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SUMMARY

This thesis is concerned with the fabrication, assessment and application of

doped silica waveguides using Flame Hydrolysis Deposition.

Deposition apparatus has been designed and constructed. This equipment

consists of a gas supply assembly, a bubbler cabinet, a deposition box and a

chemical scrubber.

An optimum sintering regime for the low density silica soot has been established

consisting of 60 minutes at 12500 C. This regime is dependent on the levels of

P20S. Ge02 andlor Ti02 doping in the silica host.

Independent control of layer thickness and index is achieved. Refractive index

can be varied by changing the doping levels, and thickness, by increasing the

number of traversals of the hydrolysing flame.

Film homogeneity in terms of layer thickness was found to be difficult to

control and up to 30% variation in thickness was obtained in some samples.

Thermophoretic effects were shown to play an important part in the deposition

process.

Titanium and phosphorus doped films were found to suffer film degradation and

aging. This led to the formation of titanium rich crystals and crystal agglomerates

which produced Rayleigh/ Mie scatter in the sintered films. No such problem was

found with Germanium, and all films were subsequently fabricated using Germanium

and Phosphorus.

No out- of- plane scatter was observed in the sintered films.

Ridge waveguides were fabricated using lithography and Reactive Ion Etching in

a CHF3 plasma, giving waveguides with smooth side walls.

Loss assessment was carried out using two techniques. both of which were

non- destructive. One involved a video camera to scan across the waveguide and

detect the out- of- plane scatter. This technique was sensitive to scattering centres

and was less accurate for short lengths of guide. Loss figure varied from 0.2 to

over
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S dB/cm depending on the scan length. The second technique involved turning the

waveguide into a Fabry- Perot resonator. by coating the end faces of the waveguide.

Temperature induced cycles in the output intensity could be used to obtain the

waveguide attenuation. This technique was sensitive to the facet angles of the guides

which could contribute significantly to the loss measured. Such resonances were

obtained in only one sample and gave a loss figure of over 9 dB/cm which is

considered unreliable.

Films were doped with both Nd3+ and Er3+ using a solution doping technique

and fluorescence spectra were obtained for both. Increased seatter was observed in

the planar films with such doping.

Holographic gratings were fabricated on planar waveguides with a view to their

incorporation as feedback elements in a laser structure.

Second Harmonic Generation was observed for the first time in planar rib

waveguide structures doped with Phosphorus and Germanium. In a 'seeding'

experiment where 1064nm radiation was launched at the same time as a second

harmonic 'seed'. a two- hundred fold increase was observed in generated second

harmonic signal over the background level.
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CHAPTER t INTRODUCTION

1.t PERSPECI'IYE

In 1851, John Tyndall, as part of a lecture demonstration at the Royal

Institution, 'piped' light down a jet of water and prophesied that one day this

phenomenon would prove useful in communications. It has taken over a hundred

years for technology to provide a means of fabricating suitable material in a suitable

form to fulfill his prophesy. The material is fused silica, and the suitable form is a

fibre. Such optical fibres provide the means by which optical signals can be

transported over very great distances. However, in order to exploit the full

potential of optical communications, there is a need for systems which are capable

of optically processing the optical information. Such systems require 'optical chips'

in which the generation, processing and detection of optical signals are performed.

This field has become known generically as Integrated Optics.

Just as there was a need for a suitable material in fibre form for optical

transmission, so too there is a need to provide suitable materials in the planar form

required for optical circuits. There are a number of technologies available to

fabricate suitable materials, and it is with a study of one such technology, namely

Flame Hydrolysis, that this thesis is concerned.

1.2 SYNOPSIS OF THIS THESIS

This thesis describes the fabrication and application of doped silica films. The

technique used for the film fabrication is Flame Hydrolysis Deposition. This

technique will be described in chapter 2, where it will be compared and contrasted

with competing technologies.

In the process of fabricating the waveguides (passive or active), a sintering stage

is required. Chapter 3 will describe the theory involved in this process and will

discuss the experimental verification that has been carried out by other authors.

Chapter 4 considers the formation and structure of the un- sintered material

and will go on to discuss the structural relationships between the dopants used and

the silica host glass in terms of their phase diagrams.

The practicalities of film fabrication are described in chapter S. Here the

methods adopted for deposition are presented, and the techniques used to assess the

films are outlined. This assessment covers non- waveguiding aspects; that is it is

concerned with producing a fully sintered, inclusion free layer of material.

Waveguiding aspects of the planar films are investigated in chapter 6, where the
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prism coupler is used to measure the film index and thickness. Loss assessment of

the planar films is also attempted.

In chapter 7 the method and results for ridge waveguide fabrication are

described. This chapter also details optical loss assessment in the ridge waveguide

structures.

Chapter 8 film development and application. Here one is considering doping of

the films with rare- earth species to produce active waveguides. The goal of such

work ultimately being the fabrication of a laser structure. As a further step towards

such a goal holographic gratings for use as feedback elements are investigated, and

results of grating fabrication are presented. The final part of chapter 8 looks at the

novel phenomenon of second harmonic generation which had been observed in silica

fibres but not previously seen in ridge waveguide structures.

The final chapter discusses areas where the author feels it would be profitable

and in some cases essential to carry out future work.



CHAPTER 2 FABRlCATION TECHNIQUES- DESCRIPTION AND APPRAISAL

The following section is concerned with a brief description of the main

techniques used to fabricate silica based films suitable for integrated optics. The

techniques discussed deal with the deposition of a film on a suitable substrate, as

well as the modification of the substrate surface itself to produce waveguiding films.

It is in no way intended to include every technique available, merely to

outline the more common techniques which have provided the main results published

in the literature.

Each technique will be briefly described and in section 2.2 an attempt will be

made to compare each deposition system, outlining the advantages and disadvantages.

The technique of ion exchange in multicomponent silicate glasses is not

included, for two main reasons. First, for waveguide applications, one is limited to

the diffusion properties in the multicomponent glass and subsequent processing is

limited to those which will not cause unwanted diffusion; and second,

multicomponent glasses have lower melting points than silica, because of which the

use of fusion splicing to fibres is unavailable. This means that splicing of such films

to fibres must be done using techniques such as epoxy bonding which is less durable

and more labour intensive.

Following such an appraisal, the deposition technique of Flame Hydrolysis will

be described and will include details of the equipment designed and constructed by

the author to implement film fabrication.

2.1 DESCRIPTION OF FABRICATION TECHNIQUES

There are a number of techniques available for the production of silica films

suitable as optical waveguides. These techniques generally can be separated into:

chemical methods, such as Chemical Vapour Deposition (CVD), Sol- gel, oxidation

and nitridation; physical methods, such as sputtering and ion implantation; or they

may be a combination of the two, such as Thermal Oxidation and Flame Hydrolysis

where a heterogeneous chemical reaction is followed by a physical deposition.

The chemical techniques, such as Low pressure Chemical Vapour Deposition

(LPCVD)l and Plasma Enhanced Chemical Vapour Deposition (PECVD)2 are,

essentlally, one- step processes in which the layer of material deposited needs no

further fabrication stages to form a planar low loss film. In these processes, the

initial reagents are transported as vapours to a deposition chamber. Here they

undergo a chemical reaction on the substrates used. The reaction can be initiated

using temperature, plasma and a host of other techniques.
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promote reaction will depend on the chemistry involved in the reaction. These

techniques were developed initially for passivation of electronic circuits3, so they are

as a result, more mature. The physical techniques such as Electron Beam Vapour

Deposition'l, R.F.Sputtering5 and Ion Implantationf are also generally one step

affairs. Other techniques such as Oxidation 7, Flame Hydrolysis8 and Sol- gel9 are

more recent, initially having been developed for fibre optic fabrication and have

been modified to suit the planar geometries involved.

The techniques used to fabricate the doped silica are of seven main types -

(1) Chemical Vapour Deposition - including variations such as LPCVD,

and PECVD

(2) Electron- Beam Vapour Deposition

(3) Radio Frequency Sputtering

(4) Thermal Oxidation

(S) Sol- Gel Process

(6) Nitridation

(7) Jon Implantation

(8) Flame Hydrolysis

2.1.1 CHEMICAL VAPOUR DEPOSITION (CVD)

This technique involves the transport of the chemical vapours required to a

suitable deposition chamber, where heterogeneous chemical reactions are initiated on

the substrates. Deposition is limited by the transport of the vapours to the reaction

zone and the diffusion of reagents and reaction products across the boundary layer

above the substrates. All such techniques have the advantage of added purification of

the reagents as a carrier gas transports the necessary vapours and contaminants

present in the reagents, such as Fe which causes absorption, are generally much less

volatile (see Figure 2.1). The initiation of the reactions can be accomplished in a

number of ways, including the use of temperature, the use of the substrate itself, of

electron beams etc. There are a number of general references to CVD 10,11 which

provide more detailed information. In general such techniques allow independent

control of refractive index by varying the compositional flow rates of the reagents,

and of thickness by varying the deposition time.

The CVD technique encompasses a number of deposition configurations and

those that apply to the task in hand will be mentioned. It should be pointed out

that those techniques in which the reactions do not take place on the substrate, but

in the gas phase above the substrate have not been included in the CVD section,

although strictly speaking they are still CVD systems.
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Verbeek et all have used Low Pressure CVD (LPCVD) to fabricate films of

phosphorus doped silica. In this technique. the pressures in the reaction chamber

are typically 30 to 250 Pa 7, hence the term "low pressure". The benefit of this

technique lies in the fact that conventional silicon integrated circuit technology is

used and is therefore capable of mass production. Furthermore. the use of low

pressures reduces contamination due to particles in the air in the deposition chamber.

Another example of a LPCVD technique is the pyrolytic oxidation of Arsine

with silane to form Arsenic Oxide doped silica 12. Such films have application in the

semiconductor industry as passivation layers and have recently found application as

optical waveguides13. Such films have also been investigated by the author and

reference will be made to this work in later chapters where such films are compared

with those produced by the Flame Hydrolysis technique.

A further refinement to vapour deposition is used by Nourshargh2 et al in

which a plasma is used to activate the chemical reactions. This technique also

offers the possibility of doping of active materials by introducing such materials into

the plasma. This too is a low pressure technique but is generally referred to as

"plasma enhanced CVD" (PECVD). This technique has the advantage of fabricating

films where the substrate temperature is very low - room temperature deposition

having been reported-', This is an advantage for deposition on to IIl- V

semiconductor materials or Multiple Quantum Wells (MOW's) where high

temperatures are undesirable as substrate degradation and decomposition would occur.
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Figure 2.1 Comparison of vapour pressures of various chlorides.
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2.1.2 ELECI'RON- BEAM VAPOUR DEPOSITION

An alternative technique is used by Imoto et 814 in which Electron- Beam

Vapour Deposition is used to fabricate the core region consisting of titanium doped

silica. The technique offers good control of layer thickness and refractive index «
0.3% and < 0.02 % respectively).

In this type of deposition configuration32, a resistive heater provides a source

of electrons. Magnetic fields are used to guide and focus the electrons, resulting in

an electron beam. The beam is directed into a crucible containing the material to

be evaporated. Absorption of the electron energy results in material vaporisation

which then condenses on the substrate placed above the crucible. This type of

system operates at low pressure which reduces particle contamination. Furthermore

this type of deposition system is useful for involatile species such as Si02 by virtue

of the very high temperatures which can be generated by the electron- beam.

2.1.3 RADIO FREQUENCY (RF) SPUTTERING

Radio frequency sputtering15 involves the acceleration of ions such as Ar'"

through a potential gradient. These energetic ions bombard a suitable target of the

material to be deposited. Surface atoms of the target are ejected by the transfer of

momentum from the ions and are deposited on to a suitably positioned substrate.

Huang et al5 used this technique in preference to vapour deposition methods

when they studied the effect of increasing the Ge02 concentration in Si02 on the

refractive index of the resulting film. More recently, Jerominek et al17 have used

this technique to deposit semiconductor microcrystallites into Corning 7059 glass. As

for E- beam deposition, this technique does not depend on the volatility of the

reagents and as such is suitable for most materials.

2.1.4 THERMAL OXIDATION

This technique is in essence a CVD technique. The vapours are transported

using a carrier gas as before into the deposition chamber. The chamber used is a

furnace in which the chemicals are thermally oxidised. However the .homogenous

reaction takes place in the gas phase and oxidised particles deposit on the heated

substrates. This process then requires a second stage to consolidate the oxide

particles into a transparent film. This technique is in contrast with the oxidation of

a silicon substrate to form silica, and care should be taken not to confuse the two.
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Izawa et al7 developed this technique which is similar to that used for VAD

fibre fabrication 16. The deposition technique requires a thermal gradient inside the

deposition furnace in order for deposition to take place 17. However a relatively lossy

film is produced, apparently due to scattering in the deposited glass layer.

2.t.S SOL- GEL PROCESSES

It is possible to produce silica glass using solutions of suitable silicon

compounds, as for example silicon tetra- methoxide Si(OCH3)4, or silicon

tetra- ethoxide Si(OEt3)4, which are hydrolysed and converted to a homogeneous

solution or sol, (which is essentially a colloid of silica particles) with an appropriate

solvent such as methanol. This sol is then converted to a gel as the hydrolysis

reaction proceeds and the colloid particles join to produce an interconnected

network. Once gelling is complete, the solvent can be evaporated off to leave a

'dry gel' at which point a porous 'blank' is obtained. This can then be sintered to

produce the transparent silica.

Optical fibres formed in this way used a silica core formed from a sol and a

lower index cladding deposited by standard CVD techniques18.

Planar optical waveguides have been formed by partially sintering the resulting

dry gels. The refractive index of the glass is a function of the porosity or pore

size, and as long as the pores are sufficiently small to avoid scattering the light

used, then a local increase in the sintering of the preform will result in a refractive

index increase. This can then be used as an optical waveguide. Ramaswamy et a19

have used this technique to produce waveguides, although no loss figures have been

quoted. They have also outlined a method of diffusion of dopant species into the

porous glass to produce the desired index increment. Doping of active materials

into sol- gels has been carried out and seems to show considerable promise 19.

2.t.6 THERMAL NITRIDATION

This technique uses the fact that amorphous silica is capable of dissolving

significant amounts of nitrogen, and since silicon nitride Si3N4 has a refractive index

of 2.00, incorporating even a few wt% of nitrogen in the silica can produce a

waveguide.

Using this method, Zelmon et al20 produced waveguides in a silica layer

formed on a silicon substrate on whose surface an oxide layer had been grown. A

number of wafers were exposed to ammonia in a furnace at 1,000 Oc for times

7



ranging from 24 hours to ten days. Reduction of waveguide loss between samples

was reported with increasing nitridation time and a loss of 0.06 dB/cm was quoted

for an exposure time of eight days. The reason for this relationship was attributed

to slight increases in the guiding layer thickness which reduced coupling into the

silicon substrate.

2.1.7 ION IMPLANTATION

The process of ion implantation involves the acceleration of ionised atoms to

sufficiently high speeds to enable them to penetrate beyond the surface of a suitable

target. The ion source is generally from a gas of the required species which is

converted into a plasma. An analysing magnet selects the desired ion species which

are then accelerated to the target11,

The first report of such a technique being used to provide waveguides was by

Schineller et al21, in 1967. Here, protons were used to increase the refractive index

of fused silica. Light guidance was observed, but no loss figures were quoted.

Standley et a122, studied the optical effects induced after bombardment using a

range of different ion sources. They found lithium ions gave the best results and

quoted a loss of 0.2 dB/cm in a sample which had been annealed after

bombardment.

Nai~, appears to be the most recent worker in this technique (1983).

Nitrogen ions (N+), are used as the Ion source and fused silica is the target. The

resulting silicon oxy- nitride film has a higher refractive index than the silica and

acts as a waveguide. Annealing the implanted sample reduced the defects produced

by the technique and resulted in a film having loss of 0.1 dB/cm at 632 nm.

2.1.8 FLAME HYDROLYSIS DEPOSITION

The description of this technique and its application will be the subject of the

rest of the chapter. However, a brief description will be included here for

completeness. Kawachi et al8 were first to report on the use of flame hydrolysis to

produce planar films of titanium dioxide doped silica. It is, as are most of these

techniques, basically a CVD system in which the required reagents are transported to

the deposition chamber using a carrier gas. Here, an oxy- hydrogen flame is used

to hydrolyse the metal chlorides to provide the desired oxides. The reaction takes

place in the gas phase, and solid particles of material called "soot" are deposited on

the substrates in the chamber. Once the required amount of material has been

deposited, the coated substrates are placed in a sintering furnace to consolidate the
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"soot" into a transparent film. Consolidation using C02 laser processing has also

been reported23.

Layer thickness is controlled by varying the rate at which the torch traverses

across the substrates and by the number of times such traversal takes place.

Refractive index can be controlled by varying the carrier gas flow through the

dopants used. A number of workers have used this technique24 to fabricate a range

of passive devices.

2.2 MERITS AND DEMERITS

In order to assess the relative merits and demerits of the techniques it is

necessary to have particular criteria which can be used as a measure of the

worthiness of a particular system. The most important criterion is the production of

low loss optical films. However, equally important are film homogeneity in terms of

thickness and refractive index, as well as repeatability of results. Furthermore, a

reasonably fast technique which offers flexibility in film type is required if the

process is to be a commercial reality. It should also be kept in mind that planar

optical circuits will mainly be used in telecommunications applications and as such,

film thickness and refractive index should be tailored to match typical values found

in fibres. In this way field overlap between fibre and film can be optimised, typical

values for a single mode fibre being 8pm core diameter with a core refractive index

lying between 1.46 and 1.48. Once these criteria are satisfied we can then consider

the systems in terms of flexibility of dopant materials used, more specificially in the

doping of active materials into the silica. Finally, the most suitable system is one

which can realise selective doping of both active and passive materials onto a single

substrate and in this way realise true integrated optics.

Comparison of the techniques using the criteria outlined poses rather a

problem since much of the necessary information has not yet been published, due in

part to the recent nature of the techniques. Also, the published information is in

such a form as to make comparisons difficult; for example, measurement of loss in

etched waveguides cannot be directly compared with measured loss in the slab

waveguide since the loss in an etched waveguide depends on parameters such as etch

quality and waveguide type. However, some techniques can be shown to be less

suitable than others in fulfilling the criteria already outlined.

The sol- gel process has some inherent drawbacks which make it less

attractive. The gels require slow drying to avoid cracking25, often of the order of

several days. This process often leaves adsorbed hydrocarbon residues and water in

the porous preform and during the9sintering stages can produce contamination, and



often the gel can crack26. Hypercritical drying27 can dramatically reduce the drying

time but the problem of organic residues is not totally eliminated.

Furthermore, this technique yields bulk material. Control over waveguide

dimensions would therefore have to come at the later stage of processing such as

local heating or diffusion. The accuracy with which such control can be exercised

has yet to be demonstrated.

All of the techniques offer reasonably low loss films. Loss in the slab

waveguides are generally less than 0.3 dB/cm4 and loss in etched waveguides range

from 6.4 dB/cm7 to 0.05 dB/cm2 although the norm is of the order of 0.1 dB/cmS.

Insufficient information is available for a comparison of homogeneity of film

thicknesses and and refractive indices. Imoto et al4 is one of the few references to

quote figures, giving 0.3 % deviation in film thickness and 0.02 % deviation in

refractive index using electron- beam CVO. Aarni02S chose LPCVD over PECVD

as it gave more uniform layers but no specific information was mentioned.

However, generally speaking, the standard CVD techniques produce thin films

« 5f1lTl) having relatively high refractive indicies (1.5+) .. This is also true of the

nitridation technique and ion implantation.

All of the deposition techniques have realistic deposition times. generally of

the order of minutes to a few hours. with the exception of the nitridation

technique20 - several days are quoted as required to produce a film. This makes

the technique less suitable for commercial application. Furthermore, the technique is

restricted to only one film type.

When it comes to doping to achieve nonlinear optical properties, the range of

suitable techniques narrows. The general CVD techniques - LPCVD and straight

CVD as well as ion implantation do not readily lend themselves to the fabrication of

active materials. by virtue of the non- volatile nature of suitable dopants such as the

rare- earth elements29. Ion implantation can implant rare earth ions, but such

implantation is unsuitable for thick films due to the film damage produced by

implantation with ions having the high energies required for the film penetration.

PECVD does offer some promise, in that a suitable dopant species may be

introduced into the reacting plasma in a non- vapour form. Jerominek et al have

produced microcrystals of cadmium sulphide in Corning 7059 glass as well as

microscope slides15 using RF sputtering, and the technique used could possibly be

extended to coat silica. Of the remaining three techniques, sol- gel, oxidation and

flame hydrolyis, all could be used for non- Jinear doping by virtue of the porosity

of the films produced, although flame hydrolysis would be taken in preference to

oxidation by virtue of the ease of deposition and lower loss films produced by the
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technique. Furthermore, film index and thickness can readily be tailored to match

those encountered in fibres. One possible drawback common to each of the

aforementioned techniques is the high processing temperature required to sinter the

porous films. For substrate materials such as silica or silicon, this does not present

insurmountable difficulties. The use of silicon as a substrate material is desirable

because of the flat surface on which to coat films, and also because of the logical

extension of optical and electronic integration possible with such a substrate material.

With regard to both active and passive materials on a single substrate the

three techniques mentioned offer the greatest potential for the least work. Carbon

dioxide laser processing23, can be used to delineate an area by localised pore closure

and it should then be possible to solution dope29,30, the enclosed area. By far the

simplest of the three is the flame hydrolysis technique since the sol- gel films

require slow drying and aging prior to use. It would therefore appear that the

technique offering the greatest flexibility at this moment in time, for the fabrication

of low- loss passive films, active films, and the potential for both on a single

substrate is the Flame Hydrolysis technique.

The remainder of the chapter will discuss the Flame Hydrolysis technique in

detail and will describe the deposition apparatus designed and fabricated by the

author.

2.3 FLAME HYDROLYSIS DEPOSITION OF SIUCA

APPARATUS DESIGN AND CONSTRUCTION.

Flame Hydrolysis Deposition of silica is not a new technique. The idea was

patented in 1942 by J F Hyde3l whilst working at Corning Glass, New York. In

his patent he describes the technique of vapour transport using a water bath to

vaporize the silicon tetrachloride and the subsequent hydrolysis in an oxy- hydrogen

torch. The fine silica particles - or "soot" - could be sintered during deposition

using the same torch or alternatively the material could be subsequently fused in a

furnace.

In essence, the technique now used remains unaltered. The volatile reagents

are transported to an oxy- hydrogen torch where they are hydrolysed to produce a

soot as before. The vapour pressures of the reagents are controlled by a low

viscosity oil circulating the halide containers (or bubblers) whose temperature is

precisely controlled. The vapour is transported by means of an inert carrier gas,

the precise amounts of vapour transported being controlled by adjusting the flow of

this gas through the bubblers. The resulting soot is subsequently sintered - with or
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without a fusing atmosphere - to produce the transparent silica film. The

Hydrogen Chloride waste gas produced is extracted during deposition and neutralised.

The refinements to the technique involve more sophisticated vapour control

allowing precise quantities of the required halide, along with the introduction of

vapour mixtures used to change the optical properties of the resulting silica glass.

The movement of the oxy- hydrogen torch is now computer controlled, as is the

rotation of the turntable on which the substrates to be coated are placed. This

then allows accurate and repeatable layer thickness control of the silica soot, and

subsequently of the resulting film.

The vapour mixtures generally used include Titanium Tetrachloride (TiCI4) or

Germanium Tetrachloride (GeCI4) to raise the refractive index of the silica and

Phosphorus Trichloride (PCI3) and/or Boron Trichloride (BCI3) to lower the required

fusing temperature of the soot. Subsequent fusing takes place in a sintering furnace

at temperatures of around twelve hundred to thirteen hundred degrees centigrade.

The deposition apparatus constructed consists of four units which will be

discussed separately. They are as follows:-

(1) GAS SUPPLY ASSEMBLY

(2) BUBBLER CABINET

(3) DEPOSITION CHAMBER

(4) SCRUBBER SYSTEM

2.3.1 THE GAS SUPPLY ASSEMBLY

A gas supply system has been designed to support the bottled gases, valving

and regulators used, and to pipe the gases necessary for the vapour transport and

the hydrolysing flame. The assembly is also designed to support the necessary filters

and driers associated with the carrier gas.

The gas used to transport the vapour is zero Grade Nitrogen. The "zero

grade" refers to the purity of the gas such that the water content is below 10 ppM.

It has been considered necessary to incorporate further nitrogen driers in the

assembly to ensure that the gas is sufficiently dry (a dewpoint of - 70 CC being

required to ensure no reaction of the halides in the pipelines). A 2 pm particulate

filter is incorporated to remove any particulate contaminants in the gas.

As well as being used for vapour transport, the nitrogen acts as a control gas

for the pneumatic bellows valves (PBV's) which direct the path of the carrier gas
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through the bubblers. The gas also purges the bubbler cabinet to maintain a dry

atmosphere around the bubblers.

The pipework on the nitrogen line is designed to allow reverse purging of the

nitrogen driers to regenerate the drying material, while maintaining the required flow

of gas.

The hydrogen and oxygen lines are simpler in design. Both lines incorporate

flowmeters to allow accurate settings of the gases to be used and the hydrogen line

includes a flash arrester as a safety precaution. Stainless steel piping is used

throughout the supply rack, as this material is more resistant to accidental damage

by being knocked with the gas bottles. Once into the bubbler cabinet,

Polytetrafluoroethane (PTFE) piping takes over, allowing flexibility and resistance to

corrosion from the halide reagents. Similarily the H2 and 02 lines use PTFE inside

the deposition chamber, allowing the flexibility required for the torch traversal. A

schematic of the rack is shown in Figure 2.2.

2.3.2 THE BUBBLER CABINET

The bubbler cabinet constructed consists of a sealed glove box which is

constantly purged with dry nitrogen to prevent hydrolysis of starting materials whilst

loading the bubblers. The cabinet contains the bubblers in which are the starting

materials in their liquid form. Four bubblers are used, containing the following:-

1 Silicon tetrachloride, (SiCI4)' This produces silicon dioxide which acts as

a host for the dopant materials.

2 Titanium tetrachloride, (TiCI4). Hydrolises to give titanium dioxide and is

used to raise the refractive index of the silica glass

3 Phosphorus Trichloride (PCI3)' Reacts to form phosphorus pentoxide

incorporated to reduce the fusing temperature of the soot

4 Germanium Tetrachloride (GeCI4)' This yields germanium dioxide, which

serves the same purpose as the titanium dioxide in raising the refractive

index

All of the reactions are of the form ._

Chloride reagenl(v) + H20(v) -> Oxide product(s) + HC~v)
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Hydrogen Nitrogen Nitrogen Oxygen

Waste lines from driers

The vapour pressures of the chlorides are controlled by fixing the temperature of

the liquids in the bubblers. This is achieved by circulating a low viscosity oil in the

outer jackets of the bubblers, the temperature of which is controlled by a

refrigeration/heater unit.

N2 line to bubblers

Figure 2.2 Schematic of gas supply rack

The nitrogen used is warmed to a temperature a few degrees above the oil

temperature which then keeps the piping a few degrees warmer than the vapour and

prevents any condensation in the pipework.

Pneumatic bellows valves (PBV's) control the path of the carrier gas. This

allows the required flow rates to be set up while the gas flows to waste. The

PBV's can then be opened to allow the gas flow through the bubblers.

14



Carrier gas Inlet

Figure 2.3 Schematic of bubbler

Gas now direction

I
Bypass valve used to establish now rates

Figure 2.4 Schematic of bubbler complete with

Pneumatic Bellows Valves (P.B.V. 's)

The control electronics are mounted in another cabinet directly above the
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glove box. This cabinet contains the necessary mass flow controllers (MFC's), digital

voltmeters and potentiometers required to set and monitor the gas flows for the

bubblers. The cabinet also contains the solenoid valves and switchgear used to

operate the PBV's. A single power supply is used for all of the electonic

components.

2.3.3 THE DEPOSITION CHAMBER

It is within this chamber that the chloride vapours are hydroJised using the

oxy- hydrogen flame, the substrates are coated with the resulting soot and the waste

gases are extracted to the scrubber system.

The chamber consists of a free standing rectangular box with a hinged

opening to allow access to the interior. One of the remaining sides is made of a

transparent perspex to allow the operator to observe the deposition. Waste gases

are extracted from a large' diameter opening opposite the hinged section, which is

connected to an extraction fan.

The chamber houses the linear drive mechanism consisting of a long threaded

screw connected to a stepper motor. The screw supports the platform to which the

hydrolysing torch is mounted. The torch platform is so designed as to allow precise

positioning of the torch with respect to the turntable. The torch itself is a modified

silica Wickbold burner, consisting of three concentric tubes down which the

combustion gases of hydrogen and oxygen and the reacting gases of the chlorides are

channelled.

The turntable is interchangable and two turntables designs are used. A

larger diameter turntable is used for large, irregularily shaped substrates and a

smaller turntable having machined disc recesses is used for the standard substrate

discs. Both turntables are made of Aluminium which has been hard anodised to

protect them from the corrosive HC~ v),

The stepper motor controlling the turntable is housed beneath the deposition

chamber alongside the Digiplan stepper motors controller. This controller is

connected to an IBM PC XT computer, a General Purpose Interface Bus being

required to link the computer and controller.

The program used to control the stepper motors, and hence the soot

deposition, is written in BASIC. The program allows independent variation of the

traversal length and traversal rate of the torch as well as the rotation rate of the

turntable.
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Reagent vapours

Gases In

Gases Out

I
Hydrogen

Figure 2.6 Modified silica Wick bold burner torch used for deposition

00
o 0
00

(b)

Figure 2.7 Schematic of turntable designs
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2.3.4 THE SCRUBBER SYSTEM

The scrubber system extracts the waste gases from the deposition chamber.

These consist of HCl(v) producing in the hydrolysis of the chlorides, and unreacted

reagents. The gases are dissolved in water and pass into a settling tank where they

are neutralised.

The system is constructed from stainless steel and consists of a series of

baffles over which the gases are drawn. Spray bars are mounted between each

successive baffle and provide 'curtains' of water through which the gases pass and in

which they dissolve. The water containing the residues is passed into a separate

storage tank directly below the scrubber. Here the acidic solution is neutralised

before being disposed of.

Once the soot has been deposited the samples are fused into a transparent

glass in a sintering furnace. The sintering theory and practice will be discussed in

the next chapter.

Exhaust gas in

Water reservoir

Figure 2.8 Schematic of scrubber system
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CHAPTER 3 THEORY AND PRACTICE OF SINTERINQ

Sintering occurs when powders, in this case, silica, are heated to, or near

their melting point. The following chapter is concerned with a general review in

essentially phenomenological terms of the theory behind this effect and the

experimental verification of the theoretical models.

The theoretical framework developed to describe the process will be traced

from the early work of Frenkel1 in which the assumption underpinning the sintering

theory is outlined. Developments in the theory as applied to glasses rather than

metals and crystals, by authors such as Kingery and Berg2, Mackenzie and

Shuttleworth3 and Scherer4 will be discussed.

The effect of the presence of sintering atmospheres on densification rates will

be included, the work on such effects being traced form the behaviour of silica

microspheres5,6, through to experiments on preforms fabricated using flame

hydrolysis'.

Analysis of sintering was not carried out by the author beyond the level

necessary for a general understanding of the mechanisms involved in, and the factors

affecting the process, the main aim being to produce bubble free, homogeneous

films. It was felt that while further investigation would be interesting, it lay outwith

the scope of this work.

The various stages of sintering will be pictorially represented using Scanning

Electron Micrographs of films prepared by the author. Other experimental work will

be described in the following chapters.

3.1 THEORETICAL ASPECTS OF SINTERING

Much of the early work on sintering was concerned with the consolidation of

metal powders and crystals and the calculation of the rates of such consolidation.

Frenkel's modef was no exception. In his treatment of the problem of calculating

rates of densification, he assumed that crystals behaved in the same way as

amorphous materials at high temperature. Using this assumption he set up an

energy balance equation in which the driving force of sintering was viscous flow.

The energy dissipated in such flow came from the surface energy liberated by the

reduction in surface area of the compact.

This view was later proved to be mistaken2, concerning the behaviour of

crystals and amorphous materials in sintering. However, the viscous flow mechanism

was found to be applicable to Newtonian solids, such as glass, in which the viscosity

is independent of the strain rate.
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In the model used by Mackenzie and Shuttleworth2, a compact of closely

packed glass spheres was considered. Two such spheres are in contact with each

other at only one point. The initial stage of sintering is the development of a

"neck" between the spheres at this point of contact, followed by the reduction of

the centre- to- centre separation of the spheres. Both effects are attributed to

surface tension. See Fig 3.1.

Figure 3.1 Schematic of 'necking' in spheres.

Figure 3.2 Schematic of pore shape changes during sintering
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In a compact, such necking between all of the nearest neighbours results in a

gradual closure of the open structure between spheres and the formation of voids or

pores. Once closed, the pore shape becomes spherical, due to macroscopic viscous

flow and surface tension effects. The analysis of sintering then is concerned with

modelling the closure of such spherical cavities due to capilliary pressure. Mackenzie

and Shuttleworth considered the shrinkage of an isolated, closed, spherical cavity,

assuming in their model the volume of surrounding material to be much greater then

the pore volume. They considered the cases of empty cavities; cavities containing a

fixed volume of gas; and cavities containing a fixed pressure of gas.

Such a model, however, is unsuited to the description of the behaviour of the

densification of preforms fabricated by (a) flame hydrolysis, (b) 501- gel process and

(c) leached, phase separated glasses. Figure 3.3 (a), shows the type of structure

produced by flame hydrolysis. In it, one sees a very open structure made up of

silica particles joined together forming a network of randomly connected bridges. In

this structure, the pores are open and the pore volume is much larger than the

volume of surrounding solid material.

In the very early stages of sinterlng, the behaviour of necking and

inter- particle distance reduction is observed, fig 3.3(b). This serves the purpose of

consolidating the bridge network and strengthening the structure.

It was Scherer4 who provided a model suitable for such systems. This model

consists of a unit cell made up of a cubic array of intersecting cylinders, fig 3.4.

As densification continues the height of the cylinder is reduced and its radius

increase. The same energy balance concept is used and the same viscous flow

mechanism proposed.

Eventually, when the

the pores become closed.

Shuttleworth applies and the

pore.

size of the radius exceeds half of the cylinder height,

At this point the earlier analysis of Mackenzie and

densification kinetics follow the rate of collapse of the

The basic steps used by all of the workers in this area involve the calculation

of an expression for the rate of energy dissipated in viscous flow (such an

expression is geometry- dependent). This is equated to the rate of energy released

from the reduction in surface area. Integration of the resulting equation with

respect to time yields an expression which describes the rate of densification of the

compact.

It should be pointed out that the volume of solid material remains unchanged,

but because of shear stresses its shape changes and the material flows into pores

resulting in the observed density increase. Figs.3.S (a- d).
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(a)

(b)

Figure 3.3 SEM photographs of Flame Hydrolysis prefoms

(a) Un+ sintered material, (b) Initial stage of sintering
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Figure 3.4 Schematic detailing unit cell structure from Scherer's model

Depicts cubic array collapse in which cylinder height decreases

and radius increases. Pore closure results when radius exceeds

height/2.
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(a)

(b)

Figure 3.5 SEM photographs showing increasing degrees of sintering
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Cc)

Cd)

Figure 3.5 SEM photographs showing increasing degrees of sintering

29



3.1.1 ATMOSPHERIC EFFECTS

So far, we have neglected the effect of gas on the properties of the material,

as well as the effect of the presence of gas in the pores. Using the concepts

already outlined such effects can be considered. The presence of an atmosphere

during sintering can affect the glass soot in a number of ways. Most important for

our purposes are the effect of a sintering atmosphere on:-

(1) surface tension and viscosity of the solid material, and

(2) pore closure

A number of authors have studied the areas outlined, both theoretically and

experimentally. Compositional factors such as doping levels of, for example, boron

oxide (B203) in silica which effect both sintering rates and bubble formationS are

not included in this section but will be considered later.

3.1.2 COLLAPSE OF CLOSED PORES

All of the porous preform types so far considered - no matter how they are

fabricated - go through the final stage of sintering which involves the collapse of

closed pores. This final stage is strongly atmosphere dependent and the type of gas

present inside the pore will determine the quality of the resulting glass.

The results of the theoretical analysis will be described, following the analysis

of Mackenzie and Shuttleworth, and experimental verification by Sudo et alII and

Scherer? will be used to complete the picture.

If we initially consider a model of a compact of arbitary size and shape which

contains spherical pores of equal size. Further, if the radius is small compared with

the surrounding homogeneous material, and the pores contain no gas, then the effect

of surface tension is to produce a pressure between the surrounding material and the

pores. This has the effect of closing the pores.

Such a pressure is even throughout the compact and hence the increase in

density will be uniform. The pores decrease in size and separation, but not in

number. Therefore the sintering will be independent of the size and shape of the

compact. If the pores are not equal in size, then it is obvious that the small pores

will disappear more rapidly than the larger ones.

It is worth mentioning at this point that this analysis is concerned with pores

completely surrounded by a homogeneous continuum, and as such the reduction in
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sintering rate at a boundary, observed in the sintering of microspheres, will not

be encountered.

By introducing a gas into the pores, we can drastically alter the rate of

sintering and even cause the pores to expand. Such behaviour depends on the type

of gas present, the amount of such gas and on its pressure.

We can consider two types of behaviour:-

1 Constant mass of gas inside the pore. This situation applies jf the gas is

non- diffusing and does not dissolve in the material

:2 Constant pressure of gas inside the pore. This is the case for gas which

dissolves in the material and has a sufficiently large rate of diffusion to

maintain an equilibrium pressure between pore and material

If the pore contains a non- diffusing gas, then there will be negligible change

in the mass of gas present during sintering. As a consequence, the pore radius will

reach an equilibrium position at which the pressure due to the surface tension is

balanced by the pressure exerted on the material by the gas. This results in an

equilibrium density of the consolidated material. Whether such bubbles will impair

the optical transparency of glass sintered under such a situation would depend on the

equilibrium pore radius and the wavelength of light used to probe the glass.

With a diffusing gas, the situation is different. If the rate of diffusion is low,

then this will be the rate determining step in sintering and the analysis above will

apply. If, however, large quantities of gas can dissolve in the material with an

appreciable rate then there will be an equilibrium between the pressure of the gas

inside the pore and the pressure exerted by surface tension. This pressure will be

maintained as sintering proceeds. While it will reduce the sintering rate, it will not

inhibit it.

It is interesting to consider such a situation where there is a range of pore

sizes. The dissolving gas exerts a constant pressure (P) inside the pores. Where

this pressure is greater than that due to surface tension,(-y), the pores will expand,

whilst smaller pores will collapse.

P = 2i'fR equilibrium
p > 2i'IR pore expansion
p < 21'/R pore contaction

- where R is the pore radius.

This suggest that in such a material, the small pores shrink at the expense of
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the larger pores, and the sintering rate will be determined by the rate of closure of

the larger pores.

3.2 EXPERIMENTAL VERIFICATION

3.2.1 SURFACE TENSION AND VISCOSITY EFFECTS

Parikh, in 1958,9 studied the effect on surface tension of various atmospheres

for soda- lime silicate glasses, fused silica and lead disilicate glass, paying most

attention to the first glass type. The surface tension was determined by a fibre

elongation method in which a heated fibre extends until its weight is balanced by

the contracting force due to surface tension.

Fused silica was studied in the temperature range 11000C - 13000C using

water and dry nitrogen as atmospheres. In both cases the surface tension appeared

unaffected.

This work was extended by Tseng and YuS when studying the effect of

H20(g)' N2, air and HCI(g) on the sintering of such compacts. The H~(g)

atmosphere resulted in fully sintered compacts in less than 90 mins. This was

regarded as being a consequence of the reduction of both viscosity, (77), and surface

tension, (-Y). of Si02' The increased densification rate suggested that viscosity had

been reduced more, since fractional linear shrinkage (.1F IF) is proportional to surface

tension divided by viscosity.

where F is length.

The air and N2 atmospheres used required much longer sintering times to

produce the same density of materia], 11hrs and 100hrs respectively, whereas the

HC~g) was found to inhibit sintering.

Tseng and Yu further demonstrated the co- operative effect of the surface

tension as applied to the sintering of such compacts. A sample fused for 4Smins in

an N2 + H20(g) atmosphere exhibited a reduced degree of sintering at the compact

surface as compared with the interior.

Hetherington et allO studied the effect on the viscosity of vitreous silica of

hydroxyl content and metallic impurities. The temperature range studied lay between

9000C and 14000C. Their results showed that the viscosity was reduced for

increasing hydroxyl content. Similar results were obtained for increasing amount or

metal impurities or effectively any impurity which broke the Si- 0- Si bonds.
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3.2.2 EFFECT OF ATMOSPHERES ON PORE CLOSURE

Sudo et al11,studied the effect of Helium! Argon mixtures as a sintering

atmosphere in the production of bubble free glass. The fabrication technique used

to produce the porous glass is very similar to the Flame Hydrolysis deposition

technique used by the author. The Vapour phase Axial Deposition (VAD) technique

produces preforms which are sintered and pulled into glass optical fibres and as a

consequence of this application, highly transparent, bubble free glasses are required.

The sintering is achieved by pulling the porous preform through a furnace with a

particular thermal gradient, reaching a maximum temperature of around 16000C.

This produces a sintered preform ready to be pulled into a fibre. In their analysis

they concentrated on the final stages of sintering involving the collapse of closed

pores.

Since both gases can diffuse through the bulk material12, the problem is that

of a fixed pressure inside the pore. However. in this case, since the rod is being

pulled through a temperature gradient, there is an additional term involved due to

the expansion of the gas trapped in the pore. with increasing temperature. This has

the effect of changing the pore volume. From this analysis and using the gas

diffusion data from Perkins and Begeal12• critical pore diameters - being the values

of diameter at which the volume expansion is balanced by the surface tension -

were calculated. For Helium. dc= 500 psn, indicating that pores having diameters

larger than this value would expand during heating. The value for argon is

dc= O.6J.Llll. reflecting the much lower diffusivity of argon in silica. The value for

argon is in reasonable agreement with the experimental value obtained by sintering

in this atmosphere. It is clear from this analysis that He atmospheres will assist pore

closure. since in practice. in the latter stages of sintering. 500J.Lllldiameter pores are

not encountered.

Whilst the experimental arrangement used by Sudo et al differs form the

theoretical model of Mackenzie and Shuttleworth. the results show how gases with

different diffusivities inside closed pores can markedly effect the behaviour of the

pores during sintering.

Scherer' carried out experimental work on the sintering of three types of

porous glass preforms made using different techniques. They were:-

(a) Flame Hydrolysis

(b) Sol- gel

(c) Leached phase- separated glass

All preforms were fired in a Helium atmosphere. The Flame Hydrolysis

preform also being fired in a moisturised He atmosphere. Whilst his work was
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concerned with the experimental verification of his theoretical model and not on

atmospheric effects, he did report an interesting result. The Flame Hydrolysis

preforms were very heavily hydrated during fabrication, and even a moist He

atmosphere had the effect of drying the preform during sintering. Furthermore the

preforms were very sensitive to ambient humidity and as a result yielded a range of

viscosity values.

3.3 CONCLUSIONS

The theoretical framework behind the sintering of silica powders has been

presented and experimental verification of such models described. The effect on

fusing of the presence of particular atmospheres has been discussed and is found to

strongly effect the quality of the sintered glass. The presence of water vapour

appears to reduce the viscosity, allowing greater rates of densification. However,

with heavily hydrated preforms such as those encountered in the Flame Hydrolysis

technique, even a moist fusing atmosphere can dry the sample and reduce the

sintering rate.
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CHAPTER .. FLAME. PARTICLE & CHEMICAL CONSIDERATIONS

The following chapter is concerned with a discussion of aspects of the film

deposition, and structure of the resulting material. Particle nucleation and growth in

the oxy- hydrogen flame will be outlined, following the work of Ulrich1, Juillet et

al2 and George et a13. Chemical and structural aspects of the deposited soot will

be considered drawing on the results of workers such as Edahiro et al4 and Potkay

et alS on Flame Hydrolysis systems (more specifically VAD fibre systems). Substrate

temperature effects will be mentioned, with reference to the changes which result in

the structure of deposited soot. Phase considerations concerning the consolidated

soot will be discussed with reference to the phase diagrams of the binary systems

Si02/P20S6, Si02/Ti027 and Si02/Ge028.

4.1 PHENOMENON OF PARTICLE FORMATION AND GROWTH

IN THE FLAME.

The flame consists of a turbulent stream of hydrogen, oxygen and halide

saturated nitrogen. The hydrogen and oxygen combust, producing a flame with a

particular temperature profile, generally with Tmax> 2000°K.

Ulrich1 carried out experiments on silica produced

silicon tetrachloride in a hydrogen and air flame.

from the hydrolysis of

He was able to show,

theoretically, that the microscopic zones in which the chemical reactions and initial

nucleation took place were very much smaller than the macroscopic turbulent eddies

encountered. As such, only gradual concentration and thermal gradients occurred in

the particle environment. The rate of particle growth is therefore unaffected by the

macroscopic turbulence and the microscopic zones could be regarded as

quasi- quiescent.

The factors which were found to affect particle growth were chemical reaction,

nucleation and Brownian motion. The potential for nucleation requires that a

particle must exceed a minium radius in order to be stable. The value for this

radius can be determined from the balance between the driving force from the free

energy of condensation and the opposing force from the surface energy.

expressed this critical radius, Rc as:-

Ulrich

- where (1 is the surface tension, p the particle density, and ~ the free
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energy of condensation. Particles of radius greater than Rc will grow whilst particles

with smaller radii will evaporate. Using suitable values for the particles, the stable

radius is calculated to be smaller than the size of an individual molecule. This

result reflects the large free energy of condensation at the temperatures encountered

(typically 20000K). Thus nucleation does not present a barrier to particle formation.

Experimental measurements by Ulrich established that chemical reaction occurred

within the first 35 ,.,s, (this time being less than typical particle residence times of

milliseconds to seconds). Hence, chemical reaction similarily does not present a

barrier to the growth of particles.

Such small particles or droplets when initially formed behave as large gas

molecules, assuming translational velocities determined by the flame temperature.

Furthermore when the reaction times are short compared to the total formation

period (as is typically the case3), growth becomes independent of the early history

of the system and is determined by the frequency of Brownian motion collisionsl,3.

This frequency is in turn determined by the concentration of initial reactants and the

flame temperature. The particles collide and fuse together forming one single larger

'particle' in the process. As the gas carries the particles downstream, they cool and

are quenched. Collisions in regions of lower temperature can result in clusters of

spherical particles, where the particles have partially fused together. See Fig. 4.1

Two criteria are found to be required to produce spherical particles2:-

(1) The flame temperature must be greater than the melting point of

the species involved (lower than for bulk material)

(2) Relatively large mass flow rate is required (25 x 10- 5 molls),

lower flow rates producing polyhedral particles

Both of the aforementioned conditions are satisfied in the deposition system

constructed by the author, and observation of the deposited material verifies the

spherical nature of the particles.

4.2 STRUCTURE OF UNSINTERED MATERIAL

In analysing the structure of the deposited material, one is concerned with the

physical and chemical nature of the particles comprising the 'soot'. Such analysis

relies on techniques such as x- ray diffraction, gas adsorption, infra- red (1- R)

Spectroscopy, wet chemical analysis and direct particle observation using Scanning

Electron Microscopy, (SEM) or Transmission Electron Microscopy, (TEM).

Edahiro et al4 considered the deposition properties of the binary systems
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Si02/Ge02 and Si02/Ti02, with emphasis on substrate temperature effects on

particle morphology. Deposition was carried out on the exterior of a hollow tube,

inside of which flowed a cooling gas to control the temperature of the tube.

Analysis of the deposited material involved infra- red spectroscopy and X- ray

diffraction. The substrate temperature eTs) was varied between 2000e and gOOoe.

Non-crystalline Ti02 was produced for all substrate temperatures considered,

chemically incorporated into the silica, and no dependence of dissolved Ti02

concentration on Ts was reported.

The Si02/Ge029 system, showed a distinctive difference in behaviour. For

substrate temperature below about 4000e the germanium component was deposited as

a crystalline phase. Above soooe, Ge02 assumed an amorphous form dissolved in

the silica, the concentration increasing for increasing Ts. Etching experiments

carried out on the amorphous GeOl/Si02 mixtures suggested a structural model

consisting of a silica particle covered with an amorphous Si02/Ge02 phase.

The difference in particle morphology between the two binary systems is

attributed to the large difference in saturated vapour pressure of Ti02 and Ge02 at

high temperaturesl l . This effect is also felt to be responsible for substrate

temperature dependence of the Ge02 phase, the Ge02 vapour being transported to

the substrate where it condenses, forming a crystalline phase. At higher substrate

temperatures, there is insufficient cooling to allow such crystallisation.

More recently Potkay et alS, analysed the soot from VAD preforms produced

from a standard system - ie one not modified to facilitate experiments. In this

case, only the binary system Si02/Ge02 was studied. Soot analysis was carried out

using techniques including x- ray diffraction and TEM.

In contrast to the earlier results by Edahiro, the presence of Ge02 crystallites

was observed throughout the sample over regions having surface temperatures from

3000e to gOOoe. Results also revealed Ge02 was not chemically combined with the

Si02 but was clearly segregated. The particle morphology proposed consists of

Ge02 existing as both hexagonal microcrystals and as a shell of material covering a

single Si02 core. It was also reported that the exposure of the soot to water could

alter the Ge02 concentration and even remove the germanium entirely.

However, excellent refractive index profiles are reported from consoliated VAD

preforms and it can therefore be concluded that the presence of crystallites in the

unsintered material does not signify poor fabrication. The hazard presented lies in

the sensitivity of such crystals to humidity, which can result in preform degradation

and opacity in fused boules.

The author has not uncovered results of studies on soot characterization on

ternary sytems such as Si02/Ti02/P20S or Si02/Ge02'P20S from VAD or flame

hydrolysis which would apply specifically to this thesis. Work has been carried out

by Wood et allO on the system Si02'P20 SlGe02 produced by oxidation in an
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MCVD process, however this study was concerned with the effluent gas composition

and the characterisation of the soot has not yet been reported to the best of the

authors knowledge. Further, since differences are reported between individual VAD

systems4,S. it is not entirely clear whether the study of soot from a different process

would clarify the situation.

4.3 CHEMICAL &. PHASE CONSIDERATION

Up until now, the chemical aspects of the deposited, un- fused material have

been considered. It is the aim of the following section to discuss the phase and

chemical nature of the fused glass. This will be in terms of the physical states of

the metal oxide dopants in the silica with reference to the phase diagrams of the

metal oxide systems.

One should keep in mind that the inclusion of dopant species serves two

distinct purposes:-

(1) Raising the refractive index of the silica host glass, and

(2) Lowering the temperature required to consolidate the soot

It is generally the case that the phosphorus pentoxide is used predominantly

for the latter purpose whilst the other metal oxides considered (Ge and Ti) are used

for the former. It is worth pointing out that while all of the dopant species used

raise the refractive index of the glass (see Fig 4.2), the rates of change of index

with doping level differ.

Since the refractive index change obtainable ultimately determines the

dimensions of optical devices, and such index change depends on doping levels, it is

instructive to consider the limits imposed by the solubility of dopants in the glass.

Furthermore structural changes occur, such as changes in thermal expansivity, which

can also impose doping level restrictions.

The information required can be obtained by studying the phase diagrams of

the systems in question. Unfortunately to the best of the author's knowledge, no

results have been published of work detailing the phase relations of the ternary

systems Si02'P20S'Ge02 or Si02'P20S'Ti02 which are of interest. However.

analysis of the binary systems Si02/P20S, SiOiTi02 and Si02/Ge02. on which

information is available. can be used to gain some insight into the qualitative

behaviour of the ternary systems. The desired result is to obtain mixed oxides

existing as a single phase at the temperatures of interest.
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As already outlined, phosphorus pentoxide primarily serves as a flux in the

mixed oxide glass. The inclusion of P20S reduces the temperature required to

produce a single phase liquid solution. The phase diagram of this system is

therefore considered in terms of the temperature required with increasing doping to

produce the single liquid phase. This is clearly reflected in the behaviour of the

liquidus line, being the boundary on a phase diagram between the solid and liquid

phases. The lowest temperature at which a single liquid phase can be produced

occurs at the eutectic point. See Fig 4.3. It should be stressed that the liquidus

line represents the transition between solid crystal and liquid, and as such may not

strictly apply to the glasses encountered. However it serves as a useful guide to

describe the behaviour of the glasses.

Early work of Tien & Hummel13, studied the phase relations for this system.

For our purposes it is sufficient to observe the behaviour of the liquidus line with

increasing phosphorus pentoxide (P20S) concentration. The inclusion of modest

amounts of P20S dramatically reduces the temperature required to liquify the

material. The fabrication technique involved the mixing of diammonium

orthophosphate acid, and acetone and heating in a silica crucible over long periods

to allow equilibriation between the silica from the crucible and the P20S. followed

by rapid quenching.
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Figure 4.3 Phase diagram of Si02/P20S' After ref 6.

Eldridge and Balk6 used a different technique to study this system. Reaction

of gaseous P20S over silica for a wide range of temperatures and gas compositions

produced results which generally corresponded to the liquidus curve of Tien and

Hummel. The P20S was produced by the oxidation of POCI3 vapour. Using this

technique, the liquidus curve was extended to the lower temperature regions (

<1100·C) extending Tien & Hummel's results,
Much more than this need not be said. It is sufficient to say that even

modest amounts of phosphorus pentoxide can dramatically lower the liquidus curve

and for our purposes this translates into a lowering of the temperature required to

consolida te the soot 14.

The recipe used by the author gave P20S concentrations of approximately 8

mol %. Using a fusing temperature of between 1250· and 1300·C it is clear that

a single phase will result by rapidly quenching the melt.
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4.3.2 Si~/Ti~

DeVries, Roy and Osborne' studied the binary sytern Si02/Ti02 in an effort

to clarify discrepancies in previous published reports. The equilibrium/quench

technique was used in which the sample is held at a fixed temperature until

equilibrium between constituents was achieved then rapidly quenched. A eutetic

point (being the point to which the liquidus line converges) was found to occur at

approximately 1550°C with 10.5 mol % Ti02'

Their results 'suggested that Ti4+. had a co- ordination of less than 6 in the

glass. This result was later verified by Sandstrom et aIlS when studying the x- ray

absorption spectrum of Si02 - Ti02 mixtures prepared by flame hydrolysis.

Study of this phase diagram reveals a much narrower glass forming region

lying between 0 % and 20 % of Ti02, see Figure 4.4. The precipitation of

anatase (a crystalline form of Ti02) has been observed in glass samples prepared by

flame hydrolysis16 and sol- gel17 at much lower levels than the phase diagram

would suggest - 16.5 % and 10 % respectively for processing temperatures >
1450°C. Both authors concluded that the Ti4+ ion was present as a network

former in the low doping level range.

Such precipitation of solid material in the glass which leads to opacity, results

in an upper bound on the doping level available.

TiOZ • lIQuid

1800 One
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,
I
I 1780 t to·
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Figure 4.4 Si02/Ti02 Binary phase diagram. After ref. 7.
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4.3.3 Si~/C;e~

Analysis of the phase diagramS of this system reveals that a glass forming

region exists for all doping levels of C;e02. In general the temperatures required

for a single phase solution are lower than those for the Si02/Ti02 system. The

structure of the binary glass is considered to consist of interconnected Si02- Ge02

tetrahedra18 implying that Ge4+ is a network former in the glass.

Huang, Sarkar & Schultz19 studied this system using flame hydrolysis to

fabricate VAD preforms of the mixed oxide glass. Their results indicated the

reduction of fusing temperature required from 1450°C to lOOO°C. Also reported

was the reduction in viscosity with increased Ge02 content, and more importantly,

the order of magniture increase in the thermal expansion coefficient. It is this

increase which limits the doping levels available for planar optical waveguide films,

formed by flame hydrolysis. This is due to the stresses generated by the mismatch

in thermal expansivities between film and substrate upon quenching from the high

temperatures encountered in sintering. Such stresses lead to cracking of the films20.

This problem is not encountered in Si02'Ge02 films fabricated using techniques

which do not involve such high temperature processing21.
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Figure 4.5 Phase diagram for Si02/Ge02. After ref. 8.
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4.4 CONCLUSIONS

This chapter has discussed the synthesis of oxide panicles in flames, detailing

the mechanisms involved in nucleation and growth. The resulting particle size is

found to depend on concentration of reagents present and on residence time in the

flame, while particle shape is similarily dependent on reagent concentration and

flame temperature.

The chemical nature of the deposited soot has been considered prior to

consolidation. Such analysis is based on VAD fibre systems, in which particle

production occurs by the same mechanism as for Flame Hydrolysis. The analysis

involves the binary species Si02/Ti02 and Si02/Ge02' The titanium is found to be

chemically bonded to the silica in the particle; however a different structure is

evident for Si02/Ge02 mixtures in which the silica particle is covered with a Ge02

shell which may contain microcrystals. No chemical analysis on particles from

ternary systems has been reported to the author's knowledge.

Phase relations in the binary systems have been considered with a view to

assessing limits on the doping of silica for Ti02 and Ge02, and with regard to

depression of the fusing temperature of the soot with P205' Doping in the binary

system Si02fTi02 is limited to levels of Ti02 below 10 wt % above which anastase

precipitation occurs. Doping levels of Ge02 in planar Si02/Ge02 films are limited

to levels dictated by the thermal expansion differences between film and substrate

which causes film cracking when Flame Hydrolysis deposition is used. Modest levels

of P205 are found to dramatically reduce the required fusing temperature of the

soot.

No analysis has been carried out on the ternary systems Si02/Ge02/P205 and

Si02/Ti02/P205 due to the absence of literature on this subject. As a consequence

of this, the quoted values of doping levels should only be regarded as indicative of a

trend, and may differ in behaviour in the ternary system.
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CHAPTER S FILM FABRICATION: ASSESSMENT AND APPRAISAL

The following chapter details the experimental techniques developed in the

Flame Hydrolysis deposition of the doped silica films. Procedures adopted for the

substrate preparation and techniques used for the assessment of the deposited

material will be discussed, and factors affecting the homogeneity of the deposited

films will be highlighted. The methods used for film fusing will be mentioned,

including details of equipment designed for this purpose. Appraisal of the film

fusing and of fused films will be presented using pictures taken with a Hitachi S600

Scanning Electron Microscope (SEM) and investigation into the effects of fusing

atmospheres will be included. Characterisation of films in terms of fused film

thickness with torch traversal will be examined and doping levels achieved for

various halide flow rates will be given.

It should be stressed at this point that the main aim of the author was to

find a suitable 'recipe' which yielded inclusion free (bubbles etc), homogeneous films

of the desired thickness, which would fuse at a target temperature of 1250°C -

1300°C, such a temperature having been chosen to minimise substrate bowing and

warping. Once such a recipe had been empirically determined, primarily involving

SiCI4/PCI3 ratios, it remained reasonably fixed while other factors, such as

TiCI4/GeCI4, doping levels were varied. The effects of such secondary doping of

silica will be discussed in terms of the limitations on doping levels imposed by film

degradation for both Ti02 and Ge02 species.

Many of the results are described in general terms, indicating observations

made during deposition and on deposited films. The techniques adopted to minimise

or solve the problems encountered also may appear general. This reflects the aim

of producing films which could be used for further processing. As a consequence,

detailed investigation into the causes of the observed phenomena was not carried out

beyond the level necessary to surmount the problems encountered.

The effects on refractive index of such doping will be detailed in chapter 6,

along with an assessment of the optical waveguiding properties of the planar films.

5.1 SUBSTRATE PREPARATION

The substrate type most often used was a 30 mm diameter, Lmrn thick disc.

The disc type was polished 'Homosil' grade silica, which is a high purity natural

fused quartz

Substrate preparation fell into two categories, depending on the nature of the

experiment being performed. If characteristics of the deposited soot and sintering
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stages were being investigated, or aspects where the optical quality of the resulting

film were not being considered, then no substrate cleaning was necessary. If

however, experiments were being performed involving the optical quality of the film,

then the following cleaning procedure was employed:-

1 Wash substrates individually with soap and water using a sponge

2 Five minutes in soapy water in the ultrasonic bath (u.b.)

3 Rinse in de- ionised water

4 Five minutes in de- ionised water in u.b.

5 Rinse in ACETONE

6 Five minutes in ACETONE in u.b.

7 Rinse in METHANOL

8 Five minutes in METHANOL in u.b.

9 Final rinse in methanol

10 Blow dry with nitrogen

11 Dry on hotplate

A silica basket, purloined from a soxhlet set, capable of holding six such discs

at a time was used throughout the cleaning procedure, and all such cleaning was

carried out in a class 100 cleanroom environment. Visual inspection of one cleaned

sample from each batch was carried out using a Differential Interferometer on a

Nikon microscope which would highlight any particulate contaminants remaining.

S.2 DEPOSITION PROCEDURE

The deposition procedure used was developed to ensure the safe operation of

the fabrication system while providing a flexible method of film production. The

procedure is as foJlows:-

1 Switch on stepper motor control unit

2 Switch on computer and load fabrication program

3 Input the pertinent data; ie starting position of torch, number of

traversals, traversal rate and turntable rotation rate used to warm up the

turntable

.. Set the desired flow conditions for the halide reagents using the

potentiometers and digital voltmeter readings on the control panel

5 Switch on the gas scrubber water supply

6 Open the hydrogen and oxygen valves on the gas bottles

7 Open the valve on the hydrogen flowmeter slowly and ignite the torch,
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and close the hatch on the deposition chamber

8 Open the valve on the oxygen flowmeter and set both flow rates to the

desired levels

9 Set the turntable and torch in motion by pressing the relevant computer

keys, and thus warm up the turntable

10 Once complete, turn down the H2 and 02 flow rates, extinguishing the

torch by closing the H2 flowmeter valve first

11 Input deposition data

12 Place substrates on warmed turntable

13 Ignite the torch as before and set flowrates for H2 and 02

14 Throw the toggle switches controlling the valving for the carrier gas flows

through the halide bubblers. The relevant chlorides are thus transported

to the flame in the predetermined quantities. The flame colour changes

when the hydrolysis begins, and the flame grows in length. Once

equilibrium is obtained (usually < 1 minute), the turntable and torch can

be set in motion. The torch moves to the pre- set starting position and

begins the traversal/deposition. Once complete:-

15 Switch off halide vapour transport and allow flame to return to original

colour (again generally <1 minute) to ensure reaction of any halides left

in the pipeline

16 Close the H2 and 02 valves on the flowmeters, switching off the

hydrogen first

17 Close the H2 and 02 valves on the gas bottles

18 Switch off scrubber water supply, computer and stopper motor controllers

19 Allow the turntable time to cool (approx 5 minutes)

20 Remove substrates for fusing

Typical deposition parameters used are:-

(l)Turntable warm up:-

H2/02 flowrates at SOmm/50mm on flowmeters, corresponding to 16

litres/minute and 8 l/rnin respectively.

Traversal data:-

2Smm to starting position for the torch

65mm traversal length at 65mm/min with turntable rotation at 30

revs/min, carried out for two layers (traversal to turntable

centre and back to starting position).
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(2)Deposition :-

H2/02 flowrates as before.

Halide flowrates (for Germanium as an example):-

SiCI4 7SmV on the DVM corresponding to ISO sccm's

PCI3 400mV" "160 seem's

GeCl4 2SOm V" "100 seem's

the quoted values being for the flow rate of carrier gas through the

bubblers.

Traversal data as for turntable warm up with the appropriate number of

layers to give the desired film thickness.

S.3 ASSESSMENT OF DEPOSITED MATERIAL:

PROBLEMS cl SOLUTIONS

Once the substrates are removed from the turntable after deposition, the

surface coating is visually inspected to assess the homogeneity of the deposited film.

This is carried out by looklng perpendicularly through the film and substrate with

the sample lit from behind. Such inspection is useful for thin films « 8 layers),

and reveals any shadowing or darker areas, indicative of an inhomogeneous layer.

Such shadowing is felt to be a consequence of local temperature variations

Jeading to thermophoretic1,2 effects, and a simple experiment was attempted to test

this hypothesis. This involved a long substrate ( a 20mm wide, 3' long section

from a 3' silica disc) which was placed on the turntable in such a way as to

overhang the disc recesses (see Fig. S.l). This would result in a temperature

difference during deposition over the substrate, with the areas overhanging the disc

recesses being at a higher temperature than that in contact with the turntable, due

to the greater thermal conductivity of the aluminium turntable as compared with the

air below the overhanging regions.

A standard deposition was carried out, the observed result, of which was a

dramatic demarkation of the boundaries between the turntable top and the disc

recesses (see Fig. 5.2), in which more material was deposited on the part of the

substrate in contact with the aluminium turntable.

Whilst such an effect, indicating a temperature dependence on the amount of

material deposited, may be exploited as a secondary means of layer thickness control

by using a separate turntable heater, it was felt at this stage that the minimisation
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Figure 5.1 Schematic detailing sample position on turntable

of this effect was the desired aim. In order to solve this problem, two possibilities

were considered: one, increase the torch/substrate temperature separation (.11$),

resu1ting in a cooler substrate, or, decrease the torch/substrate separation to produce

a higher substrate temperature. See figure 5.3. Both possibilities were attempted.

With greater ~TS. shadowing was still evident and film degradation occurred,

sometimes within minutes of removing the sample from the turntable for P205 and

P20S tTi02 doped films. A more detailed discussion of the film degradation will be

included in the section on Si02/P20S/Ti02' Reduced .1TS resulted in more stable

films with less shadowing. Figure 5.4 gives some examples of the torch positions

used and the results obtained, and figure 5.5 illustrates the film degradation.
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Figure 5.2 Photograph illustrating inhomogeneous deposition
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Figure 5.3 Schematic of torch position.

Torch Position H2/02 Traversal Fi 1m Fi 1m CommentsFlow rates Rates Shadowing Deg
l/min mm/min

X Y e H2 °2 Yes No Yes No
mm mm •

Greatest
80 21 25 43 43 60 j j degradation

Less deg.
80 21 25 50 50 60 j j than above

No buffer
56 25 18~ 50 50 60 J J layer

Slower
50 22 18~ 43 40 45 J j traversal

52 20 18~ 50 50 60 J j Buffer
layer

Figure 5.4 Table giving values of X. Y. and 8 with sample degradation

It should be pointed out that the film degradation occured for P and Ti/P

doped films and no such degradatiog4 was observed with Ge/P doped films.



Figure 5.5 Photographs illustrating film degradation
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Once a suitable torch position was found no further reduction in oATS was

carried out. It was felt that any further reduction may lead to loss of phosphorus

pentoxide through over heating of the substrate. Furthermore, a temperature could

be reached which would lead to in- situ fusing, which would then not allow accurate

control over the fusing stage.

5.4 FURNACE CONSIDERATIONS

The furnace employed for the consolidation of the deposited soot was a Severn

Science Limited (SSL) Model SC 105/4.5/1600, the quoted temperature range being

up to 1600°C and the working tube diameter being 105 mm. A silica liner was

used inside a Si02:Al203 ceramic furnace tube. This reduced the working tube

diameter to 90 rnm. The furnace was profiled using a Platinum/Platinum 13 %

Rhodium thermocouple encased in an alumina sheath. Profiling was carried out for

three set temperatures values - 1300°C, 140QDC and 1450°C. See Figure (5.S).

The results indicate a hot zone of > 10 em in which there is less than a 5DC

variation in temperature. It is also evident that there is > 120°C drop between the

set point temperature on the controller and the value of measured temperature. This

temperature difference increased to 150DC with a set temperature of 1450°C.

Furnace

~~ ~ ~,~ ~~~ I
~

~ ~
~~~

yFUr

I ~~ ",,-, ~

_.

naee liner

Tlltrmocouple

II • 0

Distinct inlo rurnler Icm

Figure 5.6 Schematic of furnace & profiling arrangement
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Distance into Furnace/em Set Point Temperature/DC
1300 1400 1450

0 518 409 418
5 623 641 626

10 757 774 780
15 888 944 929
20 1006 1085 1085
25 1061 1168 1174
30 1124 1216 1232
35 1160 1243 1273
40 1169 1261 1292
45 1174 1264 1299
46 1174 1263 1297
47 - 1263 1298
48 - 1262 1293
49 - 1260 1290
50 - 1254 1290

Figure 5.7 Thermal profiling data

1400
U
et~

1200"0-~..= 1000c;..~
Cl.
E 800~-"0~... 600=II)
CQ
~
~ 400

0 10 20 30 40 50 60
Distance into furnace I em

o 1300 deg C
1400 deg C

.. 1450 deg C

Figure 5.8 Graphed thesxral profiling data



Profiling was also carried out to assess the effect of a gas flow through the

furnace. The set point temperature was 1400°C, and profiling measurements were

carried out for the case of no atmosphere (other than static air) and for a typical

fusing atmosphere of 11/min of He through water, (Fig. 5.9).

Distance tnto furnace/cm furnace Atmosphere

Air He

0 409 502

5 641 611

10 774 767

15 944 941

20 1085 1070

25 1168 1143

30 1216 1203

35 1243 1231

40 1261 1252

45 1264 1261

Figure 5.9 Thermal profiling data with furnace atmosphere

1400

.. 1200...
::I-•..... 1000Q.

E..
I-
." 800.....
::I
III•..
~ GOO

400
0 10 20 30 40 50

Distance into furnace fern

~ Air
Helium

Figure 5.10 Graph of p.s~fi1ing data with a furnace atmosphere



It would appear from this result that a fusing atmosphere makes little

difference to the hot zone temperature for the gas flow rate used.

The standard fusing procedure adopted consisted of ramping up the furnace

and allowing equilibrium to be reached over a period of four to five hours. The

hot zone temperature was measured for every fusing attempt.

A silica 'table' was designed as a substrate support during fusing. This

consisted of a 3' diameter x Smm thick silica disc into which was machined three

32 mm diameter recesses to hold the samples during loading and unloading into the

furnace. Silica legs joined to the machined disc were used to complete the table

and hold the table top at the level of the furnace centre.

Top "lew

View of table
inside furnace liner

Side vlew

Figure S.l t Schematic of furnace table design

Softening of the table resulting in bowing and warping limited its useful life

and replacements were required. For substrates of a different shape, a 3" silicon

wafer was placed on top of the silica table. This technique was also adopted to

extend the useful life of the silica table.

The temperature required for fusing was a function of doping. similarity the

time required for complete fusing. Values typically used were, a temperature of
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1275 DC and a fusing time of 60 minutes, ( such values having been empirically

determined ).

5.5 LAYER THICKNESS CHARACTERISATION

A series of depositions was carried out to characterise the physical thickness of

consolidated soot for various layer traversals during deposition. Standard deposition

parameters were used and were as follo-.ws:-

Ha I f de Flow rate/seem

SiC14 150
PC13 150
GeCl4 40

Figure 5.12 Halide parameters used in layer thickness characterisation

Traversal rates used were:- 65 mm traversal distance at

60 mm/min on 30 revs/min. The fusing temperature used was

1275°C (or 60 minutes.

Six samples were placed in the disc recesses on the small turntable and a

coated sample was removed after every two layers. Hence layer thickness was

investigated for up to 12 layers of deposited soot.

Upon removal from the turntable, an area of soot was removed from the

coated disc using a razor blade scraped over the sample. The now partially coated

sample was then sintered as usual. After consolidation, talystep measurements were

made at three places along the scored edge to obtain the fused layer thickness.

The same procedure as outlined was repeated for two other depositions in

which the traversal rate was varied. The results obtained are presented in figure

5.13.

Similar detailed investigation was not carried out for titanium doped samples,

since it was felt that the thickness would be primarily determined by the SiCl4 flow

rate, (since SiCI4 has the highest vapour pressure of the chlorides used) and the

traversal rate used during deposition.

Two drawbacks of using this procedure to measure the film thickness were
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highlighted during the talystep measurements:-

(1) During fusing, shrinkage occurred in the film which resulted in a lip of

glass being formed at the edge of the scored area, see Fig. 5.14. One

had to ensure therefore that during talystep measurements a sufficiently

long traversal length was used to reach the lip- base on the unscraped

film side.

(2) Care had to be taken to ensure complete removal of the soot from the

substrate, otherwise any remaining material would affect the talystep

results in such a way as to indicate a thinner film than had actually been

deposited.

No. Traversal Thickness/pm
Layers Rate Average

mm/min Edge Centre Edge /p-m

2 60 2.64 1.4 1.64 1.89
4 4.47 4.06 3.77 4.10
6 5.22 6.93 5.64 5.93
8 7.99 7.4 7.55 7.64

10 10.39 10.12 9.82 10.11
2 45 2.62 3.19 2.52 2.78
4 6.74 5.68 4.48 5.65
6 8.04 8.64 9.89 8.86
8 13.93 10.61 13.52 12.70

10 17.70 21.91 16.82 18.81
2 75 1.31 1.68 1.39 1.46
4 2.97 3.1 3.44 3.17
6 5.76 5.56 5.70 5.64
8 6.54 7.06 7.48 7.03

10 10.68 10.21 10.85 10.58

Figure 5.13 Data from talystep measurements
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Number or layers

Figure 5.14 Graph of talystep data showing deposited layer thicknesses

obtained for various numbers of torch traversals.
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HlJF; 1:': ,41~ ut"

Figure 5.15 Example of talystep measurement, showing lip at scraped edge.
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5.6 ASSESSMENT OF FUSING AND/OR FUSED MATERIAL

Once again, the description of the film fusing stages and of the fused films is

presented in general terms, the main factors found to affect the film quality being

presented and the solutions to such problems being described.

As for the deposited material, the fused or partially fused film is visually

inspected both perpendicular to the film and in this case, also at grazing incidence.

Such observation reveals inhomogeneties, such as the presence of a colouration,

pinholes, cracks or surface mottling. II no such blemishes are observed then the

film is considered suitable for optical assessment under an optical microscope and, if

suitable, for waveguiding assessment and characterisation.

Some of the blemish types appear to be dependent on doping type, whilst

others are common to all film types.

The appearance of a blue tint and areas of 'rosette' shaped blemishes in fused

films is common to the P20S and Ti02/P20S co- doped silica films. (See Figure

5.5). In practice, Si02/Ti02 films could not be fused at the target temperature of

1250o-1300°C, since the viscosity was too high and as such these films could not

be assessed.

Cracking was more common in Ge02/P20S doped silica - as expected, due

to the difference in thermal expansion between film and substrate - with higher

doping levels of Ge02 (> 30 seem's for a 10 layer film). Such problems are

discussed further in the sections on individual film types.

Fusing problems common to both film types included unfused areas at

substrate edges, uneven fusing and generally poor film quality with high doping levels

(> 120 seem's). Film shrinkage and trapped pore gas also became a problem in

thicker films (> 12 layers). See Fig. 5.16

The solutions to some of the problems are straightforward; slower fusing in a

He atmosphere for thicker films to minimise trapped gas; use of 'clean' deposited

films, ie, free from physical damage to soot, to ensure even shrinkage; ensuring soot

deposition over the substrate edges to facilitate fusing at substrate edges. The

problem of poor film quality is more difficult. In such cases further assessment

using the SEM is carried out to try to find clues as to the cause of the fusing

problem. Such problems will be discussed in the sections on film types.

Assessment techniques for partially fused material are virtually the same as

those for the fused material. In such cases homogeneity in the white colour of the

soot and high reflectivity at grazing incidence are indicative of even fusing.
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(a)

L
(b)

Figure 5.16 Detailing (a) uneven fusing, (b) surface shrinkage
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The Si02/P2051Ti02 films were initially fabricated with a recipe consisting of

300 seem's SiCl4 and 160 seem's PCl3 to which was added 10 seem's TiCI4. This

mixture deposited directly onto a silica substrate was fused at 1250°C to give a clear

film. Energy dispersive x- ray analysis (EDAX)3 gave the titanium doping level as

0.2wt %. Doubling the TiCl4 flow rate resulted in a perfectly fused film with a

blue tint. (See Figure 5.17). This tint was found to be independent of the fusing

temperatures (1250°-1300°), and fusing times (30mins to 4 hours) but could be

fused into a clear glass with an oxy- acetylene welding torch. However, such

treatment resulted in the substrate warping to such an extent that it was rendered

unsuitable for further processing.

Spectroscopic results obtained from a Perkins Elmer Lambda 9 Spectrometer

indicated a broadening of the ultra- violet (uv) absorption edge (see Fig 5.17).

Data points from the spectra were used to plot a graph of log absorption vrs

(wavelength)- 2 (see Fig 5.18). The straight line dependance obtained indicating

that the tint is due to Rayleigh/Mie scatter 4. Examination in the SEM revealed an

essentially featureless surface, and certainly nothing which would cause such

scattering.

Figure 5.17 Consolidated films, (a) Clear film, (b) Film with blue tint
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Wavelength/nm Absorption

360 0.169
380 0.139
400 0.119
420 0.105
440 0.094
460 0.085
480 0.078
500 0.073
520 0.068
540 0.064
560 0.060
580 0.057
600 0.055
620 0.053
640 0.051
660 0.049
680 0.048
700 0.046

Figure 5.18 Table of spectroscopic data

Using an optical microscope in transmission through the sample a structure

akin to that observed in phase separated glasses5 was revealed. Equally possible was

the presence of small scattering centres in the glass, or bubbles, causing the

structure observed through the microscope by diffraction.

In order to test which was the cause, half of a fused film was masked off

using wax. The sample was then placed in a beaker containing 5 % Hydrofluoric

acid (HF) for 15 minutes, such a procedure being adopted in the hope of

preferentially etching one phase faster than any other. Analysis of the resulting

structure would then confirm which hypothesis was more likely. The HF etched a

step in the film which was analysed in the SEM.

The process revealed the presence of crystallites and crystal agglomerates

throughout the film. See Fig. 5.20. Qualitative analysis using an EDAX system
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the SEM identified the crystal masses as being much richer in titanium than the

surrounding area. It was therefore concluded that the observed blue tint was caused

by Rayleigh/Mie scatter from Titanium rich crystals and crystal agglomerates.

·1~-----------------------------,

~~~~-r--~~--~-'--~~r--r--~I~--~
2 3 4 5 6 7 8

(Wave length /rnicrons)A.2

Figure 5.19 Graph of log absorption vs >-- 2

Such a low doping threshold for titanium would result in such films having

very limited application in integrated optics, due to scatter from such crystals

producing excessive optical loss. However, since other workers6, routinely used this

technique, it was felt that a solution to this problem must be available.

It was discovered that by depositing a buffer layer of Si02/P205 immediately

followed by a titanium doped layer and fusing the two layers, transparent, tint free

films could be produced with much higher titanium levels, before the onset of a

blue tint. The recipe used in this case, and for subsequent films, consisted of 150

sccm's SiCl4 and 160 SCCI'J'I'S PCI3. Reasons (or this behaviour are as yet unclear,

although a possible explanation is presented.

EDAX results from measurements on such samples demonstrated the

relationship between flow rates and doping levels in wt % of Titanium. All of the

films used in these measurements were prepared in the same way, with a 4 layer

buffer and a 6 layer core and fused at 1250·C for sixty minutes, (see Figs. 5.22

and 5.23).
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Figure 5.21 Crystals and crystal agglomerates.
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flow Rates /sccm's Doping level /wt%

30 0.28
60 0.50
90 0.82

120 0.95
150 1.26

Figure 5.21 Table of EDAX results showing carrier gas flow rates

versus doping levels for titanium.

Phosphorus doping level measured relative to a standard

cladding glass number RE(40). This gave 5.6 wt% P

a 150
uu
II')-Co) 120
"0.--C'CS.c... 90
0
Co)...
C'CS... 60
~
0
fi:

30

O~'~~----~------~~----~
0.0 0.5 1.0

Doping level I wt %
1.5

Figure 5.22 Graph of doping levels vs flow rates for titanium
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The departure (rom linearity in Fig. 5.22 coincides with the onset of the blue

tint. The Si02/P20S/Ti02 films were susceptible to two distinct forms of film

degradation.

1 Cracking and peeling of deposited soot giving rise to 'rosette' shaped

blotches. Such films did not improve with fusing. Such degradation as

discussed earlier is dependent upon torch/substrate temperature.

Furthermore, degradation could be accelerated and accentuated by gently

blowing on the film surface of a partially degraded sample. This type of

degradation was also common to some Si02/P20S films.

2 Film ageing, in which a sample left in ambient conditions in a sample

box would, when fused, be blue tinted. Whereas an identical sample

prepared at the same time and fused immediately would be clear.

To find a plausible explanation for the problems associated with the

Si02/P20S/Ti02 films one has to explain the followingj--

1 Film degradation in deposited soot

2 Accentuation of degradation with gentle blowing - possible moisture

adsorption, occurred in sample with buffer layer, with large torch/substrate

separation

3 Appearance of blue tint for low doping levels with no buffer layer

4

5

Higher doping levels possible with buffer layer

No degradation in deposited soot for hotter substrate reduced

torch/substrate separation

6 Film ageing - appearance of blue tint when sample exposed to ambient

atmosphere for a few days

The other information available is that the blue tint is caused by Titanium

rich crystals or agglomerates and no such problems are encountered with germania

films. This suggests that the problems arise (rom the titanium doping or the

combination of Ti and phosphorus doping.

One possible explanation which may explain some of the results would be the

incomplete hydrolyis of the TiCI4 in the flame and the entrapment of the chloride

in the porous soot. Such trapped material may SUbsequently react with ambient

moisture forming liquid or gaseous reaction products which may cause the rupture

of the surrounding soot and the appearance of rosettes. The Ti02 produced might

not then be chemically bonded to the silica and may be crystalline.
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This would explain the rapid appearance of rosettes upon gentle blowing as

the moisture in the breath would cause the hydrolysis reaction.

It is also plausible to suppose that if small amounts of TiCI4 were trapped in

the soot, while possibly not being reacted immediately, may be oxidised in the

furnace, such oxidation leading to crystalline/agglomerate products and a blue tint.

Furthermore slow reaction in ambient moisture or adsorption of moisture by p~S

and subsequent reaction could feasibly explain film aging.

Similar arguments can be developed to explain the effect of the buffer layer

in allowing higher doping levels and the effect of small torch/substrate separation in

reducing degradation.

In both cases, one would expect hotter substrates, since a porous buffer layer

would trap hot gases and provide some thermal insulation. Reduced torch/substrate

separation would also lead to higher substrate temperatures. Hotter substrate

temperatures may then result in more complete reaction of TiCI4.

Furthermore, the reaction kinetics involved in the other ternary system

Si02/P20SlGe02 will undoubta bly differ. However, as observed in the VAD system

for Si02/Ge027. the presence of crystals of Ge02 does not lead to separate phases

in the fused glass. This too, is expected from analysis of the phase diagram for this

system in which a much wider glass forming region is evident. Hence we can

conclude that even if the same mechanism occurs with the GeCI4, no degradation in

the fused film arising from Ge02 would result.

Whilst such an explanation is tentative, some aspects have been observed in

other systems. The presence of unreacted reagents is observed in the MCVD

process with the ternary system Si02/P20SIGe028. Substrate temperature effects

have been observed with the binary system Si02/Ge029. Although no such

behaviour was observed for SiOiTi029 the presence of a third chloride reagent such

as PCI3 may alter this behaviour due to competition in the hydrolysis reaction.

Such competition has been observed in the oxidation reaction analysed by Wood et

a18•

Whilst the reduction in torch/substrate separation or the increase in H2102

flow rates reduced the problem of film degradation it did not totally eradicate it and

occasionally some samples would still exhibit film degradation. If the explanation

offered is accurate, then a more effective means of ensuring more complete reaction

of the chloride reagents would be desirable. It has been observed in Flame

Hydrolysis systems used by other workers10,ll that oxygen- rich flames are used,

whereas in the system used by the author only stoichiometric flame flow rates were

used. It would therefore be suggested, as an area for future work, to assess the

effect (if any) on film degradation of using oxygen rich flames, as excess oxygen

may aid more complete reaction.
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In general. germania doped phosphosilicate glass presented fewer difficulties

than its titania counterpart. The main problems encountered are film cracking and

poor surface quality for thicker layers and/or higher doping levels. Doping levels as

low as 75 seem's of carrier gas through GeCI4 in thick films (10 layers and ahove)

were found to produce cracking in fused films. Thinner films «4 layers) could

withstand much higher doping levels ( 120 seem's) before such effects dominated.

The value of refractive index calculated from EDAX measurements for samples

in which cracking was evident with thick films and low doping levels was 2.2wt%

Ge. Such a value appears in reasonable agreement with other workers using this

technique6• considering the film thicknesses used by the author.

Other problems encountered included film opacity in fusing thick films ( > 12

layers). This problem appears to be caused by gas entrapment in the pores during

fusing and could be solved by reducing the fusing rate to allow the gas time to

escape or by using a more diffusing gas as a furnace atmosphere.

Common problems of film shadowing during deposition were encountered and

have already been discussed.

Film degradation resulting in 'rosettes' was not encountered in any of the

GeCI4 depositions.

In contrast to the titania doped films, no buffer layer was necessary. As for

the titania system EDAX measurements were carried out to assess the doping levels

obtained in fused films with differing flow rates. Figure 5.24 shows the linear

relationship obtained. Such linear dependence has been reported by other workers

for the binary system11•

Flow Rates /sccm's Doping levels /wt%

30 2.2
48 2.8
60 4.5
70 5.5

Figure 5.23 Table of EDAX results showing flow rates of carrier

gas vs doping levels for Germanium.

Phosphorus levels as for titanium doping (Fig. 5.21)
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Figure 5.24 Graph of doping level data for Germanium

5.7 EFFECT OF FURNACE ATMOSPHERES ON FUSING

In order to evaluate the effects (if any) of a furnace atmosphere during fusing

or sintering, a sensitive indicator was required. Using a sample whch would

completely fuse in various fusing atmospheres for a particular fusing temperature and

fusing time is not particularily suitable since such a sample yields little information

on the change in sintering rates. A number of experiments were considered, such

as fusing for varying times or temperatures, to analyse the soot structure. However

since films can be readily fused without fusing atmospheres, a simple experiment was

desired as such experimentation was more for interest than necessity.

The method chosen involved finding a suitable temperature and time which

would completely fuse a film of a given composition in static air, and then, reduce

the temperature to a level at which a reasonably high degree of fusing was evident,

but fusing was incomplete. A small increase in fusing rate with a fusing atmosphere

would then be reflected in a greater degree of fusing. Similarily, retarded sintering

rates would be identifiable in reduced sintering.
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Two atmosphere types were tried: Helium bubbled through water. and Oxygen

bubbled through water. A check was made by fusing in static air with the piping

from the water bath connected and all three compared to static air.

The deposition conditions used were:-

Dopant Flow Rate /sccm's

SfCl4 75
PCl3 160

Figure S.2S Deposition data in fusing atmosphere experiment.

A fusing temperature of 1250DC for 1 hour completely fused the soot.

Reducing the temperature to 1202 DC produced a partially fused film which would

serve as a suitable indicator. In this film, the centre of the sample had fused clear

while the edges were opaque. Fig 5.27 gives examples of SEM photos detailing the

two areas.

With this sample. an increase in sintering would result in less opacity at the

edges and a reduction in sintering would lead to more opacity towards the sample

centre.

In both cases using furnace atmospheres. a reduction in sintering was evident,

the samples being totally opaque. The gas flow rate used in both cases was 2 IImin

through water at SO°C. The furnace temperature was measured prior to fusing and

maintained at 12020 t 2 ·C. Fig 5.28 shows the resulting structure in the presence

of fusing atmospheres. It is interesting to note that the He atmosphere had a

greater retarding effect on sintering than the 02 atmosphere.

Both of these results are in agreement with those of Scherer12 in which the

moist sintering atmosphere was found to retard sintering by drying the soot. This

suggests that the soot is heavily saturated with water during deposition. The reason

for the greater retarding effect of Helium may be due to the more searching nature

of that gas and its greater ability to diffuse through smaller pores. Alternatively the

oxygen, being a covalent molecule, may be more effective as a carrier gas for

water, and may be more heavily hydrated on entering the furnace.

would be less efficient in drying the soot.

As such it
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(a) Centre of sample

(b) Edge of sample

Figure S.27 Sintering structures obtained with no added atmospheres
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I~'.
(a) Helium

(b) Oxygen

Figure 5.29 Sintering structures in the presence of fusing atmospheres

- both photographs taken at centre of sample
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5.8 CONCLUSIONS

The aforegoing section has described techniques used to deposit the doped

silica soot and has described the means by which such soot can be assessed.

Thermophoretic effects have been highlighted which can seriously affect the

homogeneity of deposited soot thickness and techniques of minimising such effects, by

varying the silica torch position, have been presented. Characterisation of the layer

thickness has been carried out and the results indicate the need for careful

measurement procedures in taJystepping the consolidated film. Furthermore care must

be taken when referring to such measurements, as different traversal rates used

during deposition produce different layer thicknesses for the same number of torch

traversals.

The problems encountered with each film type used are discussed and the

main problems have been highlighted. The Si02/P20SlTi02 films are found to

contain crystals and crystal agglomerates with doping levels of > O.82wt% or

O.2wt% without a buffer layer. Such inclusions act as scattering centres and give

the films a characteristic blue tint. A possible explanation as to the cause behind

such crystallisation involved the inclusion of unreacted TiCI4 andlor PCl3 in the

deposited soot which subsequently oxidised in moisture present in the air or during

fusing leading to soot decomposition and film ageing. In either case, insoluble

crystalline material would result and unsuitable films would be produced.

In the Si02/P20SlGe02 films, the main difficulty encountered was film

cracking for doping levels> 2.2 wt%. Such cracking was also more pronounced in

thicker films > 10 layers.

Film fusing in various atmospheres was carried out with the result that

sintering was retarded when compared with sintering in static air. Such an effect

was observed even when 'wet' atmospheres were used.

There lies the potential for future work in two main areas:-

1 Using a re- designed turntable which incorporates a heater. In this

way the thermophoretic effects can be controlled and even used to

tailor the layer thickness of the deposited films

2 A more in- depth study into the causes of the film degradation

encountered, which could take the form of experimenting with the

flow rates of the H2 and 02 in the hydrolysing flame and

monitoring and film effects; or an in- depth analysis of the effluent

gases produced from the flame using 1- R spectroscopy, following a

method similar to that of Wood et a18• in their analysis of the

MCVD process
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CHAPTER 6 CHARACfERlSATION OF PLANAR OPTICAL PROPERTIES

This section is concerned with a description of techniques used to assess the

optical waveguiding characteristics of the planar films produced. The characteristics

of importance are the refractive index, film thickness and optical loss. Other factors

of importance such as dispersion and in- plane seatter have not been investigated.

This section reviews the main aspects of the theory involved in planar optical

waveguides and includes a derivation of the Transverse Resonance Condition (TRC)

using the ray- optic approach. The operation of the Prism Coupler is described in

simple terms in which the phase matching requirements for coupling are presented.

A method is then described using the results obtained from the Prism Coupler with

the expression derived from the TRC to calculate the thin film parameters of index

nf and thickness W. Practical aspects involved in prism design and use are

mentioned, and the causes and uses of mode Jines or (m-lines) are discussed.

Results of film index and thickness from films fabricated by the author are

presented, along with qualitative estimates of film loss based on the amount of

seatter visible from the film whilst guiding.

6.1 PLANAR WAVEGUlDING THEORY

It is not the intention of the author to describe exhaustively the theoretical

framework surrounding optical waveguides, merely to describe in sufficient detail the

theory required to understand the experiments performed and with sufficient brevity

to avoid confusion. To this end, only the theory behind the particular application is

included in each section. Further theory is included as and when the need arises.

Numerous referencesl " S abound to instruct the reader in the theory

concerning Maxwell's equations and electromagnetic aspects of wa veguiding theory.

Although the following sections assume a degree of background knowledge in these

matters, the main aspects of the theory involved will be reviewed without recourse

to electromagnetic field descriptions.

6.1.1 DESCRIPTION OF THE PROBLEM AND BASIC REQUIREMENTS

In order to understand the equations derived, it is necessary to have a clear

picture of the problem being considered. In this case, one is concerned with

describing the way in which coherent light, generally of a fixed wavelength X, with

wavevector k = 27:n, travels down a dielectric sheet or film having refractive index,
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nf. Generally, since such films are thin, ( < 50 IJI"), a substrate is required to

provide a rigid supporting structure. The substrates can be of a similar material,

such as silica in this case, or a dissimilar material, such as silicon, on to which a

buffer layer of dielectric material has been deposited or grown prior to the film

deposition. In either case, below the film there is another dielectric sheet with

refractive index ns. Commonly, the medium above the film is air although a

dielectric cladding layer (index nd is sometimes deposited on top. Figure 6.1

schematically shows a typical structure encountered.

Figure 6.1 Schematic of typical planar waveguide structure,

showing cladding, film and substrate regions

The propagation or guidance of light down the dielectric film or waveguide

occurs by a process of total internal reflection at the film interfaces. In order for

this process to occur, there is a restriction on the values of refractive index possible.

This restriction requires that the film index nf be greater than both the buffer layer

index Ils, and the cladding index, nco

i.e.

Since the cladding is normally air (nc= I), then
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Total internal reflection also requires that the angles of incidence of a rayon

the inside of the film boundaries lies within particular limits determined by the

values of nf, lls and ne'

These limits can be calculated from Snell's law6 which states:-

n sin 0i = n' sin fir

- where n is the film index, »t- and n' is the cladding or substrate

index.

Figure 6.2 Schematic of nf, nc' lls showing mode types encountered

The critical angles are defined as those for which 8r = 900•

angular limits of incidence for total internal reflection are:-

Thus the

8j > sin-1 (nc Inf) - at the film/cladding interface

8j > sin- 1 (ns Inf> - at the film/substrate interface

Once both these conditions are satisfied, the light is constrained within the

film. However, in order for the light to propagate down the waveguide there is a

further criterion which must be satisfied. This criterion requires that the phase of

the wave after two successive reflections must equal that of the wave before such

reflections. This phase requirement has the effect of limiting the values of e i
permissible for guidance to occur from a continuum to a discrete set. If this were

not the case, and there was a small phase difference between the waves, then this

would increase with subsequent reflections until eventually the phase differences

added up to zero resulting in the cancellation of the wave.
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It is the purpose of the next section to derive the phase condition which must

be satisfied in order that the wave will propagate down the guide. This condition is

known as the Transverse Resonance Condition.

6.1.2 DERIVATION OF THE TRANSVERSE RESONANCE CONDITION

The following derivation is carried out using the ray- optic approach for

guided waves. This derivation has been performed by numerous authors, such as

KogeJnik7, Hunsperger8, and Unger9. But it is the derivation by Tien10, which will

be followed here.

As has already been discussed, energy propagates down the dielectric waveguide

when total internal reflection occurs at both film interfaces.

ne

ns

Figure 6.3 Schematic of energy propagation down a dielectric waveguide

Such motion can be represented by two superimposed plane waves, A and B,

whose wavenormals follow a zig- zag path down the waveguide, (see Fig. 6.3). The

wavectors of each wave have magnitude, knf, where k is the free space wavevector

and equals 2./,).. and nf is the film index. We can resolve the wavevectors into

their components, kz and kx' and can consider each separately. The z- component

describes the velocity of the mode down the waveguide and is generally referred to

as a propogation constant, (3. It is equivalent to:-

(3 = knf sin OJ

- or:-

(3 = kNeff
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where Neff is the effective index of the waveguide and lies between the

values Ils and nf·

"e

"/

",

Figure 6.4 Schematic showing wavevectors resolved into

constituent components

The z- components of the wavevector of waves A and B are equal, indicating

that the waves propagate at the same speed down the guide.

The x- components of the wavevectors of waves A and B represent upward

and downward travelling waves respectively. Their superposition results in a standing

wave pattern which determines the field distribution across the waveguide. This field

distribution is referred to as a mode, and propogates with velocity " down the guide,

(" = w 1{3 where w is the frequency of the wave in question). Both kx and kz
depend on the values of Bi' and when it is varied, both the propagation constant

and the field distribution or mode, vary.

The shape of the field distribution (or mode profile) across the waveguide can

be determined from the solution of the Helmholtz wave equation 11, with the

appropriate boundary conditions for the wave polarization. However, for our

purposes, it is sufficient to derive the condition of constructive interference required

for guided modes.

To do this, we consider the x- components of the wavevectors A and Band

calculate the total phase change experienced by the plane wave travelling transversely

across the film. For one round trip, the wave travels across the width (\\1 of the

film twice, incurring a phase change of 2 lexW.

Since:-
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- then the phase change 4> is:-

¢ = 2knfcos 8j W

If we now include the phase changes incurred on reflection from the

film/cladding and film/substrate boundaries, ~ and IPs respectively, then the total

phase change incurred is:-

¢ = 2 knfWcOS8j - 2'1'c - 21f1s

This phase change must equal 211' or a multiple thereof to satisfy the criterion

for constructive interference. Therefore:-

where m is an integer and defines the order of the mode ( m = 0, 1,

2 ... ). This expression is known as the Transverse Resonance Condition.

The phase changes 't"c and ~'S depend upon the field polarization (Transverse

Electric, TE or Tranverse Magnetic, TM ), on the refractive indices ne' nf, ns and

on the angle of incidence.P].

Expressions for the phase shifts can be derived by the application of the

relevant boundary conditions (or the field polarization used (TE or TM)12.

Here the results will be simply Slated, 8S:-

tan ~"c = <n(2sin28j - n(2) ~

n(coS8i

tan 'I'c = (nf2sin2 OJ - n(2) ~

nfcosOj

- for TE waves. Similar expressions exist for TM waves11•

As Tien10, points out, in a guided mode there is only propagation in the

z- direction, the field in the x- direction merely forming a standing wave, with

evanescent fields decaying in the positive and negative x- directions beyond the film

boundaries.

We can now move on to consider 8 technique for coupling light into the

waveguides using evanescent fields - namely the Prism Coupler. This, when used

In conjunction with the expression (or the Transverse Resonance Condition, provides
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a means of measuring the film index nf. and film thickness W.

6.2 THE PRISM COUPLER

The prism coupler, as the name suggests, is a means by which light can be

coupled into a waveguide using a prism. This section will give a brief description

of prism design and application.

In a Prism Coupler, the waveguide is mechanically pressed against the prism

base. Dust particles between the film and prism base act as spacers. ensuring the

presence of an air gap. An incident light beam strikes the prism face AB at an

angle O'i. is refracted inside the prism, (which has refractive index np > nf ) and

suffers total internal reflection at the prism base. If the air gap is sufficiently

small, light can be coupled into the waveguide by a process of 'optical tunneling'

whereby the evanescent field extending from the prism base couples into the

waveguide and excites a waveguide mode.

In order for energy to be transferred. it is necessary to match the

z- component of the wavevector, inside the prism with that expected inside the

guide, for the particular mode being excited. See Figure 6.6.

i.e. kz prism = Cmode

8

prfnUrf

Figure 6.5 Schematic depicting prism coupling using a

right- angled prism
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8

Figure 6.6 Schematic of phase matching for prism coupling

As the angle of incidence in the prism face is varied, the values of kz inside

the prism will change. At the values of 0i. where phase matching occurs, the light

will be coupled into a particular mode within the waveguide. For each mode that

the waveguide can support, there will be a corresponding angle of incidence which

can excite it. When coupling is achieved, power is transferred from the area where

the beam strikes the prism base. It is at this area or contact point where the film

parameters are measured12.

As well as coupling light in, the prism coupler also couples light out of the

waveguide. This dual process occurs along the entire length of the prism base in

contact with the film (rom the contact point onwards. A prism designed for this

purpose is called a rooftop prism, (see Section 6.3.1). For some applications, it is

desirable to stop the light coupling out of the waveguide. To this end a right angled

prism is used, designed to frustrate output coupling, by reducing the prism base

length. Furthermore, higher coupling efficiency can be achieved by ensuring that the

coupling spot is very close to the prism corner.

Once the mode is excited inside the waveguide, the associated wavenormal

follows I zig- zag path down the guide, incident on the film boundaries at an angle

8i' However, since we do not know the values of the angles for the modes inside

the waveguide, we cannot calculate directly from individual values of 0i the value of

nf. What Is calculated instead is the value of Neff - the effective index for the

mode. This can be achieved using the expression:-

87



where Neff = nfSin8j, A is the prism angle BAC, 0i the angle of

incidence on the prism face, and np the prism index.

This expression can be derived by applying Snell's law to calculate the angle

of incidence inside the prism, keeping in mind the convention that angles of

incidence above the normal to the prism face AB are taken as negative, whilst those

below the normal are taken as positive.

In order to calculate the actual value of film index, we need either:-

(1) A single mode waveguide in which the film thickness is known, or

(2) A multi- mode waveguide

In both cases, the value of the substrate index, ns' is required and the value

or values of Neff.

6.2.1 CALCULATION OF THIN- FILM PARAMETERS

One is now in a position to combine the results from measurements made

using the Prism Coupler with the expression for the Transverse Resonance Condition

to calculate the values of film index nf and film thickness W13.

Recalling the expression for the transverse resonance condition:-

2knfWcOSllj - 2~"c - 2~"'s= 2m1r

with /Ii being the angle that the mode wavenormal makes on the film

boundaries inside the waveguide. Since we cannot measure this angle, it is useful to

eliminate it as follows:-

Neff -nfslne.

Ne ff2 -nf2s f n2 III I
We thus end up with (after a little re- arrangement):-
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W = m,.."" o,!'c .... IfS

- where 'I'c and IfS are expressed as:-

<'s - .on-1 I (Nerr2 - ns2)~ l
(nr2 - Nerr2)~

In the case of a single mode waveguide.Im = 0). a knowledge of the film

thickness W. allows the calculation of the film index nf.

For multimode waveguides. a system of simultaneous equations can be

generated from each value of Neff. and solved to give a value for Wand nf-

Alternatively a more simple solution is to use a computer to generate plots of the

variation of film thickness with film index for each value of Neff. by incrementing

values for nf (or W). By superimposing such plots. the true value of Wand nf

can be found from the point of intersection.

It was this approach which was adopted by the author. Programs were

written using the language QUICK BASIC (QB) to facilitate such work. One

program calculated values of Neff from angles of incidence, the second calculated

values of nf and W from overlay plots as outlined above, and the third used the

values of nf and W calculated, re- substituted into the transverse resonance condition

to calculate the dispersion relation of the waveguide.

6.3 PRISM COUPLING PRACTICE

In practice, the experimenter is interested in topics such as: how to design a

suita ble prism; whether to use a right angled prism or a rooftop prism; how to

make use of mode Jines (m- lines); how to assess scatter from mode lines; and what

is the accuracy of measurements made. It is a consideration of such topics that will

be dealt with in the following page]9



It is worthwhile pointing out that it is in practice that one discovers the

greatest drawback involved with the prism coupler technique, namely the requirement

for physical contact between prism and film. It was found that many samples could

not withstand the ordeal by prism coupler and shattered when pressure was applied

to bring the prism and film into close contact.

6.3.1 PRISM DESIGN

In designing a suitable prism for prism coupling one must consider whether

one wants merely an input or output coupler, or whether one wants an input and

output coupler combined. Where an input (or output) coupler is desired one is

dealing with a right angled prism of the sort shown in figure 6.7(a).

Alternatively, a rooftop prism can be used, which couples light both in and

out of the waveguide using a single prism, (fig. 6.7(b».

Having decided which prism design to use, it is then necessary to determine

suitable values for prism refractive index np and prism angle A. The choice of

such parameters is generally determined by the film index encountered and the

practical requirement of having the input angle to the prism at, or near, normal

incidence. Generally, the prism angle would be chosen as 45° or 60° and the

prism index calculated from the phase matching requirement:-

kz prism = ()film

- which reduces to:-

In a 45' prism at normal incidence, Bp = 4S'; in a 60' prism, Bp = 30°.

With a knowledge of film index, a suitable value of prism index can be calculated.

For the silica films fabricated by the author, a typical value for nf would be

1.47. Using this value of nf, with a 60' prism, a glass with index 1.69 would be

required for the prism. The commercial glass with index closest to this value was

Schott SF1 S, having a refractive index of 1.70. This material was subsequently used

to fabricate all of the prisms used by the author.

prisms involved frosting the back face of the prism.

struck the back face from being returned back along

A further refinement used in the

This prevented any light which

the input beam path.
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INPUT OUTPUT

n,

ns

pressure pressure

(a) Right-angled prisms

INPUT I OUTPUT COMBINED

B B

n,

pressure

(b) Rooftop prism

Figure 6.7 Prism coupler designs
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6.3.2 MODE UNES (M- LINES)

Mode lines come about as a result of light scattering14 within multimode

waveguides. This scattering occurs both perpendicular to, and in the plane of the

waveguide. When light is coupled into the guide, it is scattered and excites other

mode orders (a single mode line would be observed in a single mode guide). When

light is coupled out of the waveguide, using an output prism, the different mode

orders have different output angles associated with them and are spatially separate

when viewed on a screen. See Figure 6.8. As a consequence of this, the m-lines

give a direct display of the mode spectrum of the waveguide.

x _

y +
+ x
_y

pressure

Figure 6.8 Mode lines in a right- angled prism

Mode lines are a result of in plane scatter in the guide and may be used to

give a qualitative estimation of the guide quality, since the greater the scatter, the

longer the mode line (for a fixed prism/screen separation and prism/film pressure).

In an ideal guide with no in plane scatter, mode spots rather than mode lines would

be observed, (although in such a guide no mode spectrum would be observed either,

since scatter is required to excite the higher order modes).
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Mode lines can be used to improve the accuracy of measured guide effective

index. When the angle of incidence onto the prism face is varied, at the points

where phase matching occurs, there is an increase in brightness of the particular

m- line which corresponds to the mode excited. When the phase matching

condition is not satisfied, no mode lines are present since no power is coupled into

the waveguide, although stray reflections or scattered light from the prism can also

weakly excite the m-lines. Hence by careful observation, of the point of maximum

brightness in the mode line, the most accurate value of O'i can be recorded. Added

sophistication can be obtained by using a photodetector instead of the human eye to

quantitatively measure the maximum signal15.

6.3.3 MEASUREMENT PROCEDURE

The procedure for measuring the values of the mode angles was

straightforward. The equipment used for this purpose consisted of a right- angled

prism suitably supported on a rotation stage with a digital readout. A sample could

be placed between the prism and a screw which was used to bring the prism and

film into contact. Once the film was mechanically pressed to the prism base, the

incident angles were quickly scanned to approximately determine the mode angles, by

observing the m- lines. Once assured of guidance, the digital readout from the

rotation stage was set to zero at the point where the reflected beam from the input

face of the prism was coincident with the input beam.

The prism was then rotated, and readings taken when the individual mode

lines appeared brightest. The zeroth order mode was that which had the largest

value of O'i' Beyond the highest order mode supported (lowest O'i), substrate modes

could be excited. This procedure was repeated several times and for up to three

positions on the film.

In all experiments, TE polarised light of wavelength equal to 632.8 nm from a

He- Ne laser was used.

6.3.4 ACCURACY OF RESULTS

The expression which is used to calculate the value of film index derived

earlier is:-

where Neff = n,.sin 0i
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In order to determine the accuracy by which the value of nf can be obtained,

it is necessary to calculate the accuracy of the terms involved. Namely; ()i' the

incident angle; npt the prism index; and A, the prism angle.

In the system used by the author, the accuracies of the component terms

were:-

OJ - accurate to :t 0.010

" :t 0.002

A " :t 0.001 0

Using these values, it can be shown that an error of :t 0.0016 is to be

expected in the calculated value on nfl5.

6.4 EXPERIMENTAL RESULTS

Rather than detail all of the results from the prism coupling, an example

result of a measurement made will be presented. Following this, an attempt to tie

together the results measured using the prism coupler with those calculated from

EDAX measurements performed at BTRL will be made. As far as possible, results

will be presented from the same samples used in both sets of measurements.

However, in some cases this is not possible and substitute results will be included.

6.4.1 SAMPLE RESULT

The following result is from a Ge02 doped film. Two prism positions A and

B were used and three measurements a,b,c were made at each prism position.

Batch Flow Rate
Surface Qual tty fusing

No. Layers Details
No. for Ge02 Before After Temp/time

/sccm fusing fusing °C /mlns

47 60 4 Shadowed Good 1248 /60

Figure 6.9 Deposition parameters used in sample result
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The experimental parameters used are as follows:-

Torch Position details X = 80 mm, Y = 21mm, 8 = 250

SiCI4 IPCI3 flow rates = 150 1160 seem's

Prism details np = 1.7, A = 600

TE polarization used in a 5mW He- Ne laser with ).. = 632.8nm

Mode No. Angle / degrees
a b c

Position A

0 1.04 1.06 1.08
1 0.34 0.41 0.37
2 -0.57 -0.43 -0.49

Position B

0 0.76 0.76 0.77
1 0.07 0.11 0.10
2 -0.73 -0.67 -0.67

Figure 6.10 Mode angles from prism coupling measurements

Values of effective index (Neff) are calculated using a program called

QB.PRISM, using a value of 1.46 for the substrate index.

Overlay plots of the variation of nf with W were made for each value of Neff

using the program OB, 3LAYER. The value (or values) of nf and W in the region

of the point (or points) of intersection were recorded.

The spread of values observed for nf and W arise from the limits observed in

the overlay plots generated. Single values would be obtained if all of the plots

intersected at one point. However when such is not the case, then there is more

than one point of intersection, and a range of values for nf and Ware all that can

be obtained.
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Mode No. Effect Ive Index
a b c

Pos it f on A
0 1.47812 1.47814 1.47815
1 1.47520 1.47581 1.47546
2 1.46724 1.46848 1.46795

Position B

0 1.47883 1.47883 1.47892
1 1.47285 1.47320 1.47312
2 1.46583 1.46636 1.46636

Figure 6.11 Effective indicies calculated from mode angles

Attempt No. rt lrn Index Thickness
nf IJLm

Position A
a 1.4776-1.4784 3.6-4.0
b 1.4776-1.4784 3.8-4.2
c 1.4776-1.4794 3.6-4.2

Position B

a 1.4748-1.4764 3.6-4.2
b 1.4748-1.4764 3.8-4.2
c 1.4784-1.4768 3.8-4.4

Figure 6.12 :Values of film index and thickness from overlay plots of Nefr

An average value calculated from the above date gave the film index nr as

1.4769 with film depth W of 3.95 pm. Values of film thickness measured using a

talystep produced an average value of 4.1 pm.
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The correspondence between the values of film thickness is good, considering

the fact that the film exhibited shadowing prior to sintering and considering the

errors expected in such measurements (section 6.3.4).

Most of the results obtained in the prism coupling experiments were not in

such agreement. Differences in the values of W obtained were often found to be as

large as 33% (% difference defined as !J.W IWtalystep x 100%). Typically this

corresponded to a 3 IJIll difference in a 10 IJIll film (example being batch 62, Wtaly
= 10 1JIll, Wmeas = 6.7 IJIll in a 10 layer film). A possible explanation for such

a discrepancy is film shadowing during deposition as a result of substrate temperature

effects (section S.3). In this case, layer thickness variation would be present in the

consolidated films. (One measured example gave values of film depths of 3.6 pm,

4.4 IJIll and 6.4 1JIll). Whilst some of the variations in W may be artefacts of the

scoring technique used to prepare films for talystep measurement, the differences

encountered indicate the effect of inhomogeneous deposition. Since, in prism

coupling, the film parameters are measured at the point of contact, then variations

in values of W calculated from such measurements reflect the underlying film

inhomogeneity.

A further source of error is possible in the titania doped films. In such films

a buffer layer consisting of P205 doped silica is deposited prior to the core layer

deposition, both layers being consolidated at the same time. Observation of the

mode Jines of such films reveals a decrease in spacing between successive lines.

This behaviour is indicative of a graded index profile7. As a consequence of this,

the values of nf and W calculated from the theory of section (6.2.1) will be in

error, since a constant step index profile is assumed. However, values obtained for

such films can still be used to indicated trends associated with variations in Ti02

doping levels, all other parameters being equal.

6.4.2 COMPARISON OF FILM INDEX RESULTS

One is now in a position to draw together the results obtained for film index

from Prism Coupling and EDAX measurements (section 5.6.).

Values of film refractive index can be calculated from the values of doping

levels obtained in EDAX measurements. Such values are drawn from previous work

carried out by workers dealing with optical fibres,16 (see section 4.3). It has been

assumed in the following analysis that the increase in index arising from each dopant

can be simply added to yield the cumulative index increase.

Care must be taken when comparing the measured values of index to those

calculated using EDAX. In both cases, average values are measured and are
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sensitive to the film parameters at the point of measurement. Since different

measurement points have been used in each case, discrepancies in the values

obtained are possible.

Batch Dopant Flow Doping Calculated Measured
No. rate level Index Index

/sccm /wt%

67 pct3 160 4.5 1.47 1.4682

64 Cect4 20 - - 1.4724
58 " 30 2.2 1.4747 -
66 " 48 2.8 1.4754 1.4756
61 " 60 4.5 1.4772 1.4769
62 " 70 5.5 1.4784 1.4774

28 T1C14 12 0.18 1.4726 -
69 " 30 0.28 1.473 1.4716
70 " 60 0.5 1.4735 1.4732
71 " 90 0.82 1.475 1.4736
72 " 120 0.95 1.4775 -
73 " 150 1.26 1.479 -

Figure 6.13 Comparison of refractive index values from EDAX and

prism coupling results

6.4.3 ESTIMATION OF OPTICAL LOSS

Techniques to measure the optical loss in planar films generally fall into two

categories:-

(1) Measurement of changes in output power taken by coupling guided light

out of the waveguide - generally by using an output prism positioned at

various points along the waveguide1 O.

(2) Measurement of the decay in scattered light intensity perpendicular to the

plane of the film17, as one moves along the waveguide away from the
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input coupler following the line of the stripe produce by such scatter

Both methodologies have their advantages and disadvantages.· In the first

method. one must endeavour to maintain the same pressure between prism and mm

in order that the difference in coupling encountered when moving the prism does

not affect the results. Such a problem tan. however. be overcome by using three

prisms in which two are used as output couplers18•

The second technique assumes the presence of a constant cross- section of

scattering centres. The light is scattered out of the waveguide and can be measured

using a detector of one form or another. However. positioning of the detector

relative to the stripe observed is important. since the detector can register the light

scattered from a larger area than that corresponding to the guide width.

Measurements were attempted using the second technique in which the detector

used used was a HAMMAMATSU camera linked to a TV monitor and HP

computer. (See Section 7.4) This technique was chosen in preference to the prism

technique because of its simplicity and also because the experimental arrangement to

make such measurements was already set up at BTRL where such measurements were

made.

Two film types were examined:-

(1) ASG filrns - Arsenic Oxide doped Silica. fabricated at BTRL using the
•oxidation of silane and arsine (see section 2.1.1)

(2) Films fabricated by the author

the examining wavelength of light used was 632.8 nm and in both

cases. light was coupled in using a prism and observations of mode lines were used

to indicate guidance.

In the first film type a clear stripe was observed from the scattered light.

The decay of optical power was measured and a least- mean- squares line fitted to

a decaying exponential curve. From this an optical loss figure of the order of O.S

dB/cm was obtained19•

In the author's films, !l2 stripe was visible even though guidance was verified

using an output coupler and no sensible result could be obtained. This resuJt

suggests that the number of scattering centres per unit cross- section was low. which

in turn suggests a low- loss waveguide, assuming Rayleigh scatter to be the

predominant loss mechanism.
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(b)

(a)

Figure 6.14 Observed scatter for guided modes in planar films

(a)ASG (b)Ge/P co- doped films
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Further attempts to measure planar film loss 'Were not carried out, as the

observed result suggested that the films 'Were of sufficient quality to merit further

processing. This processing involved the fabrication of ridge waveguides using a

combination of photolithography and reactive ion etching (RIE). The following

chapter will discuss such work.

6.S CONCLUSIONS

The aforegoing section has discussed the basic theory behind, and practice of,

planar optical waveguide characterisation. Planar waveguiding theory has been

outlined culminating in the derivation of the Transverse Resonance Condition,

(T .R.C.) The use of a Prism Coupler to excite guiding modes in the film has been

described and the necessary criteria for prism design presented. Thin- film

parameter evaluation using measured values of effective index in conjunction with the

T.R.C. has been carried out and results given. Problems encountered with the films

fabricated by the author centre around inhomogeneous layer thickness in the

consolidated fllms giving rise to inaccuracies in the calculated values for layer index

and thickness. The solution to this was discussed in chapter 5 and involves greater

control over substrate temperature during deposition. Values of refractive index

expected from the measured doping levels are compared with those calculated using

the Prism Coupler and are found to be in reasonable agreement considering the

inaccuracies encountered in the measurement procedure. With greater precision in

Prism Coupling practice greater accuracy can be achieved1S. An attempt to measure

the optical loss using a HAMMAMATSU camera was made on two mm types; one,

Arsenic Oxide doped silica fabricated at BTRL exhibited a loss of 0.5 dB/cm; the

other being the type fabricated by the author had insufficient scatter visible to obtain

sensible results using this technique.
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CHAPTER 7 RIDGE WAVEGUIDE fABRICATION AND ASSESSMENT

In the following chapter, the techniques used to fabricate ridge .... veguide

structures are discussed. Such techniques involve photolithography, followed by dry

etching using the process of Reactive Ion Etching (R.I.E.). Pbysical analysis of such

structures involves etch depth determination and etch quality assessment. following

such assessment, the optical characteristics are determined, ...ruch in this case

involves measurement of waveguide loss. To this end, two techniques are outlined

and the results presented.

As has been the case for chapter 6, the theory involved in this work is

outlined as and when the need arises and is of sufficient depth to explain the

experiments performed. Discussion of optical ridge waveguide theory in depth has

been omitted, since it does not directly contribute to the work carried out.

7.1 RIDGE WAVEGUIDE THEORY

Structures which are capable of optical confinement in two dimensions come in

a number of forms. figure 7.1 shows some of the more common types

encountered1.

(a) Raised strip

(c) Embedd~ Itrlp

(b) Ridge W8veculde

(d) Strip Ioad~

Fig 7.1 Common wavegui~~ structures used to confine light in 2- D



In all of the waveguide types, confinement Is predominantly within the

(ross- sectional area of the guide, with evanescent fields extending beyond the film

boundaries.

As for the planar waveguide structures, optical conflnement Is a result of total

internal reflection, and mode guidance occurs when the necessary phase conditions

are satisfied. A simple technique to calculate the guiding properties of such 2- D

structures involves considering each direction (x and y) separately. Tbe structure

can then be thought of as two planar slab waveguides. This method Is known as

the Effective Index Method and will be described in the following section.

7.1.1 THE EFFECTIVE INDEX METHOD

In this section, the ridge waveguide structure (Fig 7.1(b» will be discussed.

Tbe general structure can be expanded to show the two planar waveguide structures

under consideration (Fig 7.2).

D.

Fig 7.2 Ridge Waveguide Structure expanded to show two planar guides.
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We consider the cross- section of the waveguide in the x- direction consisting

of a three-layer planar waveguide with indicies DC' Df and DS. The analysis for

this structure is exactly that described in section 6.1.2. The Transverse Resonance

Condition (TRC) is equal to:-

2n(khcos OJ - 2~ - 2~ = 2m ..

- where all the terms are as previously defined. As, before m is an

integer and describes the mode pattern which exists in the x- direction.

We DOW consider the y- direction, consisting of three areas having indices Nf'

Nb and Nf. These indices Ire the effective indices in the y- direction and since

h> t, then Nh> Nf.

Exactly the same analysis can be applied as has already been used so long IS

the effective index values are used. Consequently we obtain:-

- where I defines the mode order in the y- direction. In this case, we have

a symmetrical waveguide structure in which the 'cladding' and 'substrate' index are

equal. Thus:-

where 'Pt is given by

'P( = tan-1 (Nb2sin28'j - NC) i
Nhcos8'j

The actual mode description for the ridge waveguide is obtained from a

description of the electromagnetic field polarisation used (TE or TM) with a

subscript describing the mode order, ie TElm or TMlm, for example, TEOl, in

which there is a zeroth order mode in the y- direction and I first order mode in
the x- direction.

The field patterns lrising from such mode distributions are schematically shown

in Figure 7.3. Such field patterns can be calculated from solutions to the 2- D

Wave Equation2,3.
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(d) TEll

Figure 7.3. Mode Patterns In Ridge Waveguide Structure

7.2 PHOTOlIfHOGRAPHY

The following section will describe the basic elements involved in the

photolithographic process and will include a description of resist and mask types

available. The adopted procedures will be described and the results obtained will be

presented.

7.2.1 BASICCONCEPTS

Photolithography is a standard pattern definition process used in the electronic
industry4, and now finds application for the generation of patterns in optical circuits.

The main elements used in the process are shown schematically in Figure 7.4.
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The process involves the exposure of selected parts of an optically sensitive

polymer coating the planar film through a mask in which the pattern to be

transferred is defined by optically opaque areas. In order to achieve accurate

pattern reproduction of very small features it is desirable to minimise the diffraction

of the light between the mask and photoresist. To this end, the mask/sample

separation (d) should be small, and in practice the mask is placed in contact with

the surface of the photoresist, such lithography being termed contact printing.

Once the photoresist has been exposed, it is developed and the pattern.

revealed. There are four cases possible, depending on the type of photoresist used

and on the type of mask used.

uv, light

Optical mask

Photoresist

Exposed resist

Film

Figure 7.4 Schematic showing main elements used in photolithography

1. Positive photoresist, in which the exposed resist becomes more

soluble

2. Negative resist which becomes less soluble after exposure

3. Use of a light- field mask, in which the desired pattern is defined

by the optically opaque areas

4. A dark- field mask, in which the pattern is defined by the

transparent areas

In practice, only the positive photoresist was used by the author, with a

combination of light and dark field masks.

Once exposed and developed, the remaining photoresist can be used as a mask

to protect the underlying mm during the etching stage. Alternatively a metal mask

can be deposited on top of the film and photoresist areas. The photoresist can
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(a) Dark field mask

Negative resist. exposed area
remains after developing

Positive resist • unexposed area
remains after developing

(b) Light-field mask

Negative resist- exposed area
remains after developing Positive .resist • unexposed area

remarns after developing

Figure 7.S Schematic of resist! mask combinations

then be removed, taking with it the metal layer on top of the resist areas. This

leaves the remaining metal mask behind. This step is called lift-off since the

metal is lifted off with the resist.
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(a) Exposure

(b) Develop

(c) Metaloverlay

(d) llit-off

Figure 7.6 Schema tic of lift- off

II we consider the case where positive photoresist is being used, then the

lift- off stage will be applicable with a dark field mask. After etching, the metal

layer can be removed to leave the etched pattern behind.

7.2.2 PHOTOUTHOGRAPHIC PRACI'ICE

The photolithographic practice describes the stages used by the author to

prepare the samples: the procedure for photoresist coating, the exposure and

development of the resist, and the added steps required in lift- off.
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The sample preparation prior to coating with photoresist can play an important

role in determining the quality of the photolithography. Any residues of grease or

other contaminants can affect the adhesion of the resist and any particulate

contaminants can lead to uneven contact between the optical mask and the surface

of the photoresist.

Consequently the following procedure was adopted:-

1 Wash samples in GENKLENE

2 Three minutes in ultrasonic bath Cub) in GENKLENE

3 Wash in ACETONE

4 Three minutes in ub in ACETONE

S Wash in METHANOL

6 Three minutes in ub in METHANOL

7 Rinse in METHANOL

8 Blow dry with nitrogen and dry on hotplate

Once cleaned and dried the samples can be coated with photoresist

The general technique used to coat the samples with photoresist is spinning.

The sample is placed on a variable speed rotating stage and held in place by

suction from a vacuum pump. A quantity of photoresist is dripped onto the sample

surface through a filtering syringe and the sample spun at a pre- determined rate

for a rued time. This then results in a mm of resist of a particular thickness

predominantly determined by the spin speed.

Jl the cleanroom environment used is not humidity controlled, then a resist

primer is spun onto the sample prior to using the resist to remove any moisture on

the sample. Details of resist used, spinning data and time are in Figure 7.7.

Parameter Value

Resist Primer Hexamethyl dlsllazlne (HMOS)
Photoresist Sh IP ley 1450J
Spin speeds 4000 rpm
Spin ttme 30 s
Pre-bake temperature 90'C
Pre-bake time 30 mlns

Figure 7.7 Typical parameters involved in resist spinning
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Once spun, the resist is given a pre- bake of approximately 30 minutes at

9O·C to dry the photoresist.

A further refinement is beneficial if a dark field mask is used and lift- of(

required, involving an extra stage prior to exposure. Instead of the 30 minutes

pre- bake, a IS minute pre- bake is used, followed by a 15 minute .oak in

CHlOROBENZENE, with a further IS minute pre- bake at go·C. This has the

effect of speeding the removal of the metal coated resist.

Two masks 'Were available to define the straight line patterns used. One,

being a light field mask, consisting of a set of 7 lines. 3 inches long of sizes 6pm.

8,an, 14 ,an, 18 pm. 22 pm. 36 pm, SO pm with line spacings of 1000 pm. The

other mask was a dark field mask patterned with three sets of lines of sizes 1,2.3,4,

and S pm, 2 i inches long with line separation of 100 pm and pattern separation of

1 mm. Consequently. lift- off was required when patterning the 1 ... S pm lines.

Sample exposure was carried out using a Hybrid Technology Group (HTG)

mask aligner. Here the sample was exposed through the mask using ultra- violet

light for a pre- set time, the exposure time being empirically determined by the

thickness of resist used.

Once exposed, the sample was developed. The time for development was

again determined through trial and error, and was related to resist thickness and

exposure times. After this stage the sample was given a post- bake at 120·C for

approximately twenty minutes to harden the developed resist remaining. Typical

parameters are summarised in Figure 7.8 corresponding to the resist spinning

parameters used.

Parameter Value

Exposure time 6-10 seconds
Developer 1:1 Shipley AZ Deve)oper:Water
Developing time 60 s
Post bake temperature 120·C
Post bake tfme 20 mlns

Figure 7.8 Typical Exposure Parameters

Once exposed and developed. the samples 'Were ready for etching.
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'.3 REACTIVE JON ETCHING (RIE)

The process of RIB is similar in concept to sputter etching, in which a high

voltage is established between t'WOelectrodes and a plasma discharge is induced with

a Radio Frequency (RF) field. Ionic lpecies are generated in the plasma and are

accelerated to the electrode on which the substrates are placed". The ionic species

impact on the surface of the sample and material is removed by a transfer of

momentum. With Reactive Ion Etching (RIE), a molecular discharge is induced. In

this way. the surface atoms are sputtered by reactive molecular ion species and yield

a volatile compound,S. Typical gases used in the process include CHF3 and C2F6'

The process is carried out at low pressures, typically 20 mTorr and uses low

etch gas flow rates often of the order of 15 seems. A typical chamber configuration

is shown sehematically in figure 7.9.

The system requirements include:-

1 Etch anisotropy

2 Large film etch rate

3 Etch rate of film > etch rate of mask

It is also important to avoid polymer re- deposition, where organic molecular

species of a non- volatile nature are formed in the plasma and are deposited on the

film surface. Such re- deposition is 'found to depend on the carbon/fluorine ratio6,

and is exacerbated by exposed metal surfaces inside the chamber'.

With careful selection of etch gases or gas mixtures, and etch chamber design,

the aforementioned problems can be reduced.

The parameters adopted to etch the ridge waveguide structures are typical for

RIE. The main points of interest are detailed in Figure 7.10. All samples were

mounted on a 4" silicon wafer on top of the table electrode, to reduce

re- deposition.

Etch times would typically be ,. 60 minutes which gave an etch depth of 2 ..

2.4 pm. This gives an etch rate of 330 .. 400 Angstroms/min.

Generally, the deposited films were Ge02 doped with a layer thickness of

2.4 pD, with the result that the film would be completely etched away.

Once etched, the remaining mask material was removed, the etcbants used for

this purpose depending on the mask material. For photoresist masks, a 5:1 mixture

of sulphuric acid:hydrogen peroxide was suitable. Alternatively, plasma etching using

Oxygen was just as effective. With the aluminium masks, an etch consisting of

Phosphoric acid (H3PO ..), nitric acid (HN03)' and water in the ratio of 16:1:2 was
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found to be suitable.

Etch gases flow into chamber

Electrodes
R.F. Voltage

Sample

Evacuated chamber

Figure 7.9. Typical Etch Chamber schematic

Etch Gases Flow Rates Etch Pressure RF Power/W DC Self

/sccm /mTorr f1IID RVS Bias IV

CHF) 15 12...25 100 0 200...250
CHF)/Ar 15/15 .. .. .. ..

Figure 7.10 Parameters used in RIE

Assessment of the etched waveguides was carried out

measurements to determine etch depth and SEM analysis to look at

using Talystep

the etch quality

of the ridge walls, the desired r~~14 being vertical, smooth walls (smooth meaning



that the scale of the wall irregularities induced < wavelength of guided light used).

Figure 7.11 summarises some of the etching results and includes the salient etch

parameters.

Batch Etch Etch Cas RF Power/W DC Self Etch Etch
Cases Pressure Flows fWD RVS Bias Time Depths

/mTorr /sccm IV /mln /pm

77 CHF3 13.5 15 100 0 240 60 2.40

78 CHF3/Ar 19.5 15/15 100 0 230 60 2.35

45 CHF3 12.3 15 100 0 270 120 4.20

96 CHF3 24.5 35 100 0 200 60 1.30

97 CHF3 12.0 15 100 0 200 60 2.20

97 CHF3/Ar 19.8 15/15 100 0 250 60 2.40

Figure 7.11 Summary of main results

The quality of etch as regards wall roughness is represented in Figure 7.12

using SEM photographs.
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Ca)

- (b)

Figure 7.12 S· M photographs of etch quality

(a)The Good. (b)The Bad and (c)The Ugly
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(c)

igure 7.12 SEM photographs of etch quality

(a)The Good, (b)Tbe Bad and (c)The Ugly
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7.4 LOSS MEASUREMENT TECHNIQUES

Both techniques to measure the optical loss in the ridge waveguide structures

used end-fire launching. It is therefore instructive at this point to give a brief

description of the necessary sample preparation. and the experimental arrangement

required, before describing the loss measurement techniques used.

End rue launching entails focussing the laser light onto the polisbed end face

of the ridge waveguide. In order to do this, one requires:-

1 Polished facets at the ends of the waveguide

2 Focussing lenses and positioning equipment to place the polished facet at
the beam focus

Sample preparation involved cutting the etched films perpendicular to the

waveguides into suitably sized pieces (approx 25mm). using a diamond saw. Once

cut. the samples were bonded to a glass support using Sbellac prior to an initial

'roughing down' of the end faces on a cast iron plate using 600 grit silicon carbide

powder. Tbis process lasted until the damage produced by the diamond saw had

been removed. Further polishing on a brass plate using 3 ,.an aluminium oxide

abrasive removed the scratches left by the roughing stage to produce a

semi- polished facet. The final polishing stage is on an expanded polyurethane bowl

plate with a colloidal silica liquid. Visual inspection was carried out periodically

using an optical microscope to assess the polish quality.

Once polishing was complete. the samples were removed from the glass

supports by gently beating and Shellac residues were cleaned with methanol.

The components involved in end- fire launching are depicted schematically in

figure 7.13. Tbe laser beam was focussed by the lens and the waveguide positioned

at the focal point.

The focussed beam provided a range of wavevectors which coupled into

corresponding modes in the waveguide. Tbe modes which could Dot be sustained,

coupled out of the guide as radiation or substrate modes9.

Since a significant amount of work is involved in fabricating waveguiding

structures it is desirable to use non- destructive techniques to measure the film

parameters. Two such techniques were investigated.

1 Video camera technique10 - measures the light scattered out of the

waveguide

Fabry- Perot cavity techniquel1,12.132 measures Clvity resonances
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induced by heating the sample whilst supporting a guided mode.

Sample Objectivelens

Laser input Laser output

.. x .. x
_y

Position manipulators

Fig 7.13 Schematically depicts the components used in end fire

7.4.1 VIDEO CAMERA TECHNIQUE

This technique is a simple, semi- automatic process which can be applied to

measure the optical loss in both planar and ridge waveguide structures.

A video camera is used to record the light scattered perpendicularly from the

waveguide, and to convert the analog data to a digital signal which is then processed

by a computer. Figure 7.14 details the typical experimental arrangement used for

the ridge waveguides. The same arrangement can be used for planar filims by

replacing the end- fire arrangement with that used for prism coupling.

The camera used was a HAMMAMATSU TV, Ltd, AIS8. The camera control

unit included an A- D converter which fed the signals to an HP 9836

microcomputer and to a TV monitor. The parameters which could be varied from

the computer included the length and position of the sampling line scanned by the

camera. The sampling line could be positioned transverse to or colinear with the

ridge waveguide. In practice, positioning the line colinear with the waveguide was

nontrivial and gave no profile information for the scattered light. Consequently the

sampling line was positioned transversely across the streak and the width of the scan

line reduced until it was comparable to the observed streak width. This helped

reduce the amount of stray scattered light entering the sampling line and contributing

to measured intensity.
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Computer controlled
video camera

Scanered light from
waveguide

Laser input

o

••

Figure 7.14 Experimental Arrangement for Loss Measurement

Scan line

\

C[J\

Intensity of scattered light

Position across waveguide

Figure 7.15 Positioning of line across waveguide with schematic

showing type of .output
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The scan line is moved along the programmed scan length, and records the

intensity decay in the scattered light. This intensity data is processed using the

microcomputer, and a least- squares- fit to a decaying exponential is applied to the

results, the slope of which yields the propagation loss.

Ff 1m Type Scan Length Loss
/cm dB/cm

ASG Ca> 0.55 3.53
Cb) 0.50 0.49
Cc) 0.54 - 1.15

Ce/P doped (d) 1.29 5.19
silica (e) 0.86 2.53

(r) 0.561 0.2

Fig 7.16 Typical results produced form video camera technique on the two

mm types encountered (see Sections 2.1.1 and 6.4.3 for

concerning ASG fabrication and planar assessment)

From the results in figure 7.18 we see that the loss obtained can vary by a

factor of 10 or more depending on the scan length used, ( 5.19 dB over 1.29 em

in 7.16 (d) to 0.2 dB over 0.561 em in 7.17 (f).

The major problem associated with this technique is the effect produced by

stray scattered light. This can include light scattered from random scattering centres

on or near the waveguide, as well as scatter from the substrate.

This presents a serious drawback when measuring low-loss waveguides where

the background scatter is comparable to the waveguide scatter. Figure 7.17 details

two scans taken from the same sample. In one, the sample has been moved so

that no light is coupled into the waveguide and the trace displays the level of

background scatter. In the other, a mode is propagating down the waveguide and

the trace is a measure of light scattered from the guided mode plus the background

scatter. The traces also show the intensity spikes from random scattering centres on

or near the waveguide. Such spikes can dramatically affect the value of loss

obtained from a least- squares- fit to the data. By carefully arranging the starting

and fmishing points for the scan length around such intensity spikes, one can tailor

the loss obtained. In some cases one can even record gain, as in 7.16 (c).
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The problem of background scatter was encounted when a silica substrate was

used. Films deposited on silicon did not exhibit such seatter at 632.8 nrn. This

problem could be surmounted by index matching the sample to a silica block, the

back surfaces of which had been painted matt black.
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Figure 7.18 Two scans - (a) Background , (b) Guiding

Quartz 5IlDplc

Index matching oil

Quartz blocl

Matt bidpaint

Figure 7.19 Schematic of arrangement used to eliminate substrate scatter

This eliminated the background scatter allowing more accurate scans to be

made. However, the problem of intensity spikes remained. Such spikes are the

result of random scattering centres, and can be caused by dust or contamination

introducing during the waveguide fabrication stages (especially etching and polishing).

This problem is more an artifact of the measurement technique rather than an

124



inherent loss factor. for although the scattering centres are part of the physical

environment in which the light propagates. when they are Dot in contact with the

~veguide itself they can scatter light which has already been scattered from the

waveguide. The effect of such spikes is reduced with increasing scan lengths, since

their contribution is less important: However. the sample lengths of rums fabricated

by the author were of the order of 10- 20 mm. In such eases this technique is

potentially unreliable.

7.4.2 FABRY-PEROT CAVITY RESONANCE TECHNIQUE

This technique uses a Fabry- Perot Cavity formed by the waveguide itself. to

determine the waveguide loss. Resonances are induced by heating the ~veguide

which causes an increase in the optical path length of the structure. a result of

which the cavity passes through resonant and antiresonant positions producing the

observed oscillations.

7.4.2 (1) DERIVATION OF THE EXPRESSION FOR LOSS

It is a straightforward procedure to calculate the transmission characteristics of

a Fabry- Perot Interferometerl I, If one then includes a term for optical

attenuation, one obtains an expression of the form:-

T=

- where T is the transmitted intensity, 10 is the effective input intensity (

which includes terms relating to coupling efficiency), ")' is the slagle pass wave

amplitude reduction factor. R is the power reflection coefficient and I{J is the phase

difference which equals 2(3L.

The resonant (TR) and antiresonant (TA> transmissions are given by13:-

")'210
TR -

1 - ")'2R )2(

")'210
TA -

1 ...")'2R )2(
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With a knowledge of the value of R, the single pass loss r can be obtained

from the ratio of TR and TA. That is:-

Expressing this in terms of y. yields :-

1 ./K - 1
-1-=

R .lK+1

The loss is thus :-

r = - 20 log10 "Y

r - - 10 log 10 I 1 _.IK_-_l ]

.IK + 1R

7.... 2 (2) EFFECT OF NON- PARAll.EL FACETS

If the cut and polished facets are not parallel, but are inclined at some angle

8 relative to each other, then an additional phase increment 6 will be introduced
I

upon reflection. In order to assess the permissible limits for non- parallelism, an

overlap integral was calculated between an assumed Gaussian profile of the

fundamental mode and a phase factor describing the phase increment introduced by

Don- parallel facets. This analysis does Dot take into account changes in reflectivity

with facet angle, although such analysis has been published subsequent to this

work14. However the analysis gives an indication of the tolerances required in the

cutting and polishing stages.

•
Non-paralltl racel

Wan,uide

Figure 7.21 Schematic of problem
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The normalised Gaussian profile, with standard deviation equal to the guide

".,jdth a, is given by:-

U(x) - I_!_ l e
_'/7:

- where the normalisation factor is calculated for power, U(I)2 from:-

The phase factor introduced by the non- parallel facets is given by:-

- where:-

et = /) I a

The overlap integral is calculated in terms of power, U(x)2 and involves

evaluating the integral:-

1

- x2

]
2a2

e ]
2 -foxe dx

_J7:

Which is the Fourier transform of a Gaussian function.

This integral can be calculated analytically by standard means, to give:-

r = e

Values calculated for r are given below using parameters encountered in

practice. The facet angle can be calculated from the expression:-

/) = anfktan8

127



_ where Df is the film index, k = 2~/) .., I is the guide width and 6 the facet

angle.

6
_02•2 '/dege -z;-

r/8 0.962 0.286
r/4 0.857 0.573
'r/2 0.539 1.145
'r 0.084 2.29

Figure 7.22 Calculated values for facet angle tolerances

Hence, only small facet angles can be tolerated before the power level falls

appreciably. This result will be the likely limitation on the applicability of this loss

measurement technique.

The field lost on reflection from an angled facet will couple to radiation

modes, resulting in a higher loss figure being measured for the waveguide than is

actually present.

7.4.2 (3) EXPERIMENTAL ARRANGEMENT

The experimental arrangement used is schematically represented in Figure 7.33

A current is passed through the wire wound resistor. producing heat which is

absorbed by the waveguide, leading to thermal expansion and eavity resonances.

The guided mode is observed using a HAMMAMATSU camera, and intensity

oscillations recorded using the chart recorder.

7.4.2 (4) RESULTS

In practise. convincing oscillations, (to people other than the author), could
I

Dot be observed in the silica waveguides because the reflectivity from the facets was

too low ( approx 4%). However. the reflectivity of the facets could be increased

by coating with aluminium. To do this. the sample was bonded. waveguide side

down. to a silica block using wax. l~he ends of the waveguide protruded very



• ....... free...,,...

g
Figure 7.33 Schematic of Experimental ArrangementTV_It«

slightly over the edge of the silica block to allow the exposed ends to be cleaned,

and the bonding wax coating the facets removed. Visual observation was periodically

carried out using a microscope to determine when the waveguide facets were clean.

The sample and block were then placed inside an evaporator and the polished

sample edge coated with aluminium. This process was repeated for the opposite facet

of the waveguide. The aluminium layer- thickness was monitored with a crystal

oscillator during evaporation and the final layer thickness verified using a Talystep.

The reflectivity of the thin aluminium mm was calculated by measuring the

reduction in transmittance at normal incidence, in a microscope slide of known

refractive index, coated at the same time. The transmittance in an uncoated area

was used as a reference. The derivation of the expressions used for this purpose

are in Appendix A. It is assumed that the aluminium films are lossless.

Results were obtained for only one sample, due in part to the lack of time

available. Figure 7.34 tabulates the data used and figure 7.35 shows the oscillations

obtained.

Aluminium Measured Tabulated

Thickness Reflect Ivl ty* Reflect Ivltyt

Inm

Ca) 12.5 90.0 83.0
Cb) 25.0 90.1 90.0

Figure 7.34 Reflectivity data, Ca) input facet, (b) output facet

• through both films together. t see figure 7.37. appendix A
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Figure 7.35 Observed oscillations

Average values for the maximum and minimum observed intensities, Imax and

Irnin of 256.4 and 238.4 (arbitrary units), calculated from 5 successive oscillations in

region A are used in the loss calculation. Using the value of reflectivity from

figure 7.34 with the above data substituted into the expression for loss on section

7.4.2 (1), a loss figure of -16.986 dB was obtained. The sample length was 1.8

cm and hence the loss is 9.44 dB/cm.

7.4.2 (S) DISCUSSION OF RESULTS

It is instructive to consider sources of error arising from this technique and to

assess, if possible, their contribution to the loss.

As already discussed (section 7.4.2 (2», non- parallel facets can contribute

significantly to waveguide loss. With that in mind, the facet angles were measured.

The facet angles on the waveguide in question were measured using a Nikon

microscope with a micrometer objective incorporating a travelling cross- hair

arrangement. The samples were placed on the rotating support stage of the

microscope, and the cross- hairs used as guides for the measurements.
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Measurement No Angle measured
Facet A Facet B

1 12' 1· 36

2 28' 1· 12'
3 18' 1· lS'
4 18' 1· 12'

Average 19' 1- 19'

Figure 7.36 Values of facet angles

The large facet angle of > 1· will result in a decay of more than 50% of the

reflected power. This will obviously contribute significantly to the waveguide loss.

Furthermore, it is difficult to estimate how much this will contribute to the loss in

dB since the calculations of section 7.4.2(2) do not fully explain the experimental

results of other workers16.

Other possible sources of error include absorption in the aluminium facets and

sample movement during heating. Such effects can be reduced by careful

experimentation ie, more sensitive measurements· of reflection coefficients to

obtain the loss due to the aluminium and bonding of the sample to the sample

holder to stop any movement during heating.

7.S CONCLUSIONS

The method of ridge waveguide fabrication has been outlined and results of

such fabrication presented. Etch quality can be improved by careful selection of

etch gases and conditions. The structures produced have been assessed in terms of:

etch quality, using SEM analysis; etch depth, using talystep measurements and optical

loss.
The techniques for the assessment of optical loss are two- fold:- (1) Video

Camera Technique, and (2) Fabry- Perot Cavity Technique. Both techniques are

non- destructive. The results from both techniques were felt to be susceptible to

systematic errors and the results should be interpreted with care

However. the results from section 6.4.3 demonstrated that the planar films had

very little out- 0(- plane scattering which in turn suggests a low loss waveguide,

furthermore good quality silica films should have very low absorption loss. This

131



then suggests that the loss encountered in the waveguides is introduced during the

processing stages required to form the ridge waveguide structure and is likely to arise

from wall roughness introduced during etching.

It is not possible at this stage to quote a loss figure in the ridge waveguide

structures with any degree of confidence. Both techniques tried have inherent

problems which affect the measured optical loss.
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7.6 APPENDIX A Calculation of Reflectance of Aluminium Films

If Ig and lA] are the transmitted intensities through the uncoated and coated

areas of the glass microscope slide respectively, then:-

- since the transmittances are in the same ratio as the transmitted intensities.

But:-

and:-

- where n is the refractive index and Rg is the reflectance of the microscope

slide

Hence:-
n - 1

n + 1 Vl
The reflectance of the aluminium coated film is therefore:-

The value of reflectance obtained by measurement using the above expression

was checked against values calculated using a program called Filmstar by FTG

Software Inc. (courtesy of Dr. I. Reid, BTRL). Reflectance, and transmittance

values for varying film thickness are included in Figure 7.37.
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Figure 7.37 Reflectance and transmittance of thin Aluminium films
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CHAPTER 8 FILM DEVELOPMENT AND APPLICATION

This final chapter details extensions to the film deposition technique allowing

the incorporation of rare- earth materials into the glass. The method adopted for

such doping is described and the results presented. Applications for such films are

outlined and work carried out on one such application - a silica based distributed

feedback laser (DFB) is discussed. Also included in this chapter are the results

from work involving second harmonic generation (SHG) in Ge02/P20S co- doped

silica films.
The chapter will be divided into three broad sections; one, detailing the

rare- earth doping and assessment; one discussing grating design and fabrication; and

the third, detailing basic theory involved in, and experimental results of Second

Harmonic Generation. (SHG) in planar waveguides.

8.1 DOPING OF PLANAR SILICA FILMS

Doping techniques for silica can be classed in two broad categories depending

on the vapour pressure of the dopant species - namely those with moderate to high

vapour pressures (such as GeCI4, TiCI4) and those with low vapour pressures (such

as NdCI3, ErCI3)'

The materials falling into the first category, can be readily incorporated into

the standard vapour delivery systems in CVD processes, such being the case for the

materials used to fabricate passive waveguides.

Low vapour pressure materials, such as the rare- earth compounds, require

alternative vapour delivery techniques or even alternative doping methods altogether.

Two such methods are:-

(1) the use of a secondary burner or heater to heat a source of suitable

dopant to a level where it has a significant vapour pressure and can be

transported in a similar manner to other standard dopant speciesl ,2.

Sintering can occur in situ or can take place in a separate stage

(2) the use of solution doping3, whereby a partially fused sample or preform

is immersed in a solution containing the desired dopant; dried to remove

the solvent, and then fully sintered

Of the two techniques, it is the second which has been used by the author

because o( its simplicity and because absorption and fluorescence results are available

from measurements made on fibres using the same technique4,S which are useful (or
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The technique involves partially fusing the deposited silica film to produce a

rigid skeleton. This was achieved by heating the samples at approximately lOOO°C

for 5 minutes.

"

il

Figure 8.1 SEM picture of partially fused rigid skeleton
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This structure is now sufficiently strong to withstand the capilliary forces

introduced when the sample is immersed in a suitable doping solution and

subsequently dried6. The doping solution in this case consists of a decomposable

rare- earth salt in a suitable solvent. Two rare- earth materials were used

Neodymium chloride. NdCI3 and Erbium chloride, ErCl3, dissolved in pure ethanol.

Both rare- earth ions exhibit fluorescence at wavelengths of potential interest for

telecommunications. Co- doping of rare- earth material with Aluminium nitrate,

Al(N03)3, was also attempted since improvements in fluorescence bandwidth have

been reported7.

8.1.1 DOPING METHOD AND RESULTS

The doping method used involves immersing the sample into the rare- earth

solution. This was then covered with a beaker to reduce evaporative loss of the

solvent. The solution was poured off after typically five minutes and the sample
gently blown dry.

Ooplnl IOlulion
'artiall, r....d IImpl.

r ,' of:'" '.' ..... ',_'; ~..,.

Conrtd 'flri dish

Figure 8.2 Schematic of doping method

The dried sample was then ready for the second sintering stage - heating to

around 1300 "C for typically 60 minutes.

All samples for solution doping were prepared in the same way. The

deposition consisted of two layers with flow rates of nitrogen through the bubblers of

SiCI4 150 seem '5, and PCI3 160 seem '5. Initial fusing was carried out at 1000 0C

for five minutes.

139



These rare- earth doped samples were all single mode at ). = 632.8 nm and

the layer thickness was estimated to be approximately 2pm (from figure 5.13)

Batch Dopant Fusing deta I Is Film Qua I tty

6. Temp Time
Concentratlon/M 1°C Imins

89 ErCl3 0.02 1300 60 Slight blue t f nt
0.01 1300 60 Clear
0.005 1300 60 Clear

86 NdC13 0.02 1300 60 Blue t fnt
0.01 1300 60 Blue t fnt
0.005 1300 60 Clear

90 Al (N03)3 0.02 1300 60 Unfused
0.01 1300 60 Unfused

Figure 8.3 Summary of doping experiments

Standard photolithography and etching were carried out (section 7.2.2) to

produce ridge waveguides. These samples were cut and polished to facilitate

measurements in the waveguides using end- fire launching, (figure 8.4). The results

of luminescence measurements obtained are given in figures 8.5 and 8.6.

The pump wavelength of 514.4 nm (SW peak power) being incident on the surface

of the waveguide and the fluorescence measured from the output facet of the

waveguide. Typical waveguide dimensions were 50 JJIrI wide by 2.S JJIrI deep and 2S

mm long.

The same samples were then analysed using EDAX to assess the doping levels

of the rare- earth materials, (see figure 8.7).

Comparisons of these luminescence results, in terms of fluorescence peak

positions with similar work in optical fibres, agree well with the peak positions in

medium to high P205 doped hosts for Neodymium, and for Ge02 - P20S - Si02

doped fibresS for Erbium. Data from the fibre results will be used in 8.1.2 to

calculate the expected absorption from such dopants. It is this absorption which will

determine whether or not practical devices are feasible.
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Doping level
Dopant & Concentration In Waveguide Between Waveguides

1M Iwt% Jwt%

ErCl3 0.02 0.80 0.24
0.01 0.37 0.07
0.005 0.16 0.04

NdCl3 0.02 0.40 0.10
0.01 0.70 0.18
0.005 0.36 0.09

Figure 8.7 EDAX measurements on rare- earth doped waveguides
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8.1.2 DISCUSSION OF RESULTS

When considering the results from the EDAX measurements, it must be borne

in mind that the measurements are local, in the sense that an average value is

taken from a local area illuminated by the electron- beam. Hence any doping

variations occurring across the sample (possibly arising from uneven pore closure

during initial sintering) will not be detected if the variation is on a scale that is

larger than the spot size of the illuminating electron beam.

This may possibly account for the result of the O.02m Nd3+ doped sample

which does not follow the expected trend of increasing doping level with increasing

concentration of doping solution.

If we turn our attention to the photoluminescence results we see the expected

trend in the output intensities of the observed spectra for Nd3+. In this

measurement, the pump wavelength of 514.4 nm generates luminescence over much

greater distances inside the waveguide than the spot size of the electron beam used

in the EDAX measurement. As such it gives a non- local average value for

luminescence which would iron out any local doping variations.

Having said that, we observe in the Erbium doped samples a different result,

namely the expected trend in doping levels but not in luminescence. This runs

counter to the arguments already developed and its cause is as yet unclear.

With the results of the doping levels in figure 8.7, and the absorption data

from reference 5, we can calculate the expected single pass absorption from the

expression :-

o = E(A)XY

where 0 is the absorption (dB), E( >.) is the extinction coefficient at the chosen

pump wavelength (dB/cm/wt%) x, is the doping level in wt%, and y is the sample

length in cm. Keeping in mind that in fibres the attenuation is much lower and the

path lengths much larger, but the material is intrinsically the same.

Figure 8.8 details the results of such a calculation for various pump

wavelengths using a value of 0.5 wt% as a typical doping level and 5 cm as a

typical device length.
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Dopant Pump Extinction Coeff. Absorption
Wavelength/nm /dBcm-1wt%-1 /dB

Er3+ 650 2.17 5.425
980 2.30 5.75

1480* 1.50 3.75
Nd3+ 750 3.20 8.00

810 5.00 12.50

Figure 8.8 Expected absorption in rare- earth doped silica

• See reference 8.

For such devices to be of use, the gain produced must be greater than the

scatter loss of the waveguide - the absorption losses are negligible since absorption

is bleached in a three level system. If one had a quantum efficiency of one -

which is the case for low Er3+ doped fibres5• then the possible gain equals the

absorption. This then sets an upper limit on the waveguide loss which can be

tolerated before such devices become impractical for laser applications. As a sample

calculation if we assumed a figure of 0.5 dB/cm waveguide loss, then in 5 cm, the

loss would be 2.5 dB and the absorption would exceed the loss and gain would be

obtained at all of the pump wavelengths highlighted above.

8.2 HOLOGRAPHIC GRATING FABRICATION

Producing waveguiding films containing rare earth materials is only one of the

steps involved in fabricating a planar ridge waveguide laser. Also required is a

means of providing the necessary feedback in such a structure for lasing to take

place. Such feedback could be provided using external mirrors9t or mirrors butted

to the ends of the waveguides or direct coating of the waveguide end facets.

However such a structures would be sensitive to vibration and misalignment, in the

cases of external or butted mirrors. Alternatively a diffraction grating etched into

the waveguide could provide a stable and vibration insensitive feedback mechanism,

when acting as a Bragg reflector. as well as providing narrow linewidth operation of

the laser. Such a distibuted (i~gback (OFB) laser10 would be compact and



inherently rugged.

It was with this application in mind that grating stuctures were fabricated using

a holographic technique11. As well as providing the necessary feedback. such

gratings could be used as reverse couplers to launch the pump wavelength into the

waveguide. The fabrication of such structures was carried out on passive waveguides

and the gratings used as reverse couplers. thereby outlining the necessary processing

stages required in their fabrication.

8.2.1 GRATING COUPLERS - BASIC THEORY

In a grating coupler. an input beam is incident on a diffraction grating formed

on a waveguide and one of the diffraction orders of the grating is used to couple

light into a particular mode of the waveguide. The angle of incidence of the input

beam is tuned until the diffracted beam has the same phase velocity in the

waveguide as the mode itself. See figures 8.9 and 8.10.

The basic theory outlined here describes the derivation of the phase relations

necessary for the operation of grating couplers and follows the method of Dalgoutte

and Wilkinson12. No analysis has been carried out on grating efficiency.

From figure 8.10. it is clear that the condition for phase matching. and hence

coupling will be achieved when

Therefore. with a knowledge of the values of K. and kat the value of e
required for coupling can be calculated and checked by experiment.

i.e.

- where >.0 is the free space wavelength and " the grating period.
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Incident Reflected

Figure 8.9 Schematic of Grating Coupler Operation

Wavevector diagram for a reverse coupler

K
k·sin8·I I

k·1

Conservation of momentum in the waveguide yields»

K - IJ = k.sin8./oJ 1 1

Figure 8.1 0 Vector diagram for grating coupler

8.2.2 FABRICATION OF GRATING COUPLERS

The procedure adopted to fabricate the diffraction gratings consisted of

typically six main steps:-

(1) Light from an Ar+ laser ( ~ = 457.9nm )was split. and recombined

after passing through beam expanders and spatial filters. to produce

interference fringes on the surface of photoresist spun on to the

waveguide. These fringes then exposed the resist. The fringe spacing

was determined by the angle of incidence of the interfering beams on

the sample surface. (in this case the angle was 50°). Stray

146



reflections and standing waves were avoided by bonding the sample with

index matching oil to a glass wedge the back faces of which had been

painted matt black.

(2) The resist was developed to give a low contrast grating in photoresist

(3) The samples were then placed in an evaporator at an angle and a NiCr

mask was deposited on the peaks of the grating

(4) An oxygen plasma etch was used to stip away the uncoated photoresist.

thus producing a high contrast grating

(5) The silica waveguide was then etched in CHF3 using the same process as

has already been outlined.

(6) Finally the mask was removed to leave the grating structure etched in

the waveguide.

The only deviation from the above procedure which was attempted involved

using a thinner layer of photoresist, which was exposed and developed through to

the surface of the waveguide. No metal overlay or 02 etch was required and the

resist was used as the mask for the CHF3 etch. Figure 8.11 schematically depicts

the process steps involved. Typical results are detailed in figures 8.12 and 8.13

Index matching 011

Sample , C I C L c ~

Pbotoreslst
(d) OSYleD etcb

C~d laser bums

(a) Esp05ure

AO-ac·

(b) Resist denlopment (e) CHF; etcb

tc) Nlcbrome shadowing
(e) Mask remonl

Figure 8.11 Schematic of process stages in grating fabrication
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Sample no. Resist Details Exposure Developing
*Resist Spin Spin Time Time
ratio speed time Is Is

Irpm Is

53 100 4000 30 45 40
83 100 4000 30 45 20
78 100 4000 30 45 20
93 66 5000 30 40 18
52 25 5000 30 t40 12

Figure 8.12 Details of grating mask fabrication

• the percentage refers to the ratio of

Shipley 1450J resist to thinner used

t no NiCr mask was used in this case

Etch details
Plasma Etch Forward Flow EtchSample no. gas pressure power rate time

Imr /W /sccm /mfns

53 °2 21.3 50 20 15
CHF3 20.8 100 15 5

83 °2 15.9 50 10 15
CHF3 19.5 100 15 5

78 °2 21.4 50 20 15
CHF3 19.5 100 15 10

93 °2 12.8 50 20 7
CHF3 13.8 100 35 10

52 °2 12.0 50 20 7

CHF3 20.8 100 42 5

Figure 8.13 Etching parameters used in grating fabrication
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8.2.3 ASSESSMENT OF GRATINGS

Grating assessment was carried -out primarily by direct observation of the

etched gratings using the SEM. Coupling of light into the waveguide was then

carried out on samples with suitable gratings. Figure 8.14 shows SEM photographs

of the resulting etched structures.

In the coupling experiments, laser light was incident on the grating and the

sample rotated. When phase matching was achieved, light was launched in the

reverse direction to the input beam. and a bright stripe was visible. The angles of

incidence were measured for each mode coupled into. Using the values of 8, /\,

and AO' the values of neff could be calculated and checked against those measured

with the prism coupler. Figure 8.15 details the results of the coupling experiments.

(a) Good

Figure 8.14 SEM photos of etch quality - the good, the not- so- good

and the interesting but totally usless.
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(b) Not- so- good

(c) Interesting but totally useless

Figure 8.14 SEM photos of etch quality - the good, the not- so- good

and the interesting but totally useless.
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Sample no. Coupl fng neff , neff
>'0 AAngles caJcuJated from prism

r Inm Inm from grating coupling

53 41.16 632.8 298.8 1.4596 1.472
40.57 1.4674 1.479

52 41.34 632 .8 298.8 1.4572 1.469
40.61 1.4668 1.479

Figure 8.15 Details of coupling experiments

Writing wavelength = 457.9, angle of

incidence of writing beams = 500

The values of effective index calculated from the grating coupler measurements

are in reasonable agreement with those obtained from the prism coupling when one

keeps in mind the inaccuracies already discussed in the prism coupling measurements.

8.3 SECOND HARMONIC GENERATION (SHG) IN Ge~/P20S WAVEGUIDES

Second Harmonic Generation aroused considerable interest when it was first

observed in optical fibres13, such a process having hitherto been considered

impossible in such centro- symmetric materials. Since the waveguides fabricated by

the author are compositionalIy the same as the optical fibres in which the

phenomenon was observed, it was considered sensible to attempt similar experiments

to ascertain whether SHG could be observed in such planar ridge structures. To

that end an experiment was performed in which high intensity infra- red radiation

'seeded' with its second harmonic was passed through the waveguide.

The results of that experiment14 are presented in the following section

together with a phenomenological description of the theories involved in the process

as are currently understood.
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8.3.1 PHENOMENOLOGICAL MODEL OF SHG IN DOPED SIUCA

In order to understand the phenomenon of Second Harmonic Generation

(SHG), it is necessary to consider the polarization response of a material to applied

electric fields. In most materials with modest field intensities, the induced

polarization response is linear, (see Figure 8.16(a». That is to say:-

P = fo\E

- where \' is the dielectric susceptibility of the material, fO is the dielectric

permittivity and E is the applied electric field, which may be static or time varying.

However, if the material is subject to much higher field intensities, then the

polarization response may become non- linear. Such is the case for the polarization

responses depicted in figure 8.16 (b) and Cc). The polarization may then be

expressed as a power series which includes higher order terms,

If we apply a time varying field to such a non- linear material then the time

varying response of the polarization is found to contain frequency components not

present in the original applied electric field. Thus, higher frequency components
have been generated.

Consider figure 8.16 (b). Here we have a centro-symmetric material in

which the deviation of polarization from that of a linear response is the same for a

given amplitude of applied electric field of both positive and negative sign. If we

analyse the polarization response for an applied field ECw), in terms of its Fourier

components, it is found to contain terms in w,3w,5w and higher odd components as

well as a d.c. offset. It does not contain terms in 2w or other even orders. As

such, SHG would not be expected from such a material. Silica glass falls into this

category of material.

The non centro- symmetric material schematically represented in figure 8.16

Cc) has a different value of polarization for a given amplitude of electric field

depending on sign. The Fourier components of PCw) in this case contains frequency

components of both even and odd orders, and one would therefore expect second

harmonic generation in such materials.
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(a) Linear

,

(b) Cen tro-syrnme!ric

(c) Non~tro-symmelric

Figure 8.16 Polarisation responses of linear and non-linear materials

to an applied oscillating field

Second Harmonic Generation is however observable in silica, arising from other

sources15,16 including the presence of interfaces, (e.g. between core and cladding in

fibres where symmetry is broken), electric quadrupole and magnetic dipole effects.

The levels of second harmonic signal arising from such sources are very small17 and

would not in themselves account for the observed experimental results. It is

however felt that such weak signals may play a part in the process.

There are two models postulated to explain the observed phenomenon of SHG

in optical fibres. One, considers the effect as arising from the formation of colour
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or defect centres18 t the other19 describes the effect in terms of an internal static

d.c. field which alternates in sign and poles the material.

In both cases the end result is the breakdown of symmetry in the material

which then results in the formation of an internal grating structure providing the

necessary phase matching for efficient SHG.

In the first model20 the weak second harmonic signal ansmg from electric

quadrupole and magnetic dipole effects and the high intensity infra- red pump

wavelength form a periodic intensity pattern along the waveguide with a coherence

length J\:. This excites the colour centres or defects in the material, forming

dipoles and thus breaking the material symmetry and giving rise to an enhanced

second order non- linear susceptibility ).(2). This provides automatic phase

matching, since the excitation will occur at the points where the second harmonic

intensity is greatest which occurs when the pump and second harmonic signal are in

phase, leading to a grating structure whose period is equal to the coherence length,

"'c.
In the second model21 the pump wavelength mixes with the second harmonic

signal via an allowed third order process involving ).(3). This gives rise to a d.c.

field with a periodically alternating sign, which orientates defect centres within the

material. With this defect orientation comes the breakdown in material symmetry

and the growth of a periodic ).(2) t having the same period as the alternating d.c,

field. This process once again provides the necessary phase matching automatically.

The exact nature of the defects which are aligned or excited in the material is

not clear, although it is believed to involve the germanium dopant used in the

waveguide fabrication21.

8.3.2 METHOD AND RESULTS OF SHG IN PLANAR RIDGE WAVEGUIDES.

8.3.2.(1) WAVEGUIDE FABRICATION

Ridge waveguides were fabricated using the processes outlined in chapters 5,6

and 7. and involved a standard deposition using halide flow rates and fusing

conditions as outlined in figure 8.2.
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Ha I f de Flow rates Fusing Temp. Fusing time
rC /mins

SiC14 150
PCl3 160 1270 85

GeCI4 60

Figure 8.17 Summary of conditions of film fabrication

The film index was measured using the prism coupler procedure as outlined

earlier and was found to be 1.477. This compares reasonably well with the value of

index expected from doping level considerations.

Standard photolithographic and etching techniques as outlined in chapter 7

were used to fabricate the ridge waveguides. These consisted of a series of 1 to

5J1ffi wide lines with an etch depth of 2.2J1ffi. Figure 8.18 shows the resulting etch

quality of one of the waveguides.

8.3.2(2) EXPERIMENT AL ARRANGEMENT FOR SHG

The experimental arrangement used in the SHG experiments is detailed in

figure 8.19. It consists of a Nd3+ :YAG laser operating in a Q- switched mode

delivering 150 ns pulses at 1.06 microns. This pulse is passed through a series of

optical elements consisting of a polariser, focussing lenses at each side of a KDP

frequency doubling crystal, a half- wave plate and a second polariser to allow

rotation of the plane of polarisation. This light was then end- fire launched into the

waveguide, the sample having been previously bonded to a 1" thick glass block to

prevent local thermal effects. The output was then passed through a beam rejection

mirror to remove the pump wavelength. The green light could be viewed through a

four- port telescope to observe the mode pattern. A calibrated photomultiplier tube

was used to collect the output signal which was subsequently displayed on an

oscilloscope.

155



Figure 8.18 SEM photograph of etch quality
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Figure 8.19 Experimental Arrangement used for SHO

8.3.2(3) EXPERIMENTAL RESULTS

Two experiments were performed on the sample. They were:-

(1) Unseeded SHO, and

(2) Seeded SHG

In the first experiment, 2SmW of pump power (2kW peak power) was

launched into the waveguide. A weak second harmonic signal was observed, which
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amounted to 240nW, and appeared to be in the TEIO mode, although confirmation

was difficult due to the low signal levels. The second harmonic signal level was

monitored over a period of an hour, but no signal increase was observed.

The second experiment entailed 'seeding' the waveguide using 0.532JUl1 light

generated from a KDP frequency doubling crystal placed at the focii of two

objective lenses in the path of the IR pump beam. Problems were encountered

both with crystal deterioration and efficient launching of both wavelengths into the

waveguide. However a compromise solution was achieved whereby 65mW of the

second harmonic seed was launched simultaneously with 80mW of 1.064JUl1 pump.

These power levels were maintained for the hour long seeding experiment. After

this time, the seed wavelength was removed and the generated second harmonic

signal measured. This was found to have increased to 321lW for an output power
of 20mW pump, (1.33kW peak). The pump power was then varied and the

generated green signal power levels were measured. See figure 8.20.

Experiment Av. Pump Power Av. SHG Power
/mW /p.W

Unseeded 25 0.24

Seeded 2 0.26
3.2 0.53
4.7 1.07

13.4 10.69. 19.2 26.73
20 32.85

Figure 8.20 Measured power levels of SHOo

Measurements of the second harmonic signal using higher pump powers had to

be curtailed due to the catastrophic failure of the waveguide itself. The damaged

area extended over approximately O.8mm of waveguide which is much greater than

the wavelength of light used, and is believed to be due to self- propelled

self- focussing damage22 encountered in optical fibres. Figure 8.21 illustrates a plot

of the results obtained, and figure 8.22 shows the damage sustained by the

waveguide for higher pump powers.
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Figure 8.21 Plot of SH power versus input power

8.3.2(4) DISCUSSION OF RESULTS

The results of the previous section indicate that second harmonic generation is

possible in silica structures other than optical fibres. Since the material is the same

in both cases, it is not unreasonable to suppose that the same mechanism is

responsible for the SHG observed. The possible mechanisms have already been

outlined and involve the optical writing of a grating structure of some form within

the waveguide.

Further experiments are required to ascertain whether or not improvements in

SHG efficiency are possible, Such experiments could take the form of looking at

the effects of doping levels as well as the effect of greater seeding times.

Moreover it may be worthwhile to use clad waveguides in, such experiments as this

may allow the use of higher pump powers. A further area of interest would be to

look at the effect on optical loss of 'writing' such grating structures since the

mechanism appears to involve the generation of defects in the glass structure which

are known to increase attenuation23.
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Figure 8.22 SEM photo illustrating waveguide damage
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kHAPTER 9 CONCLUSIONS AND FUTURE WQRK

This chapter gives a general conclusion to the work carried out for this thesis

and describes a number of areas which in the author's opinion would merit further

research.

Conclusions have been included at the end of most of the earlier chapters.

However a broad conclusion is included here for completeness.

With regard to future work, the areas are broadly split into two categories: one

concerns work on material aspects, the other on waveguiding or optical aspects.

Some areas have been suggested in the relevant chapters.

9.1 CONCLUSIONS

This thesis has described a method for fabricating doped silica waveguides using

Flame Hydrolysis deposition. Dopants used include P20S, to lower the required

sintering temperature and Ge02 or Ti02 to raise the refractive index of the

material. Doping levels have been measured using Energy Dispersive Analysis with

X- rays (EDAX). Prism coupling has been carried out on the planar films, and no

out- of- plane scatter has been observed.

Ridge waveguides have been fabricated using photolithography and Reactive Ion

Etching. The loss of these waveguides has been assessed using a scanning video

camera technique, and also by a Fabry- Perot technique.

Such ridge waveguides have also been doped with Neodymium and Erbium and

fluorescence has been obtained for both species from these waveguides.

Holographic gratings have been fabricated with a view to their incorporation as

feedback elements in a laser structure.

Second Harmonic Generation (SHG) has been observed for the first time in

ridge waveguides in Germanium and Phosphorus doped silica.

9.2 MATERIAL ASPECTS FOR FUTURE WORK

The areas for future work will be suggested as a series of questions which it is

hoped will stimulate their investigation.

More in depth analysis on chemical structure! composition of deposited soot

would be useful in an attempt to answer the following:-
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01 Are the dopant oxides, e.g. P20S, Ge02, Ti02 chemically bonded to the

silica particles during deposition ?

This will be important when depositing a buffer layer at the same time as a

waveguide, since one would then expect some diffusion of the dopant species.

Interestingly enough, in the Ti02 waveguides fabricated with a buffer layer, the

observed mode lines were not equally spaced, suggesting a graded index profile.

which in turn would suggest species diffusion.

If this is the case, then it leads to the question of at what point are the

dopants bonded to the network? This then leads to two areas of interest:-

01 Can the dopant oxides be lost by evaporation during sintering ?

01 Which sintering scheme is most suitable '1 That is, a ramped temperature

profile, or isothermal sintering ?

Answers to these questions will then become more important when one wished

to dope rare- earth materials into the partially fused films. As was pointed out in

chapter 8, the solubility of rare- earth material can be improved by co- doping with

P20S' If this dopant is not chemically bonded to the silica after the partial fusing

stage, then the solution used to dissolve the rare- earth material may also dissolve

away some of the dopant. This could limit the doping levels of rare- earths

obtained.

9.3 OPTICAL ASPECTS FOR FUTURE STUDY

By far the most important area for further optical work is the measure~ent of

the optical loss in both planar and ridge waveguides. The technique ideally should be

quick and non- destructive. This requirement becomes more important when one is

dealing with rare- earth doped waveguides, since after assessing the loss, one would

then wish to continue with further experiments on the waveguide. This is why the

cut- back method is less appealing.

Once one has addressed this problem, one can the answer questions like:-

01 How does the doping level of rare- earth effect the loss?

01 At what point does this loss become prohibitive for laserl amplifier

applications ?

164



With answers to these questions, one can then optimise designs for lasers and

amplifiers.

The other optically interesting area would be in the area of Second Harmonic

Generation and the study of the non-linear behaviour of the doped silica.

Immediate areas of interest can involve answering questions like:-

01 What is the maximum level of SHG possible from such small structures?

01 What is the loss induced with such structures?

01 What effect does the doping level have on SHG levels?

Such areas could quite easily be addressed with the film fabrication facility

constructed by the author.

There are obviously a number of areas not mentioned here, suitable for further

study, and it is hoped that the reader of this thesis will have his or her own ideas

on the subject.
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