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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

Doctor of Philosophy

DEVELOPMENT OF OPTICAL DEVICES IN A FLAT-FIBRE PLATFORM

Sumiaty Ambran

This thesis describes the development of optical devices in a novel flat-fibre platform.
Device fabrication is achieved using direct grating writing and physical micromachining

techniques.

A series of experimental studies have been undertaken in order to optimise the fabri-
cation of UV-written waveguides and Bragg gratings in the flat-fibre geometry. The UV-
writing parameters have been investigated including fluence and duty cycle, together
with hydrogen loading and alignment factors. Loss measurements have been per-
formed on a variety of passive and active structures using a novel distributed Bragg
grating technique. The measured propagation loss of a channel waveguide based UV-
written was 0.13 dB/cm + 0.03 dB/cm.

Flat-fibre devices have been used as physical and refractive index sensors on a wedge
flat-fibre structure. Through using UV-written Bragg gratings in series and parallel ar-
rangement, it provides the capability of sensing two-dimensional bending and external

refractive index variation in a single device.

Another passive device that has been developed in flat-fibre is the multimode interfer-
ence (MMI) device. The concept of using two micro-machined trenches to fabricate the
MMI device has also been discussed. In this work, a successful 1x3 MMI device has
been fabricated by using a high precision dicing saw and the excess loss was meas-
ured as 1.89 dB.

Finally, the spectroscopy study of an erbium doped flat-fibre was performed. Absorp-
tion to about 0.32 dB/cm at 976 nm wavelength has been achieved in the erbium-
doped flat-fibre. The first demonstration of signal amplification at wavelength of 1530

nm has been carried out where showing that the relative gain was 0.74 dB.
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Chapter 1

Introduction

1.1 An Overview and Motivation

The evolution of optical technology has revolutionised the modern lifestyle. The tech-
nology has been applied in many fields such as telecommunications, medicine and
structural monitoring. The main benefit of optical technology compared to electronic
and radio communication alternatives is the high bandwidth capacity [1]. High band-
width has allowed high-speed optical telecommunications, which is in increasing de-
mand by businesses and individuals. This, amongst other reasons, has resulted in a
growing demand for optical technology in the communication sector. Today’s internet
network uses optical fibre technology as a transmission medium, providing high data
transmission rates and yielding a more efficient and higher performance system than
ever before. This is highlighted by the UK Government’s National Infrastructure Plan
2011 included a budget allocation of £100 million for superfast broadband (up to 100

Mbps) in ten “super-connected cities” across the country [2].

The success of the technology derives from the small cross-section dimension,
low loss, low fabrication cost, lightweight, and flexibility of the optical fibre, which has
also made it attractive for other applications. The optical technology has been widely
used in medical applications such as endoscopy, where it is used to image organs with-
in the human body [3]. In addition, there are a large number of optical technology ap-
plications in the area of structural monitoring, where buildings and bridges can be

embedded with fibre optic sensors to observe structural faults [4].
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Optical fibres, while ideal for point-to-point communications, are not suitable for
the branching and splitting of light signals. Thus, it is noteworthy to mention that the
field of integrated planar optics also plays an essential and indispensable role in the
development of an all-optical signal processing system [5]. Miller was the first to high-
light the concept of integrated optics in 1969 [6]. Ideally, the structure of the integrat-
ed optic device consists of a light source, waveguide and detector components, which
are all integrated on a single substrate, and thus offers a dense and compact structure
as well as a well-designed optical system. Such devices are known as monolithic optical
integrated circuits. However, in integrated optics, it is not necessary to have all the

components in a single substrate, and bulk components may be used as well.

Following Miller’s proposal, several types of material systems have been used as
a substrate for integrated circuits, including silica (e.g. silica-on-silicon), silicon (e.g.
silicon-on-insulator), polymer, sol-gels, lithium niobate and gallium arsenide [7]. Never-
theless, the most favourable material system that has been used in passive integrated
optical devices is silica-on-silicon due to its low propagation loss and excellent mode
matching with standard optical fibres [8]. Flame hydrolysis deposition (FHD) [9] and
plasma enhanced chemical vapour deposition (PECVD) [10] are the most common dep-
osition techniques for fabricating silica-on-silicon substrates. Both deposition tech-
niques typically use flat silicon wafers as a substrate to support the thin silica layers,
and thereby limit the maximum size of the substrate to around 30 cm in length. Be-
sides that, silicon wafers are expensive and also require expensive growth of thick lay-

ers of thermal oxide to form the underclad and stress reducing layers.

As a consequence to the constrains mentioned above, a joint venture between
the Silica Fibre and Engineered Photonics Devices and Application groups in the Optoe-
lectronics Research Centre has invented a novel platform for fabricating planar inte-
grated optical devices, called ‘Flat-fibre’ [11]. As mentioned before, the silica glass
based fibre platform is clearly recognised as the material of choice for communica-
tions, offering low cost, long device lifetimes, and environmental stability. Thus, the
flat-fibre technology made by a silica glass is used as a platform to develop an inte-
grated planar optical device. The benefits offered by flat-fibre compared to conven-
tional planar waveguides (and standard optical fibres) are presented in Table 1.1.1
[12]. Most of the advantages listed in the Table 1.1.1 overcome many of weaknesses of
conventional planar waveguides. The distinct advantage offered by the flat-fibre plat-
form is the way in which it is fabricated. It uses modified chemical vapour deposition

(MCVD) and a standard fibre drawing tower, techniques used to fabricate conventional

optical fibres, and thereby presents a low cost route to fabricate integrated planar de-
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vices. The MCVD technique is a mature optical technology and has the capability of
producing low-loss silica based materials. The deposited preform fabricated via the
MCVD process is then collapsed by applying a vacuum during fibre drawing to shape

the fibre into a planar cross section.

Table 1.1.1 Comparison of properties between standard single mode fibres, FHD and

flat-fibre.

Properties Comparison

Optical fibre Planar waveguide Flat-fibre

Low Loss Yes No Yes
Low Cost Yes No Yes
Multi-functional No Yes Yes
Long Length Yes No Yes
Mechanically Flexible Yes No Yes
High Uniformity Yes No Yes

In conjunction with a direct ultraviolet writing (DUW) technique, optical circuitry
can be designed in the flat-fibre, presenting more compact passive devices for light
signal manipulation [13]. The technique offers a simple and quick fabrication and in-
volves the scanning of a focused UV-laser beam into the core layer of a photosensitive
planar substrate. The positive refractive index change induced can be as much as 10*
[14], more than sufficient to form a channel waveguide. An adaption of the DUW tech-
nique is the direct grating writing (DGW) technique [15]. Here two crossed UV-beams
form an interference pattern which can be used to define a Bragg grating structure.
The DGW technique opens up the possibility of fabricating integrated planar circuits in

the flat-fibre substrate. To improve the passive device performance, efforts have been
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made to improve the photosensitivity of the flat-fibre sample and thereby reduce fabri-
cation time. To date this has been achieved by adding dopants such as germanium (Ge)
and boron (B) into the core layer of the flat-fibre. Most of the flat-fibre devices present-
ed in this thesis have employed the DGW technique, making use of a Bragg grating
structure as a tool for device characterisation and optimisation. Accordingly, the thesis
discusses research investigating the composition of flat-fibre and the development of
optical components such as y-splitters, Bragg gratings with improved strength and
sensor designs. Apart from the UV-writing technique, one of the fabricated flat-fibre
devices uses an ultra-precision dicing machine to produce a multimode interference
device for light splitting. A planar waveguide can be produced within the core layer via
micromachining the substrate. This consequently induces interference between guided
modes, and thus splitting of the light occurs according to the dimensions of the de-

vice.

In order to fabricate an active device, one can consider doping the fibre with rare-
earth ions and hence inducing light amplification. Thus, an erbium doped flat-fibre has
been fabricated by Dr. Andrew Webb (one of member in the Silica Fibre Fabrication
group) using the same technique as used to fabricate a passive flat-fibre substrate. The
compositional difference is obtained during the MCVD process where in-situ solution
doping is applied, adding erbium rare-earth ions into the preform of the flat-fibre
glass. A series of experimental works has been carried out to characterise the fibre in-
cluding spectroscopy of the erbium doped flat-fibre and the first demonstration of

light amplification within the flat-fibre.

The motivation of this research is the development of high quality and increased
performance of integrated optical components compatible with the existing optical
transmission line of standard single mode fibre (e.g. SMF-28). Flat-fibre provides the
field of optics with a low-cost optical transmission system that can be fully integrated

into the standard optical fibre network.

1.2 Aims of Research

The aims of this research are listed as follows:

i. To develop a series of planar integrated devices with high performance and
low optical loss in a flexible long length of flat-fibre platform.

ii. To demonstrate the capability of the flat-fibre substrate to be implemented
as a physical and refractive index sensor.
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iii. To fabricate a multimode interference device for light splitting using an al-
ternative method of making use two-micromachined trenches to induce in-
terference between guided modes within the core of the flat-fibre.

iv. To characterise an erbium doped flat-fibre and demonstrate light amplifica-
tion within such a device.

1.3  Thesis Synopsis

This thesis consists of nine chapters describing theoretical background and experi-

mental work.

Chapter 1 provides an introduction to the subject area and the aims of the re-
search. The advantages of flat-fibre substrate against conventional standard single
mode fibre and planar waveguide are described in this chapter. The aims of the re-

search are also listed here.

Chapter 2 explains the theoretical background of the research which is presented
in this thesis. Starting with the theoretical analysis of planar optical waveguides, the
chapter includes description of the Marcatili, film mode matching and beam propaga-
tion methods. These methods have been used in the experimental work. The concept
of the Bragg grating and a series of optical devices such as splitters, sensors and am-
plifiers are also described in this chapter. This is to develop an understanding of the

operational principle of these optical devices.

Chapter 3 describes several fabrication techniques including the fabrication of
standard optical fibre and also planar materials. This includes the fabrication of the
basic flat-fibre device. The UV-writing method for defining a channel waveguide is also
introduced in this chapter. The general characterisation setup used to characterise the

fabricated devices is also provided.

Chapter 4 presents two different appearances of the direct grating writing tech-
nique, namely amplitude modulation and phase modulation. Experimental work that
has been carried out for UV-writing parameter optimisation is described here. The pla-
narisation of the flat-fibre cross section, and also the birefringence of the flat-fibre are

discussed in this chapter.

Chapter 5 presents a novel technique for measuring the propagation loss of a

planar waveguide. The technique requires a series of Bragg gratings distributed along
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the length of the flat-fibre substrate in order to quantify waveguide loss in the sub-
strate. Conventional techniques used for the loss measurement of planar waveguides
are also described. For comparison purposes, an optical backscattered reflectometer is

used to measure the propagation loss in the flat-fibre.

Chapter 6 discusses the sensitivity of the flat-fibre substrate as a sensor device.
The background theory of bending a beam and the concept of evanescent fields are
given in the early section of the chapter. Following this, the concept of the flat-fibre
sensor is described. The capability of the device to sense multiple parameters, namely

two-dimensional bending as well as refractive index sensing is briefly described.

Chapter 7 introduces an alternative fabrication technique to develop a multimode
interference device in the flat-fibre platform. This technique uses a high precision mi-
cromachining tool which is employed to fabricate a multimode interference (MMI) de-
vice in the flat-fibre platform. Two micromachined trenches are fabricated parallel to
the MMI section in order to confine light within the core layer of the flat-fibre sub-

strate. A 1x3 MMI splitter device is presented in this chapter.

Chapter 8 discusses results from an investigation into the erbium-doped flat-
fibre. The absorption spectra and the lifetime of the flat-fibre are performed. The chap-
ter includes results from the first demonstration of light amplification within the flat-

fibre substrate.

Chapter 9 summarises the key results and outcomes from the thesis and also

highlights the future work of this research work.



Chapter 2

Optical Waveguide Background and Applications

2.1 Introduction

This chapter introduces the theoretical background of the optical waveguides that are
used in this thesis and covers slab and channel waveguide structures. The first section
introduces the fundamental analysis for describing a slab waveguide mode, which is
derived from Maxwell’s equations. In the following section the Marcatili method is pre-
sented which provides an analytical tool for the modelling of channel waveguide. A film
mode matching method that is implemented in the FIMMWAVE software is also ex-
plained. This is followed by explaining the principle of the beam propagation method
that is used in developing a multimode interference device. Many of the experiments
reported here have used Bragg grating structures fabricated via a direct grating writing
(DGW) technique. Therefore, the chapter also provides the theoretical concept of Bragg
grating and several types of Bragg grating structures. The chapter concludes with a
brief background of several optical devices namely optical splitter device, optical sen-

sors and amplifiers.

Before discussing the theory of planar optical waveguide, it is worth describing
the fundamentals of light propagation in a waveguide. The concept of total internal
reflection (TIR) is the basis of light propagation in any waveguide [16]. Starting with the
understanding of Snell’s law where the propagation of an incident light ray with angle
0, will be refracted at the angle of 8, as the light propagates through a boundary of
two different materials with dissimilar refractive index, n (in this casen; >n,) as de-

picted in Figure 2.1.1. The relationship between the angles and the refractive indices is
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expressed in equation (2.1). In the situation when 8, is equal to 90° then 8, is known
as a critical angle, . and at any angle of 8, that exceeds the critical angle TIR will oc-
cur. Figure 2.1.2 shows a slab waveguide substrate where a layer of higher refractive
index material (n;) is sandwiched between two layers of lower refractive index (n,) ma-
terial. With the correct conditions TIR will occur, confining the light to the central core

layer as indicated by the arrows. This is a basic structure of a slab waveguide.

n,sing, =n,siné, (2.1)
Incident light | Reflected light
I
I
0.1,

0,

Refracted light
Normal axis

Figure 2.1.1 An illustration of Snell’s law showing the propagation of light through a

boundary of two different media.

Ray of light

Total internal reflection

Figure 2.1.2 The total internal reflection of light during propagation along a slab

waveguide.
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2.2 Theory of a Planar Optical Waveguide

This section explores a number of methods for theoretically modelling waveguide
structures. The modal analysis of a planar waveguide starts with Maxwell’s equations
which are generally used to analyse a planar waveguide. Further analysis is carried out
into a particular channel waveguide where the Marcatili method is introduced. The
principle of the film mode matching method is used in the FIMMWAVE software which
is later used in defining the effective refractive index of a channel waveguide. Finally,
the concept of the split step is described which is used in the beam propagation meth-

od for describing the operation of multimode interference.

2.2.1 Maxwell’s Equation

The structure of a slab waveguide is shown in Figure 2.2.1, it consists of a core layer
that has a refractive index slightly higher than the over cladding and under cladding
layers to allow total internal reflection. Firstly, Maxwell’s equations are considered in
layered media. The simplified expressions below describe the electromagnetic fields in
an isotropic, linear, nonconducting and nonmagnetic medium. The mode analysis ap-
proach in this section is taken from An Introduction to Fiber Optics by Ghatak and
Thyagarajan and provides a fundamental insight into the operation of an optical

waveguide [16].

»
L

|n2 lercladding
di2 B

» n(x) | Core

d/2 |-
I Ezr cladding

Figure 2.2.1 The structure of a slab waveguide comprising a sandwich structure of an

upper and an under cladding. The left of the figure illustrates the refractive index of

the structure.
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Starting with Maxwell’s equations:

— 0B oH

vxE=_¢2__, 91 2.2
x ot Ho ot (2.2)
Vxﬁ:gngMQE (2.3)

ot ot
V-D=0 2.4)
V.-B=0 2.5)

Where E,D,Band H are the electric field, electric displacement, magnetic in-
duction, and magnetic intensity, respectively. The constitutive relations of those pa-

rameters are

B=yuH (2.6)

D=¢E=¢,n°E 2.7)

Where p, = (4 x 107"Ns?/C?) is the free space magnetic permeability, ¢ is the dielec-
tric permittivity of the medium with refractive index of n, and g, = (8.854 x 1072¢C?/
N m?) represents the permittivity of free space. By solving the equations above and as-

suming that the refractive index varies only in the x axis gives
n =n?(x) (2.8)
Then, the electric and magnetic fields expressions may be written as below

E, = (08 ; =xy. 29

H, =H,(xe“"™;  j=xy,z (2.10)

By substituting the above expressions into equation (2.2) and (2.3), then Max-
well’s equations are reduced to two sets of independent equations which are ex-

pressed as

ifE, =—lwu,H, (2.11)

10
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OE
T ugH, 2.12)
OX
: H, .
_|ﬁHX—a 2 =iwe,n*(X)E, (2.13)
OX
and
ipH, =iwe,n?(X)E, (2.14)
oH
L = —iwe,n*(X)E 2.15
o weon?(X)E, (2.15)
: OE, .
—1pE, — 6X =louH, (2.16)

The first three equations above (2.11) - (2.13) are known as transverse electric

(TE) modes since the electric field has only a transverse Eycomponent. While, the last

three equations (2.14) - (2.16) describe the mode known as transverse magnetic (TM)

as the solution contains only the H ,component.

Expressions (2.11) - (2.13) may be now be used to analyse the TE modes of a

symmetric, step index planar waveguide. By substituting H, and H, from equations

(2.11) and (2.12) respectively into equation (2.13) gives the following expression

d

2
E
dxy +[k§n2(x)—ﬂ2]Ey =0 2.17)

1
where K, :a)(go,uo)i =2 and C(3x10°ms™) represents the speed of light in free
C
space.

Aforementioned, the analysis detailed here considers the X-dependent profile

where the refractive index profile is represented by (also see Figure 2.2.1)

n; |x A
n(x)= : (2.18)
n; [X>—

11
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dE
By satisfying the boundary conditions of Ey and ensuring d—y is continuous at
X

d
X :iz, then substituting the n(x) in equation (2.17), expressions (2.19) and (2.20)

can be obtained.

d’E

sz+(k02nl2 —,Bz)Ey =0, [x <% core layer (2.19)
dzEy 2,2 2 d
d—2+(k0 n, - pB )Ey =0, [x> 5 cladding layer (2.20)
X

In order to have guided modes which are mainly confined within the film, the

condition below must be satisfied.
2
(n§<ﬁ—2<nf} 2.21)

When 2 > k3n3 is satisfied, the modes will be confined and guided within the core
layer with a small penetration into the cladding region. However, when this condition is
not satisfied, the modes that are excited at the boundary will tend to leak away from

the core region which is known as radiation modes.

Equations (2.19) and (2.20) may be simplified into the form

d;XEy +(z<2)Ey =0; |« <% core layer 2.22)
d;XEZy —(72)Ey =0; x| >% cladding layer (2.23)
where
< =lon =4 (2.24)
i =Bk, (2.25)

Equations (2.22) and (2.23) can be satisfied by solutions in the form of (2.26) and

(2.27) respectively, where A, B, C and D are constants.

12
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E, (x)= Acos xx + Bsin xx;| x|< d /2; (2.26)
Ce™; x<-—=

E, (x)= d2 (2.27)
De™”; x>§

n?(-x)=n?(x) (2.28)

Therefore, the solutions can be interpreted as either symmetric or anti-symmetric

modes which can be expressed as
Ey(— X)= Ey(x) symmetric modes (2.29)
E, (-x)= -E, (x) anti-symmetric modes (2.30)
Equation (2.31) represents the symmetric modes of the slab waveguide. Equation

E,(x)

d
(2.32) and (2.33) ensures continuity of both Ey(x) and (;
X

at the boundaries,

d
X= iE respectively.

E,(x)= 2 (2.31)
ce M- X >—
A
Acos(%) =Ce 2 (2.32)
vl
- KAsin(%J =—Ce 2 (2.33)

Dividing equation (2.33) by equation (2.32) yields

ftancf:ﬁ (2.34)

2

where

13
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N |-

§=%=(k§nf—ﬂ2) % (2.35)

Introducing the dimensionless waveguide parameter V-number, as expressed in

equation (2.37) provides the relation;
1
2
§tan§:(%vz—§2j (2.36)

Y :kod(nf—nzz)% 2.37)

Also, using the same procedure as the symmetric mode, the anti-symmetric

mode can be obtained as the form,

1

—gcotgz(%vz—gzjz (2.38)
where,

Bsinxx; [x|< d

2

E,(X)= (2.39)
) X peh¥.; |x|>9
2 2

Therefore, the symmetric modes and the anti-symmetric modes can be conclud-

ed as,

1 1
Stané = [ZV 2 §2j2 ; Symmetric modes (2.40)

—-&coté :(%VZ —§2j2; Anti-symmetric modes  (2.41)

Figure 2.2.2 shows a plot of symmetric and anti-symmetric modes against the
parameter . This graph illustrates the symmetric and anti-symmetric modes that are

excited within the slab waveguide. It can be seen that, the intersection of the Stané
(red line) and —&cot& (blue line) with the V parameter of V = 4 (black line) determines

the number of symmetric and anti-symmetric modes propagating within the waveguide

14
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with a V parameter of V = 4. In the case of V = 4, the waveguide supports one symmet-
ric and one anti-symmetric modes. The graph also shows that this planar case wave-

guides with V-numbers less than 1t support only a single symmetrical mode.

Stan& —&coté&

6 T T

Figure 2.2.2 Symmetric and anti-symmetric modes excitation within a slab waveguide.

The analysis that is described in this section only considers the propagation sup-
ported by a slab waveguide. In this structure, the propagating light is only confined in
a vertical axis, and typically has high loss due to the lack of lateral confinement. In
contrast a channel waveguide has the capability of guiding light in two dimensions.
This structure is more useful for integrated optical devices. There are several geome-
tries of channel waveguides, two of the most common are the stripe and buried chan-
nel waveguides and are illustrated in Figure 2.2.3 (a) and (b), respectively [17]. Stripe
channel waveguides are commonly applied in semiconductor based-optical devices.
However this structure tends to have high loss due to the high index contrast and sur-
face roughness of the surrounding wall of the channel waveguide. The buried channel
waveguide is surrounded by a cladding region and typically has lower index contrast, is
less affected by the environmental and thus can exhibit lower loss. In this thesis, most
of the devices use a buried channel waveguide fabricated via the direct UV-writing grat-
ing technique. In the next section, a numerical technique known as the Marcatili meth-

od to analyse a channel waveguide structure will be described.
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Cladding

Cladding

@ (b)

Figure 2.2.3 Two different channel waveguide geometries (a) stripe and (b) buried,

where n and n, are the core and cladding refractive index, respectively.

2.2.2 Marcatili Method

In this section, the Marcatili method is introduced to show how the technique can ana-
lyse the modes of a channel waveguide structure. The Marcatili method offers a high
precision and uncomplicated approach to estimate the effective refractive index of a
waveguide [18]. Figure 2.2.4 shows the rectangular cross section of refractive index
core and cladding layers defined by Marcatili method. The cross section is divided by
hine regions which are n,n,n,n,n,n,n,n and n, The method assumes that are-
as n, n, n_and n_are neglected due to the small proportion of light that propagates in
these regions. Yet, the light is strongly confined in the core region, n, with a slight
penetration into the n, n, n_and n_regions. Accordingly, from such an assumption,
Marcatili has defined two independent index profiles; regions A and B, yielding to ef-
fective refractive index calculation. The propagation constant, k, along the propagation
axis z is determined by equation (2.42), where k, = (2n/A)n, (s = 5, 2, 4, 6, 8), k, and
k, are the transverse propagation constants in the x and y directions respectively. The

parameters k, and k, can be determined by equation (2.43) and (2.44) respectively.

1
k, = (k2 —kzZ -k 2.42)
A ]
kX :E 1+LAG (2.43)
d, d,
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2 2 -1
K, zq_ff(HMJ 2.44)
dh mldh

The variable of p and g are the number of local electric field peaks in the x- and

y-axis directions. Where A is defined by

A
A(2,4,6,8) = 1 (2.45)

22 —n2)e

The effective index, N is then calculated by

neff =z (2.46)

Figure 2.2.4 The Marcatili rectangular cross section of the core and cladding layers.

Although the Marcatili method is not used to model waveguides in this work, the
principle of this technique is similar to that used in the FIMMWAVE software tool which
will be used to model some of fabricated devices described in this thesis. Thus, the
next section briefly presents the principle of the method used in the FIMMWAVE soft-
ware which is a film mode matching method.

17
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223 Film Mode Matching Method

FIMMWAVE is a commercial mode solver which uses a fully vectorial mode finder for
waveguide structures. It offers a rapid and very accurate solution even for complex and
challenging to model waveguide structures, for instance, devices with that have both
high index layers and large weakly guided structures. It uses a film mode matching
(FMM) method to calculate the mode fields in a waveguide structure [19]. The method
yields an accurate mode field calculation over the entire cross section of the wave-
guide. Moreover, the method offers efficient and straightforward analysis where a sim-
ple uniform waveguide structure is simply divided into several slices and layers as de-

picted in Figure 2.2.5. Due to the symmetric structure, the left side section is not con-

sidered in the calculation and hence offers rapid analysis. In the FMM operation, the TE
and TM modes for each film are achieved by accumulating the modes that have similar
wavevector along the propagation direction and by altering the modal amplitudes in

each film, the field distributions at the slice interfaces can be matched.

This section is
ignored due to —>
symmetric structure

Slice

Figure 2.2.5 The simple structure of a uniform waveguide showing the layers and slices

section used in the FMM method.

Another method that is used in modal calculation is the beam propagation meth-
od. The method has been extensively applied in describing the operation of the propa-

gation mode for particular multimode interference pattern.
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224 Beam Propagation Method

The concept of beam propagation method (BPM) as the name implies, can be used to
explore the nature of wave propagation. It may be applied to both linear and nonlinear
lightwave propagation. It is a simple numerical algorithm method that uses the slowly
varying envelope approximation. The fundamental operation of BPM uses a split-step
technique to determine the evolution of the light along a waveguide. The split-step
method uses the repeating of an axially small separation distance, z. The details of

which are given below.

The foundation of the BPM method is based on the scalar Helmholtz equation as
expressed in equation (2.47), where the electric field consists of an axially slowly vary-

ing envelope term and rapidly varying term as labelled in equation (2.48).

2 2 2
0 §+a I25+8 E+k2n2(x,y,z)E:O (2.47)
ox- oy° oz
Rapidly varying
envelope term
f_/%
E(x,y,2)=g(x,y,2)exp(~iknyz) (2.48)
-

Axially slowly
varying envelope

In the BPM method, these two terms can be considered independently as they af-
fect the light propagation separately in the small distance, z. Figure 2.2.6 (a) shows the

beam propagation within the visible tapered waveguide with distance, h and (b) shows
the beam propagation within free-space with a thin waveguide in the middle of the dis-

tance, h [20]. The phase retardation within the thin waveguide shown in Figure 2.2.6

(b) is treated as the same as the tapered waveguide depicted in Figure 2.2.6 (q).
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@(x,z+h)

@(X,Z) g(x’z+h)

1

h/2 n Y7
(b)

Figure 2.2.6 Schematic diagram of BPM analysis for (a) light propagation within a ta-

pered waveguide and (b) light propagation in free space within a thin waveguide in the
middle of the distance, h.

Generally, in BPM analysis, the electric field ¢(x, z) is first propagated through the
half way free space distance of h/2 before it has phase retardation due to the wave-
guide distance, h and is then propagated again with another distance h/2 in order to
attain ¢ = (x,z + h). The formal solution of the Fast Fourier Transform (FFT) of the BPM

is expressed in equation (2.49) and uses the two operators of A and B.

#(x,z+h)=exp (h—;‘)exp (hB)exp (h—;‘jqﬁ(x z) (2.49)

Where,
A:—iﬁvz, (2.50)
B =—a(x,z)-ik[n(x,2) —n,] (2.51)

The operator A represents the free space propagation effect, whereas, operator B

represents the waveguide effect of loss or gain and phase retardation within the wave-
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guide. Where, —a¢ term represents the loss or gain happens in the propagation
and V2= 9%/0x?%. The method explained in this section is the basis of a multimode inter-

ference device operation that will be further explained in Chapter 7.

In the previous section, two different optical structures including slab and chan-
nel waveguides have been discussed. This analysis has not considered any other opti-
cal functions other than light confinement. Thus, in the following section, the basic

concept of the Bragg grating structure is discussed.

2.3 Bragg Gratings

A simple Bragg grating structure is a series of refractive index perturbations along a
channel waveguide where the guided light is scattered by each grating plane. Each per-
turbation results in a small reflection of the propagating light. In the case where the
incident light has a similar wavelength to the so called Bragg grating wavelength, re-
flections from multiple interfaces will constructively add in the counter-propagating
direction to form a reflected Bragg grating signal. Whereas, incident light that does not
satisfy the Bragg condition will result in the numerous reflected components to be out
of phase and will ultimately cancel out. Therefore, the spectral reflectivity will only cor-
respond to the assigned Bragg grating wavelength and other wavelengths will be

transmitted through the waveguide as shown in Figure 2.3.1 .

Transmitted light

Reflected light \T/v
y Z

Figure 2.3.1 Propagation of an incident light into a Bragg grating structure where the

light is reflected (red line) by the grating structure and the rest of the light are trans-
mitted.
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2.3.1 Bragg Grating Structure

The properties of Bragg gratings can be varied depending on its application. This can
be done by changing the structure of the Bragg grating through altering the refractive
index (i.e. refractive index profile and offset) and grating period. The simplest struc-
ture of a Bragg grating is a uniform Bragg grating. It has uniform index modulation

where the refractive index profile can be expressed as equation (2.52)
n(z) = ny + An cos (2%) (2.52)

where n, is the average refractive index and An represents the induced refractive-index
perturbation. The parameter z is the distance along the propagation axis. Figure 2.3.2
(a) illustrates the uniform Bragg grating structure with a constant grating pitch. This
structure has a uniform refractive index profile as shown in Figure 2.3.2 (b). For low
reflectivity gratings, the spectrum can be calculated from the Bragg grating structure
via a Fourier transform. The spectral reflectivity of the uniform Bragg grating structure
has significant side lobes which can be unwanted feature as shown in Figure 2.3.3 (a)
[21]. The existence of the side lobes can yield problems when considering a particular
filter and in sensing applications. These side lobes can be suppressed by apodisation
technique. The apodisation here means that the magnitude of the refractive index per-

turbation of the Bragg grating structure is gradually decreased towards a zero value at
both ends of the grating length as depicted in Figure 2.3.2 (c). Typical devices imple-
ment Gaussian apodisation, a modelled reflection spectrum can be seen in Figure 2.3.3

(b). In this thesis, most of the fabricated devices, which involve Bragg grating struc-
tures, have employed Gaussian apodisation. In the following section, the properties of

the Bragg grating are described.
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Waveguide Grating plane
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Figure 2.3.2 (a) lllustration of a uniform Bragg grating structure with uniform grating

pitch, induced index modulation for (b) uniform Bragg grating and (c) Gaussian-

apodised Bragg grating.
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Figure 2.3.3 The reflectivity versus wavelength for (a) uniform and (b) Gaussian

apodised Bragg grating structures.
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2.3.2 Properties of Bragg gratings

The mathematical analysis of the Bragg grating properties can be presented by using
the principles of energy and momentum conservation of the Bragg grating structures.
This analysis considers a uniform fibre Bragg grating structure where the grating
planes are perpendicular to the direction of light propagation. In the Bragg grating
structure, the energy of both transmitted and reflected light must be conserved. In or-
der to conserve the momentum, the wavevector of the reflected wave k, must be equal

to the total of the incident wavevector k and the grating wavevector K as expressed by
k, =k +K (2.53)

If the Bragg grating condition is satisfied, the incident wavevector is equal to the

ﬂneff

reflected wavevector (k; =—k,) and k = . Therefore,

27 2m
e _ M 27 (2.54)
2 1 A

Rearrangement of equation (2.54) leaves to the expression
Ag =2n4 A (2.55)

This simple equation defines the centre Bragg wavelength, Az, that is reflected at
the Bragg grating structure. This wavelength depends on the effective refractive index,

nesr Of the optical mode and the grating period, A [22].

The mathematical analysis above does not provide any information regarding the
strength of the Bragg grating reflectivity and the spectral bandwidth. The following
analysis will use coupled-mode theory in order to predict the grating strength and the

spectral bandwidth of Bragg grating structure.
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23.3 Coupled-Mode Theory

The analysis described here is extracted from Erdogan’s work [23]. The reflectivity of

the grating can be expressed as

A2
sinh?| Vx’—o L
. (2.56)
/\2 "
cosh?| Vi?—o L |-Z
K

Where L is the grating length, k is the AC coupling coefficient and 6 is the DC

r =

self-coupling coefficient which can be defined as

7T Mgy
K= (2.57)
A
c; =0+0 (2.58)
where
27t Mg
o= (2.59)
A
and
5=2m,|1-L1 2.60)
A A

Where én,;; is the amplitude of the refractive index perturbation. The difference
between the inverse of the propagating wavelength, 1, and the inverse design wave-
length, A, (A5 = 2n.4¢A) is known as the detuning, §. Figure 2.3.4 (a) and (b) show the
spectral reflectivity against the normalised wavelength. Different values of grating
length are displayed in Figure 2.3.4 (a), where the m was kept constant at 1x1073. It
can be seen that, the longer the grating length, the stronger the reflectivity. In Fig-
ure 2.3.4 (b), the grating length was held constant at 2.0 mm and varied the Weff val-

ue. It shows that the higher the amplitude index perturbation the stronger the reflec-

tivity. Both parameters affect the strength of the grating reflectivity and the bandwidth.
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The spectral bandwidth of grating can be measured from the first zero of both
sides of the spectral reflectivity graph. The spectral bandwidth analysis of the grating

structure can be calculated by

(2.61)

Equation (2.61) shows that there are two key factors that determine the band-

width of the grating. The first situation is if the grating has a low index contrast, (

A
<<TD), then the spectral bandwidth is dependent on the grating length, L, expressed

by

o (2.62)

In the second situation, the spectral bandwidth is dependent on the index con-
— A
trast of the grating, where the condition o >>TD is fulfilled. The spectral band-

width can then be expressed by

2 (2.63)
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Figure 2.3.4 Spectral reflectivity against normalised wavelength for (a) grating length

and (b) amplitude index modulation variation.

Therefore, it can be understood that a particular bandwidth spectral reflectivity
can be achieved by either increasing the grating length or increasing the refractive in-
dex modulation amplitude. The Bragg grating structure has been widely used in many
applications, especially in optical telecommunications and sensing. In the following
section, several optical devices are introduced to give general knowledge regarding
their applications.
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2.4  Optical Passive and Active Devices

In this section, the operating concept of several optical devices is briefly described to
give an overview about the device functionality. This includes optical splitters, sensors
and amplifiers. Central to the entire discipline of optical telecommunication is the em-
ployment of silica optical fibre technology used as an optical transmission line, yet
planar integrated optical devices have also played an important role in the field. Recent
developments in optical integrated planar devices have heightened the need for these
optical components that are used for light manipulation. There are numerous types of
planar material systems that have been demonstrated such as silica-on-silicon, silica-
on-insulator, polymer and other semiconductor materials (i.e. Indium gallium arsenide
(InGaAr)).

2.4.1 Splitters

Optical splitters are one of the key important components for high-density optical in-
tegrated circuit development. The optical splitter is a passive device used to split light
into two or more channels with a specific ratio. The operation strongly depends on the
design of the splitter itself. The device can be made directly from fibre where several
fibres are fused together in a single component to split or combine light into several
outputs [24]. However, this is only suitable for a large scale optical-based system.
Thus, for a small scale device on chip, typically a waveguide splitter on a planar-based
platform is a device of interest as illustrated in Figure 2.4.1 [25]. A number of splitter
designs have been fabricated such as y-junction [26], x-coupler [27] and multimode
interference devices [28]. In the planar geometry, the conventional route to fabricate
these devices is photolithography and etching techniques. The technique provides high
quality components but the need for clean-room facilities which is high-cost facilities

requirements.

Another alternative that offers low-cost fabrication of integrated waveguide com-
ponents including splitters has been introduced and demonstrated [29]. In this tech-
hique, a splitter can be designed by scanning a UV-spot light on a photosensitivity pla-
nar substrate. The device size of the UV-written splitter design is limited by the bend

loss of the waveguide and the number of outputs.

A more compact splitter device with many outputs can be realised using the con-
cept of multimode interference. These devices have a small footprint, stable power

splitting and large spectral bandwidth. The device has a large width dimension com-
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pared to the height of the waveguide to induce multimode interference within the

waveguide which will be further discuss in Chapter 7.

y-splitter

Core layer

Figure 2.4.1 Optical splitter in a planar substrate combining several y-splitters in a sin-

gle component.

2.4.2 Optical Sensors

Recently, optical sensors have achieved extensive recognition in fields including civil
engineering, medicine and industry [30]. This is due to the inherent advantages offered
by optical sensors, which can overcome some of the drawbacks of conventional electri-
cal sensors. These drawbacks include intrinsic limitations of high transmission loss
and vulnerability to electromagnetic interference. Other benefits associated with opti-
cal sensors include high sensitivity, long-lifetime and the ability to operate in flamma-
ble environments. The most common optical sensors is an optical fibre sensor, which
have been demonstrated in many fields [31]. Optical fibre sensors can be categorised
into two types of sensor namely intrinsic and extrinsic. In an intrinsic sensor the wave-
guide sensor itself is the sensing element. An evanescent-wave sensor is an example of
an intrinsic sensor. In the case of an extrinsic sensor, an optical transducer is attached
to the waveguide to sense the measurand. There are many types of optical sensor de-
vice using a variety of different physical phenomenon, an extensive review can be
found elsewhere [30], [32]. The following section looks at a few optical waveguide sen-

SOrs.
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2.4.2.1 Bragg Grating-Based Sensors

A Bragg grating-based sensor is an optical device sensor that uses a grating structure,
such as Bragg gratings as a tool to sense physical or chemical parameters. The tech-
nology of an optical fibre Bragg grating (FBG) sensor is well established and has been
employed in many applications [33]. The Bragg grating structure is directly interacted
upon by the measurand (i.e. physical or chemical parameters) changes in the Bragg
grating spectral, such as Bragg grating wavelength shift, can be monitored to provide
the signal. This occurs due to the interaction of the measurand with the evanescent
component of the guided mode which changes the effective refractive index of the

mode and results in a shift of the centre Bragg grating wavelength.

There are numerous techniques which use Bragg grating structures to sense
physical and chemical parameters. One of the techniques is using a tilted fibre Bragg
grating (TFBG) has been performed for bending sensor [34]. The technique manipu-
lates the transmission power from the cladding modes of the TFBG. Any changes of the
TFBG curvature will change the transmission power. Another technique for making a
bending sensor implements an erbium (Er**) doped distributed-Bragg-reflector (DBR)
fibre laser [35]. It makes use of a short cavity Er** DBR fibre laser with a low polarisa-
tion beat frequency. The system is highly sensitive to small changes of curvature as

small as 1.8 x10? m™.

In the case of refractive index sensors, a thinned fibre Bragg gratings has been
demonstrated to sense a range of different refractive index oils [36]. It manipulates the
thickness of the etched cladding in order to expose the Bragg grating structure to the
surrounding area and measurand. A recent demonstration extends this work by using
a microfiber based Bragg grating sensor [37]. This particular structure offers great

benefits such as larger evanescent fields and ultra-small device sizes.

Planar integrated Bragg grating sensors have also shown important role in optical
sensor device due to its capability for integration [38]. In the planar Bragg grating sen-
sor, one way of sensing chemical parameters is by using an etched window which ex-
poses the Bragg grating structure to the analyte (i.e. refractive index oil) as shown in

Figure 2.4.2.
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Analyte

Planar subsie Window etching /

Bragg grating

Figure 2.4.2 Planar Bragg grating sensor with a window etched on top of the substrate

surface to allow direct contact between the analyte and the Bragg grating structure.

24.2.2 Waveguide-Based Sensors

The waveguide based-sensor uses particular configuration to sense chemical or physi-
cal parameters where no Bragg gratings are involved in the sensor device. The Mach-
Zehnder configuration is one of the must well-recognised waveguide-based sensor ge-
ometries [39]. Figure 2.4.3 shows the basic arrangement of the Mach-Zehnder interfer-
ometer, where input light is split into two channels via coupler 1. One of the channels
is exposed to a measurand while the other is used as a reference. The light in the two
channels are recombined using coupler 2 and output light is measured. The interfer-

ence signal produced by the superimposed light is monitored to sense the measurand.

Arm 1 (Reference)

Coupler 1 Coupler 2

Light in —» — Light out

/ Arm 2 (Measurand)
Sensing area

Figure 2.4.3 lllustration of the basic structure of Mach-Zehnder configuration.
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Another common technique for waveguide based-sensors uses a Fabry-Perot in-
terferometer (FPI). This multiple-beam interferometer uses a resonant cavity which is
exposed to the measurand for sensing purposes. There are two types of FPI configura-
tion namely extrinsic and intrinsic FPI sensors [40]. Figure 2.4.4 shows the configura-
tion of both structures. In the extrinsic FPI sensor, the cavity is located outside the op-
tical waveguide which forms an air cavity, whilst the intrinsic FPI structure has the cavi-
ty along the inside of the optical waveguide. The extrinsic FPI is more preferable in a
refractive index sensor because the measurand can easily access to the air cavity. In
terms of physical parameters, the intrinsic FPl is more desirable due to high coupling

efficiency and finesse.
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Figure 2.4.4 Fabry-Perot interferometer (FPI) for (a) external and (b) internal cavity

structure.

24.3 Amplifiers

Optical amplifiers are important component in generating a high-quality optical-based
system and are typically used to overcome the losses within it. As the name implies,
optical amplifiers are optical devices that amplify transmissions signal to a higher opti-
cal power within an active medium. The active medium refers to the medium which
contains some active component such as rare-earth ions that are doped into a wave-
guide. The active waveguide is then pumped using an external light source to excite
the active ions into higher energy level and consequently produces population inver-

sion as illustrated in Figure 2.4.5 [41].
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Figure 2.4.5 Illustration of population inversion in the three level transition system of

an erbium-doped laser.

Population inversion is the critical process in signal amplification. The population
inversion is formed when more excited ions exist in the higher energy level compared
to the ground energy level. In a three level transition system for instance, this occurs
due to the excited ion that stays in the highest excited state where it can only last
around microseconds. After that, it can decay to the metastable state where it stays for
a longer time of around milliseconds. Therefore, more ions can be populated at the
metastable state which consequently induces the population inversion. The active ions
that exist at the metastable state can decay to the ground state by stimulated emission
at the same wavelength to the signal that needs to be amplified to generate more opti-
cal signal power. Apart from stimulated emission, there is another decay process
known as a spontaneous emission. However, in the spontaneous emission, photons are
emitted in all directions with no light amplification involved in this process. The pho-
tons emitted from this process do not necessarily have the same frequency, phase and
direction to the desired signal, thus has a potential to degrade the efficiency of the

light amplification.

The most common type of optical fibre amplifier is known as an erbium doped
fibre amplifier (EDFA) [42]. The core of the fibre is doped with trivalent erbium ions
that can be pumped using 980 nm light for instance and used to amplify a signal about
the 1550 nm wavelength range. The properties of the amplifier make it suitable for use
in optical telecommunication systems. Basically, the EDFA works by multiplexing the
information signal and the pump laser into the erbium-doped fibre and consequently

the information signal can be amplified when the pumped signal interacts with the er-
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bium-doped ions. The pioneering of this concept has significantly improved optical tel-

ecommunication and other optical technology systems.

2.5 Conclusion

As a conclusion, the basic theory regarding planar optical waveguides has been briefly
discussed. This includes the mode analysis using Maxwell’s equations, Marcatili meth-
od, film mode matching and lastly beam propagation methods. The chapter also dis-
cusses the operation of the very useful waveguide structure, Bragg gratings. Several
important components such as splitters, optical sensors and amplifiers are introduced
to give an understanding of the applications of optical waveguides. In the next chapter,
several fabrication techniques that are used to fabricate conventional optical fibres and

planar waveguides are reviewed.
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Fabrication Techniques

3.1 Introduction

Nowadays, industry is heading towards low-cost fabrication techniques for optical de-
vice manufacturing. The development of the flat-fibre approach targets this same aim.
As mentioned earlier in Chapter 1, one of the main advantages of the flat-fibre plat-
form is its low-cost fabrication technique. The fabrication of flat-fibre uses convention-
al silica optical fibre fabrication facilities which leads to low-cost fabrication [11]. That
is one of the reasons why the flat-fibre substrate was developed in 2007 [43]. It is also
expected that by using the same fabrication technique as standard optical fibre, it will
consequently produce a low loss optical waveguide due to the high uniformity of the
core layer after being pulled out by the drawing process. From this, it can provide po-
tentially lower loss compared to the typical higher losses in other types of planar plat-
form [44].

In this chapter, a brief description of the process of the flat-fibre fabrication and
optical waveguide definition in the core layer of the flat-fibre is explained. The intro-
duction of various alternative techniques that are used to fabricate conventional optical
fibre is firstly presented. This includes the making of a so-called preform by various
methods. The focus will be on a modified chemical vapour deposition (MCVD) tech-
nique, which is the technique has been used to produce the preforms for the flat-fibre
platform. However, other common preform fabrication techniques such as plasma
chemical vapour deposition (PCVD), outside vapour deposition (OVD) and vapour axial

deposition (VAD) are also described for comparison purposes. This is followed by a
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description of the fibre drawing process which is implemented to produce long-lengths
of commercial optical fibre. Various fabrication techniques for planar waveguide manu-
facturing are also presented. These will be also covered in this chapter to compare the
technique used to fabricate the flat-fibre platform and the other commercial fabrication

techniques for different planar substrates.

Optical waveguides are required in order to confine light within the planar sub-
strate for an integrated optical device. There are several techniques that can be used to
produce the waveguide [45], [13]. One of the options is to use photolithography and an
etching technique [46]. This method is well-established for fabricating complex inte-
grated semiconductor components. It can be cost-effective for mass production. How-
ever, the photolithography and etching technique requires a flat surface to begin with,
thus it is not suitable for creating waveguides in the flat-fibre substrate as the surface
is not entirely flat. Accordingly, the technique of a direct UV-writing is utilised for pro-
ducing a channel waveguide in the flat-fibre platform [47]. The technique will be briefly
discussed as most of the work presented in this thesis has implemented this technique
for channel waveguide fabrication. Other alternative techniques for channel waveguide
fabrication are also described namely femtosecond laser direct writing and precision
dicing saw micromachining. Finally, the characterisation setup that is used to measure

the fabricated flat-fibre device is discussed.

3.2 Standard Optical Fibre Fabrication

The technology of an optical fibre is a well-known invention that has been widely im-
plemented in numerous fields [16]. It uses the concept of total internal reflection to
transmit light within an optical waveguide. The structure of the optical fibre consists of
two basic layers which are the core layer that is surrounded by a layer known as a
cladding layer as shown in Figure 3.2.1. In particular, for silica optical fibre, the clad-
ding is often made from a pure silica glass. Whilst the core of the fibre is doped with
other dopant elements such as germanium, boron and phosphorus, such that the core
layer has a higher refractive index than the cladding layer in order to allow total inter-
nal reflection within the core. The addition of dopant elements into the core layer will
determine the characteristics of the optical fibre such as refractive index, numerical
aperture and the mode profile. The diameter of the core is normally around ~ 5 - 8 ym

depending on its applications for a single mode fibre.
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Cladding layer
Core layer

Figure 3.2.1 The basic configuration of an optical fibre. The core has higher refractive

index than its surrounding cladding layer.

Much standard optical fibre is doped with germanium to increase the refractive
index of the core layer [48]. In addition, by adding the germanium composition, it has
been found that the dopant element can increase the photosensitivity of the core layer
and this is the basic requirement for UV-written Bragg grating production. Preform fab-
rication allows the composition of the fibre to be controlled which indirectly deter-
mines the specification of the optical fibre. There are various routes for making the
preform which are based on vapour phase processes that can be summarized into a
large tree diagram shown in Figure 3.2.2 [49]. The vapour phase processes are well-
known preform fabrication techniques that use the principle of chemical vapour depo-
sition. They can be categorised into two major sections, namely inside vapour phase
oxidation and outside vapour phase oxidation. The technique of inside vapour phase
oxidation involves depositing layers on the inside of a substrate tube. In contrast, the
outside vapour phase oxidation employs deposition from outside a rod. In this section,
we will discuss the common techniques only for preform production namely modified
chemical vapour deposition, plasma chemical vapour deposition, outside vapour depo-

sition and vapour axial deposition.
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Vapour Phase
Processes (VPP)

Inside Vapour Outside Vapour

Phase Oxidation Phase Oxidation
(IvPO) (OvPO)

Modified
Chemical Vapour
Deposition
(MCVD)

Plasma Chemical
Vapour Deposition
(PCVD)

Outside Vapour Vapour Axial
Deposition (OVD) Deposition (VAD)

Figure 3.2.2 The tree diagram of vapour phase processes where including two different

techniques of vapour phase oxidation (VPO) namely inside-VPO and outside-VPO.

3.2.1 Preform Fabrication

The most common technique that is used to fabricate a preform is using modified
chemical vapour deposition (MCVD) [50]. The MCVD technique is compatible with high
vapour pressure precursors. The technique also offers clean deposition process due to
the preform being prepared from inside the glass tube which can avoid contamination
from outside factors. Another technique that fabricates the preform from inside is
known as a plasma chemical vapour deposition (PCVD). The main difference between
those techniques is the heating process where the MCVD uses flame torches while the
PCVD employs a plasma torch. The primary reason of using the plasma torch is to re-
duce the hydroxyl (OH) element in the preform when using the flame torch. In contrast
to the MCVD and PCVD, a deposition technique that is prepared from outside a target
rod known as outside vapour deposition (OVD) will also be discussed. This is followed
by a vapour axial deposition (VAD) which is a very similar technique to OVD but is per-

formed with an axial fabrication direction.
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3.2.1.1 MCVD

Modified chemical vapour deposition is a well-known technique to fabricate a specialty
fibre such as rare-earth doped optical fibres for fibre amplifiers. It has been reported
that using the technique, the propagation loss of an optical fibre can be reduced to
less than 0.2 dB/km [51]. The technique is based on the deposition of the reagents on
the inside surface of the rotating substrate tube via a high temperature [50]. Fig-

ure 3.2.3 shows the configuration of the MCVD preform fabrication process. The pro-

cess involves passing through a carrier gas such as oxygen into a liquid precursor to
evaporate the chemical reagent which is directed into the rotating substrate tube. The
liquid precursors are typically from chemicals that have high vapour pressure at room
temperature such as silicon tetrachloride (SiCl,) and germanium tetrachloride (GeCl).
The amount of the chemical reagent flows into the tube is controlled by the flow of the
carrier gas. As the reactant agents flow through the rotating substrate tube, the heat-
ing process is applied to the outside of the tube via a flame torch burner. The burner is

moved in the same direction as the flow.

Gas flow
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Carrier Reagent gas flow &
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Figure 3.2.3 A configuration process of a modified chemical vapour deposition (MCVD)

technique.

At high-temperatures (e.g. in excess of 1200°C), the oxidised reactant agents will
transform into particles soot that are then deposited downstream from the hot zone.

This phenomenon is known as a thermophoresis process and is illustrated in Fig-
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ure 3.2.4 (a). At this stage, the process is known as deposition process. The deposited
soot is then fused together to form a thin glassy layer when the burner reaches the
section where the particle soot being deposited as shown in Figure 3.2.4 (b). At this
stage the process is called as consolidation process where a higher temperature is
supplied onto the rotating substrate tube. The refractive index of the deposited layer is
determined by the doping concentration used and the flow rate. Finally, the substrate
tube is then collapsed into a solid preform using a high burner temperature and is
drawn into optical fibre in the next step of drawing process which will be discussed
later. In the next section, the process of plasma chemical vapour deposition is ex-
plained.

Rotating

Deposited substrate
soot ; tube

—»
—
—

reacert . [ —

as flow
¢ \
/‘—’

Burner

—
—

- ¥ —»
—
~ — —-

—>
.

(@)

. Rotating
Deposited substrate

soot ; ; tube

?

Thin glassy
layer >
Burner
(b)

Figure 3.2.4 Making a preform using the MCVD technique where (a) shows the deposi-

tion process and (b) the consolidation process.
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3.2.1.2 PCVD

The principle of plasma chemical vapour deposition (PCVD) is similar to the MCVD
technique with key differences in the heating system. Also, in the PCYD method, the
process of deposition and consolidation of the preform is prepared at the same stage
[52]. A plasma process is used to induce a chemical reaction between the reactant
agents, which ultimately creates the oxidation process within the rotating substrate
tube. The plasma is produced using a microwave cavity resonator which is exposed to
the inside of the tube and traversed as shown in Figure 3.2.5. From this process, a few
micrometres of a glassy layer can be achieved compared to the MCVD technique. Other
techniques that are modified from this concept are plasma enhanced CVD, plasma im-
pulse CVD and surface plasma CVD. The most common technique that is used to fabri-

cate a thin planar substrate is the plasma enhanced CVD which will be discussed later.
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Figure 3.2.5 A plasma CVD process using a microwave cavity to make a preform.
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3.2.1.3 OovD

The outside vapour deposition (OVD) fabrication technique involves soot deposition on
the surface of a target rod [53]. The technique has been employed to fabricate a single
mode and multimode fibre with improved optical specification such as numerical aper-
ture and reduced hydroxyl effects [54]. A torch burner with mixed reactant agents and
carrier gas is directed onto the target rod which traverses in both forward and back-
ward directions to create a soot body as shown in Figure 3.2.6. The reactant agents
that are fed to the torch are vaporised and controlled to alter the refractive index of
the preform. The core layer is deposited first and followed by the cladding layer. After
the soot deposition is completed, a process known as dehydration and consolidation
procedure is taken placed in a furnace. At this stage, the soot body is dried to make
sure no contamination appears in the preform and also to remove hydroxyl. Then, a
high temperature is used to form a solid transparent glass preform. The solid preform

is then transferred to the fibre drawing tower for finished optical silica fibre.

Deposited Rotating
7)0'{ rod
I L‘

Carrier
gases
Figure 3.2.6 Outside vapour deposition (OVD) for making a preform, where soot parti-

cles are deposited outside a rotating rod.
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3.2.14 VAD

The vapour axial deposition (VAD) technique has similar process with OVD where dep-
osition is prepared from outside a target rod. The key difference of this technique is
the continuity of the deposition and consolidation process in a single axial direction
for preform fabrication as shown in Figure 3.2.7 [55]. Flame torches are firstly directed
onto the bottom of the target rod to create a deposited soot body. Then, the deposited
rod is pulled upward so that the torches do not need to move. The process is contin-
ued with sintering process where the deposited rod is exposed with other torches that
are placed further up the preform. The preform is then drawn for final optical fibre.
The technique is commonly used to fabricate a commercial standard single mode fibre
due to the capability of the method to produce large preforms that can be drawn into
100’s kilometres length. It has been reported that by using the VAD technique, a low
loss single mode fibre with 0.2 dB/km was achieved [56].

TPuII upward
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Figure 3.2.7 Vapour axial deposition (VAD) process for making a preform.
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3.2.2 Fibre Drawing

Fibre drawing is the final process of producing an optical fibre. The preform that has
been collapsed into a solid glass form at the preform glass lathe is mounted vertically
into the furnace of the fibre drawing tower. To start with, a short length of the preform
tip is heated at a high temperature until a small piece of molten glass drops under
gravity. Then, a thin glass tail of the preform is drawn to a capstan and pulled it to-
wards a drum winder. The diameter of the pulled fibre is computer-controlled where
considering the feed rate and the capstan speeds of the process. The fibre is coated
on-line using polymer in order to protect the fibre whilst pulling it. The process of the
standard fibre drawing tower is shown in Figure 3.2.8. Next, the fabrication of flat-fibre
platform will be briefly described. In advance, other conventional techniques that are

used to fabricate a planar substrate will be firstly introduced in the next section.

Preform
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Figure 3.2.8 A standard fibre drawing tower that is used for drawing a conventional

optical fibre.

44



Chapter 3 Fabrication Techniques

3.3 Fabrication Techniques of Planar Waveguide

It is worth comparing planar waveguide fabrication processes to that used for making
the flat-fibre planar platform. There are many types of planar substrate systems that
have been demonstrated using various techniques of fabrication. In this section, the
planar substrate of silica-on-silicon is reviewed due to the similarity of the structure to

the flat-fibre platform. Figure 3.3.1 shows the structure of the silica-on-silicon which

consists of three silica layers upon a silicon wafer. The core layer is sandwiched with
upper cladding and under cladding layers. The three silica layers are made to have
well-matched refractive index to produce zero-delta configuration. The zero-delta con-
figuration means zero difference in refractive index between those three layers. This is
done by altering the dopant composition of each silica layer. Normally, dopants such
as germanium, boron and phosphorus are added to the silica layer. Apart from altering
the refractive index, the dopants also used to adjust the photosensitivity of the layer.
In particular, the core layer contains more germanium and boron to increase the pho-
tosensitivity of the layer for the next channel waveguide developing via UV-writing
technique. Two common techniques used to fabricate the silica-on-silicon substrate are
flame hydrolysis deposition (FHD) and plasma enhanced chemical vapour deposition
(PECVD). Both techniques are introduced in this section along with their advantages

and disadvantages.

Upper cladding
Core layer —,
Under cladding—""

Silicon
substrate

Figure 3.3.1 An image of the silica-on-silicon platform where the core layer is sand-

wiched between the upper and under cladding. The base of the device is silicon.
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3.3.1 Flame Hydrolysis Deposition

Flame hydrolysis deposition (FHD), as the name suggests, uses a flame hydrolysis reac-
tion to produce a thin film layer on a planar substrate [57]. The FHD fabrication pro-
cess described in this section is referring to a production of a silica-on-silicon substrate
as noted earlier. Before the FHD process commences, the silicon wafer must be treated
first by placing the wafer into a furnace with temperature around 1100°C. This is to
allow a thin thermal oxide growth on the wafer surface to support bonding between
the silicon wafer and the deposited silica layers on top of it. The technique used in the
FHD method is a similar process to the OVD deposition where the reactant agents are
supplied directly to the burner. FHD uses an oxy-hydrogen flame to induce an oxida-
tion of the reactant agents which ultimately produces particles of soot which are de-

posited on the oxidised silicon wafer as illustrated in Figure 3.3.2. The surface of the

wafer is directly exposed to the flame and traversed forwards and backwards until all
the area of the silicon is covered. It must be noted that the different thermal expansion
between the silicon substrate and the silica layers will induced stress in the core layer
and this results a stress induced birefringence. However, the stress induced birefrin-
gence can be reduced by using an appropriate thermal expansion of the overcladding

of the core layer [58].
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Figure 3.3.2 Flame hydrolysis deposition technique to deposit a planar substrate.
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Silicon tetrachloride (SiCl)) is used as the reactant agent to produce silica layer
and added with some other precursors such as germanium tetrachloride (GeCl)), boron
trichloride (BCl)) and phosphorus trichloride (PCL) for adjusting the refractive index
and level of photosensitivity of each layers. Adding the germanium and phosphorus to
the silica layer will increase the refractive index of the layer, yet, decreased refractive
index is obtained when adding the boron. Following this, the refractive index and the
level of photosensitivity of each layer can be adjusted. The deposition process is fol-
lowed by a consolidation stage to form a solid dense glassy layer, where the finished
deposited layer is transferred to the furnace with temperature around 1400°C [59]. It
has been reported that the propagation loss of 0.01 dB/cm in a channel waveguide
fabricated by FHD is achievable [9]. Another deposition technique used to produce the
silica-on-silicon substrate is known as plasma enhanced chemical vapour deposition

(PECVD). This technique will be briefly discussed in the next section.

3.3.2 PECVD

Plasma enhanced chemical vapour deposition (PECVD) is a derivative technique from
chemical vapour deposition (CVD). It offers better performance compared to the stand-
ard plasma CVD techniques. The major advantages provided by the PECVD technique
are the high deposition level and also the capability of the technique to produce a
good quality of a thin film [60]. In addition the technique also benefits from flexibility
to develop different types of planar substrate layers. The PECVD technique is routinely
implemented in microelectronics fabrication. A key factor in its uptake is the ability of

PECVD to work at lower temperatures [61]. Figure 3.3.3 shows the configuration of

plasma enhanced vapour deposition for planar deposition. In general, the technique
uses plasma energy induced by supplying an external radio frequency (RF) electric field
to accelerate charged particles into a vacuum chamber to ionize the supplied reactant
gases. From this, a very thin layer of material is deposited on top surface of a planar
substrate placed in the vacuum chamber. In the case of silica deposition, normally the
reactant gases silane (SiH,) and nitrous oxide (N,0) are used. The applied RF power and
also the amount of the reactants gases are important parameters to ensure the deposi-
tion of low loss glass layers. It has been reported that using the PECVD technique, sili-

ca glass layers with propagation losses as low as 0.2 dB/cm can be achieved [62].
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Figure 3.3.3 Illustration of a plasma enhanced chemical vapour deposition process to

produce a planar substrate.

3.4 Flat-fibre Platform Fabrication

The industrial demand or a cost effective device fabrication has motivated many re-
searchers and it was this motivation which lead to the innovation of the flat-fibre plat-
form noted earlier. Two different fabrication techniques for conventional optical fibre
and planar platform substrate have been introduced in the previous sections to give an
overview how both structures are developed. Here, the particular processes and pa-
rameters used to fabricate a flat-fibre platform are described. The flat-fibre fabrication
was prepared by Dr. Andrew Webb. The flat-fibre platform is fabricated based on the
fabrication technique of conventional optical fibre using MCVD and fibre drawing. The
technique differs from conventional optical fibre manufacture as the substrate tube is
collapsed during the fibre drawing where the flat-fibre is shaped into a planar geome-

try. This is facilitated by applying a vacuum to the top of the preform end tip.

The geometry of the flat-fibre platform shown in Figure 3.4.1 (a) and (b) repre-
sents the cross section of the substrate and the flexibility of the flat-fibre in long
lengths, respectively. The flat-fibre is made from silica material, the same material
used in the conventional low loss optical fibre. The characteristics of the flat-fibre be-
come more interesting due to the well-matched coupling between the flat-fibre and the

existing standard optical fibre. The core section has higher refractive index than the
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surrounding cladding section through the manipulation of dopant composition of the

core section.

947um

Core layer

«
(@ (b)

Figure 3.4.1 Flat-fibre geometry showing (a) cross section and (b) flexibility of a length

of the flat-fibre substrate.

There are two types of flat-fibre substrate namely passive and active flat-fibre.
The composition of both flat-fibre platforms is summarised in the Table 3.4.1. The
passive flat-fibre refers to the composition of the core section where no rare-earth ions
have been doped in the core. Only dopants that can increase the refractive index and
the photosensitivity are added into the core layer of the passive flat-fibre. Whilst the
erbium doped flat-fibre, as the name implies, is the active substrate that has erbium in
its core layer composition. Despite the two platforms having different core composi-
tions, the fabrication technique is the same other than the addition of the erbium do-

pant to the preform.

Table 3.4.1 Core layer composition of passive and active flat-fibre susbtrates.

Composition

Flat-fibre types Germanium (Ge) Boron (B) Erbium (Er) Aluminium (Al)
Passive i i X X
Active Vv X N Vv
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3.4.1 Flat-fibre Preform Fabrication

In this section, the particular process of fabricating the passive and active flat-fibre
preform is explained. A modified chemical vapour deposition (MCVD) technique is used
to make the preform of the flat-fibre. The principle of the technique has been intro-
duced in previous section; here more details of the process in terms of making the flat-
fibre preform will be given. Figure 3.4.2 shows the flow chart of fabricating the flat-
fibre. This is to give a clear explanation about the process of passive and active device

fabrication.

The process starts by preparing a glass tube (Heraeus Suprasil F300) with gas
phase etching and flame polishing for surface roughness removal. Next, several silica
cladding layers are deposited on the inside of the substrate glass tube to provide a low
loss barrier. This is followed by a soot deposition on top of the cladding layer for the
core layer preparation. During these processes, the glass soot, primarily silica (SiO,), is
deposited on the surface of the glass tube whilst a torch burner is traversed in the
same direction of the gas flow. This is done by passing the reagent gas, such as SiCl ,
into the substrate glass tube. Other additional dopants can be included by adding rea-
gents such as germanium tetrachloride (GeCl,) and boron trichloride (BCI,) to the gas

stream.

For the passive flat-fibre platform, the MCVD process is undergone at high tem-
perature allowing the consolidation process to be performed immediately after the
soot deposition and is done so by a single pass of the flame torch. However, in the
case of active flat-fibre platform, the soot deposition process is prepared at lower tem-
perature. This is to allow solution doping of the soot particles as illustrated in Fig-
ure 3.4.3. For the active flat-fibre used in this work, a solution doping of 0.67 g of er-
bium chloride (ErCl) and 35.0 g of aluminium chloride (AICI,) in 175 ml of methanol
(MeOH) has been used. The solution doping liquid is fed and distributed gently into the
rotating substrate glass tube containing soot body using an in-situ solution doping
technique [63]. Following this, the deposited soot is consolidated using the flame torch
of the MCVD lathe.
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Figure 3.4.2 The flow chart of flat-fibre fabrication for passive and active device.
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Figure 3.4.3 Illustration of combination between soot particles and solution doping

after the solution doping process is taken placed.

In the final stage of making the flat-fibre preform is a stretching process to alter
the dimension of the substrate glass tube. Once the process of making the preform is
completed, a fibre drawing process is taken place, where corresponding process is de-

scribed in the next section.
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3.4.2 Drawing the Flat-fibre Preform

Drawing flat-fibre is achieved via a fibre drawing tower and was implemented in a very
similar process as conventional optical fibre as previously discussed. However, in draw-
ing the flat-fibre, the conventional process is altered whereby the upper end of the flat-
fibre substrate is connected to a vacuum as illustrated in Figure 3.4.4. This is to aid
the collapsing process of the flat-fibre substrate, into a planar geometry, in the furnace
chamber of the draw tower. Tractors act as a driving force to pull down the flat-fibre.
Two important parameters in controlling the geometry of the flat-fibre are the vacuum
pressure and the temperature of the furnace chamber. In this particular work, the vac-
uum pressure was set to 5 millibar and the furnace temperature was around 2100 °C.
Once the right geometry is achieved, at certain value of pressure and temperature, the

fibre is drawn into a long length of several meters.
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Figure 3.4.4 lllustration of drawing a flat-fibre platform by applying a vacuum to the

upper end of the preform.
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For waveguide defining, the flat-fibre is cleaved into small lengths depending on
the requirements of the optical device. The method for waveguide defining is de-
scribed later. Beforehand, the photosensitivity of material will be discussed first in or-

der to understand the physical mechanisms involved in the UV-writing technique.

3.5 Photosensitivity

Photosensitivity is a critical parameter that must be understood in order to produce an
optical device using UV-writing. By definition, the photosensitivity of a material is the
level of response to the exposure of a specific light. Normally, the material response is
a localised refractive index change that is permanently altered [64]. It has been found
that the addition of germanium (Ge) for instance into a silica-based material will in-
crease the photosensitivity of the material. The first demonstration showing the photo-
sensitivity of Ge-doped optical fibre by Hill et al has had a high impact on development
of various optical waveguide devices based on UV-writing technique [65]. They used an
argon (Ar) ion laser at 488 nm launched into a fibre and overtime observed the genera-
tion of a Bragg grating. They revealed the level of fibre photosensitivity through as-

sessing the refractive index changes of the fibre due to the Ar-ion laser exposure.

Considerable effort has been made to investigate the ability of Ge doping of sili-
ca to increase the material photosensitivity [66]. Despite the fact that Ge-doped silica
fibre shows photosensitivity, it has been discovered that the photosensitivity can be
further enhanced through a hydrogen loading process [67]. This approach has signifi-
cantly improved the refractive index change when exposed to a UV-light without the
need for increasing the germanium composition, refractive index changes of around
5.9 x 102 have been achieved [67]. Hydrogen loading is performed by diffusing hydro-
gen (H) into a fibre, with the Ge-dopant, at low temperatures and high pressures. Prin-
cipally, the H, molecules that diffuse into the Ge-doped silica fibre will react at the Si-O-
Ge sites, which results to the formation of Si-OH and oxygen deficient germanium de-
fects [68]. The formation of oxygen deficient germanium defects ultimately contributes
to the improvement of refractive index change when exposing the UV-light. This is due
to the absorption peak of the germanium oxygen deficient centres (GODCs) occurs at
approximately 240 nm when exposed to UV-light. Using this technique an index con-
trast of ~ 0.0096 has been reported [14]. However, it must be noted that hydrogen
loading may also increase the hydroxyl (OH) content of the glass which results in an
absorption at about 1400 nm wavelength. However, this is not a problem when the

working wavelength is not in that region and most of the fabricated devices presented
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here uses wavelength around 1550 nm. Nevertheless, another technique known as
deuterium loading can also be used to increase the photosensitivity of the fibre instead
of hydrogen loading. This process yields lower propagation loss due to the presence of
oxygen-deuterium bonds which do not have absorption near to the wavelength of in-
terest (i.e. 1550 nm). In practice the hydroxyl absorption is negligible in the short
propagation lengths of planar waveguides. Moreover, adding other dopants such as
boron (B) and tin (Sn) into the core layer of the fibre can be also applied to further in-

crease the photosensitivity of the material.

3.6 Channel Waveguide Fabrication

Development of integrated optical devices in flat fibre requires channel waveguide de-
fining for light manipulation. The earlier section of this chapter only covers the fabrica-
tion of a planar slab waveguide. There are several techniques of waveguide definition
that have been demonstrated to produce integrated optical devices. The common
technique that is normally used for channel waveguide formation is through using a
photolithography and an etching technique [69], [70]. This technique originates from
the fabrication of microelectronic chips and with some modification of the process it is
currently the preferable route for the development of integrated optical devices. The
advantages and disadvantages of using this technique are mentioned in the next sec-
tion. However, it must be noted that a requirement of using the photolithography and
etching technique is that the substrate must be flat. Therefore, the technique is not

well-suited to the flat-fibre platform with an uneven surface.

Accordingly, an alternative technique for waveguide defining in the flat-fibre plat-
form is a direct UV-writing technique. In the direct UV-writing technique, the material
of the planar substrate has to be photosensitive to a UV-light in order to increase the
refractive index of the core layer which subsequently forms the channel waveguide.
Most of the work presented in this thesis has implemented the UV-writing technique
for optical device definition. For comparison purposes, a femtosecond laser direct writ-
ing technique is also described in this chapter. Apart from these techniques, there is
another alternative method to develop a channel waveguide via a micromachining
technique. The micromachining technique has been used in fabricating a multimode

interference device (MMI) which is discussed later in this chapter.
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3.6.1 Photolithography/Etching

Photolithography and etching methods have the ability to produce a complex integrat-
ed device which does not require a photosensitive planar layer. It is suitable for a large
quantity production which leads to a low cost fabrication. However, for a prototype de-
vice fabrication, the technique is not desirable as different designs require a different
photo-mask which makes the technique time consuming and costly. To understand the
process of the technique, the principle steps of producing a channel waveguide is ex-
plained, although, such methods have not been used to fabricate any optical devices

presented in this thesis.

Figure 3.6.1 shows the basic procedure of fabrication via photolithography and

etching. It starts with a planar substrate with core and under cladding layer. The pro-
cess of photolithography begins by depositing a photoresist coating on top of the core
layer. This is followed by placing a photo-mask on top of the photoresist layer which
subsequently covers the desired sections thereby creating the waveguides. The mask
and sample are exposed to UV-light and the photoresist is developed to remove the
unwanted photoresist. Once photolithography is complete, an etching process will be
taken place. There are two common techniques for the etching process either wet [71]
or dry etching [72]. The etching process will etch away the core layer section which is
not covered by the photoresist area. Finally, the uncovered waveguide channels are

deposited with upper cladding layer to create the final optical devices.
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Figure 3.6.1 The process of photolithography and etching technique, which involve

several steps.

From the process steps explained above, it demonstrates that the technique in-
volves several steps to achieve a final optical device and this is time consuming. Apart
from this, the process of photolithography and etching technique needs to be done in
a cleanroom facility, a requirement that is not necessary for direct UV-writing tech-
nique. In which a waveguide can be directly produced from single step only and do not
need for the cleanroom environment. In addition, the main reason why the photoli-
thography and etching technique is not suitable for waveguide defining in the flat-fibre
platform is due to surface of the flat-fibre is not flat as addressed before. The next sec-
tion will briefly explain the direct UV-writing technique for defining channel wave-

guides.
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3.6.2 Direct UV-Writing

Direct UV-Writing (DUW) is a technique which can define buried channel waveguides
within a layer of photosensitive material as illustrated in Figure 3.6.2. The technique
was first applied to a Ge-doped silica film by Svalgaard et al in 1994 [73]. The reported
substrate contained germanium and yielded a refractive index change of order 103,
They used a point-to-point technique to UV-write a channel waveguide. In this work the
direct UV-writing technique was performed in a plasma enhanced chemical vapour de-
posited (PECVD) silica-on-silicon substrate where the measured propagation loss of less
than 0.2 dB/cm was achieved [74]. The UV source was generated by a frequency dou-
bled argon ion laser to achieve a continuous wave UV-light at a wavelength of 244 nm.
The light is focussed onto a photosensitive core layer and moved on a translation stage
that is computer controlled. At the position where the UV-light is focused the local re-
fractive index increases, this increase defines a channel waveguide. The technique of-
fers fast fabrication times and no need for expensive masks associated with alternative

fabrication techniques such as photolithography.

UV-written channel
waveguide

Cladding layer

Core layer

Figure 3.6.2 lllustration of integrated UV-written buried channel waveguide on a flat-

fibre substrate.

The parameters of the waveguide are determined by the photosensitivity of the
material and the power used during the translation of the sample. A material with

higher photosensitivity will provide better waveguide confinement due to high refrac-
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tive index contrast. It has been shown that photosensitivity of sample doped with
germanium and boron can be enhanced by hydrogen loading prior to a UV-writing of
the waveguide as discussed earlier. Another technique for waveguide fabrication

known as a femtosecond laser writing is described in the following section.

3.6.3 Femtosecond Laser Direct Writing

The femtosecond laser direct writing technique is an alternative route to fabricate
channel waveguides. The process is achieved by scanning a tightly focused beam from
a femtosecond laser into a bulk transparent material. A main advantage of this tech-
nique is that it does not require a sample with photosensitivity and as such has the ca-
pability of producing waveguides in three dimensions compared to the direct UV-
writing technique within a two-dimensional plane. The technique is capable of defining
channel waveguides with high refractive index contrast, a waveguide with An = ~ 0.035
has been demonstrated in a glass substrate [75]. The induced refractive index change
depends on the translation speed of the sample and also the pulse energy of the laser.
A waveguide propagation loss of 0.86 dB/cm has been demonstrated in a fused silica
glass [76]. The femtosecond laser direct writing technique has been extensively per-
formed in many passive and active optical devices [77]. The following section describes

another method of fabricating a waveguide using physical micromachining.

3.6.4 Precision Dicing Saw Micromachining

An alternative technique for defining channel waveguides is proposed and investigated
in Chapter 7 of this thesis. The technique uses physical micromachining of the flat-
fibre to form the lateral boundaries of the channel waveguide. This technique has pre-
viously been used to fabricate a cantilever structure on a silica-on-silicon substrate
[78]. The technique uses a precision dicing saw and a diamond bonded blade and is
suitable for rapid-prototyping and potentially scalable for mass production. The saw is
used to create a trench by a single saw pass. Figure 3.6.3 (a) and (b) show the image of
the diced trenches from the end facet and the top of the substrate, respectively. Before
the cut is made, the blade is dressed to ensure good ‘optical’ quality of the cut trench-
es is achieved. This can be done by dressing the blade on a silicon wafer with multiple
cuts, the translation speed of which is varied to correctly dress the blade. Once the

dressing step is done, the following process is cutting trenches on a real sample. Be-
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forehand, the sample is attached onto an adhesive plastic layer and placed onto a
translation stage. The method described here is primarily used in the fabrication of the
multimode interference (MMI) device presented in Chapter 7. The next section will ex-
plain the principle characterisation setup that has been used for fabricated optical de-

vices presented in this thesis.

() (b)

Figure 3.6.3 Micromachined trenches images from (a) end facet and (b) top view.

3.7 Measurement Characterisation Set-up

Figure 3.7.1 shows a schematic of the primary characterisation setups used to observe

the performance of fabricated optical devices. A superluminescent diode (SLED) based
broadband light source is connected to a 3-dB coupler via a polariser and polarisation
controller. One of the ports of the 3-dB coupler is connected to a single mode fibre
(SMF). The SMF is then butt-coupled to the waveguide under investigation and the re-
flectivity of the Bragg gratings is measured by an optical spectrum analyser (OSA) (AN-
DO AQ 6317B) that is connected via the 3-dB coupler. All the fibre components are
single mode at interrogation wavelengths. The alignment between the fibre and the
channel waveguide is optimised by adjusting the translation stage and observing the
output mode from the waveguide via a near infrared (NIR) camera. For the measure-
ment to be accurate the correct polarisation state must be launched i.e. TE or TM. This
can be done by observing the output mode pattern of the waveguide on the NIR cam-

era. The polarisation controller is adjusted until none light is transmitted through a
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polariser that is placed in front of the NIR camera. The optical spectra were collected in
a LabVIEW program and the Gaussian apodised grating spectra were fitted with a
Gaussian curve providing an accurate value of the peak reflectivity and central wave-

length.

OSA
Light
Source
SMF Polarisation
] controller
fibre 3-dB coupler
_ \ / <—Terminated
Monitor ? -
‘L Polariser
Objective  Sample SMF fibre
e Connector
| — =
/ ] =
NIR-camera . ﬁ
Polariser Translation
stage

Figure 3.7.1 The characterisation setup for UV-written channel waveguides and Bragg

gratings in flat-fibre substrates.
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3.8 Conclusion

In conclusion, this chapter has provided an introduction to fabricating conventional
optical fibre using different techniques. This includes the main methods of making op-
tical fibre preforms namely MCVD, PCVD, OVD and VAD. This was followed by an ex-
planation of the process of drawing the preform into a final optical fibre. The common
techniques for planar waveguide fabrication have also been explained to give an over-
view of conventional processing. The fabrication of silica-on-silicon is a common sub-
strate of interest as the optical structure is similar to that of flat-fibre. The fabrication
process of flat-fibre is described, the MCVD technique for producing the preform and
the modified drawing process. The photosensitivity of a planar substrate is also ex-
plained as most of the fabricated optical devices presented in this thesis have used a
UV-writing technique for defining the waveguide. The chapter also gives details of al-
ternative methods used to define channel waveguide namely femtosecond writing and
precision micromachining. Finally, the chapter covers one of the main characterisation
setups used to measure the performance of the fabricated flat-fibre devices. In the
next chapter, the development of UV-written Bragg grating in a flat-fibre platform is

discussed.

62



Chapter 4

UV-Written Bragg Gratings in a Flat-fibre Substrate

4.1 Introduction

This chapter briefly describes the concept of the direct grating writing (DGW) technique
used to produce the Bragg grating structures within the planar core layer on a flat-fibre
substrate. The technique has the ability to produce a channel waveguide and Bragg
grating structures simultaneously. There are two operating modes of the DGW process
that are used in our UV-writing setup namely amplitude modulation [15] and phase
modulation control [21]. In much of this work the UV-written Bragg grating structures
are used as a probe to measure the flat-fibre specifications. One of the specifications
refers to the performance of the different flat-fibre compositions, of which four differ-
ent forms are investigated in this thesis. The performance of the Bragg grating is ob-
served via spectral reflectivity. The Bragg grating reflectivity is used to optimise two
important key parameters of the DGW process, namely fluence and duty cycle. The
Bragg gratings have also been used to measure the uniformity of the flat-fibre core
layer in order to obtain information about the capability to support multiple parallel
waveguides. Lastly, the birefringence of the flat-fibre substrate is calculated by sub-
tracting the effective index of two different polarisations (i.e. transverse electric (TE)

and transverse magnetic (TM)).
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4.2 Direct Grating Writing

A simple Bragg grating structure consists of a series of refractive index perturbations
along a channel waveguide [22]. This is normally fabricated by using a UV laser light to
form an interference pattern which when exposed to a core of the waveguide generates
a refractive index modulation to create the grating planes [79]. The system used in this
thesis uses the same physical mechanisms as that used in fibre Bragg grating fabrica-
tion, i.e. UV illumination increases the local refractive index of an appropriately doped
glass. However, the technique used in this thesis employs an interferometer to gener-
ate the interference pattern which in turn creates the index perturbation to form both
the channel waveguide and Bragg gratings. The technique is called direct grating writ-
ing (DGW) [15]. It is an extension of the process of the direct UV-writing technique that
is described in Chapter 3. This non-cleanroom technique offers flexibility in designing
an integrated waveguide without the need for phase-masks and photolithography. The
technique uses a single 244 nm UV-laser and an interferometer based system to pro-
duce an interference pattern within the overlap between two tightly focused laser
beams. Gratings can be formed by modulation of the amplitude or phase of the inscrib-

ing light.

The formation of a channel waveguide can be achieved by averaging out the ef-
fect of the interference pattern by not modulating the beams while translating the
sample. In the case of defining the Bragg gratings, two different methods have been
demonstrated to control the grating inscription. The first method is an amplitude
modulation that was developed by Emmerson et al in 2002 [13] and later this system
was modified by adding phase control demonstrated by Sima et al [21]. The two meth-
ods use a similar configuration setup. The only difference between them is the way in
which it modulates the UV-laser to produce the Bragg grating structures. The next sec-

tion gives a brief explanation of the two techniques.

4.2.1 Amplitude Modulation Method

An amplitude modulation method uses an acousto-optic modulator (AOM) to modulate
the intensity of the UV-laser beam. The fabrication process is implemented by using a
computer numerical control (CNC) system that communicates with a high precision 3-
axis air bearing translation stage. Figure 4.2.1 shows the UV-writing setup configura-
tion using the amplitude modulation technique. Firstly, an Argon ion laser of 488 nm

wavelength is frequency doubled in order to yield an ultraviolet wavelength at 244 nm.
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The UV-laser is then modulated via the AOM. The output light from the AOM is aligned
to ensure that only the first order diffracted beam is coupled into the beam expander.
The beam is then split into two beams via a splitter. Two UV-beams are focused and
crossed with the same path length arms to create the interference pattern within the 6

um diameter spot as illustrated in Figure 4.2.2. The two beams are each focused into

the photosensitive core layer of the planar slab waveguide.

Beam
Expander Mirror
UV-laser AOM v Splitter \

B ==\

Translation

direction
Lens J
Sample —» =
\ Vacuum

Translation huck
stage 4 chu
Figure 4.2.1 UV-writing configuration for the amplitude modulation technique. A two-

crossed UV-beam is tightly focused onto a photosensitivity sample.

The interference pattern within the focused beam has several grating planes. The
period of grating planes, A, can be determined by the intersection angle, 6 of the
crossed beams. The relationship of the parameters is defined in equation (4.1), where
the 1., is the UV-laser wavelength. The period of the grating will determine the Bragg
grating wavelength. The DGW system is primarily used to fabricate Bragg gratings at
wavelengths around 1550 nm, which correlates to an intersection angle of ~13° The
setup has the flexibility to write a range of wavelength varied around that defined by
the intersection angle. Exact control of the grating wavelength is determined by the
software control. The ability of the system to write a wide wavelength band originates

from the small spot used to define the waveguide.
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Figure 4.2.2 The cross section of the interference pattern at certain angle to determine

an inherent grating pitch of a Bragg grating wavelength.
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Wavelength detuning is used to alter the centre wavelength of Bragg gratings.
This is implemented by manipulating the magnitude of the distance between each UV-
spot exposure. This will subsequently change the period of the grating without need to
change the inherent period of the interference pattern via the crossing angle. This de-
tuning process has been extensively discussed in Emmerson’s thesis [13]. Particularly,
the detuning process involves an additional displacement, &, to the inherent grating
pitch, A. The displacement is either added or subtracted to the grating pitch (A +6) in
order to modify the centre wavelength of the Bragg grating, which results in a spectral
window spanning from 1400 nm to 1700 nm. The maximum displacement, A can be
quantified by taking the ratio between the grating pitch and the number of the inher-
ent interference periods within the beam spot, N. The relationship of those parameters
can be expressed as in equation (4.2). It shows that the detuning bandwidth is inverse-

ly proportional to the spot size.
A
A= — 4.2
Y (4.2)

It is must be noted that the technique has a limitation in terms of the grating re-
flectivity, where the larger the detuning of the inherent grating pitch, the weaker the
grating strength. However, within the wavelength band of 1425 nm - 1675 nm, a varia-
tion of ~3 dB is observed. Most of the fabricated Bragg gratings in the flat-fibre sub-

strate used the amplitude modulation technique because of the time during the fabri-
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cation; the phase modulation technique was still under development. However, some
of the more recent samples have implemented the phase controlled technique. This is
because the phase modulation technique provides faster fabrication speeds and
stronger Bragg gratings. A brief overview of the phase modulation technique is de-
scribed in the next section, and a detailed description of the technique can be found in
[21].

4.2.2 Phase Modulation Method

A phase modulation method is implemented by using an electro-optic modulator (EOM)
in one arm of UV interferometer. The technique manipulates the fringes of the interfer-
ence pattern by controlling the relative optical phase of the crossed-beams. This
changes the position of the fringes within the writing spot. The writing speed of the
technique is faster than the previous amplitude modulation method due to the removal
of the AOM, removing loss from the path, and also because of the writing speed for
the channel waveguide and Bragg grating is kept constant. Figure 4.2.3 shows the set-
up applied in the phase modulation technique. It shows that the UV-laser of 244 nm
wavelength is directly launched into the beam expander via a shutter and split into two
beams. One beam is phased controlled by using the EOM. The EOM is driven by a high
voltage amplifier with a sawtooth signal; the duty cycle of this signal again controls the
refractive index contrast of the Bragg grating. As with the AOM system all the fabrica-

tion operation is controlled by computer system.
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Figure 4.2.3 UV-writing configuration setup using the phase control method.

The experimental works described in the following are implemented with the
amplitude modulation technique. The Bragg grating, fabricated using the amplitude

modulation technique, is sufficient for device optimisation.

4.3 Interrogating Flat-fibre Performance via UV-written

Bragg Gratings

4.3.1 Types of Flat-fibre

A series of experiments has been performed to investigate the performance of flat-
fibre samples with different compositions. Fabrication of flat-fibre samples has differ-
ent number of batches, which has altered composition prepared by Dr. Andrew Webb
(member of the Silica Fibre group). In this chapter, four different flat-fibre samples are
considered, by which the samples have different recipes, as detailed in Table 4.3.1.

The effective index, n_. presented in the Table 4.3.1 was measured via the spectral in-

terrogation of UV writing of Bragg gratings.

The material composition for a UV-written waveguide substrate is a vital element
that determines the performance of the device. Two different doping concentrations

have been given in the Table 4.3.1. The doping concentration was calculated from mo-
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lar refractivity of a silica glass, which was estimated from the precursor flow rates of
the flat-fibre fabrication. A sample with higher photosensitivity would in general im-
prove the performance of the UV-written channel waveguide and Bragg gratings [80],
and as such much of this thesis investigates routes to enhance the photosensitivity.
These investigations started by looking at germanium only doped flat-fibre and were
followed by samples containing the elements of germanium and boron (Ge - B). These
samples were loaded in a hydrogen chamber to increase the photosensitivity. Fig-
ure 4.3.1 shows the illustration of the four different samples with different recipes.
The sample with germanium composition only is labelled as Substrate A, whereas Sub-
strate C has two elements of germanium and boron. From these two types of sub-
strates, the process of hydrogen loading yielded Substrate B and Substrate D. Fig-

ure 4.3.2 (@) and (b) show the flat-fibre cross-section showing the dimensions of Sub-

strate A and C, respectively.

Table 4.3.1 The description of the four different recipes of flat-fibre substrates

Effective
Doping Con- index, n Core Thick-
Substrate  Fibre No. eff
centration @ ~1550 ness
nm
TO059- 7.8 um +=0.3
5.4 mol% (Ge) Ge 1.4596
G30021/D um
Ge and hy-
TO059- 7.8 um 0.3
B 5.4 mol% (Ge) drogen load- 1.4614
G30021/D um
ed
T0384- 5.4 mol% (Ge) 7.1 pm = 0.3
C Ge-B 1.4505
G30168/D 13.3 mol% (B) pm
Ge-B and hy-
T0384- 5.4 mol% (Ge) 7.1 um £ 0.3
D drogen load- 1.4519
G30168/D 13.3 mol% (B) q um
e

69



Chapter 4 UV-Written Bragg Grating in a Flat-fibre Substrate

Figure 4.3.1 lllustration of four different recipes of flat-fibre substrates namely Sub-

strate A, Substrate B, Substrate C and Substrate D.
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Figure 4.3.2 The flat-fibre cross-section for (a) substrate A and B and (b) substrate C
and D.

4.3.2 UV-Writing Parameters

The same UV-writing parameters have been used for comparative purposes. Each type
of fibre was UV-written with a single waveguide containing three Bragg gratings with
the Bragg wavelength 1540 nm, 1550 nm and 1560 nm. The 3D-schematic diagram of
the UV-written Bragg grating is depicted in Figure 4.3.3. The fluence and duty cycle
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chosen were 50 kJcm? and 0.5, respectively. These values were selected in this prelim-
inary experiment, although neither parameter had been optimised at this stage. A de-
scription of these parameters and the optimisation is discussed in Section 4.4. The
characterisation setup, similar to the configuration shown in Section 3.7, was used to

measure the spectral reflectivities of the UV-written Bragg grating channel waveguides.

Figure 4.3.3 A 3D schematic diagram of the flat-fibre with three UV-written Bragg grat-

ings

4.3.3 Results and Discussion

Table 4.3.1 summarises some of the key characteristics of the four different substrates
which includes the series number of different batches of fabrication. Included in this
table is the effective index of the UV written channel waveguides and were measured
from the reflection spectrum of the Bragg grating about 1550 nm. It can be seen that
the Substrate A has higher effective refractive index than the Substrate C. This is ex-
pected because the composition of Substrate A contains germanium only which in-
creases the refractive index of the core layer. However, in Substrate C the addition of
boron decreases the effective index. The effect of the hydrogen loading process on the
effective index was to increase Substrate B by about 0.12 % from the Substrate A. A

similar trend is observed for Substrate D.

Figure 4.3.4 shows the spectral reflectivity against wavelength for the three
Bragg gratings in the four different substrates as previously described. In the Fig-

ure 4.3.4 (a) and (b), the resolution of the spectral data, taken from the OSA, were
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measured with a resolution of 0.5 nm, while the graphs shown in the Figure 4.3.4 (c)
and (d) were at 0.2 nm. This explains the lower noise of (a) and (b) observed on the
data. The plots show three primarily peaks produced by the three distinct Bragg grat-
ings and are produced by interaction with the fundamental mode. In addition, to the
left side of each fundamental peak, smaller peaks can be observed, most evidence in
the results from Substrate C and D. These side peaks are caused by the reflection from
a higher order mode and coupling of this mode with the fundamental mode. This clear-
ly shows that substrates B, C and D exhibit multimode behaviour. It is also likely that
Substrate A would demonstrate multimode behaviour; however the grating strength is

so weak that the side peak would not be visible above the noise floor.

The performance of the substrates can be measured by comparing the strength
of the spectral reflectivity of the Bragg gratings. The peak reflectivity of the second
Bragg grating, about 1550 nm, is summarised in Table 4.3.2. The optical power
launched into the device is determined by using the ~3.4 % reflection from the end
facet of the launch fibre when not coupled to the device. With this data the reflectivity
of the gratings can be determined and takes into account the spectral characteristics of
the source and the fibre components. The approach does not take into account the
coupling loss into the flat-fibre and thus assumes that the coupling loss is similar for
each case. As the Bragg gratings were all weak (i.e. the reflectivity was not saturated)
the peak reflectivity is a proportional to the refractive modulation and photosensitivity.

Two key results can be observed in this data;

i) Adding boron (B) into the core layer of flat-fibre has significantly improved the

performance of the Bragg gratings.

ii) The hydrogen loading process has also significantly increased the photosensi-

tivity producing a much stronger response.
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Figure 4.3.4 Spectral reflectivity of three different Bragg gratings in (a) Substrate A, (b)

Substrate B, (c) Substrate C and (d) Substrate D.

Table 4.3.2 Peak spectral reflectivity of the Bragg grating about 1550 nm for the dif-

ferent substrates.

Flat-fibre Peak Reflectivity (dB)
type
Substrate A -42.74
Substrate B -24.55
Substrate C -21.25
Substrate D -18.7
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It can be seen that, the hydrogen loading process has obviously increased the
grating strength of the Substrate B compared to the Substrate A. The grating strength
is further increased when the fibre was co-doped with boron as demonstrated by the
Substrate C. This is due to the capability of boron to increase the photosensitivity of
the core fibre [81]. In addition, boron is one of the few elements that reduce the refrac-
tive index of the glass. Again hydrogen loading of Substrate C gave some improve-
ment, ~2.5dB increased reflectivity, somewhat lower than that seen for Substrate B.
This is likely to be a result of the ability of the hydrogen to reach the core layer. The
Substrate B was hydrogen loaded with two grooves on the top of the fibre and thus de-
creased the thickness of the cladding to around 10 um opposed to the actual cladding
layer of ~200 pm. This thin cladding layer of the Substrate B allowed the hydrogen gas
to diffuse into the core layer of the flat-fibre. As a result Substrate B showed a signifi-
cant increase in grating strength compared to Substrate A. And is again a much greater
increase than that seen between Substrate C and D where no grooves were used. Only
small improvement can be seen between Substrate C and D even after hydrogen load-
ing for ~ 2 months. This improvement is probably largely due to the experimental vari-
ation and improvement of the UV-writing procedure and characterisation and not as
consequence of hydrogen loading. With the normal cladding thickness of the flat-fibre,
it is expected very little hydrogen gas reaches the core layer, even in 2 months, due to
the exponential relationship of gas diffusion [13]. It should also be noted that increas-
ing the UV induced refractive index change not only increases the grating strength but
also reduces potential waveguide propagation loss and hence both of these mecha-

nisms would improve grating reflectivity.

4.4 UV-Writing Parameters Observation

The quality of the UV-writing channel waveguide and Bragg grating structures is influ-
enced by the characteristics of the sample’s material and also the UV-writing parame-
ters. As previously discussed the Bragg grating wavelength is determined by the effec-
tive refractive index and the grating pitch of the Bragg grating structure. The primary
method of modifying Bragg wavelength is through altering the grating pitch. The pre-
cise value for effective refractive index is determined by the fluence parameter; in addi-
tion, the duty cycle parameter will affect the grating plane index contrast of the index
perturbation. Both parameters, fluence and duty cycle, significantly determine the fea-
tures of the UV-written Bragg grating, the next section will further discuss these rela-

tionships.
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4.4.1 Fluence

Fluence is the energy density of UV-light exposed to the sample measured in units of
klem? and can be calculated by equation (4.3), where /| is the average intensity (in
kWcm?), a is the spot size diameter (in cm) and v is the translation speed (cms™).
The average intensity is the ratio between the UV-power (kW) and the cross section of
the UV-beam spot with r is the Gaussian beam spot radius. This can be calculated by
using the equation (4.4). The calculated relationship of fluence and translation speed
of UV-writing is plotted in Figure 4.4.1 and shows that the fabrication speeds, and
hence time, is strongly affected by the fluence. In this plot the assumed UV-light power
is 100 mW with a UV-spot beam diameter of 5 pm. The fluence parameter manipulates
the translation velocity of the writing process and the exposed power to the particular
region of a photosensitive sample. This will determine the level of the effective refrac-

tive index (neff) as illustrated in Figure 4.4.2, which shows the UV induced refractive in-

dex change relative to the native core refractive index (n_ ). In planar UV written wave-

guides the UV induced change is normally in the order of 102 [73].
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Figure 4.4.1 The calculated translation speed against fluence.
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Refractive Index, n Bragg grating
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Figure 4.4.2 lllustration of the effective refractive index level of a UV-written Bragg

grating.

Experimentally, the effect of fluence was investigated in Substrate C by fabricat-
ing several waveguides each containing eight different Bragg gratings with wave-
lengths varying from 1540 nm to 1575 nm distributed along the waveguide. The flu-
ence of the individual waveguides, including the gratings, was varied from 10 to 140
kJcm? with a duty cycle of 0.5. The duty cycle was kept constant and the wavelength of
1550 nm was chosen for comparison purposes. Figure 4.4.3 shows the effective refrac-
tive index of the waveguides as a function of fluence. The graph shows an approximate
linear increase with the gradient of (4.62 + 0.78) x 10° (kJ'cm?) of effective index with

fluence.

This data shows a few key points; the data suggests that even at high fluence
(i.e. 140 kjcm?) the effective refractive index is still increasing and has not saturated
this is in stark contrast to standard FHD samples where saturation is obvious at and
above 25 kjcm? [13]. The second point is that the fitted trend line shows a maximum
UV induced change in n__of ~0.65 x 10? which is slightly lower than that achieved in
hydrogen loaded FHD samples; however the flat-fibre requires a much higher fluence.
It can also be observed that the higher the fluence the stronger the spectral reflectivity
of the grating. Yet, it is worth noting that higher fluences require longer writing times
to complete a single waveguide as shown in Figure 4.4.1. In this experiment longer
writing times are not detrimental to the consistency of the waveguide parameters.
However longer writing times would be of concern if the sample was hydrogen loaded,
which would experience out-gassing during the writing or process. This highlights the

trade-off between enhanced photosensitivity and consistent writing conditions. In the
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next section, the effect of duty cycle is investigated to optimise the performance of the

UV-writing process.
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Figure 4.4.3 A plot of effective refractive index of the waveguide mode against the UV

writing fluence, points are experimental data and also shows a fitted linear trend line.

4.4.2 Duty Cycle

A duty cycle parameter used in the UV-writing process can be defined as a ratio of the
distance the UV-laser is on with respect to the total grating period as illustrated in Fig-
ure 4.4.4. The duty cycle has a range of 0 and 1, where 0 signifies no UV-laser is ex-
posed, while 1 represents the laser is always on and thus produces a channel wave-
guide. For instance for a duty cycle of 0.6 the laser will be on 60% of the period and off
40%. The duty cycle parameter actually defines the index contrast of the grating plane,
by which the lower the duty cycle, the higher the index contrast becomes. Modulation
of the UV-laser is achieved via an acousto-optic modulator (AOM) as the translation

stage moves.

In the UV-writing system, a technique that is termed as ‘fluence matching’ is

used to control the average effective index of the Bragg grating and waveguide, so to
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ensure they have a similar value. This is to avoid the Bragg grating structure experienc-
ing unwanted additional reflections due to the dissimilarity of the effective refractive
index between the channel waveguide and Bragg grating. The technique manipulates
the translation speed of the UV-writing process which controls the fluence parameter.
The relationship of these parameters is expressed in equation (4.5), where the transla-
tion speed of writing the Bragg grating, vy is controlled by the duty cycle and the

translation speed (mm/minute) of the channel waveguide, v,,.

Vpe = duty cycle X v, 4.5)
Duty cycle
Refractive Index / Laser On
0.5 0.5 /
L Refractive index modulation

Index
contrast Bl s iy’ st (il (i il
v ___
P Position
1.0 k
(@) Laser Off
Refractive Index Laser On

Refractive index modulation

P Position

(b) Laser Off

Figure 4.4.4 An illustration showing how duty cycle changes the refractive index con-

trast, shows a duty cycle of (a) 0.5 and (b) 0.9. The blue square wave represents the
control signal to the AOM, high level denotes the laser is on. The red sine wave repre-

sents an equivalent sinusoidal modulation in the induced refractive index.

For the duty cycle investigation, a range of duty cycles between 0.1 to 0.8 was
observed. A number of waveguides in Substrate C with six different Bragg gratings was
written with a fluence of 50 kJcm®. The spectral reflectivity of these Bragg gratings can
be seen in Figure 4.4.5, where for this particular graph the duty cycle was 0.5. The
peak spectral reflectivity of the first Bragg grating from each waveguide is plotted in

Figure 4.4.6, and provides a trend of grating strength versus duty cycle. This shows
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that the greatest reflectivity can be achieved by using a duty cycle of 0.1. However, it
must be noted that a small duty cycle results in a much longer fabrication time as a
consequence of the fluence matching. The effective refractive index of the 1550 nm
Bragg grating with respect to the duty cycle is plotted in Figure 4.4.7. It shows that the
effective refractive index for the duty cycle variation is similar for the all duty cycle val-
ues and confirms that the fluence matching (i.e. control of the translation speed of
stage system) is correct. In this experiment, the average effective refractive index was
1.45035 with a standard deviation of 1.2 x 10*.
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Figure 4.4.5 Spectral reflectivity of a waveguide containing six Bragg gratings written

with a duty cycle of 0.5.
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Figure 4.4.6 Spectral peak reflectivity plotted with respect to duty cycle for the Bragg

grating written at 1545 nm.
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Figure 4.4.7 The effective refractive index against the duty cycle variation.
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4.5 Flat-fibre Level of Planarisation

The ability of the flat-fibre structure to support multiple waveguides in a single sub-
strate is the main advantage of flat-fibre. However, due to the fibre actually having a
‘bow-tie’ shape, it is difficult for the flat-fibre to have UV-written waveguides at every
position within the core layer of the fibre. An important parameter of the substrate is
the planarity i.e. the flathess and uniformity. To experimentally investigate this param-
eter fifteen UV-written waveguides, distributed along the cross-section of the core lay-
er, were UV written. Each waveguide contained two Bragg gratings with the design
wavelengths of 1550 nm and 1560 nm, as shown in Figure 4.5.1. The waveguides were
laterally separated by 50 pm and the total sample length was 6 mm. The grating length
was 2 mm and each grating separated by 0.5 mm.

Waveguide number

Bragg grating
(1560 nm)

Cross section

~

6 mm

ap—"
Bragg grating
(1550 nm}

Core layer

456 pm

1371 um

3
3
-
rmmmmm———
-

 pieieiniiieisiiinisi i

Figure 4.5.1 The schematic diagram of a series of UV-written channel waveguides each

containing two Bragg gratings.

As before the Bragg gratings act as a probe to interrogate the properties of the
waveguide. Figure 4.5.2 shows a plot of the peak reflectivity of the 1560 nm Bragg

grating versus the channel waveguide number. It shows that the peak reflectivity of the

gratings (1560 nm Bragg wavelength) located at the waveguide number 6 to 15 display
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similar reflectivities. The error in this region is mainly due to coupling uncertainty. This
leads to an approximate = 1dB variation in measured reflectivity. Therefore, it can be
concluded that the core layer and the cladding layer (that the UV laser propagates
through) is approximately flat and uniform. However, it can be observed that for the
first five waveguides, the peak reflectivity varies widely; this is thought to be attributed
to thickness or surface variation of the cladding. These variations distort the two
beams, altering the focus and more importantly the overlap of the two UV beams yield-
ing weaker Bragg gratings as seen at positions 3 and 4. Interestingly the strength of
the gratings and waveguides is restored in channel waveguides 1 and 2 corresponding

to a location where the cladding again becomes approximately flat, see Figure 4.5.2.

This illustrates that in this case the form of the cladding (i.e. shape) is more important

than the thickness uniformity.

Peak Reflectivity (dB)
L
L ]
L ]

L L 1 L L
8 8 10 12 14 16
Channel Waveguide

Figure 4.5.2 Plot showing peak reflectivity of Bragg grating wavelength at 1560 nm

against 15 channel waveguides number.

Other than the cladding thickness uniformity the same Bragg grating data can
provide information regarding the uniformity of the core layer. The effective refractive
index of the 1560 nm Bragg grating at TE polarization is plotted in Figure 4.5.3. It
shows that the effective index of the gratings placed within waveguides 8 to 15 are

very similar with the average effective index of 1.45034 and with a standard deviation
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of 6 x 107°. This depicts that the region where the waveguides 8 to 15 are located is
flat and have uniform thickness. Thus, a more integrated planar waveguide can be de-
fined within this area. Yet, the effective index of waveguides 1 to 7 shows an increas-
ing trend towards the edge of the sample. This is due to the increased thickness of the

core layer, and also results in an increased number of supported modes.

These measurements show that the flatness and the uniformity of the flat-fibre
platform are of key importance in order to develop an integrated optical planar device
especially for complex integrated circuits. Future work would include the fabrication of
a flat-fibre with a flatter cladding surface. This can be achieved by dicing both edges
along the length of the flat-fibre preform before drawing. Birefringence of the flat-fibre

will be discussed in the next section.
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Figure 4.5.3 Plot showing the effective refractive index of the 15 waveguides, at 1560

nm, against the channel waveguide number.

4.6 Birefringence in Flat-fibre

Birefringence is a material property where the refractive index of the material depends
on the polarisation of the propagating light. Birefringence can originate from two phys-
ical mechanisms, categorized as geometrical birefringence [82] or stress-induced bire-

fringence [83]. With geometrical birefringence, it is the asymmetrical geometry of the
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waveguide that influences the birefringence of the waveguide. While stress-induced
birefringence, as the name suggests, is induced due to the effect of the stress on the
optical waveguide from internal and external sources. In the case of the current flat-
fibre devices there is an obvious geometrical birefringence caused by the dimensional
differences between the UV-written channel waveguide width and core layer thickness.
The birefringence of a sample can be calculated by taking the difference between the
effective refractive index of the TM, n;,, and TE, nyz modes as expressed in equation
(4.6).

Birefringence = Ny — Nrg (4.6)

To observe the birefringence of the flat-fibre, the same sample used in the pla-
narisation experiment was investigated. This data can be seen in Figure 4.6.1. This da-
ta again illustrates the uniformity of the channel waveguides 8 to 15 where the bire-
fringence of the waveguides is very similar. From the graph, it shows that the mean
birefringence of the UV-written waveguides in this region (waveguides 8 to 15) was
4.00 x 10* with a standard deviation of 0.04 x 10*.
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Figure 4.6.1 Plot showing the birefringence of 15 waveguides at a wavelength 1560nm

as a function of channel waveguide number.
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In order to estimate the magnitude of the geometrical birefringence of the flat-
fibre, a channel waveguide was modelled using FIMMWAVE software. The model does
not take into account any stress induced birefringence that generated by the wave-
guide geometry. The flat-fibre modelling parameters were taken from Table 4.3.1; the
UV written waveguide width and refractive index contrast were taken to be 6 pm and
0.001 respectively. This results in the effective refractive index of 1.451417 and
1.451403 for respective TM and TE modes, resulting in a birefringence of 1.4 x 10°.
False colour image of the guided polarisation mode generated by the FIMMWAVE mod-

elling for TM mode is shown in Figure 4.6.2.

Figure 4.6.2 lllustration of guide mode field within a channel waveguide modelled in

FIMMWAVE software for TM mode.

The measured birefringence achieved in this work is higher than the modelled bi-
refringence. This is likely due to the stress induced birefringence within the flat-fibre
generated during the fabrication process. However, the experimental data within the
channel waveguide 1 to 7 shows that the birefringence varies largely and is shown to
decrease towards the edge of the core section. This is likely due to the region having
lower residual stress. In addition the UV writing parameters are unknown in this region

i.e. spot size due to aberrations and that may also contribute to the reduction.

4.7 Conclusion

In this chapter, a brief description of direct UV-writing configuration has been given. A
series of UV-written flat-fibre samples with Bragg gratings have been characterised and

used to investigate two of the main UV-writing parameters, fluence and duty cycle. In
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addition the Bragg grating structures have also provided some initial data on the effect
of boron doping and hydrogen loading on the flat-fibre’s photosensitivity. Such data is
significantly useful in order to optimize the performance of UV-written waveguides and
Bragg gratings. The flatness of the core layer of the flat-fibre substrate has also been
investigated to look at the suitability of the platform for more complex integrated de-
vices. The chapter finishes by looking at the birefringence of the flat-fibre. The next
chapter discusses the loss measurement of the flat-fibre substrate using different opti-

cal methods.
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Loss Measurement in Passive Flat-fibre Substrates

5.1 Introduction

One of the main parameters requiring measurement when fabricating integrated opti-
cal devices is insertion loss. In fact, characterising waveguide propagation loss pro-
vides useful information for optimising and enhancing device performance. Thus, in
this chapter, an innovative loss measurement technique demonstrated in a UV written
optical waveguide is described. The technique uses the reflected power from Bragg
grating structures to evaluate the propagation loss of the waveguide [84]. Alternative
techniques that are used for waveguide loss measurement are reviewed as a compari-
son to our technique. The technique used in this work is a non-destructive technique
where no destructive changes to the waveguide are involved, so long as Bragg grating
structures exist within the waveguide. The technique is suitable for short waveguide
samples with low propagation loss. In addition, the method allows simple and effective
measurement that is independent of coupling loss and grating variation. Loss meas-
urement of various waveguide structures has been undertaken, including straight

channel waveguide and s-bends in the flat-fibre platform.

5.2 Optical Loss Measurement Techniques

Waveguide propagation loss can in principle, be simply measured by launching an
identified input power into a waveguide and measuring the output power [85]. Howev-

er, it is not as simple as that, as several losses contribute to the measurement. Thus, it
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is important to use a measurement technique that can distinguish between the attenu-
ation loss and other additional losses occurring within a channel waveguide. Additional
losses, including modal mismatch between facet couplings, Fresnel reflection, and sur-
face roughness of the waveguide end facet, which can cause light scattering, must be
considered when measuring the device loss. There are several techniques which have
been developed for device loss measurement for characterisation purposes [86], [87]
and [88]. The techniques use either a destructive or non-destructive experimental pro-
cedure. The following section describes some common techniques used to measure

propagation loss in optical fibre and planar optical waveguides.

5.2.1 Cutback Technique

The cutback technique is a destructive method of measuring attenuation in a channel
waveguide. Attenuation is the power loss in the channel waveguide due to absorption,
scattering and from other contributing losses. The technique involves comparing the
output power from two different measurements which have different length of devices
[89] . Figure 5.2.1 shows the procedure of the cutback loss measurement. The length
of the measured device in measurement 1 is labelled in the figure as L g’ the length of
the sample in measurement 2 is L, _, whilst the output power from the shorter and
longer device are P, and P,, respectively. In order to calculate the attenuation of the
device, the expression shown in equation (5.1) can be used, where the L is the differ-

ence in length between LIong and L _ as indicated in the figure below.
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Figure 5.2.1 A cutback loss measurement technique that measures the output power

from the optical fibre with long and short lengths.
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The technique is suitable for loss measurement in an optical fibre which involves
cutting a length of the device under test, so that two different outputs of different
lengths can be compared. Cleaving the optical fibre is simple and easy by using a
commercial fibre cleaver. Hence, there is little issue with possible imperfection or in-
consistency on the fibre end facet in subsequent measurements. In the case of a planar
waveguide device, a variation in coupling efficiency results from cutting and polishing
the end facet of the device. The cutback technique is dependent on the coupling effi-
ciency of the measurement setup, thus is not so readily suitable for planar device. An-
other way of measuring the propagation loss of a planar device is via an end-fire cou-

pling technique which is described in the next section.

5.2.2 End-fire Coupling

Another destructive loss measurement, known as the end-fire coupling technique, is
introduced to characterise a planar device. The technique has similar procedure to the
cutback method where a number of identical planar samples with different lengths are
measured. Figure 5.2.2 shows the setup of the end-fire coupling loss measurement.
Focused light is launched onto the input of the sample and the transmitted light meas-
ured from the output section using an optical detector. The procedure is simple and
straight forward, but complications can exist. As with the cutback technique, the is-
sues relate to the need to physically cut the samples into different lengths which can
cause different coupling efficiency for different sample lengths. Therefore, a non-
destructive loss measurement technique is more attractive where no physical change in
planar device is required. Accordingly, it has been reported for the first time that the
optimum end-fire technique has employed a non-destructive procedure through using
self-pumped phase conjugation [90]. This method uses the second pass of the laser
light to measure the waveguide propagation loss. The first pass of the laser beam is
adjusted to the waveguide mode profile and automatically coupled back the phase-
conjugated beam into the waveguide and thus yields the optimum coupling efficiency.
From this technique, the modal mismatch can be neglected. The following section will
describe other non-destructive loss measurement techniques particularly suited to pla-

nar waveguides.
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Figure 5.2.2 A loss measurement of a planar waveguide using end-fire coupling

5.2.3 Prism Coupling Technique

A prism coupling technique offers convenient loss measurement, where no physical
changes to the device are needed [91], [92]. The basic configuration of the prism cou-

pling loss measurement is shown in Figure 5.2.3. At least two prisms are required for

the technique; one prism at the input section is kept fixed at one position and the oth-
er prism where the light is collected will be moved along the waveguide. Normally, the
technique uses two or three prisms located on top of the sample in order to couple
light in and out of the planar waveguide. The light is coupled to the planar waveguide
through the evanescent field. The out-coupled lights from two different prism positions

are compared to obtain the waveguide loss.

Laser
Source

Detector
rd

Prism 2 ‘

Core layer

Prism 1

Substrate

Figure 5.2.3 Prism coupling loss measurements on a planar waveguide.

Conventionally, the out-coupling prism is located as close as possible to the pla-

nhar waveguide in order to optimise the out-coupling efficiency. However the out-
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coupled power is typically quite low for a buried channel waveguide. Therefore, one
way to optimise the out-coupling efficiency is by using a plastic prism which has been
demonstrated by Zhou et al [93]. They applied heat to a plastic prism so that the prism
is softened and thus an extremely close contact between the prism and the waveguide
surface can be achieved. Even though the prism coupling technique is more adaptable
than end-fire coupling, the technique still suffers from inconsistency in coupling loss
every time the position of the out-coupling prism is changed. Therefore, a scattered

light collection technique is more favourable, and is described in the next section.

5.24 Scattered Light Collection

In a scattered light collection technique, waveguide loss is measured by launching laser
radiation into the waveguide and collecting the scattered light along the length of the
waveguide using a fibre bundle [94] or a camera [95], [96]. In [95], the light is
launched forward and backward into waveguide and the scattered light collected. The
loss is obtained by taking the ratio between the total power distributions in each direc-

tion. Figure 5.2.4 shows the basic configuration for the scattered light collection tech-

nique. The technique provides a convenient way to measure the propagation loss, with
no mechanical operation involved, and is independent of the coupling efficiency and
facet reflectivities. However, the technique is only suitable for waveguides with losses
around 1 dB/cm or even higher. Thus, accurately measuring propagation loss in a low-

loss planar waveguide would be a challenge for the technique.
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TV Camera TV Monitor

Forward light

i
Backward light

Figure 5.2.4 Loss measurement of a planar waveguide via scattered light method
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5.2.5 Fabry-Perot Cavity Technique

The Fabry-Perot cavity technique is a loss measurement that has the ability of quantify-
ing a propagation loss for low loss waveguides (<1 dB/cm). It compares the contrast of
the Fabry-Perot cavity to measure the propagation loss of a planar waveguide. Fig-
ure 5.2.5 shows the basic configuration of the Fabry-Perot cavity loss measurement
technique. Two dielectric coated mirrors are placed at both end facets of the wave-
guide to produce a cavity. The cavity can be adjusted by extending the cavity length via
two optical fibres butt-coupled in and out of the waveguide [97]. This technique is
somewhat independent of coupling efficiency and is a non-destructive loss measure-
ment. However, in the case of Fabry-Perot cavity technique, prior knowledge of the mir-

ror reflectivity is required to attain appropriate accuracy.

PM Fibre

Light in —b;] \

H—b Light out

. ] Core layer
Dielectric
Mirror

Substrate

Figure 5.2.5 A Fabry-Perot cavity loss measurement technique for channel waveguide.

The technique used in this work is a non-destructive technique where no physical
changes to the waveguide are involved. The technique is suitable for short waveguide
samples with low propagation loss. In addition, the method allows simple and effective
measurement that is independent of coupling loss and grating variation. The propaga-
tion loss in a flat-fibre substrate has been characterised and the measured loss for the
sample was found to be 0.12 dB/cm. In comparison, the propagation loss in a flame
hydrolysis deposition (FHD) substrate was found to be 0.235 dB/cm, showing that flat-
fibre substrate has a lower loss compared to standard FHD substrates. In the next sec-
tion, the concept of the novel Bragg grating loss measurement will be briefly dis-

cussed.
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5.3 Novel Bragg Grating Loss Measurement

5.3.1 The Concept of Loss Measurement

This technique involves a series of integrated Bragg grating structures distributed
along a length of waveguide. By observing the reflected power of each Bragg grating in
two opposing directions, forward and backward, as depicted in Figure 5.3.1, propaga-
tion loss can be quantified. The direct measurement can be obtained by taking the ra-
tio between the forward and backward reflected spectral power to obtain the propaga-
tion loss of the waveguide. The propagation loss measurement via this technique is not
influenced by the coupling loss variation where two different measurements of oppos-
ing launch power directions are involved. Furthermore, the measurement is also inde-
pendent of the grating spectral strength variation for different measurements. The re-
lationship for loss, L (dB/cm) is calculated in equation (5.2), where B, and P, (n repre-
sents the Bragg grating number) are the peak reflectivities in the forward and reverse
directions respectively, measured in dB, and d is the separation of the gratings in cm.
When plotting a graph of reflected power ratio against the position of the Bragg grat-
ing, the loss can be easily observed by taking the gradient of the line graph which is in

units of dB/cm.

L= (RL_PZ)+(P2 _Pl)
4d

(5.2)

The measurement adopts several assumptions about the waveguide and Bragg
gratings. Firstly, the loss is not wavelength dependent over the spectral range of the
Bragg gratings. Secondly the Bragg gratings have the same reflectivity when observed
from opposing directions. This second assumption is generally true for weak Bragg
gratings with small grating plane tilt. A further assumption is that the UV-written
waveguides are sufficiently good enough to support the Bragg grating structures. It is
also assumed that the waveguide losses are constant throughout the length of the

waveguide.
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Figure 5.3.1 Waveguide structure schematic for the Bragg grating loss measurement

technique.

5.3.2 Waveguide Definition

To measure the propagation loss using the Bragg grating loss measurement technique,
a channel waveguide with a series of Bragg gratings along the length of the device
must be defined using a direct grating writing technique. The direct grating writing
technique has been described in Chapter 4, where two tightly focused UV-beams are
used to produce the channel waveguide and Bragg gratings simultaneously. The prop-
agation loss for a straight channel waveguide in Substrate C (as described in Chapter
4) of flat-fibre platform has been measured, where ten different Bragg gratings, with
different central wavelengths, were distributed along the 40 mm long channel wave-
guide using 50 kJcm? fluence and a duty cycle of 0.5. The waveguide structure sche-
matic is shown in Figure 5.3.2. The grating length was 1.5 mm with a waveguide spac-
ing of 2 mm between each Bragg grating. It must be noted that to ensure the Bragg
grating structures does not influence the waveguide loss, fluence-matching between
the gratings and waveguides is employed during the UV-writing process. In addition to
measuring the propagation loss of a channel waveguide, the technique is also useful
for device optimisation where an s-bend configuration has been produced in the flat-

fibre platform. Figure 5.3.3 show the configuration schematic for the s-bend.
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Figure 5.3.2 A schematic diagram of a channel waveguide with ten Bragg gratings

along a 40 mm length of flat-fibre substrate.
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Figure 5.3.3 A schematic diagram for an s-bend configuration where five Bragg grat-

ings before and after the s-bend were defined in the flat-fibre substrate.

5.3.3 Characterisation

A similar characterisation setup as previously shown in Chapter 3 has been used for
measuring the propagation loss of a UV-written Bragg grating channel waveguide. Fig-
ure 5.3.4 shows the setup configuration used to characterise the waveguide in a for-
ward and backward direction. The reflected spectrum in each direction was measured.
In the forward direction, the light source is launched into the waveguide via facet A,
whereas in the backward direction, the light is launched into the waveguide via facet B.
In the next section, the results for the channel waveguide and s-bend configuration are

discussed.
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Figure 5.3.4 Characterisation setup for loss measurement in forward and backward

configuration.

5.4 Results and Discussion

5.4.1 Channel Waveguide

Figure 5.4.1 shows the reflectivity of the UV-written Bragg gratings within the channel
waveguide. The reflected spectra of ten Gaussian apodised Bragg gratings, where the
central wavelength varied from 1510 nm to 1600 nm can be observed from the graph.
The position of each grating along the waveguide has been shown in Figure 5.3.2. In
the forward direction, the launched light was first incident on the Bragg grating of
1510 nm, whereas for the opposite direction, the Bragg grating of 1600 nm was the
first illuminated. Figure 5.4.2 shows the ratio of the peak reflectivities in dB as a func-
tion of grating location. Using regression analysis, the gradient of the straight line fit
provides a propagation loss for a straight channel waveguide of 0.13 dB/cm + 0.03
dB/cm. This error is higher than that observed in FHD samples and is attributed to the

slightly multimode nature of the flat fibre substrate.
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Figure 5.4.1 Reflectivity of the straight channel waveguide against wavelength. The UV-

written channel waveguide containing ten Bragg gratings distributed along the length
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Figure 5.4.2 The ratio of peak power from forward, P and backward direction, P'

against the grating position in the waveguide.
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Owing to the simple and effective approach offered by the Bragg grating loss
measurement technique, it was also used to interrogate UV-written s-bend waveguide
components. The propagation losses of the device are observed by varying the related
parameters contributing to device optimisation. This will be further discussed in the

following section.

5.4.2 S-Bend Loss Measurement

The s-bend structure is the basis for constructing a y-splitter. The following experi-
ment investigates the optimum value of the offset, s (see Figure 5.3.3) to minimise the

bend loss within the s-bend structure. The s-bend structure was designed via a cosine
bend, which can be modelled by [98]

o3 -e()

Where s is the s-bend offset and d is the s-bend length as illustrated in
ure 5.3.3.

The minimum radius of curvature, ¥ can be expressed by

s?+d?
r =
4s

(5.4)
From equation (5.4), the calculated minimum radius for each offset is revealed in

Table 5.4.1, where the bend length of 5.5 mm is the same for all the offsets. It can be

seen that the higher the offset, the lower the minimum radius.
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Table 5.4.1 The calculated values for the minimum radius of curvature, r, relative to

the s-bend offset, s.

Offset, s Minimum
Radius, r
50 ym 150 mm
100 pm 76 mm
150 pm 50 mm
200 pm 38 mm

In order to observe the loss of the s-bends, ten different Bragg gratings were dis-
tributed in two straight channel waveguides before and after the s-bend, as illustrated
in Figure 5.3.3. Four different offsets were investigated, 50, 100, 150 and 200 ym us-
ing a fluence of 90 kJcm?, a duty cycle of 0.5 and with an s-bend length, d of 5.5 mm.
Figure 5.4.3 shows the reflected spectra of the Bragg gratings in forward and reverse

directions for each different offset.
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Figure 5.4.3 The spectral reflectivity of forward and backward direction for the four

different offsets.
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It can be observed from Figure 5.4.3 that the larger s-bends, those with offsets
150 and 200um, show very weak reflected signals after the s-bend region. In contrast,
the s-bends with 50 and 100 uym offset present reflected signals such that an accurate
Gaussian fit can be obtained. This agrees with previous experiments which have shown
that higher offset values, which correspond to smaller bend radii, display exponentially
increasing bend loss [99]. Physically, this is due to the bend radius significantly affect-
ing the mode propagation, especially at the outer edge of the bend structure. In a
straight channel waveguide the mode field distribution of light is symmetric in shape
and centred at the middle of the waveguide. However, as it travels through a bending
structure, the optical mode laterally shifts away from the centre of the bent waveguide.
As the result, a portion of the light at the outer edge will be weakly guided and will
tend to radiate away from the waveguide. This phenomenon is known as radiation loss
[100].

As a result of the poor signal strength, only the loss of the 50 and 100 ym s-
bend offsets can be analysed from this experiment, since the technique requires com-
parison of the peak spectral reflectivities from both directions. The spectral reflectivity
ratio (difference in dB) for both s-bend offsets is plotted in Figure 5.4.4 where (a) and

(b) represent 50 ym and 100 pm offset, respectively.
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Figure 5.4.4 The offset difference for s-bend with offset (a) 50 yum and (b) 100 pym.

The measured data is fitted by using regression analysis in order to obtain the
gradient of the propagation loss in the channel waveguide. The fitted data represents

the linear line (red line) which has the same gradient before and after the s-bend struc-
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ture and assumes that the propagation loss in the straight waveguide is constant. Fol-
lowing this, the s-bend loss can be evaluated by taking the difference between the two
fitted lines, as shown Figure 5.4.4 (a) and (b). From this data the loss was 1.83 dB and
3.59 dB for 50 pm and 100 pm s-bend offsets, respectively. This data shows that
smaller s-bend offset will tend to have smaller bend loss. This is due to the relation-
ship of s-bend offset with the radius of curvature where the bend loss is exponentially

increased with the reduced radius.

This measurement technique offers straightforward and effective measurement
for s-bend loss. This observation shows that the Bragg grating loss measurement tech-
nique can be used for device optimisation and not only for loss propagation observa-
tion. In order to make a comparison, the flat-fibre sample was also measured using an
optical backscattered reflectometer (OBR) system by launching light into a channel

waveguide without any UV-written Bragg grating and waveguide structures.

5.5 Optical Backscattered Reflectometer

A commercial optical backscattered reflectometer (OBR) was used to measure the
propagation loss of the flat-fibre sample. The commercial OBR 4400 series from Luna
technologies has been used to measure the propagation loss of the flat-fibre. The OBR
system offers ultra-high spatial resolution down to 40 um scale which has the capabil-
ity to quantify waveguide losses in a short device length. The principle of the OBR sys-
tem is based on monitoring reflected signal induced by device splice, connection, end
facet and even faults such as bend, breaks, or deformation. The OBR system is con-
hected to the computer and from its intuitive graphical interface, it can show the loca-
tion along the length of a device under test that causes reflections, as depicted in Fig-

ure 5.5.1. This provides a convenient way to directly access the measurement results.

The reflected power from a length of flat fibre is shown in Figure 5.5.2. Assuming the

material composition of the waveguide is the same within this region, the gradient
provides a measurement of the propagation loss. The measured loss was 0.09 dB/cm +
0.01 dB/cm, which is in good agreement with the Bragg grating loss measurement

technique with a difference of 0.04 dB/cm.
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Figure 5.5.1 OBR graphical window to show the reflected signal from the endfacet of
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Figure 5.5.2 Propagation loss measurement using OBR technique.
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5.6 Conclusion

In summary, the concept of a novel Bragg grating loss measurement technique has
been explained and used to measure the propagation loss in a channel waveguide.
This technique has been compared to the optical backscattered reflectcometer (OBR)
and shows good agreement. Furthermore, the technique has been further used to
measure the bend loss of s-bend structure. In the next chapter, the capability of the
flat-fibre substrate to be used as a physical and refractive index sensor will be re-

vealed.
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Chapter 6

Physical and Refractive Index Sensors in Flat-fibre Plat-
form

6.1 Introduction

A brief description about optical sensors has been given in Chapter 2. In this chapter,
the focus is on Bragg grating based physical and refractive index sensors. Owing to the
numerous advantages offered by optical sensors, they have seen a wide range of appli-
cations in refractive index [101] and physical [102] detection. Several techniques have
been demonstrated, but the most common technique implements a Bragg grating
structure which is widely employed in a fibre Bragg grating (FBG) sensor. This is due to
the benefits offered by the Bragg grating which has low loss, multiplexing capability,
and by measuring wavelength relies on a signal largely independent of intensity varia-
tions. Despite all the listed advantages, the technique is generally limited to a single
sensing parameter. This is probably due to the difficulties in realising integrated capa-
bility in a standard fibre design. In some applications, it is desirable to have multiple
parameter sensors in a single compact detection platform which can provide enhanced

localized information for a system.

A single fibre is not ideal for measuring two dimensional bending and refractive
index. One of the reasons for this is due to in a fibre Bragg grating, for instance, the
sensing regions are distributed at separate positions. In fact, the packing of a standard
single fibre is limited by associated bend loss. Therefore, there is no such single opti-
cal FBG sensor that can sense two dimensional bending and refractive index in a com-
pact volume. Nevertheless, there are several numbers of configurations that have been

designed in order to allow the FBG structures to be used for sensing multiple parame-
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ters in a single package. One of the techniques, for measuring two-dimensional deflec-
tion attaches a single FBG onto a cantilever-mount [103]. However, this configuration
has no inherent temperature reference available. A Rosette configuration makes use of
three FBGs in a triangle pattern as shown in Figure 6.1.1, each forming a side of a tri-
angle, and offers better performance as vectorial strain can be monitored [104]. How-
ever, the minimum size of the device is limited because of bend loss associated with

the side of the triangle loops.

Fibre

FBG

Light in

_’// Light out D

Figure 6.1.1 Schematic diagram of Rosette configuration with three FBGs.

Whilst FBGs traditionally require complicated packaging to achieve 2D bend sens-
ing, alternative non-FBG approaches exist that do not require such packaging. A multi-
core photonic crystal fibre (PCF) has been demonstrated in order to sense 2D bending
[105]. The sensor offers compact detection because it contains only one single fibre. It
has three cores in a single fibre. The sensing measurement manipulates the differential
strain that is related to an optical phase from each core. Yet, in the case of multi-
parameter sensing, for instance bending and refractive index sensors in a single fibre,
Bragg grating elements are still less suited. Using a planar platform can be a good
choice for that particular purpose. Though, it is worth noting that planar structures are
typically rigid, thus have a limited range and in some circumstances the rigidity could

interfere with what is to be measured.

In this work, a compact multi-parameter sensor is presented, which combines the
benefits offered by a standard optical fibre with integrated planar optics. The Bragg
grating structures are used as a tool for quantifying the sensitivity of the sensor de-
vice. A series of experimental studies has been performed, involving fabrication and

characterisation of optical sensor devices in flat-fibre. Three parameters have been
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considered in these experiments namely refractive index, bending and temperature.
The Bragg grating structure is produced by using the direct grating writing technique.
In a preliminary experiment, a series of refractive index oils were used to measure the
sensitivity of the flat-fibre substrate to sense external refractive index. The sensitivity
of the optical flat-fibre sensor device to about 95 nm per refractive index unit has been
obtained. Following this, a two-dimensional bending and refractive index oil sensors is

demonstrated in a single flat-fibre substrate.

This chapter is organised by firstly explaining the principle of evanescent field
sensing and the bending theory and also how it relates to the Bragg grating structure.
The fabrication and characterisation procedure of the sensor device is described. Final-
ly, the result for the refractive index and two-dimensional bending sensor is revealed

and discussed.

6.2 Evanescent Field

In this work, refractive index sensors have been developed by exposing the evanescent
field of the waveguide mode. An evanescent field is a near-field wave with an exponen-
tial decay pattern that is exposed near to the boundary of a waveguide. Principally, ev-
anescent fields are formed when there is a total internal reflection occurring at the
boundary of the waveguide. From this, the way that the refractive index sensor device
operates is by exposing the evanescent tail of the guided mode to the analyte. The
guided mode will be dependent on the external refractive index, if the evanescent field
is supported in that medium. Commonly, the principle of exposing the waveguide’s
evanescent mode field to the analyte is used for a chemical and refractive index sen-
sors [106].

The work presented in this chapter uses a Bragg grating structure to monitor re-
fractive index oil. The mode of the Bragg grating structure is exposed to a series of
refractive index oils, the effect of this is to change the propagation of the guided
mode. Bragg grating based-sensors that use this effect generally do so via the pertur-
bation of the evanescent field of the guided mode. The mode’s evanescent tail is ex-
posed to the different refractive indices which will change the effective refractive index
of the guided mode as depicted in Figure 6.2.1, where (a) and (b) represent sample
with and without analyte, respectively. The change of the effective refractive index of

the guided mode will consequently shift the centre wavelength of the Bragg grating as
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shown in Figure 6.2.2. The concept explained here will be the principle used in this

work for the refractive index sensor.

Evanescent Guided mode Evanescent

tail tail
Guided mode J

analyte
Core layer
Core layer
n,>n,>n,

Cladding layer n, Gladding layer

(a) (b)

Figure 6.2.1 Illustration of evanescent tail of a guided mode in a planar waveguide

where (a) without analyte and (b) with analyte.

Reflectivity, dB
A

> A

Figure 6.2.2 Spectral reflectivity showing a wavelength shifting from 1, to 1, due to

sense of different refractive index oils.
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6.3 Physical Bending Theory

6.3.1 Elasticity

Elasticity is a material property which indicates the behaviour of physical body; for in-
stance, when force is applied to a body, at some points the shape of the body will de-
form and return to its original shape when the force is removed [107]. This kind of be-
haviour is essential for the substance to be used as a physical sensor. If the physical
sensor is exposed to some forces it will cause a physical deformation. In this section,
the principle of elastic behaviour is described, firstly explaining Hooke’s Law and fol-
lowed by the principle of bending a beam and lastly about the Bragg grating response
and its strain relationship. This theory is essential to understand the response and

routes for optimisation of the flat-fibre bending sensor.

6.3.1.1 Hooke’s Law

In general, when considering an elastic solid substance, for instance a rectangular
beam, as shown in Figure 6.3.1, an applied force in a uniaxial direction will cause the
beam to change in length in all dimensions. The change in length along the direction
of applied force is labelled as Al. This is proportional to the applied force as expressed
in equation (6.1) known as Hooke’s law. The expansion of Al is also correlated to the
original length, [ and the cross-sectional area of the beam, 4 on which the force is ap-
plied and this condition can be expressed as in equation (6.2). Combining equation
(6.1) and (6.2), presents a constant of proportionality that is a material property known
as a Young’s modulus, E. From equation (6.2), it can be rewritten as equation (6.3) to

represents the Hooke’s law.
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Stretched Beam Original beam

Figure 6.3.1 lllustration of stretching a rectangular beam where showing the original

beam (dash yellow line) and the streched beam (solid line).

F <Al (6.1)
F=EAATI 6.2)
F Al

Stress, o = Young’s modulus, (E) x strain, (&)

An internal stress within a beam is induced when force acting on a certain area of
the beam, which can be defined as a ratio between the force and the area that it con-
tacts. This can be seen at the left hand-side of the equation (6.3). The induced strain is
dependent on the nature of the material it interacts with. In addition, according to the
Hooke’s law, the stress has a linear relationship to the strain with certain proportionali-
ty depending on the material that is used. The strain effect is defined as a ratio be-
tween a length expansion caused by a force and its original length as stated in the
right-hand-side of the equation (6.3). The Young’s modulus represents the slope of the
linear portion of a stress-strain curve. From the stress-strain curve, it shows that at
some point the material will reach its elastic limit beyond which the linear proportional-

ity of the stress and strain breaks down. At this point, Hooke’s law is no longer
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obeyed. By knowing the value of the Young’s modulus of certain material, it gives the

information about the material’s stiffness.

Apart from the Young’s modulus, there is another property that specifies the
elasticity of a substrate which is known as Poisson’s ratio. As described above, there is
a change in length in the same direction of the applied force, this introduces some
changes in length in the other directions perpendicular to the applied force namely the
width, w and height, h of the beam. Poisson’s ratio, v, is a constant that relates the ra-
tio of changes in width, Aw to the original width, w and the strain of the beam when
stretching it as expressed in equation (6.4).

AW Ah Al
7 = 7 = _VT (6.4)

Normally, the value for the Poisson’s ratio is within 0.0 to 0.5. Both parameters
of Young’s modulus and also the Poisson’s ratio are used to determine the elastic
properties of a specific homogeneous isotropic material. In the next section, the prin-

ciple of bending a beam will be briefly explained.
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6.3.2 Bending a Beam

In this section, the principle theory of bending a beam is described in order to give an
overview of how the beam deforms subject to a bending. Considering a rectangular
beam, when bending the beam in vertical direction, the beam will deform as shown in
Figure 6.3.2. It can be seen that the length of the top surface is increased while the
bottom surface decreased. This means that the top and the bottom surface of the
beam experienced tensile stress and compression, respectively. There is a plane within
the beam which has no extension or compression. This position is known as the neu-
tral plane or neutral axis when referring to the cross-section of the beam as labelled in
Figure 6.3.2. The length of the beam at the neutral axis is not changed. The location of
the neutral axis depends on the shape of the structure and materials from which it is

made.

Tensile

Neutral
axis

Neutral
axis

B - — == —

Compression

Figure 6.3.2 lllustration of bending of a rectangular beam, where tensile stress and

compression occur at the same time. The amount of the stress along the y-axis is

symmetric to the neutral axis of the beam.

The strain occurring at any one point in the beam is proportional to the distance
from the neutral axis and inversely proportional to the radius of curvature of the bend-
ing. This can be expressed as in equation (6.5), where the distance, y and the radius of
curvature, R can be illustrated as in Figure 6.3.3 [107]. This relationship is further ex-
pended by applying Hooke’s law into equation (6.5) and yields the expression in equa-
tion (6.6). This shows that the stress is also proportional to the distance, y. The act of
bending is actually caused by a bending moment, M. The bending moment can be
quantified by integrating the force multiplied by the distance, y in particular cross-

sectional area as expressed in equation (6.7). By substituting the equation (6.6) into
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(6.7), the expression of equation (6.8) can be derived, where I is the moment of inertia
of the device. For a particular condition the deflection of a cantilever will be described

in the next section.

Bent
beam

Neutral
axis

Figure 6.3.3 lllustration of bent beam and showing the neutral axis of the beam (green

line).
Al y
T TR (6.5)
AF y
i ER (6.6)
M = fcross y dF (6.7)
section
EI
M = ry (6.8)
I= [y*dA (6.9)
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6.3.3 Deflection of a Cantilever

Considering a cantilever beam structure, where one end is fixed and which is deflected
by the free end of the beam with an applied force, W as shown in Figure 6.3.4. The

beam is deflected as z(L) where the length of the beam is L. The maximum deflection

at the end tip of the beam can be defined as in equation (6.10).

Y

z(L)
Cantilever beam

w

Figure 6.3.4 A cantilever beam with a concentrated weight, W applied at the free end of

the beam with deflection of z(L).

2(L) = V:TL; 6.10)

6.3.4 Material Properties of Silica

It is important to understand the material properties of the sample that is used for a
physical sensor. This is because the physical sensor is directly correlated to the mate-
rial properties of the sample. In this work, a flat-fibre substrate made from silica is
used as a sensor platform. Generally, silica is a high purity non-crystalline silicon diox-
ide (SiO,), which is typically a brittle and transparent glass. Also, it is a type of isotropic
structure by which at every point along the substrate the elastic properties of the flat-
fibre are similar in all directions. The cladding of the flat-fibre is made by pure silica
without any other additional composition and thus has a refractive index of 1.444 at
1550 nm. The core of the flat-fibre has been doped with germanium (Ge) which makes

the refractive index higher than the cladding layer about 1.46. Table 6.3.1 shows the
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standard mechanical properties of fused silica glass [108]. Typical Poisson’s ratio for

silicais 0.17.

Table 6.3.1 Mechanical properties of fused silica glass (taken from [108]).

Parameter Standard

Density 2.201 g/cm?
Shear Modulus 31 GPa at 25 °C
Young’s Modulus 73 GPa at 25 °C
Tensile Strength 50 MPa
Compressive Strength 1.1GPa

6.4 Flat-fibre Sensor Device Concept

The refractive index and bending sensor components have been integrated into a sin-
gle multiplexed device. The device contains a series of Bragg gratings that each has a
dependency on strain and external refractive index. As previously discussed in Chapter
4, the Bragg grating structures are a periodic refractive index modulation that are cre-
ated by focusing two crossed beams of ultraviolet (UV) light on the photosensitive
sample. Light that is launched into the Bragg grating structure will be reflected back if
the wavelength satisfies the Bragg condition. The reflected signal of the Bragg wave-
length will shift due to changes in the effective refractive index or grating pitch. The
centre Bragg wavelength has a proportional relationship to the effective refractive in-

dex and grating pitch of the device as expressed in equation (2.55).

When considering a refractive index sensor, one can think of changes in the ef-
fective refractive index of the guided mode that will occur when exposing the sensor to
different refractive index oils. The concept is also applicable to a physical sensor,
where bending of the waveguide alters the material stress and the refractive index of
the waveguide and again affects the centre wavelength of the reflected signal. Howev-

er, it must be noted that, when the structure of the sample is changed, it will also
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change the pitch of the Bragg grating. The relative Bragg wavelength shift occurring in

the Bragg grating structure can be expressed by equation (6.11).

Adp _ Angsy n ﬂ

(6.11)
AB Neff A

Thermal changes induce strain via thermal expansion, thus the surrounding
temperature changes are an influence to parameter sensing. It has been observed that
the temperature sensitivity of optical fibre and FHD Bragg gratings is ~10 pm/°C. Even
though this change is very small, temperature variations during the experiment can
significantly affect the measurement data. The complete wavelength shift (A1, ,) of a
Bragg grating to a given strain, including temperature, T effects, can be expressed as
equation (6.12) [109].

Ayy

nz,
ek - [Pr1&xy + Pia(e; + &) + AT (6.12)

where, ¢,, €, and ¢, are the applied strain for x, y and z axes, P;; and P;, are the photo-
elastic constants of the waveguide, n,, is the effective refractive index of the guided

mode and 7 is the temperature coefficient.
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6.5 Refractive Index Sensor

In a preliminary experiment, a UV-written Bragg grating structure was used to observe
the ability of the flat-fibre to sense different refractive index oils. The schematic dia-
gram of the flat-fibre substrate sensor is shown in Figure 6.5.1 (a). In order to expose
the Bragg grating field mode to an external refractive index, part of the cladding layer
was lapped and polished by using a Logitech model LP50 polishing machine. The flat-
fibre substrate was made to have a tilted structure as shown in Figure 6.5.1 (b). There-
by, the Bragg grating mode, in the core layer, can be easily exposed to the refractive
index oil. After polishing the spectra from gratings at 1550 and 1555 nm were no

longer detectable as they were removed during the polishing process.

UV-written waveguide Bragg grating

P \ 30mm / ,

_ /

1545nm 1555nm

1530nm 1540nm 1550nm

(a)
Polished surface 195um
355um $

(b)

Core layer

Figure 6.5.1 The lllustration of refractive index sensor using a series of Bragg grating

structure.

To experimentally investigate the refractive index sensitivity, the flat-fibre is first
pigtailed with polarisation maintaining (PM) fibre to ensure a constant intensity and
single polarisation optical source was coupled into the flat-fibre substrate. An erbium
fibre based ASE light source was launched into the sample, the light was polarised
such that the transverse electric (TE) polarisation was coupled into the device. The re-
flection spectrum of the device was analysed with an optical spectrum analyser via a
circulator and the individual grating peaks were fitted using a LabVIEW program which

accurately determined the central Bragg wavelength.
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On applying several different refractive index oils to the flat-fibre surface only
the centre wavelength of 1545 nm was seen to shift significantly. The reason for this
was that due to the wedge form of the flat-fibre, this was the only Bragg grating with
sufficient cladding removed that the mode was exposed to the refractive index oils.
Figure 6.5.2 shows the spectral reflectivity power against the Bragg grating wave-
length. The data shows that the centre wavelength of the 1545 nm grating shifts when
exposed to the refractive index oil of 1.39. The data also indicates that the four other
Bragg gratings were not spectrally shifted and thus not affected by the index oil. The
effect of different refractive index oils on the Bragg grating structure at 1525 nm was
also observed and is shown in Figure 6.5.3. This small variation is probably due to the
temperature variation during the experiment. The maximum centre wavelength shift
was 34 pm which would correspond to a temperature change of ~3.4°C which is quite

likely in the laboratory environment.
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Figure 6.5.2 Normalised spectral reflectivity against the Bragg grating wavelength.
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Figure 6.5.3 A centre wavelength shifting at 1525 nm against the refractive index oil

variation.

Figure 6.5.4 shows the Bragg grating centre wavelength shifting against the re-
fractive index oil. The temperature variation has been considered in this graph. From
the graph, the maximum shift of the centre wavelength is 3.16 nm for the 1.46 refrac-
tive index oil. The gradient of the data provides the sensitivity to refractive index
change as a function of refractive index analyte and is plotted in Figure 6.5.5. This da-
ta shows that the highest sensitivity of the device is ~95 nm per refractive index unit
which results at the highest refractive index of 1.46. This is expected as the high re-
fractive index oil shifts the waveguide mode into the analyte (i.e. refractive index oil)
and thus exposes more of the evanescent field to the analyte thereby increasing the

sensitivity.
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Figure 6.5.4 The centre wavelength of the 1545nm grating shifting against the refrac-

tive index oil.
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Figure 6.5.5 The sensitivity of the refractive index sensing against the refractive index

oil.
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From the measurement it is clear that the flat-fibre substrate has the ability to
sense different refractive index oils with a maximum shift of 3.16 nm. It is expected
that a sensor device in flat-fibre could be further improved by placing a thin film of
high refractive index material on the surface of the device. This technique has been
used in the past to enhance sensitivity and uses the high index layer to displace the
optical mode so that higher proportion of the mode propagates within the analyte
[110]. The device presented in this section was not designed for a two-dimensional
bending. In order to distinguish two directions of bending, a new geometry is pro-
posed that uses two separate waveguides parallel to each other. The following section
shall describe this concept in further detail and also combine operation of bend sens-
ing with refractive index monitoring using the principles outlined in this section. This

new device offers improved function over the simple single channel device.

6.6 Two-dimensional Bending and Refractive index Sensor

In this section, a multifunctional sensor device which has the capability of sensing two-
dimensional bending and refractive index simultaneously in a single planar platform of
flat-fibre substrate is presented. For two-dimensional deflections, the flat-fibre is
clamped such that it forms a cantilever. The displacements of the cantilever tip in the x

and y axis directions are manipulated as illustrated in Figure 6.6.1.

Bending in y-axis
Clamp

Bending in x-axis

Figure 6.6.1 A bending configuration at the free end point displacement in x and y-axis

direction.
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6.6.1 Concept and Device Design

In this particular work, the design of the flat-fibre platform is similar to the pre-
vious device described in Section 6.5, where the flat-fibre has a wedged top cladding
that is lapped and polished using a Logitech model LP50 polishing machine as illus-

trated in 3D image shown in Figure 6.6.2. The difference between those devices is only

in the waveguide design where involving two UV-written channel waveguides with
Bragg gratings are used. A flat-fibre substrate with germanium and boron co-doped
has been used in this work. The substrate was cleaved into a 30 mm length. Part of the
cladding of the sample was removed, resulting in a wedge of about 0.27°. By removing
material, the neutral axis was shifted relative to the core layer of the flat-fibre. This
meant that Bragg gratings existing in the core layer were more sensitive to induced

strain.

The measurement of two-dimensional bending is achieved by clamping the flat-
fibre in a cantilever arrangement. In particular, the tip of fibre free end is then dis-
placed to represent the bending configuration. In order to distinguish bending effect in
horizontal or lateral displacement, the mapping configuration of the Bragg grating is a
significant characteristic that must be considered for two-dimensional bending sensor.
This is to allow different gratings to experience different responses to environmental
refractive index and induced strain, which affects their respective spectral response.
Apart from that, the mode of the UV-written Bragg grating in the core layer can be ex-
posed to an external refractive index, via an evanescent field interaction. A range of
refractive index oil was applied to the device in order to calibrate the sensitivity of the
flat-fibre sensor. The index oils are placed on top of the flat-fibre substrate, thus, ex-

posing the external refractive index oils to certain gratings.
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Figure 6.6.2 3D schematic of the top polished wedge cladding for the flat-fibre sensor

device.

Figure 6.6.3 (@) shows the schematic diagram of the flat-fibre sensor containing
two UV-written waveguides labelled as a UV-written waveguide 1 and 2. Each wave-
guide is located 125 pym away from the neutral axis of the device in x-axis. In the
waveguide 1, it consists of a series of multiplexed Bragg gratings, while the waveguide
2 has only one Bragg grating wavelength (1541 nm) which is located parallel to the
Bragg grating wavelength of 1575 nm. Through physically machining flat-fibre into a
wedge as illustrated in Figure 6.6.3 (b) allowing the parameters of strain bending and

refractive index oil to be sensed in a single monitoring.
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Figure 6.6.3 Schematic diagram of flat-fibre substrate sensor from the (a) top view in-

cluding grating positioning (see Table 6.6.1), (B) side view of the sample.

Table 6.6.1 describes the function of each Bragg gratings along the core of the

flat-fibre in order to sense refractive index oil and two-dimensional bending. Basically,
ten Bragg gratings were UV-written into the substrate but only those at the wave-
lengths 1614 nm, 1575 nm and 1541 nm are used to monitor the bending effect in
two-dimensional deflections. While for the refractive index sensor, the Bragg grating at
1575 nm is used because of the design structure. The Bragg grating of 1505 nm was
not subject to bending, and so is used as a temperature reference. To measure the
bending strength at different locations along the z-axis, the Bragg gratings of 1609
nm, 1604 nm, 1555 nm, 1560 nm, 1565 nm and 1570 nm are observed in x and y-axis

deflections.
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Table 6.6.1 Summary of the function of each Bragg grating wavelength for bending and

refractive index sensor

Wavelength (nm) Waveguide Purpose
ot 1505 1 Temperature Reference
A 1614 1 Bending sensor
A, 1575 1 Refractive index and bending
sensor
A, 1541 2 Bending sensor
L SR, 1609, 1604, 1555, 1560, 1 Bending strength along the
1565, 1570 length of the substrate

6.6.2 Comsol Modelling

To understand the behaviour of a cantilever beam structure with respect to the bend-
ing strain effect, a finite element simulation using the commercial software Comsol
Multiphysics is developed. A cantilever beam with a wedge angle of 0.27 degrees on
the top surface was modelled by Peter Cooper (one of member in the Engineered Pho-
tonics Devices and Application group) to represent the fabricated flat-fibre sensor de-
vice. From this modelling, the strain response of the fabricated device can be predicted
as the beam structure is bent in different directions. One end of the beam is a fixed
constraint to simulate effect of being clamped. The other end is deflected in x and y

axis direction.

Figure 6.6.4 illustrates the modelled flat-fibre sensor being deflected in y-axis di-
rection. To calculate the strain effect within the flat-fibre substrate, the Comsol Solid
Mechanics interface is used. The Bragg wavelength shifts in response to bending of the
flat-fibre at various locations are approximated by computing the calculated three line-
ar strains at their respective locations using equation (6.12). The simulated results of
the modelled flat-fibre substrate were compared to the experimental data and will be

discussed in the following sections.
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Figure 6.6.4 Modelling structure diagram of top-polished flat-fibre substrate using

Comsol software.

6.6.3 Characterisation

The fabricated flat-fibre substrate is firstly pigtailed with a two-port single mode
fibre (SMF) pigtail and secured with UV-cure glue for a physically robust connection as
shown in Figure 6.6.5. The two-port SMF fibre pigtail is used as the substrate has two
UV-written waveguides. The configuration of the characterisation setup shown in Fig-
ure 6.6.6 is implemented, where a polarised broadband light source (SLED) is split into
two channels via a 3-dB coupler for simultaneous measurement from two channel
waveguides. The polarisation of each channel is maintained using a polarisation con-
troller. Two optical spectrum analysers (OSA) are used to monitor the spectral re-
sponse of the Bragg gratings due to the bending effect and refractive index oil varia-

tion.
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Figure 6.6.5 Flat-fibre substrate pigtailed with a two-port SMF pigtail and clamped with

several small substrate glasses to secure the fixed point of the sample.
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Figure 6.6.6 The characterisation setup for a two-port SMF pigtailed to the flat-fibre

sample.

In calibrating the sensitivity of the flat-fibre substrate device to an external re-
fractive index, a range of different refractive index oils (Cargille) spanning from 1.3 to
1.46 has been measured by placing the index oil on top of the polished surface of the
device. Following this, the spectral response of the Bragg grating at 1575 nm is moni-
tored from the OSA and beforehand the reflected spectrum of each Bragg grating is
fitted by a Gaussian fitting algorithm. This step is also implemented in characterising

the two-dimensional bending. Figure 6.6.7 shows the schematic diagram of the two-

dimensional bending characterisation. One end of the flat-fibre which is near to the
pigtailed point is clamped using four small rectangular glass substrates and secured

with UV-curing adhesive. It is possible to control the displacement of the cantilever’s
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tip of the flat-fibre device via the translation stage. One translation stage is used to
provide positive and negative displacement in the x and y direction. The differentials

between each grating are performed to infer the deformation occurred to the flat-fibre

substrate.
SMF Fibre V-groove 30 mm R
| ¢ Light pigtail - v
nputLig Flat-fibre Substrate
Source Ay 5mm
—» 4
1 \ l I
Clamp point T L =
Yy y-axis
displacement :[:E
X z —
Stage 1 Stage 2
Fixed Point Displacement Point

Figure 6.6.7 Schematic diagram for bending characterisation. One end of the flat-fibre

substrate is clamped and the end is deflected to represent bending configuration.

6.6.4 Results and Discussion

Ten Bragg gratings are monitored, shown in Figure 6.6.8. The blue line is the reflection

spectrum from waveguide 1; the green line is the reflection spectrum from waveguide
2. The Bragg grating wavelength about 1505 nm is observed in order to provide infor-
mation about temperature variation during the experimental session. The grating cen-
tred about 1575 nm is calibrated for changes in external refractive index. Following
this, bending the flat-fibre substrate in two different directions namely x and y-axis
deflections is discussed. Two Bragg gratings from the 10 written were used to distin-
guish two-dimensional bending. These had wavelengths about 1614 nm and 1541 nm.
The capability of the device to sense multiple parameters is demonstrated by monitor-
ing the four multiplexed wavelengths about 1541 nm, 1575 nm, 1614 nm and 1505
nm. From this multiple parameter monitoring, a matrix is constructed. In summation, it
distinguishes two-dimensional bending in x-axis deflection, x and y-axis deflection, y,
refractive index, n and temperature, T, parameters and the involved Bragg grating
wavelengths, expressed in equation (6.13). The temperature variation of Bragg grating
wavelength about 1505 nm, 1541 nm, 1575 nm and 1614 nm have been observed and
result with a linear correlation between centre wavelength shifts against the tempera-

ture variation with approximately 9 pm/°C.

128



Chapter 6 Physical and Refractive Index Sensors in Flat-fibre Platform

Adis541 Ay A1 A3 Agy X

Alys7s _ Az14377 Azz Az y (6.13)
Ai614 Agy A3z Az Az n )
Alys505 Ay Asz Ayz Ags T

-15 T T T

—Wa\)eguide 1
—Waveguide 2

o
o
T
1

Y
o
T

Normalized Spectral Reflectivity (dB)
o &
w o

A
o

1500 1520 1540 1560 1580 1600
Wavelength (nm)

Figure 6.6.8 The normalised spectral reflectivity against the range of wavelength for

the waveguide 1 (blue line) and waveguide 2 (greed line).

6.6.4.1 Refractive index sensing

The sensitivity of the flat-fibre sensor device has been discussed earlier in the Section
6.5. However, the fabricated device described in the Section 6.5 is not designed for
two-dimensional bending as clearly stated earlier. Thus, in this section, the sensitivity

of this flat-fibre sensor device is measured in order to calibrate the sensor device for
this particular work. Figure 6.6.9 shows the spectral reflectivity of Bragg grating wave-
length about 1505 nm and 1575 nm before and after placing the index oil of 1.46 onto
the flat-fibre device. It can be seen from Figure 6.6.9 (a), that the centre wavelength of
the Bragg grating about 1505 nm is not changed due to the fact that no interaction

occurred between the guided mode and the external refractive index at that particular

position. However, there is a significant centre wavelength shift from Bragg grating
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wavelength about 1575 nm which can be observed in the Figure 6.6.9 (b). This indi-

cates that the Bragg grating has sufficient cladding removed, such to make its evanes-

cent field sensitive to external refractive index.
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Figure 6.6.9 Spectral reflectivity of Bragg grating wavelength about (@) 1505 nm and (b)
1575 nm.

Figure 6.6.10 shows the Bragg grating wavelength shift with respect to different
refractive index oils. The refractive index oils varied from 1.33 to 1.46. It can be seen
that the maximum wavelength shift is 0.50 nm occurred when placing the index oil of
1.46 on top of the flat-fibre substrate. This yielded a maximum sensitivity of the re-
fractive index to around 22.6 nm per refractive index unit. In the following section, the

two-dimensional bending where considering deflection in x and y axis direction is dis-
cussed.
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Figure 6.6.10 Centre wavelength shift against different refractive index oils for Bragg

grating about 1575 nm.

6.6.4.2 Two-dimensional bending

In this section, the capability of the flat-fibre substrate to sense bending in two dimen-
sions is described. Positive and negative deflections in each axis were performed. Each
of these waveguides is located either side of the neutral axis of the x-axis as depicted
in Figure 6.6.3 (a). This means that they will each show responses of different sign
(positive or negative) when bent in the x-axis and the same sign when bend in the y-
axis. These two Bragg grating wavelengths are about 1614 nm and 1541 nm. Before-
hand, the response of the ten UV-written Bragg gratings along the flat-fibre substrate
due to the bending in each direction is first observed. Figure 6.6.11 shows the abso-
lute centre wavelength shift for each grating located along the length of the channel
waveguide 1. The response trend of the centre wavelength shift agrees with the simu-
lation result where the maximum strain occurred close to the grating position of .
The graph is obtained by bending the flat-fibre substrate in the positive y-axis deflec-
tion up by 1.0 mm. It showed a non-linear relationship between the centre wavelength
shift with respect to the grating position. This is due to the fabricated device structure

has a wedge profile in y-axis, where the neutral axis along its length is varied as illus-
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trated in Figure 6.6.3 (b). Therefore, the strain effect of each position along the z-axis

demonstrated a non-linear relationship.

However, in a normal rectangular geometry where the neutral axis is constant
along its length, it is expected that the centre wavelength shift of the gratings along
the z-axis reduces as the distance of the grating from the root point is increased. This
can be seen when bending the substrate in x-axis deflection as depicted in
ure 6.6.12. It shows the gradient of wavelength shift with respect to different grating
position for each different deflection in positive x-direction. It can be seen that the
smaller deflections display a positive gradient. This is thought to be dominated by
noise as the strain effect is small. However for greater deflections the experimental

data follows the simulation results.
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Figure 6.6.11 Absolute centre wavelength shift of Bragg gratings along the length of

the flat-fibre due to bending in positive y-axis.
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Figure 6.6.12 Gradient of the centre wavelength shift against the grating positions

along the length of the flat-fibre against deflection in x-axis.

Figure 6.6.13 shows the centre wavelength shift against the y-axis of positive

and negative displacements for Bragg grating wavelength about 1614 nm and 1541
nm. Both gratings depict a similar trend when bending the flat-fibre substrate either in
positive or negative position. This is expected as both gratings are located in the same
plane which is the core of the flat-fibre substrate and also due to the wedge form of
the flat-fibre. The experimental data has good correlation to the simulated result when
bending the fibre up to positive T mm. The gradient and the associated errors for both
grating represent the matrix elements A;, and A5, which are -0.40 + 0.01 and -0.41 =
0.01, respectively. The associated errors are the standard deviation from the linear re-
gression of the data. In particular, for positive y-axis deflection, the gratings have a
negative shift due to compressive strain. Whereas bending the fibre to the negative y-

axis deflection, a positive shift can be seen due to tensile strain.
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Figure 6.6.13 Centre wavelength shift of Bragg gratings against the deflection in y-axis

for wavelength about (a) 1614nm and (b) 1541nm.

In the case of bending the flat-fibre in the x-axis, both of the gratings demon-
strate opposite sign of gradient as shown in Figure 6.6.14. The wavelength shift of
about 1614 nm has positive gradient whereas the 1541 nm has negative gradient. The
fact that the Bragg gratings are being located at different position of x-axis, one expe-
riences stretching (1614 nm) and the other compression (1541 nm) for particular posi-
tive deflection. For this measurement, the matrix element of 4;; and A5, are 0.54 +
0.01 and -0.21 %= 0.01 for the wavelength about 1614 nm and 1541 nm, respectively.
The gradient of the Bragg grating wavelength about 1614 nm is higher than the wave-
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length about 1541 nm and has less noise. This is anticipated due to the variation of
bending stress for different distances from the clamped point of the flat-fibre substrate
configuration. In this assessment, the larger the Bragg grating wavelength shift, the
greater the magnitude of stress in the structure becomes. It is worth noting that the
location of the Bragg grating about 1614 nm is close to the cantilever root, therefore it
can be observed that the matrix elements of 1541 nm has a higher error compared to
that of the 1614 nm grating because of the small bending effect, thus a larger signal
to noise ratio. The matrix elements of 4,; and A,, represent bending effects at the

1505 nm wavelength which were not affected by the two-dimensional bending.
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Figure 6.6.14 Centre wavelength shift against the deflection in x-axis direction for

wavelength about (@) 1614 nm and (b) 1541 nm.
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6.6.4.3 Simultaneous Refractive index and two-dimensional bending

The ability of the flat-fibre sensor device to sense multiple parameters simultaneously
and distinguish them separately is presented in this section. The experimental work
demonstrated placing refractive index oil while bending the flat-fibre substrate. This is
inferred in one single monitoring by comparing the Bragg grating response about 1575
nm to the Bragg grating wavelength about 1614 nm and 1541 nm. The wavelength re-
sponse for the 1614 nm and 1541 nm have been discussed in the previous section,
thus only the Bragg grating wavelength about 1575 nm is concentrated in this section.
The grating about 1575 nm is chosen due to the capability of the grating to react to-

wards the external refractive index as discussed in Section 6.6.4.1.

Figure 6.6.15 (a) and (b) show the centre wavelength shift of the Bragg grating

wavelength about 1575 nm in responding to the bending deflection in y-axis and x-
axis, respectively. The gradient of the data when bending in y-axis and x-axis are -0.46
+ 0.01 and 0.24 + 0.05 which represent the matrix element of 4,, and 4,,. For the
bending in y-axis deflection, a refractive index oil of 1.45 was placed on the top of the
device surface whilst bending the substrate at 0.6 mm deflection. A positive shift can
be observed when placing the index oil, and as the deflection is increased up to 1.0

mm, the data seem to follow the trend of the simulated result when no index oil pre-
sent as depicted in Figure 6.6.15 (a). Similar trend can be seen when placing the index
oil of 1.44 on top of the flat-fibre surface whilst bending the substrate in x-axis at
negative deflection of 0.25 mm as shown in Figure 6.6.15 (b). However, in this condi-
tion, the gradient of the graph is in the opposite direction and the wavelength shift due

to index oil is smaller than the data shown in Figure 6.6.15 (a).
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Figure 6.6.15 Centre wavelength shift against deflection in (a) y-axis and (b) x-axis for

the Bragg grating at 1575 nm. A positive centre wavelength shift can be seen, indicat-

ed on the graphs, when exposing the sample to a refractive index oil.

Despite the fact that the graphs in Figure 6.6.15 demonstrate significant data in
sensing two parameters of refractive index oil and two-dimensional bending, evaluat-
ing a single Bragg grating wavelength of 1575 nm is not sufficient to distinguish either
the bending is in positive or negative deflection. Thus, the data shown in Figure 6.6.15
is compared to the data from Figure 6.6.13 and Figure 6.6.14 act as references. To

conclude the sensing responses of the flat-fibre device to multiple parameters can be
summarised using a calibrated 4 x 4 matrix as indicated in equation (6.14). The in-

verse of the matrix element, A is also given as stated in equation (6.15).

Aig1a 0.54 —0.40 0.00003 11.7 \ /X

Aiszs | _ [ 024 —046 2256 840 |(¥ 6.14)
Aysay —-0.21 —041 0.00001 105\ n '
Alysos 0.0006 0.0003 0.0003 5.50/ \T

1.3427 0.0000 —1.3102 —0.3550 \ /Aliera
—0.6905 —0.0001 —1.7618 4.8323 |[ Adysss
—0.0283  0.0443 —0.0221  0.0347 |\ Adisa
—0.0001 —0.0000 0.0002 0.1816 / \Al;s0s

(6.15)

NS R

From this matrix, the deformation of the flat-fibre substrate either in x or y axis
deflection can be determined from monitoring the particular spectral Bragg grating

shifts. This includes sensing a range of refractive index oils and temperature variation.
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6.7 Conclusion

In conclusion, a multi-parameter sensor has been fabricated in a flat-fibre platform.
The sensor has the capability of sensing different refractive index oils and two-
dimensional bending in a single device using distributed Bragg gratings along the
length of the flat-fibre substrate. Through evanescent field exposure, a sensitivity of
95 nm per refractive index oil was achieved. In addition, from monitoring respective
Bragg gratings defined in different positions along the flat-fibre, bending in two di-
mensions can be distinguished. All the measurement results were summarised into a 4
X 4 matrix to determine deformation effects. This matrix represents four different pa-
rameters namely x and y axis bending, refractive index and also temperature. The
work done in this chapter can be further developed by defining integrated Bragg grat-

ing waveguide such as y-splitter or x-coupler for sensing a twisting effect.
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Multimode Interference Device

7.1 Introduction

A multimode interference (MMI) device is an optical waveguide that supports a large
number of modes within particular dimensions. In general, a self-imaging effect is used
to generate multiple images of the input mode. The MMI concept has been widely im-
plemented owing to the notable advantages of small device size, stable power splitting
and a broad spectral bandwidth [111]. MMI devices have been successfully demon-
strated in a wide range of applications, particularly for power splitting [112] and com-
bining purposes [113]. These are key elements used in optical integrated devices. Con-
ventionally, splitting or combining light using a y-splitter or x-coupler design for a
large number of splitting or combining outputs will generally require long length de-
vices and also suffer from radiation loss due to the waveguide complexity. However, in
the MMI devices the structures are more compact in size because no internal bend
waveguides are involved and fabrication is simpler. Therefore, the MMI structure is
preferable compared to the y-splitter or x-coupler waveguides in manipulating light for

multiple splitting and combining events.

Recently, they have been proposed for more advanced applications, including op-
tical sensing and switching. Mayeh et al has demonstrated an optical sensor device
based on a slotted MMI waveguide which offer high reliability operation [114]. It senses
different refractive indices by monitoring changes in output intensity. In switching op-
eration, the MMI concept has been used in photonic switches known as multimode in-

terference photonic switches (MIPS) [115]. It has been reported that the fabricated MIPS
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device offers better switching characteristic with lower device crosstalk and good ex-
tinction ratio. The basic principles of the MMI device where using a self-imaging con-

cept will be given in the next section.

7.2 The Multimode Interference Device Concept

The main concept of the MMI device is a self-imaging operation by which a single
transverse optical mode at the input field of the device can be reproduced as single or
multiple fold images at the end facet of the MMI structure [20]. This is due to the inter-
ference of the several modes across the multimode waveguide section, forming a
number of fold images at the output facet. The devices generally consist of one or
more input and output access waveguides with a multimode waveguide with particular
width, W and length, L between the access waveguides. The structure can be defined
as N x M MMI device, where N represents the number of the input access waveguides,
while M represents the number of output access waveguides. The schematic diagram

of a 1x1 MMI structure is depicted in Figure 7.2.1. The 1x1 MMI structure means that

there is a single input mode that can be reproduced at a certain length of the MMI de-
vice, for a particular device width. The operation characteristic of the device is depend-
ent on the MMI dimension by which this self-imaging occurs at a specific length, L .
This can be determined by the equation (7.1), where W is the width, n_. is the effective
refractive index of the waveguide, A is the operation wavelength and M is the number
of fold images at the end facet of the MMI section. For example, the length of the MMI
waveguide is half of the original length (i.e. length for the 1x1 MMI device) to obtain
two spot outputs (i.e. M = 2). This MMI operation will be explained more in the next

section.
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Figure 7.2.1 A principle multimode interference device with one input channel and one

output channel known as 1x1 MMI device.

eff (W)?
Ly = Rl f;;; ) (7.1)

7.2.1 MMI Self-imaging Principle

The analysis of the self-imaging principle has been detailed by Soldano and Penning
[111]. In this section, a brief explanation related to the analysis of the self-imaging
principle is described. Most of the theory described in this chapter is referred from
Okamoto’s book and Soldano’s paper [20], [111]. In the MMI device, the lateral axis of
the structure is larger than the transverse axis (vertical in Figure 7.2.1). From this, it
can be estimated that the transverse axis supports a single-mode in all places within
the MMI central. Therefore, a two-dimensional (2D) structure is used in this analysis
instead of the full three-dimensional (3D). The analysis is started by defining the prop-
agation constant of two lowest-order modes within the structure, which will be used
later in this analysis. In this analysis, only the lateral axis will be considered. From the
dispersion equation stated in equation (7.2), the core index, n, is related to the sum-
mation of the lateral wavenumber, k,,,, and the propagation constant, g,, where v rep-

resents the mode numbers supported at the lateral axis.
kxvz + ﬂvz = koznc2 (7.2)
Where,

ko =L (7.3)
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and

_ (w+D)m

kyy = Wers (7.4)

It is worth noting that the lateral width of the MMI section is determined by the
material of the MMI section and its surrounding. Therefore, the lateral wavenumber
considers the effective width, W, of the MMI structure which correlated to the lateral
penetration depth of each mode field to the MMI sidewall. This phenomenon is known
as the Goos-Hanchen effect [116]. The Goos-Hanchen effect is an optical phenomenon
that occurs to linearly polarized light which experiences a small shift due to reflection
from an interface of two different dielectric materials. In the case of high index con-
trast, this effect can be ignored as the additional width is very small. Therefore, the
effective width of the waveguide is assumed to be similar to the physical width of the
MMI structure, therefore W,;, = W. The propagation constants f, can be derived from
equation (7.2) - (7.4) which contribute to the equation (7.5) below, where n, and n, are

the effective refractive index of the core and cladding, respectively.

(v+1)%mA,

T (7.5)

By = kony —
The beat length of the two lowest-order modes can be defined as in equation
(7.6), where B, is the propagation constant for the fundamental mode and g, for the

second-order mode.

_m _ 4nw?
Bo—P1 3o

Ly (7.6)

In general, the basic input field profile, ¥(x, z) located at z =0 can be expressed

as in equation (7.7) that is decomposed into the all modes of modal field distribution,

Py (x).
P(x0)=2, ¢, (X) (7.7)

It should be noted that equation (7.7) considers both guided and radiated
modes. However, in certain conditions where the input field is narrow enough, the un-
guided modes are not excited, then the input field can be decomposed into the guided
mode only as stated in equation (7.8), where m represents the total number of guided

modes.
Y(x, 0) = X755 cpihy (x) (7.8)
The field excitation coefficient, ¢, can be written as
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_ J®(x,0)y, (x)dx

Cy =
’fz/)%(x)dx

The superposition of the entire guided mode field at distance z = L can then be

(7.9)

expressed as in equation (7.10), which contributes to the output field profile, ¥(x, L).
Y(x, L) =Y te,, (x)exp[ v(v”)n L] (7.10)

From the equation (7.10), it can be said that, the output image is dependent on

the modal excitation ¢, and the mode phase factor as depicted in equation (7.11).

v(v+2)n L]

mode phase vector = exp |i [ (7.11)

However, in the next analysis onwards, only the mode phase vector is manipulat-
ed in order to simplify the analysis of an interference mechanism. In general, the inter-
ference mechanism can be categorised into two types, namely a single image and mul-
tiple image interference. By analysing equation (7.11), the output mode field can be
produced as the original input mode field if the conditions are satisfied. The first con-
dition is fulfilled when the mode phase vector is equal to one as stated in equation

(7.12), whereas the second condition dictated as expressed in equation (7.13).

v(v+2)n’ L]

exp[ (7.12)

exp [i%L] = (-1)” (7.13)

In the work developed as part of this thesis, an MMI device was fabricated in flat-
fibre platform by micromachining two trenches parallel to each other. This will be fur-

ther described in next section.

73 Multimode Interference Device in Flat-fibre Platform

The material platform from which the device is made will significantly affect the per-
formance of the MMI output. Therefore, it is important to understand the features of
the material platform that is used to develop functional devices based on the multi-
mode interference effect. In the past, MMI devices have been reported in various mate-
rial platforms ranging from low to high-index-contrast platforms, for instance, silica-
on-silicon [117], polymer [118], and silicon-on-insulator [119] platforms. However,

most of these platforms are either relatively expensive, have low index contrast, exhib-
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it high loss, or have complex fabrication processes. In a low index contrast platform
for instance silica-on-silicon, the dopant levels typically limit index contrast to less
than 2%. In the context of conventional MMI devices, the flat-fibre platform would typi-
cally be considered a low-index-contrast platform. Such low-index-contrast platforms
lead to lower optical confinement and, thus, reduced performance of the resulting MMI
device [120]. However, it is worth noting that a low-index-contrast platform does have
the benefit of providing low coupling loss, with standard silica optical fibres. This is
due to better mode matching, compared to that of high-index-contrast platforms, and

a comparable refractive index to fibre unlike materials such as silicon.

By understanding the benefits offered by the low- and high-index-contrast plat-
forms, the MMI device structure in this work has combined the both platforms configu-
rations into a single MMI device. In the past, various techniques have been used to
form high-index-contrast MMI structures [121]. For example, one of the reported tech-
niques used metal-clad sidewalls, where the waveguide surface was surrounded by a
thin metal layer. This acts to increase the index contrast of the MMI device. However,

this technique is limited to operating with one polarisation only [122].

In order to produce such high-index lateral confinement of the MMI device, sev-
eral fabrication techniques have previously been reported. One of the techniques is by
having air trenches that define the MMI section. This technique has been proposed by
Kaalund and Jin which provides strong lateral confinement by the high index contrast
between the core layer and the air cladding despite being in conventionally low index
contrast platform [123]. They reported the MMI performance by simulations. These
predictions show that by having the trenches they are able to improve the image quali-
ty of the MMI device whilst maintaining the coupling efficiency. This was followed by
Ma and Chin, where they reported fabricating MMI devices using air trenches by means
of a deep etching technique [124], [125]. Photolithography followed by etching is the
conventional fabrication technique and has been widely used in many integrated opti-
cal applications [126]. However, these cleanroom techniques can be time consuming,
and require several stages to complete a device. Also, due to the flat-fibre format, it is
difficult to use lithography and etching simply because of the difficulty of spinning

photoresists on such a geometry.

Consequently, in this work, the physical micromachining technique is used to
form air trenches parallel to the MMI device. The technique used here offers a simple
and straightforward fabrication approach where a diamond-blade dicing saw is used to

physically machine a pair of trenches, as illustrated in Figure 7.3.1. These trenches

form a high-index interface and thus give lateral confinement for both sides of the MMI
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region. The vertical confinement is achieved by the flat-fibre core layer having a higher
refractive index than the cladding and aforementioned is due to germanium doping.
Particularly, the low index contrast, defined vertically, is provided by the germanium
(Ge)-doped core layer (n = 1.4623) and is sandwiched by a top and bottom cladding
layer (n = 1.444) of the flat-fibre. While the high index contrast is formed horizontally
between air trenches and the core layer. Both conditions can be illustrated as in Fig-
ure 7.3.2. The figure illustrates the refractive index level in transverse and lateral axes
of the MMI section. It shows that the index contrast between the core and the air-
trenches is higher than the index contrast between the core and the cladding. In order
to predict the dimension of the MMI section, BeamPROP software is used and this will

be explained in the next section.

Air Trench

12.24 mm

S - t
/ Bl e
X
MMI Section

Figure 7.3.1 3D image of MMI flat-fibre device with two micromachining trenches. The

MMI section is parallel to the trenches.
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Figure 7.3.2 Illustration of high- and low-index contrast from the end facet of the flat-

fibre due to air-trenches micromachining.

74 BeamPROP Modelling

Commercial BeamPROP software from RSoft design group is used in order to predict
the dimensions of the MMI structure as well as determine the effect of certain parame-
ters. In the BeamPROP specifications, the two dimensional modelling was chosen which
only considers the lateral confinement of the MMI waveguide. As a way of demonstra-
tion, the MMI device was designed as a 1x3 splitter, where the trenches confine the
light to regenerate the input mode at three individual locations at the output facet. In
the modelled system, the slab waveguide mode, in the y-axis, had an effective index of
1.4592 at 1652 nm; this reduces the problem to two dimensions [20]. A simple block
structure represents the MMI modelling and can be seen in Figure 7.4.1. To optimise
the design, three equally spaced locations were monitored along the length of the de-
vice and do not affect its output of each successive position. This is to monitor the

power travelled through the length of the MMI section.
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Figure 7.4.1 An MMI modelling structure built in BeamPROP RSoft software. Three

pathways have been set to monitor the power that travel through the MMI section.

A Gaussian mode was selected as the launched light parameter with a mode field
diameter (MFD) of 10.5 pm to represent the PM fibre used in measurement setup. The
light propagation pattern throughout the MMI waveguide for the specific case of a 1x3
MMI device is shown in Figure 7.4.2, where (a) and (b) show the top-view and the 3D-
image of the MMI section, respectively. Single-mode light was launched into the centre
of the MMI section, and three outputs spots were produced at the output section. The
wavelength of 1652 nm was implemented in the modelling. In order to compare the
experimentally obtained spectral results of the MMI device, wavelength scanning was
implemented in the software to observe the output power of the central peak as a
function of wavelength. This will be further explained in Section 7.7. The following sec-

tion discusses the fabrication of the micromachining trenches.
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Figure 7.4.2 lllustration of BeamPROP modelling of the propagation light within the

MMI section. (a) From top view and (b) 3D image.
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7.5 Physical Micromachining of a Flat-fibre MMI device

The technique of physical micromachining is used to define the MMI section via two
parallel trenches. Figure 7.5.1 shows the schematic diagram illustrating of how the mi-
cromachining cuts the MMI air trenches. The substrate is translated in the z-direction
where the dicing is made to cut the core layer section laterally. The stage of the mi-
cromachining system is rotated to about 90° in order to cut the end facet of the sub-
strate. The 1x3 MMI splitter device was fabricated in the flat-fibre platform. A 6 pm
core layer thickness of a flat-fibre substrate was used which provides single vertical
mode confinement. The cladding index value is known for the Suprasil F300 tube ma-
terial, which vyields to 1.444 refractive index. The appropriate core index is inferred
from a FIMMWAVE simulation that yields the core layer refractive index of 1.4623 at
1652 nm. This value is in-line with the expected value for the core glass based upon

the known doping parameters of the MCVD fibre process.

Rotating blade

HAW
Core layer

loY

L3

\

v Cladding

Flat-fibre substrate laver
J)_ i

X

Figure 7.5.1 Dicing a trench using a rotating blade saw in opposite direction of the

translation stage that the flat-fibre substrate is placed.

An ultraprecision dicing saw with a 5000 grit nickel-bonded diamond blade was
used to physically cut two trenches of the MMI section. In order to reduce the total
depth of the trench cuts, the overcladding of the flat-fibre substrate was firstly pol-
ished to about 100 uym of the cladding layer by using a Logitech model LP 50 polishing
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machine. This allowed sawing into the core layer using the blades available. The 5000
grit blade saw type produced a trench size of 140 pm and 18 pm for the depth and
width, respectively. These saw cuts define the width of the MMI device and were meas-
ured post-fabrication as 204 pm. The MMI width of 204 pm provides sufficient output
channel spacing to assist in the analysis of the output via standard fibres especially
during scanning an output light across the end facet of the MMI section. A future op-
timized device would have to consider the design constraints associated with MMI

width minimization [127], [128] and the output coupling.

Before cutting the end facet of the MMI section, the BeamPROP modelling was
used to predict the length of the device to achieve a 1x3 image, which was 12.54 mm.
The end facet and hence the length of the device was diced by using the same dicing
blade used to machine the trenches and hence had similar fabrication errors. These
dimensions are optimized for the 1x3 splitting of laser light at 1652 nm. It seems that
the operating wavelength is dominated by the precision of the micromachining, the
width of the MMI being the most sensitive dimension. The micromachining system
used in this device has a blade positional error of 2 ym and a blade width error of 2
pm. However, in high specification commercial dicing machines, these tolerances can
be greatly reduced to submicrometer dimensions. Figure 7.5.2 (a) shows the end facet
of the MMI section after micromachining, the trenches run parallel to the MMI section.
A top view of the scanning electron microscope (SEM) image is depicted in Figure 7.5.2
(b). Although this does not provide a direct measurement of the width of the core lay-
er, it shows that the micromachining technique yields very small wedge variation of the
MMI section. Analysis via imaging white light interferometry (ZeScope made by Zemet-
rics) indicates width variation of less than 0.5 pm over the 12.24 mm length of the de-

vice.
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Cladding layer

(C)

Figure 7.5.2 (a) A microscope image of the end facet of the MMI section with two

trenches and (b) A top view of the SEM image showing the parallel characteristics part
of the MMI length. Two trenches were cut allowing the core layer being exposed to the
air, providing a high index contrast between the refractive index of the core layer and

the air-trenches.

In the early stage of the fabrication, the surface roughness (R) of the trenches
has been measured by using surface profiler of Alpha-step IQ. Three different grit sizes
of blade saw type have been used, namely 400, 800 and 2000 grit size. Table 7.5.1
indicates the blade types with respect to the surface roughness. This measurement
shows that the surface roughness of the MMI sidewall is strongly influenced by the dic-
ing blade type. A blade with 2000 grit has a much smaller surface roughness, ~12 nm,
interesting 5 times small than the 400 grit size. The blade used in fabricating the 1x3
MMI device is 5000 grit size, by which we expect to obtain an even better surface
roughness than the 2000 grit blades. Recent work within the group has demonstrated
a surface roughness (S) of 4.9 nm in a silica sample using the same technique and
similar blades. Such surface roughness would significantly reduce scattering loss and
thus improve the performance of the MMI device. The next section details the method

used to characterise the MMI device.
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Table 7.5.1 Measured surface roughness of three different grit sizes of diamond blade

saw.

No. Blade type (Grit) Surface Roughness, Ra (nm)
1 400 60
2 800 32
3 2000 12

7.6  Characterisation Setup

A tuneable laser source with a broad spectral range of 1441 nm to 1641 nm was
launched into the centre of the MMI section via a polarisation maintaining (PM) fibre.
An index matching gel was applied between the PM fibre and the end facet of the MMI

section as shown in Figure 7.6.1, in order to reduce coupling loss. The MMI device of
the flat-fibre was characterised using the setup shown in Figure 7.6.2. The MMI sample
was placed on a translation stage between the PM fibre and a 20x objective for align-
ment purposes. The output mode pattern was observed using a near infrared (IR) cam-
era, where the available range of wavelength was monitored. This is done by locating
the objective between the output end facet of the MMI device and the NIR camera as
shown in Figure 7.6.2 (a). The performance of the MMI device was measured at 1641
nm which is close to the optimal operating wavelength of 1652 nm. This is due to the

restricted tuning range of the tuneable laser.

Figure 7.6.1 A butt coupling between the PM fibre and the MMI section with index

matching gel.
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The intensity of the output spots from the NIR camera cannot be directly meas-
ured because of the camera’s low dynamic range. Thus, as an alternative method to
record the device operation used a PM fibre that was directly butt coupled to the out-
put of the MMI and translated to sample the optical intensity at the output facet, as
illustrated in Figure 7.6.2 (b). The coupled power from the MMI output was measured
using a power meter via a PM fibre in order to maintain the light polarisation. In addi-
tion, an SLED broadband light source (1610 nm - 1675 nm) was coupled into the de-
vice to investigate the wavelength dependence of the device. The spectrum from each
output was collected with an optical fibre and analysed using an optical spectrum ana-
lyser (ANDO AQ 6317B). This configuration can be seen in Figure 7.6.2 (c). All the re-
sults achieved from these characterisation setups will be discussed in the following
section, including the calculation of device excess loss and also the measurement of

coupling loss.
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Figure 7.6.2 Characterisation setup for (a) monitoring the output mode pattern ob-

served from monitor, (b) output power measurement by scanning the PM fibre across

the MMI cross section and (c) monitoring of wavelength scanning.

7.7 Result and Discussion

In this work, the MMI device performed as a 1x3 splitter device by which one single

input from a single mode fibre is split into three outputs, via the MMI. The perfor-

mance of the MMI device was measured by calculating the excess loss of the device.

The excess loss of the device is calculated by taking the ratio between the launched

power into the sample and the sum of the three peak outputs. The modal image of the

three output spots recorded by the NIR camera is shown in Figure 7.7.1. It must be

noted that the intensity of each spot is not directly measured from the NIR camera im-

age due to the low dynamic range of the camera. Therefore, the intensity of the output
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modal image was measured by scanning a PM fibre and collecting the output light us-
ing a power meter as noted earlier. The output intensity distribution of the simulated
and experimental data results can be seen in Figure 7.7.2. The simulation result has

been convoluted with a Gaussian mode profile with mode field diameter (MFD) of 10.5

um to represent the PM fibre that is used for scanning the MMI output facet.

Figure 7.7.1 The modal image pattern of the 1x3 MMI device recorded by the NIR cam-

era at 1641nm.
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Figure 7.7.2 A distribution output power of the modal image through scanning meas-

urement technique at the end facet of the MMI region using a PM fibre. The scanning is

implemented horizontally along the width of the MMI section.

It is known that the MMI characteristic is dependent on the wavelength of the in-
put light source. Therefore, modelling of the spectral dependence was also implement-
ed to observe the output peak power as a function of wavelength. The insertion loss

for each of the three spots was measured, as illustrated in Figure 7.7.3. It can be clear-

ly observed that the output powers from each spot are strongly dependent on the
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wavelength of the light coupled into the MMI. The pattern of the graph from the three
spots is very similar particularly the optimum wavelength, i.e. lowest insertion loss.
The output from spot 3 shows a small oscillation that is believed due to a slight cavity
formed between the MMI device and fibre connection. From the measurement, it shows
that the optimum wavelength for the device was 1652 nm with the total excess loss of
1.89 dB.

The optimum wavelength of the fabricated MMI device is not in the expected re-
gion of telecommunication wavelength (i.e. 1550 nm) mainly due to the fabrication er-
ror associated with dicing the trenches of the MMI sidewalls. It is worth noting that the
most equal splitting ratio occurs at 1620 nm but this is outside the 1 dB bandwidth as

described here. From the Figure 7.7.3, it is found that the bandwidth of minimum ex-

cess loss, less than 1 dB increase, spans from 1636 nm to 1673 nm corresponding to a
width of 37 nm. This can be compared to recent reports of photonic-crystal-based
beam splitters demonstrating a 1 dB bandwidth of 11 nm in the C-band [129]. Over
this spectral bandwidth, the uniformity of the outputs is 1.24 dB which is comparable
to current commercially available devices. The uniformity of the device was calculated
by taking the difference between the highest and lowest insertion loss among all of the

output spots.
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Figure 7.7.3 The insertion loss from each of the three output spots against the wave-

length. The total excess loss is also calculated by summing all three output powers at

each respective wavelength.
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Figure 7.7.4 shows the normalised transmission from the experiment data com-

pared to the BPM model, as a function of wavelength. The results are identical within
the wavelength range of 1635 nm - 1660 nm. Beyond this spectral range, a small disa-
greement between the modelling and experimental result can be seen from the graph.
The discrepancy between the experimental data and the model is due to the disper-
sion, as this was not taken into consideration when modelling the MMI device. There
are three main contributions associated with the total excess loss of the MMI device
namely propagation loss, coupling loss and scatter loss. These losses will be briefly

discussed in the following section.
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Figure 7.7.4 The solid line represents the normalised transmission from the modelling,

showing good agreement to the experimental data. The optimum wavelength of the

maximum point is 1652nm.

7.7.1 Propagation Loss

The propagation loss of flat-fibre has already been discussed in the Chapter 5. The
value was determined using two different measurement methods in the wavelength
region around 1550 nm. These were a Bragg grating loss measurement technique and
a measurement using an optical backscattered reflectometer. Even though the number
provided earlier was the propagation loss specifically for UV-written channel wave-

guides, it may be used as an estimation of the anticipated upper bound for the intrin-
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sic propagation loss within the flat-fibre material. This estimation of propagation loss
includes the material loss and scatter loss from cladding and the core layer. It is worth
noting that the scatter loss from the trench sidewalls is not included in this propaga-

tion loss, which is discussed later in the following section.

7.7.2 Scattering Loss

One of the expected loss mechanisms of the fabricated MMI device is scattering loss.
By definition, scattering loss is a part of transmission loss that occurs within a wave-
guide due to a surface roughness of the sidewall. It has been reported that the loss in
a single mode waveguide due to scattering is exponentially reduced when the wave-
guide width is increased [130], [125]. And is simply due to the mode interacting less
with the core-cladding interface. In the case of a MMI device the situation is more com-
plex and the loss is mode dependant, depending on the level of interaction with the

sidewall.

Coupled with sidewall surface roughness, another parameter that greatly affects
the scattering loss between two interfaces is the relative index contrast. Therefore, one
approach in the past has been to reduce the index contrast between the core and the
air trenches by putting index matching oil into the trenches. The MMI waveguide struc-
ture has high lateral index contrast between the core refractive index and air (n = 1),
thus by putting a higher index matching oil (1.33) compared to that of air; it will ulti-
mately decrease the index contrast between the core and thus reduce the scattering
loss. However this also changes the MMI properties making it difficult to make quanti-
tative measurements. This effect can be observed in Figure 7.7.5, where placing the
index oil of 1.33 into the air trenches has changed the wavelength of the total peak
power. This is expected as the index matching oil changes the effective width of the
MMI device and consequently changed the length of the output spots. The peak power
spots can be recovered by changing the wavelength of the input light source. To direct-
ly investigate the scattering loss in the MMI device is difficult. However, it is expected
that the scattering loss of the device is small as no significant effect in terms of the
device performance was observed after the index oil of 1.33 was placed within the

trenches.

Finally, the coupling loss of the measurement has also been investigated and will

be addressed in the following section.
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Figure 7.7.5 The normalised output power against the wavelength for trenches with

and without index oil.

7.7.3 Coupling Loss

Generally, coupling loss always occurs when transferring an optical signal from into
and out of a fibre. It is associated with several factors which can induce coupling loss.
The majority of coupling loss originates from coupling between two different geome-
tries, which, because they are not mode-matched results in coupling loss [131]. The
factor of having different refractive index materials would also contribute to coupling
loss. However, this can be reduced by putting an index matching gel between the re-
spective interfaces. It is understood that the geometry of a PM fibre is not similar to
the MMI, which means that each component will have different output mode size and

thus induce a significant coupling loss between both components.

To estimate coupling losses in the MMI device, an overlap integral method has
been implemented, whereby the fibre was scanned across the output facet using trans-
lation stages. To start with, two identical pieces of PM fibres were scanned in order to
assess the mode field diameter (MFD) of the PM fibres and this is shown in
ure 7.7.6. The MFD of the MMI device output is also measured. To simplify the mode
profile analysis of output mode of the MMI device, it is assumed that all of the outputs
have the same MFD value. Thus, only the mode output from spot 1 was measured ver-

tically and horizontally in order to estimate the MFD for each axis. This measurement
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has been done because of the index contrast of both axes are not the same which ul-
timately produced two different MFDs. These results can be seen in Figure 7.7.7 (a)
and (b) for vertical and horizontal MMI output modes, respectively. Both output modes
were fitted with a Gaussian mode. The measured mode profile was actually a convolut-
ed mode profile between fibre and MMI. Therefore, these numbers have been firstly de-
convoluted to obtain the actual MFD from each fibre and MMI mode profile, before the

overlap integral is performed to calculate the coupling loss of the MMI device.
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Figure 7.7.6 Normalised mode output profile for optical PM fibre. The measured data is

fitted with Gaussian profile.

The measured MFD for the fibre was 6.74 pm, whereas the MFD for vertical and
horizontal MFD of the MMI section were 10.04 ym and 9.71 ym, respectively. The frac-
tional power coupled between two optical modes (T) can be calculated via an overlap

integral and is given by equation (7.14) [16],

o 2
T = {77 1w dxdy (7.14)
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Where 1), and 1, represent two normalised Gaussian modes in two dimensional
space (X, y). In the simple case for two optical fibres with mode field diameters w;and

w, with perfect alignment, the integral becomes,

T = (%)2 (7.15)

In this particular work, the coupling loss was determined via a numerical overlap
integral calculation. The measured MFD of the PM fibre and the MMI output mode were
used in the numerical calculation and showed that the coupling loss was approximately
0.6 dB per facet providing ~1.2 dB coupling loss in total for the input and output fibre
coupling to the MMI device. From this measurement, it can be observed that the excess
loss of the MMI device majorly comes from coupling losses. Thus, it is important to
reduce the coupling loss of the device in order to improve the MMI device perfor-
mance. One way of reducing the coupling loss is to optimise the thickness of the core
layer of the flat-fibre, thereby improving the modal overlap in the vertical direction.
Another route is perhaps through defining UV-written channel waveguides at the input

and output sections of the MMI device to provide more efficient mode conversion.

* Measured data (Horizontally)
— Gaussian fitting

* Measured data (Vertical)
—Gaussian fitting

o
©

o
©

o
oo
o
oo

o
5
o
5

o
>
o
>

o
~
o
~

o
w

Normalised Output Mode Profile
&
2
w

Normalised Mode Output Profile
=)
n

o
o
o
o

ZID 25 30
Width (um)

(@ (b)

Figure 7.7.7 Normalised output mode profile from spot 1 in (a) vertical and (b) hori-

zontal axes.

The excess loss measured here (1.89 dB) is still higher than expected from the

modelling results. Removing the known losses in the system, i.e., the propagation loss
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and the fibre coupling losses, an additional loss of 0.56 dB remains. This higher loss is
expected to be associated with factors that the modelling does not account for, such
as the scattering loss from surface roughness and a possible lack of verticality of the
trench sidewalls. Another factor that can also contribute to excess loss is imperfections
across the core layer (i.e. non-uniform core layer) of the MMI section as shown in Fig-

ure 4.5.3, where the effective index across the width of the core layer has residual fluc-

tuation. From this work, this magnitude of loss is comparable to other reported work

using conventional fabrication techniques [132], [133].

7.8 Conclusion

A passive multimode interference device has been successfully fabricated in a flat-fibre
platform. A 1x3 splitter MMI device was achieved using particular dimensions. The
basic parameters involved in producing the MMI device have been predicted using
commercial BeamPROP software. The fabrication process has been described where the
MMI section of the device was produced by dicing two parallel trenches. To optimise
the total output power from the MMI device, a range of wavelengths have been
scanned. This is due to the dependency of the MMI output power to the wavelength
variation whereby the optimum output power can be achieved. Although the flat-fibre
substrate is inherently a low-index-contrast platform, by using two air trenches a high-
index lateral contrast can be produced to achieve better output imaging. The MMI de-
vice has 1.89 dB excess loss, which was attributed to propagation loss, coupling loss,
scattering loss. To estimate all the factors that affects the performance of the MMI de-
vice, a series of experimentally investigations was untaken. A coupling loss was meas-
ured using an overlap integral method and was found to be the main contributing fac-
tor to the excess loss. Other factors that contribute to the excess loss are due to the
fabrication imperfections and scatter loss. In future work, one can think of combining a
UV-writing technique and the MMI section, where the access input and output of the
MMI can be defined using the UV-writing technique. This might improve the coupling
loss of the device as the input and the output of the MMI section can be accessed by an
optical fibre through the UV-written channel waveguides, thus improving the MMI de-

vice performance.
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Erbium-doped Flat-fibre

8.1 Introduction

The tremendous step forward of optical telecommunications in the mid-1990s com-
menced with the pioneering of the optical amplifier, whereby an optical signal could be
directly amplified within an optical fibre system. In line with the optical fibre system,
there is a gain medium for signal amplification. The gain medium normally contains
active ions which are introduced by doping rare-earth ions into a glass host. The first
demonstration of a rare-earth doped fibre amplifier employed Neodymium (Nd**) ions
into a glass fibre for signal amplification [134]. The ground-breaking capability of rare-
earth ions to amplify optical signals whilst exploiting other emission wavelengths has
motivated numerous attempts to investigate different other types of rare-earth ions
such as erbium (Er*), ytterbium (Yb*"), thulium (TM**) and more [135]. Mears et al first
demonstrated the most significant optical fibre amplifier which is known as an erbium
doped fibre amplifier (EDFA) [42]. The erbium (Er**) ion has the capability to amplify
optical signals within the C-band wavelength range (~1550 nm) and matches the wave-

length of the existing lowest loss in single mode silica optical fibre.

Since then, considerable efforts have been undertaken to develop the EDFA tech-
nology which ultimately improves the optical telecommunication system. Following
this, it has been found that a silica-based material is a practical host glass to produce
an EDFA. A silica-based EDFA can be directly spliced to existing telecoms optical fibres,
which are also made from silica. This leads to a low coupling loss due to the low reflec-

tivity of the joints and the matched refractive index profile. However, it must be noted
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that pure silica-based host glass itself is not sufficient to produce an efficient EDFA, as
in pure silica glass, a smaller amount of nonbridging Si-O groups and no network for-
mers present lead to a rigid structure [136]. This results in difficulties in coordinating
the rare-earth ion into the glass structure especially to achieve high gain power from
the high doping concentration of rare-earth ions. It is therefore important to choose an
appropriate host glass for the EDFA which increases the material solubility. This is in
turn reduces ion clustering and quenching effects within the glass structure when in-
creasing the amount of the rare-earth ion doping [137]. In relation to that, one can
think of adding other dopant compositions into the silica-based host glass such as al-
uminium and phosphorus to avoid clustering effects, as discussed by Ainslie [138]. It
has been shown by Aijnslie that no clustering effects have been observed even doping
with several weight percents of rare-earth ions. These effects will be briefly explained
in the next section to provide an understanding of the factors that can reduce EDFA
performance. In addition, the host glass of the EDFA is also important to determine the

emission and absorption cross section of the amplifier [139].

The technology of the EDFA is well-documented and has inspired the develop-
ment of an erbium doped waveguide amplifier (EDWA) in a planar waveguide platform.
The main reason of fabricating the EDWA is to compensate for the losses that occur in
a passive integrated device (i.e. splitter) and also to provide a compact device [140]. In
spite of the capability offered by the EDWA, questions have been raised about the abil-
ity of the integrated planar waveguide to support the high doping concentrations nec-
essary due to the small length of the device (few centimetres). This issue can be over-
come in a similar way to the fibre-based amplifier where doping the waveguide with
numerous network formers to produce high host glass solubility. Apart from that, one
way to achieve a high gain amplifier without the need to increase the erbium doped
concentration is by co-doping the erbium waveguide with other rare-earth ions such as
ytterbium (Yb) [141]. This method improves the pump absorption at 980 nm yielding
improved optical gain. However, this is still a major challenge for the EDWA to achieve
high gain power with small length and high erbium concentration. The issue has moti-
vated the fabrication of erbium-doped flat-fibre, by which potential high doping con-
centration can be achieved using the flat-fibre platform due to its large cross-section
and long length. Also, the potential of the flat-fibre to have low loss in a silica-based

material is an advantage of the platform.

In Chapter 2, a brief description about the concept of an optical amplifier has
been given. In the next section, more description about the concept of erbium-doped
amplifiers and factors that can limit the efficiency of optical amplifier will be present-

ed. This is followed by a description of the erbium-doped flat-fibre platform and also
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its spectroscopy. Finally, the first demonstration of signal amplification in the erbium-

doped flat-fibre platform is presented.

8.2 Erbium-Doped Waveguide Amplifier

The erbium-doped amplifier has been successfully demonstrated in many material sys-
tems [142]. In this thesis, the silica-based material system is chosen as the flat-fibre
platform made from silica. In a standard optical telecommunication, a long-length of
EDFA (several metres) in line with the transmission line is pumped with 980 nm to am-
plify a transmission signal at 1550 nm. This concept has been used in the EDWA tech-
nology, where the transmission signal can be manipulated via integrated planar system
whilst amplifying it. To understand the principle of the erbium-doped amplifier, the
three level energy transition of the erbium ion is described in this section, and several

gain limiting factors are reviewed.

8.2.1 Energy level of Erbium doped ion

Figure 8.2.1 shows the transition energy level with respective pump wavelength [41].

The figure shows the energy levels of an erbium ion defined by the Russell-Saunders
term notation which provides an abbreviated description of an atom's angular momen-

tum. The erbium ground state is defined as *I  where the number 4 defines the spin

/
multiplicity, | is the total orbital angular momentum, and 15/2 gives the total angular
momentum. By using a pump at a wavelength of 980 nm for instance, the erbium (Er*)
ions will be excited from the ground state to the *I = level. This occurs due to the en-
ergy from the pump light being absorbed by the erbium ions and with sufficient ab-
sorbed energy, the erbium ions are excited to the higher energy level. The excited ions
will stay at this level only for a few microseconds before they decay down to the“lw2
level which is known as a metastable state level without inducing any photons. The
lifetime of the ions that stay at 1, level for around 10 milliseconds. The ions decay
from 1, level to the ground state and emit light within the range of 1520 - 1570 nm.
This emission is known as a spontaneous emission. The spontaneous emission is con-
sidered as noise and it can also be amplified within the active medium yielding to am-
plified spontaneous emission (ASE). At sufficient pump power, a population inversion

can be produced where more ions are in the “l . level compared to the ground stage.

13/2

The ions that stay at the metastable level can be stimulated to the ground stage, by
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sending another photon within the range of spontaneous emission wavelength. This
will produce a second photon that has the same wavelength, phase and propagation
direction as the transmission signal photon. The process is continuous along the active
waveguide where the new photon may also stimulate other excited ions at the meta-
stable level. This process is a primary stage in order to produce amplified stimulated
emission. From this process, the transmission signal can be amplified and some gain
can be produced depending on the erbium composition and the pump power. Howev-
er, it must be noted that increasing the pump power will lead to a saturation point
where all the erbium ions within the medium are excited, thus no further gain can be
achieved. Increasing the erbium ion concentration in the waveguide can increase the
amplifier gain, however, will also have unwanted effects which limit the amplifier gain.

These effects will be described in the next section.

800 nm “ly
980 nm 4Iwz
4 V'ﬂ,hFastdecay
1540 nm 4|13/2
Incoming S
pumpedat . . Signal Stimulated
980 nm A%W% < emission

Ground state

15/2

Figure 8.2.1 Illustration of a three transition energy level of an erbium-doped wave-

guide to produce amplified stimulated emission.

8.2.2 Limiting Factors of an Amplifier Efficiency

There are several factors that can limit amplifier gain and the most important parame-
ter is the erbium ion concentration and length. Principally, the higher the erbium ion
concentration, the higher the gain that can be obtained. However, the situation is not
as simple as that due to some other associated effects that can reduce the perfor-
mance of the amplifier. This is correlated to a host glass of the optical amplifier, where
the solubility of the erbium to be incorporated into it must be taken into consideration.
The associated effects are related to the mechanisms such as ion clustering and ther-
mal quenching induced from ions interacting namely co-operative up-conversion and

excited state absorption. Moreover, another important parameter that can limit the
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performance of the amplifier is a waveguide loss. All these parameters will be de-

scribed in the following sub-sections.

8.2.2.1 Host Glass

Numerous different host glasses have been employed to reduce ion clustering due to
high doping concentration of erbium ions. It is understood that a fused silica is a rigid
structure that has few nonbriding oxygens which causes the erbium ions to share non-
briding oxygens leading to clustering effects [143]. Therefore, adding other network
formers into the silica based glass will ultimately increase the solubility of the host
glass to incorporate the erbium ions composition. Dopants such as phosphorous (P),
aluminium (Al) and germanium (Ge) will affect the erbium ions concentration that is
allowed to be doped without inducing clustering effects. It has been found that by co-
doping phosphorous into the erbium silica waveguide, it will ultimately reduce the ef-
fect of clustering even with high erbium doping concentration [144]. However, the gain
spectrum is narrowed, thereby reducing the effective bandwidth. Alternatively, co-
doping with aluminium reduces clustering and maintains a large gain spectrum. It has
been reported that using an aluminium co-doped waveguide amplifier, net optical gain
over a 41 nm wide of wavelength range with a maximum net gain of 5.4 dB at 1533
nm has been achieved [145]. Co-doping the erbium waveguide with germanium can
increase the photosensitivity of the erbium doped waveguide. It has been demonstrat-
ed that doping the germanium in Er-Al,O.-SiO, waveguide, can provide the same emis-
sion spectrum similar to Al co-doped only [146]. The quantity of each dopant composi-
tions of erbium, aluminium and germanium will ultimately affect the fluorescence in-
tensity. As with phosphorus the co-doping of germanium leads to a narrower band-

width compared with aluminium as shown in Figure 8.2.2 (taken from [139]).
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Figure 8.2.2 Cross-section data from three fibres with different host compositions,

taken from [139].

8.2.2.2 lon-ion Interactions and Excited State Absorption (ESA)

As discussed in the previous section, the host glass and doping concentration are two
significant elements that must be taken into account when fabricating an erbium-
doped waveguide amplifier. As a consequence, when using an inappropriate host
glass, the possibility of quenching effects induced by co-operative ion interactions and
excited state absorption (ESA) to occur within the active medium will increase [137].

These effects will decrease the amplifier efficiency.

In the co-operative upconversion process, two excited Er** ions can interact at the
metastable level as shown in Figure 8.2.3 (a), one excited ion transfers its energy to
the second excited ion and decays to the ground state, whereby the second ions is
promoted to the upper state 2 as depicted in Figure 8.2.3 (b). The second ion then

quickly decays back to the metastable state via nonradiative relaxation. This process
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reduces the quantity of excited ions and consequently increases the required pump

power to develop population inversion.

4 4
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4
Upper state 1 MM I, E—,, Upper statc 1 |, 9
,/’H// o ‘\'\1
4 4 4
Metastable state [N T 1., B . Metastable state )Im-z 4'13‘2

Energy exchange

4 4 4 4
Ground state— (. e, Ground state [ N I, —
Er*ion 1 Erion 2 Erion 1 Er’ion 2

(a) (b)

Figure 8.2.3 lllustration of co-operative upconversion process which occurs in erbium

doped waveguides. (a) An energy exchange between two erbium ions and (b) shows

the location of the erbium ion resulted from energy exchange process.

Another factor that can cause quenching effects is excited state absorption
[142]. This process involves an ion absorption which occurs at the metastable state
instead of the ground state. An excited erbium ion absorbs energy from a signal or
pump photon which ultimately promotes the ion to the upper level state. This normally
happens if the upper state has a long lifetime that allows the excited ion to interact
with the incoming photon of the signal or pump. The excited ion at the upper level
state will decay back to the metastable state with multiphonon or radiative relaxation.

This affects the maximum gain and the pump efficiency of the amplifier.

8.2.2.3 Waveguide Loss

The waveguide loss can be defined as a propagation loss due to absorption and scat-
tering of the guided light along a waveguide. The waveguide loss must be overcome in
order to obtain net gain amplification by the stimulated emission process [147]. It
must be noted that the pump light will also be affected by the waveguide loss as it
travels through the waveguide, hence reducing the pumping efficiency. In low refrac-
tive index contrast materials for instance, some significant portion of the optical mode

propagates through the undoped cladding yielding a lower gain per unit length. There-
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fore, the waveguide loss is also important parameter which determines the perfor-

mance of the amplifier.

The following section describes the fabrication of an erbium doped flat-fibre. A
series of experimental work has been carried out to determine the physical characteris-

tics of the erbium-doped flat-fibre platform.

8.3  Erbium-Doped Flat-Fibre

An active flat-fibre platform has been fabricated for the first time by our team, Dr. An-
drew Webb carried out the fibre fabrication. The device employs erbium ions as the
characteristics offered by this type of rare-earth ion have been well-documented. It is
believed that erbium doping of the silica-based flat-fibre platform will produce similar
characteristics as erbium-doped fibre amplifier (i.e. absorption spectral and fluores-
cence lifetime). As with the passive flat-fibre devices, a channel waveguide must be de-
fined within the core layer for light confinement. Accordingly, similar processing has
been used to the passive flat-fibre devices i.e. UV-writing to produce waveguides and
Bragg gratings. A series of Bragg grating structures have been defined in order to
characterise the effective index of the core layer and also the capability of the sub-
strate to have multiplexed Bragg gratings along the substrate for future device integra-
tion. In this section, the specification of the erbium-doped flat-fibre platform and also
the composition of the core layer will be given. Following this, the spectroscopy of the
flat-fibre will be revealed to observe the peak absorption spectra and also the fluores-
cence lifetime. Finally, the first demonstration of flat-fibre amplifier will be presented

and discussed at the end of this section.

8.3.1 Erbium-doped flat-fibre specification

The fabrication process and the composition of the erbium-doped flat-fibre have been
described in Chapter 3. In this section, the specification of the erbium-doped flat-fibre
is discussed. Figure 8.3.1 shows a microscope image of the flat-fibre cross section
which indicates a core layer thickness of about 4.6 pm. The image also shows that the
cladding surface of the flat-fibre platform, unlike the passive devices, is not entirely
flat, however, the flatness of the core layer can be considered sufficient for channel
waveguide definition. This might be proven to be a challenge when defining wave-

guides across the width of the device as the varying cladding thickness of the flat-fibre
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could change the focus of the two-crossed UV-beams. Nevertheless, the cladding
thickness along the length of the flat-fibre substrate is largely uniform. The core layer
of the erbium-doped flat-fibre platform also contains aluminium and germanium do-
pants. The aluminium dopant was used to increase the solubility of the host glass to
incorporate a higher doping concentration of erbium. This is important to reduce ion
clustering and concentration quenching effects in the erbium-doped flat-fibre. In addi-
tion, the adding of germanium dopant increases the refractive index of the core layer
and the photosensitivity of channel waveguide for the UV-writing process. In the follow-
ing section, the spectroscopy of the erbium-doped flat-fibre namely absorption spectra

and fluorescence lifetime is discussed.

Length = 186.71 pm

Length = 4.58 pm

Length = 388,97 ym [Length =279.95 pm

Figure 8.3.1 An image of the cross section of an erbium-doped flat-fibre platform.

8.3.2 Spectroscopy

A series of experiments have been carried out to characterise the erbium-doped flat-
fibre including absorption spectra and fluorescence lifetime. The spectroscopy of the
erbium-doped flat-fibre is an important measurement to understand the physical char-
acteristics of the substrate especially in developing an amplifier. From the absorption
spectra measurement, several absorption bands can be observed. These bands corre-
spond to particular energy transitions of the active ions within the medium i.e. excita-
tion of the erbium ions from the ground state to a higher energy level. In particular for
erbium-doped waveguide, the most interesting absorption wavelength band is around
1540 nm due to the similarity of the wavelength to the standard transmission line
wavelength at 1550 nm. The wavelength band around 980 nm is also interesting for

developing an optical amplifier at 1540 nm.
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8.3.2.1 Absorption Spectra

In this measurement, the absorption spectra of the erbium-doped flat-fibre with the

substrate length of 18.8 cm are measured without defining any channel waveguides.
The characterisation setup for the measurement is illustrated in Figure 8.3.2. A super-

continuum light source was launched into the erbium-doped flat-fibre via a single
mode fibre. The output power from the sample was butt coupled to an optical fibre
with 125 pm core diameter to collect the output light. It is understood that the large
core diameter of the collecting optical fibre will also measure light that travelled
through the cladding region. However, it must be noted, a pre-alignment has been
done before the absorption spectra measurement, where the flat-fibre substrate is pig-
tailed to the single mode fibre using an UV-cure adhesive to ensure the launched light
is travelled through to the core layer of the sample. Therefore, it is believed that the
measured output power is largely collected from the core layer and it is sufficient to
represent the absorption wavelength band occurring within the substrate. The collec-
tion fibre is directly connected to an optical spectrum analyser to observe the absorp-
tion spectra. The spectra are monitored within the wavelength range of 600 nm to
1700 nm.

OSA

Supercontinuum
light source

I:l single-mode fibre
0 / V-groove fibre pigtail

- \
\ Fibre glass
Connector Erbium-doped with 125 um

flat-fibre diameter

Figure 8.3.2 Characterisation setup of absorption spectra measurement for erbium-

doped flat-fibre substrate.

Figure 8.3.3 shows the normalised absorption spectra of the erbium-doped flat-

fibre substrate. The graph is normalised with the input power of the substrate. Three
main peaks around 656 nm, 975 nm and 1525 nm can be seen in the absorption spec-

tra. These wavelength peaks are expected from the erbium-doping. In this work only
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two of the wavelength peaks are of interest namely those at a wavelength of 980 nm
and 1525 nm. This is due to only those peaks will be employed in developing an erbi-
um-doped flat-fibre amplifier. The absorption spectra indicates that the absorption loss
at 976 nm is ~0.32 dB/cm and ~0.64 dB/cm at 1525 nm. Next, the fluorescence life-

time of the erbium-doped flat-fibre is measured.
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Figure 8.3.3 Absorption spectra of erbium-doped flat-fibre along 18.8 cm planar slab

waveguide.

8.3.2.2 Fluorescence Lifetime

The fluorescence lifetime measurement is another significant characteristic for an erbi-
um-doped amplifier. Launching a pump light source, at 980 nm for instance, into an
erbium-doped medium results in absorption and this will excite the erbium ions into
higher energy level at “IW2 before fast decaying to the level of 4I]3/2. From this level, the
relaxation of the excited ions down to the ground state will result in the emission of
photon known as fluorescence. The lifetime of the fluorescence can be measured by
modulating the pump light source using an acousto-optic modulator. Figure 8.3.4 illus-
trates the characterisation setup that is used to measure the fluorescence lifetime of
the flat-fibre sample. A laser diode at 980 nm was used and directed to the acousto-
optic modulator to modulate the laser diode controlled by a signal generator from an

oscilloscope. The modulated light was focused via an objective and directed to the core
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of the erbium-doped flat-fibre with the length of 80 mm. At the end of the setup, a
near-IR camera has been aligned to monitor whether the light is properly launched into
the core. An indium gallium arsenide (InGaAs) detector was used and placed at the top
of the sample to detect emitted fluorescence light from the sample. Finally the detector
is connected to the oscilloscope to monitor the lifetime of the fluorescence. A standard
erbium-doped fibre was measured to validate the characterisation setup, its measured
fluorescence lifetime was 8.6 ms which is comparable to the lifetime of erbium-doped
fibre [137].

Monitor

NIR-camera

Figure 8.3.4 Characterisation of fluorescence lifetime measurement of an erbium-

doped flat-fibre substrate where using laser diode as a pump light source.

By modulating the pump laser diode with amplitude modulation, the fluorescence
lifetime can be measured as indicated in Figure 8.3.5. The fluorescence lifetime is de-
fined as the time that the fluorescence light decays to e' of the starting value. In this
measurement, the frequency was set as 5.2 Hz and the pulse width was 59.0 ms. The
fluorescence was slowly increased until it reaches the saturation level at 0.42 V. Once
the pump laser diode is off, the fluorescence light was slowly reduced. An offset about
0.2 V can be seen from the graph at the time when the pump laser is on and off. This
is expected as the detector is also slightly sensitive to the optical power from the
pump source. However, this will not affect the fluorescence lifetime result as this is
measured at the point the fluorescence starts to decay. Figure 8.3.6 shows the fluores-
cence light exponentially decaying when the pump source is off. The graph has been
fitted using single exponential fitting curve and yielded to the fluorescence lifetime of
9.53 ms. This number is comparable to the standard erbium-doped fibre lifetime and

confirms that quenching is not significant.
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Figure 8.3.5 The fluorescence lifetime measurement showing the fluorescence expo-

nentially decreases after the LD power laser is off.

0.24f ' ' - Measured data|

—Fitting data

0.22

Voltage (V)

o o o o

- o a - o
NoR 3 ® W

o
=

0.08

0.06~

e oewe

0.04- . L L o TP a0 of
0 0.01 002 003 004 005 0.06

Time (s)

Figure 8.3.6 Fluorescence lifetime of the erbium-doped fibre where fitting with single

exponential equation.
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8.4 UV-Written Channel waveguide and Bragg Gratings in an
Erbium-doped Flat-fibre

Similar channel waveguide development in the erbium-doped flat-fibre has been per-
formed as that in the passive flat-fibre. Both channel waveguides and Bragg gratings
structures have been defined via the direct grating writing technique. There are eleven
Bragg gratings distributed along the 17 mm length of sample as illustrated in Fig-
ure 8.4.1. The Bragg grating wavelengths varied from 1250 nm to 1345 nm with a
spectral separation of 10 nm. The phase modulation variant of the UV writing system
was used to UV-write a channel waveguide and Bragg gratings in the erbium-doped
flat-fibre. The fluence and duty cycle used in this work are 200 kJcm? and 0.8, respec-
tively. Each grating has 1.5 mm length with no plain waveguides between the gratings.

The sample is characterised using the same setup shown in Figure 3.7.1.

Erbium-doped

Bragg grating flat-fibre

Al A A NAC A A A A A A A

f—pf
1.5 mm

-~
h 4

17 mm

Figure 8.4.1 Schematic diagram of distributed Bragg gratings along the erbium-doped

flat-fibre substrate.

The spectral reflectivity of the Bragg grating against wavelength is shown in Fig-
ure 8.4.2. To acquire this data, an unpolarised SLED light source was used and clearly
shows the Bragg gratings spectra, although some of the gratings are comparably weak
and is a result of the spectral property of the source. Figure 8.4.3 shows similar data
with a polarised light source, although in this data the reflectivity of the Bragg gratings
are weaker and some are indistinguishable. The effective refractive index for the first
six distributed UV-written Bragg gratings are calculated and plotted as indicated in
Figure 8.4.4. These numbers are sufficient to represent the effective index of the erbi-

um-doped flat-fibre.
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Figure 8.4.3 Spectral reflectivity against wavelength for TE and TM polarisation.
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Figure 8.4.4 Effective refractive index against wavelength for TM and TE polarisation.

The propagation loss of the UV-written channel waveguide of erbium-doped flat-
fibre has been measured using a Bragg grating loss measurement technique. The tech-
nique has been described in Chapter 5, where a series of Bragg gratings is used and
measured the reflectivity of each Bragg grating wavelength in forward and backward
directions. The sample was cut to a length of 9 mm for loss measurement purposes.
This is done due to the Bragg grating loss measurement technique requires spectral
reflectivity from each grating in order to measure the propagation loss. Figure 8.4.5
shows the ratio of peak power from forward, P and backward, P’ direction against the
grating position. From a regression data fitting, it shows that the propagation loss for
the erbium-doped flat-fibre is 0.27 = 0.14 dB/cm.
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Figure 8.4.5 The ratio of peak power from forward, P and backward, P' direction

against the grating position for the erbium-doped flat-fibre.

Table 8.4.1 shows a summary of the measured properties of the erbium doped

flat-fibre. The table includes the erbium concentration and the birefringence of the
sample. In the following section demonstrates the capability of the erbium doped flat-

fibre to amplify signal when pumping the sample at particular wavelength.

Table 8.4.1 Summary of the erbium doped flat-fibre specification.

Specification Erbium doped flat-fibre

Core layer thickness 4.6 um £ 0.3 pm
Erbium concentration 3950 ppm at 1525 nm
Erbium absorption 0.64 dB/cm at 1525 nm
Fluorescence Lifetime 9.53 ms

n_at~1300 nm 1.472 for TE polarisation
Birefringence 1.3 x10*

Propagation loss 0.27 £0.14 dB/cm
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8.5 Flat-fibre Amplifier

In this section, the first demonstration of an erbium-doped flat-fibre amplifier is briefly
described. A simple structure of a straight channel waveguide with the length of 30
mm was defined into the core of the flat-fibre using UV-writing technique. The fluence
of the UV-written waveguide was 200 kJcm?. The sample has been hydrogen loaded for
almost 2 months. As described in the previous section, signal amplification can be
achieved by launching a pump light source into the active medium along with the sig-
nal data. In order to demonstrate this, the characterisation setup shown in Figure 8.5.1
was used. A laser diode (JDSU-29-7602) at 976 nm was used as a pump light source
and connected to a wavelength division multiplexing (WDM) coupler to combine both
the pump light and signal light obtained from a tunable light source (TLS). The TLS was
connected to the WDM coupler via an isolator in order to prevent any damage due to
reflected light. The output of the WDM was directed to the erbium-doped flat-fibre sub-
strate, which was securely pigtailed to ensure the light propagated through the core
layer of the substrate. An optical spectrum analyser was used to monitor the output

light from the sample.

/ WDM OSA

Fibre
pigtail

Tunable
light source

Figure 8.5.1 Characterisation setup for signal amplification, where using the wave-

length division multiplexing (WDM) to couple the light from laser diode and tunable

light source.

First of all, the sample was pumped with the laser diode into the flat-fibre sub-

strate to record amplified spontaneous emission (ASE) of the flat-fibre. As shown in
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Figure 8.5.2, ASE spectrum is plotted in order to decide which wavelength will have
high emission peak. It was observed that the maximum peak power from the ASE was
about -68.8 dBm at wavelength of 1530 nm. A considerably wide wavelength band be-
tween 1500 to 1580 nm, can be seen as a result from pumping the erbium-doped with
the laser diode output power of 275 mW. The ASE power can be increased with in-
crease in-pump power level. However, the launched output pump power was the max-

imum available power that can be pumped into the sample.
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Figure 8.5.2 Amplified spontaneous emission observed from the erbium-doped flat-

fibre when launching a laser diode at 980 nm.

To investigate the signal amplification in the erbium-doped flat-fibre substrate, a
signal from the TLS was coupled with the pump light source via WDM to seed stimulat-
ed emission and thus amplification. In this particular measurement, input signal pow-
ers of -10 dBm and -23 dBm at signal wavelengths of 1550 nm and 1530 nm were
monitored to calculate the relative gain of the erbium-doped flat-fibre. Figure 8.5.3
shows the output power against wavelength from the erbium-doped flat-fibre with and
without launching the pump power into the substrate for signal wavelength and power
at 1530 nm and -23 dBm, respectively. Flat-top peaks can been seen from the graph
due to the resolution of the OSA which was set to 0.5 nm, a much larger resolution

compared to the spectral width of the data signal from the TLS [148]. Also, it can be
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observed that the ASE shifts the noise floor up by approximately 40 dB, but the relative
gain is less than 1 dB, and this may be a consequence of the low absorption and the
factor that no more pump power was available to increase the useful gain. The relative
gain is determined by measuring the transmission spectra with the pump on and off.
The experimental results are summarised in Table 8.5.1. This measurement also con-
siders the output signal power with a wavelength at 1550 nm and 1530 nm and signal
powers of -10 dBm and -23 dBm, respectively. The measured output peak power before
pumping means no pump power is added to the input signal. Whilst the after pumping
output peak power represents the measured output power when the pump laser diode

on. The relative gain can be calculated using the equation (8.1).

Signal power (After pumping) (mw)
Signal power (Before pumping) (mw)

Relative Gain = (8.1)
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Figure 8.5.3 Output power from the erbium-doped flat-fibre substrate against wave-

length with and without pump power for 1530 nm signal wavelength and signal output
of -23 dBm. The resolution of the OSA was set to 0.5 nm to allow an accurate power

measurement.
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Table 8.5.1 Summary of the measured output power from two different signal inputs

before and after pumping the erbium-doped flat-fibre.

Condition Input signal Before pumping After pumping Relative

gain

Wavelength Power Output signal power Output signal power (dBm) (dB)

(nm) (dBm) (dBm)

1 1550 -10 -32.9 -32.5 0.39

1l -23 -45.8 -45.4 0.44

11 1530 -10 -35 -34.3 0.67

\% -23 -47.9 -47.1 0.74

Table 8.5.1 shows that the highest relative gain can be achieved from Condition

IV where the wavelength is 1530 nm with the signal power of -23 dB. This is expected
as the wavelength at 1530 nm has higher emission peak in the ASE spectrum com-
pared to the wavelength of 1550 nm. Also the input signal power is lower than Condi-
tion Ill thereby producing slightly higher gain due to gain saturation. In addition, very
small output power changes can be observed before and after pumping the sample
especially for signal wavelength at 1550 nm. This is anticipated as the ASE output
power presents less emission at the wavelength 1550 nm compared to emission wave-
length at 1530 nm.

The data shows that both signals have very small relative gains which are less
than 1 dB. However, it is worth noting that from pumping the sample, the loss was re-
duced from 0.64 dB/cm (erbium absorption at 1525 nm) to 0.39 dB/cm which resulted
in relative gain. Although, no net gain was obtained from this measurement and this
has highlighted several issues which could be improved. One of the issues is probably
due to high coupling losses of the fibre pigtail coupling from both sides of the sample
end facets, reducing the launched pump power. Another issue comes from the UV-
written channel waveguide itself which is not optimised. The fluence and duty cycle
parameters of the UV-writing technique that are used in waveguide defining have not
been refined. Therefore, by optimising the channel waveguide of the erbium-doped
flat-fibre, the propagation loss can be reduced significantly and thus increasing the
relative gain of the device. One of the challenges of working with this flat-fibre sub-
strate was the high level of twist observed in this particular substrate which was not
observed in the passive flat-fibre. This limited the length of the possible UV written de-

vices that could be fabricated. Fabricating a new sample of erbium-doped flat-fibre
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without this twist would increase the potential device length and improve the relative
gain. However this preliminary experimental work shows that the erbium-doped flat

fibre has potential to be used as an integrated planar amplifier.

8.6 Conclusion

An active flat-fibre platform has been fabricated for the first time with erbium as a rare-
earth ion. In order to understand the physical characteristics of this active ion, the
basic principle of the three level energy transitions has been described. Also, several
factors that can limit the efficiency of optical amplifiers are also reviewed. The spec-
troscopy of the erbium-doped flat-fibre has been carried out where the absorption
spectra and the fluorescence lifetime of the sample are performed. It has been found
that the erbium absorption in this sample is around 0.32 dB/cm at 980 nm wave-
length. In addition, a propagation loss measurement is also presented using the Bragg
grating loss measurement technique. Finally, the first demonstration of signal amplifi-
cation has been performed where the relative gain was 0.74 dB. The low relative gain
may be attributed to poor optical coupling of the flat-fibre leading to significantly re-
duce the pump power. Several issues with the current device have been described and
suggestions of how to improve the performance of the erbium-doped flat-fibre amplifi-

er have been discussed.
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Conclusions and Future Work

9.1 Conclusions

This chapter concludes the thesis by summarising all the outcomes achieved from the
developed flat-fibre optical devices. The development of the flat-fibre optical devices
spanning from UV-written Bragg grating optical devices to physical micromachining
devices has been presented in this thesis. These developments show the potential of
flat-fibre to be a next generation planar waveguide platform in many fields such as op-

tical telecommunication, structural health monitoring and medical instruments.

To start with, a series of direct UV-written Bragg grating flat-fibre components
have been reported. The Bragg gratings provide a probe which can be used to under-
stand the characteristics of the UV-written waveguides in the flat-fibre platform. In ad-
dition, the performance of the fabricated devices have been improved by investigating
the key parameters used in the UV-writing technique, these include fluence and duty
cycle. It has also demonstrated the significance of boron doping of the germanosilicate
core by increasing the UV photosensitivity. To further increase the flat-fibre photosen-
sitivity, it has been found that with appropriate processing i.e. removal of the cladding,
hydrogen loading can increase the photosensitivity of the flat-fibre. This has been
proven by UV-writing two different batches of flat-fibre platforms, at which one is hy-
drogen loaded and another one is not. This experimental series further highlighted the

usefulness of UV-written Bragg gratings as a tool for loss measurement.

A novel Bragg grating loss measurement technique has been performed to meas-

ure the loss in the flat-fibre platform and has been compared to an optical backscat-

185



Chapter 9 Conclusions and Future Works

tered reflectometer. The technique uses a Bragg grating structure to define the power
variation along the length of the flat-fibre. It is found that the flat-fibre has low loss
propagation ~0.13 dB/cm = 0.03 dB/cm for a straight channel waveguide. Besides this,
the Bragg grating loss technique has also been further employed to optimise the de-
sign of an s-bend structure. This optimisation is useful for future fabrication of an y-
splitter UV-written waveguide. This technique offers a simple and effective way to
measure the device loss without the uncertainty of coupling efficiency and grating var-

iation.

The advantage of mechanical flexibility has motivated the fabrication of an opti-
cal sensor device in the flat-fibre platform. Through polishing the surface of the flat-
fibre the evanescent field of the guided mode is allowed to be exposed to a series of
refractive index oils which can be used to form a refractometer. Breaking the symmetry
of the flat-fibre also shifts the neutral axis of the substrate and subsequently increases
the sensitivity of the flat-fibre to sense physical deflections. The distribution of multi-
plexed Bragg gratings along the flat-fibre sensor opens up the opportunity of the sen-
sor device to distinguish between deflections in two dimensions. The capability of a
multi-parameter sensing opens up the potential for flat-fibre to be used as a compact

sensor device.

So far, all the fabricated optical devices presented in the previous paragraphs
have used UV writing and Bragg grating structures either for parameter optimisation or
for sensing purposes. To present the ability of the flat-fibre platform to be an optical
device without using the UV-writing technique, a physical micromachining technique is
used to fabricate a multimode interference (MMI) device. This device has been fabricat-
ed using high precision micromachining to cut trenches in order to produce a 1x3 MMI
device. Wavelength tuning was used to optimise the output mode of the MMI device.
The excess loss of the MMI was found to be 1.89 dB.

All the devices that have been described above are passive devices. In order to
demonstrate an active device, an erbium-doped flat-fibre substrate was fabricated. The
spectroscopy of the flat-fibre is first carried out; this includes the measurement of
spectral absorption and the lifetime of the substrate. From the measurement, absorp-
tion of 0.32 dB/cm was observed at a wavelength of 980 nm and a measured fluores-
cence lifetime of 9.53 ms was achieved. These parameters are required in order to es-
timate the gain amplification of the erbium doped flat-fibre platform. The first demon-
stration of erbium-doped flat-fibre has been performed where the relative gain of 0.74
dB was obtained from this measurement. Several factors that cause the low internal

gain have been discussed and several solutions to these factors have been suggested.
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In the future this platform may form the basis of fabricating a multifunctional laser de-

vice.

It is anticipated that the flat-fibre optical device technology presented here could
have applications in many novel sensing geometries, quantum information processing

and even fibre to the home (FTTH) technology.
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9.2 Future Work

In this section, a few suggestions of future works are suggested. This considers further
works that can be carried out from the previous fabricated devices. The first to be
highlighted is a physical twist and bend sensor where employing Bragg gratings in a y-
splitter channel waveguide to interrogate the twist and bend parameters. This is fol-
lowed by producing an MMI device using a UV-writing raster scanning technique. Last
but not least is an optical hybrid device where combining a passive and active optical

device in a single component.

9.2.1 Physical Twist and Bend Sensor

The flexibility and long lengths offered by the flat-fibre platform opens up the oppor-
tunity to fabricate a physical sensor that can distinguish between twisting and bending.
The device would use a UV-written y-splitter design to position two interrogating Bragg
gratings at asymmetric positions relative to the centre of the flat-fibre structure. One
Bragg grating would be placed in each arm of the y-splitter and it is anticipated that
each would give different effective index values once the substrate is twisted. In addi-
tion, in order to increase the sensitivity of the physical sensing, it is suggested to fab-
ricate an asymmetric preform as previously discussed in Chapter 6. The characterisa-
tion setup for twisting sensor will be a challenge for this work as the other effects such
as buckling and bending whilst twisting the substrate will affect the reading of the

twisting sensor.

9.2.2 UV-written Multimode Interference (MMI) Device

Optical power splitting is a significant component in optical telecommunication and
integrated optics. It has been found widespread applications particularly in switching,
sensing and amplifying. There are several methods that have been introduced to per-
form power splitting such as y-splitter, x-coupler and multimode interference (MMI).
However, MMI has gained more interest due to its small device size, stable power split-
ting and broad bandwidth. The 1x3 MMI device in flat-fibre substrate has been suc-
cessfully demonstrated via micromachining two trenches parallel to the MMI section

which is discussed in Chapter 7.
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Other alternative technique that can be implemented to fabricate an MMI device in the
flat-fibre substrate is through using a direct UV-writing technique. Knappe et al has
demonstrated their MMI devices using the raster scanning of UV-writing technique in
PECVD substrates and shown good performance. Yet, these PECVD substrates need to
be loaded in hydrogen chamber for a few days to increase the photosensitivity of the
samples and relatively associated with the issue of photosensitivity due to outgassing
problem. In contrast, the germanium-boron-doped flat-fibre does not necessarily need
to be loaded in a hydrogen chamber and can be directly written without facing any
problem of photosensitivity. Accordingly, it is suggested to use a 244 nm wavelength
of UV laser writing technique to fabricate the MMI devices in the flat-fibre platform. In
addition, a series of Bragg grating at the input and output excess waveguides can be
defined for device loss measurement. From this technique, scattering loss due to lat-
eral surface roughness can be reduced and coupling efficiency between SMF and the

access channel input UV-written waveguide of the MMI section can also be increased.

9.2.3 Optical Hybrid Device

Future work will also look to develop an active flat-fibre device using an erbium rare-
earth doped flat-fibre platform to provide active capability via light amplification. This
is an extension of the work presented in Chapter 8. The initial result has presented the
spectroscopy of the erbium doped flat-fibre and the first demonstration of signal am-
plification but with very low internal gain. Thus, the following work will look at increas-
ing doping, forming waveguides and cavities where it is hoped a flat-fibre laser will be
achieved. The work can be further advanced by using the MMI concept and Bragg grat-
ing cavity in a rare-earth doped flat-fibre as illustrated in Figure 9.2.1. This leads to an
opportunity for amplification or lasing in the flexible-long-length flat-fibre device. This
opens up potential for a hybrid device combining passive and active components in a

single chip in order to yield a more compact and cost effective optical device.

Finally, it is clear if more time were available, it should be possible to make a ra-
re-earth doped device incorporating full coupler/gratings and featuring low losses and

useful gain.
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Figure 9.2.1 A schematic of flat-fibre laser using a rare-earth doped flat-fibre and MMI

device combination.
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