UNIVERSITY OF SOUTHAMPTON

FACULTY OF ENGINEERING, SCIENCE & MATHEMATICS

OPTOELECTRONICSRESEARCH CENTRE

Development and characterisation of phosphate glasses for athermalisation

by

EricTong Yih Lee

Thes's submitted for the degree of Doctor of Philosophy

June 2004



DECLARATION OF AUTHORSHIP

| declare that the thesis entitled

“ Development and characterisation of phosphate glasses for athermalisation.”

and the work presented in it are my own. | confirm that:

% thiswork was done wholly while in candidature for a research degree a this Universty;

+ where| have consulted the published work of others, thisis aways clearly attributed,

% where | have quoted from the work of others, the source is dways given. With the exception

of such quotations, thisthessis entirdly my own work;

% | have acknowledged al main sources of help;

+ where the thesis is based on work done by mysdf jointly with others, | have made clear
exactly what was done by others and what | have contributed myself;

s patsof thiswork have been published, as given under the section of ‘Publications .

Eric Tong Yih, Lee
June 2004



UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS

OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy

DEVELOPMENT AND CHARACTERISATION OF PHOSPHATE GLASSES
FOR ATHERMALISATION

by Eric Tong Yih Lee

Lightwave devices such as gratings have a drawback where the central wavelength of the devices
IS sengtive to changes in temperature, which compromises their performance. This problem is
particularly acute in systems that employ Waveength Divison Multiplexing (WDM), where the
gability of waveength with regards to temperature is essentid. An atherma waveguide, which is
inherently insengtive to temperaure, is an ided choice to solve this problem instead of using a
passve temperature control unit, which could limit the optimum performance of aWDM system.

Generdly, athermd glasses mugt exhibit negetive refractive index change with temperature
(dn/dT) to counter the effect of therma expansion. Phosphate glasses are ideal candidates for
ahermdisation as they exhibit negative dn/dT. An interferometer set-up has been constructed to
specificaly measure dn/dT of the glasses.

Three different phosphate glass families were prepared and characterised in terms of their optical
and thermd properties. The properties of the potassum auminophosphate glasses were strongly
influenced by the strengthening effect of AF**, the trend observed for the binary phosphate glasses
depended on the availability of termina oxygens to coordinate the cations while the change in the
properties of borophosphate glasses depended on the effect and coordination number of B>,



Glasses with negative dn/dT have been achieved from the various compositions of glasses
Sudied. The results showed that there was a minimum therma expansion coefficient (a) for each
glass sysem, beyond which a would overcome the effect of polarisability change with
temperature so that the glasses exhibited negative dn/dT. Semi-empiricd equations linking dn/dT
and a have been defined, enabling the estimation of dn/dT of any glass within the same system.
This research work represents the firss comprehensve measurement of dn/dT of phosphate

glasses.

Both fibre and planar waveguides were fabricated. Extruson was used to prepare the preform for
fibre drawing. The extruson process used a two-die assembly to extrude dissmilar glasses, and is
the first demondration of its kind. The spin-coating process was used to deposit layers of glasson
glass subgtrates to produce planar structures. The success of the extrusion and spin-coating work
showed that these processes could be used for combinations of glasses with dissmilar therma

properties. Femtosecond writing was investigated on the phosphate glasses and channd
waveguides have been successtully defined.
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Chapter 1 - Introduction

CHAPTER 1

INTRODUCTION

1.1 Objectives and Scope of the Resear ch

This research served to develop and characterise various glass compostions which have
goplication potentid in aherma waveguide development. The glass systems of interest in this
work were the phosphates and borophosphates, which exhibit negetive refractive index change
with temperature, dso known as the thermo-optic coefficient, dn/dT. Fabrication of Bragg
gratings and waveength divison multiplexing (WDM) components could then be implemented
once the atherma waveguides were developed. The goa was to achieve a Bragg wavelength
temperature sengtivity, dl g/dT, of less than 5 pm/°C a waveength, | = 1.55 mm, within the
temperature range of 20 - 100°C. In summary, there were four main objectives within this
research work to be carried out, in the following order, towards the fina utilisation of these

athermd glasses:

Construction of an interferometer set-up to measure the thermo-optic

coefficient (dn/dT) of glasses.

Preparation, characterisation and comparison of different phosphate glass

systems.

Design and development of glass compositions with negative thermo-optic

coefficient (dn/dT) for athermalisation.

Fabrication of athermal waveguides.

Fabrication of temperature-independent De/Mux devices (future work).




Chapter 1 - Introduction

1.2 Motivation

The requirements of future low cost data communication systems are likely to be very demanding
both in terms of cost and the required system performance. The trend towards WDM usage to
increase system bandwidth in point-to-point telecommunication is likely to be mirrored in a shift to
WDM in data communication networks. Dense wavelength divison multiplexing (DWDM)
technology has been an interesting growth area in the fibre optic communication industry in the
past severa years because it can efficiently increase the transmission capacity of the fibre optical
networks and dlows dl optica routing functions to be implemented. However, the cost driversin
data communication networks are likely to prevent the use of actively temperature-stabilised
components. This means that wavelength discriminating components such as add/drop
multiplexers will need to have stable spectral responses over a large temperature range. A very
attractive component for such a syslem would be a temperature insengtive fibre Bragg grating to
define channd frequencies, filter noise, enable add/drop multiplexers, etc.

Lightwave devices such as resonators, filters and gratings have a serious problem in tha the
central resonance wavelength (or frequency) fluctuates with temperature. The sengtivity can be as
large as 0.01 nm/K for slica-based waveguide filters and 0.08 nm/K for semiconductor-based
waveguidefilters (at | = 1.55 mm) [1-5]. This dependence is generdly caused by the temperature
dependence of the optica path length, S, of the waveguide. Thus, a DWDM system with very
close channd spacing, such as 5 GHz (40 pm a 1.55 mm) [6], would require a precise
temperature control unit to avoid any crosstalk due to the temperature dependence of the centrd
wavelength. Another solution is to mount the lightwave devices onto subdtrates with differing
thermal expangion coefficients to offset the effect of temperature [7,8]. However, such methods
will be an obstacle to the broad use of WDM systems from the viewpoint of cost, device size and
reliability. Therefore a solution is to develop an atherma waveguide in which the optica path
length change with temperaure is zero.

Glasses are ided candidates for atherma waveguide development due to ther versatility. The
chemica and physica properties of glass can be exploited to develop more efficient, low-cost
and compact planar and fibre devices for the information industry. Chemicaly, glass compositions
can be tallored to meet opticd and therma requirements such as sdecting the spectroscopic

2
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features of dopant ions, the photosengtivity, the refractive index (n), the glass trangtion
temperature (Tg), the therma expansion coefficient (a) and the thermo-optic coefficient (dn/dT),
among others. Also, glasses are a suitable optica materia for processng as they can be physicaly

moulded, pressed, extruded and drawn into fibres.

In generd, athermd glasses show a smdl or negetive dn/dT vaue and a postive therma
expanson coefficient, a. They are currently used within laser sysems to diminae thermdly
induced digtortion in lenses [9,10]. Today, these glasses can be exploited to support devel opment
of essentid lightwave devices such as Bragg gratings in DWDM systems. Hence, the assessment
of dn/dT of the glasses developed within this work as well as the understanding of how different
ions and other glass properties affect dn/dT are essentid. Thiswill provide a basic foundation for
talloring the glass composition to meet the dn/dT requirement for specific applications, such as
eliminating the therma lenaing effect in laser glasses and diminating the temperature dependence

of the resonance wavelength of devices such as gratings and filters.

Previous development on atherma waveguides had centred mainly on dlica [1-5,11-13].
However, due to the positive a and dn/dT of slica glasses [14], atherma devices can only be
achieved, @ther by producing multi-layer structures with the introduction of materias with
negative dn/dT in some of the layers [1-5] or by mounting the devices on suitable substrates
[7,8,12] to compensate for the effect of therma expanson. The use of substrates can be an
obstacle to the broad use of WDM systems from the viewpoint of cost, device sze and reliability.
Also, the amdl dlica a redtricts the a of the other layersin a multi-layer waveguide system or the
substrates to alimited range within that of slica, hence redtricting the choice of suitable materids
and substrates that can be used.

Alternatively, atherma waveguides can be developed using glasses which intringcaly exhibit
negative dn/dT to counter the effect of a. Such glasses fdl under the categories of phosphate,
borate and borophosphate glasses, and this is where this research comes in, which is to produce
atherma phosphate glass-based devices. Manipulation of the glass compostions alows
smultaneous modification of both a and dn/dT, without any redriction. This means that glasses
with high a can be potentidly used for athermdisation purposes, provided that there is a
corresponding negative dn/dT. Table 1.1 ligts the properties of the pure network formers [14].

-3-
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The principles of athermaisation will be discussed in Section 1.3.

Glasses Ne(atl =546.1nm) a (" 10%°C) dn/dT (" 10°°C)
GeO, 1.6056 7.1 +194
SO, 1.4601 0.6 +10.4
B.Os 1.4650 144 -35.0
P,0s 1.4930 13.7 -92.2

Table1.1: Properties of pure network formers

The main objective of this research was to develop and study different phosphate glasses and

assess the viahility of fabricating athermal devicesin bulk phosphate glasses. Device fabrication in

atherma bulk phosphate glasses is advantageous because the properties of the glasses can

intringcally compensate for changes in temperature to achieve athermdisation. This diminates the

need for an extringc substrate or extra processing steps.
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1.3 Concept of Athermalisation

1.3.1 Bulk Glass

The optical path length, S of an optical materid is sengtive to changes in temperature due to the
combined effect of therma expanson and thermd refractive index change. Athermdisation is a
process which diminates the temperature dependence of the optica path length. The opticd path
length of a homogeneous bulk materia can be defined as[1]

S=nL (L1)

where n is the refractive index of the medium and L isthe length of the medium. The temperature
dependence of S can then be defined as

1a6S¢_ na + dn

— : — (1.2)
LeadT g dT

where a is the thermd expanson coefficient (a = (U/L)(dL/dT)), dn/dT is the thermo-optic
coefficient and T is temperature. Athermalisation is achieved by equating equation (1.2) to zero
(dSdT = 0), giving the athermd condition as

o na (1.3)

As glasses generdly exhibit pogtive a vaues, dn/dT must be negative to satisfy equation (1.3).
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1.3.2 Bragg Grating

Using the same principle as discussed in Section 1.3.1, we can develop a smilar argument for the

athermdisation of a Bragg grating. The centrd Bragg wavelength, | g, is defined as[15]
| g =2nL (1.4)

where n is the refractive index and L is the grating period. Differentiating equation (1.4) with
respect to temperature results in the temperature dependence of the Bragg wavdength, dl g/dT,
being defined as

Ao _ o Fig+ NI (15)
dT - dT g

For an athermd grating, dl g/dT must be zero. Hence we need to satisfy the following athermal

condition
—=-na (1.6)

Thisis amilar to equation (1.3) for an athermd bulk materia. Thisis due to the fact that equation
(1.5) can be expressed as

e _p @ 959 (17)
dT eL dT g

where from equation (1.2), (1/L)(dS/dT) = ma + dn/dT. Equation (1.7) shows that we can
develop an athermad materid @SdT = 0) into which a grating can be fabricated in order to
produce an athermd grating.
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1.3.3 Optical Waveguides and Fibres

In this work, the fabrication of fibres and planar waveguides are explored usng the glasses
gudied within this research to produce atherma waveguides. For optica waveguides, it is
necessary to modify equations (1.2) and (1.5) to equations (1.8) and (1.9) respectively,
incorporating effective refractive index, ner, and effective thermo-optic coefficient, dne/dT, to
take into account the evanescent wave leaking into the substrate as the light propagates through
the core. The thermd expanson of the substrate, asy,, dominaes in the device due to the
substrate's consderable thickness compared to the core layer and is therefore used in the

equations. Similar athermd conditions gpply as before, by making dS/dT = dl g/dT = 0.

1dS e dng ©
———=Cna., +———7 1.8
LdT & 7% d1 (18)
dig dneff 0

2|_ NBo g + —— 1.9

Nt can be defined in equation (1.10). The andysis leading to this expresson can be found in
references [16-18].

nZ =b,n2 +byn3 (1.10)

where the subscripts co and cl refer to core and clad respectively and b, and by (bg = 1 - beo)
represent the fraction of the power confined in the core and clad respectively.

For afibre, by, can be represented by an empirical equation vaid for 1.5 £ VE 2.5[18]:

.2
by, =&~ B9 (1.11)

sz

where A = 1.1428 and B = 0.996 and V isthe normaised frequency, defined as V = 2|p a(NA).
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NA is known as the numerical aperture, defined as NA=+/nZ, - n; and a is the radius of the

fibre core.

For a smple planar dab waveguide, b, can be represented by an approximate expression vaid

fordl V[19]:

bco =1-— 1/ (112)

dne/dT can be obtained by differentiating equation (1.10) with respect to temperature and is
defined below.

dne'ff = by, Neo dnco y Ny dncI +dneﬁ dbco (1_13)
dT Ng dT ng dT  db,, dT
dn dn dn 2 -
where et Bo _ Mot deo AV iy Mt NAZ - dbey _ o5 BOB iy,
db, dT db, dVv dT db, 2ng dv & Vgv?2
€ e dncoO x dncI d"
2 2 é ano _ anl_—:l:l
Ao :'”(1+32V ) _ -+ (Plenan) and ¥ =vga, +6 AT = ¢ " dT
v v Vii+av?) dT & ™ ¢ NA? + ¢ NA? %
g & 5 & &
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1.4 dn/dT of Glasses

The thermo-optic coefficient of glasses can be understood via the use of the LorentzLorenz
equation (equation (1.14) [20]) for refractive index.

n®-1_4pN,PR
n>+2 3 Vg,

(1.14)

where n is the refractive index, N, is the Avogadro’'s number (6.022° 10%), P, is the dectronic
polarisability and Vp,, is the molar volume. The equation for dn/dT can be derived from equation
(1.14) and is defined in equation (1.15), with the approximation of (d(InVy,)/dT ~ 3a) [21]. The
derivation leading to equation (1.15) is described in Appendix A.

dn .
—= - 3a 1.15
= | (115)
where A = [(n>1)(n*+2)/6n], ] = d(InPe)/dT and T is temperature. Equation (1.15) shows that
dn/dT is affected by n, P, and a of the glass.

Equation (1.15) can be modified to equation (1.16) below, as polarisability is increased by an
increase in the inter-ionic distance due to a change in temperature. This uses the expression of |
= [TInP/TKInr)] ++ [d(Inr)/dT] and a = [d(Inr)/dT] [22].

dn
—= -3 1.16
= Ag Ja (1.16)

where g is the change in polarissbility due to a change in inter-ionic digance (g =
[ T(INP/TI(INr)] 1), and r isthe inter-ionic distance.
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The sgn of dn/dT dependson gas A and a are positive for glasses. The effects of gon dn/dT

aresummarised in Table 1.2.

dn/dT
>3 +
3 0

Table 1.2 : Relationship between gand dn/dT

For some multi-component glasses, j :éj i X, :é ga; X; holds [22,23]. Here, j i isthe

i i
additive contribution from the glass' i-th component, which is equivalent to ga;, and X; isthe i—th
component mole fraction. Hence a glass can be designed to give g< 3 by varying its components
smultaneoudy. It is bund that gincreases with cationic field strength, as shown in Figure 1.1
[22], where cationic field strength is defined as the ratio of the ion valence to the square of the
bond distance between the ion and oxygen (Z/a®) [24]. Therefore, in order to obtain aglasswith
negative dn/dT, we require modifiers with low cationic field srength.

12 o SI
10F
8}
-
6k
Podtive
4 dn/dT
_________ S y————mm- ===}
9 Al Negative
dn/dT

s/

Figure1.1: Relationship between gand z/a® [22]
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1.5 Contribution of the Research

This research project integrated the knowledge from the fields of materid science and device
fabrication, starting with the development of glasses and property characterisation through to the
atherma waveguide development phase, based on these glasses. The main contributions of this
research towards the advancement of the fields of material development and athermdisation were
listed below.

An extensive experimental study and the first reported dn/dT of some phosphate glass
systems.

Definition of semi-empirical equations relating dn/dT and a of some phosphate glass
systems. These enable the dn/dT of glasses within these systems to be directly estimated

fromtheir a and n.

The synthesis, characterisation and study of potassium aluminophosphate glasses of the
K,0-AlL,O5-P,0s system in the 2.8 < Oxygen-to-phosphorus ratio (O/P) < 3.1 range,
encompassing the ultraphosphate, metaphosphate and polyphosphate compositions.

The synthesis, characterisation and study of binary phosphate glasses of the following
systems

» xBaO-(100-x)P,0s and xCaO-(100-x)P,0s in the range of 20 £ x £50.

» XNa,0O-(100-x)P,0Os in the range of 40 £ x £50.

The synthesis, characterisation and study of borophosphate glasses of the following
systems

» 50Ba0-xB,0s-(50-X)P,0Os intherangeof 5 £x £12.

> (100-x)Ba(P0s),-xB,0s in the range of 10 £ x £ 60.

> (100-x)NaPOs-xB,0s in the range of 10 £ x £50.

Fabrication and characterisation of phosphate glass-based planar waveguides and

fibres.

-11-
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1.6 Layout of Thesis

This thess is a culmination of the work achieved during my PhD research project, reporting the
various materid development and characterisation work as wel as waveguide fabrication. It is

organised into seven chapters.

Chapter 1 dates the aims of this project and the motivation behind the direction of this research.
A thorough andysis of the concept of athermaisation is dso carried out. A literature review on
the various subjects relevant to my research is reported in Chapter 2.

Chapter 3 describes the principles behind the different processes, fabrication techniques and
characterisation work performed. A section is dedicated to an experimenta interferometer set-up,
congtructed specificaly for the study of dn/dT.

The man experimentd results of this thess are contained in Chapters 4 — 6, describing the
gynthesis and property measurements of three different glass sysems, dong with the results
obtained, discussons and fabrication of athermal waveguides using these glasses. The glasses
sudied are potassum auminophosphate glasses (Chapter 4), binary calcium phosphate, barium
phosphate and sodium phosphate glasses (Chapter 5) and barium borophosphate and sodium
borophosphate glasses (Chapter 6).

The conclusions and future work for the phosphate glass development and athermd work are

summarised in Chapter 7.

Various derivations of equations and cacuations are included in the Appendices to supplement
the main text within this thess. In addition, Appendix E details an additional separate study on
photolithography and ion beam milling (IBM) as a technique for fabricating channd waveguidesin
bismuthate glasses, which | carried out during the course of my PhD. The materidsin Appendix E
are extracts from the find report presented to ASAHI Glass Company Ltd, which funded the

work.

-12-
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CHAPTER 2

LITERATURE REVIEW

The main part of this reseerch work involved the development and investigation of phosphate
glasses as potentid base glasses for athermalisation applications. Section 2.1, within this chapter,
presents a topicd review of phosphate glasses with emphesis on binary phosphate,
auminophosphate and borophosphate glasses, which were the three phosphate systems
investigated within this work. The basic phosphate tetrahedra Sites are presented and used to
explain the different phosphate networks, as set by the oxygen-to-phosphorus (O/P) ratio. The
structures of binary phosphate, aluminophosphate and borophosphate glasses are dso examined
as these affect the properties of the glasses.

In Section 2.2, a review of the different experimenta techniques for measuring dn/dT is given.
Measurement of dn/dT is essentid within this work as it is one of the parameters criticd in
determining the potential of the glasses for athermdisation. Section 2.3 reviews the current
development in athermal waveguides which serves as the starting point for this research.

2.1 Phosphate Glasses

2.1.1 Properties

The glass former component in phosphate glasses is BOs. Pure P.Os has a mdting point of
560°C and a boiling point of 605°C. Some of the properties of pure P,Os glass include
Ne = 14930 (at | = 546.1 nm), a = 13.7 10%°C and dn/dT = -92.2" 10°°C [1].
Hypothetically, ROs has a UV edge of less than 150 nm (~ 8.27 eV), as shown in Figure 2.1.
However, B.Os generdly contains water and this shifts the edge towards longer wavelengths. A
more redigtic sructure is the HPO; glass, with aUV edge a ~ 270 nm (~ 4.60 eV).
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Figure2.1: UV edgesfor different glassformers[1]

Phosphate glasses are technologicaly and biologicaly important materials as they generdly have a
higher therma expanson coefficient, a, and a lower transition temperature, T, than slicate and
borate glasses [2] and many akali, adkaline earth, trandtion meta and rare earth oxides can be
added to modify these properties. There are aso great interests in dkaine earth phosphate
glasses due to their high trangparency for ultraviolet (UV) light (Figure 2.1). However, phosphate
glasses have poor chemicd durability which often limits ther practicd applications, thet is
generdly overcome by adding certain oxides to the phosphate glasses, such as PbO [3], Al,O3
and Fe;03 [4,5].

Phosphate glasses have practica application potentid in athermalisation as they generdly exhibit
negative thermo-optic coefficient, dn/dT, which is a pre-requisite for achieving athermalisation, as
discussed in Section 1.3. Different modifying cations can be added to modify the properties of the
phosphate glasses to meet the required optica and therma requirements. Table 2.1 shows the
properties of some metaphosphate glasses.
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Glasses Ne [6] T, (°C)[6] | a (" 10%°C)[6] | dn/dT (" 20%°C)[1]
Zn(POs), 1.5260 310 5.8 +5.1
Al(POs)s 1.5310 - 5.7 +5.0
Y(PO)s - - - +4.9
Mg(POs), 1.4974 510 8.3 +2.9
La(POs)s 1.6000 570 7.8 +0.9
Ca(POy), 1.5469 500 11.0 -25
(PO, 1.5614 495 12.4 -5.9
LiPO; - - - -6.1
Pb(PO5), 1.7720 350 14.6 -10.4
Ba(POs), 1.5899 455 14.2 -10.6
NaPO; 1.4840 275 25.0 -15.0
KPO; 1.4740[7] 228 [7] - -23.3

Table 2.1 : Properties of metaphosphate glasses

Figure 2.2 shows the dn/dT of some metaphosphate glasses as a function of the difference of the
Dietzd’s field strength and the cation radius, ry. Dietzd’s fidd strength is defined as the ratio of
the ion valence to the square of the bond distance between the cation and oxygen, z/a. In order
to obtain negative thermo-optical behaviour, cations with small z/a® and large ry are required. The
caionscircled in Figure 2.2 represent the modifying cations added to phosphate glasses studied

within thiswork.
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Figure 2.2 : Relationship between dn/dT and ((z&)-r,) in metaphosphate glasses [1]

-18-



Chapter 2 — Literature Review

2.1.2 Structures

The dructure of a glass determinesits optica, therma and chemicd properties. In this section, the
gructures of binary phosphate, auminophosphate and borophosphate glasses are reviewed.
These will later be used in Chapters 4 — 6 to explain the observed properties of the glasses
prepared in thiswork.

The basic building blocks of crystaline and amorphous phosphates are the P-tetrahedra, which
link via covaent bridging axygens to form various phosphate anions. These tetrahedra units can
be classfied using the Q site model proposed by Lippma et al. [8]. Although the modd was
initidly used to describe the Structures of binary dlicate glasses, it can dso be goplied to
phosphate glasses [9]. Based on this modd, the phosphate anions can be described using the Q
terminology, where ‘i’ represents the number of bridging oxygens (BO) per tetrahedron, as
shown schematicdly in Figure 2.3.

= : = 1 12 13
1 1 ! i
- PO
\O/|\O/ \O/”\O/ (5/:| \O/ O/:|\O
0] ) o) o
L N L 4 L L |
Q Q’ Q! Q°

Figure 2.3 : Phosphate tetrahedral sites

P,Os is different from the other single component glass-formers due to the existence of atermina
oxygen (TO) on each network forming cation. This termind oxygen is a short double-bonded
(P=0) bond, with a ggnificant p-bond character that accounts for the additiona valence electron
[10]. The presence of such terminating oxygens results in less cross-linked phosphate glass

Structure compared to slicate glasses.
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The phosphate glass networks can be classified by the O/P ratio, which describes the tetrahedral
linkages via bridging oxygens between neighbouring Rtetrahedra [9], as summarised in Table
2.2. Vitreous P,0Os with O/P = 2.5 possesses a structure based on a cross-linked three-
dimensiona network of Q® tetrahedrawhich have three covalent bridging oxygens (BO) linked to
neighbouring tetrahedra and one TO of the form of a (P=0) link. The addition of a modifying
oxide (MeO) depolymerises the network structure by converting BOs (P-O-P links) to non
bridging oxygens (NBOs), reaulting in (P-O-Me) links, and in the process forming an
ultraphosphate network (2.5 £ O/P < 3.0) dominated by Q tetrahedra. As the modifying oxide
content increases, the three-dimensiond network is converted into metaphosphate chains and
rings based on @ tetrahedra (O/P = 3.0) [3,11], which are interconnected through ionic cross-
links with modifying cations between NBOs of two different chains. Further increases in the
modifier content results in polyphosphate compositions (O/P > 3.0) based on Q? chains
terminated by Q' tetrahedra where the average chain lengths are shorter than thet of the
metaphosphate compositions. At the pyrophosphate stoichiometry (O/P = 3.5), the network is
dominated by phosphate dimers (Q* - QY), while at the orthophosphate stoichiometry (O/P =
4.0), the glasses contain isolated @ tetrahedra. Figure 2.4 shows a three-dimensiona network
based on Q tetrahedra (left side) and a metaphosphate chain of Q? tetrahedra (right side).

Phosphate | Ultraphosphate | Metaphosphate Polyphosphate
network Pyrophosphate | Orthophosphate
o/P <30 3.0 35 4.0

Table 2.2 : Relationship between the phosphate glass networks and the O/P ratio
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Figure 2.4 : Phosphate structural network

2.1.2.1 Binary Phosphate

The addition of a modifying oxide, such as an dkali oxide, Me,O, depolymerises the phosphate
network and can be described by the pseudo-reaction [9]

2Q"+ Me,0O ® 2Q™ (2.1)

For binary xMeO-(1-x)P,Os glasses, the relative concentrations of Q' tetrahedra can be
estimated based on the glass compostions, and are summarised in Table 2.3 and Figure 2.5 [9].

Compostional range
Ultraphosphate Between metaphosphate | Between pyrophosphate
(OEX£0.5) and pyrophosphate and orthophosphate
(0.50 £ x £ 0.67) (0.67 £ x £ 0.75)
‘ 1- 2x 2- 3X 3- 4x
° )= fle?)- Q)
fractions 1-x 1-x 1-x
2x-1 3x- 2
f 2 — X f 1 — f 0 —
e?)=-—% @)=2= )=

Table2.3: Q' fractionsin binary phosphate glasses
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Figure25: Q' fractionsin binary phosphate glasses

Due to the hygroscopicity and volatility of P,Os [12], ultraphosphate glasses must be prepared in
seded ampoules to minimise the water content. Water has a depolymerising effect on the
phosphate network by forming (P-OH) bonds, which reduces the @® fraction to much less than
that expected from the nomind akali-to-phosphorus ratio [13]. Hence the presence of (P-OH)
bonds must be consdered when describing the structures and properties of such glasses.
However, with increasng MeO content, glass durability is improved due to the dimination of
bridging (P-O-P) bonds associated with Q? tetrahedra [14].

Hoppe [15,16] presented a structural modd describing the effect of modifier coordination
environments (having coordination number CNume on the properties and structures of
ultragphosphate glasses. These would depend on the number of termina oxygens available to
coordinate the modifier ions (Me”*, where z isthe ion vaence). The number of termina oxygens,
Mro, per modifying ion for glasses with the soichiometry x(Mey,0)-(1-x)P,Os is given by
equation (2.2).

Mo = Z(l/X) (22)

Hoppe suggested two Structurdly different compositiona ranges : when Mo > CNye (region 1)
and when Mo < CNye (region 11). In region |, there are adequate individua TOs to coordinate
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with each Me™" ion so that these ions can exist a isolated sites within the phosphate network with
no (Me-O-Me) bonds (Figure 2.6(a)). However, in region Il, there are insufficient TOs to
coordinate with each M€ ion and hence these ions must share the available TOs by forming

(Me-O-Me) bonds and cross-linking neighbouring @ polyhedra (Figure 2.6(b)).

\O - @)
e o\/? O\ o\ 0
o N\ b ONb—o
N2 N 4 \ P~
OO0 o O\ O\ . 9 o0 |
Me p=0 O—Pp Me Mel  _—~
o N /\ / \O :,O/' \O//P\o
‘//O (i\/o O\ T o y |
P =~ Me /P

@ (b)
Figure 2.6 : Binary phosphate structure when (a) Mo > CNye and (b) Mro < CNye

Based on equation (2.2), the trangtion from region | to region I occurs at ~ 20-25 mol% for Li
(CN ~ 4-5) [17] and Na (CN ~ 5) [18,19], ~ 17 mol% for K and Cs (CN ~ 6) [20-22], ~ 50
mol% for Mg (CN ~ 4), ~ 33 mol% for Ca (CN ~ 6), ~ 25 mol% for Ba (CN ~ 8) [15,16] and
~ 43 mol% for La (CN ~ 7) [23]. However, such behaviour is not observed for
auminophosphate where the Al coordination number changes from 6 to 4 to avoid the formation
of (Al-O-Al) substructure in response to the reduction in the number of TOs [22]. When divadent
or trivalent ions are incorporated into an ultraphosphate network, their charge vaence requires

that at least two Q7 tetrahedra must be present in their immediate coordination sphere.

The trangtion from isolated polyhedra to a modifier sub-structure with shared polyhedra corners
generally causes changes in the glass properties, such as density [24,25] and T, [22]. Figure 2.7
shows the density data for binary lithium and sodium phosphate P4,25]. In region |, the @
network must expand to accommodate the akai polyhedra, consequently causing a decrease in
dengty. In region I, the akai polyhedra must share the TOs, and hence causng an increase in
density. At the same time, these polyhedra link neighbouring Q® and Q® tetrahedra, thus
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increasing the strength of the network.
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Figure 2.7 : Binary lithium and sodium phosphate density [24,25]

2.1.2.2 Aluminophosphate

Introducing Al,O3 to phosphate glasses decreases the structura density but increases the cross-
link dengty by forming cross-linking duminophosphate bonds between PO, tetrahedra. This
resultsin an increase in the agueous durability and T, and adecreasein a [26,27]. However, the
properties of auminophosphate glasses undergo a sgnificant change when its composition crosses
across ether the pyrophosphate or the orthophosphate compositiona boundaries. Figure 2.8
shows the Ty of sodium auminophosphate glasses as afunction of the glass O/P ratio [28].

?’Al nuclear magnetic resonance (NMR) studies show that octahedral duminium, Al(6), is the
prefered moiety in the structures of auminophosphate glasses with  metaphosphate
goichiometries while tetrahedrd duminium, Al(4), is preferred when O/P > 3.5 [26,29]. Al(4)
gtes form at high O/P ratios in order to maintain charge baance [30]. This change in the Al
coordination number, Al(6) ® Al(4), converts the glass dructure from a phosphate to an
aluminophosphate network and is responsible for the changes observed at O/P = 3.5 and O/P =
4inFigure2.8.
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Figure 2.8 : Glasstranstion temperature of sodium aluminophosphate glassesas a

function of the O/P ratio [28]

Figure 29 shows the possble sodium aduminophosphate sructura network a  the
metaphosphate, pyrophosphate and orthophosphate compositions.

Al(6) Al(6) Al(6)
Na" |
T 0 ]

o—|P—o—|P—O—|P—o Na*O'—P—O—|P—O‘N a

Loob I

| Na’

Al(6) Al(4) Al(6) Al(6)

@ c|) (b)

Na'O—P—O0—AI(6)

O

Al(4)
(©
Figure 2.9 . Sodium aluminophosphate structure: (a) M etaphosphate, (b) Pyrophosphate
and (c) Orthophosphate [26]
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2.1.2.3 Borophosphate

Borophosphate glasses have interesting structura network due to the presence of two glass
formers, BO3; and P.Os, thus incorporating mixtures of korate, phosphate and borophosphate
units. A range of cations had previoudy been studied in borophosphates to assess the Structures
and some glass properties. These include Li* [31], Na&' [32], K* [32,33], Ca* [34], Ba®* [35]
and Zn** [36]. The addition of B,O5; modifies the properties of phosphate glasses by cross-linking
phosphate chains to improve chemicd durability [37].

Previous structural studies of borophosphate glasses [32,33,38,39] indicate that boron atoms
form either trigona, B(3), or tetrahedral, B(4), sites within the borophosphate glass network,
depending on composition. The possible borophosphate [40] (anaogous to AIPO, structure
[26]) and borate units [41] present in borophosphate structural networks are shown in Figure
2.10. In the phosphate-rich composition range, boron atoms are mostly B(4), while in the borate-
rich range, B(3) dominates. This change in the coordination number will affect the properties of
the glasses, smilar to that observed in auminophosphate glasses as described in Section 2.1.2.2.
Figure 2.11 [34] showsthe glass T, as afunction of the B/(B+P) retio for cacium borophosphate
glasses, where the maximum observed a B/(B+P) = 0.3 denotes the trangtion from a B(4)-
network to a B(3)-network.

o i
LT
—o—ia—o—|P—o—|B—o— | E|3
B
P79 A
—O—|P—O—B— oO—P—0—
I 0 0
| | | B—O—=8B
O (@)

Figure 2.10 : Borophosphate and bor ate groupsin bor ophosphate glass networ k
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The incorporation of B(4) dtes results in the formation of (B-O-P) bridges cross-linking
neighbouring phosphate chains, leading to increased structurd cross-link dengity. This causes an
increase in the glass properties, namely density and glass trangtion temperature, as per Figure
2.11. Further increases in BO; results in a structura change from a disordered borophosphate
network to a borate network, as the boron coordination number changes, B(4) ® B(3). This

decreases the covaent cross-link density and weskens the glass network.

T(°C)
A
| 1
A g
v e
= |
B(4)-network B(3)-network
900 +—mw— S :
0.0 0.2 0.4 0.6
B/ B+P

Figure2.11 : Glasstransition temperature of calcium borophosphate glasses [34]

2.1.3 Applications

Phosphate glasses have been developed for numerous applications and different cations have so
been added to tailor the glasses for specidty applications. Phosphate glasses have been used as
the primary host materias for high power laser gpplications [42,43]. Such glasses contain rare-
earth oxides and are desirable as they possess high-Simulated emisson cross-sections and low

thermo-optic coefficients. Low dn/dT values are required to prevent any thermd lensing effect.

In addition, BO3; [44,45] and P.Os [46], with their intringc negative thermo-optic coefficients,
have been used for co-doping in germanogilicate core fibres for athermalisation purposes. These
gpplications will be described further in Section 2.3.

In this work, phosphate glass exhibiting negative dn/dT had been developed as possible athermd

glasses. The main thrugt of this research was to develop phosphate bulk glasses which are
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athermd so that optical devices can be fabricated directly on these glasses without the need for
further processing steps.

2.2 dn/dT M easur ement

The dn/dT of aglass, besides n and a, isimportant in determining the atherma characteristics of
a glass, as described in Section 1.3.1. Therefore, it is necessary to have a method which can

determine this parameter.

dn/dT is messured experimentdly via an interferometric technique. This method had been
extensvely used on various samples such as ZnSe, ZnS, CdTe, CaF,, BaF,, KCl and TI-20 at
0.6328 nm, 1.15 nmm, 3.39 nm and 10.6 mm for 25 - 65°C [47], ZBLA at 0.6328 mm, 1.15 nm
and 1.319 mm for 25 - 160°C [48], ZBL, ZBLA and ZBLAN at 0.6328 mm for 50 - 250°C
[49], CdSe,S,.x doped glasses (Corning Sharp Cut Filter CS 3-69) at 0.6328 nm for 25 - 45°C
[50], crystdline silicon at 1.523 mm from room temperature to 300°C [51] and hydrogenated
amorphous silicon (& Si:H) at 1.55 nm for 30 - 200°C [52].

He-Ne laser
Thermostat ‘

Lens | Beem splitter  Photomultiplier

Sample __‘_.f \Z ]
M E= ] f—jj

X y
Digitd thermometer Recorder

o

Figure 2.12 : Example of an interferometer set-up for dn/dT measurement [50]
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Figure 2.12 shows the interferometer set-up used by Abbate et al. [50] to measure dn/dT. The
interferometer set-ups used in the literature were dightly different in terms of the choice of
apparatus and the set-up layout. However, dl the interferometer set-ups generdly employed the
same basic principle. dn/dT measurements are made by monitoring the change in the optica path
in a sample as the temperature of the sample is changed. Generaly, alight path is incident upon
the sample, which is located within a furnace. The light is then reflected by the front and back
surfaces of the sample, causing an interference. Hence, the reflected beam intendity is modulated
by congructive and destructive interference, leading to a periodic fringe patern. As the
temperature is varied, the optical path length of the two reflective beams from the opposite
surfaces of the sample changes due to the combined effects of a and dn/dT. This leads to a
change of the interference fringes. By measuring the temperature separation between successve
maxima or minima, DT, the corresponding dn/dT can be extracted, based on equation (2.3)
[47,53].

dn

el 9§
=¢——=- na 2.3
dT 82 23)

DI g

where | isthe laser wavdength, | is the glass thickness, n isthe refractive index, a isthe therma
expangon coefficient and T is the temperature.

A Fabry-Perot type interferometer had aso been designed to permit the concurrent measurement
of a and dn/dT [53]. This had the advantage over other interferometer set-ups, which required a
Separate measurement or an assumed vaue of a [48-50,54]. In this set-up, the additiona
features conssted of the laser beam being expanded to illuminate the entire sample cross-section
to minimise dignment difficulty and the presence of a hole through the sample thickness. The
interference fringes observed due to the air gap can be used to monitor the therma expansion of
the glass as the temperature changed.

In addition, De Nicola et al. demondrated an interferometric technique based on two-
dimensond Fourier fringe analysis to measure the dn/dT of CdSeS;.x doped glasses (Schott
GG-495 and OG-515) at 0.6328 mm for 25 - 85°C [54]. This technique made use of an
automated fast-Fourier-transform-basad fringe andys's method for phase retrieva, which made

-20-



Chapter 2 — Literature Review

accurate measurements of the interference fringe shift as a function of the sample temperature,
possible. Figure 2.13 shows their experimenta set-up. The He-Ne laser beam was expanded and
reflected towards the measurement system. An object beam was directed towards the sample,
enclosed in a heater cell, at norma incidence and then diffracted dong the +1 diffraction order by
the grating, while a reference beam was directed towards atiltable mirror towards the grating and
diffracted dong the —1 diffraction order. The superpostion of these two diffraction orders
produced an interference fringe pattern. As the sample temperature changed, the temperature-
dependent optica phase changed as well. This happened due to the shift in the fringe pattern and
the intendty distributions [65] of the fringe patterns corresponding to the temperatures, T + DT
and T, and can be fast-Fourier transformed to extract the optical phase change, Df . Knowing the
optical phase change as a function of temperature, df /dT, dn/dT of the sample can be determined
from equation (2.4).

df _2dgdn
OI_T_I_gd_Tﬂu(n la (2.4)

In principle, this set-up worked in the same way as the other interferometer set-ups described.
The difference with this method was thet it was able to determine the phase change of the fringe
pattern for any amount of change in the sample temperature while the other methods measured a
gpecific optical phase change of 2p as afunction of temperature.
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Figure 2.13: Interferometer for fast-Fourier-transform-based fringe analysis [54]
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As dl interferometer set-ups described in this section work on the same principle, there is no
difference as to how the interferometer set-up is congtructed for the measurement of dn/dT.
However, the set-up used within this work, as described in Section 3.4, had been constructed
based on the set-up by Jewdl et al. [53], with the initid idea to measure Smultaneoudy a and
dn/dT of the sample. Eventudly, a of the sample was separaidly measured using a thermo-
mechanicd andyser (TMA) asit did not vary significantly over the temperature range of interest,
20 - 100°C. Furthermore, drilling a hole into the sample for red-time measurement of a would be
adestructive process for the sample. The set-up constructed did not include a beam expander but
had a lens that focused the interference fringe pattern towards the detector. In addition, the laser
beam was dlowed to reflect directly from the front and back faces of the sample, rather than
being sandwiched by mirrors or reflecting surfaces as in ref [53]. This was advantageous as the
sample was in direct therma contact with the sample holder and dso diminated the problem of
unwanted reflections from the other faces of the reflecting surfaces not in contact with the sample,

which could otherwise interfere with the fringe pattern.

Apart from experimenta measurement using interferometry, Toratani et al. [56,57] presented a
method for caculaing dn/dT of phosphate and silicate laser glasses, respectively, by estimating
the temperature coefficient of the dectronic polarisability, j . This method was based on the
assumption that j can be expressed as the sum of the contributions of each glass component via
equation (2.5). Thisrelationship had been mentioned earlier in Section 1.4.

j =aiiXi=agaX (25)

where the subscript i represents the i-th component of the glass, gis the change in polarisability
due to a change in inter-ionic distance, a is the thermd expanson coefficient and X is the mole
fraction. Once the overdl glassj had been estimated, it can be used together with n and a of the
glassin equation (1.15) to determine the glass dn/dT.

In order to determine j; for each oxide component, Toratani et al. [56,57] experimentaly
measured the dn/dT and a vaues of different optical glasses. These results were then used to

cdculate j of the glasses using equation (1.15) to estimate j ;. Table 2.4 ligts the estimated j ;
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vauesfor different oxides in slicate and phosphate laser glasses [56,57], vdid for 20 - 40°C at |
= 632.8 nm. These vaues were determined S0 as to give the minimum deviation between the
caculated j vaues based on equation (2.5) and the measured j vaduesin Toratani’ s sudies. The
glass components used within the present study of athermd phosphate glasses are highlighted.

Component ji( 10%°C)
Silicates Phosphates
S0, 174 -
PO, - 20
BO.s 13.8 16
AO; 5 22.2 26
LiOo s - -
NaQo s 50.0 44
KOs 43.9 45
MgO - -
CaOo 42.0 -
BaO 36.1 35
PbO 50.2 47
TIO, 19.3 15
ZnO 394 -

Table2.4: j ; of various oxidesin silicate and phosphate laser glasses

2.3 Ather malisation

The centrd wavelength of lightwave devices such as narrow-band opticd filters and gretings is
sengtive to temperature, due to the temperature dependence of the optical path length of the
devices. It can degrade the performance of such devices since the centrd wavelength for which
they are designed, will shift as the operating temperature changes. Assuming aWDM system with
channels spaced apart by 50 GHz (400 pm a 1550 nm), a grating operating in the temperature
range of 0 - 100°C would require a temperature senstivity of the centrd waveength of less than
4 pm/°C in order to prevent any cross-tak between the different channds. Hence, the concept of
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ahermadisation is essentid in addressing this metter.

The temperature sengtivity of the resonance waveength for both Bragg gratings and long period
gratings can be reduced by carefully sdecting the choice of materids for the core and
clad/subgtrate. The anadyss for these two gratings are presented here, where the difference
between Bragg gratings (also known as reflection gratings) and long period gratings (also known
as transmission gratings) is how the modes are coupled. For a Bragg grating, coupling occurs
between modes travelling in oppodte directions. The resonant wavelength for a Bragg grating,
involving the reflection of amode of index N, iNto amode of index N, is given by [58]

| =(ngry + Ngr o)L (2.6)

where | is the resonance wavelength and L is the grating period. For Bragg reflection, the two
modes are identical, leading to equation (2.7) for the Bragg wavdength, | g.

| g =2ngL 2.7)

For along period grating, coupling occurs between modes travelling in the same direction. The
resonant wavelength for along period grating, involving a co-propagating core mode of index Neg
and acladding mode of index e, iS given by [58]

| = (Negy - Negro )L (2.8)
Using equations (2.7) and (2.8) for Bragg and long period gratings, respectively, the temperature

dependence of the resonance wavelength can be expressed as equation (2.9) for aBragg grating
and equation (2.10) for along period grating.

(2.9)
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dl : &ﬂneﬁl dneﬁ 2 d:I
—=Lang, - n + - my 2.10
dT C\' leffl eff Zb dT dT L] ( )

where a is the therma expangon coefficient and dne/dT is the effective thermo- optic coefficient.

In their research into athermal waveguides, Kokubun et al. managed to design three-dimensond
ridge-loaded dlica-based waveguides with reduced temperature sengtivity [59-62]. These
waveguides worked by cancdling out the positive dependence of ordinary optica materias with
the negative temperature coefficient of the refractive index of polymers such as methyl
methacrylate (MMA), polymethyl methecrylate (PMMA) and tri-fluoroethyl methecrylate
(TFMA). Asdiscussed in Section 1.3.3, the athermd condition for awaveguide is

1dS_e& , et §
LdT &7 dT

(2.12)
Since opticd materids generdly have pogtive a, it is necessary for the atherma waveguides to
have materids, such as polymers, with negative dn/dT in order to redise dng/dT < 0. In
comparison to the values of the waveength fluctuation with temperature, which can be as large as
10 pm/°C for dlica-based waveguide filters and 80 pm/°C for semiconductor-based waveguide
filters, Kokubun et al. managed to demonstrate aring resonator based on these waveguides, with
reported reduction of the temperature coefficient of the wavelength at 1.3 nm and 1.55 nm to 0.7
pnV°C [61] and < 0.4 pm/°C [62] respectively. Figure 2.14 shows the design of their athermd
waveguide for operation at 1.3 mm, with the properties of the materials summarised in Table 2.5.
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PMMA
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S0,
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Figure 2.14 : Ridge-loaded silica-based ather mal waveguide

Material n dn/dT (" 10%°C)
(I =1.3mm) Bulk Film formed on S
(1 =0.633 mm) a1 =1.3mm)
PMMA 1481 ~105 -183.6 (TE), -151.6 (TM)
NA45 [59-61] 1547 4.8 5.76 (TE), 5.45 (TM)
S0, 1.455 10.1 7.65 (TE)

Table2.5: Properties of optical materialsfor ridge-loaded silica-based

athermal waveguide

The temperature sengtivity of a waveguide can aso be diminated by modifying the refractive-
index profile of the host fibre, such as usng a boron co-doped germano-slicate core fibre as
proposed by Shima et al.[44]. This is because pure B,O; has negative dn/dT, which
compensates for the podtive dn/dT of the germancosilicate glass [1] (Table 1.1). Ther result
showed a temperature sensitivity of ~ 5 pm/°C over —40 to 80 °C for long period fibre gratings
(LPFG). Figure 2.15 shows the result obtained by Shima et al.. Following the same principle,
Enomoto et al. [46] used P.Os as the negative dn/dT materid. Their fabricated LPFG in P,Os
co-doped GeO,-SO, fibres showed a temperature sengtivity of ~ 3.8 pm/°C over 0 — 75 °C.
They ds0 showed that by extrapolating their results, zero temperature sengtivity can be achieved
by doping P,Os at the ratio of P,Os:GeO, = 0.75, as shown in Figure 2.16.
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Figure 2.15 : Transmission spectrum of an athermal LPFG in a boron co-doped

germanosilicate cor e fibre [44]

0.02
di /dT (mV°C) .|
0.01 — N
[ .
0.00
0.01 \
: |
-0.02 ~
003 | !
E |
004 | o 4 - :
000 050 100 150 200
P,Os/GeO, ratio

Figure 2.16 : Relationship between P,Os:GeO; ratio and dl /dT [46]

Ng et al. [63] proposed mounting a bent LPFG on a suitable subdtrate to diminate the
temperature dependence of the central wavelength, as in Figure 2.17. In separate experiments,

they observed tha the centrd wavelength of a straight, unmounted LPFG shifted to lower

wavelengths as temperature increased and that the resonance waveength of a LPFG fixed at two

points shifted to lower wavelengths as the laterd displacement, h, increased. Both these effects

can be utilised to compensate for the temperature effect on the LPFG. Their device conssted of a

bent LPFG attached onto a mount, which in this case was aplastic dab with a = 1.5° 10%/°C. As
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the temperature increased, the thermd effect on the LPFG shifted the resonance wavelength to a
lower waveength while the therma expansion of the mount caused areduction in h, consequently
shifting the resonance waveength to a higher wavelength. These two effects provided the
temperature compensation for the LPFG and a temperature sengtivity of 8 pm/°C over 15 —55
°C was reported for their device.

Glue | __iq_ v

44— 60mm —» N

Figure2.17 : Bent LPFG for temperature compensation [63]

Sakamoto et al. [64] aso used a Sngle subgtrate, which in their case was a Negative Expanson
Ceramic Substrate (NECS), to compensate for the temperature dependence of the Bragg
waveength of a fibre Bragg grating (FBG) mounted orto it. A pre-tensoned FBG was fixed with
an epoxy adhesive a both ends of the grating onto an NECS of a = -8.2° 10%/°C.
Experimentdly, dl g/dT = -2.3 pm/°C was reported for their device in the temperature range of —
4010 85 °C.

Yoffe et al. [65] managed to improve the wavelength temperature sengtivity of aFBG by usng a
hybrid subgtrate to counter the change induced in the fibre. Figure 2.18 shows ther temperature
compensating set-up, involving a combination of two materids of different a as an athermdisation
method for a pre-tensoned FBG. When the temperature changed, the substrate would either
expand or contract and this led to a change in the FBG tension. Thisin turn changed the period of
the grating, which would offset the effect of the refractive index change on the Bragg wave ength.
The use of a hybrid subgtrate is advantageous as there is flexibility in the choice of materids to
obtain the required therma expanson coefficients, compared to a single materid with large
negdtive thermd expanson coefficient, which aso have problems with long-term reiability and
hysteresis in the physicad properties. This same principle was aso used by Tamura et al. [66] to
produce a temperature-compensating grating. In their work, they used a combination of an
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aduminium block with a high a of 23.8" 10%/°C and slica glass with alow a of 0.55 10°%/°C to
create a localised negative therma expansion coefficient between the two grating ends. The
tenson of the fibre grating was first adjusted to obtain the required resonance wavelength and
resin was then gpplied to attach the fibre onto the hybrid substrate. A temperature sengtivity of
<5 pm/°C over —40 to 50 °C was obtained for their FBG.

- - —= femperature decrease
— = ilemperature increase |
5T high
(B expansion

low expansion

Figure 2.18 : Athermalisation with a hybrid substrate [65]

In their research work towards suppressing dl g/dT in aslica-based waveguide, Bosc et al. [67]
used a polymer materid with negative dn/dT (~ -10%°C). Figure 2.19 shows the design of their
athermal waveguide. Plasma enhanced chemical vapour depostion (PECVD) was used to
deposit the SO, buffer layer, the SO,-GeO, core layer aswell asthe SO, cladding layer on the
edges of the waveguide. The Bragg grating was then written into the centrd part of the sample
with a 244 nm UV CW laser through a phase mesk before a polymer layer was deposited by
spin coating. The device was then subjected to heating and dl g/dT was found to be 2 pm/°C
over 20— 100 °C.

grating

pal ymer S i0g

S0
S6e0z T ]1]
5903

A= T

Zilrcon

 SSESTE

Figure 2.19 : Cross-section of silica waveguide with polymer layer [67]
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Kintaka et al. [45,68,69] studied different core and clad compostions on S, SO, and ZrO,-
LiO,-AlLOs-SO, glass ceramic subgrates and managed to produce atherma sSlica-based
waveguides with UV-induced Bragg gratings, formed with a KrF excimer laser a 248 nm through
a phase mask. Figure 2.20 shows the designs of the fabricated waveguides. In the first design, the
grating was formed on a B,O3 co-doped Ge-SO,, core layer with cladding layers of B,O3-SO,.
The co-doping of BO; is essentid as it has a negative dn/dT [1] to minimise dl g/dT and to
enhance photosendgtivity [70]. The best reported temperature sengtivity for such structure was
4.1 (TE) and 5.8 (TM) pm/°C over 10 — 70 °C. The differences for TE-like and TM-like modes
were due to the asymmetric stress caused by the substrate. In the second design, the grating was
formed on a B,O3 co-doped Ge-SO, grating layer with a core layer of B,O3-SO, and cladding
layers of F-B,03-S0O,. A reduced dl g/dT vadue of 4 pm/°C (TE and TM) was reported for this
design. This was because the core did not contain any GeO,, which has a postive dn/dT [1] that
increases the temperature sengtivity of the Bragg wavelength, as well as the co-doping of F, in

the cladding layers, which reduces a and dn/dT [1,71].

Graing layer
Grding Core Gratllng ‘ Care
] | Cladding L
CIaddmg% L [T T I T T ITTT1
EEEENENEE =
Cladding Cladding
Subgtrate Subgtrate
@ (b)

Figure 2.20 : Athermal silica-based waveguides (a) without and (b) with a grating layer
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Table 2.6 summarises the atherma work described in this section, with their reported dl g/dT.

Author di /dT Base material | Temperature || Reference
range
Kokubunetal. [ 0.7pm/°Cat 1.3 mm Slica Not stated [61]
Kokubun et al. | <0.4 pm/°C at 1.55 nm Slica 25t090°C [62]
Shima et al. 5pm/°Cat 1.55mm | B,0s-GeO,-SO, | -40t0 80 °C [44]
fibre
Enomotoetal. | 38pm/°Cat 1.55mm || P,Os-GeO,-SO, Oto75°C [46]
fibre
Ng et al 8pm/°Cat 1.5mm Plastic dab 15t055°C [63]
Sakamoto et al | -2.3 pnV/°C at ~ 1.5 nm | LiO,-Al,03-SO, | —40to85°C [64]
Tamura et al <5pm/°Cat 1.55 nm || Hybridduminium | —40to 50 °C [66]
block-dlicaglass
Bosc et al 2pm/°Cat ~ 1.55 mm Slica 2010 100 °C [67]
Kintaka et al 4pm/°C at 1.55 nm Slicaglass 10to70°C [45,69]
ceramic

Table 2.6 : Summary of the research work on lower temperature senstivity

In this research, different phosphate glasses had been studied and assessed, as set out in

Chapters 4 to 6, with the am of devedoping glasses with negative dn/dT for the purpose of

ahermdisation. Looking at equation (2.11), it is essentid to have glasses exhibiting negative

dn/dT in order to obtain negative dne/dT to compensate for the positive a. As phosphate glasses

genedly exhibit negatiive dn/dT, they can be potentidly developed for athermaisation

goplications. Idedly, bulk phosphate glasses with their intringc negetive dn/dT can be used for the

fabrication of athermd devices, without the need for extringc components such as substrates or

passive temperature control units, to compensate for the change in temperature.
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CHAPTER 3

EXPERIMENTAL WORK

Throughout the course of this work, various processes and measurements were carried out to
melt and prepare the glasses and to characterise their properties. Different fabrication techniques
were aso used to fabricate waveguides and fibres using these glasses. The generd principles of
these processes and techniques are described in the following sections. Specific details of these

processes involving the glasses studied will be described in the relevant chapters.

3.1 Glass Prepar ation

3.1.1Glass Mdlting

Glass synthes's involves the preparation of the appropriate mixtures of raw materids, a melting
process and an annedling process. Table 3.1 shows the different raw materias used, with their
respective supplier and purity leve, to mdt glass samples of different phosphate glass systems for
this work. The appropriate amounts of raw materids required for each glass sample were
caculated according to the mol% of each component of the glass and weighed to produce the

resction mixture. Appendix B shows examples of raw materid caculations for some glasses.

A dlicacrucible or a platinum crucible was used to batch the mixture of raw materids for melting.
Batching was carried out in adry nitrogenpurged glovebox. The raw materias were weighed and
mixed in a glass besker, homogenised with a porcelain spoon and then transferred to the crucible.
Generdly, the reaction mixture was melted in an oxygen aimosphere for 60 - 90 minutes in a
crucible in amdting furnace, which was prehested to temperatures between 1000°C and 1500°C
(mdting temperature, T.)), depending on glass compostions. The crucible was covered with a
plainum lid to avoid excessve loss of materias during the meting process. The mdt was then
cad into a casting mould, within an ameding furnace, which had been pre-heated gpproximately
to the glass Ty, to form a rectangular sample. Table 3.2 shows the materids that can be used for
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the casting mould, as the glass does not wet them due to their lower expansion coefficients. The
glass was then annedled near its T, for 60 minutes and finally cooled to room temperature &t a

rate of 0.5°C/min.

Raw materials Supplier Purity
Potassium carbonate, K,CO; BDH Laboratory 99.9%
Sgma-Aldrich 99.99%

Sodium carbonate, Na,COs AlfaAesar 99.5%
Calcium carbonate, CaCO; AlfaAesr 99.95%
Barium carbonate, BaCO; AlfaAesar 99.95%
Aluminium hydroxide, Al(OH)3 Testbourne Ltd. 99.9%
Boron oxide, B;O; AlfaAesr 99.98%
Phosphorus (V) oxide, P,Os AlfaAesr 99.99%

Table3.1: Raw materialsfor glass melting

Material Thermal expansion,
a (" 10%°C)
Graphite ~3.0
Brass ~11.0
Sainless stedl ~6.5
Phosphate glasses ~6.0-22.0

Table 3.2 : Casting material

The annedling schedule followed for dl the glasses was as follows : from cadting, the glasses were
held a a temperature near ther Ty for 60 minutes and then dowly cooled to the room
temperature at a rate of 0.5°C/min. This was carried out to eiminate the stresses that might be
present in the glass. In a homogeneous glass, these stresses can be caused by rapid cooling of the
glass through the glass transition region (gpproximated by the glass T), leaving inadequate time
for the condituent atoms to occupy the lowest energy stes. Within the trangtion region,
microgtructure changes can occur. These changes require an increasing amount of time to occur

as the temperature is reduced. Hence, most glass properties, such as Ty and the therma
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expangon coefficient @), depend on time and temperature (therma history). This means that a
change in the heating and cooling rate can induce variations in glass properties. For a glass cooled
a alow rate, the glassis able to shrink to a metastable equilibrium volume and becomes dense.
However, if the glass undergoes rapid cooling, there is insufficient time for contraction and the
glass dructure that freezes has a greater volume. Upon hesting to the glass trangtion region, the
dtructure elements of the glass are rearranged into denser and lower energy Stes, leading to a
reduction of the glass volume. Such dructurd changes can dffect the glass property
measurements. In this thes's, the effect of different annedling schedules on the glass properties of
Ty @ and dn/dT were not investigated. It is possble that the absolute values of these glass
parameters will change using different schedules. In this work, only one anneding schedule has
been used for dl the glasses, where the results for dn/dT showed good consistency of results.

The use of dlica crucibles can cause contamination of the glass ndlts. This was because the
crucibles can dissolve during meting at high temperatures and traces of Silica were mixed in with
the glass mdits (typicaly 1 mol%). The crucibles were aso not reusable as they normally cracked
upon cooling. The use of platinum crucibles directly with P,Os powder can cause damage to the
crucible (damage can be minimised by melting in oxygen amaosphere) but they did not crack
during heeting and cooling, due to the platinum’s low therma expangion (8.8" 10°%°C) and high
therma cnductivity (72 W/mK), and hence were reusable. To prevent damage to the platinum
crucibles, reduce striae and improve homogeneity as well as to sore large volumes of mdlts, the
initia glass was mdted in a dlica crucible and then cast in a graphite moud at room temperature.
The glass was then trandferred to a platinum crucible and remdted and findly cast into a graphite
mould and annedled. Figure 3.1 shows the glass synthes's procedures while Figure 3.2 shows the
timdine involved in the mdting process.

In this work, melting of smal batches (~ 30 g) of glasses for characterisations, as described in
Chapter 4 to 6, was carried out in ether adlicacrucible or a platinum crucible. However, melting
of glasses for fibre and planar waveguide fabrication was carried out in aslica crucible, followed
by remdting in a platinum crucible. Thiswas done mainly to improve the glass homogeneity and to
reduce driae. Also, remdting in a platinum crucible alowed large volumes of melts to be stored
for future use, such as the core and overclad melts for the spin-coating process. In contragt, sllica

crucible cracked upon cooling after the melting process, preventing further use.
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Figure 3.1: Glass synthesis procedures

Energy dispersve adyss of X-ray (EDAX) was carried out on a random sdection of glasses
and the results of some of these glasses are shown in Appendix C. The andysed glass
compositions were found to be ~ +3 mol% from the nomina compositions that were prepared
and melted, with an error of +3% due to changes in the experimenta conditions over time during
the andyds. Andyss caried out on a few spots on each sample showed good sample
homogeneity with a composition consistency of +2% throughout the sample. The samples were
adso andysed for the presence of SO, to assess the level of contamination from the mdting

process.
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Figure3.2: Timelinefor glass synthesis

Photograph 3.1 shows a slica crucible containing a reection mixture in a melting furnace while
Photograph 3.2 shows a rectangular glass sample cast into a graphite mould.

Slicacrucible
(containing reaction mixture)

i 5
Aluminacrucible
(for support)

. Mélting furnace

Photograph 3.1 : Glass melting
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Photograph 3.2 : Glass casting

3.1.2 Glass Polishing

Before the glasses could be characterised for optica and therma properties, it was necessary to
polish the glasses. Thiswas because the melted glasses can have rough and uneven surfaces. A 3-
step procedure using three different solutions containing 9 mm calcined dumina powder, 3 mm
cacined aumina powder and 0.125 mm silica particles (Syton) respectively, was used to produce
glasses with smooth, flat and opticaly trangparent surfaces.

The firgt two geps involving dumina solutions are known collectively as the ‘lapping’ process.
The glasses were firg Igpped usng the coarse grit Sze of 9 nm on a cast iron plate to shape,
flatten as well as to thin the glasses to the required dimensions. This was then followed by the
solution containing grit Sze of 3 mm to reduce scratches and edge damage caused by the previous
step. The find gep involving the Syton solution on a polyurethane plate is the * polishing’ process.
This improved the qudity of the surface by removing surface roughness, surface scratches and
edge damage.

For the various therma and optical measurements carried out within this work, sample flatness
was not a criticd aspect and the above lapping and polishing procedures described were
aufficient in producing transparent and opticaly polished glass surfaces for characterisation. In
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fact, for dn/dT measurement, a dight wedge on one of the glass surfaces was desired, so thet the
interference fringes could be observed, as described in Section 3.4.

For different property measurements, the samples were lapped and polished to the required
dimensonsas shown in Table 3.3.

Property Required sample thickness (mm)

Thermal expansion coefficient
Refractive index ~10.0
Thermo-optic coefficient

UV spectrum ~2.0
OH concentration

Table 3.3 : Samplethicknessfor property measurements

3.2 Thermal Properties

3.2.1 Glass Transtion Temperature, T,

A Differentid Therma Andyser (Perkin Elmer DTA7) was used to measure the glass trangtion
temperature in nitrogen atmosphere. In addition, the extrgpolated onset of crystalisation, Ty, peak
crysdlisation, T,, and mdting, T, temperatures can aso be determined. The DTA (Figure 3.3)
enables the characterisation and andysis of thermd properties of materids. It condgts of a cdl
base and a high temperature furnace, capable of heating up to 1600°C. Within the furnace, there
is a matched pair of thermocouples congtructed of platinum and platinum/10% rhodium. Each
thermocouple monitors the temperature of an aumina cup, one cup containing dumina powder as
reference while the other cup contains asmall piece of glass sample, about 20 - 30 mg, in dumina
powder. As the furnace ramps up, the thermocouples measure the differentid temperature, DT,
between the two alumina cups, due to the endothermic and exothermic resctions in the glass. A
background measurement is first carried out without the glass sample. A second measurement is
then carried out with the sample in one of the dumina cups, corrected for the background

measurement. In this way, the data obtained corresponds only to the therma changes in the
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sample itsdf.

7| | Power switch -~

-

Figure 3.3 : Differential thermal analyser (DTA)

For T, messurement, the glass samples were heasted at a rate of 40°C/min from room
temperature to about 150°C below their respective T4 and then heated at a rate of 10°C/min to
about 900°C. Repeated measurements of samples with smilar nomina compostion showed an
uncertainty of £5°C. This uncertainty could be attributed to differences in the melted compositions
between samples. This could be due to error while weighing raw materiads during batching,
materid evgporation during meting as well as SO, contamination and sample homogeneity. A
typical DTA trace is shown in Figure 3.4, recorded as DT between the dumina cups aganst
sample temperature. The trangtion temperatures on the figure were estimated as the intercepts of

the tangents to the curves.

As the temperature increases, the disordered rigid glassy dructure with little molecular mobility
changesto a‘liquid’ state with increased molecular mobility and flow. Thisis denoted by the first
endothermic event (Tg). Further increase in temperature results in nucleation and crysta growth,
characterised by the onset of crystallisation (T,) and an exothermic pesk (T,). When the DTA
curve returns to the basdine after the melting event, the liquidus has been reached. The therma
dability of the glass is generdly determined from (T, Tg) and (Tp-Ty). (Tx-Tg) should be large
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(idedly 3 150°C) to provide the maximum working temperature range for the glass before
crysdlisation sets in. (Tp-T,) should aso be large as this generally means that there are a number
of crystd events happening and competing againg each other such that crystdlisation will not
progress rapidly once started.

0.8

0.4 i

A

Exathermic

DT ()

300 400 500 600 700 800 900 1000
Temperature, T (°C)

Figure3.4: Typical Ty measurement data (KAP-1b sample data from Chapter 4)

3.2.2 Thermal Expansion Coefficient, a

The thermd expanson coefficient was measured using a Thermo-Mechanicd Andyser (Perkin
Eimea TMAY). The TMA (Figure 3.5) permits the measurement of dimensond changes in
materials as a function of temperature or time. It condsts of a highly sendtive linear varigble
differentid transformer (LVDT) with a displacement sengitivity of 50 nm and a furnace capable of
hesting up to 1000°C. The glass sample is sandwiched between two Incond disks and held in
place by a probe in the sample holder. As the furnace ramps up, the sample heats up and
expands and causes a change in the probe position. The senditive temperature-controlled LVDT

and aprecise linear probe control motor enables accurate monitoring of this change.

a was measured in the temperature range of 50 - 300°C with a force of 110 mN. The glass

samples, in rectangular shape approximately 4 4° 10 mm®, were heated to 300°C at 5°C/min.
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Repeated measurements of samples show an experimental error within £0.2” 10°%°C. Figure 3.6
shows a typical TMA curve, presented as sample height, h, against temperature, T. The
expangon coefficient, a, is defined as (1/h)(dh/dT) where dh/dT can be determined from the
dope. If the measurement was carried out to higher temperatures, the glass trangition temperature,
T, Of the glass can dso be measured, as indicated in Figure 3.6 by a change in the dope
representing a change in the glass viscosty.

Linear vaidble  ———— 7 ——
differentid e
transformer i e

and ,
Precisennear\A |
probe control
motor

Sample holder

L
L T Furnace locking

< W
\‘/@f;:?_ sl o lever

Figure 3.5: Thermomechanical analyser (TMA)
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Figure 3.6 : Typical a measurement data (KAP-2a sample data from Chapter 4)
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3.3 Optical Properties

3.3.1 Refractive Index, n

An Abbe ‘60" refractometer (Bdllingham & Stanley Ltd.), as shown in Figure 3.7, was used to
measure the refractive index of the glasses at room temperature, by means of the totd interna
reflection phenomenon, at the sodium D-line (I = 589.3 nm). Measurement error was estimated
to be within +£0.0005, due to ingrument limitation. Measurement of different samples with the
same nomina composition gave an estimated uncertainty of £0.001. This could be due to changes
in the compogtions during batching, meting as wel as SO, contamination and sample
homogeneity.
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é . Disperdon drum
'\c_l"" .__\\. -', _:;.::‘-"'_' '\_'
-'n =
i AN Shutter
i [ & RN =,
Setting contrc_il:. e J,r_:L —'!q\\
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| & \ o, o
| ;
o
| s

Adjust zero  Thermometer

Figure 3.7 : Abbe ‘60’ refractometer

Figure 3.8 shows the badc principle of the refractometer. There is a prism within the
refractometer where the ‘AB’ and ‘CA’ faces are polished while ‘BC' is grey to increase
contrast. The priam generdly has a high refractive index, n; ~ 1.7. To measure the refractive

index of a sample, n, (N, < ny), the sample is placed onto the prism, with its polished face
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downwards. Generdly, a few drops of index matching fluid with refractive index ny, where

N>y, is used to avoid any trapped bubbles at the interface.

Sanplewithn, p,/ P, P,

Bl\ ) ld VN

Sodium lamp /j;')(
Z i f Telescope
C

Figure 3.8 : Total internal reflection in aprism

Light from asodium lamp isincident on the ‘BC’ face of the prism. From point X, the radiation is
diffusely scatered into the prism. The light path ‘XPy’ traces the boundary condition for tota

interna reflection where the angle of incidence is equa to the critica angle between the prism and
sample, .. Hence, any light paths having incident angles less than the criticd angle, such as‘ XP;’,
will partly propagete into the sample. However, light paths such as the * XP,’ path with g >
will be totd interndly reflected and emerge from the ‘CA’ face. If we view in the direction of

‘YZ', thefidd across the telescope view will be divided into a dark region for q> ¢ and abright
region for q< ¢p. Knowing the properties of the prism, the indrument is caibrated such that the
observed vaue of g directly corresponds to the sample refractive index.

3.3.2 Thermo-optic Coefficient, dn/dT

The thermo-optic coefficient was measured using an interferometer set-up in the temperature
range of 20 - 100°C at arate of 40°C/hour. dn/dT values were reproducible to +5%, due to the
uncertainty of £0.1°C for DT, extracted from the measurements to calculate dn/dT, aswell asthe
errors in the measured values of n and a. The experimental set-up and principles of operation are

described in detail in Section 3.4.
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3.3.3 UV_Spectrum

Ultraviolet (UV) resonance of glasses is generdly associated with the band-to-band trangtion of
electrons. High energy photons (short wavelength UV radiation) exceeding the eectron band gap
can opticaly excite the dectrons from the vaence to the conduction band. However, if a
paticular photon energy is insufficient, no dectron excitation occurs and the glass will be

trangparent at that particular wavelength.

UV gectra of the glasses were collected usng a Varian Cary 500 Scan UV/VIiSNIR
Spectrophotometer. The spectrophotometer was able to generate discrete wavelengths of light,
from 175 nm up to 3300 nm, which were passed through a sample in order to measure the
amount of light absorbed. Hence this equipment can be used to measure the
transmission/absorption of a glass sample from the UV to the near infrared (NIR). It also included
a chopper, made up of a mirrored section to reflect the light beam, a section which alowed the
light beam to pass and a section which was ‘dark’ to block the light beam. This arrangement
dlowed the light beam to be directed to two different directions, aternating between the sample
and reference, and to dlow the change of the grating to the next wavedength during its ‘dark’
section. This had the advantage that results reported were averaged over each discrete

wavelength and not over severd wavdengths.

The UV edge spectra of the glasses were collected using polished samples gpproximatey 2 mm
thick, in the wavelength range of 190 — 500 nm. A ‘Zero/basdline correction’ was first carried
out. Measurements were taken without the glass sample to collect the *100 % transmisson’
background and then the sample beam was blocked off to collect the ‘O % transmisson’
background. The UV spectrum for the sample was then taken, corrected for the background
measurements. Figures 3.9 and 3.10 show the typicd UV transmisson spectrum and UV
absorption spectrum, corrected for Fresnd reflection, respectively. The data for transmisson can

be converted to absorbance and vice versa using equation (3.1).
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I--O:

A
Absorbance = logg—x= (3.1
Tm

[N

where Ty IS the maximum transmisson and T, is the measured transmisson a a particular

wavelength. The absorbance data for a sample can aso be represented by the absorption
coefficient, as determined by equation (3.2)

rl :|n§ﬁ.§g (32)
Tm %)

wherer isthe absorption coefficient and | isthe sample thickness.
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Figure 3.9 : Typical UV transmission spectrum : (a) Measured data and (b) Corrected
for Fresndl reflection (CaP-1b sample data from Chapter 5)
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Figure 3.10: Typical UV absorption spectrum, corrected for Fresne reflection
(CaP-1b sample data from Chapter 5)

3.3.4 OH Content, ron

Infrared measurements of relative OH concentrations were collected usng a Fourier transform
infrared (FTIR) spectrophotometer (Perkin Elmer System 2000). An FTIR spectrophotometer
records the interaction of IR radiation with experimenta samples, measuring the frequencies at
which the sample absorbs the radiation and the intengties of the absorptions. Hence different
absorption bands can be detected to identify the components and impurities within the samples.

The Perkin Elmer System 2000 uses a tungsten halogen lamp source and a tri-glycine sulphate
detector in the NIR range. The source radiation is directed through an interferometer and onto the
sample. The light passes through a beamsplitter and splits into two perpendicular directions
towards a stationary mirror and a moving mirror, respectively, creating a difference in the path
lengths when the light paths are reflected back to the beamsplitter and recombine. This creates an
interferogram, due to constructive and destructive interference. The recombined beam is then
passed through the sample, which absorbs the waveengths specific to the sample, and corrected
for the interferogram to produce the absorption data.
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Measurements were taken with polished samples approximately 2 mm thick, in the transmisson
mode in the range of 2000 - 5000 cmi* (5000 — 2000 nm) with a resolution of 4 cmi*, averaged
over 30 scans. Background subtraction was performed for each sample andyss to diminate the
effects of IR-active atmospheric components such as carbon dioxide (CO,) and water (H,O).
Figure 3.11 shows atypica FTIR scan in transmisson mode. For phosphate glasses, there is a
broad OH absorption band at around 3000 cm* (~ 3.3 mm) [1]. From the FTIR scan, the
relative OH concentration can be expressed in terms of the OH absorption coefficient, roy [2]:

& |n35_ 3000 99
é T5000 093
|

loy = (3.3)

Equation (3.3) determines the relative concentration of OH from the transmission % at 3000 i
(T3000), Normalised to the transmission % at 5000 cit (Tso0) and the sample thickness, |. Tsooo
serves as a background transmission and includes the Fresnd reflection losses. This equation is
essentidly smilar to equation (3.2) except for the longer wavelength range that the FTIR is
cgpable of measuring. The resolution of FTIR is better due to the longer path length traversed by
the light beam beforeit is incident upon the sample.
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Figure3.11: Typical FTIR spectrum, corrected for Fresnel reflection.
(Inset) OH absor ption at ~ 3000 cm™* (KAP-1b sample data from Chapter 4)
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3.4 Study of dn/dT

This part of the work involved the study of the dn/dT of glasses, which was one of the man
objectives of my research work. As no such measurement had been done previoudy in the
Optoelectronics Research Centre, the Author had to build an interferometer set-up to perform
this measurement. Severd subgtantid improvements were made to the set-up iteratively in terms
of the design of the sample holder and heater pogtion, in order to be able to measure dn/dT
accurately.

3.4.1 Theory of Interference

Wave interference is a phenomenon which occurs when two waves meet while travelling dong the
same medium. Congtructive interference occurs when two interfering waves are in phase. In this
gtuation, both the interfering waves have a displacement in the same direction and hence add up
to make a resulting wave with a greater digolacement than the individud interfering waves in the
same direction. Destructive interference happens when two interfering waves are out of phase. In
this Stuation, each wave has a displacement in the opposte direction to the other wave and hence
cancels each other, either completely or partialy depending on the initid displacements, to

produce a resulting wave with a smaler diplacement than the individud interfering waves.

In ether case, the meeting of two waves dong a medium does not dter the individua waves or
even deviate them from their path. A composite wave, made up of two harmonic snusoidd
waves with identica frequency, will dso be harmonic and of the same frequency adthough its
amplitude and phase will be different.
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3.4.2 Interferometer Set-up

An interferometric technique was set up to measure the thermo-optic coefficient, dn/dT. The
experimenta set-up is shown in Photograph 3.3 and schematicdly in Figure 3.12. This set-up was
constructed based on the work described by Jewell et al. [3], but with dightly different gpparatus

set-up and sample design.

The sample was held in place by a sample holder within a heat chamber, which was heated by
two smdl heaters (20 W cartridge heaters by RS). The congtruction of the sample holder and
hesters is shown in Photograph 3.4. The sample holder conssted of two auminium plates, with
the front plate graphite-coated. This prevented any reflection from the plate and provided good
thermal contact with the front face of the sample. The front plate was spring loaded to provide
good sample sability and prevent strain-induced digtortion from thermd cyding during the

measurement, while the back plate was fixed in place.

In this set-up, light from a He-Ne laser with a power of 5 mW and a spot size of 1 mm was used
to illuminate the sample. The light was then reflected from the front and back faces of the sample.
These two reflected light paths formed an interference pattern, which could be detected and
collected by aslicon photodetector, via the beamsplitter. The photodetector was connected to an
andogue-to-digital converter (ADC16 by Pico Technology Ltd.) together with the thermocouple
of the temperature controller in order to feed the required data into a computer for andyss. This
thermocouple was attached to the base of the sample holder where this position offers the most
stable temperature ramping. Heating was carried out a a dow rate of 40°C/hour to alow enough
time for the sample to reach the desired temperature. A rate of 20°C/hour was previoudy tested
and there was no difference in the results obtained at these two hesdting rates. Three other
thermocouples were attached separately to the base, front plate and back plate of the sample
holder, respectively, to monitor the temperatures at these locations. A temperature difference of
about 5°C was observed among the three locations.
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Figure3.12: Interferometer set-up
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Photograph 3.4 : Sample holder

3.4.3 Analysis of Fringe Pattern

The interference pattern formed from the reflected beams from the front and back faces of the
glass sample can then be anadlysed to cadculate dn/dT. Photograph 3.5 below shows a typica
interference fringe pattern (far field) obtained, and a schematic representation of where the
detector was positioned with respect to the fringes.

Detector

Photograph 3.5 : Fringe pattern
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A silicon photodetector, which was connected to the ADC, was used to detect the intengity of the
light reflected from the sample. The detector was first podtioned on ether a bright fringe or a
dark fringe. As the sample was heated, the optica path length between the front and back faces
of the sample changed due to the combined effects of a and dn/dT of the sample. When the net
path length increased, the fringes moved and was recorded as oscillations in the intendity of the
light upon the detector. Hence the output of the ADC as observed on a computer showed an
goproximate snusoidal wave. Figure 3.13 shows the typicd snusoidd interference pattern
obtained. The measurement was recorded as a function of time but can be directly converted to
temperature as every elapsed 90 seconds corresponded to 1°C change in temperature (hegting
rate of 40°C/hour).

The generd rdative phase of two interfering beams, Df , as a function of temperature, T, isgiven
as[4]

Eeqpﬂén 38“ efin (3.4)

where | isthe laser wavdength, | is the glass thickness, n isthe refractive index, a isthe thermd
expangon coefficient, /[T is the thermo-optic coefficient and T is the temperature.

By messuring DT, corresponding to the temperature difference between successive maxima or
minima of the fringes, or equivdently, to a phase difference of 2p (Df = 2p), equation (3.4) can
be rearranged to equation (3.5) below to calculate dn/dT [3,5],

dn _a !l 9
—=¢—<-na 35
aT &2 (39

Throughout thiswork, | = 632.8 nm (He-Ne laser), | wastypicdly 10 mm and n measured at |
= 589.3 nm. n was measured at the sodium D-line (I =589.3 nm) because of the available lamp
source, compared to the measurement of dn/dT at | =632.8 nm. Theuseof nat| =589.3 nm,
ingead of | = 632.8 nm did not significantly affect the results for dn/dT because the values of n at
these wavdengths did not vary greetly. At the mog, the vaues of n would differ by 0.002.
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The error in dn/dT can be andysed in terms of the errors in the measured vaues of DT, n and a.
If the errors associated with DT, nand a are D(DT), Dn and Da, then the error in dn/dT,
D(dn/dT), can be evduated using the following equation:

ain 6_ dn aeD(Dr) LEng  amy
(;_T +(;:—T (36)
dTg dT eDl'ra eng eag

where D(DT) = +0.1°C, Dn = +0.0005 and Da = +0.2" 10%°C, as stated in the previous
sections.
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Figure 3.13: Sinusoidal interference pattern

3.4.4 dn/dT M easur ements

In order to verify the reproducibility and accuracy of the measurements taken with the
interferometer, some glasses were put through the experimental set-up to determine their dn/dT
vaues. These were caried out a a wavdength of 6328 nm (He-Ne), measured over
20 — 100 °C using 10 mm thick samples. The results obtained are shown in Table 3.4. Ref [6]
did not give the wavelength and temperature range for the measurements. The dn/dT vauesfrom
ref [7] were estimated for | =632.8 nmand T = 20 - 40°C while that for ref [8] was quoted for
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| =508 nmand T = 20 - 120°C. The measured and literature dn/dT vaues were comparable,
indicating that the interferometer was functioning properly within experimenta errors and able to

determine dn/dT accurately.
Glass dn/dT (" 10%°C) dn/dT (" 10%°C) Reference
(Experimental) (Literature)
Slica 10.90+ 0.18 10.40 [6]
N-PK51 (Schott) -7.09+0.35 -7.32 [7]
N-FK51 (Schott) -6.34+£0.28 -6.37 [7]
Barium metaphosphate -10.24 £ 0.36 -10.60 [6]
(BaP-1c sample -10.30 [8]
from Chapter 5)

Table 3.4 : dn/dT of trial glasses

3.4.4.1 Effect of Sample Thicknesson dn/dT

In equation (3.5), | and DT are variables, being inversay proportiond to one another, while a a
particular wavelength and temperature, n, a and dn/dT are congtants, for a particular glass
sample. Hence, decreasing the thickness of a sample under test increases DT for congtant dn/dT.
This suggests that dn/dT is independent of sample thickness. A series of dn/dT measurements,
under dmilar conditions, were teken to verify the above observation, usng a barium
metaphosphate glass sample a various thickness. A 13.6 mm thick sample was initialy used and
after every measurement, the sample was thinned down through Igpping and polishing, as
described in Section 3.1.2. Table 3.5 shows the measured dn/dT values a different thickness
with the errors calculated according to equation (3.6). Measurements were repeated four times
for sample A5 to verify the reproducibility of the results. The dn/dT values were gpproximatdy
the same but neverthdess varied dightly. This was due to offsetsin DT, as shown in Figure 3.14,
comparing the measured and literature DT vaues. The literature DT vaues were determined from
equation (3.5) based on the n, a and dn/dT results of Shchavelev et al. [8] and subgtituting for |

(632.8 nm) and | (10 mm). Despite the offset in DT, the results showed that the measured DT
varied with the glass thickness, |. Throughout this research work, glass samples with thickness of
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gpproximately 10 mm were used.

Sample | (mm) dn/dT (" 10%°C)
Al 13.62 -10.05+ 0.52
A2 13.01 -10.09 £ 0.50
A3 11.97 -10.17 £ 0.47
A4 10.92 -10.08 £ 0.43
Aba 10.07 -10.03+ 0.40
A5b 10.07 -10.03 £ 0.40
A5c 10.07 -10.45+0.40
A5d 10.07 -10.45+ 0.40
A6 8.98 -10.30+ 0.36
A7 7.78 -10.05+ 0.32
A8 7.05 -10.45+0.30

Table 3.5: dn/dT valuesfor barium metaphosphate sample at different thickness.
(dn/dT measured at | = 632.8 nm over 20— 100 °C)
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Figure 3.14 : DT valuesfor barium metaphosphate sample at different thickness
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3.5 Fibre Fabrication

When the glasses had been fully characterised, samples were prepared for fibre fabrication and
waveguide fabrication (Section 3.6). This section gives a generd overview of the procedures
involved in the fibre fabrication process investigated as part of this work. Section 3.5.1 describes
the extrusion process used to obtain a preform for fibre drawing while Section 3.5.2 describes the
fibre drawing process. Detalls of the specific glasses and fabrication conditions used in this work
will be described in the relevant chapters.

3.5.1 Extrusion

The extruson process was used to prepare the preform for fibre pulling. This process has the
advantages of low processing temperature and flexibility in the shgpe and Size of the extruded
product. The process was initidly investigated for the extruson of an dkdi lime dlicate glassand
a cacum duminate glass [9], and since then, glass ceramic materids [10] and glass matrix

composites [11] had also been extruded.

In generd, core and cladding glass disks of 5 — 10 mm thick and 29 mm diameter were first cast
and prepared. Before the extrusion process, an extruson body was prepared, containing the
following, in the order in which they were firgt placed into the body. All parts were made from

danless ged and of 29 mm diameter.

1. Clad die (5 mm thick) with acentra hole (2 mm diameter).

2. Clad glass.

3. Coredie (5 mm thick) with a centrd hole (2 - 4 mm diameter), to which a core glass had
been directly cast to fill the holein order to minimise trapped air.

4. A fla plate (1 mm thick).

5. Three carbon papers (1 mm thick each).

6. A gpacer (2 mm thick).
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Parts 2 — 6 were contained in a stainless stedl deeve. Both the core and clad die had doping
wedges to ad dippage of the glass dong the die wal and improve glass flow, resulting in
increased extrusion rate. Photograph 3.6 shows the body parts for extrusion.

Seave

Clad glass Coredie + core glass

Photograph 3.6 : Body partsfor extrusion

The body congtruction was then placed into the extrusion rig (Photograph 3.7) and hesated to the
softening temperature of ether the core or cladding glass, whichever was higher. Pressure, up to
75 bar (7.5 MPa), was then gpplied uniformly via a plunger, to the body to force the molten
glasses through the small holes of their respective die to extrude a cane. The diameters of the die
holes can be designed to produce the required core to clad ratio. In order to further decrease the
ratio for fibre fabrication, a cladding glass tube of large outer diameter (depending on the required
ratio) was extruded, into which the cane can be insarted to form the find preform for fibre pulling.
The extrusion rate and shape of the extruded products are affected by temperature, pressure and
the diefriction [12]. Figure 3.15 shows the extrusion process.

The specific details for the extruson work on different glasses will be discussed later in the
relevant chapters.
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Hydraulic plunger —» l

A
f

Insulating brick —p

TR

SExtrusion body | ol

Photograph 3.7 : Extruson rig

Pressure Pressire
Seave —p l
Plate, 3 carbon
Core glass \ paper, spacer
Coredie h\\\\"& *}\\ \“ﬁ
Clad glass
Clad die

<4— Extruded rod

Figure 3.15 : Extrusion process
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3.5.2 Fibre Drawing

When the cane and cladding tube had been extruded, the cane was inserted into the tube to form
a preform, which was then placed in the fibre drawing tower, shown schematicdly in Figure 3.16,
for fibre pulling. The tower conssts of a ‘feeding sysem’ which feeds the preform, a radio
frequency (RF) furnace (Stanelco STA 3B RF generator) which hegts and softens the preform, a
‘diameter monitoring system’ (Anritsu M501A SLB) which measures the fibre diameter with a

He-Ne laser, by way of scattering, and a drum to spool the drawn fibre.

Feed system

4¢— Feed rod

Preform
(ingdefurnace)

Furnace

<4—Fbre

Diameter

monitoring
system

Spooling

drum

Figure 3.16 : Fibredrawing tower

The congruction of the furnace is shown in Figure 3.17. The preform was held ether by a
danless sted chuck or suspended by wires in the furnace, which was kept under an oxygen
atmosphere where the rates of oxygen flow were 7 I/min and 2 |/min at the top and bottom of the
furnace, respectively. This difference in oxygen flow created a positive pressure within the furnace
to prevent particles or contaminants entering from the bottom of the furnace. The RF generator
generated an output power of 3 KW at a frequency of 400 kHz, which coupled into the stainless
sted susceptor via some RF coils, creating a locaised heating zone for the preform. The furnace
was heated at a rate of 100°C/min to the fibre pulling temperature of the preform where the
preform would soften and begin to neck down (Photograph 3.8) within the susceptor. The
required diameters of the fibres can be achieved by controlling the feeding rate, typically 300 rpm
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(~ 25 mm/min), and the spoaling rate, typicaly 240 — 280 rpm (~ 9.1 — 10.6 m/min) for 125 —
150 nm diameter fibres. The specific detals of the fibres pulled will be set out in the reevant

chapters.

e Preform feed rod

N7z

Tt

O
‘ : 1q'_‘/StainI&sssteel chuck
| I

O, in ——

Preform 7 o)
ey :\ \&_F-.-.%Waterow
. hﬂSIIl_cawater
Jf | 4 jacket

WaterinﬁE'-‘—'-'i';\E |—1m Stainless sted

o |

= B susceptor
Susceptor 210 4 ) | ~RF coil (4 tung)
support — F'l' ﬁgThermooouple

S'Iicatubehw] "o,

helo -~ Brass cold finger
O, in-. |
Water in— —Water out

Figure 3.17 : Fibre drawing furnace [courtesy of Roger Moore, ORC]

Photograph 3.8 : Fibre neck down
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3.6 Waveguide Fabrication

This section describes the procedures involved in waveguide fabrication. Section 3.6.1 describes
a technique for depositing glass layers onto a subgrate, creating a multi-layer glass structure.
Sections 3.62 and 3.63 describe the techniques for directly writing channd waveguides in bulk
glasses. Specific details of the processes performed in this work will be described in the relevant
chapters.

3.6.1 Hot-dip Spin-coating

Multi-layer planar waveguides can be prepared using the hot-dip spin-coating process. This
process had previoudy been developed at the Optodectronics Research Centre, Univerdty of
Southampton (UK) to fabricate low-loss planar fluoride glass opticd waveguides
(0.1dB/cmat | =1.05mm) [13]. Using this process, different layers can be obtained by spinning
glass films onto the substrate whereby the centripetal forces act to thin out the layer. To date, the
process had aso been demondrated successfully in chalcogenide [14] and bismuthate [15]

glasses.

The glass subdrate is generdly heated to its trangtion temperature, T, to minimise thermd
dresses. As the substrate comes into contact with the high temperature molten glasses for the
core layer, the substrate may be at a high enough temperature to reflow. This effect of reflowing
can be exploited to reflow and thin down the core layer by spin-coating an overclad layer [16].

Figure 3.18 shows the spin-coating rig [L7], which is fully automated via a computer. A flat
opticaly polished sample approximately 2 mm thick and 32 mm diameter was held by avacuum
chuck in the upper furnace and hesated to its T,. Glass mdt for the core layer (in a platinum
crucible) was melted in a separate furnace and then transferred to the lower furnace, which was
preheated to 750°C. An Aerotech ATS200 positioning system was used to bring the crucible to
the upper furnace close to the subdrate. Accurate measurement of the melt level resulted in the
surface of the subdtrate just being dipped into the molten glass. The spinning of the subgtrate

began once the crucible had been withdrawn into the lower furnace. This spinning process
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created a uniform thin film on the substrate gpproximately 25 nm. The sample was then annedled
in the upper furnace for one hour before being cooled to room temperature at a rate of 1°C/min.
If an overclad layer was required, Smilar procedures were repeated as per the core layer after
the core layer had been deposited. The core layer normally thinned down to gpproximately 5 mm

as a consequence of this second spinning.

Spinning assambly

Upper spinning/ Vacuum chuck

Substrate
(dipped into melt)

Before dipping Coating
Front view Side view

Figure 3.18 : Spin-coating rig (courtesy of D. Harwood [17])

For channd definition, direct laser writing has been investigated using UV and femtosecond

writing, as described in the following sections.

3.6.2 UV Writing

The direct UV-writing is based on a localised change in refractive index induced by short-wave
radiation and enables the fabrication of various optica devices such as waveguides [18], Bragg
gratings [19,20] and directional couplers [21] in photosendtive materids. It is a mature
technology in device fabrication in germania-doped slica fibres and waveguides [19,22,23].
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Photosengitivity is related to the bleaching of the 240nm absorption band, which is associated
with the germanium related oxygen vacancy defects [19]. Absorption of energy into this band
appears to lead to a permanent increase in the refractive index of the materid. In addition to the
above, refractive index change can aso be caused by densification of the glass structure [23,24].

The direct UV-writing gpparatus used to write waveguides consisted of a frequency doubled Ar
ion laser (Coherent FRED Sabre 500) with a continuous wave output at 244 nm. The samples
were held in place by vacuum on a computer controlled air-bearing trandation stage, which
travelled perpendicularly to the incident UV laser beam. Figure 3.19 shows the UV-writing
process. Powers up to 100 mW can be used to write channel waveguides at different speeds,
ranging from 5 to 3000 mm/min, and different channel separation distances.

UV laser beam

UV-written waveguide

-

Glass

A/D

irection of
glass motion

Figure 3.19 : Direct UV writing (courtesy of D. Harwood [16])

3.6.3 Femtosecond Writing

Femtosecond (fs) laser pulses have presented a technique for direct writing of waveguides and
gratings [25-27]. The laser beam can be focused to deposit energy in transparent materidsin the
immediate volume around the focus. The mechanism of energy depostion for fs laser pulses
includes multiphoton ionisation, avaanche ionisation and energy trander to lattice [28-30]. The
pulses generate a hot, high-densty eectron plasma which transfers its excess energy to the lattice,
causing increased temperature and pressure around the focus spot and crestes a locdl
dengfication, leading to increased refractive index. Energy can be deposited not only on the

surface but dso ingde the bulk materia due to non-linear absorption and hence, fs laser writing
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offers three-dimensiona capabilities.

The femtosecond writing gpparatus comprised a regeneraively amplified Ti:sgpphire laser
generating 798 nm, 150 fs laser pulses at 100 kHz repetition rate. This whole system conssted of
a pump (COHERENT ‘Verdi’), pumping a 532 nm, a femtosecond cavity (COHERENT
‘Mira’) and an amplifier (COHERENT ‘RegA’).

Channd waveguides were written by using a microscope objective (10X - 50X) to focus the
laser beam indde the glass samples. The samples were trandated perpendicularly to the incident
laser beam to write waveguides along the length of the samples, as shown in Figure 3.20. A range
of powers up to 280 mW (up to 2.8 ml¥/pulse) were used to write the waveguides at gpeeds
between 20 to 100 ms.

Glass

Laser beam
¢ (798 nm)

Waveguide

Direction of
glassmoation

Figure 3.20 : Femtosecond writing
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CHAPTER 4

POTASSIUM ALUMINOPHOSPHATE GLASSES

4.1 Introduction

Phosphate glasses were the subject for our research study as they exhibit negative dn/dT;
-92.2" 10%K [1], and their properties could be modified by suitable addition of glass modifiers.
Negative dn/dT is arequirement to achieve athermaisation, as described in Section 1.3.

The main am of this pat of the work was to assess the optical and therma properties of
potassum auminophosphate glasses (desgnated as KAP), with the view for potentid
ahemdisaion gpplications, and examine the compogtiond effects (ultraphosphate,
metaphosphate, and polyphosphate compositions) on these properties. Potassum was chosen
due to the fact that potassium phosphate exhibits the most negative dn/dT (-23.3° 10°/°C [1])
among the metaphosphate glasses (the dn/dT of some metaphosphate glasses can be compared
in Table 2.1). Aluminium, despite aluminophosphéate exhibiting positive dn/dT (+5.0° 10°/°C [1]),
was added to improve the chemica durability of the glasses[2,3].

4.2 Glass Prepar ation

Various compositions of ternary KAP glasses of the K;O-AlLO3z-P,0Os system were prepared
with oxygen-to-phosphorus (O/P) ratio ranging approximately between 2.8 and 3.1. This range
encompassed ultraphosphate (O/P < 3), metaphosphate (O/P = 3) and polyphosphate (O/P > 3)

compositions. Four series of glasses were prepared, corresponding to (mol%) :

Series 1 : XK ,0-yAlLOz-(x+3y)P,Os metaphosphate composition with 10 £ x £ 40,
5£y£E 20.

Series 2 1 XK ,0-(35-x)AlL,03-65P,0s with 15 £ x £ 30 (P,Os wasfixed a 65 mol%).

Series 3 : 20K ,0-yAlLOs-(80-y)P,Os with 10 £ y £ 17.5 (K0 wasfixed a 20 mol%).
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Series4 : XK ,0-15A1,03-(85-xX)P,0s with 10 £ x £ 25 (Al,O3; wasfixed a 15 mol%).

The glass mdting process followed the procedures outlined in Section 3.1.1. Batches were
prepared from the appropriate mixtures of high purity powder K,CO3; (99.9%), Al(OH);
(99.9%) and P,Os (99.99%). The batches were mdted in dlica crucibles under an oxygen
atmosphere (oxidising effect) for 60 - 90 minutes at temperatures between 1050°C and 1500°C,
depending on the glass compositions. The crucibles were covered with a platinum lid to avoid
excessve loss of materids during the mdting process. The mets were then cast into a graphite
mould and annealed in air for 60 minutes at the respective glass T, before being dowly cooled at

arate of 0.5°C/min to room temperature,

Table 4.1 shows the batch compositions of the KAP glasses that were melted while Figure 4.1
shows the KAP glass mdting region for thiswork.

Sample Batch composition (mol%) oP Phosphate
K0 Al,O3 P2Os
KAP-1a 40 5 55 3.00 Meta-
KAP-1b 30 10 60 3.00 Meta-
KAP-1c 20 15 65 3.00 Meta-
KAP-1d 16.5 16.75 66.75 3.00 Meta-
KAP-1e 10 20 70 3.00 Meta-
KAP-2a 30 5 65 2.85 Ultra:
KAP-2b 27.5 7.5 65 2.88 Ultra
KAP-2c 25 10 65 2.92 Ultra:
KAP-2d 15 20 65 3.08 Poly-
KAP-3a 20 10 70 2.86 Ultra:
KAP-3b 20 125 67.5 2.93 Ultra
KAP-3c 20 175 62.5 3.08 Poly-
KAP-4a 10 15 75 2.87 Ultra
KAP-4b 15 15 70 2.98 Ultra:
KAP-4c 25 15 60 3.08 Poly-

Table4.1 : Batch compositions of KAP glasses
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. Homogeneous glass Ultraphosphate

M etaphosphate

Figure4.1: KAP glassmdlting

4.3 Property M easurements

The glass samples were first polished, following the methods detailed in Section 3.1.2, before any
property measurements were performed. The principles of the measurements carried out had
been described in details in Chapter 3.

The refractive index, n, of the glasses was measured at room temperature using an Abbe ‘60
refractometer at the sodium D-line I = 589.3nm). T,, Ty and T, were determined usng aDTA
at a heating rate of 10°C/min. a was measured with a TMA a a heating rate of 5°C/min in the
temperature range of 50 - 120°C.

dn/dT of the glasses was determined in the temperature range of 20 - 100°C with 10 mm thick
polished samples, using the interferometer set-up described in Section 3.4. UV spectrum analysis
in the range of 190 — 500 nm using a UV/Vis/NIR spectrophotometer and infrared measurement
of reative OH concentrations using an FTIR spectrophotometer in the transmisson mode over
the range of 2000 - 5000 cmi* were performed on 2 mm thick polished samples.
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4.4 Results and Discussion

The batch compositions of the KAP glasses prepared, dong with their associated thermd and

optical properties, are shown in Tables 4.2 and 4.3, respectively. Sample KAP-1c and its

properties are repeated alongside the results for KAP series 2 — 4 in order to show the changes

in the glass properties as the phosphate glass network systematically progresses from an

ultrgphosphate network to a metgphosphate and findly to a polyphosphate network.

Sample Batch composition (mol%) | T4 (°C) | T« (°C) | T,(°C) | a (" 10°%/°C)
K,0 AlLO; | P.Os (50 - 120°C)
KAP-1a 40 5 55 326 452 552 21.25
KAP-1b 30 10 60 418 633 697 15.20
KAP-1c 20 15 65 507 759 849 11.02
KAP-1d 16.5 16.75 | 66.75 543 771 880 8.71
KAP-1e 10 20 70 621 773 823 7.67
KAP-2a 30 5 65 272 558 670 19.70
KAP-2b 27.5 75 65 329 636 696 17.40
KAP-2¢c 25 10 65 400 618 782 13.34
KAP-1c 20 15 65 507 759 849 11.02
KAP-2d 15 20 65 567 814 882 7.23
KAP-3a 20 10 70 415 755 800 12.91
KAP-3b 20 12.5 67.5 475 736 793 12.15
KAP-1c 20 15 65 507 759 849 11.02
KAP-3c 20 17.5 62.5 526 702 798 10.15
KAP-4a 10 15 75 580 >900 >900 6.84
KAP-4b 15 15 70 539 749 >850 9.80
KAP-1c 20 15 65 507 759 849 11.02
KAP-4c 25 15 60 479 704 748 13.13

Table4.2: Thermal propertiesof KAP glasses
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Sample Batch composition n dn/dT (" 10%°C) | ros (cm™)
(mol%) (I =589.3nm) | (I =632.8nm,
K,O0 | AlLOs | POs 20 - 100°C)
KAP-1a 40 5 55 1.484 -16.61 35.88
KAP-1b 30 10 60 1.493 -8.54 30.61
KAP-1c 20 15 65 1.505 -2.76 27.87
KAP-1d 16.5 16.75 || 66.75 1511 +1.65 34.32
KAP-1e 10 20 70 1.519 +3.41 30.20
KAP-2a 30 5 65 1.469 -14.99 33.17
KAP-2b 27.5 7.5 65 1.488 -11.39 31.26
KAP-2c 25 10 65 1.495 -5.48 28.51
KAP-1c 20 15 65 1.505 -2.76 27.87
KAP-2d 15 20 65 1.515 +3.30 12.68
KAP-3a 20 10 70 1.497 -4.83 28.96
KAP-3b 20 12.5 67.5 1.502 -4.45 26.46
KAP-1c 20 15 65 1.505 -2.76 27.87
KAP-3c 20 175 62.5 1.508 -0.99 18.52
KAP-4a 10 15 75 1.515 +6.63 28.12
KAP-4b 15 15 70 1.509 -0.47 24.37
KAP-1c 20 15 65 1.505 -2.76 27.87
KAP-4c 25 15 60 1.502 -4.66 16.84

Table 4.3 : Optical properties of KAP glasses

The results for n, Ty and a in this work agreed with those in the literature having Smiler
compoasitions [4]. For example, from ref [4], their glass sample with nomina compostion smilar
to sample KAP-1c exhibited n = 1.502, T, = 535°C and a = 11.10" 10°/°C. It should be noted
that the starting raw materias that were used to melt the glasses were consderably different.

However, they did not seem to cause any disparity in our results compared to literature.
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4.4.1 OH Content and UV Spectrum

The presence of high fidd strength (defined as (Z/&?) [5]) AP cations generally reduces the OH
content in the glasses as the cations form hydration-resistant bonds with the phosphate NBOs [6].
Therefore any increase in alumina decreases the OH content, as reported in literature [4]. Thisis
shown in Figure 4.2, where the absorption near 3000 cmi* is assigned to OH absorption. In
generd, however, as evident from Table 4.3, the present work showed that there was little
change in the relative OH content of the KAP glasses as the dumina content changed. However,
there were some exceptions with severa glasses having just hadf the amount of OH rdatively, such
as samples KAP-2d (15K,0-20Al,05-65P,0s5) and KAP-3c (20K,0-17.5A1,05-62.5P,05),
which had high amount of dumina Although sample KAP-1e (10K ,0-20Al,05-70P,0s) dso
had 20 mol% Al,Og, it had high OH content due to its high BOs content, which made it
hygroscopic [7]. Sample KAP-4c (25K ,0- 15A1,05-60P,0s) dso had low OH content, possibly
due to its high K;O content and low R.Os content . The lack of senstivity of the relative OH
content with the dumina content, compared to ref [4], was possibly due to the dfferent raw
materid used and the meting procedures, most notably the longer glass mdting time and the
sedled crucible used within this work. An increased meting time reduces the OH content due to
evgporation until equilibrium is achieved [8]. Thus our results showed that the trend in the
measured vaues of n, Ty, a and dn/dT was not related to the OH content of the glass. In Figure
4.2, the IR edge shown is an overtone of the asymmetric (PO,) vibration mode [9].
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Figure4.2 : Infrared transmission spectra through xK,0-(35-x)Al,03-65P,05 glasses.

The spectra are normalised for a 1 mm thick sample and corrected for Fresnel loss.

Theintrindc UV absorption is generdly due to the eectronic band gap transtions, which depend
on the glass structure and chemical bonding within the network [10,11]. Thisis evident in Figure
2.1, which shows the different UV edges for different glass formers possessing different bonding
networks with oxygen. Glasses with strong structura networks tend to have UV edges at lower
wavelengths. However, the UV absorption of phosphate glasses can dso be affected extringcdly
by the presence of impurities, such as Fe** and Fe** [10,11], which can be introduced via the
raw materias and melting process [12-14]. In his gudy of UV transmisson of slver phosphate
glasses, Bartholomew [15] concluded that a decrease in the NBO atoms shifted the UV edge to
alower wavelength. Based on this concluson, KAP glasses with ultrgphosphate compostion, low
K* content or high AP content should exhibit UV absorption edges a a lower wavelength

compared to other compositions. This was because of the higher degree of cross-linking and
bridging oxygen bonds present in the glass network. The UV spectra obtained in this work, as
shown in Figures 4.3 and 4.4, however did not show any conclusive evidence to that effect asthe
spectra was distorted by the Fe** absorption at ~ 230 — 250 nm. Iron, in the form of Fe*" and
Fe*, were present as impurities in the raw materids used. As the glasses were melted under
oxidising conditions, Fe** species would dominate and the presence of this ion reduced the UV

transmisson of the glasses near 230 nm. The difference in the intengity of the Fe** absorption

could be attributed to changes in the glass compaosition, the mdting time, the melting temperature
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aswdl asthe supply of oxygen during the meting procedures.
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Figure4.3: Ultraviolet transmission spectrathrough 20K ,0-yAl,O3-(80-y)P,Os glasses.

The spectra are normalised for a 1 mm thick sample and corrected for Fresnd loss.
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Figure4.4 : Ultraviolet absor ption spectra through 20K ,0-yAl,O3-(80-y)P,Os glasses.

The spectra are normalised for a1 mm thick sample and corrected for Fresnd loss.
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4.4.2 Refractive | ndex

The measured refractive index, n, of the KAP glassesis shown in Figure 4.5a for the series 1 - 3
glasses as a function of Al,O3 and in Figure 4.5b for the series 4 glasses as afunction of K,0. As
shown in Fgure 453 the refractive index of the series 1 - 3 KAP glasses increased
monotonicaly as the aumina content increased, consistent with the results reported in the
literature [2,4]. For the series 4 KAP glasses where the Al,O3; component was fixed a 15 mol %,

an increase in the K,O mol% decreased the refractive index, as shown in Figure 4.5b.
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Figure4.5a: Refractive index (n) of series 1 (metaphosphate), 2 (65 mol% P,Os)
and 3 (20 mal% K,0) KAP glasses, measured at I =589.3 nm.
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Figure4.5b : Refractiveindex (n) of series4 (15 mol% Al,O3) KAP glasses,

measured at I =589.3 nm.

The refractive index of a particular glass is dependent on the polarisability and molar volume of
the glass, as given by the Lorentz L orenz equation [16]:

n®-1_4mN,R
n>+2 3 V,

(1.14)

where n is the refractive index, N, is the Avogadro’s number (6.022° 10%), P, is the dectronic
polarisability and V,, isthe molar volume. Hence, when the amounts of K*, A" and P°* changed,
n changed due to the ionic refractivity difference between the cations as well asthe molar volume

change.

When cations are added to phosphate glasses, the modifiers depolymerise the phosphate
network, thus diminishing the cross-linking of the phosphate glass network to create a more open
dructure. Also, the addition of modifying cations causes the glass dructure to expand to
accommodete the cations at interdtitiad Stes. Therefore an increase in molar volume leads to the
decrease of the refractive index of the glasses. Thisis evident from Figure 4.5b, when K,O was
subgtituted for P,Os, which aso coincided with the glass network changing from a cross-linked
(ultraphosphate) to a depolymerised network (polyphosphate).
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However, when a high fidd strength cation, such as AP, is added, the cation forms strong
bridging bonds [17] between the phosphate chains. This strengthening effect was considered by
Kreidl et al. [18], whose model suggested that AI** cross-links the phosphate chains, resuilting in
an increase in sructurd polymerisation of the glass network and the packing densgity of atoms.
This creates a more rigid network and causes a decrease in the molar volume, leading to higher
refractive index, as in Figure 4.5a. Such observations had been previoudy noted for sodium
auminophosphate glasses [2].

The potassum auminophosphate glass structurd network is shown in Figure 4.6, based on the
description in Section 2.1.2.2. The network comprises Q® and Q? phosphate tetrahedral units. At
the ultraphosphate composition, the network is highly cross-linked and dominated by @ units.
However, as the amount of modifiers increases, @ units are converted to Q7 units as bridging
oxygens are converted to non-bridging oxygens. The K* cations form ionic bonds with the non-
bridging oxygens, depolymerising the network, while AP**, in octahedral coordination, form strong
covaent bridging bonds between phosphate chains.

Figure 4.6 : Potassum aluminophosphate structure
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Therefore, the subgtitution of Al,O5 for K,O and P,Os (series 1 KAP glasses), Al,O3 for KO
(series 2 KAP glasses) and Al,O3 for P,Os (series 3 KAP glasses) increased the refractive index
while the subgtitution of K,O for P,Os decreased the refractive index (series 4 KAP glasses).

4.4.3 Glass Trandgtion Temper ature and Thermal Expanson Coefficient

Figures 4.7a and 4.8a show the variation of T, and &, respectively, of the series 1 - 3 KAP
glasses as a function of AlLLO; mol% while Figures 4.7b and 4.8b show how Ty and &,
respectively, of the series 4 KAP glasses vary as a function of K,O mol%. For the series 1 - 3
KAP glasses, the addition of alumina into the phosphate network increased the glass T, (Figure
4.7a) and decreased the glass a (Figure 4.8d). These effects on the therma properties were
consistent with the strengthening effect of AI** on the glass structure. As discussed earlier, the
incorporation of AP* increased the degree of polymerisation and strength of the glass structurdl
network. This was due to the formation of (P-O-Al) bridging bonds between the phosphate
chains, resulting in increased T,y and decreased a. Such observations had aso been reported in
the literature when Al,O; was added to phosphate glasses containing sodium [2,19], potassium
[4,20], barium [4], magnesium [4] and cesum [21].

The T4 (Figure 4.7b) and a (Figure 4.8b) of the series 4 KAP glasses, however, showed a
reversed trend compared to the series 1 - 3 glasses, when the amount of KO in the glass
increased, with the Al,O3 content fixed. This was due to the low fidld strength of K*, where the
addition of such cation broke up and depolymerised the phosphate cross-linked network. This
effect weakened the bond strength of the glass structure, leading to decreased Ty and incressed

a.
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Figure4.7a: Glasstransition temperature (T,) of series 1 (metaphosphate),

2 (65 mol% P,0Os) and 3 (20 mal% K,0) KAP glasses
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Figure4.7b : Glasstranstion temperature (T,) of series4 (15 mol% Al,Oz) KAP glasses
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Figure4.8a: Thermal expansion coefficient (@) of series 1 (metaphosphate),
2 (65 mol% P,0Os) and 3 (20 mol% K,0O) KAP glasses, measured over 50 - 120°C.

14

©

c

Q0

o 12 -

©

O Can)

© 0

s £

g S 10 4

T

o

x

)

< 8

£

©

ey

|_

6 T T T T
5 10 15 20 25 30
K,0 (mol%)

Figure4.8b : Thermal expansion coefficient (@) of series4 (15 mol% Al,O3) KAP

glasses, measured over 50 - 120°C.
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4.4.4 Thermo-optic Coefficient

Figure 4.9a shows the compogtiond effects on the dn/dT of the series1 - 3 KAP glasses as a
function of AlL,O3; mol%, where the addition of dumina (at the expense of K,O and/or P.Os)
changed the negetive vaues of dn/dT towards positive vaues. Figure 4.9b shows how the dn/dT
of the series 4 KAP dasses changed with K;O mol% in which the dn/dT exhibited negative
values as the K,O content increased (at the expense of P,Os).
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Figure4.9a : Thermo-optic coefficient (dn/dT) of series 1 (metaphosphate), 2 (65 mol%
P,Os) and 3 (20 mol% K,0) KAP glasses, measured at | =632.8 nm over 20— 100 °C.
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Figure4.9b : Thermo-optic coefficient (dn/dT) of series4 (15 mol% Al,O3) KAP glasses,
measured at | =632.8 nm over 20—100 °C.

The behaviour of dn/dT can be explained in terms of the glass therma expanson. The link
between a and dn/dT can be established by the equation for dn/dT as derived from the Lorentz
Lorenz equation, using the gpproximation of (d(InV,,)/dT~3a), as shown below.

QZAZM- hg
dT g dT ]

(1.15)
where A = [(n®-1)(n*+2)/6n]. The discussion, together with equations (including equation (1.15))
describing the dn/dT of glasses, had been discussed earlier in Section 1.4. Equation (1.15) shows
that apart from a, polarisability also has an effect on dn/dT. However there is little available
d(InPg)/dT datain the literature. Nevertheless, the equation shows that in order to obtain negative
dn/dT, a must be high enough o that 3a > d(InP¢)/dT.
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The varidion of a and dn/dT of the KAP glasses as a function of the Al(PO3); mole fraction is
shown in Figure 4.10. One can see that as the Al(PO;); mole fraction increased, its
corresponding a decreased while dn/dT increased. The results showed that the KAP glasses
which exhibited high a dso exhibited negative dn/dT, condggtent with the prediction based on
equation (1.15). Theminimum a vaue required for the KAP glasses to exhibit negative dn/dT
was~9.5" 10°%/°C.

a ordn/dT (" 10°%°C)

AI(PO5); (mole fraction)

® Series 1 A Series 2 B Series 3 | Series 4 |

Figure4.10: a and dn/dT of KAP glasses as a function of Al(POs); molefraction

Figure 4.10 shows that the a and dn/dT of the four KAP glass series lie on the same curves,
suggesting that the phosphate glass networks gradudly and systematicaly changed from a
network of cross-linked phosphate tetrahedra to a network of metaphosphate and polyphosphate
chains of phosphate tetrahedra with the addition of either Al,Os; or K. It also suggested that
any deficiency in BOs (polyphosphates) or excess P,Os (ultraphosphates) did not affect a and
dn/dT abnormally.

A comparison between the experimentaly measured dn/dT vaues and the estimated dn/dT for
the KAP glassesis shown in Figure 4.11. The estimated dn/dT values were determined based on
the additivity relaionship of equation (2.5) discussed in Section 2.2, using the estimated j ; of
each glass component (Table 2.4) in the KAP glasses. Usng KAP-1c as an example, | was
estimated to be 25.9° 10%°C, giving dn/dT = -4.28" 10°/°C, in comparison to the measured
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vauesof dn/dT = -2.77 10%°C and j = 28.4" 10°/°C. Figure 4.11 shows that the trend for
both sets of data was smilar, where dn/dT of the glasses changed to postive vaues as the
Al(POs); male fraction within the glasses increased. However, there was an offset between the
two sets of data, due to the limitations of the j ; data and the additivity relationship, as discussed
in Section 2.2. The estimated values were consstently lower than the measured vaues. On the
average, the difference between the measured and estimated value was 2 10%/°C. Some of the
glases had amilar AlI(POs); mole fraction, despite having different glass compostions and
exhibiting different dn/dT values, such as the data points observed a Al(POs); = 0.38 and 0.50.
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Figure4.11 : Comparison of measured and estimated dn/dT of KAP glasses

Figure 4.12 shows the linear dependence of dn/dT on a. Thislinear dependence was vdid as a
was a linear function of the Al,O3 content (Figure 4.8a) and K,O content (Figure 4.8b) aswell as
A being alinear function of n (Figure 4.13). The result represented a semi-empiricd fit of dn/dT =
-1.514a + 14.82, which can be used to deduce the dn/dT of any KAP glasses within this sysem
in the range of 1.469 £ n £ 1.519 and 6.84° 10°%°C £ a £ 21.25 10°/°C. The vauesfor n
were quoted for | =589.3 nm, the values for a were quoted over 50 - 120°C and dn/dT vaues
weremeasured at | = 632.8 nm over 20 - 100°C.
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Equation (1.15) can aso be represented in another form, asin equation (1.16), by assuming that
polarisability is increased by an increase in the inter-ionic distance due to an increase in

temperature, as discussed in Section 1.4.

dn _ ]
T (9- 3a (1.16)

where gis the change in polarisability due to achangein inter-ionic distance (g= T(InP)/1i(INr)1),

and r istheinter-ionic distance.

Figure 4.14 shows the gvaues of the KAP glasses as afunction of Al(PO;); molefraction. Theg
vaues were determined usng equation (1.16) and the measured propertiesof n, a, and dn/dT
and found to range from approximately 4.59 to 1.61 as the Al(PO;); male fraction in the glass
decreased. The decrease in g accounted for the negeative dope observed in Figure 4.12. From
Figure 4.14, we can see that in order to have g < 3 to obtain negative dn/dT, the glass
composition must have Al(POs); mole fraction < 0.5.
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Figure4.14 : gof KAP glasses as a function of Al(POs3); molefraction
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4.45 Athermalisation

As discussed in Section 1.3, the positive vaues of a for most glasses dictate thet the glasses must
exhibit negative dn/dT to counter the effect of thermd expanson in order to fulfil the athermd
condition. From Table 4.4, we can see that a number of samples exhibited negative dn/dT.
Therefore, KAP glasses have the potentid for athermdisation application. However, the glasses
characterised in this work were not atherma on their own as their temperature dependence of
optical path length, 1/L(dS/dT), were not zero. 1/L(dSdT) can be caculated from equation (1.2),
which had been derived in Section 1.3.

Lo,
LeadT g dT

(1.2)

where dSdT isthe opticd path length change with temperature and L isthe medium length. From
Table 4.4, we can see that the YL(dS/dT) vaues are not zero, with slica being dightly better
compared to the potassum auminophosphate glasses. Therefore, the bulk KAP glasses cannot
be used directly for the fabrication of atherma devices. A multi-layer gpproach with suitable
substrates [22-25] must be employed in order to obtain athermd waveguides or gratings
(discussed earlier in Section 1.3.3), where the KAP glasses will be suitable as the core glass due
to their negative dn/dT.

By wng the multi-layer gpproach, the thermal expangon of the subgtrate, agy,, Will dominate in
the overall device, because of its consderable thickness. Hence, using a substrate with low agy,
can reduce the 1/L(dS/dT) vaue, leading to an improved temperature-insenstive device. Equation
(1.2) for bulk glass must be modified to the following equation for waveguide.

——== g‘eﬁ agyp t+ F: (1.8)

As an example, by assuming Ny, ~ e and dne/dT ~ dnew/dT (CO represents core glass), a
channe waveguide fabricated from samples KAP-1b and KAP-1d as the core glass and subgtrate
respectively, produces an overdl 1/L(dS/dT) approximaely 4.47 10°/°C. This is caculated
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usng n (1.493) and dn/dT (-8.54" 10°%/°C) of sample KAP-1b and a (8.71" 10°%/°C) of sample
KAP-1d (highlighted in Table 4.4). This is an improvement over the individuad KAP glasses and
silicavaues of 11" 10%/°C - 15" 10°%/°C and comparable to the best silica atherma waveguide of
3.77 10°/°C, based on the results obtained by Kintaka et al. [25]. The principles and redisation
of such atherma waveguides will be discussed in Section 4.5.

Sample Compostion (mol%) dn/dT na (/L)(dS/dT)
K2 | ALO; | POs | (10°°C) | ("10°°C) (" 10°°C)
KAP-la 40 5 55 -16.61 3154 14.93
KAP-1b 30 10 60 -8.54 22.69 14.15
KAP-1c 20 15 65 -2.76 16.59 13.83
KAP-1d 16.5 16.75 66.75 +1.65 13.16 14.81
KAP-1e 10 20 70 +3.41 11.62 15.03
KAP-2a 30 5 65 -14.99 28.94 13.95
KAP-2b 27.5 7.5 65 -11.39 25.89 14.50
KAP-2c 25 10 65 -5.48 19.94 13.80
KAP-1c 20 15 65 -2.76 16.59 13.83
KAP-2d 15 20 65 +3.30 10.95 14.25
KAP-3a 20 10 70 -4.83 19.33 14.50
KAP-3b 20 125 67.5 -4.45 18.25 13.80
KAP-1c 20 15 65 -2.76 16.59 13.83
KAP-3c 20 175 62.5 -0.99 1531 14.32
KAP-4a 10 15 75 +6.63 10.35 16.98
KAP-4b 15 15 70 -0.47 14.79 14.32
KAP-1c 20 15 65 -2.76 16.59 13.83
KAP-4c 25 15 60 -4.66 19.72 15.06
Slica[1] +10.40 0.80 11.20

Table 4.4 : Athermalisation parameters of KAP glasses
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4.5 Device Fabrication

It is essentia to understand the compositiond effects on the glass properties so that the properties
can be talored for specific goplications by changing the glass compositions. The next step after
the characterisation work on the developed KAP glasses was to fabricate fibres and planar
waveguides in order to show the posshility and viability of producing these devices. The
procedures and details of the fabrications using the KAP glasses would be presented in Section
5.5 because the fabricated fibres and planar waveguides included one of the binary phosphate
glasses discussed in Chapter 5 as part of the device.

4.6 Ummary

The properties of potassum auminophosphate glasses of different compositions, encompassing
ultraphosphates, metaphosphates and polyphosphates had been assessed. The addition of AP,
with its high fied strength, resulted in the formation of bridging bonds between phosphate chains.
This polymerisation effect strengthened the glass structura network and created a compact
network. This led to increased dendties and refractive indices, increased glass trangtion
temperatures, lower therma expanson coefficients and consequently postive thermo-optic
coefficients. For low field strength modifiers such as K*, the progression from ultraphosphate to
polyphosphate weakened and depolymerised the glass network, resulting in lower refractive
indices, lower glass trangtion temperaiures, higher thermd expanson coefficients and
consequently negative thermo-optic coefficients. Ultraphosphate and polyphosphate compositions
did not affect a and dn/dT abnormaly, suggesting a gradua change in structura network.

dr/dT and a were linked and a value of a > 9.5 10°/°C was required to obtain negative dn/dT
for the potassum auminophosphate glasses. A semi-empiricd fit of dn/dT = -1.514a + 14.82
was obtained, dlowing the dn/dT of any potassum auminophosphate glasses within the
compositiona range of 1.469 £ n £ 1.519 and 6.84 10°%°C £ a £ 21.25 10°%°C to be
deduced. Glasses with negative dn/dT, up to -16.61" 10%°C, had been achieved and this
showed that phosphate glasses are promising candidates for atherma waveguide development,

viaamulti-layer system with the use of suitable low expansion subgirates.
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CHAPTER S

BINARY PHOSPHATE GLASSES

5.1 Introduction

Phosphate glasses formed the basis of this research work due to their inherent negative dn/dT [1].
In this chapter, the opticd and thermda properties of some binary phosphate glasses were
investigated to assess their suitability for athermalisation applications. The compaositiond effects on
the propertties of the glasses were invedtigated by vaying the glass compostions from
metaphosphate to ultraphosphate. Cacium phosphate and barium phosphate glasses were the
subject of the invedtigation as they exhibit negative dn/dT [1]. Binary akai phosphate glasses
were not consdered because of their poor chemicd durability for practicd uses, dthough they
a0 exhibit negative dn/dT. However, some samples of sodium phosphate glasses were prepared
for comparison purposes. dn/dT of some metaphosphate glassesis shown in Table 2.1.

5.2 Glass Prepar ation

Three sets of binary phosphate glasses were prepared, corresponding to (mol%) :

XN&O-(100-x)P,Os (designated as NaP) in therange 40 £ x £ 50
XxCa0-(100-x)P,0s (designated as CaP) in therange 20 £ x £ 50
xBa0-(100-x)P,Os (designated as BaP) in therange 20 £ x £ 50

Glasses were prepared using the melting process described in Section 3.1.1, with N&CO3
(99.5%), CaCO;3 (99.95%), BaCO; (99.95%) and P.Os (99.99%) powder in the appropriate
proportions. The batches were melted in silica crucibles, covered with a platinum lid, in an oxygen
amosphere at temperatures between 1000°C and 1400°C, depending on the glass compositions.
After 60 minutes of mdting, the glass mdts were then cagt into a graphite mould and annedled in
ar for 60 minutes at ther respective T, before being cooled to room temperature at a rate of
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0.5°C/min.

Table 5.1 shows the batch compositions of the NaP, CaP and BaP glasses that were prepared.

Sample Batch composition (mol%)
Na,O P-Os
NaP-la 50 50
NaP-1b 45 55
NaP-1c 40 60
Sample CaO P,Os
CaP-la 50 50
CaP-1b 40 60
CaP-1c 30 70
CaP-1d 20 80
Sample BaO P,Os
BaP-1a 60 40
BaP-1b 55 45
BaP-1c 50 50
BaP-1d 45 55
BaP-1e 40 60
BaP-1f 30 70
BaP-1g 20 80

Table5.1: Batch compositions of NaP, CaP and BaP glasses

5.3 Property M easur ements

The glass samples were polished (procedures described in Section 3.1.2) to obtain flat, smooth
and trangparent surfaces for property characterisation. The measurement technique for each

equipment is described in Chapter 3.

-114-




Chapter 5— Binary Phosphate Glasses

An Abbe ‘60’ refractometer was used to measure n at the sodium Dline ( = 589.3 nm) at
room temperature. A TMA was used to measure a in the temperature range of 50 - 120°C while
aDTA was used to measure Ty, Ty, and T,. The heating rates used were 5°C/min and 10°C/min
for a and T, respectively.

Polished glass samples gpproximately 10 mm thick were used for dn/dT measurements using the
interferometer set-up shown schematicdly in Figure 3.12. Measurements were performed in the
temperature range of 20 - 100°C at a heating rate of 40°C/hour. An FTIR spectrophotometer
was used to determine the relative OH concentrations within the glasses. This was performed in
the 2000 - 5000 cm™* range with 2 mm thick samples. A UV/VigNIR spectrophotometer was
used to obtain the UV spectra of the glasses.

5.4 Results and Discussion

Table 5.2 shows the therma properties while Table 5.3 shows the optica properties of the NaP,
CaP and BaP glasses prepared. Figures 5.1 to 5.11 show the results for the binary phosphate
glasses. In Figures 5.4 to 5.8, 5.10 and 5.11, lines are drawn as guides to the eye. The optical
properties of the NaP glasses were not measured as the glasses were susceptible to hydrolyss,

which makesit difficult to obtain smooth and trangparent surfaces for the measurements.

Avallable data from ref [2] for barium phosphate glasses have been included for comparison with
the results of thiswork. It should be noted that the measurementsin ref [2] were performed under
different conditions compared to this work and there was dso no mention of the OH content in

ref [2).
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Sample Batch composition (mol%) | T4 (°C) | T« (°C) | T,(°C) | a (" 10°%°C)
Na,O P,Os (50-120°C)
NaP-la 50 50 325 373 422 22.03
NaP-1b 45 55 276 388 428 21.48
NaP-1c 40 60 258 491 >500 20.40
Sample CaO P,Os T4(°C) | Tx(°C) | T,(°C) | a (" 10%°C)
(50 - 120°C)
CaP-la 50 50 547 719 799 10.22
CaP-1b 40 60 510 734 788 9.39
CaP-1c 30 70 504 781 841 9.10
CaP-1d 20 80 533 811 875 8.60
Sample BaO P,Os T4(°C) | Tx(°C) | To(°C) | a (" 10%°C)
(50 - 120°C)
BaP-1a 60 40 Phase-separated sample
BaP-1b 55 45 Phase-separated sample
BaP-1c 50 50 478 651 699 13.67
BaP-1d 45 55 458 637 673 13.35
BaP-1e 40 60 452 645 694 13.07
BaP-1f 30 70 421 674 766 12.38
BaP-1g 20 80 419 704 >780 11.62

Table 5.2 : Thermal propertiesof NaP, CaP and BaP glasses
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Sample Batch composition n dn/dT (" 10%°C) | ron (cm™)
(mol%) (I =589.3nm) | (I =632.8nm,
Na,O P,Ox 20 - 100°C)
NaP-1a 50 50 Not measured
NaP-1b 45 55 Not measured
NaP-1c 40 60 Not measured
Sample CaO P,0s n dn/dT (" 10%°C) | rou (cm™)
(I =589.3nm) | (I =632.8 nm,
20 - 100°C)
CaP-la 50 50 1.551 -2.98 8.08
CaP-1b 40 60 1.535 -0.92 12.86
CaP-1c 30 70 1.526 -0.39 15.27
CaP-1d 20 80 1.527 +0.36 14.28
Sample BaO P,Os n dn/dT (" 10%°C) | roq (cm™)
(I =589.3nm) | (I =632.8 nm,
20 - 100°C)
BaP-1a 60 40 Phase-separated sample
BaP-1b 55 45 Phase-separated sample
BaP-1c 50 50 1.585 -10.24 14.04
BaP-1d 45 55 1.575 -9.14 13.24
BaP-1e 40 60 1.569 -8.19 14.73
BaP-1f 30 70 1.556 -7.06 21.92
BaP-1g 20 80 1.547 -5.76 22.26

Table5.3: Optical propertiesof NaP, CaP and BaP glasses

5.4.1 OH Content and UV Spectrum

As discussed in Section 2.1.2.1, the hygroscopic and volatile nature of P,Os [3] require
ultraphosphate glasses to be prepared in sealed crucibles. Thisis to minimise the water content in
the glasses, which can depolymerise the phosphate Structurd network by converting BOs to
NBOs through the formation of (P-OH) bonds. This effect can change the structures and
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properties, such as density and T, of the glasses and hence, (P-OH) bonds must be considered
when describing ultraphosphate glasses.

The CaP and BaP glasses prepared in this work generaly possessed smilar relative OH content,
as shown in Table 5.3, despite the difference in the amount and the cation type of the modifying
oxides. This was possbly due to the long melting time and the covered crucible used within this
work, where an equilibrium was eventudly reached between the water content in the glass melt
and the atmosphere within the crucible, preventing further evaporation [4]. However, samples
CaP-1a, BaP-1f and BaP-1g exhibited dightly different relative OH content. CaP-1a (50Ca0O-
50P,0s) had dightly lower OH content due to its high modifier content and low P.Os content.
Ca’* formed ionic bonds with the available phosphate NBOs, thus minimising the formation of (P-
OH) bonds. However, samples BaP-1f (30BaO-70P,0s) and BaP-1g (20BaO-80P,0s)
contained dightly higher OH content, which would affect the properties of these two glasses. This
was due to the higher P,Os content in these glasses compared to the other samples. CaP glasses
were more resistant to hydrolysis than BaP glasses because of the higher field strength (z/a* [5])
of C&*. Thisis evident from Figure 5.1, which shows that the transmission of the BaP-1c sample
with 50 mol% BaO a around 3000 cmi* (coinciding with the OH absorption band) is lower
compared to the transmisson of the CaP-1a, having 50 mol% CaO.

100

L 80
50 mol% BaO % 50 mol% Ca0 S
- 60 5
30 mol% Ca0 @
40 5
g
=

L 20

30 mol% BaO 0

5500 5000 4500 4000 3500 3000 2500

Wavenumber (cm™)

CaP-la CaP-1c

BaP-1c

BaP-1f |

Figure5.1: Infrared transmisson spectra through xM O-(100-x)P,Os glasses.

The spectra are normalised for a1 mm thick sample and corrected for Fresnd loss.
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The ultraviolet (UV) transmisson of opticd materias is affected by both intringc and extrinsic
effects. Intringcaly, the incorporation of different cations produces different bonding and structure
within the phosphate network, affecting the ectronic band gep trangtions, thus influencing the
UV tranamisson [6,7]. Generdly, glasses with higher fidd srength cations have UV edges a a
lower wavelength. Extrinsically, absorption of trace impurities such as Fe** and Fe** in the glasses
can adso afect the UV transmisson [6,7]. Ehrt et al. [8] found that ultraphosphate and
metaphosphate glasses corresponding to 35Me0-65P,05 and 50Me0-60P,0s (Me = Mg, Zn,
Ca, Ba, Alyz), respectively, did not show much difference in their UV absorption spectra. The
UV spectra obtained for some CaP and BaP glasses, as shownin Figures 5.2 and 5.3, also show
that there was no ggnificant difference in the spectra despite the difference in compositions,

dthough the spectra were affected by the Fe** absorption a ~ 230 nm. The dight difference in

the intendity of the Fe** absorption could be attributed to variable conditions such as the melting

time, melting temperature and the supply of oxygen during the mdting procedures[9].

100 S —_
80 -
S
5 60-
3 — 40 mol% CaO
g 40 4 — 30 mol% CaO
8 — 20 mol% CaO
|_
20 -
40 mol% BaO
0 30 mol% BaO
T T T
100 200 300 400 500
Wavelength (nm)
—— CaP-1b ——CaP-1c — CaP-1d BaP-le BaP-1f |

Figureb5.2: Ultraviolet transmission spectra through xM O-(100-x)P,Os glasses.

The spectra are normalised for a1 mm thick sample and corrected for Fresnd loss.
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Figure5.3: Ultraviolet absorption spectra through xM O-(100-x)P,Os glasses.

The spectra are normalised for a1 mm thick sample and corrected for Fresnel loss.

5.4.2 Refractive Index and Glass Trandstion Temper ature

Figure 5.4 shows the refractive index of the CaP and BaP glasses as a function of the MeO
mol%. As the Ca0 content in the CaP glasses increased, n decreased at low CaO content to a
minmum at around 25 mol% before increasing at higher CaO content. For the BaP glasses, n
increased monotonicaly with BaO mol%. From Figure 5.4, it can be seen that n increasesin the
order Ca?* < Ba®". This is consgtent with the fact thet Ba®* is alarger ion compared to Ca?* and
hence more polarisable, leading to an increase in n, according to the LorentzLorenz equation
[10]. The Mo > CNye and Mt < CNy regions in the figure will be explained later, based on
the structurad model proposed by Hoppe for binary phosphates [11].

Avalable n data for BaP glasses from ref [2] are plotted in Figure 5.4 for comparison. Both sets
of BaP data show good agreement in the range of 45 - 50 mol% BaO. However, there are
Sgnificant deviations in the results a low BaO mol%. It is difficult to explain this deviation
because of alack of information from ref [2], such as the mdting and annedling conditions, the

OH content and the temperature at which the measurements were taken.
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Figure5.4 : Refractiveindex (n) of CaP and BaP glasses, measured at I =589.3 nm.

The glass trangtion temperatures of the CaP and BaP glasses aso followed similar trend as that

observed for n, as shown in Fgure 5.5a However, the minimum point observed for the CaP

glasses was more pronounced and a a dightly higher CaO mol% (33 mol%) while a minimum

point can be observed at around 25 mol% BaO for the BaP glasses. There were no Ty data

available fromref [2].
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Figure5.5a: Glasstransition temperature (T,) of CaP and BaP glasses
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The observation of minimum points in the n and T, results for the CaP glasses have aso been
reported in the literature for some binary glasses properties, such as the Ca and Ba
ultraphosphate packing dengity [11], the Li and Na ultrgphosphate dendity [12,13], and the Na
and Cs ultraphosphate T, [14].

Hoppe [11] presented a structural mode to explain such a behaviour, based on the roles of the
modifier coordination (with coordination number, CNy¢) and the number of termina oxygens
(M) avaldble to coordinate the modifier cations. By assuming that dl TOs participate in
coordinating the modifier cations, the number of available TOs per modifying cation for binary
phosphates having the stoichiometry xMe,;,0-(100-xX)P,0s is[11]

MTO = Z(lOO/X) (51)

This gructurd model has been previoudy discussed in Section 2.1.2.1. Briefly, when
Mo > CNy, the caions can exig a isolated stes within the ultrgphosphate network (Figure
2.6(a)). However, when Mro < CNye, the cations must share the avallable TOs, and in the
process create sub-dructures of modifying cations which act as bridging bonds between
neighbouring phosphate polyhedra (Figure 2.6(b)).

Based on the above modd, in the region of Mo > CNy, density decreases as the phosphate
network expands to accommodate the additiona cations, subsequently leading to a decreasein n
(as per Figure 5.4 for CaO < 25 mol%). The addition of cations dso depolymerises the
phosphate network and reduces the structura cross-link dengity, causing adecreasein Ty (s per
Figure 5.5afor CaO < 33 mol%). In the region of Mo < CNy,, the formation of amodifier sub-
structure creates a more compact network and therefore increases the density and n of the glass
(as per Figure 54 for Ca0 > 25 mol%). By sharing the TOs, the modifying cations dso cross-
link neighbouring phosphate polyhedra, thereby strengthening the glass network and increesing the
glass Ty (as per Figure 5.5afor CaO > 33 mol%).

The dructurd trangtion from a network with isolated modifier Stes to a network with a modifier
sub-structure can be predicted based on the coordination number of the cation. Setting Mro =
CNywe and based on equation (5.1), the trangtion for Ca (CNc, ~ 6 [11]) occurs at x = 33 mol%
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and the trangtion for Ba (CNga, ~ 8 [11]) occurs a x = 25 mol%. The points at which these
trangtions are expected to occur are denoted by the dotted lines in Figures 5.4 and 5.5a. These
numbers coincided with the position of the minima points observed for the T4 of the CaP and BaP
glasses within this work. However, there was no gpparent minimum point observed for the BaP
glasses in the n results. This can be attributed to the rdatively higher water content in the glasses
with low modifier content. The presence of water reduced the number of available TOs through
the formation of (P-OH) bonds and this effectively extended the Myo < CNye region to lower
modifying cation mol% than expected theoreticaly or even diminated the existence of the Mo >
CNye region. Hence the cations began to share the available TOs the moment they were added,
increasing the dengity and refractive index of the glasses. It has been reported that anhydrous
sodium ultrgphosphates exhibited a minimum in dengity a around 20 mol% NaO [13], which
was absent in the sodium ultrgphosphate glasses prepared in open crucibles [15,16]. This
confirmed the water effect on the refractive index of the BaP glasses in this work. The absence of
aminimum in the n data for BaP glasses and the shift of the minimum point observed a 33 mol%
CaO (Ty) to 25 mol% CaO (n) suggested that the glass Ty was less sendtive to changes in the
glass OH content.

Three NaP glasses were aso prepared and Figure 5.5b shows the T, of these glasses. Using the
same principles for determining the structurd trangtion point for the CaP and BaP glasses, the
minimum point for the NaP glasses should be observed a x = 20 mol% (CNpna ~ 5 [17]). The
hygroscopic nature of the NaP glasses, especidly a low NaO content, made it difficult to
prepare the glasses and measure their properties. Nevertheless, the results obtained for the NaP
were congstent with the results expected in the Mo < CNy region. Comparing Figures 5.5a and
5.5b, T, increased in the order N < Ba®* < Ca®*, which was expected from the increasing fidd
drength in the same order, Na' (~ 0.19) < Ba** (~ 0.26) < C&* (~ 0.35) [1]. Higher fidld
grength cations form stronger bonds between the phosphate chains, increasing the structural

srength of the glass network and hence, resulting in higher Tj,.
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Figure5.5b : Glasstransition temperature (T,) of NaP glasses

5.4.3 Thermal Expansion Coefficient and Ther mo-optic Coefficient

Figure 5.6a shows the change in a for the CaP and BaP glasses as a function of MeO content
while Figure 5.6b shows the results of a for the NaP glasses. As the amount of modifiers in the
glass incressed, the glass network became increasingly depolymerised as the BOs were
converted to NBOs. This reduced the structural cross-linking of the glass, leading to an increase
in a. a decreased with increasing cationic field strength [18] and this was evident from Figures
5.6a and 5.6b, where a decreased in the order N& > Ba?* > Ca?*. Comparison between the a
of this work and that of ref [2] showed a difference of ~ 0.3 10°%°C. The only available
information from ref [2] to explain this difference was tha a was measured over 20 - 120°C.
Other possible explanations for this discrepancy could be the different thermd history of the

glasses and conditions at which the measurements were made.
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Figure 5.7 shows that the glass dn/dT progresses towards negative vaues as the modifier content
increases. There was no evidence of a maximum or minimum point for a and dn/dT throughout
the whole range of glasses examined, in contrast to the minimum point observed for T, when the
glass underwent a structura network change. The dn/dT data from ref [2] agreed with the results
of thiswork, despite the different temperature ranges and wave engths at which the measurements

were taken.
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ACaP MBaP' | Ref[2]BaP
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¥ measured over 20-100°C at | =632.8 nm, ¥ measured over 20-120°C at| =508 nm

Figure 5.7 : Thermo-optic coefficient (dn/dT) of CaP and BaP glasses

The change in dn/dT can be explained via the change in a. As discussed in Section 1.4, the
relationship can be given as

dn _ eéd(nP) _ u
—=Ar——%. 3 1.15
daT & dT Y (119

where A = [(n*1)(n*+2)/6n]. For a glass to exhibit negative dr/dT, it must have a thét is large
enough so that 3a can overcome the effect of d(InPg)/dT. Figure 5.8 shows the compositiond
effects on the a and dn/dT of the CaP and BaP glasses. As the MeO mol% increased, a
increased and correspondingly, dn/dT decreased.
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Figure5.8 : a and dn/dT of CaP and BaP glasses as a function of MeO mol%

Figure 5.9 shows the comparison between the experimentaly measured dn/dT vaues and the
estimated dn/dT for the BaP glasses, where the estimated dn/dT values were determined from the
additivity relationship of equation (2.5) and the estimated j ; data from Table 2.4, described in
Section 2.2. The differences in the dn/dT results are mainly due to the limitations of the j ; data
and the additivity relationship, as discussed in Section 2.2. There was no available ; vaue for the
Ca0 component in phosphate glasses. In Figure 5.9, the 50 mol% BaO point represents the
metaphosphate composition (BaO + P,Os = Ba(POs),), where the agreement between the
messured and estimated value was good. However, as the compostion deviated from the

gtoichiometric metaphosphate composition, the difference increased and the additivity relationship
faled.
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Figure 5.9 : Comparison of measured and estimated dn/dT of BaP glasses

Figure 5.10 shows the linear dependence of dn/dT on a for the CaP and BaP glasses. These
rel ationships enabled semi-empirica equations to be defined, alowing the estimation of the dn/dT
of any CaP glases within the compostion range of 1526 £ n £ 1551 and
8.60° 10°°C £ a £ 10.22" 10°°C and any BaP glasses within the composition range of
1.547 £ n £ 1.585 and 11.62" 10°%/°C £ a £ 13.67" 10%/°C. The vaues for n were quoted for
| =589.3 nm, the vaues for a were quoted over 50 - 120°C and dn/dT vaues were measured
a | =6328 nm over 20 - 100°C. The results aso showed that in order to obtain negative
dr/dT, a> 9 10°%°C was required for the CaP and BaP (from extrapolation) glasses. Also, the
CaP and BaP datain Figure 5.10 practicdly fdl on the same line, implying that the behaviour was
predominantly due to the phosphate matrix.
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Figure5.10 : dn/dT of CaP and BaP glasses asa function of a

As described in Section 1.4, equation (1.15) can aso be represented as equation (1.16).

dn

dr

(1.16)

= Alg- 3a

Based on equation (1.16), gmust be less than 3 in order to obtain negative dn/dT. The gvaues

for the CaP and BaP glasses have been determined using the respective n, a, and dn/dT and are

plotted as a function of the modifier content in Figure 5.11. The results showed that for the CaP

glasses, the glass composition must have at least ~ 28 mol% CaO to exhibit negative dn/dT, while

the BaP glasses dways exhibit negetive dn/dT, irrespectively of the modifier content.
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Figure5.11 : gof CaP and BaP glasses as a function of MeO mol%
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5.4.4 Athermalisation

Table 5.4 shows the athermaisation parameters of the binary phosphate glasses described in this
work. The principles of athermdisation have been set out in Section 1.3 and it has been shown
that glasses mugt exhibit negetive dn/dT to satisfy the atherma condition due to the fact that
glasses generdly exhibit postive a. From Table 5.4, a number of samples show negative dn/dT,
and therefore these glasses can be potentialy used for athermaisation work. However, the CaP
and BaP bulk glasses were not athermal, as the temperature dependence of their optica path
lengths were not zero, as shown by their YL(dSdT) vaues. Therefore, in order to fabricate
atherma devices, a multi-layer system gpproach has to be used so that the properties of the
different glass layers can be utilised to compensate each other. The way this multi-layer system
works has been previoudy described in Section 4.4.5.
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Sample Composition (mol%) dn/dT na (/L)(dS/dT)
Ca0 P,0Os ( 10°%°C) (" 10%°C) (" 10%°C)
CaP-la 50 50 -2.98 15.85 12.87
CaP-1b 40 60 -0.92 14.41 13.49
CaP-1c 30 70 -0.39 13.89 13.50
CaP-1d 20 80 +0.36 13.13 13.49
Sample BaO P,Os dn/dT na (/L)(dS/dT)
(" 10%°C) (" 10%/°C) (" 10%/°C)
BaP-1a 60 40 Phase-separated sample
BaP-1b 55 45 Phase-separated sample
BaP-1c 50 50 -10.24 21.67 11.43
BaP-1d 45 55 -9.14 21.03 11.89
BaP-1e 40 60 -8.19 20.51 12.32
BaP-1f 30 70 -7.06 19.26 12.20
BaP-1g 20 80 -5.76 17.98 12.22
Slica[1] +10.40 0.80 11.20

Table 5.4 : Athermalisation parameters of CaP and BaP glasses

5.5 Device Fabrication

Once the glasses have been developed and dharacterised, fabrication of planar waveguides and
fibres based on these phosphate glasses can be carried out. The first step was to determine the
core and clad glasses. As discussed in Section 1.3.3, the temperature dependence of both optica
path length, dS/dT, and Bragg waveength, dI g/dT, for optica waveguides can be described by
equations (1.8) and (1.9), respectively.

1dS & dngs
———=Cnsa., +—= 1.8
L dT éeff AT (18)
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dl g dneﬁ 0
——2L Ny Agp + ———— 19

Looking at equations (1.8) and (1.9), in order to reduce the temperature sengtivity of dSdT and
dl g/dT, we need to choose a glass with low therma expansion coefficient as the clad or
subdrate. Also, as glasses generaly exhibit postive a, we need to choose the core and clad
glasses with the appropriate dn/dT, so that we can achieve an effective refractive index change
with temperature, dne/dT, < O.

The appropriate glasses for core and clad can be determined using the andysis for fibre Bragg
gratings set out in Section 1.3.3. Table 5.5 shows the possble combinations of glasses for fibre
fabrication using the KAP glasses (Chapter 4) and the binary phosphate glasses (this chapter),
assuming the normaised frequency, V = 2.405 (Single-mode operation), cut-off wavdength, | o
ot = 1000 nm and Bragg wavelength, | g = 1040 nm. | g was chosen to be 1040 nm because of a
combination of the refractive index of the glasses, the availability of the gppropriate grating phase
mask and the available source. Calculations had been performed based on theresultsof nat | =
589.3 nm, a in the 50 — 120 °C temperature range and dn/dT a | = 632.8 nm over
20-100 °C.

Core Clad NA Net dneg: /AT || (Tg)eo-(Tg)d || Ao - A4 dl g/dT
(" 10%°C) (°C) (" 10%°C) | (pm/°C)
KAP-1d | 0478 | 1549 | -7.61 -65 4.96 3.95
BaP-Ic | KAP-3c | 0.488 | 1.548 | -8.07 -48 3.52 5.13
KAP-4b | 0484 | 1.548 | -7.98 -61 3.86 4.84
CaP-la | 0.325 | 1.568| -8.69 -69 3.45 4.87
KAP-4b | 0450 | 1.543| -7.14 -81 3.54 5.39
BaP-1d | caP-1a | 0.272 | 1.563 | -7.85 -89 3.13 5.41
CaP-1b | 0.354 | 1.555| -7.37 -52 3.96 4.84
CaP-1c | 0.388 | 1.551| -7.23 -46 4.25 4.62

Table5.5: Combination of core and clad glasses using potassum aluminophosphate and

binary phosphate glasses
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The parameter, numerica aperture (NA), will be explained in Section 5.5.1.1.
The combination of BaP-1c and KAP-1d was chosen for fibre and planar waveguide fabrications

because it offered considerably lower dl g/dT compared to the other combinations. The details of

the fabrication processes are detailed in the following sections.

5.5.1 Fibre Fabrication

This section describes the fibre fabrication process. The requirements for fibre fabrication are first

st out, followed by a section on the extrusion work.

5.5.1.1 Fabrication Requirements

An opticd fibre is a waveguide that congsts of a thin centrd glass core surrounded by a glass
cladding. In order to produce a light guiding fibre, the combination of core and cladding glasses
mugt satisfy certain optica and therma requirements such as the following conditions:

The refractive index of the core must be higher than that of the clad, ng, > ng.
The therma expansion coefficient of the core should be higher than that of the clad,
Ay > Ag.

N Must be higher than ny so that light can be totd interndly reflected within the core. The
difference in N means that the interface between the core and the cladding acts as a perfect
‘mirror’ and light travelling dong the core is confined by this ‘mirror’ to stay within the core.
Figure 5.12 shows the propagetion of light in a fibre core via total internd reflection (TIR). For
TIR to occur, the light must reach the interface a an angle greeter than the criticd angle (2 > )

between the core and cladding glasses.
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Ng dadding

Ng | dadding

Figure5.12 : Total internal reflection in afibre

When light enters through the end-face of afibre, it will be refracted and will encounter the core-
cladding interface. However, only light reaching the fibre at certain angles will reach the interface
a ¢ > g such that it will experience TIR and propagate as a bound mode aong the fibre. Hence
there is a ‘cone of aceptance and the sine of the largest angle contained within this cone is
defined as the numerica aperture, NA. From Figure 5.12, NA issin ¢, [19]. In addition, NA can
aso be given by equation (5.2). A high NA means that rays can bounce at greater angles and

hence, more modes can propagate within the core.

NA=./nZ - n} (5.2)
In terms of the therma requirement, the pair of core and clad glasses used for fibre fabrication
must have matched therma expangon coefficients. This is essentid in order to minimise the
dresses within the fibre, which will otherwise reduce the fibre strength and eventudly cause the
fibre to fracture. In the presence of a difference in the a of the core and cladding glasses, the
stress, s, that developsin the fibre can be determined from equation (5.3) [20].

— (aco - Qg )(Tg - To)
T omitevo
a,# E o

S

(5.3)

where the subscripts co and cl represent core and clad respectively, a is the thermd expanson
coefficient, Ty is the glass trangtion temperature, T, is the room temperature, a istheradius, v is

Poisson’sratio and E is'Young's modulus.
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For the case of ay, > a4, compression stresses build up in the cladding and results in an increase
in the fibre strength [20]. For the case of a,, < aq, tensdon stresses develop in the cladding,
resulting in a decrease in the fibre strength and can eventually lead to the breskage of the fibre if
surface flaws are present. Figure 5.13 shows the stresses that develop in the core and cladding
for the two cases. The requirement for a,, > ay dso satidies the ahermaisation requirement
where a lower ag compared to a, IS necessary to reduce the temperature sengtivity, as
described in Section 4.4.5.

Core Cladding  Cladding

Tension
Compression
Cladding  Cladding Core
A > Ay 8o < &d

Figure5.13: Axial stressin afibre

5.5.1.2 Extrusion

The combination of BaP-1c (core), with the compostion 50BaO-50P,0s, and KAP-1d
(dadding), with the compogtion 16.5K,0-16.75A1,03-66.75P,0s, was used for fibre
fabrication. BaP-1c had the properties of n, = 1585 a, = 13.67 10°%°C and
dn/dTe = -10.24° 10°/°C, while KAP-1d had the properties of ng = 1.511, ag = 8.71° 10%/°C
and dn/dTy4 = +1.65" 10°/°C. Comparison between these properties showed that ng > Ny SO
that TIR could occur in the fibre, and that a,, > ayq S0 that the fibre strength was increased.
However, the difference between the therma expansion coefficients, @ - aq), was 4.96° 10°
¢/°C, which was large. Therefore, the decision was to fabricate fibres with a (core/clad) ratio of
0.02 to compensate for the large Da. This can be achieved by firg extruding a cane of
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(core/clad) ratio of 0.1 with an outer diameter, OD, of 2 mm. The cane could then be inserted
into a cladding tube with an OD of 10 mm to achieve the find (core/clad) ratio of 0.02. Figure
5.14 shows the cladding stresses for different (core/clad) ratios for different (a, - a4) vaues. It
can be seen that the stress in the cane was ~ 2 MPa (for (core/clad) = 0.1 and (&g - ag) =
5 10°/°C). However this stress can be substantially reduced to ~ 0.09 MPa for a fibre with
(core/clad) = 0.02, so that the fibre can possibly survive without any cracks, even with ahigh (e

- ag).

N
(&

S 0.09 MPa(fibre) | |s ~2MPa(cane)

N
o
A

=
a1
1

=
o
1

Stress, s (MPa)

i
a1
1

0.00 0.02 0.04 0.06 0.08 0.10

(Corel/clad) ratio

—210%c —410%c —510%Cc —610%°C |

Figure5.14 : Cladding stressas a function of (core/clad) ratio for different (ac-aq)
values. Inset : Cladding stressfor (core/clad) ratio lessthan 0.02

We need to determine the softening temperature, T, of each glass, in order to determine the
temperature a which extrusion should be carried out. Ty is defined as the temperature a which
the glass deforms under its own weight. Figure 5.15 shows the working range possible for
extruson, with the aid of the viscosty-temperature curve of a soda lime slicate glass [21]. By
equating the anneding point and the working point to T, and T, respectively, Ts (°C) can be
approximated by equation (5.4).

(5.4)
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This gpproximation is generdly vaid for most glasses [21,22]. The estimation of Ts provides a
darting temperature for extruson and is not critical. A lower extruson temperature can be
compensated by a higher gpplied pressure for gass extrusion [21]. Figure 5.16 shows the DTA
plots for both BaP-1c and KAP-1d glasses, where T, for the core and clad glasses were
estimated to be 536°C and 619°C, respectively, viathe use of equation (5.4).

“_{ Y Strain point

E 2l d devitrification range
s 7 w  working range
5 10
a8 \
:
E T
g
5.
,,.' Working point
Mdting point
I ﬁ-‘-\-\-‘_‘___‘__h
04 e - T S
600 800 1000 1200 1400

Termperature in °C
Figure5.15: Viscosity rangesfor extrusion (based on soda lime silicate) [21]

(1 Poise=0.1Pays)

L4 T,=880°C
Tp,=699°C
12 A
core clad
o
(a)
0.4 T T T T

450 550 650 750 850 950

Temperature (°C)

|— BaP-lc —— KAP-1d |

Figure5.16 : DTA plotsfor BaP-1c (core) and KAP-1d (clad) glasses

(The curves have been displaced to fit the same DT range)
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The core BaP-1c) and clad (KAP-1d) glasses were first meted and cagt, usng the 2step
melting procedures in a dlica crucible and then in a plainum crucible as discussed in Section

3.1.1. The detailed procedures for the extrusion process have been set out in Section 3.5.1. Core
and clad glasses with dimengions of height, h = 14 mm and diameter, f =29 mm were prepared.
Due to the marked difference in the Ts of the glasses, a two-die assembly was used, comprising a
core die and a clad die. The extrusion assembly as described in Section 3.5.1 was as follows:

firg, the clad die with a hole f of 2 mm was inserted, then the clad glass, whose top surface had
been polished to prevent any air entrgoment, next to be inserted was the core die with ahole f of

2 mm and findly the core glass.

The extrusion rig furnace was first pre-heated to ~ 620°C, which was the clad glass Ts but well
above the core glass T.. At this point, the core glass was molten and ‘ soft’. Pressure, P, up to 75
bar (7.5 MPa) was then applied to force the glasses out, with an increment of 10 bar (1 MPa)
every 2 minutes. The extruson rate was found to be 0.01 mm/min. The furnace temperature was
then increased to ~ 640°C. At this point, the extruson rate was gill low a 0.025 mm/min. The
furnace temperature was further increased to ~ 660°C and this condition increased the extrusion
rate to 0.076 — 0.1 mm/min. The conditions of T = 660°C and P = 75 bar (7.5 MPa) were
maintained for the remainder of the extruson process, which in the end produced a yield of > 2
m. The diameter of the final cane was about 2.08 mm.

Unfortunately, upon checking under an optical microscope, there was no core within the extruded
cane. The extruson body was then disassembled and upon checking, it was found that the core
glass had cryddlised. This was not a surprise as the fina furnace temperature of 660°C was
about 10°C above the core glass T, Furthermore, the temperature stability of the core glassin
termsof T, — Ty was only 48°C, which caused crystallisation to progress rapidly once started.

In addition to the purpose of extruding a cane, the extrusion was also carried out to see whether
the core might flow through the clad layer, due to the fact that the core was softer than the clad.
This effect will be shown later with adifferent pair of core and clad glassin Section 6.5.1.1.

The extruded clad cane (KAP-1d) was then andysed in terms of atenuation, which would give a
rough estimate of the cladding loss. This was carried out using the cut-back method in the
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experimenta set-up shown in Figure 5.17, where the detector was a power meter. Measurement
was firg taken for an initid cane length and another measurement after a certain length was cut
from the cane. Comparison between these two measurements gave an estimate of the 10ss, ayoss,
which can be determined using equation (5.5). Measurements were taken for a few cut-back

lengths and the average cladding loss was estimated to be ~ 5 dB/m at 632.8 nm.

oS
alos,s:—Ig (5-5)
(LI - Ls)

where the subscripts s and | for a measurement denote a measurement after a cut-back and a

measurement before a cut-back, respectively, P is power and L isthe length of the sample.

He-Ne laser Detector
—P L 1—p

Cut back =—

Figure5.17 : Cane cut-back attenuation measurement set-up

Despite crystalisation of the core glass, the successful extruson of a rod of clad glass showed
that the process was a viable method. The next step in this extruson trid was to use a
combination of core and clad glass that was matched in terms of the therma properties. This has
been carried out with the successful extrusion of a cane with core and clad glasses as well asfibre

pulling of borophosphate glasses, which is described in Section 6.5.1.

5.5.2 Planar Waveguide Fabrication

For the fabrication of planar devices, the spin-coating process was used to depost glass layerson
glass subgtrates. The principles and procedures of this process have been discussed in Section
3.6.1. A subgtrate with dimensions of h = 3 mm and f = 32 mm wasfirgt cast and then optically
polished on one surface and flat polished on the other surface. The glass substrate was prepared
using the 2gep melting procedures described in Section 3.1.1 and opticaly polished using the
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procedures described in Section 3.1.2. For this work, a 3-layer planar device was fabricated.
The BaP-1c glass of 50Ba0O-50P,0s was used for the core glass while the KAP-1d glass of
16.5K ,0-16.75A1,05-66.75P,05 was used for the overcladding glass and substrate.

The polished subgirate, gpproximatey 3 mm thick, was fixed with the flat polished surface to the
vacuum chuck in the upper furnace of the spin-coating rig (Figure 3.18) and heated to ~ 550°C
(substrate Tg). The core glass was then melted in a platinum crucible in a separate furnace at
1350°C and then transferred to the lower furnace of the spin-coating rig. The crucible was
subsequently raised to the upper furnace so that the substrate could be dipped into the molten
core glass. Once the crucible was withdrawn, the substrate was spun at 2000 rpm to produce a
thin and uniform core layer on the substrate. The sample was then annealed at the subgtrate T,
while at the same time, the overdadding glass was mdted in a second plainum crucible in a
separate furnace at 1450°C. The crucible was then transferred to the spin-coating rig and an
overcladding layer was deposited onto the sample using smilar procedures as described for the
deposition of the core glass layer. The 3layer sample was annealed at the substrate Tg for 60

minutes before being cooled to room temperature at a rate of 1°C/min.

Photograph 5.1 shows the fabricated 3-layer BaP-1c : KAP-1d planar sample. The spin-coated
sample had turned pink from the origina colourless subgtrate, core and overclad glasses, which

was unexpected. There were also cracks appearing close to the surface of the sample.

Photograph 5.1 : BaP-1c : KaP-1d planar sample
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Hosono et al. [23] discovered that amorphous red phosphorus was formed in ‘reduced
phosphate glasses. Therefore, it seemed that the spin-coated sample had undergone a reduction
process. A sample of the KAP-1d glass (substrate and overclad glass) in ‘reduced state’ was
prepared for comparison of glass properties compared to a sample in ‘oxidised sate' . The glass
was meted in a reduced oxygen atimosphere to achieve the reducing condition. The refractive
index of the ‘reduced’ phosphate glass was measured to be 1.508, compared to n ~ 1.511 for
amilar glass under oxidisng condition. However, the thermd characteristics of both glasses did

not show any significant difference, as shown by the DTA plotsin Figure 5.18.

DT (°C)

450 550 650 750 850 950

Temperature (°C)

Oxidising condition

Reducing condition |

Figure5.18: DTA plots of KaP-1d sample under oxidisng and reducing conditions.

(The curves have been displaced to fit the same DT range)

Figure 5.19 shows the cross-section of the planar sample. There was no evidence of the presence
of crystads in the core glass as shown by the SEM picture of Figure 5.19(b), in contrast to the
crystallisation of the core glass observed for the extrusion process described in Section 5.5.1.
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Substrate Core Clad Substrate Core Clad

~60mMm ~67 M
> —>

@) (b)
Figure5.19 : Cross-section of BaP-1c : KaP-1d planar sample:

(a) optical microscope and (b) SEM

The cracks on the sample appeared due to stresses in both the core and overclad layers. These
were caused by the Da between the glasses as well as the thickness of the glass layers. The
stress, s, in each layer can be determined from equations (5.6) and (5.7) [24]. As the sample
was a 3layer planar sample, the tota sress within the core layer was the sum of the stresses

induced by both the overclad layer and the substrate [25].

2 )
s =_ Eco(acl Aco )Or %_o 2% O _ Ecllcl & - Vcogd (5.6)
co 2 = .
(1' Vco)K 8 I ch Q Ecolco 1- vy EH

EcI (acl co )Dr a

(1' VCI)K 8 IcI (57)

ScI =

QIIO

&'éoc

I 2., -
whee K =4+6-2+ 4 g Yo g Voo 2 the subscripts co
IcI l cI cI ﬂ 1- Vco IZI EcoI co 1- Va IZI

and cl denote core and clad (and substrate), respectively, a isthe therma expansion coefficient, |

is the thickness, DT is the difference between the deposition temperature and room temperature,
E isYoung'smodulus and v is Poisson’sratio.
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From equations (5.6) and (5.7) and using the appropriate properties for the glasses, the stresses
induced in the core and clad layers can be determined. Assuming E,, = Eq = 64 GPaand v, =
Vg = 0.29 [26], the stress in the core, S, Was—162.71 MPawhile the stressin the overcladding
layer, sq4, Was —63.75 MPa. The large compressive gress in the core as well as the large
difference in both compressve stresses in the core and overcladding layers caused cracks to

appear on the sample.

As a reference, a successful deposition of a core and overcladding layers (Da = 1" 10%/°C) had
been demonsgtrated in fluoroduminate glasses [27]. The substrate was 2 mm thick while the core
and overclad layers were 6 nm and 20 mm thick, respectively. The calculated Stresses were Sq, =
—44.71 MPaand sq = —11.02 MPa. Thus, experimentaly, we know that thislevd of stress vadue
was tolerable using the spin-coating process.

Despite the ‘reduced state’ of the planar sample with its pink colour and cracks on the surface,
the successful fabrication of the planar sample showed that spin-coating offers the possbility of
fabricating phosphate-based planar devices. | have shown that even when the therma properties
of the core glass were poor, spin-coating can successfully deposit alayer free of crystas. Further
improvement on the fabrication can be done by developing compatible core and clad glasses in
terms of the therma properties. In order to minimise stresses, the film thickness should be
reduced. This can be done through optimisation of the spinning peed, spinning time and viscosity
of the glass. Also, Da between the core and clad glasses should be smal but not to the extent of
compromising the athermaisation of the device.
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5.6 Channd Definition

The techniques of direct UV writing and direct femtosecond writing have been explored to write
channd waveguides on the bulk glasses. Generd overviews of these techniques are presented in
Sections 3.6.2 and 3.6.3.

5.6.1 UV Writing

The BaP-1c glass was usad for this experiment. Direct UV writing into the bulk glasses was
performed using a frequency doubled argon-ion laser (Coherent FRED Sabre 500) at 244 nm.
Straight channe confinement was created by translating the sample under the focused UV beam.
Writing was carried out usng a UV beam focused to a spot Size of gpproximately 6.5 nm a
writing powers of 50 mW and 100 mW and scan speeds of 5 — 500 mm/min. The separation
between the written channds was 200 nm. Figure 5.20 shows the written channdls in the BaP-1c

glass.

@) (b)
Figure5.20: UV written channelsin BaP-1c bulk glass:

(a) top view and (b) cross-section

It is clear from Figure 5.20 that direct UV writing has produced dab channels, indicating the
weak absorption of the phosphate glasses a 244 nm. A check on the waveguiding effect of these
channds using He-Ne laser showed that none of the waveguides was guiding. Although there was
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coloraion of the glass from UV writing, this did not correspond to a change in the refractive
index. UV writing on other samples (CaP-1a, BaP-1e, KAP-2d) produced smilar dab channels,
with no apparent waveguiding effect. This was congstent with the earlier result that showed that
the ‘reduced’ pink glass had alower n than the ‘oxidised’ glass, meaning that UV writing in these
glasses would produce a negative index change and if guiding was to be observed, this will be
between the written channels. However, this was not observed, and it may be because the change

inn wastoo smal.

5.6.2 Femtosecond Writing

Femtosecond writing was performed using a regeneratively amplified Ti:sgpphire laser generating
798 nm, 150 fs laser pulses at 100 kHz repetition rate. For this work, a KAP-1d bulk glass
sample was used. Microscope objectives of 10X and 50X were used to focus the beam to a
depth of 100 mm ingde the sample, which was trandated perpendicularly to the focused beam for
the writing of straight channel waveguides. Different powers between 50 - 270 mW (up to 2.7
n¥/pulse) at scan speeds of 40 - 160 mm/s were used and the separation between the written
channels was 100 mm. Figure 5.21 shows the channels written a 50 mW at speeds of 120 and
160 mm/s,

@) (b)
Figure5.21 : Cross-section of femtosecond written channelsat 50 mW in KAP-1d bulk

glasswith a (a) 10X objective and (b) 50X objective
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It can be seen from Figure 5.21 that the waveguides were asymmetric with an e ongated profile in
the longitudingl direction. This asymmetry was due to the different profiles of the laser beam
aong, and perpendicular to, the beam propagation direction. Perpendicularly to the beam
direction, the waveguide sze is goproximeately the beam focd diameter, 2w,, while dong the
propagation direction, the waveguide size is gpproximately given by the confoca parameter, b =
2p(Wo)/l [28]. The asymmetry of the waveguide profiles was more pronounced for waveguides
written with large focd beam spot, such as with a 10X micrascope objective with a smaler NA
compared to a 50X objective.

NA measurement of the waveguides was carried out using the set-up shown in Figure 5.22. Light
from the laser was first passed through an attenuator and focused by the microscope objective
into the sngle-mode fibre. The function of the attenuator was to vary the power into the fibre to
prevent saturation of the CCD (charge coupled device) camera. The sample and single-mode
fibre were digned so that light could be coupled into the waveguides. The output light was then
passed through another microscope objective and captured by the CCD camera. The objective
lens and CCD camera were mounted on a trandation stage equipped with a micro-gaugeto vary
the distance from the sample end. When the focus was reached, the micro-gauge was set to zero.
Profiles were then taken at distances of O - 400 nm at every 100 nm interva. The images were
digitised by the computer and the 5% beam widths measured using a Gaussian beam profilefit.

Micro
gauge Tranddion stage
E— = Attenuator
D e [Dl——— «— (4| HeNe
camera Sampe  Snge-mode  \jcroscope
Microscope fibre objective
objective
Computer

Figure5.22 : NA measurement set up
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NA can be obtained by measuring the spreading of the beam with distance, as shown in Figure
5.23. Inthefigure, NA isgiven by sn gqand for smdl g, NA =sn g» tah g

Sample e

Figure5.23: Estimation of NA

Figure 5.24 shows the modd output from the waveguide written a a power of 150 mW and a
scan speed of 80 mMms using a 50X microscope objective. Characterisation of this waveguide
showed an NA of 0.07 On ~ 1.6" 10°) dong the beam propagation direction and an NA of
0.02 (Dn ~ 1.3" 10™) in the direction perpendicular to the beam propagation.

Figure5.24 : Modal output of the waveguide written at 150 mW and 80 mm/s
with a 50X objective

Figure 5.25 shows the cross-section and moda output of the waveguide written a a power of
270 mW and a scan speed of 80 mmy/s using a 50X micrascope objective. The high power used
seemed to have damaged the waveguide. This caused dendfication around the rim of the

immediate volume surrounding the laser focus spot, where light was guided.
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25 mMm

55 M

@) (b)
Figure5.25 : (a) Cross-section and (b) modal output of the waveguide written at 270 mW

and 80 mm/swith a 50X objective

5.7 ummary

A range of binary cacium phosphate, barium phosphate and sodium phosphate glasses at the
ultraphosphate and metaphosphate compositions has been synthesised and their optica and
thermal properties assessed. The glass trangtion temperatures of the calcium phosphate and
barium phosphate glasses exhibited a minimum point and such behaviour can be explained by the
trangtion of the ultrgphosphate network from a network containing modifiers at isolated Stesto a
network with modifier sub-gructures sharing terminal oxygens. When modifiers were initialy
added, the glass structure had to expand to accommodate these modifiers, leading to reduced
dengty. In addition, the modifiers depolymerised the network, reducing the structurd cross-
linking dengity and weakening the glass structure. However, when the modifier content was high,
the modifying cations must begin to share the available termina oxygens, creating a more compact
network and cross-linking the phosphate chains.

Generdly, the refractive indices of the glasses should follow the same trend as the glass trangtion
temperatures. However, the presence of water in the phosphate network has affected and
changed the refractive indices of the glasses from that expected from the nomind compositions.
This was due to the formation of (P-OH) bonds, converting bridging oxygens to non-bridging
oxygens and thus depolymerising the phosphate structurd network. The dructura network
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trangtion, gpparently did not seem to affect the thermal expansion coefficients and thermo-optic
coefficients of the glasses, where the systematic addition of modifiers led to the increase of the
therma expandon coefficient and the subsequent progress towards negative thermo-optic
coefficient vaues.

dr/dT was strongly dependent on a and avaue of a > 9 10°/°C was required for the calcium
phosphate and barium phosphate glasses to exhibit negative dn/dT. Semi-empirica equations for
the determination of dn/dT have been defined for the cacium phosphate and barium phosphate
glasses. For the calcium phosphate glasses, the dn/dT for glasses within the composition range of
1.526 £ n £ 1.551 and 8.60° 10%°C £ a £ 10.22" 10°°C can be deduced from dn/dT = -
2.088a + 18.50. For the barium phosphate glasses, the dn/dT for glasses within the composition
range of 1.547 £ n £ 1.585 and 11.62" 10°%/°C £ a £ 13.67" 10°/°C can be deduced from
dn/dT = -2.104a + 18.90. The smilarity of the two semi-empirica equations suggested that the
electronic polarisability was dominated by the phosphate matrix. Based on this assumption, the
semi-empirica equation can be generdised for any cacium phosphate and barium phosphate
within 860" 10°°C £ a £ 13.67" 10°/°C.

Device fabrication was carried out using the combination of BaP-1c and KAP-1d glasses as the
core and clad, respectively. The extrusion process managed to produce a cane congisting only of
the clad glass as the core glass crystalised at the extrusion temperature used. However, the fact
that a cane was successfully extruded shows that this process can be used to produce the
preform required for fibre drawing. The next step would be to use a combination of core and clad

glasesthat are closdy matched in terms of their therma properties.

The spin-coating process was used to deposit uniform glass layers on glass substrates and a 3+
layer planar sample was successfully fabricated. However the sample had undergone a reduction
process, the reason for this occurrence is gill not fully understood, and there were cracks near the
surface of the sample due to stresses. Nevertheless, the process can successfully deposit glass
layers free of crydas. As with the extruson process, improvement can be made by usng
compatible core and clad glasses and optimising the spin-coating parameters to minimise stresses

inthe glasslayers.
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Channds were written into the glasses using direct UV writing a 244 nm and direct femtosecond
writing a 798 nm at different powers and writing speeds. Due to the weak absorption of the
phosphate glasses a 244 nm, UV writing produced dab channels that had no waveguiding effect.
This could be due to the smal induced refractive index change. Femtosecond writing managed to
produce some waveguides in the KAP-1d sample and an NA of 0.07 ©On ~ 1.6" 10®) was
obtained for the waveguide written at a power of 150 mW and a scan speed of 80 mv/susing a
50X microscope objective.
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CHAPTER 6

BOROPHOSPHATE GLASSES

6.1 Introduction

This chapter reviews the properties of some borophosphate glasses prepared in this work. B,O3
[1,2] and P,Os [3], due to their negatiive dn/dT, had previoudy been co-doped with
germanodlicate core fibres to minimise dl g/dT. Pure phosphate, pure borate, barium
metaphosphate and sodium metaphosphate glasses exhibit negative dr/dT [4]: -92.2° 10%/°C, -
35.0° 10%/°C, —10.6" 10%/°C and —15" 10°/°C, respectively. Hence barium borophosphate and
sodium borophosphate glasses can be potentidly used for fabricating atherma devices, by
talloring the compositions to obtain the required n, a and dn/dT.

In this work, the compositional effects of barium borophosphate glasses (designated as BaBP)
and sodium borophosphate glasses (designated as NaBP) on their optica and thermd properties
were assessed. Two series of BaBP glasses and a series of NaBP glasses were examined to
determine, fird, the effect of adding B,O3 to phosphate glasses; second, the change in properties
as the glass compostion changed from a phosphate-rich compostion to a borate-rich
composition and, third, the minimum a required to obtain negative dn/dT in the BaBP and NaBP

sies.

6.2 Glass Prepar ation

Two series of BaBP glasses and a series of NaBP glasses were synthesised, corresponding to

(mol%) :

BaBP series 1 : 50Ba0-xB,03-(50-x)P,0Os with5 £ x £ 20
BaBP series 2 : (100-x)Ba(PO3)-xB,Oz; with 10 £ x £ 60
NaBP : (100-x)NaPO3z-xB,03; with 10 £ x £ 50
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Glasses were mdted in platinum crucibles, covered with a platinum lid, using high-purity powder
of BaCOs (99.95%), N&CO;3 (99.5%), B,O3 (99.98%) and P,Os (99.99%), according to the
melting process described in Section 3.1.1. The mixtures were melted in an oxygen amosphere
for 60 minutes at temperatures between 1200°C and 1300°C, depending on the glass
compositions. The mets were then cast into a graphite mould and annedled in air for 60 minutes
near the respective glass T, before being cooled at arate of 0.5°C/min to room temperature.

Table 6.1 shows the batch compositions of the BaBP and NaBP glasses that were melted while
Figure 6.1 shows the BaBP and NaBP glass melting region for this work.

Sample Batch composition (mol%)

BaO B20O; P,Os
BaBP-1la 50 5 45
BaBP-1b 50 8 42
BaBP-1c 50 10 40
BaBP-1d 50 12 38
BaBP-1e 50 15 35
BaBP-1f 50 20 30
Sample Ba(POs), B2Os
BaBP-2a 90 10
BaBP-2b 80 20
BaBP-2c 70 30
BaBP-2d 60 40
BaBP-2e 50 50
BaBP-2f 40 60
Sample NaPO; B2>Os
NaBP-1la 90 10
NaBP-1b 80 20
NaBP-1c 70 30
NaBP-1d 60 40
NaBP-1e 50 50

Table6.1: Batch compositions of BaBP and NaBP glasses
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- Homogeneous BaBP glass P05

o Phase-separated BaBP glass

® Homogeneous NaBP glass 20 /. 2\ 80

__________________

100
| I I |
BaO/N&O o0 10 20 30 40 50 60 70 80 90 100 BoOs

Figure6.1: BaBP and NaBP glass melting

6.3 Property M easur ements

Before any characterisation work was done, the glass samples were first polished, using the
procedures described in Section 3.1.2. The descriptions and the principles of the instruments
used for characterisation are described in Chapter 3.

Ty Txand T, were determined using aDTA at a hegting rate of 10°C/min. a was measured in the
temperature range of 50 - 120°C with a TMA a a heating rate of 5C/min. n was measured
using an Abbe ‘60’ refractometer a the sodium D-line (I = 589.3nm) at room temperature.

dn/dT measurements were performed on polished glass samples gpproximately 10 mm thick
usng the interferometer set-up detailed in Section 3.4. Spectroscopic andyss in the UV was
carried out usng a UV/Vis/NIR spectrophotometer in the 190 — 500 nm range while relative OH
concentration was determined using an FTIR spectrophotometer in the 2000 - 5000 cmi* range.
Both UV and IR andysis were performed on 2 mm thick samples.
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6.4 Results and Discussion

The properties of the BaBP and NaBP glasses are given in Tables 6.2 and 6.3. The NaBP-1e

sample dn/dT was not measured as the glass was hygroscopic, where the coarse and nor+

transparent appearance of the glass surfaces prevented any measurement.

Sample Batch composition (mol%) | T4 (°C) | T« (°C) | T,(°C) | a (" 10°%/°C)
BaO | B.O; | P.Os (50-120°C)
BaBP-1a 50 5 45 507 706 740 13.23
BaBP-1b 50 8 42 545 729 762 12.52
BaBP-1c 50 10 40 565 748 787 12.23
BaBP-1d 50 12 38 586 749 809 11.58
BaBP-1e 50 15 35 Phase-separated sample
BaBP-1f 50 20 30 Phase-separated sample
Sample Ba(PO;), | B20s3 T4(°C) | Tx(°C) | T, (°C) | a (" 10%°C)
(50 - 120°C)
BaBP-2a 90 10 497 705 778 12.63
BaBP-2b 80 20 533 783 825 11.63
BaBP-2c 70 30 571 802 848 10.48
BaBP-2d 60 40 596 848 871 9.42
BaBP-2e 50 50 589 810 864 7.53
BaBP-2f 40 60 564 806 844 5.68
Sample NaPO; | B,Os T4(°C) | T« (°C) | T,(°C) | a (" 10%°C)
(50 - 120°C)
NaBP-1a 90 10 358 540 622 19.91
NaBP-1b 80 20 415 600 660 16.70
NaBP-1c 70 30 445 613 675 13.43
NaBP-1d 60 40 450 645 689 11.57
NaBP-1e 50 50 439 650 707 11.20

Table6.2: Thermal properties of BaBP and NaBP glasses
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Sample | Batch composition (mol%) n dn/dT (" 10%°C) | ron (cm™)
BaO B,O; | PO || (1 =589.3nm) | (I =632.8nm,
20 - 100°C)
BaBP-1a 50 45 1.600 -9.27 9.88
BaBP-1b 50 42 1.604 -8.97 7.46
BaBP-1c 50 10 40 1.606 -7.82 6.93
BaBP-1d 50 12 38 1.610 -7.52 6.38
BaBP-1e 50 15 35 Phase-separated sample
BaBP-1f 50 20 30 Phase-separated sample
Sample | Ba(POs),| B.Os n dn/dT (" 10%°C) | ron (cm™)
(I =589.3nm) || (I =632.8nm,
20 - 100°C)
BaBP-2a 90 10 1.591 -8.45 17.88
BaBP-2b 80 20 1.593 -7.26 14.38
BaBP-2c 70 30 1.594 -5.01 13.79
BaBP-2d 60 40 1.596 -3.68 15.43
BaBP-2e 50 50 1.592 -0.69 21.96
BaBP-2f 40 60 1.589 +2.72 37.79
Sample | NaPO; | B,Os n dn/dT (" 10%°C) | ron (cm™)
(I =589.3nm) || (I =632.8nm,
20 - 100°C)
NaBP-la 90 10 1.490 -12.75 18.05
NaBP-1b 80 20 1.501 -8.43 15.61
NaBP-1c 70 30 1511 -3.61 14.28
NaBP-1d 60 40 1512 -2.36 27.44
NaBP-1e 50 50 1511 Not measured 38.14

Table6.3: Optical properties of BaBP and NaBP glasses

The results for the BaBP and NaBP glasses are dso shown in Figures 6.2 to 6.10. In Figures 6.2
to 6.4, 6.6 and 6.7, lines are drawn as guides to the eye. Barium metaphosphate (BaP-1c) and
sodium metgphosphate (NaP-1a) glasses from Chapter 5 are included in the figures for

comparison purposes.
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6.4.1 Refractive I ndex and Glass Transtion Temperature

The refractive indices of the BaBP and NaBP glasses as a function of the B/(B+P) ratio are
shown in Figures 6.2a and 6.2b, respectively. Figure 6.2a shows that the addition of BO3
increased the glass n at low boron concentrations (BaBP series 1 and 2 glasses). However, as
the amount of BOj3 increased further, the results of BaBP series 2 showed that n reached a
maximum & around B/(B+P) = 0.4 and then decreased for higher boron concentrations. Figure
6.2b shows a similar trend for the NaBP glasses as that observed for the BaBP series 2 glasses,
with a maximum point observed a around B/(B+P) = 0.6. By comparing Figures 6.2a and 6.2b,
it can be seen that BaBP glasses had higher n than NaBP glasses. Thiswas dueto the larger size
of the Ba?* ion compared to N&', making Ba®* more polarisable and consequently higher n, as
expected from the Lorentz-Lorenz equation [5].

1.62

1.61 A

1.61

1.60 -

1.60 o

Refractive index, n

1.59 +

1.59

158 T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

B/(B+P)

|0 Series 1 A Series 2 |

Figure6.2a: Refractive index (n) of BaBP glasses, measured at 1 =589.3 nm.
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1.52

Refractive index, n

0 0.1 0.2 0.3 0.4 05 0.6 0.7
B/(B+P)

f n. (measured at| =546.1 nm) [6]

Figure 6.2b : Refractive index (n) of NaBP glasses, measured at I =589.3 nm.

Figures 6.3a and 6.3b show the changes in the T, of the BaBP and NaBP glasses, respectively,
as the B/(B+P) ratio increases. The Ty of the BaBP series 1 glasses increased with incressing
boron content throughout the range of composition studied. As with the case for n, the T, of the
BaBP series 2 and NaBP glasses increased to a peak vaue at B/(B+P) = 0.4 and B/(B+P) =
0.6, respectively, before T, started to decrease as more boron was added. The presence of a
maximum point has aso been observed for the Ty of calcium borophosphate glasses[7].

Previous structurd studies of borophosphate glasses [8-11] show that boron atoms exist as either
tetrahedrd units, B(4), or trigona units, B(3), within the glass network, depending on glass
compositions. It was found that B(4) units dominate at compositions with high phosphate content
(phosphate-rich) while B(3) units dominate at compositions with high boron content (borate-rich).
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Figure6.3a: Glasstranstion temperature (T,) of BaBP glasses

500

o

o

U 450 -

>

©

(]

o

S 400 -

c

S

o

S 350

>

(2]

L

© 300 : : : : . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

B/(B+P)

Figure6.3b : Glasstranstion temperature (T,) of NaBP glasses

The addition of B,Os led to the formation of (B-O-P) bridging bonds that cross-linked the
phosphate chains. These (B-O-P) bonds were associated with the B(4) units as these units
dominated a low boron (phosphate-rich) compostions. The (B-O-P) bridging bonds
polymerised the glass network and increased the packing dendity of atoms, cregting a more
compact borophosphate network. Thisled to increased density and the subsequent increasein n.
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The increase in the boron content also increased the Ty of the glasses a compositions with low
boron content. The T, of aglassis dependent on the covaent cross link density and meta-oxygen
cross link strength [B]. Therefore, the increase in Ty was due to the increase in the structural

cross-linking dengty of the glass network, caused by the (B-O-P) bridging bonds. For the BaBP
series 2 and NaBP glasses, in addition to the polymerisation effect of boron on the glass network,
the subdtitution of B,O3 for either BaO or NaO resulted in the replacement of stronger covaent
(B-O-P) bonds for the ionic (Ba-O-P) or (Na O-P) bonds, thus increasing the structura strength
of the glass. This was because B** has a higher field strength than Ba?* and Na' [12].

Both n and Ty of the BaBP series 2 and NaBP glasses exhibited a maximum before decreasing as
more boron was added. Such behaviour generdly corresponded to a structural network change
in teems of bonding. As the concentrations of boron increased further, B(3) units became the
preferred coordination in borate-rich compositions, compared to the preferred B(4) units in
phosphate-rich compostions. This resulted in a gructurd change from a disordered
borophosphate network to a borate network and aso a reduction in the (B-O-P) bridging bonds
as the boron content increased. This decreased the density of the glass as well as the cross-linking
density and hence weskened the glass network. Therefore, both n and T, decreased with the
addition of boron at borate-rich compositions. The crossover point for this structural change from
a borophosphate network to a borate network is indicated by the maximum point observed at
B/(B+P) = 0.4 for the BaBP series 2 glasses and B/(B+P) = 0.6 for the NaBP glasses.

6.4.2 Thermal Expansion Coefficient and Ther mo-optic Coefficient

a and dn/dT of the BaBP and NaBP glasses are shown in Figures 6.4a and 6.4b. There seemed
to be no evidence of any maximum or minimum point throughout the range of BaBP and NaBP
glasses examined, in contrast to the maximum pesk observed for both n and Ty when the glass
network crossed from arigid borophosphate structure to a borate network.
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Figure6.4a: a and dn/dT of BaBP glasses as a function of B/(B+P) ratio
(& measured over 50 - 120°C, dn/dT measured at I = 632.8 nm over 20—-100 °C)
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Figure6.4b : a and dn/dT of NaBP glasses as a function of B/(B+P) ratio
(& measured over 50 - 120°C, dn/dT measured at I = 632.8 nm over 20—-100 °C)

The addition of boron made the glass network highly cross-linked and hence led to adecreasein
the a of the glasses. At the same time, the dn/dT of the glasses changed to positive vaues, as
shown in Figure 6.4a and 6.4b. Comparison of the results for BaBP and NaBP glasses showed
that BaBP glasses had smdler a vaues compared to NaBP. This was due to the higher field
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srength of Ba?* compared to Na', thus, Ba?* cations formed stronger bonds with the NBOs.

The reaults for dn/dT can be explained in terms of a via equation (1.15), which can be derived

from the Lorentz L orenz equation, as described in Section 1.4.

dn_ ,éd(nP,) 2

é
= 1.15
daT AS daT o (115

where A = [(n*-1)(n*+2)/6n]. As stated earlier, the addition of boron decreases a, and as a
decreases, d(InPg)/dT will become more dominant such that d(InPg)/dT > 3a, resulting in postive
dn/dT. Figures 6.4a and 6.4b aso show that in order to obtain negative dn/dT, BaBP glasses
must exhibit a> 7.5" 10°/°C while NaBP glasses must exhibit a > 11.5" 10°/°C.

dn/dT vaues of the BaBP and NaBP glasses have been estimated from the j ; of each glass
component (Table 2.4) and equation (2.5), as discussed in Section 2.2. The data were compared
againg the experimentaly measured dn/dT, as shown in Figure 6.5. There were offsets between
the measured and estimated dn/dT results, athough both sets of data showed a smilar trend
where dn/dT of the glasses changed to postive vaues as the B/(B+P) ratio increased. The
differences could be due to the limitations associated with using such methods to estimate dn/dT,
as discussed in Section 2.2. Also, the j ; value for boron has been estimated without considering

the change of the coordination number of B** with glass composition.
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® This work (BaBP) A Estimated value (BaBP)
O This work (NaBP) A Estimated value (NaBP)

Figure 6.5 : Comparison of measured and estimated dn/dT of BaBP and NaBP glasses
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Figures 6.6a and 6.6b show the linear rdationship between dn/dT and a for the BaBP and NaBP
glasses, respectively. Based on these relationships, semi-empirica equations for dn/dT can be
obtained, enabling the estimation of the dn/dT of any BaBP glasses within 1.585 £ n £ 1.610 and
5.68 10°%°C £ a £ 13.67" 10%°C and any NaBP glasses within 1.484 £ n £ 1.512 and
11.20° 10%°C £ a £ 22.03" 10°/°C. The vaues for n were quoted for | = 589.3 nm, the values

for a were quoted over 50 - 120°C and dn/dT values were measured at | = 632.8 nm over 20 -

100°C.
4
0 -
o dn/dT =-1.599a + 11.58
E
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Figure6.6a: dn/dT of BaBP glassesas a function of a
0
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9 dn/dT = -1.265a + 12.74
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T dn/dT from ref [4]

Figure 6.6b : dn/dT of NaBP glasses as a function of a
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Equation (1.15) can aso be represented in another form, as described in Section 1.4. This new

expression is shown as equation (1.16).
dn
—=Alg- 3a (1.16)

In order to obtain negative dn/dT, gmust be less than 3. The gvaues for the BaBP and NaBP
glasses are plotted in Figure 6.7, and found to be 1.95 £ g£ 3.67 for the BaBP glasses ad
1.80 £ g£ 2.66 for the NaBP glasses. The results showed that in order to obtain negative dn/dT,
the BaBP glasses must have a B/(B+P) ratio of less than 0.52 (equivalent to 52 mol% BOs)
while NaBP glasses must have a B/(B+P) ratio of less than 0.66 (equivaent to ~ 49 mol% B,O5).

0 0.1 0.2 0.3 0.4 05 0.6 0.7
B/(B+P)

|0 BaBP series 1 A BaBP series 2 B NaBP |

Figure 6.7 . gof BaBP and NaBP glasses as a function of B/(B+P) ratio

6.4.3 OH Content and UV Spectrum

The relative OH content of the BaBP and NaBP glasses are given in Table 6.3. Fromthe results
for the BaBP series 1 glasses, it can be seen that the addition of B,Os reduced the relative OH
content. This was due to the fact that the B** ions formed bridging bonds that cross-linked the
phosphate chains, improving the chemica durability of the glass[13].
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For the BaBP series 2 and NaBP glasses, the relative OH content of the glasses decreased upon
the initial addition of boron until it reached a minimum before increasing with further boron
addition. The minimum point observed for the relative OH content coincided with the maximum
points observed for both n and T, As Stated earlier, B(4) units dominated a phosphate-rich
compositions, forming (B-O-P) bridging bonds, while B(3) units dominated at borate-rich
compositions. The formation of (B-O-P) bonds reduced the number of phosphate NBOs, thus
minimigng the formaion of (P-OH) bonds. Hence the relative OH content of the glasses
decreased. However, as the amount of B,O; increased, the glass network changed from a
borophosphate network to a borate network. The number of (B-O-P) bonds between phosphate
chains was reduced and the network became less resstant to hydrolysis. This accounted for the
increase in the relative OH content at high boron content. Figure 6.8 shows the IR tranamission

gpectra through the BaBP series 2 glasses with different B,O3 content.

Generally NaBP glasses had higher relative OH content compared to the BaBP glasses with
similar boron content. This was due to the lower fidd strength of N&', compared to Ba** [12].

e —————— ., = _-______.= — 100

- 80 =

90Ba(POs),- 10P,0s S
80Ba(PO5),-20P,0s - 60 s
70Ba(PO3),-30P,0s [ 40 E
60Ba(PO,),-40P,0s X :

ﬂ— 20 ©

T T T T T ! 0

5500 5000 4500 4000 3500 3000 2500

Wavenumber (cm™)

—— BaBP-2a —— BaBP-2b —— BaBP-2c —— BaBP-2d
BaBP-2e BaBP-2f

Figure 6.8 : Infrared transmission spectra through (100-x)Ba(PO3),-xB,0Os glasses.

The spectra arenormalised for a1 mm thick sample and corrected for Fresnel loss.
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Figures 6.9 and 6.10 show the UV transmission and UV absorption, respectively, of some BaBP
series 2 glasses. The UV edge of a glass depends on the dectronic band gap trangitions, which
are influenced by the structure and bonding in the glass network [14,15]. From the inset shownin
Figure 6.9, it can be seen that the UV edge shifted towards lower wavelengths before shifting

again towards higher wavelength as the boron content increased. Bartholomew [16] found that as
the number of NBOs decreases, the UV edge shifted to a lower wavelength. At low boron

content, the addition of boron shifted the UV edge to lower waveengths due to the higher degree
of cross-linking and BO bonds in the glass network, through the formation of (B-O-P) bridging
bonds. As the boron content increased further, B(3) units replaced B(4) units and the number of

(B-O-P) bridging bonds decreased. Hence, the number of NBOs increased, shifting the UV edge
to higher wavdengths. Such observation has dso been noted in the literature [7,17].

100
80 -
S
S 60
>
@
& 40
C
o
= 20 — 10 mol% B,O; —20 mol% B-O3
7 — 30 mol% B,0O3 40 mol% B,O3
0 50 mol% B,O3
T T T
100 200 300 400 500
Wavelength (nm)
|————BaBPQa — BaBP-2b —— BaBP-2c BaBP-2d BaBP2e|

Figure 6.9 : Ultraviolet transmission spectra through (100-x)Ba(PO3),-xB,0Os3 glasses.
The spectra are normalised for a 1 mm thick sample and corrected for Fresnel loss.

Inset : Transmisson spectra near 190 nm.
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Figure6.10 : Ultraviolet absor ption spectrathrough (100-x)Ba(POs3),-xB,0; glasses.

The spectra are normalised for a 1 mm thick sample and corrected for Fresnel loss.

6.4.4 Ather malisation

The athermalisation principle set out in Section 1.3 shows thet glasses must exhibit negetive dn/dT
in order to satisfy the atherma condition of equation (1.3), due to the postive a vaue. The
athermdisation parameters for the BaBP and NaBP glasses are given in Table 6.4, which shows
mogt of the glasses investigated exhibited negative dn/dT. Therefore, these borophosphate glasses
have gpplication potentid in athermaisation work.
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Sample Compostion (mol%) dn/dT na (/L)(dS/dT)
BaO | B,O: | P.Os | (10°°C) (" 109°C) (" 109°C)
BaBP-1a 50 5 45 -9.27 21.18 11.91
BaBP-1b 50 8 42 -8.97 20.08 11.11
BaBP-1c 50 10 40 -7.82 19.64 11.82
BaBP-1d 50 12 38 -7.52 18.66 11.13
BaBP-1e 50 15 35 Phase-separated sample
BaBP-1f 50 20 30 Phase-separated sample
Sample Ba(PO3), | B.O; dn/dT na (/L)(dS/dT)
(" 10%/°C) (" 10%/°C) (" 10%/°C)
BaBP-2a 90 10 -8.45 20.09 11.65
BaBP-2b 80 20 -7.26 18.53 11.27
BaBP-2c 70 30 -5.01 16.70 11.69
BaBP-2d 60 40 -3.68 15.03 11.35
BaBP-2e 50 50 -0.69 11.99 11.30
BaBP-2f 40 60 +2.72 9.00 11.72
Sample NaPO; [ B,Os; dn/dT na (/L)(dS/dT)
(" 10%°C) ( 10°%°C) ( 10°%°C)
NaBP-1a 90 10 -12.75 29.67 16.92
NaBP-1b 80 20 -8.43 25.07 16.64
NaBP-1c 70 30 -3.61 20.29 16.68
NaBP-1d 60 40 -2.36 17.49 15.13
NaBP-1e 50 50 nm 16.92 -
Slica[4] +10.40 0.80 11.20

Table 6.4 : Athermalisation parameters of BaBP and NaBP glasses

However, Table 6.4 shows tha the bulk glasses were not aherma on their own as ther
1/L(dS/dT) vaueswere not zero. From the results, there are four highlighted samples that showed
comparable 1/L(dS/dT) vaues to that of slica. As the bulk glasses were not athermd, two or
more glasses must be used together to obtain the required properties for the fabrication of
athermd devices. The way this method works has been previoudy described in Section 4.4.5.
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6.5 Device Fabrication

This section describes the fabrication of planar devices and fibres usng the borophosphate

glasses developed. As described in Section 5.5, the combination of core and clad glasses used

must be such that the combined core and clad dn/dT produces dne/dT < 0 and the a of the fibre

cladding glass or planar device subgrate is low. These conditions reduce the temperature

sengitivity of the device.

Asauming V = 2.405 (single-mode operation), | q.of = 1000 nm and | g = 1040 nm, the possible

combinations of borophosphate glasses for fibre fabrication are presented in Table 6.5. The

parameters were determined using the andyss for FBGs set out in Section 1.3.3. The choice of

| 5 was decided by the refractive index of the glasses, the availability of the agppropriate grating

phase mask and the available source.

Core Clad NA Neit dng: /AT || (Tg)eo-(Tg)a || Ao - A4 dl g/dT
(" 10%/°C) (°C) (" 10%°C) | (pm/°C)

BaBP-1a | KAP-1d | 0526 | 1.557 | -6.73 -36 4.52 4.56
KAP-1d | 0538 | 1.559 | -6.50 2 3.81 A72

BaBP-1b | KAP-1e | 0.516 | 1.563 | -6.22 -76 4.85 3.84
BaBP-2c | 0.175 | 1.599 | -8.18 -26 2.04 5.58

BaBP2d | 0.161 | 1.600 | -7.94 -51 3.10 4.63

BaBP-1c | KAP-le | 0523 | 1.564 | -5.26 -56 4.56 4.48
BaBP-1d | BaBP-2e | 0.244 | 1.602 | -6.15 -3 4.05 3.84

Table6.5: Combination of core and clad glasses using KAP and BaBP glasses
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During the previous extruson trid involving the combination of BaP-1c and KAP-1d in Section
5.5.1.2, the process was unsuccessful because of crystdlisation in the core glass. This occurred
due to the mismatch of Ty and Ts between the core and clad glasses, where the difference
between the T, of the core and clad, (Tge - Tga), Was -65°C. As for the planar waveguide
fabrication, detailed in Section 5.5.2, there were cracks in the spin-coated core and overclad
layers because of the large (aw, - aq), which was approximately 5 10°/°C.

Hence, for this part of the work, an attempt was made to match both the T, and a of the core
and clad glasses as close as possble without compromising the temperature sengtivity of the
Bragg wavelength too much. From Table 6.5, the combination of BaBP-1b and BaBP-2c was
chosen, which should produce dl g/dT ~ 5.6 pn/°C (7.4 pm/°C a | g = 1.3 nmand 9.2 pm/°C
a | g = 1.55 nm). This combination offered (T - Tya) = -26°C and (B - aq) ~ 2 10°%°C,
which were favourable conditions for preventing cracks as well as crysalisation in ether glass at
the extruson temperature (equivdent to Ts). Furthermore, the fibre was ided for sngle mode
operation as its NA was about 0.18. It should be noted that al dl g/dT vaues were caculated
based on the measured results of nat | = 589.3 nm, a over 50 — 120 °Cand dn/dT a | =
632.8 nm over 20 — 100 °C. Figure 6.11 shows the transmission spectra for the BaBP-1b (core)
and BaBP-2c (clad) glasses, collected usng a UV/Vis/NIR spectrophotometer in the 190 — 3300

nm range.
100 -
80 ~ core
g
S 60 -
‘0
2
5 40-
[
o
}_
20 - clad
0 T T T T T T
0 500 1000 1500 2000 2500 3000 3500
Wavelength (nm)
—— BaBP-1b —— BaBP-2¢c |

Figure6.11 : Transmission spectra through BaBP-1b (core) and BaBP-2c (clad) glasses.

The spectra are normalised for a 1 mm thick sample and corrected for Fresnel loss
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6.5.1 Fibre Fabrication

This section describes the extruson work and the fibre drawing process involving the chosen

combination of BaBP-1b (core) and BaBP-2c (clad) glasses.

6.5.1.1 Extrusion

The BaBP-1b glass had the composition 50Ba0-8B,05-42P,0s with properties of ny, = 1.604,
Ay = 12.52 10%°C and dn/dT,, = -8.97" 10°%/°C, while the BaBP-2c glass had the composition
70Ba(POs;),-30B,0; with properties of ny = 1.594, a4 = 10.48 10%°C and dn/dTy = -
5.01" 10%/°C. The optical and thermal conditions for fibre fabrication were previoudy discussed
in Section 5.5.1.1. Based on the properties of the core and clad glasses, it can be seen that
Neo > Ny, 80 > 89 aNd (8 - ) = 2.04° 10%/°C, thus satisfying dl the conditions

Figure 6.12 $ows the DTA plots for both BaBP-1b (core) and BaBP-2c (clad) glasses. As
discussed earlier in Section 5.5.1.2, the core and clad T, can be estimated using equation (5.4) to
determine the extruson temperature. The T; for the core and clad glasses were estimated to be
607°C and 648°C, respectively. T isthe fibre drawing temperature, which will be discussed later
and can be estimated from equation (6.1).
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10 T,=762°C
1.2 - T = 668°C
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Figure6.12: DTA plotsfor BaBP-1b (core) and BaBP-2c (clad) glasses

(The curves have been displaced to fit the same DT range)

For the extrusion of a cane, the core (BaBP-1b) and clad (BaBP-2c) glasses were first prepared
using the 2-step melting process detailed in Section 3.1.1. The dimensons were :

coreglassof h=7mmand f =29 mm, core diewithaholef of 2 mm

dadglassof h=9mmandf =29 mm, clad diewith aholef of 2 mm

The extrusion body assembly followed the procedures discussed in Sections 3.5.1 and 5.5.1.2.

The extrusion rig furnace was first heated to the clad glass Ts of 650°C. Pressure, P, was then
applied, with an increment of 10 bar (1 MPa) every 2 minutes, up to 75 bar (7.5 MPa). At this
point, the extrusion rate was ~ 0.017 mm/min. The furnace temperature was then increased by
5°C and the extruson rate increased to 0.033 mm/min. As the extrusion process progressed, the
extrusion rate suddenly increased to 0.085 mm/min and cracks began to appear in the cane. At

this point, the extrusion process was stopped.

Figure 6.13 shows the extruded cane obtained at the end of the extrusion process, which shows a

large core within the cane. The large core size, coupled with the fact that there was a Da between
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the core and clad glasses, probably explained the cracks in the cane.

At the beginning of the extruson process, the clad glass was first extruded while the core glass
began to flow into the clad glass. During the course of the process, the core glass, which was
softer than the clad glass, sarted to flow sraight through the clad glass and be extruded,
preventing much of the clad glass from flowing through the clad die. This accounted for the large
core Size obtained, producing a cane with a (core/clad) ratio up to ~ 0.8. However, it was
suggested that the trend would eventudly reverse, with the (core/clad) ratio decreasing, as the

supply of the core glass was depleted. A second cane extrusion trid was carried out to verify this.

05mm

Core

l\ Core

@ ()

Figure 6.13: BaBP-1b : BaBP-2c extruded cane: (a) sde view and (b) cross-section

Clad

For the second extrusion trid, the dimendons of the glasses used were:

coreglassof h=5mmand f =29 mm, core diewithaholef of 4 mm

cdadglassof h=12mmand f =29 mm, clad diewithaholef of 2mm

The reason for the smaller amount of core glass and the larger core die hole compared to the
previous trid was to dlow the soft core to flow out quicker, leaving the mgority of the clad and
resdua core glasses intact. Smilar extruson conditions as in the firgt trid were applied. At the
beginning of the process, the extrusion rate was around 0.02 — 0.04 mm/min. As the core glass

began to flow through, the extrusion rate increased to 0.10 mm/min and as the process continued
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further, the extrusion rate decreased and remained at 0.03 mnmvVmin. A find yield of ~ 1.8 m was
obtained. The extruded cane was then andysed under the optical microscope to determine the
(core/clad) retio dong the length of the cane and the results are shown in Figure 6.14. The
diameter of the cane during the find part of the extruson process was about 2.2 mm.

(Core/Clad) ratio

0 20 40 60 80 100 120 140 160
Length (cm)

Figure6.14 : (Core/clad) ratio at different cane lengths

In order to obtain the preform for fibre drawing, a tube of clad glass was dso extruded, into
which the cane can be inserted to further reduce the (core/clad) ratio. A clad glass of h =27 mm
and f =29 mm was prepared. The clad die used was designed to produce a tube with an 1D of
2.5 mm and an OD of 10 mm. Extrusion of the tube was carried out & T = 650°C (clad glass T)
and P = 8 bar (0.8 MPa). The extrusion rate at the start of the process was 0.18 mm/min but the
rate decreased to 0.10 mm/min as the clad glass was depleted. A tube of ~ 150 mm long was
obtained.

Photograph 6.1 shows the extruded cane and tube, which formed the preform for fibre drawing.
The extruded cane of diameter 2.2 mm with a (core/clad) ratio of 0.2 would be inserted into the
extruded tube of diameter 10 mm to produce a (core/clad) ratio of 0.044. The stresses induced
can be calculated based on the anadlysis in Section 5.5.1.2, and found to be ~ 3.5 MPa and ~
0.015 MPafor the cane and the expected fibre, respectively.
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Tube

20 mm

Photograph 6.1 : BaBP-1b : BaBP-2c preform

6.5.1.2 Fibre Drawing

Fibre drawing was carried out using the extruded cane and tube described in Section 6.5.1.1. An
overview of the fibre drawing process has been described in Section 3.5.2. For the preform, a
cane with length, L = 140 mm, OD = 2.2 mm and (core/clad) ratio = 0.2 was inserted into atube
withL =130 mm, ID =25 mmand OD = 9.8 mm.

Fibre drawing is generaly carried out at a viscosity of ~ 10* — 10° poise (1 Poise = 0.1 Pa s).

Using Figure 5.15 as the bass, the fibre drawing temperature, T; (°C), of the core and clad
glasses can be estimated from equation (6.1).

(6.1)

The core and clad T¢ are estimated to be 668°C and 725°C, respectively.

Experimentdly, the furnace in the fibre pulling tower was set to ~ 850°C (corresponding to ~
700°C in red temperature). When the temperature was reached, the preform began to neck
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down and dropped under its own weight. The preform was fed into the furnace at a rate of 300
rpm (~ 2.5 mm/min) and the end of the fibre was attached to a spooling drum to collect the fibres.
The drum rate was set at 240 — 280 rpm (~ 9.1 — 10.6 m/min) in order to obtain 125 — 150 mm
OD fibres. Figure 6.15 shows the cross-section of the 150 nm fibres pulled.

OD ~ 150 nm
ID ~7rm

Figure 6.15 : Cross-section of 150 mm OD BaBP-1b : BaBP-2c fibre

6.5.1.3 Fibre Char acterisation

Fibre atenuation measurement was performed using the cut-back method with the set-up as
shown in Fgure 6.16. Light from the source was focused into the single-mode silicafibre, which
coupled into the fibre under test. The output of the light was then collected using a multi-mode
dlica fibre connected to an optical spectrum andyser (OSA), which recorded the tranamitted

power at different wavelengths.
Microscope
Borop_hosphate objective
fibre « @ -
OSA Multi-mode Q Sngle-mode
fibre fibre Light source

Figure6.16 : L oss measur ement set-up

For cladding loss esimation, a white light source was used for the measurement over a

waveength range of 500 — 1600 nm. A transmisson spectrum was first obtained for an initid
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length of the borophosphate fibre. A specified length was then cut from the fibre and a second
transmission spectrum was obtained. Comparison between the spectra before and after the cut-
back againg the length cut would give an estimate of the 0SS, ay.s, in dB/m. Figure 6.17 shows
the cladding loss for the BaBP-1b : BaBP-2c 150 nmm fibre a different wavelengths. The average
cladding loss for the fibre was approximately 5 dB/m for the wavelength range of 600 — 1400 nm
with sgnificant losses at 1400 — 1600 nm due to OH absorption.

40
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10 -

5 4

O T T T T T T T T T T
500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
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Figure6.17 : BaBP-1b : BaBP-2c fibre cladding loss

For core loss estimation, a He-Ne laser was used for the measurement. A white light source was
unable to provide a substantid power after transmission through the borophosphate fibre. In

order to obtain the transmisson spectrum of the core only, an index matching fluid (np = 1.620)
was applied to the fibre, in addition to bends being introduced into the fibre, to strip the cladding
modes. The procedures for measurements were the same as that of the cladding loss

measurements. Figure 6.18 shows the core loss for the borophosphate 150 mm fibre.
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Figure 6.18 : BaBP-1b : BaBP-2c fibre core loss

Fibre NA measurement was peformed usng the set-up shown in Figure 5.22, where the
borophosphate fibre replaced the glass sample in the figure. The objective lens and CCD camera
were mounted on a trandation stage where the distance from the fibre end can be varied viathe
micro-gauge. When the focus on the fibre was reached, the micro-gauge was et to zero. Profiles
were then taken at distances of 0, 20, 40 and 60 nm and the fibre NA was estimated to be ~
0.14. This was lower than the expected value of 0.18, based on the caculaion usng equation
(5.2). The difference can be attributed to experimental error in the measurement of the refractive
index as well as differences in the glass compositions of the samples used for the refractive index
measurement and the extruson process due to evgporation during the meting process and
experimenta error during the weighing of the raw materiads. Based on the NA of 0.14, the
fabricated fibre had a single-mode cut-off wavelength, | ¢y.ofr, Of 1.28 mm.

6.5.2 Planar Waveguide Fabrication

The spin-coating process was used to fabricate planar devices using the borophosphate glasses.
A 3layer planar sample had previoudy been fabricated, as described in Section 5.5.2. The

principles of the process are in Section 3.6.1.
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For this work, the substrate used was the BaBP-2c glass while the core was the BaBP-1b glass.
A subdrate with dimensons of h = 2 mm and f = 32 mm was first prepared and opticaly
polished on one surface and flat polished on the other surface. For the spin-coating process, the
substrate was attached and held by vacuum in the spin-coating rig upper furnace and heated to ~
570°C (substrate T). The core glass was melted in a platinum crucible in a separate furnace at
1250°C and transferred to the spin-coating rig lower furnace. The crucible with the molten core
glass was then raised to the upper furnace to be dipped by the substrate. The crucible was then
lowered and spinning of the subgtrate began. The sample was annealed for 60 minutes and then
ramped down to room temperature at arate of 1°C/min. Ingpection of the deposited core layer
whilst ingde the spin-coating rig showed a successful deposition without any cracks. However,
when the vacuum was released to drop the sample from the vacuum chuck, the sample did not
drop as it appeared that the annedling temperature had been higher than necessary, causing the
Substrate to soften and be partly sucked into the holes of the vacuum chuck. The annedling
temperature is critica in this respect and was noted for future experiments. Attempts to save the
sample proved unsuccessful and in the end, the sample had to be broken into pieces. A second
attempt to repeat the process but adjusting the annedling temperature was unsuccessful, as the
spinning assembly of the rig had developed some mechanica problems. The spin coating rig hed
since been taken out of operation and no further fabrication could be done,

6.6 Channe Definition

As with Section 5.6, direct UV writing and femtosecond writing were carried out on the

borophosphate bulk glasses to define some channel waveguides.

6.6.1 UV Writing

The direct UV writing technique has been described in Section 3.6.2. Similar writing conditions to
that used for the glasses in Section 5.6.1 were applied to the bulk glassesin thiswork : a UV spot
gze of ~ 6.5 nm, writing powers of 50mwW and 100 mW, scan speeds of 5 — 500 mnvVmin and
channel separation of 200 mm. Bulk glasses of BaBP-1a, BaBP-1b and BaBP-2c were used.
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Figure 6.19 : Cross-section of UV written channelsin BaBP-1b bulk glass
Figure 6.19 shows the written channels in the BaBP-1b glass. It can be seen that direct UV

writing resulted in dab channdls. A check usng He-Ne laser showed that the channels were not
guiding. These observations were similar to the results in Section 5.6.1.

6.6.2 Femtosecond Writing

The direct femtosecond writing technique has been described in Section 3.6.3. For this part of the
work, 10X and 50X microscope objectives were used to focus the laser spot. The writing
conditions were : powers of 20 - 260 mW, scan speeds of 20 - 100 mm/s and channel separation
of 50 - 100 nm. The BaBP-1b bulk glass was used for this work. Figure 6.20 shows the
waveguides written at 20 mW at speeds of 60, 80 and 100 nmV/s using different microscope
objectives.
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Figure 6.20 : Cross-section of femtosecond written channelsat 20 mW in BaBP-1b bulk
glasswith a (a) 10X objective and (b) 50X objective

As with Figure 5.21 in Section 5.6.2, the waveguides written had an dlipsoidd shape. This was
due to the asymmetric beam profile of the laser beam dong and perpendicular to the beam
propagation direction. The femtosecond channels written with a 10X objective had a longer
shape than that written with a 50X objective due to its larger confoca parameter, caused by the
bigger beam spot size [19].

The set-up shown in Figure 522 was used to measure the NA of the waveguides. The
procedures were exactly the same as those used in Section 5.6.2 for the NA measurement of the
KAP-1d sample. Profiles were taken a distances of O - 400 mm at every 100 nmm intervd.
Characterisation of the waveguide written with a 50X microscope objective at a writing power of
150 mW and a scan speed of 40 mv's showed an NA of 0.08 (Dn ~ 2.0" 10°) dong the beam
propagation direction and an NA of 0.02 (Dn ~ 1.25" 10™) in the direction perpendicular to the
beam propagation.
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6.7 Ummary

The properties of different compostions of barium borophosphate and sodium borophosphate
glasses have been studied. Results in the literature reveded that tetrahedra boron units were
incorporated into the glass network a low boron content while trigona boron units were present
at high boron content. This change in the glass structurd network caused a maximum peek in the
refractive index and the glass trandtion temperature. Tetrahedrd boron units formed (B-O-P)
bridges between phosphate chains and this led to an increase in the compactness, density of
covaent cross links and strength of the glass structure. Consequently, the refractive index and the
glass trangtion temperature increased. At high boron content, trigonal boron units dominated and
a borate network replaced the rigid borophosphate network, leading to a decrease in the
gructura dendity and strength of the glasses. Consequently, the refractive index and the glass
trangtion temperature decreased. The change of the glass structure from a borophosphate
network to a borate network coincided with the maximum point observed in these properties.
The structurd change, however, did not appear to affect the measured therma expanson and
thermo-optic coefficient of the glasses. The systematic addition of boron led to the decrease of
the thermal expanson coefficient and the subsequent progress towards podtive thermo-optic
coefficient vaues.

Glasses with negative dn/dT have been achieved, where the corresponding therma expansion
must exceed 7.5 10°/°C for barium borophosphate glasses and 11.5° 10°/°C for sodium
borophosphate glasses. For the barium borophosphate glasses, the semi-empirica equation of
dn/dT = -1.599a + 11.58 was defined for the composition range within 1.585 £ n £ 1.610 and
5.68" 10°%/°C £ a £ 13.67" 10°/°C. For the sodium borophosphate glasses, the semi-empirica
equation of dn/dT = -1.265a + 12.74 was defined for the composition range within 1.484 £ n £
1.512 and 11.20" 10%°C £ a £ 22.03" 10°%/°C.

The BaBP-1b glass and BaBP-2c glass were used as the core and clad glasses, respectively, for
device fabrication due to their matched optical and thermal properties. The extruson process
managed to produce the preform required and fibre pulling was successfully performed. 125 nm
and 150 mm fibres were drawn and characterisation of the 150 mm fibres showed an average

cladding loss of ~ 5 dB/m over 600 — 1400 nm, an average core loss of 5 dB/m at the He-Ne
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wavelength and an NA of 0.14.

Direct UV writing a 244 nm and direct femtosecond writing a 798 nm a different powers and
writing speeds were investigated on some borophosphate bulk glasses. However, the UV written
channels were rot guiding because of the smal, if any, refractive index change induced, due to the
wesk absorption of borophosphate glasses at 244 nm. The femtosecond technique was able to
write some waveguides in the BaBP-1b sample and an NA of 0.08 On ~ 2.0° 10®) was
estimated for the waveguide written with a 50X microscope objective a a writing power of 150
mW and a scan speed of 40 nmv/s. Hence, femtosecond writing is a potentialy good technique for
producing a postive refractive index change in barium borophosphate glasses. This can be

exploited to write channel waveguides and/or gratings.
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CHAPTER 7

CONCLUSIONS

7.1 Conclusions

The centrd wavelength of lightwave devices, such as the resonance wavelength of a grating, is
sengtive to changes in temperature and this compromises the performance of these devices. This
is due to the temperature dependence of the optica path lengths. Therefore, the concept of
ahermdisation is essentid in correcting this problem. This was where the research project came
in; to sudy various phosphate glass sysems as possble athermd glasses, by utilisng their
negdive refractive index change with temperature to counter the effect of therma expansion.
Figure 7.1 briefly summarises the stages involved in this research in the order they were carried

out.

It was important to be able to measure the various properties of glasses that characterise and
define an athermd materid. Refractive indices, n, glass trangtion temperatures, T, and thermal
expanson coefficients, a, were measured usng commercia equipment. However, there was no
available sat-up to measure the thermo-optic coefficient, dn/dT. Hence an interferometer was set
up as part of this research work to measure the dn/dT of glasses. The set-up was tested by
measuring the dn/dT of some commercia glasses (slica, N-FK51 and N-PK51) with known
dn/dT aswell asthe dn/dT of a barium metaphosphate glass sample at different sample thickness.
The experimentd and literature dn/dT vadues were comparable, confirming the accurate
measurement of dn/dT with this interferometer set-up. The estimated error in the measured value
was + 0.3 10°/°C.
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for dn/dT measurements.
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Fabrication and characterisation of planar

waveguides and fibres.

Figure7.1: Flow diagram summarising the main stagesin theresearch

Phosphate glasses were the subject of this research because they exhibit negative dn/dT [1].
Discussons in earlier chapters showed that negetive dn/dT is necessary to counter the postive
therma expansion of most glasses, in order to produce athermal glasses. Severd phosphate glass
families were prepared and dudied in this work, namey the auminophosphate, the binary
phosphate and the borophosphate families. The modifiers incorporated into each family conssted
of low field strength cations, such as Na', K*, Ca?* and Ba?*, which dso exhibit negative dn/dT.
The borophosphates are particularly interesting as both boron oxide and phosphorus oxide are

glass formers with negative dn/dT. This research work represented the first extendve

-189-



Chapter 7— Conclusions

measurement of dn/dT in phosphate glasses.

The refractive index, the thermo-optic coefficient and thermd properties such as the glass
trangtion temperature and therma expansion coefficient of dl the glasses formulated were
measured. The data gathered were consstent with the structural changes associated with the
addition of modifiers.

The firg of the family of glasses synthesised were the ternary potassium auminophosphate glasses
(K20-AlLO3z-P,0s). The properties of the glasses were investigated, and found to be strongly
influenced by the effect of AP* on the glass structurad network. A" forms (P-O-Al) bridging
bonds [2] between phosphate chains, increasing the structurd polymerisation of the glass network
and packing dendty of the atoms and hence resulting in a more compact network. This
srengthening effect of AP led to incressed dengties and refractive indices, increased glass
trangtion temperatures, lower therma expansion coefficients and consequently postive thermo-
optic coefficients. However, this trend was reversed when a low fidd strength modifier, such as
K™, was incorporated. This was because the cation depolymerised the network and formed weak
ionic bonds with the phosphate non-bridging oxygens. The monotonic changes in the glass
properties as the compostions changed from ultraphosphate to polyphosphate compositions
suggested agradud change in the structura network as modifiers were added.

Binary cacium phosphate, barium phosphate and sodium phosphate glasses were dso sudied in
the ultraphosphate and metaphosphate compositions. Generdly, the structurd network of binary
phosphate glasses depends on the glass compositions : whether the number of termind oxygens
available is sufficient to meet the coordination requirement of each modifying cation [3]. If there
are sufficient termina oxygens available, the modifiers can exid a isolated Stes. The addition of
the modifiers causes the network to expand to accommodate these modifiers, which at the same
time depolymerises the network. This results in decreased dengty, refractive index and glass
trangtion temperature. However, when there are insufficient terminad oxygens available, the
modifiers begin to share oxygens and in the process, form clusters of modifiers. This cregtes a
more compact network and increases the cross-linking densty of the network, leading to
increased dengty, refractive index and glass trandtion temperature. The point a which this

dructurd trangtion occurs coincides with the minima observed in the refractive index and glass
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trangition temperature results. However, the systematic addition of modifiers led to the increase of
the thermal expansion coefficient and the subsequent progress towards negetive thermo-optic
coefficient. The OH content in the glasses must be minimised as water has a depolymerising effect
due to the formation of (P-OH) bonds. This can affect the glass properties, as observed in the
refractive index of the barium phosphate glasses.

The borophosphate glass families were dso examined in this research. BOs, like POs, dso
exhibits negative dn/dT. The properties of different barium borophosphate and sodium
borophosphate compositions were assessed and can be explained based on the incorporation of
tetrahedra and trigond boron units in the glass structura network [4,5]. Tetrahedra boron units
dominate at phosphate-rich compostions and forms (B-O-P) bridging bonds between phosphate
chains. This increases the compactness, dendty of covaent cross-links and strength of the glass
gructure, resulting in increased refractive index and glass trangtion temperature. At borate-rich
compostions, trigona boron units dominate and a borate network replaces the rigid
borophosphate network. This decreases the Structural density and strength of the glasses,
resulting in decreased refractive index and glass trangtion temperature. This network trandtion
coincides with the maxima observed in the refractive index and glass trandtion temperature
results. The systematic addition of boron decreased the therma expanson and changed the
thermo- optic coefficient to postive vaues.

dn/dT of the glasses had been found to be strongly linked to a. There was a spedfic minimum a
vaue for each glass family, beyond which a would overcome the effect of polarisability change
with temperature so that the glasses would exhibit negative dn/dT. Semi-empirica equations
relating dn/dT and a had been defined for each glass family, dlowing the estimation of dn/dT of

any glassin the same family within a certain range. These results are summarised in Table 7.1
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Glasses Anmin dn/dT equation Valid range:
(" 10%°C) n,a (" 10%°C)

Potassium 95 dn/dT =-1.514a + 14.82 1469 £ n£ 1.519
aluminophosphate 6.84£ af 21.25
Calcium 9.0 dn/dT =-2.088a + 18.50 1526 £ n£ 1.551
phosphate 8.60£ a£ 10.22
Barium 9.0 dn/dT =-2.104a + 18.90 1547 £n£ 1585
phosphate 11.62 £ a£ 13.67
Barium 7.5 dn/dT =-1.599a + 11.58 1.585£n£ 1.610
borophosphate 568 £ af 13.67
Sodium 115 dn/dT =-1.265a + 12.74 1484 £n£ 1512
borophosphate 11.20£ a £ 22.03

Table7.1: dn/dT semi-empirical equations

The dn/dT semi-empirica equations for cacium phosphate and barium phosphate were
goproximatdy damilar and this implied that the change of polarisability with temperature was
dominated by the phosphate matrix, irregardiess of the cations. Based on this assumption, the
semi-empirical equation could be generdisad for any cacium phosphate and barium phosphate
and perhaps any akaline earth phosphate glasses within 8.60° 10°%/°C £ a £ 13.67” 10°/°C.

Glasses with negative dn/dT had been achieved in dl the families of glasses investigated and this
suggests that phosphate glasses are promising candidates for atherma waveguide devel opment.
To my knowledge, the dn/dT results for the potassum auminophosphate, cacium phosphete,
barium borophosphate and sodium borophosphate glasses are the first reported data. dn/dT
vaues for barium phosphate are avalable in the literature [6], and are in agreement with the

measured results of this research work.

This project sarted off with the aim of developing bulk phosphate glasses that are atherma so
that optical devices can be directly fabricated on these glasses without the need for extra
processing steps. However, the study and analysis of the glasses prepared in this research (Tables
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4.4, 5.4 and 6.4) as well as Schott commercial glasses [7] (Appendix D) showed that there was
not a angle bulk glass that was athermd on its own. Therefore, in order to fabricate athermal

devices, a multi-layer system gpproach has to be used 0 that the properties of the different glass
layers can be utilised to compensate each other. To achieve athermdisation, the combination of
glasses used mugt be such that the overdl device exhibits dnew/dT < 0 and aso the a of the fibre

cladding glass or planar device substrate must be low.

Fibres were fabricated using the phosphate glasses studied in this research. The extrusion process
was used to extrude a cane and a tube of borophosphate glasses, which formed the preform for
fibre drawing. The extrusion process gpplied in this work showed that the technique can handle
dissmilar glasses in terms of their softening temperatures, where the difference between the core
and clad glasses was 40°C, with the core softer than the clad. To my knowledge, this was the
fird work to gpply the two-die assembly to overcome this difference in the softening
temperatures. The attenuation d the 150 mm fibres, with a 7 mm core, was assessed and an

average cladding loss of ~ 5 dB/m over 600 — 1400 nm and an average core loss of 5 dB/m at
the He-Ne wavelength were reported. The NA of the fibres was estimated to be ~ 0.14. The
successful extrusion of the cane, where the core glass was sgnificantly softer than the clad glass at
the extrusion temperature, showed that the process can be used to extrude a combination of

glassesin which their thermd properties are dissmilar.

The process of spin-coating was used to produce planar samples by spinning and depositing core
and overclad layers onto glass substrates. A 3-layer planar sample based on potasum
auminophosphate and barium phosphate glasses was successfully fabricated. The spin-coating
process aso demongtrated the ability to deposit glass layers free of crystas. The process can dso
be used for glasses with dissmilar therma properties.

The techniques of direct UV writing and direct femtosecond writing were investigated as a means
of producing waveguides in the phosphate glasses. It was found that the UV beam wrote straight
through the bulk glasses, due to the weak absorption of the phosphate glasses at 244 nm, which
produced dab channels. UV exposure turned the transparent ‘oxidised’ glass to its ‘reduced

pink coloration. Assessment of the channels a the He-Ne wavelength showed no waveguiding

effect, implying a smdl or no induced refractive index change in the glasses. However, the
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femtosecond writing produced some waveguides in the phosphate glasses, with an estimated NA
of ~0.08 (Dn ~ 2.0 10?). Further characterisation of the waveguides will be performed by Erica
Bricchi (a PhD student in the ORC) and reported in her thesis.

The successful fabrication of fibres and planar samples as well as waveguides via femtosecond
writing offers the possibility of utilisng these processes in producing phosphate-based devices.
For fibres, direct femtosecond writing can be used to focus and write gratings into the fibre core.
For planar samples, the technique can be used to define waveguides as well as gratings in the

core of a2-layer planar sample.

Hitherto, the development and fabrication of multi-layer atherma devices have focused on dlica
[8-12]. However, as dlica exhibits pogitive a and dn/dT, slica has to be combined with other
materids which exhibit negaive dn/dT or mounted on suitable subdtrates, to achieve
athermalisation. The use of substrates can be an obstacle to the broad use of WDM systems from
the viewpoint of cost, device sze and reiability. Also, the use of dlica redtricts the choices of
materias that can be used in combination with slica, astheir a vaues must be matched closdy to
the low a of dlica The atherma condition specifies tha both a and dn/dT are essentid in
determining the temperature insengtivity of the device. Hence, dterndively, we can control the
dn/dT, in conjunction with the a of the glasses, where this method offers flexibility in choosing the
combination of glasses for atherma devices. The phosphate glass family offers the possihility of
achieving athermdisaion by making use of its negaive dn/dT. Manipulation of the glass
compositions alows smultaneous modification of both a and dn/dT, without any redriction. This
means that combinations of glasses with any a can be used potentidly for athermdisation
purposes, provided there is a corresponding negative dn/dT. By understanding the effect of
modifiers and the glass structurd network on the glass properties, we can vary the glass
compositions to meet the required optica and thermal properties and fabricate atherma devices
using a combination of amilarly matched glasses from the same family.

Finaly, phosphate-based glasses, being softer glasses compared to silica, can make use of the
extruson and spin-coating processes for device fabrication, which are considerably easy, fast and
efficient processes. Together with new sudies and techniques for redisng postive change in
refractive index with direct irradiation such as femtosecond laser writing, devices can be realised.
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7.2 FutureWork

Ultimately, the vision of this research topic should propagate beyond the study of phosphate glass
systemns and the fabrication of phosphate-based devices established in this work. The study of
dn/dT of these glasses will be beneficid in expanding the database of glass properties. dn/dT
semi-empirical equations can dso be established for different glass systems, dlowing fast and
easy edimation of dn/dT of different glasses. Overdl, these studies will provide a better
understanding of the modifier effect and the structurd effect on the properties of glasses.

The gmilarity of the dn/dT semi-empirical equations obtained for the cacium phosphate and
barium phosphate glasses in different ranges of a suggested that the equation can be generdised
for any glasses within the two glass systems over the whole range of a established in the study.
The generdisation of the equation over a glass system having two different modifiers separately
offers the posshility that it can be gpplied to any binary akaine phosphate glasses within the
same a range. Hence, other dkaline earth phosphate glasses should be studied to establish thelr
corresponding semi-empirica equations for comparison with that of the calcium phosphate and
barium phosphate glasses.

Another possble area for future work is the fabrication of planar samples. At this point, no
athermd planar samples had been fabricated as the spin-coating rig had been taken out of
operation. However, it had aready been demonstrated that the spin-coating process was able to
deposit core and overclad layers on phosphate glass substrates.

Despite the successful drawing of the borophosphate fibres, further fibre fabrication can be
caried out using a different combination of glasses to improve the athermdisation of the fibres.
Also, the performances of the fibres can be improved by using higher purity raw materids and
improving the qudity of the extruded preform.

Further investigation of femtosecond writing on the phosphate glasses should be performed. A
comprehensive sudy of the different writing conditions can be carried out to identify the optimum
writing conditions to write waveguides in these glasses. The study of femtosecond writing on these

glasses can dso provide to the femtosecond enthusiasts, a better understanding of the phenomena
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that occur in the immediate surrounding area of the beam focus. Eventudly, this technique can be
gpplied to the definition of waveguides and gratings in the core of a 2-layer spin-coated sample.

Eventudly, one of the future ams is to write gratings into the fabricated phosphate fibres. One
method of doing this is by direct femtosecond writing where the beam can be focused into the
core of the fibres to write the gratings. This method had been successfully demonstrated for the
fabrication of gratings indde soda-lime glasses [13]. An dternative method isthe use of 2193 nm
ArF excimer laser to expose the fibres through the gppropriate masks to form the gratings [14].
Although both the core and cladding are exposed, the refractive index difference between the
core and cladding means that light thet propagates in the fibre is still confined in the core. Another
areathat can be explored is the addition of dopants, such as EL?*, Ce* and Tb**, to increase the
photosengtivity of the glasses for direct UV writing [15]. An undergtanding of the effects of these
dopants on the structure and properties of the phosphate glasses has to be established, in order to
talor the glass compostions to meet the required opticd and thermd requirements for
athermalisation.

Ultimatdly, the fabricated atherma planar samples and fibres should be characterised. The
resonance wavelength change of the grating with temperature should be measured to verify the
temperature insengtivity of the devices and compared againgt the theoretical vaues.
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APPENDIX A

Derivation of dn/dT from L orentz-L orenz equation

The thermo-optic coefficient, dn/dT, can be derived from the definition of refractive index, n, via
the LorentzLorenz equation. The Lorentz- Lorenz equation is defined as below.

2 -
(nn2 +1%2/m _ 4;) N AP,

where n = refractive index
Vi = molar volume
Pe = polarisability
Na = Avogadro’s number

et 2P
3

N, =C = condtant,

(nz' 1)‘/m -CP

Taking the naturd logarithm on both Sdes,

7 2 N
Iné&l(nz_—j)\z/)léz In(CP,)

In(n2 - 1)- In(n2 + 2)+InVm =InC+InP,,
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By differentiating both sides with respect to temperature, T,

€ 2n dnt € 2n dnU d(InV,)_d(InR,)  d(nC)

X _ - A
dn2-1) dTg &nZ+2) dTg  dT dT dT

d(inC)

where ——~=0
dT
dné 2n 2n 0 d(nv,)_d(nP,)
&> 7 ut -
dT é(n - 1) n“+2q dT dr

dn {%Zn(QZ + 2)‘-, 2n(n2‘ - 1)@: d(inp,) ] d(Inv,)
ﬁg (nz - 1Xn2 +2) H dT dT

dn _ (n2 - 1Xn2 + 2) ed(inp,) d(Ian)g

dT 6n & dT dr §

7 N 2 2
ﬁ:Agd(ln P) d(Ian)z e A:(n -1)n? +2)
ar & dT ar 4 6n

d(inv,,)

T can aso be expressed as 3a as shown below,

LeV, =13 where | =length
Taking the natura logarithm on both sdes,

InV,,, =3In(|)
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Differentiating with respect to T,

d(inV,,) _ Aeeedl 6
dT &l g2dT g
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APPENDIX B

Raw Material Calculation for Glass Synthesis

1. Potassum aluminophosphate

Kzo + P205 =2K (PO3), A|203 + 3P205 = 2A|(PO3)3

Tomelt,
20 mol% K,0, 15 mol% Al,Os3, 65 mol% P,Osg

which produces :
40 mol K(PGs) and 30 mol Al(PGs)s
being equivalent to :
57.14 mol% K(POs) and 42.86 mol% Al(POs)s

To caculate the weight of the raw materid required for each glass component,

M. .
W :—OX'—' w = weight, X = mol%, M = molar mass
a %M,

M(K,0) = 94.2, M(AL,Os) = 101.96, M(P,Os) = 141.94

Therefore, the weight% (Wt%) required for the components are 14.906 wt% K,0, 12.10 wt%
A|203, and 72.994 wt% P,Os.
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As K,CO; was used as the sarting materid, the weight% for K,O has to be converted to that for
K,CO;,

M co,

My, co, =Mk 0 m =massin g, M = molar mass

Mi,o

Hence, a 100 g glass requires 21.87 g K,COs

As Al(OH); was used as the gtarting materid, the weight% for Al,O3 has to be converted to that
for Al(OH)s,

ALO; + 3H,0 = 2Al(OH)s,

_ 2M AjoH),
Maicon), = Mal,o, W

M(AI(OH);) = 78.004,
Hence, a100 g glass requires 18.514 g Al(OH)3

Therefore, a100 g piece of glass requires
21.87 g K,COs3, 18.514 g Al(OH)3, 72.994 g P,Os
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2. Calcium phosphate

CaO + P205 = Ca(PO3)2

Tomdt,
30 mol% Ca0, 70 mol% P,Os

which produces :
30 mol Ca(PGs), and 40 mol P,Os
being equivalent to :
42.86 mol% Ca(POs), and 57.14 mol% P,0s

To cdculate the weight of the raw materia required for each glass component,

w = weight, X = mol%, M = molar mass

M(Ca0) = 56.08, M(P,Os) = 141.94, M(CaCOs) = 100.09, M(Ca(PO5),) = 198.02

Therefore, the weight% required for the components are 51.13 wt% Ca(POs),, 48.87 wt%
P205.

The garting materid of CaCO; and P,Os required to form 51.13 wt% Ca(POs), can be obtained
using the following equations.

_ M caco, _ ina M = mol
Mcaco, _mCa(PO3)zM— m =massin g, M = molar mass
Ca( PO, ),
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Therefore, a100 g piece of glass requires
25.84 g CaCO3; and 85.52 g P,Os

3. Sodium bor ophosphate

0.8NaPO; —0.2B,04

Tomdt,
80 mol% NaPOs, 20 mol% B,O4

To caculate the weight of the raw materia required for each glass component,

M. .
W :—OX'—' w = weight, X = mol%, M = molar mass
a %M,

M(N&O) = 61.98, M(P,Os) = 141.94, M(N&COs) = 105.99, M(NaPO5) = 101.96, M(B,O5)
= 69.62

Therefore, the weight% required for the components are 85.42 wt% NaPOs;, 14.58 wt% B,Os.

The garting materid of NgCOs; and P,Os required to form 85.42 wt% NaPO; can be obtained
using the following equations.

M na,co,

m —= m=massing, M = molar mass
NaPO, 7 o, g

Ma,co, =

m =m 2=
PO, NaPQ, 71 o,

Therefore, a100 g piece of glass requires

44.40 g Na,COs, 14.58 g B,03, 59.46 g P,Os

-206-



Appendices

APPENDIX C

EDAX Analysis of Glasses

EDAX andysis was caried out on some of the glasses in order to compare the nomind
compositions and the analysed composition as well as the level of SO, contamination. Anayss
was carried out on three separate spots for each sample. The analysed compositions are shown
below and have an error of +3% due to changes in experimenta conditions over time during the
andyss. The SO, contamination originated from the melting procedure discussed in Section
3.1.1. It is possible that the presence of SO, may affect the measured vadue of dn/dT for these
glasses, however, as the results showed consistency within the different glass systems, these levels

of contamination may not be amgor cause of concern.

1. KAP-4b (15K ,0-15A1,05-70P,0s)

Glass component Analysed compositions (mol%)
1 2 3
K0 124 12.3 12.3
Al,Os 13.9 14.4 14.2
P.0Os 73.4 73.2 73.4
S0, 0.3 0.1 0.1
2. CaP-1a (50Ca0-50P,0x)
Glass component Analysed compositions
1 2 3
CaO 52.8 52.4 53.0
P.0Os 46.3 46.7 46.2
S0, 0.9 0.9 0.8
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3. BaP-1c (50Ba0-50P,0s)

Glass component

Analysed compositions

1 2 3
BaO 53.1 52.6 52.9
P.0Os 45.9 46.5 46.1
S0, 1.0 0.9 1.0

4. BaP-1e (40Ba0-60P,0s)
Glass component Analysed compostions

1 2 3
BaO 42.1 434 42.4
P.0Os 57.1 55.8 56.6
SO, 0.8 0.8 1.0
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APPENDIX D

Commexcial Schott Glasses

The table below shows the properties of commercia Schott glasses. It gives a rough estimate of
the temperature dependence of the optica path length, dS/dT, for each glass, cdculated using
equation (1.2), which was defined earlier in Section 1.3.1. Caculations were made based on the
data supplied in the Schott glass cata ogue — Product range 2000 (1998).

— ——: na+— (1.2

The firgt column shows the designation of each glass. Columns two to four show the refractive
index & | = 589.3 nm, therma expansion coefficient for the range of -30°C to 70°C and the
reldive thermo-optic coefficient at | = 546.1 nm for the range of 20°C to 40°C, respectively.
Column five ligts the calculated result of 1/L. dS/dT for each glass.

Glass Np a dn/dT 1/L(dS/dT)
(" 10%/°C) (" 10°/°C) (" 10°/°C)
BASF51 1.72356 5.40 10.10 19.41
F2 1.61989 8.20 4.40 17.68
F5 1.60328 8.00 4.60 17.43
K10 1.50129 6.50 4.20 13.96
LaFN7 1.74931 5.30 8.30 17.57
LF5 1.58132 9.10 2.00 16.39
LLF1 1.54803 8.10 2.90 15.44
N-BAF10 1.6699 6.20 4.90 15.25
N-BAF3 1.58261 7.20 3.40 14.79
N-BAF4 1.60556 7.20 3.30 14.86
N-BAF51 1.65211 8.40 2.90 16.78
N-BAF52 1.60852 6.90 3.30 14.40
N-BAK 1 1.57241 7.60 2.30 14.25
N-BAK 2 1.53988 8.00 1.70 14.02
N-BAK 4 1.56874 7.00 3.90 14.88
N-BAK 50 1.556 4.60 5.60 12.76
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Glass Np a dn/dT 1/L(dS/dT)
(" 10°/°C) (" 10°/°C) (" 10°/°C)
N-BALF4 1.57946 6.50 5.10 15.37
N-BALF5 1.5473 7.30 2.90 14.20
N-BASF2 1.6643 7.10 4.40 16.22
N-BASF64 1.70384 7.30 4.30 16.74
N-BK 10 1.49775 5.80 3.50 12.19
N-BK7 1.51673 7.10 3.00 13.77
N-F2 1.6199 7.80 3.50 16.14
N-FK5 1.48743 9.20 -1.00 12.68
N-FK51 1.48651 13.30 -5.70 14.07
N-K5 1.52241 8.20 2.10 14.58
N-KF9 1.52337 8.60 1.80 14.90
N-KZFS2 1.55827 4.40 5.30 12.16
N-KZFHA 1.61324 7.30 3.70 15.48
N-LAF2 1.74383 8.10 1.00 15.13
N-LAF21 1.78785 6.20 4.90 15.98
N-LAF28 1.773 5.80 5.40 15.68
N-LAF3 1.71687 7.60 1.60 14.65
N-LAF32 1.79441 5.90 5.60 16.19
N-LAF33 1.78567 5.60 8.50 18.50
N-LAF34 1.77236 5.80 5.40 15.68
N-LAF7 1.74931 7.30 4.20 16.97
N-LAK10 1.7199 5.70 5.10 14.90
N-LAK12 1.67779 7.60 -0.40 12.35
N-LAK?21 1.6404 6.80 1.00 12.15
N-LAK 22 1.65103 6.60 3.10 14.00
N-LAK33 1.75385 6.00 4.40 14.92
N-LAK8 1.71289 5.60 5.00 14.59
N-LAK9 1.69089 6.30 3.70 14.35
N-LASF30 1.80303 6.20 5.30 16.48
N-LASF31 1.88048 6.80 5.20 17.99
N-LASF36 1.79692 7.30 5.60 18.72
N-LASF40 1.83385 5.80 9.30 19.94
N-LASF41 1.83484 6.20 5.40 16.78
N-LASF43 1.80593 5.60 6.50 16.61
N-LASF44 1.80405 6.20 5.30 16.49
N-LF5 1.58132 8.00 3.00 15.65
N-LLF1 1.54803 8.00 1.70 14.08
N-LLF6 1.53159 7.70 3.60 15.39
N-PK51 1.52849 12.70 -6.70 12.71
N-PSK3 1.55224 6.20 3.00 12.62
N-PSK53 1.62005 9.40 -2.30 12.93
N-SF1 1.71715 9.10 1.80 17.43
N-SF10 1.72806 9.40 1.50 17.74
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Glass Np a dn/dT 1/L(dS/dT)
(" 10°/°C) (" 10°/°C) (" 10°/°C)
N-SF15 1.69872 8.00 3.40 16.99
N-SF4 1.75489 9.50 1.40 18.07
N-SF5 1.67253 7.90 3.40 16.61
N-SF56 1.78444 8.70 2.00 17.52
N-SF6 1.80491 9.00 1.50 17.74
N-SF64 1.70571 8.50 2.70 17.20
N-SF8 1.68874 8.60 2.60 17.12
N-SK 15 1.62286 6.70 2.70 13.57
N-SK 16 1.62032 6.30 2.30 1251
N-SK 2 1.60729 6.00 4.50 14.14
N-SK4 1.61262 6.50 2.80 13.28
N-SK5 1.58904 5.50 3.70 12.44
N-SSK 2 1.62219 5.80 5.20 14.61
N-SSK 5 1.65833 6.80 3.20 14.48
N-SSK 8 1.61762 7.20 2.90 14.55
N-ZK7 1.5084 4.50 7.00 13.79
PK50 1.52047 8.80 0.20 13.58
SF1 1.71715 8.10 7.90 21.81
SF10 1.72803 7.50 8.10 21.06
SF11 1.78446 6.10 12.90 23.79
SF14 1.76157 6.60 11.00 22.63
SF15 1.69875 7.90 6.10 19.52
SF2 1.64752 8.40 4.60 18.44
SF4 1.75496 8.00 9.20 23.24
SF5 1.67252 8.20 5.80 19.51
SF56A 1.78444 7.90 10.00 24.10
SF57 1.84636 8.30 12.50 27.82
SF6 1.80491 8.10 11.10 25.72
SFL57 1.84635 8.70 2.90 18.96
SK51 1.62081 8.90 -0.50 13.93
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APPENDIX E

Bismuthate Glass

In order to increase the capacity in wavelength divison multiplexing (WDM) systems, optica
amplifierswith awide and flat gain spectrum are needed. Also, a compact amplifier is required to
meet the low spatid and cogt effective demand for metro use, where erbium-doped planar

waveguide amplifiers have been proposed.

Bi,Os-based glasses have been developed and can accept up to 13000 ppm of Er with
broadband emission and negligible concentration quenching [1,2]. Bi,Os-based Er-doped fibres
had previoudy been reported to exhibit a net gain of 18 dB & 1560 nmand>9dB inC + L
bands [3,4]. Hence, an Er-doped Bi,Os-based planar waveguide amplifier is apossible candidate

for acompact amplifier.

This section contains details on the study of photolithogrgphy and ion beam milling (IBM) as a
technique for fabricating channd waveguides in bismuthate glasses, which | carried out during the
course of my PhD. The materids included here are taken from the fina report presented to
ASAHI Glass Company Ltd, which funded the work.
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Chapter [I: Hot-dip spin-coating and photolithography
technology followed by lon Beam Milling

I ntroduction

Numerous techniques for the fabrication of planar and channd waveguides can be found
in the literature. Traditiona techniques are ion exchange, plasma enhanced chemicd
vapour deposition (PECVD), flame hydrolyss depostion (FHD), radio frequency
magnetron sputtering, pulsed laser depodtion (PLD). Mogt of these techniques are well
developed for dlicate glasses, but difficulties ill exist in reproducing the stoichiometry of
multi-component glasses in planar waveguide form and in the optica qudity of these
films, which leads to high waveguide losses Planar and channd Er**-doped Bi,Os-based
glass waveguides were fabricated usng RF  magnetron sputtering  followed by
photolithography technology and reactive ion beam etching [2.1]. The totd loss of the
channel waveguide a 1620 nm was around 13 dB due to the poor qudity of the sputtered
core and clad glass layers and interfaces. Spectroscopic properties of Er** ions were dso
affected. The lifetime of the Er** ions excited a 980 nm was measured to be half of that
measured in an Er¥*-doped Bi,Os-based fibre, which accounted for nonradiative decay.

Hot-dip spin-coating offers an dternative to problems associated with fabrication. The
process involves dipping a glass subdtrate into a molten glass followed by spinning. Since
the waveguides are processed directly from the molten phase of the glass, the compostion
and hence spectroscopy of the glass is presarved. This is essentid as most glass
development for opticd devices are formulated specificdly for talloring their optica
properties for the intended gpplication. In particular, in bismuthate glass and in this work
the broadness of the Er** ion emisson must be preserved to redise gain in the L-band.
This chapter presents the fabrication of planar waveguides in the Bi,O3-based glass usng
hot-dip spin-coating. A three-layered dab waveguide conssting of a substrate, core and
overclad Bi»O3-based glass films have been fabricated.

After spin-coating, it is then necessary to define the channe waveguides in the dab. In this
work, channd waveguides or laerd confinement was faoricated using conventiond
photolithography technology and ion-beam milling. While the technique is conventiond,
the photolithography process itsdf had to be studied to dlow the fabrication of channe
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waveguides from the gspin-coated films. The modification to the technique is presented

here.

|. Fabrication of planar waveguides by hot-dip spin-coating

1. Bibliography

Theoreticaly, the idea of spin coating molten glass dates from the 1950s [2.2]. Practicdly,
the technique has been developed only recently at the ORC [2.3]. With the help of
numericd Smulaion of the process [2.4], it has been successfully applied to fabricate low-
loss optical planar waveguides in fluoroduminate (AIF) glasses [2.5]. The glass with a
viscosity of 0.1 poise a 1000 °C was spin coated into a waveguide geometry directly from
its liquid phese a this temperature. Waveguides with thickness ranging from 2 to 10 nm
were obtained with an excdlent thickness uniformity (0.1 mm/mm) in the centrd aea of

the substrate. Opticd losses aslow as 0.1 dB/cm at 1048 nm were measured.

2. Experimenta

Planar 3-layered glass samples (clad/core/overclad) were prepared by a two-stage hot-dip
oin-coating process. The clad or substrate and overclad were from the same glass
composition with a refractive index of 2.01 while the core was Er**-doped with a
refractive index of 2.03. The expanson coefficient were matched, both core and clad
glassss having the same thema expanson coefficient of 85 ~ 10°%°C. The glasses
required for this procedure were:

(1) subgtrate glass disk with diameter 25 - 35 mm and thickness 2 - 2.3 mm,

(2) 200 g core glass (Er**-doped) melt in platinum crucible,

(3) 200 g clad glass mdt in platinum crucible for the overclad.

The apparatus used is shown in FIG. Il1.1. It conssted of two furnaces where the top
furnace will hold the subgtrate and the lower furnace will hold the glass mdts. A polished

Bi,Os-based glass substrate, was preheated to a furnace of 595°C in the upper anneding
furnace. The core glass for the core film was heated up to 1250°C in a separate furnace
and then tranderred into the lower furnace, which had been preheated to 700°C. The use
of a separate furnace was needed because the current lower furnace can only go up to
1000°C.
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When the met was in the lower furnace, an Aerotech ATS0200 postioning system was
used to immediately transfer the molten glass between furnaces. Accurate control of the
melt podtion resulted in the surface of the substrate being dipped a fraction of millimetre
into the molten glass. The dip time was less than a second. The computer was used to
gynchronise the met withdrawd and spinning of the subdrate. After spinning, the melt
crucible was withdrawn back to its origind postion in the lower furnace. The result was a
dab waveguide consging of a clad glass subdrate and a spin-coated core film. This
waveguide was maintained at the preset upper furnace temperature for the next process.
The next process was to deposit an overclad. For this, the process of dip and spin as for the
core, but replacing the core met with the clad melt, was repested to depost spin-coated
overclad film. The deposited three-layer dab waveguides were then annedled in the upper
furnace at 595°C for one hour, followed by a dow ramp down to room temperature a 1

°C/min.

Spinning
assembly
- Vacuum chuck
Upper spinning/ and substrate
annealing furnace
Platinum crucible
Cover and glass melt
Lower melting o
furnace Silicaliner
Support rod ="
t
FRONT VIEW SIDE VIEW
Heating position Coating position

FIG. I1.1: Apparatus for hot-dip spin-coating of waveguides using molten glass.
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Crucible preparation

The core and clad glasses to be spun were mdted in two different platinum crucibles. The
same mdt was used severd times When the glass compostion was changed, the
remaning glass in the crucible was mdted a 1250 °C for 30 minutes under oxygen and
cast on a brass mould. The crucible was then placed in nitric acid 70 % for etching for 48
hours or more to be cleaned, rinsed and dried.

Substrate preparation

The substrate was prepared by AGC with both flat faces opticaly polished. Before each
spin-codting, the sample was cdleaned with methanol and dried with nitrogen. The sample
was held in the upper furnace by a vacuum chuck consiging of a smal section of boron
nitride and the rest was made up of sainless sed. The sample was in direct contact with
the boron nitride impregnated with holes to hold the sample in vacuum. After severd
furnace temperature and subdstrate thickness trids with dip and spin, the best results were
for an upper substrate furnace temperature of 595°C and substrate thickness of 2 to 2.3

mm.

A lig of dl the samples prepared by hot-dip spin-coating is provided in ANNEX 11.1 with
the detailed experimental conditions.

In order to determine the glass films thickness, some of the 3-layered glass samples
fabricated by hot-dip spin-coating were cut a two edges and the cross-sections were
polished. Optical microscopy was used to examine the cross-section of the films The
thickness of the core and clad films are summarized in ANNEX 11.1.

3. Reaults

From firg principles, the film thickness h from a sngle spin is determined by the dengty r
(kg/n?) and the viscosity h (Pas), of the fluid, and externad parameters such as the angular
veodity w(s?), and the spintime, t (s) [2.6]:

h = (Uw) 3h/4rt)
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Thus, from the varigble experimentd parameters, the fadter the spin rate (w), the thinner
the film; the more viscous the mdt (h) the thicker the film; and the longer the soin time
(t), the thinner the film. The glass melts were melted at a temperature as high as possble
before any appreciable loss of materid via evaporation can be observed. This temperature
was close to liquidus (log h=0) temperature based on a typica bismuthate viscosity curve
provided by AGC and reproduced here as FIG. 11.2.

Viscosity (log ny:pois )
o = N WA OO

400 800

]
-

Temperature({centigrade)
FIG. I1.2: Viscosity curve of Bi,Osz-based glass.

Harwood e a. had dudied the effect of the experimentd parameters on the find
waveguide in AlF glases [2.4]. In agreement with the earlier work on AlF glasses, in his
gudy, the thickness of the spun bismuthae film was determined by the temperature of the
subgtrate and glass mdt (viscosity) and the spinning speed and time.

FIG. 11-3 is a photograph of a spin-coated bismuthate glass. The crown around it was the
guenched residue of the met that spun out. For a first step, the substrate was coated with
the core. The dedired film thickness at this first dip was around 15 micron. A cross-section
core-coated subdtrate from the first dip is shown in FIG I1.4. The fird deposited glass film
underwent a re-flow during the second spin-coating stage, when the overclad was
deposited, thus reducing the core dimensions. This was first observed for AIF glass and
the theory for the process has been presented [2.4].

During the dp, the heat was transferred from the deposited core mdt to the subgtrate, thus
the subdtrate temperature increased. A temperature gradient was established as illustrated

below:

.
" Tw>T

T
I I Substrate
Tm T

Core

\ 4
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where Ty, is the melt temperature and T, is the find temperature a the back end. Heat was
conducted away from the substrate via the vacuum chuck materiads. The theory had been
developed in reference [2.6]. It was important that Ty < Ts, the softening point of the glass,
otherwise the subgtrate glass will be sucked into the vacuum. This was one reason why the
subgrate thickness and temperature were important. The other reason for control of
ubdrate temperature and thickness is illugtrated in Fig 11.5. The find thickness of the two
layers was very sendtive to the substrate temperature because of the fast quenching after
dipping. FIG. 11.5 shows an opticd microscope picture of the cross-section of two 3-
layered glass samples. Sample a) was prepared with a substrate temperature of 580 °C and
sample b) with a subgtrate temperature of 595 °C in order to thin down the find core film
thickness. A 5 mm core film thickness was achieved, which suggested a practicad potentid
for sngle mode operation in the channd guides. The waveguides exhibited very good
thickness uniformity over the centrd aea, with only minor curvaiure of the surface
observed at the border of the disc (FIG. 11.3). The higher substrate temperature retained the

deposted met temperaiure a a higher temperature during the spinning process, alowing
thinner deposited films as seen in the core and overclad layers of Fig 11.5.

FIG.11.4: Cross-sectional optical microscope picture of acore single layer spin-coated sample.
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FIG. 11.5: Cross-sectional optical microscope pictures of two spin-coated Bi,Os-based glass waveguide
prepared with a substrate temperature of : a) 580 °C, b) 595 °C.

4. Conclusion

We have shown in this work that fabrication of a three-layered film usng hot dip soin
coating of bismuthate glass can be reproduced repeatedly. The desired core thickness of 5
micron can be achieved. This is the fird demondration of hot dip spin coating in a
bismuthate glass. The deposition of layers using this processis efficient.

[1l. Fabrication of channel waveguides by photolithography and dry
etching

The hot dip spin-coat technique applied to bismuthate glass gave a dab waveguide of
dimensions typicadly shown in FIG. 11.5b: overclad = 20-25 nm, core = 56 nm, substrate
= 2.0-23 mm. This overclad was thicker than traditiond overcladding prepared by
Chemicd Vapour Depostion or sputtering techniques, which is nomindly a few microns.
The chdlenge in this work was how to fabricate laterd confinement through such a thick
overclad layer. lon beam milling (IBM) was our indrument of choice As with spin
coating of bismuthate glass, IBM in this glass was pioneering work.

The principle for producing channd waveguides by photolithogrgphy technology and ion
beam milling is described in FIG. 11.10. A thin film of a polymer photoresst is deposted
onto the subgtrate by spinning. The photoresst-coated sample is then exposed to UV light
through a patterned mask to imprint the specific pattern onto the sample, then developed to
wash away the UV-exposed photoresst, leaving only the imprinted pettern. The as
prepared sample is then etched by ion beam milling where both photoresst and glass
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unprotected by the photoresst are etched by ion bombardment. The excess photoresst is
then washed off creating the desired channd waveguides.

Resist deposition UV exposure and
development
Resist—» 19 mm 19 mm
Clad—— 25 mm 25 mm
Core—* 5mm - 5 mm
2mm 2mm
Substrate —
Resist elimination IBM
2 mm
25mm Channel 25 mm
5mm waveguide 5mm
2mm = 2mm

FIG. 11.10: Photolithography and reactive etching.

The desred waveguide geometry that will support snglemode operation a both pump
(980 nm) and sgnd (1535 nm) wavdengthsisshownin FIG. 11.11.

Sinszhane E-Mactar Fiald

Substrate

il A}

FIG. I1.11: Singlemode waveguide geometry, 8mm ridge width, Ng=2.024622.

1. Experimenta

Photolithography process
The firs step in the photolithography process was to identify a suitable photoresist. Idedly
the photoresist should be more resisgtant to the etch than the glass. The photoresist SU8-10
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was identified as a suitable ress. The resst was supplied by Microchem (www.

Microchem.com). It is a negative resst.

Usng bulk subdrate glass, the photolithography process was studied. The substrate was

cleaned with acetone followed by isopropanol, then rinsed with de-ionised water, blown

dry with nitrogen and placed in a 120°C oven for 24 hoursto dry.

The processing steps are:

(1) Depodtion of the photoresst - When the resst was gpplied to the bismuthate
substrate and spun, a thin uniform layer of resst appeared on the subdtrate. The
find ress thickness was determined by the spinning speed. We have achieved film
thickness > 20 micron, comparable to the overclad thickness. The spinning speed
reached 500 rpm in 5 seconds and was held for 5 seconds. The fina speed 1300
rpm was reached in 5 seconds and held for 45 seconds.

(2) Prebaking the photoresst film - Adherence of the film was ahieved by pre-baking

in a hotplate using the following process.

Hold at room temperature for 1 min

Ramp from room temperature to 35 °C and hold for 3 min
Ramp from 35 °C to 55 °C and hold for 3 min

Ramp from 55 °C to 75 °C and hold for 3 min

Ramp from 75 °C to 95 °C and hold for 20 min

The film was cooled down from 95 °C to room temperature in 30-60 minutes

(3) Masking - Channes were cregied in the photoresst film by exposing the film
through ametallic mask under aUV lamp a around 300 mJcn?.
(4) Post-beking following masking - Final adherence of the photoresist patterns on the

glass substrate was obtained by post-baking on a hotplate, following the process:

Hold at room temperature for 1 min

Ramp from room temperature to 35 °C and hold for 3 min
Ramp from 35 °C to 55 °C and hold for 3 min

Ramp from 55 °C to 75 °C and hold for 3 min

Ramp from 75 °C to 95 °C and hold for 20 min

The film was cooled down from 95 °C to room temperature in 30-60 minutes

(5) Hard-baking — This was an optiond step continuing from the standard post-baking

procedure above. It improved the resstance of the photoresst to the argon ion
beam during IBM. Fallowing from above:
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- Rampfrom 75 °C to 95 °C and hold for 20 min
- This is the hard-bake process. Ramp from 95 °C to 150°C in increments of
10°C and holding for aminute at each increment

- Thefilm was cooled down from 150 °C to room temperature in 30-60 minutes

(6) Getting the pattern - The pat of the photoress film that has not been exposed
under UV (undeveloped resst) was removed by washing it off with Microprost
EC-solvent for 5 minutes. The sample was then cleaned with isopropanol and
deionised water and blown dry with nitrogen, and then dried in an oven.

The qudity of the imprinted patterns was characterised by optica microscopy, SEM (LEO
430) and surface profilometry (Tencor Instruments Alpha- Step 200).

lon beam milling
The ion beam milling experiments were peaformed with a reactive ion beam etcher
(Oxford Instruments) (FIG. 11.12). The experimenta parameters were the following:

Current Voltage
(mA) V)

Beam 125 500
Accelerator 10 500
Discharge 1500 50
Cathode filament 15
Beam neutralizer:

Filament | 1700

Emission | 25

- Argon volumein the gun: 6 mL/min
- Argon volume in the beam neutraiser: 5 mL/min
- Argon pressure: <3° 10° mB

The samples were placed a an angle g of (®, 20° and 40° and etched for times ranging

from 4 to 20 hours.

The argon beam dze was 150 mm and the sample was rotaing to ensure a good
homogeneity of the find etched sample.
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Ar* ion neutraliser

Sample
holder

Sample T
Art ion beam

Art ion accelerator

FIG. I1.12: Apparatus for ion beam milling.

2. Reaults

2.1 Photoresist SU8-10

Photolithography

A prdiminary dsudy of the photolithography process usng SU8-10 applied to a bulk
Bi,Os-based glass sample reveded tha draight padle ridges with verticd ddewdls
could be obtained. This is illustrated in the SEM pictures of Fig 11.13. The photoresst
thickness was 20 microns. The mask used to design the lines dlows to pattern ridges of
widths ranging from 2 to 16 nmm. We repeatedly observed that ridges having a width below
4 mm systematicdly adopted a wavy profile (FIG. 11.14), possbly due to a difference in
expanson coefficient between the SU8-10 and the glass, the dtress flexure was higher for
sndler dimensons. Under standard SU8-10 photolithographic processing, SU8-10 was
unsuitable for optica devices requiring channdls < 4 micron.

FIG. 11.13: SEM pictures of SU8-10 ridges.
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FIG. 11.14: @) Optical microscope picture showing ridges of width > 4 nm, b) and ¢) SEM pictures showing

ridges of width <4 nm

lon beam milling

The ion beam milling etch rates of a bulk Bi;Os-based glass sample and of the SU8-10
photoresist, after depostion of a film on a glass substrate, were determined for different
angles gof the argon ion beam on the sample. The values are reported in TABLE 11.2.

TABLE I1.2: Etch rate of Bi,Os-based glass and SU8-10 resist.

Sl Etchrate@q=20° Etchrate@q=40°
(nm/min) (nm/min)
Bi,O3 glass 28-30 36-37
U8-10 photoresist 25

The etch rate of the BipOs-based glass was dightly higher than the etch rate of the
photoresst, which meant that if a photoresst of thickness smilar to the overclad was
deposited, then the overclad will etch out before the resst was totdly etched away. The
etch rate a an angle q of 40°, was greater than a 20°. This has been generaly observed

for other materials.

The resstance of the resst towards the argon ion beam was evaluated for the standard
process and after the added hard-baked process. FIG. 11.15 shows the SEM picture after
ion beam milling of two samples with resst ridges prepared with the <andard
photolithography process and etched for 10 hours with an angle qof O (FIG. 11.1548), and
with the added hard-baked process with an angle qof 40° (FIG. 11.15b).
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FIG. 11.15: SEM picture of resist ridges after IBM for 10 hours with &) standard (g= 0°) and b) hard-baked

(g=40°) processes.

Under the Ar" beam, the resist ridges prepared with the standard process adopted a
pyramida profile while the ridges prepared with the hard-baked procedure showed better

resisance.

2.2 Bismuthate glass

In a priminary experiment, a bulk Bi,O3; substrate disk (B2bSC) was exposed to the
agon ion beam &fter peforming the photolithography process with SU8-10. The
photoresist thickness was 20 mm. The sample was processed for ion beam milling for 8
hours with an angle q of 40°. After processng, the sample was placed in an acetone filled

dishin an ultrasonic bath for 24 hours in order to dissolve the remaining photoresist.

The glass ridges gppeared with verticd sdewdls a the top, but the bottom was dightly
curved, as illustrated in FIG. 11.16. The tota height was approximately 16 nmm with good
vertica definition in the region of 10 mm.

There was difficulty in removing any remaining ress after the ion beam milling process if
it was caried out for severa hours. But the presence of the resist on the waveguides
should not affect the optica characterizations.

Remaining
photoresist

Glass
ridge

FIG. 11.16: SEM pictures of aBi,Os-based glass ridge (q=40°).
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Spin-coated samples B3aSC-25b, B3aSC-27b and B3aSC-28b were prepared by
photolithography. FIG. 11.17 show the results for sample B3aSC-27b. The resst was 20
nm thick.

Resist ridges

o Loy '
Resist ridges

FIG. 11.17: Optica microscope pictures of B3aSC-27b after photolithography process: a) Surface, b) and c)

Cross-section.

After photolithography, the samples were exposed to the argon ion beam under the
following conditions:

- Sample B3aSC-25b was etched for 18 hours with an angle =40 °

- Sample B3aSC-27b was etched for 10 hours with an angleg= 20 °

- Sample B3aSC-28b was etched for 14 hours with an angle =40 °

FIG. 11.18 represents the surface of the three samples after etching. The surface of B3aSC-
25b looks very rough compared to B3aSC-27b and B3aSC-28b, also seen on the SEM
pictures (FIG. 11.19). It isunclear to uswhy thisis the case.

rl:*l': |
&
T_h‘.
S
i T
%

FIG.11.18: Optlcal microscope picture of the samples surface after etching: a) B3aSC-25b (18 hours), b)
B3aSC-27b (10 hours) and ¢) B3aSC-28b (14 hours).
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FIG. I1.19: SEM photographs of B3aSC-25b surface.

For dl three samples, after severa hours of ion etching, the glass ridges adopted a
pyramida shapeinstead of the expected vertica sdewadls (FIG. 11.20).

FIG. 11.20: Optical microscope picture of the cross-section of: a-b) B3aSC-25b, ¢) B3aSC-27b and d)
B3aSC-28h.

In addition, for samples 25b and 28b etched at sample angle of 40°, the profiles were more
wedged than for sample 27b etched at 20°. The etch rate of the glass was samdler at 20°
than at 40° and sample 27b was dso etched for a shorter time, thus the amount of glass
etched in sample 27b was less than in samples 25b and 28b. This was evident in the
remaining overclad in the area unprotected by the resst in samples 27b and 28b, 11.5 and
3.7 mm respectively. Sample 27b was not as wedged since not as much had been etched
Out.

Haf of the Bi,Os sputtered sample provided by AGC was used to pattern ridges by
photolithography and IBM. A photoresst film was gpplied on the surface and IBM was
performed for 23 hours in order to etch about 23 micron of the Bi,O3 glass layer. Fifteen
ridges with a width ranging from 2 to 16 mm were obtained. The cross-section of the
sample after IBM showing a glass ridge is represented in FIG. 11.21. All the glass ridges

revedled awedged profile.
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Soda-lime substrate

FIG. 11.21: Optical microscope picture of the cross-section of the sputtered sample after IBM.

The photoresst thickness in the samples before etching was ~ 25 mm. We knew that the
photoresst had verticd wadls before ion-beam milling. We then had to find out what
happened to the thick photoresst layer after long etching time, greater than 8 hours. A
review of the result of Fig 11.14 shows that for an initid photoresst layer of 20 nm and 8
hours of processing, vertical walls can be achieved for glass heightsof 10 - 12 mm.

The experiment was caried out usng a bulk bismuthate glass to which a 20 mm
photoresist pattern tad been imprinted. It was placed in the IBM a sample angle of O to
avoid any contribution from overshadowing effects which may be present a angles > 0°.
Our results show that after 10 hours, the photoresist profile itself was wedged as shown in
FIG. 11.15. It therefore implied that the wedge ridges obtained in samples 25b - 28b
derived from the fact that the photoresst took this shape during the processng and
imparted the shape on the find ridge, as might be expected. We are unclear as to why the
ddes of the photoresst should etch more efficiently than the centre. It may be that for
thick ridges, there may be an interplay between the beam coming in and the materids
coming out. It istherefore important not to expose the photoresst to long etch times.

An atempt to use reective ion etching (RIE) with CHF3 as the reactant gas was tried to
thin down the overclad layer. Usng the same processng conditions in the (RIE) as
normaly used to etch 10 nm/min of dlica, a bismuthate glass sample was processed for 10
hours. No evidence of etching was noticed and there was dso no adverse effect on the
surface of the glass.
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Therefore the approach to fabricating the desired waveguide geometry is:

a. Taking a 3 layer spin coated sample with overclad of 22 - 30 mm, and etch the
surface overclad down to 5 nm. At an angle of 40° and etch rate of 35 nm/min,
the process should take ~ 7 hours.

b. We will need to etch out 5 nm of the overclad and 2 nmm into the core, atotal of
7 mm for the desred waveguide geometry and thus an etch time of at least 3.3
hours.

c. As the photoresst etch rate is 25 nm/min, a thickness of SU8-10 > 5 nmwill
be sufficient.

d. A SU8-10will be gpplied to the sample from step (1) using photolithography.

e. The samplewill be exposed to ion beam etching for 3.5 hours.

f.  Fndly, the remaining photoresist will be removed.

In order to avoid the shadowing effect, the procedure described above was applied to the
3-layer spin-coated sample B1SC-10b. It was initidly etched by IBM and the overclad
thickness was reduced from 22 to about 7 mm. The photolithography process was then
goplied and IBM was peformed again (with q = 40 °) to produce the glass ridges.
FIG.I1.22 shows the cross-section of the sample after this process with wedged glass

ridges.

Substrate

Cae ———

Overclad —

-

.FIG. I1.22: Optical microscope picture of the cross-section of sample B1SC-10b after IBM.

Optical characterisations

The guidance property a 633 nm of the wedged channe waveguides obtained by
photolithography and IBM were evduaed usng hdium-neon laser. Light was launched
by coupling with a microscope objective lens into a sandard single mode fibre, which was
butt-coupled to one end-face of the waveguide. FIG. 11.23 represents the output of tiree
waveguides obtained from glassridges of different width for sample B3aSC-25h.
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Air Glass
{
a) b) C)

FIG. 11.23: Modal output of three waveguides with ridges of width: a) 4.5 nm, b) 6.5 mm, ¢) 11 mm

3. Concluson

We have invedtigated photolithography usng SU8-10 photoresst and ion beam milling
(IBM) as techniques to define channd waveguides in a spin-coated bismuthate glass. The
process can be equdly applicable to dab waveguides prepared by other processes other
than spin-coating such as sputtering. The optimum etch time observed on a Bi,O3-based
glass bulk sample in the IBM was 8 hours to ensure good verticd definition. This was
equa to etching out 12 mm of the photoresst. At longer etch times or when more
photoresst was removed, the verticality was compromised as the photoresst walls were
etched more efficiently imparting a wedged ridge profile. The effect was observed for
sample angle postions in the IBM of 0°, 20° and 40°. Unfortunately, on the spin-coated
samples, wedged ridges were observed even after a 23 hours IBM etch time. An added
hard-bake trestment of the photoresst before IBM can increase the resistance of the
photoresist and alow longer etch times.
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