple pulse results were a reasonable success. The Al2O3 penetration

has increased from around 8 mm in each end to 12-14 mm in each end. The penetration into

the small rings of the fibre is better as well. This did not give us three times the penetration

even though the fibres is exposed to three times the number of precursor molecules. This is

to be expected as the precursor molecules use up the sites starting from the front of the fibres

so the diffusion time required to get further is increasing. The position of the resonances

due to the deposition of Al2O3 are at slightly longer wavelengths than the previous results.

This indicates that either the thickness of Al2O3 has increased from ∼110 nm to 115 nm,

or there is a slight increase in the density of the deposited Al2O3 so the refractive index is
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slightly higher this time around.

So replacing the lost material helps. As the reactor was purged between each precursor

pulse it means that the reactor state is reset each time. The next experiment used a single

triple duration pulse rather than 3 separated pulses with a purge in between. This will

increase the number of precursor molecules in the chamber at one time and will increase

the concentration gradient between the inside and outside of the fibres and so increasing the

flux into the fibres. This deposition run used a longer than ×3 duration purge in case the

precursor does penetrate further than the separated pulses. The run used a 450 ms TMA

pulse, a 2000 ms purge, 450 ms H2O pulse and a 3000 ms purge.

The results of this run were indistinguishable from using 3 separated pulses. This clearly

shows that the improvement must simply be from replacing material that is rapidly lost

from the reactor.

3.7 Conclusion

We have confirmed the feasibility of depositing a dielectric material on the inside surface of

these hollow core optical fibres by using an ALD process which was the primary goal of this

work. The main issue that needs to be overcome is the penetration depth of the precursors,

as only 25 mm of fibre length had Al2O3 deposited on it. Over this length however the

deposition was uniform and matched the prescribed thickness. This shows that ALD is

absolutely the deposition process we need to use in order to have uniform thickness profile

of a specified thickness deposited onto the internal surfaces of a length of fibre.

The various experiments carried out in this chapter aimed at trying to understand the

transport dynamics of the reaction chamber to try and increase the penetration depth.

Unfortunately many of the experiments showed no improvement, but it shows an excellent

robustness of the ALD process as it performed consistently and reliably for each experiment

despite changing the parameters of the deposition process. This gives promise to future

work as the ALD process will perform exactly as intended if you are able to overcome the

precursor transport issues. If you can get the precursor materials to where they need to be,

it should just work.
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Figure 3.13 Valve timings for the triple precursor pulse experiment. The
N2 carrier gas is always flowing and the exhaust is always open to purge
the reactor.
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Figure 3.14 Normalised transmission spectra for a selection of similar
length fibres after 1000 cycles of Al2O3 deposition, with the different pre-
cursor dose and purge times used in this chapter. The spectra are nor-
malised to be equal at 1095 nm. The black and grey traces are for the
deposition runs that give the same results. The triple pulse timings (red)
show an improvement to the penetration of Al2O3 compared to all the
previous recipes which are the same. The penetration into the rings of the
fibre is also improved.
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Chapter 4

Bragg Fibre Modelling Results

4.1 Pure SiO2 and Al2O3 fibres

A set of Bragg fibre structures were investigated to try to determine the attenuation be-

haviour of a hollow core silica fibre which has a guiding wall that is constructed from both

silica and sapphire (Al2O3) at a wavelength of 5 µm where the absorption of silica is very

high. The absorption of sapphire is also high, but it is significantly lower than silica. From

this we wish to learn what requirements this would place on the structure needed for fabri-

cating a multi material hollow core fibre with low attenuation.

The structure used in the following analysis for this chapter will be the n=3 structure of

figure 2.6. The n=2 structure more realistically resembles what an actual negative curvature

fibre will look like, as its final layer is a glass layer that extends to infinity and so behaves

like the protective fibre cladding. However, when using the n=3 structure and material

values for pure silica, the simulated values for fibre attenuation are close to the values for

real negative curvature hollow ring fibres.

Using values of the complex refractive index of silica from [32] a comparison of the n=3 and

n=2 structures was carried out by modelling a bragg fibre with similar structure parameters

to the fibre made by Kolyadin et. al. [25] and comparing their value of the loss of the

fundamental mode for the first three transmission bands. Their fibre diameter was 119 µm

and the capillary wall thickness was 6 µm. For the n=2 structure the outer silica extends
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4.1 Pure SiO2 and Al2O3 fibres

to infinity, and for the n=3 structure, the outer ring was kept at a thickness for first order

anti resonance, and for both structures the air gap between the two glass rings was kept as

a size for first order antiresonance for the wavelength used.

For the transmission band minima reported in [25] at 2.6 µm, 3.4 µm and 4.3 µm, their

calculated attenuation for the fundamental mode is 0.002 dB/m, 0.006 dB/m and 0.3 dB/m

respectively. The calculated values for the n=3 structure are 0.006 dB/m, 0.014 dB/m and

0.37 dB/m. The values for the n=2 structure are 0.09 dB/m, 0.19 dB/m and 0.90 dB/m.

From this we can see that the n=3 structure is a much better representation of real fibres.

There are other options of simulating the behaviour of real hollow core anti resonant

fibres, such as large scale finite element calculation packages such as Comsol or Lumerical.

One disadvantage of these is that they are considerably more computationally expensive

than the simulations that are carried out in this work using the simplified model structures

in figure 2.6. Also the primary goal of the simulation work is to learn about the feasibility of

using a multi layered dielectric structure that guides by anti resonant reflection. In particular

how these two layers interact when one has a high absorption and one has a low absorption.

Employing one of these packages that will allow us to model a boundary with a negative

curvature rather than a positive curvature, should not actually affect the outcome and the

understanding of the work presented in this chapter.

As we are interested in high power transport the results presented here use a wavelength

of 5 µm as this is the wavelength that CO lasers operate. The absorption of silica increases

by an order of magnitude from ∼4.7 µm to 5 µm according to [32]. I use a value of around

43,000 dB/m for the absorption of silica at 5 µm. There was no reliable source for the

optical constants of Al2O3 at 5 µm, as data sets stopped at around 3 - 4 µm, only gave

the refractive index and not the extinction coefficient, or different data sets did not have

similar values. The absorption value of sapphire was calculated from the transmission and

reflection data of a sapphire window available from THOR Labs. The calculated material

loss was 400 dB/m at 5 µm.

All the presented results use a wavelength of 5 µm and a core diameter of 150 µm, as

a core size of 30 λ gives a good balance between the straight transmission and bend loss

for these hollow core antiresonant fibres. The loss is calculated for the fundamental mode

HE11. All use the n=3 structure and the outermost ring is always kept as silica of first order

anti resonant thickness, and the air gap is always a thickness for first order antiresonance
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to be investigated

n = 3 strucutre

Figure 4.1 Schematic diagram of the model structure that will be in-
vestigated in this chapter. This is the n = 3 structure from 2.6, where
the thickness and layer structure of the first ring surrounding the core are
changed in the investigations. The outer layer is kept as silica, and the
thickness of this layer and the air layer are kept at a thickness for first
order anti resonance

for the fundamental mode. For this wavelength this equals ∼1.4 µm and ∼50 µm. The

thickness and internal structure of the first ring surrounding the core are changed in the

investigations.

The transmission of silica and Al2O3 both decrease rapidly in the mid-infrared but at

5 µm Al2O3 is significantly more transparent than silica glass. Figure 4.2 shows a comparison

of the structure where the first ring is entirely silica or Al2O3. The pure silica structure

has a minimum loss in the first transmission band of 1.22 dB/m which limits the usability

for practical applications. This loss value is similar to fibres fabricated by Kolyadin et. al.,

whose fibre give a measured fibre loss of 6 dB/m at 4.5 µm and a calculated loss of 0.5 dB/m

for the fundamental mode at 4.5 µm [25], where the material loss for silica is an order of

magnitude lower than at 5 µm. As the size of the silica guiding wall increases it becomes

an anti-resonant thickness again (d in equation 2.19) and gives a second transmission band

where the minimum loss for this band is 3.7 dB/m. This is unlike the transmission bands

shown in figure 2.2 which is for a lossless etalon, where neighbouring anti-resonances have

the same minimum value. As we are including material absorption the minimum loss in

each transmission band increases due to higher absorption contribution of the thicker walls.

73



4.1 Pure SiO2 and Al2O3 fibres

0 1 2 3 4 5 6 7 8 9

Guiding layer thickness (µm)

0

1

2

3

4

5

Lo
ss

 (
dB

/m
)

Pure Al
2
O

3

Pure SiO
2

6.2

Figure 4.2 Comparison of calculated attenuation for a guiding wall of
pure SiO2 and Al2O3 for λ = 5 µm with material losses of 43,000 dB/m and
400 dB/m for silica and Al2O3 respectively. The numbered arrow indicates
the minimum loss for silica in that transmission band.

This also happens for the Al2O3 trace. The minimum loss of the higher order transmis-

sion bands is increasing, but as the material loss is much lower than for silica, it increases very

gradually. The transmission band minima move slowly away from the 0 axis for increasing

anti-resonant orders.

The pure Al2O3 wall has significantly lower loss than the pure silica wall, but to have a

pure Al2O3 structure we would need to etch the silica away after the deposition. This adds

another fabrication step which is yet to be developed. A study of the literature so far shows

that wet etchants that will remove the silica will also etch the Al2O3 and the differential etch

rates are not high enough to controllably remove just the silica [53]. There are etch methods

that have the differential etch rate we need but these are ion etching techniques [53] and we

need to chemically wet etch the silica as we need to flow the etchant down the fibre.

One potential method involves annealing the fibres. Al2O3 films deposited below 800°C

are amorphous and when annealed above 800°C the films transition to a polycrystalline

structure, significantly increasing the stability to etching [54–56]. Annealing makes the Al2O3

film resistant to HOK etching [55] and HF etching [56] which both etch silica. It is important

to note that annealing the films increases the surface roughness of Al2O3 films, but the RMS
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4.1 Pure SiO2 and Al2O3 fibres

(a) (b) (c)

Figure 4.3 Schematic diagrams showing how a hollow core negative cur-
vature fibre with deposited Al2O3 on the guiding capillaries relates to the
structure of rings being modelled. They are related by the order of light in-
teraction from the core outwards through the first guiding wall, the section
highlighted by the red rectangle.

roughness of the surface is still below 1 nm [54,55].

4.1.1 Loss contribution of the Silica scaffold

Because of the additional step and added complexity added to the fibre fabrication process

if we etch the silica, initially we focus on a fibre that retains the silica scaffold. The thicker

the scaffold is, the more the highly lossy silica will contribute to the total fibre loss, but the

thinner the silica scaffold the harder it will be to fabricate. The smallest silica walls used in

hollow core fibres are around 200 nm thick in the kagome type structure, with a core size of

only 20 µm for guiding in the extreme UV [13]. Silica guiding rings of thickness 200 nm with

a core size of 150 µm have never been fabricated before, and due to the large aspect ratio

of the structure it is likely to be very challenging to make but the results of modelling this

are presented as an extreme case example.

As the precursors for ALD growth are in the gas phase they should explore the whole

structure, and we have seen in section 3.2 that the Al2O3 does deposit both inside and

outside of the capillaries of the fibre. So we can imagine that by masking the ends of the

fibres we have some choice as to where the Al2O3 is deposited.

We will look at the three cases presented in figure 4.3. These cases are related to the

n=3 structure by splitting the first layer surrounding the core into multiple layers. The

arrangement of the layers is determined by the order of the light interaction from the core
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Figure 4.4 Attenuation for a guiding wall of pure SiO2 and pure Al2O3

compared to a composite wall with fixed SiO2 sizes ranging from 0.2 µm
to 1.5 µm, located in the centre of the first layer as in figure 4.3a. The rest
of the guiding thickness is Al2O3. This is shown in the inset. Data was
taken for λ = 5 µm with material losses of 43,000 dB/m and 400 dB/m for
SiO2 and Al2O3 respectively.

outwards. Al2O3 deposition on both sides of the guiding capillaries corresponds to a Al2O3

wall with a SiO2 section in the centre of the guiding ring (figure 4.3a). Deposition on the

outside of the guiding capillaries corresponds to SiO2 on the outside edge of the guiding ring

(figure 4.3b). Deposition on the inside of the guiding capillaries corresponds to SiO2 on the

inside of the guiding ring (figure 4.3c).

Initially we shall look at the case presented in figure 4.3a. We assume both sides have

the same thickness of Al2O3 because it is grown with an ALD process. The gas precursors

can be exposed to both sides of the guiding wall, so both sides will have the same thickness

deposited onto them.

We want to learn what happens as layers of Al2O3 are added onto a fixed thickness of

silica. Each trace has a different starting thickness of silica, ranging from 0.2 µm to 1.5 µm

and are labelled in the legend. The silica is in the centre of the guiding wall, and Al2O3 is

added on both sides as shown in the inset. The calculated loss for this model structure are

displayed in figure 4.4, with plots of figure 4.2 replotted for comparison. The x axis is the

total guiding thickness, so for example, for a total guiding thickness of 3 µm, the trace with

0.2 µm of silica will have 2.8 µm of Al2O3.
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4.1 Pure SiO2 and Al2O3 fibres

We can see that even a 0.2 µm SiO2 wall makes a large difference to the minimum

loss that can be obtained when compared to a pure Al2O3 wall. The minimum loss of

the transmission bands for each silica thickness generally increases for higher order anti-

resonance bands like in figure 4.2, although it is still very gradual and cannot be seen on

these scales. From this we can confirm that even for the higher order transmission bands the

majority of the loss is still contributed by the absorption of the silica section, and not from

material absorption of Al2O3. This is because the increasing amount of Al2O3 present in the

higher order transmission bands still gives approximately the same loss. Having a smaller

amount of silica will give us better fibre transmission and it also makes the transmission

bands flatter. This gives us more of a fabrication tolerance when depositing the Al2O3 as a

slight difference in Al2O3 thickness will not adversely effect the fibre loss.

An interesting situation to note is adding Al2O3 to 1.25 µm of silica. It is counter

intuitive for the attenuation to be further reduced when adding material to the guiding wall

that is already at loss minimum. This will be explored in section 4.1.3.

As mentioned before ideally we can have some choice about where the Al2O3 is deposited.

Next we will explore the positional dependence of the silica section within the wall, and how

it affects the loss of the fibre. Similarly to to before, the structure has a fixed thickness of

silica in the guiding wall, and the rest of the guiding layer thickness is Al2O3. We will look

at three positions for the silica. At the inside edge of the guiding wall, (next to the core),

the middle (as in figure 4.4) and the outside edge. The locations are shown in the inset.

The calculated loss for the fibre structures with 0.2 µm, 0.5 µm and 1 µm silica thickness

are displayed in figure 4.5.

The results are different from those expected from a standard dielectric waveguide that

guides by total internal reflection. For step-index waveguides the tangential component of

the wavevector becomes imaginary in the cladding material and the field decays exponen-

tially as an evanescent wave. For this scenario if silica was on the inside edge where the field

still has a high amplitude the loss would be expected to be greater than if it was on the

outside edge of the wall where the field amplitude has decayed away. For hollow core fibres

the different guidance mechanism makes the opposite true. For all silica thicknesses, having

the silica on the inside edge of the guiding wall gives the lowest value for the minimum

attenuation.
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Figure 4.5 Attenuation for a guiding wall of Al2O3 with 0.2 µm, 0.5 µm
and 1 µm of SiO2 located on the inside edge (dashed), the middle (solid)
and the outside edge (dotted) of the modelled first guiding wall. Data was
taken for λ = 5µm with material losses of 43,000 dB/m and 400 dB/m for
silica and Al2O3 respectively.

4.1.2 Intensity behaviour of light inside the guiding wall

Next I investigate the intensity behaviour of light inside the guiding wall to try and un-

derstand why the silica section on the inside edge always gives the lowest loss. As we are

interested in the attenuation of the fibre we will look at the components of Poyntings Vector

for the model fibres. Poytings vector gives us the instantaneous flow of power carried by

the field at that point. However, for waves the time-averaged energy flow - the transport of

energy, is more useful than the instantaneous flow, and it is given by

S̄ =
1

2
< (
−→
E ×

−→
H ∗) (4.1)

where ∗ denotes the complex conjugate. As our model is in cylindrical polar coordinates,

this is then,

S̄ =
1

2
< (( EθH

∗
z − EzH∗θ )r̂ + (EzH

∗
r − ErH∗z )θ̂ + (ErH

∗
θ − EθH∗r )ẑ ). (4.2)

The component of the time-averaged Poyntings vector along the axis of the model fibre is

Sz, and we will see how this changes in the radial direction, across the guiding wall structure
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of the model.

The intensity behaviour inside the guiding wall for the first, second and third transmission

band minima for 0.2 µm of silica positioned at the inside edge, in the centre and outside

edge of the guiding Al2O3 wall are shown in figure 4.6.

The intensity is always a maximum at the outside edge of the guiding wall. The guiding

thicknesses corresponding to the high transmission bands have an odd multiple of half cycles

in the guiding wall so the intensity is always a minimum at the inside edge of the wall. Also

because of this, in the centre of the wall the intensity is always in a transition from a

maximum or a minimum of field amplitude. This is the same for all of the transmission

bands and shows why silica on the inside edge always gives the lowest attenuation, because

the intensity is always lowest at that location.

Following on from this we look at the intensity at thicknesses corresponding to low

transmission. The intensity for the first, second and third resonant thickness, for guiding

walls with silica in the centre are displayed in figure 4.7. The field is always a maximum at

the outside edge as in figure 4.6. These thicknesses have a integer number of cycles in the

guiding wall so the field is always a maximum at the inside edge. Unlike for anti-resonant

thicknesses, here the field in the centre of the wall is either a maximum or a minimum. This

shows that for the odd numbered resonant thickness orders (counting beginning at 1 for the

loss peak at around 2 µm in figure 4.5), there is less contribution from material loss. For the

even numbered orders, there is an added material loss contribution. The absolute values of

the loss of these peaks are not important but it does skew the position of the minima for

the transmission bands with silica in the middle of the guiding wall.

For these transmission bands the minimum will move towards the adjacent odd numbered

resonant thickness. The dashed and dashed curves are always in the same position relative

to each other, but the solid lines move which can be seen in figure 4.5 when the silica segment

is in the middle of the guiding wall. For example the minima of the solid curves around

3 µm moves left towards the 1st resonance order at 2 µm, so they move slightly outside

of their dashed and dotted curves. For the minima around 5 µm, the minima of the solid

curves moves slightly right so that it is within the dashed and dotted curves.
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Figure 4.6 Magnitude of the component of Poyntings vector along the
axis of the fibre inside the guiding wall for the first transmission band (top),
second (middle) and third bands (bottom), for 0.2 µm of silica positioned
at the inside edge, in the center and outside edge of the guiding Al2O3 wall.
The solid black vertical lines mark the edges of the wall, and the dashed
vertical lines represent the silica section for the curves of that colour. The
vertical black line at 75 µm is the core boundary. The numbered arrows
display the sum of the component of Poyntings vector along the axis of the
fibre for that section of silica for the relevant colour. Data was taken for
for λ = 5 µm with material losses of 43,000 dB/m and 400 dB/m for silica
and Al2O3 respectively.
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Figure 4.7 Magnitude of the component of Poyntings vector along the
axis of the fibre inside the guiding wall for the first (top), second (middle)
and third (bottom) resonant order thicknesses for 0.2 µm of silica positioned
in the centre of the guiding Al2O3 wall. The solid black vertical lines
mark the edge of the wall, and the dashed vertical lines represent the
silica section. The vertical black line at 75 µm is the core boundary. The
numbered arrows display the sum of the component of Poyntings vector
along the axis of the fibre for that section of silica. Data was taken for
λ = 5 µm with material losses of 43,000 dB/m and 400 dB/m for silica and
Al2O3 respectively.
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4.1.3 Investigating the effects of refractive index and material ab-

sorption

So far we have seen that the thickness of silica in the guiding wall significantly affects the

attenuation, and the position of the silica inside the guiding wall has an effect too. In these

calculations I have been using the material values of refractive index, n, and extinction

coefficient κ, for Al2O3, as this is the material that we are able to deposit here at the

University of Bath using Atomic Layer Deposition (ALD). There is a range of different

materials that can be deposited with ALD, each with different optical properties.

Next I investigate the effect of changing the optical properties of the material that is

added to the silica, in order to try and determine if it is just the material absorption that

limits the attenuation or if the refractive index contributes too. Our initial intuition tell us

that having a material with a lower absorption than silica will give an improvement, which

has been shown to be the case for Al2O3, but it doesn’t just have lower material absorption

than silica, the refractive index is higher as well. In order to try and decouple the effects

of refractive index differences and material absorption differences, figure 4.8 shows traces

where the added layer has different combinations of silica and alumina refractive index, and

silica and alumina absorption values. The structure used was the case shown in figure 4.3c,

with 1.25 µm of silica on the inside edge of the wall next to the core, with an increasing

amount of material added to the outside edge. The values of refractive index and extinction

coefficient at 5 µm wavelength for silica are 1.34 and 4× 10−3 and for Al2O3 the values are

1.623 and 3.7× 10−5.

For the green dashed trace, the added material has the refractive index of Al2O3, and the

absorption of silica. Having a small section of the wall that has the higher refractive index

of Al2O3 gives a small improvement to the minimum attenuation for the first transmission

band compared to the pure silica trace. So a higher refractive index alone has an effect

on the minimum attenuation. This was expected because there will be a higher Fresnel

reflection due to the increased refractive index step between air. The black dahsed trace

has the refractive index of silica, and the absorption of Al2O3, and offers a much better

improvement to the minimum attenuation than either of the traces that have the absorption

of silica. This shows that the absorption of the material is still the dominating factor that

effects the minimum attenuation.
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Figure 4.8 The solid traces are the attenuation for a guiding wall of pure
SiO2 (black) and 1.25 µm of silica at the inside edge next to the core with
Al2O3 added to the outside edge (green). The dashed traces are the same
as the solid green trace, but the added material has the refractive index of
silica and the absorption of Al2O3 (black dashed), and the refractive index
of Al2O3 and absorption of silica (green dashed).

The solid green trace has both the high index and low absorption of Al2O3 and benefits

from both of these improvements. The small contribution from the index improvement

means this trace has an attenuation minimum that is slightly lower than the black dashed

trace that has the same material absorption.

Because the material absorption is the main contributing factor I also looked at the case

of setting the material absorption to be zero. This only gave a slight improvement that

is difficult to see on the scale of figure 4.8 because the absorption of Al2O3 is already low

enough. This can be seen in figure 4.2 as the pure Al2O3 trace stays very close to the axis.

This means that because the absorption of Al2O3 is comparatively low, the minimum

attenuation is strongly dependent on the finite thickness of silica that is in the guiding wall.

This agrees with the results obtained earlier from figure 4.4.

So it has been concluded that it is ideal to have as small an amount of silica as you

can, but you generally always get an improvement in attenuation by adding a small amount

of Al2O3 to the silica. In particular, when the silica is at a minimum in attenuation for

a thickness of 1.25 µm, adding Al2O3 reduces the attenuation further. This result is not

expected considering the behaviour of the guidance mechanism. When you add material to
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the seemingly anti-resonant silica, you are no longer at the phase condition for minimum

attenuation, but the attenuation reduces.

So this raises the question, “Is this the thickness required for anti-resonance of pure

silica?”. While answering this I will again look at the effects of placing the silica on the

outside, in the middle, or on the inside of the guiding wall, because all of these give an

improvement to the attenuation, seen in figure 4.5. This will be for 1.25um of silica, and

the added material instead of being Al2O3 will have the refractive index of silica, and the

absorption of Al2O3. This is to see if the behaviour is the same as figure 4.5, and if you

still get a reduction in attenuation when there is no Fresnel reflection improvements. The

results are plotted in figure 4.9a.

The vertical black line shows the thickness for minimum attenuation of a pure silica

wall that has zero absorption. So this is the thickness required for minimum confinement

loss. For silica the anti-resonant thickness is actually 1.45 um, and not 1.25 um. We

know from figure 2.2 that the window for low transmission is shallow and broad, so when

approaching the minimum transmission, increasing the wall thickness (increasing the phase

missmatch, δ) gives you very little improvement. The high absorption of silica makes it

so the increased absorption loss from increasing the wall thickness is more than the small

reduction in confinement loss. This demonstrates a reason why when choosing the correct

thickness for the wavelength you want to transmit in your fibre, that it is more helpful to

work around what the resonant thicknesses are, (equation 2.18) and not the anti-resonant

thicknesses (equation 2.19).

From figure 4.6 we have already seen that the intensity is always a maximum at the

outside edge, and cycles between a maximum and minimum value inside the guiding wall,

and there is a step change in the intensity where there is a change of refractive index. For the

lowest attenuation it is best to avoid having the silica at these regions where the intensity

is a maximum, which is still the case we have here in figure 4.9. The attenuation in figure

4.9a is lowest when the silica is on the inside edge of the guiding wall and highest when it

is on the outside edge.

To help explain this, I look again at the behaviour of light intensity inside the guiding

wall. For figure 4.9a the structure is the other way around to figure 4.6. The wall is mostly

silica and we have a small amount of additional low loss material. I compare a wall thickness

of 1.25 µm of pure silica to the traces at 1.45 µm. The intensity behaviour is shown in figure

4.9b.
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Figure 4.9 a) Attenuation for a guiding wall of pure SiO2 (black) and
a composite guiding wall of a material with the refractive index of silica
and the absorption of Al2O3, and with 1.25um of silica at the inside edge
(purple dashed), the middle (purple solid) and the outside edge (purple
dotted). The black vertical line at 1.45 µm indicates the thickness required
for the minimum confinement loss for a pure silica wall. Figure b) shows
the magnitude of the component of Poyntings vector along the axis of the
fibre, for pure silica that is 1.25 µm thick (grey), and for the black, purple
dotted and purple dashed traces of a) at 1.45 µm thickness (black). The
vertical black dashed line marks the 0.2 µm of added material to the inside
edge (purple dotted of (a) ) of the silica for the black trace. The dashed
grey line also indicates the outer edge of the guiding wall for the grey trace.
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Comparing the 1.25 µm and 1.45 µm of pure silica, as the intensity is always a maximum

at the outside edge, the additional silica thickness progresses the intensity cycle at the inside

edge, and there the intensity decreases to a minimum. Because the cycle has progressed,

although there is an overall reduction of the intensity in the first 1.25 µm of the silica, there

is a higher total intensity in 1.45 µm wall. Because the material absorption is the same, the

total absorption loss increases.

When looking at the effects of the added material, the main difference compared to figure

4.6 is that because the added material has the same refractive index as silica, there is no

step change in the intensity of the light at the region boundaries. This means the intensity

behaviour for 1.45 µm of pure silica is the same as 1.25 µm of silica with 0.2 µm of the added,

silica index Al2O3 absorption material. This also means that because the index is the same

for the whole wall, the minimum of confinement loss is for a wall thickness of 1.45 µm for all

the traces in figure 4.9a. The Fresnel reflections at the boundaries are also the same, unlike

in figure 4.6.

Now when we add the material to the 1.25 µm of silica, there becomes a region on the

black trace that has a significantly lower material absorption, so that regions’ contribution

to the total absorption loss is reduced. When increasing the wall thickness from 1.25 µm to

1.45 µm of pure silica, the additional low intensity added at this inside edge is enough to

noticeably increase the attenuation. When the silica is on the outside and 0.2 µm of material

is added onto the inside, this additional low intensity adds a negligible amount of absorption

loss. As this region has low absorption you reduce the confinement loss without adding

absorption loss. The total attenuation reduces from 1.25 µm until you reach the minimum

in confinement loss at 1.45 µm, and then beyond this the confinement loss increases, and

the absorption loss is continuing to increase.

When the pure silica is on the inside, comparing to 1.45 µm of pure silica, it has a

good improvement to the attenuation as the high intensity at the outside edge is now in a

material that has a significantly lower absorption. The absorption loss has reduced, and the

confinement loss is the same.

The attenuation is also better than a pure silica wall of thickness 1.25 µm. Again the

added 0.2 µm of material progresses the intensity cycle and this makes the total intensity

in the first 1.25 µm of high absorbing silica lower. Although the intensity is high in the

additional 0.2 µm, because there is a large reduction in the absorption here the additional
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Figure 4.10 Magnitude of the component of Poyntings vector along the
axis of the fibre, for the guiding wall corresponding to the dots on the traces
of figure 4.8. The solid black vertical line at 75 µm is the core boundary,
and the dashed grey vertical line marks a wall thickness of 1.25 µm, and is
the outer edge of the guiding wall for the grey trace.

loss gained is less than what you saved in the first 1.25 µm. The total attenuation is still

lower than the 1.25 µm of pure silica. The total attenuation continues to decrease after

1.45 µm even though the confinement loss is now increasing. This is because as you add

more material to the outside, you put more of the high intensity into the low loss material,

which outbalances the now increasing, but still low, intensity being added at the inside edge

that is in the high loss silica.

Now finally, when adding Al2O3 to 1.25 µm of silica, it is shown in figure 4.8 that it

benefits from both an improvement due to the refractive index and from a reduced material

absorption, and it has the lowest minimum in attenuation. The intensity behaviour plotted

in figure 4.10 are for the the points indicated by the dots added onto the traces of figure 4.8.

These are for 1.25 µm of silica (grey dot), 1.25 µm silica with an added 0.27 µm of alumina

(green dot) and 1.52 µm of silica (black dot).

Comparing first again to the same total thickness of pure silica, the added 0.27um of ma-

terial progresses the intensity cycle faster than silica because the refractive index is higher,

and this makes the total intensity in the first 1.25 µm slightly lower, reducing the absorption

loss in the silica. Most importantly however, the higher refractive index in the outer 0.27 µm

makes the intensity step down for this region, in addition to it having lower material absorp-
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tion. This significantly reduces the absorption loss in this region. Reducing the absorption

loss in both the silica and the Al2O3 makes the total attenuation lower than 1.52 µm of

silica.

In the same way as explained for the curve with silica on the inside edge in figure 4.9b,

the total attenuation decreases when you start adding Al2O3 to the outside of 1.25 µm of

silica because you put more of the high intensity light into the low absorbing alumina, while

reducing the intensity in the high absorbing silica. This significant reduction in absorption

loss is worth going beyond the thickness for minimum confinement loss until they balance

out.

As Al2O3 has a higher refractive index than silica, the phase gained by the light is larger

than it gains in silica for a given thickness. This means that when adding Al2O3 to 1.25 µm

of silica, the thickness needed for the minimum confinement loss will be less than 1.45 µm.

This is why the minimum in attenuation is at a smaller thickness than for the black dashed

curve in figure 4.8. The confinement loss increases faster for an increasing thickness of Al2O3

than it does for silica.

4.2 Conclusion

The primary goal of the numerical simulations was to find the requirements needed of a

silica based composite material fibre to have an attenuation that is lower than a pure silica

fibre. The simulations modelled a bragg fibre as no full analytic theory for the guidance of

hollow core negative curvature fibres currently exists. The guidance of bragg fibres relies on

a core with a cladding region that consists of multiple layers of different refractive indices.

It was shown that by choosing the n = 3 structure of figure 2.6, these bragg fibres can

obtain attenuation values that are comparable to real negative curvature fibres that have

been fabricated.

The focus was on finding the attenuation behaviour of a circularly symmetric bragg

fibre with a 150 µm core for 5 µm wavelength, where the absorption of bulk silica glass is

43,000 dB/m. The results show that the attenuation behaviour is strongly limited by the

absorption of silica. To achieve the lowest attenuation we need the silica in the guiding walls

surrounding the fibre core to be as thin as possible. This means either starting with thin

silica rings that will be difficult to fabricate, or by etching the silica away afterwards.
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I looked primarily at how the attenuation behaviour was affected by adding Al2O3 as

we have the Atomic Layer Deposition (ALD) facilities here at the University of Bath to

deposit this material. It is a dielectric material that can be deposited directly onto silica

glass (SiO2) and it has a higher refractive index and a lower absorption than silica at 5 µm.

The results show that the attenuation behaviour is affected by the location of the Al2O3

added to the structure. The best location to deposit is on the inside surface of the silica

capillaries that make up the guiding cladding region of these negative curvature fibres, so

that the silica is next to the core of the fibre.

There is a delicate balance between the confinement loss and the material absorption loss

of the fibre. To gain more insight into the behaviour of these model fibres, I also explored

structures with different combinations of the real and imaginary parts of the refractive index

to try and distinguish between the contributions of material loss and confinement loss.

An important point to note that may be important in the design of real negative cur-

vature fibres in these high material loss regimes, is the trade off between confinement loss

and material loss. For a pure silica structure, the absorption loss increases rapidly for an

increasing wall thickness, which actually makes it preferable to have a thickness that is

smaller than the thicknesses needed for minimum confinement loss. It was shown that this

situation changes when you have a segment of the wall that is of a lower loss material.

Because the intensity of the light in the guiding wall cycles between a maximum and

a minimum value for a particular wall thickness, it is most beneficial to place the low loss

material where the intensity is highest. This reduces the contribution of absorption loss

which reduces the minimum possible attenuation compared to a pure silica structure. It

is actually beneficial to increase the thickness of the low loss material, such that the total

thickness is larger than the thickness needed for minimum confinement loss. This is because

it then captures more of the high intensity light, and the additional reduction in absorption

loss is more than the increase in confinement loss, so the total attenuation reduces further

until these two effects balance.

There is more work that could be done to gain better, fuller understanding of how the

various parameters of the structure work together. In this work I looked at a structure that

had a fixed core diameter with a single wavelength. It would be interesting to investigate

how the fibre loss behaves with a fixed guiding wall, and scaling the core size and wavelength
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instead. Also I only looked at the fundamental mode of the model fibres, and the higher

order modes will have a different mode field overlap with the guiding wall.

Nevertheless we have still been able extract the base requirements needed to have a silica

based composite material fibre, with reduced attenuation than would otherwise be possible

with pure silica.
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Chapter 5

Making mid-infrared silica fibres

It will be necessary to be able to fabricate the silica negative curvature fibres with a core

size suitable for guiding mid-infrared wavelengths up to 10.6 µm, so that they are ready for

the deposition of a suitable material for these wavelengths. As discussed in chapter 1 the

core size of these negative curvature fibres has a trade off between straight transmission and

bend loss. A good balance seems to be reached for a core size of 25 - 35 λ [27,57]. So to guide

at 4 µm it is a good idea to have the core size be around 120 µm, and to my knowledge is

the largest core of a published silica negative curvature fibre [25,57,58]. To be an appropriate

size to guide 10.6 µm the core size would need to be 300 - 320 µm which is a challenge to

fabricate for these fibres.

This ends up being a similar size to the smallest hollow commercial fibres available for

guiding 10.6 µm, which are available with core sizes starting from 200 µm. However these

fibres are available with a core size up to 1000 µm to reduce the straight transmission as

much as possible.

In section 2.4 I explained that the fibre structure is made on a macroscopic scale, and

then drawn down to fibre size. The first stage involves drawing the initial stack down

to canes, and then we take the canes and draw them to fibre size. The main issue with

fabricating large size fibre is that there will be a smaller total draw down ratio during the

fabrication. You start with a finite amount of glass in the stack, and the larger fibre you

require, the less total length you are able to produce. The amount of starting glass in the

stack is limited by the maximum diameter that is able to fit inside our furnace, and also
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limited by the vertical travel distance of the mechanical components that feed glass into the

top of the fibre furnace.

More importantly, a small draw down ratio means that you are effectively reducing your

contingency time. Making large canes for example means that you get fewer of them from a

stack, which means it is more punishing if it is difficult to get the draw parameters correct

for good quality canes. The advantage of making larger canes is that you are able to draw

a longer length of fibre from them, as well as the safety of having more time to get the fibre

draw parameters correct.

You also have the reverse situation. If you make smaller canes you have more time to

get the cane draw parameters correct and you get more of them. But you get less length of

fibre from each, and you don’t have much time to get the fibre parameters correct. In this

case sometimes no usable fibre is produced from a single cane, and it is used just to find the

correct parameters for the next cane, which you then hope will be correct immediately.

5.1 Fabricating hollow core, negative curvature fibres

using a two stage stack and draw method

To construct the initial stack, we need to make appropriate choices for the size of the glass

tubes we will use to make the initial stack. We can choose the size of the capillaries that

will become the capillaries of the final fibre, the size of the central support tube, and the

size of the tube the capillaries and central support are stacked in. The sizes needed depends

on what the fibre structure will be.

We start by deciding the number of capillaries, the radius of the capillaries rpostOR,

the size of the fibre core, coreR, and the wavelengths the fibre should guide. This defines

what the thickness of the capillaries needs to be by placing the fibre resonances, λm in

equation (2.18), away from your guiding wavelength.

From here we can work backwards to find the sizes of the glass tubes needed to make the

stack. During the cane stage the capillaries are inflated to reduce the gap between capillaries.

We can calculate what the pre inflation rpreOR, size of the capillaries need to be, based on

there being supporting capillaries at the end of the fibre stack, seen in figure . The geometry

is shown in figure 5.1. The size of the fibre core coreR, and capillaries post inflation rpostOR,
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Figure 5.1 A schematic diagram for calculating the needed pre inflation
radius rpreOR, of the capillaries in the fibre, based on the geometry of the
stacking technique.

determine the inner diameter of the jacket tube fibreIR, and θ is the angle between two

adjacent capillaries in the final fibre.

The pre inflation capillary radius is given by,

rpreOR = (fibreIR − rpreOR) sin δ/4

rpreOR (1 + sin δ/4) = fibreIR sin δ/4

rpreOR =
fibreIR sin δ/4

(1 + sin δ/4)
.

(5.1)

From here we need to make sure that the thickness of the capillaries pre inflation, becomes

the correct thickness post inflation. We can calculate this as the volume of glass in the fibre

is conserved. This is equivalent to the area of the pre inflation capillaries, and post inflation

capillaries being the same in figure 5.1. From our choice of fibre design we have rpostOD and

rpostIR, and from equation 5.1 we have rpreOR. Then what rpreIR needs to be is given by,
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π(r2preOR − r2preIR) = π(r2postOR − r2postIR)

−r2preIR = r2postOR − r2postIR − r2preOR

rpreIR =
√
−r2postOR + r2postIR + r2preOR.

(5.2)

Now that we have the ratio rpreOD/rpreID, we can check this against our stock of glass

tubes to pick one that matches. This tube will become the capillaries in the stack. The

capillaries are drawn to size, so that they fit around the inside of a chosen stacking tube.

As capillary of this ratio is inflated in the fibre drawing stage, the thickness of the capillary

wall will decrease, to reach the thicknesses chosen for the fibres guidance bands.

We also need to choose the correct size of the central supporting tube that supports the

capillaries and keeps them against the walls of the stacking tube. The inner radius of the

stacking tube and the outer radius of the capillaries in the stack define what the size of the

central support tube needs to be. This size is then checked against the glass tube stock, and

a suitable tube is chosen. A different choice of stacking tube will change the capillaries need

to be draw to, and the size of central support tube needed.

5.1.1 Cane stage pressurisation

After the initial stack is made it is drawn down to canes. These come from the middle

section of the stack that no longer has the supporting capillaries. These canes need to be

prepared so that we can apply pressure to the capillaries so that they can be inflated to the

correct size during the fibre draw. A schematic for the pressurisation method is shown in

figure 5.2.

The cane is secured in a metal housing that is made up of two sections. For the top

section a small capillary or a metal tube is placed into the fibre core so that the fibre core

is open to the pressure applied to this section. In the bottom section the core of the fibre

is sealed and the capillaries of the fibre remain open. The metal housing connects to the

tower pressurisation system which flows nitrogen into the capillaries or the fibre core.

Now the cane is ready to be drawn into fibre, where the feed speed of the cane, the draw

speed of the fibre, the temperature of the furnace, and the gas pressure need to be carefully
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Glue to seal capillary 
pressure from core pressure

Core pressure

Capillary pressure

fibre 
capillaries

Figure 5.2 A schematic diagram for the pressurisation method for draw-
ing canes to fibres. The capillaries and fibre core are isolated from each
other so different pressures can be applied to them.

controlled so that the fibre structure will be the correct size, and not deformed.

To begin with I fabricated a fibre that is a similar size to fibres that have been fabricated

before with a guidance band for 3+ µm. I fabricated this hollow core negative curvature

fibre with 10 non touching rings with the help of my colleague Bartlomiej Winter. For this

fibre we drew the stack to canes, and then the canes to fibre. The fibre has a core diameter

of 100 µm and an outer diameter of 275 µm. A schematic of the experimental setup used

to measure the fibre transmission measurements in this section is shown in figure 5.3. The

attenuation measurement and the transmission of the fibre are shown in figure 5.4 and both

use a tungsten lamp as a white light source. The attenuation shown in figure 5.4a was

measured with a standard cut back measurement from 25 m to 10 m using an OSA that

has a maximum wavelength of 1750 nm and a resolution of 5 nm. The fibre was laid out in

loops of about 1.1 m diameter. Multiple transmission measurements were taken of the 25 m

length fibre, where the fibre end was re cleaved each time and the fibre readjusted. This
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Figure 5.3 A schematic diagram of the experimental setup used for fibre
transmission measurements taken in figure 5.4. These are then used in a
cut back method calculation to measure the fibre attenuation.

is then repeated when the fibre is cut to 10 m length without changing the coupling of the

light source.

Figure 5.4b shows the transmission of 2 m of the fibre laid out straight taken with a

Bentham DTMc300 monochromator which has a wavelength range from 300 nm to 5.5 µm.

After around 3.5 µm the efficiency of the source is decreasing which limits the maximum

measurable wavelength.

Beyond 4 µm it can be difficult to find a light source that is both broadband and bright.

We need a light source that behaves like black body radiator so that we have light at every

wavelength, and we also need it to be able to reach a high temperature to have a high enough

output intensity. Another important parameter is the emissivity of the material, which is a

measure of its ability to emit thermal radiation. This value ranges from 0 to 1. A perfect

black body has an emissivity of 1. For non perfect black bodies it generally changes with

the temperature of the object and the emitting wavelength.

The tungsten filament used in figure 5.4 is sealed in a glass envelope to extend its lifetime,

but the glass will also absorb an increasing amount of the infrared light as the wavelength

increases. The filament operates at 2000 to 3000 K and the emissivity is 0.3 - 0.4. This

source was compared to a bare kanthal filament and a silicon carbide glow bar by butt-

coupling the sources to the fibre. These two materials have a much higher emissivity of
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Figure 5.4 Measured attenuation of a 10 ring negative curvature fibre
with a core size of 100 µm a capillary wall thickness of 1.66 µm. The
attenuation was measured by cut back method from 25 m to 10 m from
600 nm to 1750 nm using an OSA at a resolution of 5 nm. The grey areas
are regions of high attenuation. Inset is a microscope image of the fibre. b)
Broadband transmission measurement through 2 m of fibre using Bentham
DTMc300 monochromator at a resolution of 10 nm.
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Figure 5.5 Transmission measurement for 2 m of fibre shown in figure
5.4a with different light sources. The blue trace is the same trace as in
figure 5.4b and uses a tungsten bulb that is inside a glass envelope. The
purple trace is for a silicon carbide glow bar and the green trace is for a
bare kanthal filament bulb that doesn’t have a glass envelope. Absorption
of CO2 in the air can be seen at 4.3 µm. Measurements taken using a
Bentham DTMc300 monochrometer at a resolution of 10 nm.

∼0.8 but they operate at a lower temperature. The kanthal filament operates up to 1400 K

and the silicon carbide glow bar operates up to 1700 K. The transmission of the different

sources through 2 m of straight fibre are shown in figure 5.5. The tungsten lamp source is a

bright white light source while the other two sources glow hot orange. The tungsten lamp

is brightest before the CO2 absorption feature at 4.3 µm, but after this the silicon carbide

has the highest output and seems to be the best black body radiator available for purchase.

The next fibres I fabricated had around twice the core size in order to explore the prac-

ticality of drawing larger fibre that has a smaller draw down ratio than usual. I fabricated

a hollow core negative curvature fibre with 8 non touching rings with an outer diameter of

530 µm. From a 4.2 mm cane two bands of fibre were drawn and the only change between

bands was the pressure applied to the capillary tubes. Microscope images of the two bands

can be seen in figure 5.6. The applied pressure gives the capillaries a positive pressure rel-

ative to the central core of the fibre which was left at atmospheric pressure. This causes

them to inflate, increasing the capillary diameter, reducing core diameter and reducing the

gap between adjacent capillaries.
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a b

Figure 5.6 Microscope images of silica hollow core negative curvature
fibres with 8 non touching rings. Fibre a) and b) were drawn from the same
cane and have a core size of 260 µm and 240 µm. The pressure applied to
fibre a) was 16 kPa and to fibre b), 22 kPa.

Kolyaidn et al. showed that the touching points between capillaries act as additional

optical resonators that cause an increase in loss of the fibre transmission bands [25] so the

capillaries should be non touching. Belardi et al. confirmed this and showed that the

minimum confinement loss occurs when the capillaries touch perfectly but this is un physical,

but the confinement loss increases slowly from this minimum for an increasing gap between

capillaries [59]. So the capillaries should not be touching, but the gap should be as small as

is practically reasonable to keep the confinement loss low.

One band of fibre had a core size of 260 µm (figure 5.6a) that was 7 m long and had

a pressure of 16 kPa applied to the capillaries and the second band had 22 kPa applied

to reduce the gaps between the capillaries and has a core size of 240 µm (figure 5.6b) and

∼30 m of fibre was collected before reaching the end of the cane.

5.2 One stage stack to fibre method

The large size of the fibres in figure 5.6 gives a small draw down ratio from the size of the

initial stack to the size of the final fibre. This meant that during the fibre draw I was only

able to draw two different bands of fibre from a cane. The first band was only 7 m long

which isn’t long enough for the structure to have stabilised and was used only to check the

structure of the fibre to adjust draw parameters for the second band.

To overcome this issue when fabricating large fibres with a two stage draw process, I

developed a method of pressurising the capillaries in the initial stack so that I could draw to
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Figure 5.7 Schematic of the method developed to apply pressure directly
to the capillaries in the initial stack, allowing a one stage stack-to-fibre
draw.

fibre straight from the starting stack. The method is shown in figure 5.7. For this method

the core was left at atmospheric pressure. Glass tubes are inserted into the fibre capillaries

so the piping is not blocked by the end of the central support tube. A high temperature UV

curing glue was used to seal the piping and the fibre capillaries. The pipes of each capillary

were connected to a manifold to connect to the tower pressure system. This allows you to

individually control the pressure applied to each capillary, should it be needed. In this work

I apply the same pressure to each capillary.

By using this method much longer lengths of fibre are able to be drawn under the same

conditions that can vary day to day, like the real temperature of the furnace and the room

humidity. This has the potential to produce fibre that has a more consistent fibre structure

over a long total length when compared to trying to replicate the same fibre structure from
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a b

Figure 5.8 Microscope images of silica hollow core negative curvature
fibres with 8 non touching rings. Fibre a) is a reprint of figure 5.6b for
comparison, and b) was drawn straight from stack to fibre with the new
pressurisation technique and has a core size of 215 µm.

different canes on different days.

Although applications for guiding in the mid-infrared often only need a few meters of

fibre, being able to produce a more consistent single piece of fibre is useful as it can then be

divided into many short length pieces that are similar.

The same fibre design of figure 5.6 was made again but this time it was draw straight

from stack to fibre with the new method. One band was very similar to figure 5.6b and

is reprinted in figure5.8a for comparison. It had a core size of 230 µm and 55 m were

drawn with 2 kPa pressure applied to the capillaries. Another band shown in figure 5.8b

has slightly more inflated capillary tubes and has a core size of 215 µm. 150 m of this band

were draw using 2.1 kPa of pressure. For the stack to fibre method 5 different bands were

drawn with similar outer diameters with different pressures applied to the capillaries, and

the total length of fibre was ∼600 m.

The transmission of 2 m and 4.8 m of the fibre shown in figure 5.8b is displayed in

figure 5.9a. The transmission was taken using the silicon carbide source and an InSb detector

with the Bentham DTMc300 monochromator. One diffraction grating with 300 lines/mm

was used for the whole wavelength range. The 2 m length of fibre was laid out straight and

the 4.8 m was laid in a loop of 1 m diameter. Because the core size of this fibre is large

compared with the wavelength it was quite sensitive to bending, and it was important to

make sure the coupling of the source, the coupling into the monochrometer and the laid out

fibre were all in the same plane. As in figure 5.5 absorption of CO2 in the air can be seen
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at 4.3 µm, and the absorption feature between 2500 nm and 2900 nm is due to H2O.

The short lengths of fibre means it is difficult to do a proper cut back measurement

where it is prefered to have the start and end of the two lengths of fibre can be in the same

place on the optical bench. For the transmission measurements taken both the light source

and Bentham spectrometer needed to be moved to different positions around the optical

table when measuring the other fibre. This means the fibres were bent to different radius

and it was not possible to take transmission measurements where the source coupling was

unchanged between the two lengths of fibre which are critical factors in a dependable cut

back measurement.

Despite this a rudimentary attenuation calculation was made using the same calculation

you use for a cut back measurement. The attenuation is given by,

α(λ) =
1

Llong − Lshort
10 log10

(
Pshort(λ)

Plong(λ)

)
, (5.3)

where α is in units of dB’s, Pshort is the optical power transmitted through the 2 m fibre,

and Plong is the optical power transmitted through the 4.8 m length of fibre. The calculated

attenuation is shown in figure 5.9b. As they are separate pieces of fibre, the input and

output coupling will be different, and the 4.8 m fibre has additional bending loss, so the

value of attenuation calculated will be larger than the actual attenuation of the fibre.

The error was calculated from the pooled Standard Deviation of the 2 m and 4.8 m fibre

transmission measurements, but they were difficult to take which increases the variation

between measurements, and limited the number of repeat measurements. The low number

of repeats decreases the accuracy of the calculated standard deviation. These effects give a

relatively large estimated error of ±0.3 dB/m, which is significant compared to the calculated

attenuation.

The transmission of the 2 m piece shows that we have light at 5 µm and even up to

5.2 µm where the signal begins to get noisy. For the 4.8 m fibre the added length and the

bending makes the attenuation of the fibre high enough and the silicon carbide source is

weak enough that the signal rapidly falls off after 4.8 µm. From figure 5.9b the attenuation

is already about 2 dB/m at 4.85 µm. A cut back could be performed from 2 m to a shorter

length in order to measure the attenuation at 5 µm and above, but knowing already that
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the attenuation is above 2 dB/m is enough for now.

Currently it is only possible to measure transmission of 5 µm through fibre by having

them straight and of a short length. Kolyadin et al. [25] also used a ‘globar’ as a light source

(although they do not state what material it is made out of), and they were able to measure

a transmission band around 5.5 - 6 µm but this was through only 90 cm of fibre. This makes

putting a reliable value on the actual attenuation of pure silica fibres very difficult.

An alternative way to measure the attenuation at 5 µm would be to use a laser source

instead of a broadband light source. This will give you more optical power to overcome the

strong attenuation, so that transmission measurements can be taken over more than a few

m’s. Unfortunately we do not have access to a 5 µm in the department, and at the time of

taking these measurements there was not enough time to organise hiring or lending one.
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Figure 5.9 a) Transmission measurement through 2 m (purple) and
4.8 m (yellow) of the fibre displayed in figure 5.6c using a silicon car-
bide source and a Bentham DTMc300 monochrometer at a resolution of
10 nm. The fibre has a core size of 215 µm and a capillary wall thickness
of ∼1.72 µm. b) An approximate attenuation calculation made from the
transmission spectra in a). The grey areas are regions of high attenuation,
and the dashed horizontal line indicates 1 dB/m.
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Chapter 6

Future Work

6.1 Constructing the correct reactor

From this work the biggest issue that needs to be overcome is transporting the ALD reactants

to the centre of the fibres. A lot of work and effort was put into trying to understand the

gas dynamics during the ALD cycle to try and overcome the issue of our fibres being open

at both ends. There was no way to directly interface the fibres with the inlet or outlet of

the chamber because they are loaded into the chamber through a loading arm. This meant

that there was no way to establish a constant pressure differential between the ends of the

fibres.

The way to overcome this would be to build an ALD system that is setup with accessible

inlet and outlet, or a sample loading system such that the precursors have to exhaust through

the fibres. This means we will not have to rely on slow diffusion mechanisms to get the

precursors where they need to be. An example is shown in figure 6.1.

Another factor that will affect the construction of the reactor is the compatibility with

the infrared materials that we may want to use. A system that can handle sulfides, selenides,

and fluorides would be ideal so it can tackle a range of appropriate 10.6µm materials, but

also materials that are appropriate for guiding in other spectral regions. Constructing a

custom ALD reactor that is flexible to the materials we may want to use is a significant

amount of work and would need to be built by an experienced engineer. Software would also
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need to be written to control the temperature of the reactor, the pressure flow and vacuum

system, as well as the valve timings for the various chemical precursors. These would then

need to be calibrated and optimised by a chemical engineer who is experienced with ALD,

to verify that the reactor can reach suitable conditions for performing ALD experiments.

To decide which materials the reactor needs to handle, first it will need to be decided

what materials fulfil the requirements needed for the process. The main criteria are that it

is transparent and it has an ALD process. The material then needs to be able to deposited

onto silica glass, or have a way of pre-treating the silica surface to enable the deposition. The

material needs to have the mechanical strength to be able to withstand bending of the fibre.

When the materials are deposited with ALD they are usually polycrystalline or amorphous

which means their properties differ from the bulk crystals. The strength of polycrystalline

materials is substantially higher than that of single crystals and increases with decreasing

grain size [60].

One good candidate is ZnSe as it able to be deposited by ALD on silica glass [61]. It is

the most common optical material for dealing with 10.6 µm as it has a low absorption and a

wide transmission band from around 600 nm to 15 µm, and is used to make various optical

elements such as lenses, and windows. ZnSe also has damage thresholds suitable for high

power CO2 lasers.

6.2 Etching silica

One aspect of work that has not been explored is etching of the silica capillaries. The etch

rates of SiO2 and Al2O3 are very similar, and we only have Al2O3 deposited down a short

length of fibre, so it was unnecessary for the work carried out so far. Also we have ≈110 nm

of Al2O3 deposited in the fibres compared to 1.67 µm of SiO2, so if we tried to remove all

the silica, then we would likely remove all the Al2O3 too. One way around this would be

to deposit a much larger thickness of Al2O3 so that some remains even if it is accidentally

etched. For example a 10,000 cycle run should deposit 1.1 µm of Al2O3 but this would use

a very large amount of precursor material, and wasn’t feasible at this time.

Fortunately the materials that are more transparent than silica glass in the infrared

are comprised of heavier elements so they etch differently than silica glass. For example

hydrofluoric acid etches silica but it does not etch ZnSe [62] which makes etching the silica
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Figure 6.1 a) Schematic of the current reactor where fibres are loaded
into the bottom of the chamber on a silicon wafer. b) An alternative system
that would force the precursors to exhaust through the fibres and also give
us a pressure differential between the inlet and outlet of the chamber.
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away easier.

Although we do not need to worry about differential etch rates between silica and nZe

we will still need careful control over the silica exposure time to hydrofluoric acid, otherwise

we will over etch the silica unnecessarily, and eat into the outer jacket region of the fibre.

6.3 Trying to measure the limit of silica

Currently it is only possible to measure transmission of light around 5 µm through pure

silica negative curvature fibres by having them straight or of a short length. This makes

putting a reliable value on the attenuation of pure silica fibres very difficult which makes it

hard to establish a limit on the length of pure silica fibre that can be used for a particular

application.

When a fibre can transmit over only a few meters rather than 10’s or 100’s of meters, it

increases the uncertainty in the cut back measurement made to calculate the fibres atten-

uation. The idea of a cut back measurement is to keep as many variables as possible the

same, such that the difference in transmission of the two different lengths is due to just the

difference in length. When you have a fibre that transmits over a long length you can leave

a significant amount of length at the beginning of the fibre after cutting back. This makes

sure just the fundamental mode is propagating in the fibre at that point, as the higher order

modes have a higher attenuation in these fibres. This means the transmission measurements

are of just the fundamental mode for the full length, and for the cut back fibre.

When you have only a few meters of fibre you then need to be concerned with the

existence of higher order modes in your transmission measurements which will give you a

false value for attenuation of the fundamental mode.

Another issue that I had for the cut back measurement in chapter 5 was that it was

impractical to have both the 4.8 m and 2 m lengths straight, or to have 2 m fibre bent to

a similar bend radius as the 4.8 m fibre. This will effect the attenuation value because the

two length are not subject to the same bend losses.

Having a source that is brighter than the glow bars above 5 µm would help with putting a

more accurate value on the attenuation values of pure silica negative curvatures fibres as we

will be able to get transmission over more than a few meters of fibre length. This helps with
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filtering out higher order modes, allowing both lengths to be bent similarly, and a larger

difference in fibre lengths gives a lower the uncertainty in the attenuation measurement.

Unfortunately the glow bars seem to be the best black body radiator available for purchase,

so a better source would need to be something that isn’t a black body radiator.

LEDs are similarly priced to the glow bars, and they are available with a peak wavelength

up to 4.6 µm, but do not have a high enough intensity output.

CO lasers operate at 5 µm and they will be bright enough for an attenuation measure-

ment. However this is not useful for exploring the limits beyond 5 µm. They are considerably

more expensive than glow bars or LEDs. Tunable CO lasers are more expensive again and

are available with a tuning range from 5.2 - 6 µm, and cost £50k+.

Quantum cascade lasers are another potential source that are brighter than a glow bar,

but are also expensive and have a narrow tuning range, so to make a broadband source you

need to combine a few of them, making it even more expensive. To my knowledge so far

nobody has invested in a broadband tunable QCL system as a light source to measure the

attenuation limits of silica.
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Chapter 7

Papers in preparation

A. Earthey, W. Wadsworth, J. Parish, J. Innocent and A. Johnson. “Alternative dielec-
tric material hollow core negative curvature fibre for the mid infrared, using Atomic Layer
Deposition.” Journal of applied optics.

This paper will be for the work presented in chapter 3. It will talk about the idea of

using ALD deposition to deposit various dielectric materials inside a silica negative curvature

fibre. It will highlight that this method has the potential to unlock a whole range of dielectric

materials which cannot otherwise be made into the fibre cross section needed for these hollow

core negative curvature fibres.

The paper will show the trial deposition runs that show the feasibility of the ALD

deposition process, namely the repeatability and the precise control over the deposited

thickness, and that it is the ideal process to use if the precursor transport issues can be

overcome.

Parts of the modelling results from chapter 4 will be included to vaidate the idea, and

to show the potential improvements to fibre attenuation that can be made my including low

loss materials into the fibres.
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A. Earthey, W. Wadsworth. “Pressurisation method for a one stage Stack to fibre draw of
negative curvature fibre.”. Optics letters

This paper will talk about the issues faced in chapter 5 when fabricating large fibres that

intend to guide in the infrared. It will highlight the issues of having a small draw down ratio

when using a two stage stack and draw method and how they can be overcome with a novel

pressurisation technique. I will show how it was able to be used to successfully fabricate

very large fibre with a 200 textmu m core, and 100 µm diameter capillaries. One other

important note is that this technique can still be used to fabricate standard sized fibre, and

will allow single pieces of over a few km’s to be drawn.
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