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Abstract

The aim of this project was to realise rare earth doped silica waveguide lasers.
Particular attention was focused on the doping of the neodymium and erbium ions into
the host glass.

The host glass employed to fabricate low loss rare earth doped devices was based on
the binary SiO,-P;Os system. This was fabricated by the flame hydrolysis of SiCly and
PCl3. This was subsequently updated for the metal halide POCls. The deposited soot
from the hydrolysis reaction was typically sintered at temperatures of 1375 °C in a
furnace for time durations of 15 minutes to produce high quality, low loss planar

waveguides.

To form suitable cladding material for both passive and active devices, research
concentrated on Si0;-P,0s-B,05 glass films. As a result, suitable cladding layers were
possible which were thick (20 pm), index matched to the buffer and possessed low
sintering temperatures (1100 °C).

Rare earth doping of the SiO,-P,0s5 films was based on two techniques, namely
solution and aerosol doping. The aerosol technique was developed during the project.
Comparisons were drawn between the two techniques. For both techniques the loss of
the planar films was dependent on the fabrication conditions. In particular it was found
to be dependent on the P,Os codoping level, the thermal history of the sample and the
rare earth concentration. Aerosol doping a one step procedure, although still a relatively
immature technique, also offered more flexibility in relation to selective area doping.

Ridge waveguides were fabricated employing a combination of photolithographic and
reactive ion etching techniques. As a result, it was possible to produce low loss channel
waveguides with reduced etch wall roughness. Further investigations resulted in large
etch rates. The insertion loss of doped channel waveguides 6 cm long was measured to
be as low as 1.5 dB at 632.8 nm.

Optical assessment of the rare earth doped channel waveguides included fluorescence,
absorption and fluorescence lifetime measurements. The lifetime measurements
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supplied important information pertaining to the ion-ion interactions. Consequently,
doping levels and codopant material were studied to provide the optimum devices.

As a result of the optical assessment, Nd3+ doped silica waveguide lasers were
fabricated using both the solution and aerosol doping techniques. The solution doped
sample exhibited a lower threshold and a higher slope efficiency than compared to other
similar reported devices. The first successful demonstration of a Nd3+ doped silica
waveguide laser fabricated by aerosol doping was also observed. Finally, a long path
length Er3+ doped silica waveguide laser was fabricated by the solution technique.
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Chapter 1 Introduction
1.1 Introduction

It was not until 1966 that serious attention was paid to the idea of an optical
communication system based on the propagation of light within circular dielectric
waveguides!. This concept took a long time to be developed, considering that in 1870,
John Tyndall demonstrated light could be guided within a water jet2.

At the present time, optical fibres, based on fused silica, are the transmission medium
of choice for long distance, high bit rate transmission in telecommunications networks.
The improvements in glass fibre quality and semiconductor laser reliability have made
possible the information superhighway. It is envisaged that services such as
telepresence, teleconferencing and multimedia will become more common in both the
work and home environments. To provide such services an inexpensive and robust
technology will be needed, to perform all optical signal processing functions. Silica
based planar lightwave circuits (PLC) offers this capability.

The term Integrated Optics (I0) was first introduced by S. E. Miller of Bell
Laboratories based on the concept of optical circuits3. Subsequently, PLCs have been
fabricated in various materials. The major market driving forces in the adaptation to
PLCs into an optical network are cost, performance, reliability and mass production.
Such PLCs can be fabricated by a combination of flame hydrolysis deposition (FHD)
and reactive ion etching (RIE). The optical waveguides fabricated have the added
advantages of high quality which are low loss and compatible with fibre. The
fabrication technique enables precise control of the waveguide structure such that the
field overlap between the modes of the fibre and the waveguide are similar resulting in
low waveguide to fibre coupling losses. It is also a relatively simple process to fibre
pigtail devices for packaging, as V-grooves can be precisely defined in the Si substrate
using anisotropic etching4. Moreover, FHD procedures can be modified to produce
monolithically integrated active and passive structures.

J. R. Bonar '95



Chapter 1 Introduction

1.2 Thesis outline

The objectives of this thesis were to fabricate and characterise rare earth doped silica
waveguide lasers. The flame hydrolysis deposition (FHD) technique was employed to
fabricate silica waveguides. Two methods were developed for incorporation of rare
earth ions into the glass matrix. Subsequently, analysis was performed to compare the
two techniques.

Chapter 2 reviews several fabrication methods for silica fibres. The development from
the fibre technology to a planar format using the flame hydrolysis deposition (FHD)
technique is highlighted. An in depth analysis of the FHD apparatus is presented. The
developments undertaken on the system to provide safe and reproducible depositions
are described in detail.

The fabrication of high silica planar waveguides are described in Chapter 3. In
particular, results are presented for phosphosilicate and borosilicate binary glass
systems. The optimisation of the fabrication procedures to produce low loss, bubble
free waveguides are described. Particular attention is given to the deposition and
sintering conditions.

Optical inspection of silica based planar waveguides are detailed in Chapter 4.
Techniques are defined for swift qualitative measurements. The fabrication of channel
waveguides is illustrated. Photolithographic, reactive ion etching and sawing processes
are reported. RIE processes to provide relative high etch rates are also detailed.

Chapter 5 details the optical properties of rare earth doped silica channel waveguides.
A review is given for both rare earth doped fibre and planar manufacture. Solution
doping and aerosol doping (the latter was a technique developed during the course of
this study), are described. Particular emphasis is placed on aerosol doping and analysis
undertaken to compare it to the more established solution doping process. The doping
parameters are optimised to reduce ion-ion interactions for both techniques.
Consequently, the first successful demonstration of a neodymium doped silica
waveguide laser fabricated by aerosol doping is described. Results are also presented
for both neodymium and erbium doped silica waveguide lasers formed by solution
doping.

Chapter 6 describes work on various passive components. Bragg reflectors based on
etched gratings are described. Selective area doping to facilitate monolithic integration

J. R. Bonar '95




Chapter 1 Introduction
of passive and active functions are illustrated. Design and fabrication conditions for
multimode interference couplers, ring resonators and integrated optic waveguide

pressure sensors are also detailed.

Finally, in Chapter 7, a summary of the thesis is presented, and suggestions for future
work are given.
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Chapter 2 Flame hydrolysis deposition

2.1 Introduction

The advent of optical fibre communications and the phenomenal growth achieved over
recent years have resulted in a growing demand for fibre compatible planar lightwave
circuits (PLC's). Flame hydrolysis deposition (FHD) has been one of the main
techniques investigated for both active and passive functions. This produces high silica
content waveguides with tailored indexes and dimensions to match that of fibres.
Already, devices such as 1x8 splitters are openly available on the market!.

The fabrication of planar silica samples by FHD is an adaptation of fibre preform
techniques. The technique is basically a Chemical Vapour Deposition (CVD) process
The starting materials consist of volatile halides, e.g. PCl3, POCl3, BCl3 and GeCly.
Using such volatile metal chlorides ensures added purity since any absorption by
transition metals is negligible owing to their smaller saturated vapour pressure.

2.2 Fabrication methods for silica fibres

Transparent articles of silica fabricated at low temperatures with a high degree of purity
originated with the work of Hyde in the early 1930's2. This was an outside process
involving flame hydrolysis of SiCls and other dopant precursors. However, the first
attempts at forming multicomponent high-purity glass fibres involved the so-called
double-crucible technique3. Conventional glass melting was adapted to specially
prepared soda-lime-silica and sodium borosilicate glasses. To provide high purity
silica, transition metals such as iron and copper, the two principal contaminants, were
reduced using ion exchange, electrolysis or solvent extraction until the levels were
below parts per billion.

Contamination during the glass melting stage raised the level of impurities. Some
degree of improvement was obtained by optimising the process, the result was losses
of lower than 5 dB/km at 0.9 pm. However, low losses were not achieved in the 1.3
to 1.55 um spectral region. The major problem was caused by severe OH- inclusion,
which resulted in absorption bands. Subsequently, this technique was superseded by
vapour deposition techniques, to produce silica glasses.

5
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Chapter 2 Flame hydrolysis deposition

As mentioned interest evolved from the outside process with two technologies- outside
vapour deposition (OVD)* and vapour axial deposition (VAD)?> developed.
Simultaneously, inside processes based on chemical vapour deposition (CVD) methods
used in the electronics industries, resulted in the modified chemical vapour deposition
(MCVD) process®.

2.2.1 Modified chemical vapour deposition (MCVD)

Bell Laboratories developed the MCVD process for optical fibre fabrication, adopting
the thin SiO, process used in the semiconductor industry’. The MCVD process was
developed to overcome the problems of uniform soot thickness and OH"~ contamination.

MCVD technique was derived from a combination of the CVD process and inside soot
deposition (ISD) process. The technique involves a silica glass tube rotating on a glass
working lathe. High-purity metal halides are injected into a rotating tube, the vapours
being transported by oxygen gas. An oxy-hydrogen flame is traversed along the outside
of the tube at temperatures of typically 1500 - 1650 °C. Figure 2.1 illustrates the basic
principle for making MCVD fibres. During each traversal a homogeneous gas reaction
takes place, the halide vapour materials are oxidised to fine glass particles in the hot
zone and deposited downstream on the inner surface of the silica tube. The temperature
of the flame is high enough to sinter the fine glass particles but low enough not to
deform the tube. Finally, the tube is thermally collapsed, with the deposited silica

Reactants Rotation /(\H\\ Silica tube
(S:Cl.,GeCl, EERY. \ Exhaust
Oxygen i —
(O2)

b
s Deposited glass layers

-— | ——-

Coltapse
PfOCOSSB Oxy-hydrogen burner

Cladding part

(S10,) —
Core part ~—~ L — """ 77777 "')
(510,-Ge0,) Preform rod

Drawing
process

[] Carbon furnace

G

Preform rod [ ]

Figure 2.1 MCVD process for making fibres taken from ref. 28.
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Chapter 2 Fl hydrolysi osition

forming the core and the silica tube the outer cladding. The preform is then
subsequently drawn into a fibre in a high temperature furnace.

MCVD results in low loss fibres since the material is essentially hydroxyl-free®. The
halide vapours are easily tailored to give either step-index or graded-index fibres.
Single-mode operation is also possible with precise core sizes and refractive indexes
defined®.

2.2.2 Outside vapour deposition (OVD)

OVD is one of two outside processes. This was developed by Corning Glass Works
and produced the first successful high silica fibre. A schematic of the process is shown
in Figure 2.2. A vapour mixture of halides is reacted in an oxy-hydrogen flame to form
a glass soot which is deposited on a rotating mandrel. The temperature is sufficiently
high to partially sinter the particles and form a porous silica layer. The mandrel also
traverses the lathe enabling the glass particles to be controlled layer by layer and thus
allowing step-index and graded-index fibres to be readily achieved.

SiCl,.etc |

0, f Vapors Soot Preform
CHo -0' .
Burner )
Target rod

SINTERING FIBER DRAWING
(b) ()

Figure 2.2 OVD process for making fibres taken from ref. 28.

After the deposition is complete the porous preform is slipped off the ceramic mandrel
and sinterea to form a transparent preform. Care must be taken when removing the rod
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Chapter 2 Fl hydrolysis deposition

from the porous preform to avoid cracking taking place. For this process it is also
necessary to grow the cladding material, which is typically undoped SiO,. The preform
is then drawn into a fibre.

2.2.3 Vapour axial deposition

The VAD technique was developed by a consortium of Japanese cable makers and The
Nippon Telephone and Telegraph Corporation. This process was developed from OVD
and introduced simplified fabrication processes and fibre preform mass production.

The VAD process is an axial method with the soot deposited end on as shown in
Figure 2.3. Once again halide materials blown from an oxy-hydrogen torch are
oxidised to form a soot by flame hydrolysis. However, two torches are used to
simultaneously deposit the core and cladding glasses onto the end of a rotating target
rod. Consequently the preform does not have a central hole as is the case for OVD. The
fibre preform is then retracted slowly through a high temperature furnace for
consolidation. The thermal mismatch between core and cladding is resolved for this
process.

d.b
- Seed rod

Graphite
furnace
B
—>

:

Seed rod

. Transparent
prelorm

Fine glass praticles
$10,.Ge0,

L

coaxial burner
O).H),A(

S'Cf..GeCl._
Og.H;,A!

Figure 2.3 VAD process for making fibres taken from ref. 28.
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Chapter 2 Flame hydrolysis deposition

2.3 FHD technology and system

FHD is a technology developed from the outside fibre preform techniques and modified
to a produce a planar waveguide geometry!0. The high-silica technology offers the
potential of integrating a number of passive functions on a silicon chip, as well as the
possibility of hybrid integration of both active and passive devices onto a silicon
motherboard!!. Integrated optics, in the form of these planar lightwave circuits (PLCs),
offer ruggedness, mass producibility and low cost compared to bulk-optic and fibre-
optic configurations.

To form silica-based PLCs various techniques have been employed. Instead of giving a
thorough description to all the techniques developed the interested reader is referenced
to a suitable publication!2, Some of the successful technologies have been ion-
exchange in glass!3, plasma enhanced CVD (PECVD)!4, low pressure CVD
(LPCVD)1!5, high pressure oxidation (HIPOX)!6 and plasma activated CVD
(PACVD)!7. Developments have also taken place in polymer waveguides in recent
yearsls,

FHD offers many features which are attractive for the fabrication for integrated-optic
components. It lends itself to planar integrated circuits due to its well controlled core
dimensions and index profile which can be matched to standard fibre technology?®. It is
also an inexpensive technique suitable for batch processing, and is also compatible with
microelectronics industry. The devices themselves are reproducible and involve only a
few fabrication steps, with photolithography, etching annealing etc. adapted from the
microelectronics industry. The silicon which is used as a substrate, allows the
production of aligned V-grooves for passive waveguide to fibre coupling?0. The silica
can be doped with rare earths, such as neodymium and erbium, to produce active
regions which enable planar laser and amplifiers to be fabricated?!22 Such devices
have potential applications as transparent splitters, delay lines and integrated lasers.
Selective area doping is also possible offering the integration of passive and active silica
devices on the same silicon motherboard. Other positive aspects are the flexibility in the
thickness which range from 2 pm to 200 um, and the thick cladding layers which can
be deposited to completely bury etched waveguides?3. Vertical integration has also been
demonstrated?4, potentially increasing the number of functions on a chip as well as
waveguides with circular cross-sections which decrease the coupling losses to fibres,
It is therefore, no surprise that with all these advantages, that the high-silica technology
has received a lot of attention by the optoelectronics researchers. The improved
performance over existing technologies has attracted industrial investment and resulted

9
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Chapter 2 Flame hydrolysis deposition

allowing the incorporation of cheaper standard nitrogen grade bottles or the installation
of a N, compressor. At the moment the dryers are by-passed.

Hydrogen and oxygen, the necessary gases for hydrolysis, are installed with the
relevant safety precautions followed such as the hydrogen and oxygen are stored in
separate rooms. The pipework is made from stainless steel as are the regulators.
Flash-arrestors are fixed in the line to prevent catastrophic accidents. Helium is
supplied to the deposition laboratory, this is fed to the furnace to aid consolidation of
the soot layers, as described in subsequent chapters.

2.3.2 Chemical cabinet

The chemical cabinet consists of a sealed perspex box which contains the metal halides.
The cabinet is sealed using silicone sealant, sticky ribbon and silicone rubber.
Numerous screws are fitted to give a good seal. The cabinet is permanently purged with
N, and the temperature is maintained at 23 °C using a heater and thermostat, this
prevents condensation and hydrolysis taking place in the pipes.

Optipur grade halides are kept in Drechsel bottles. The bottles are placed on a PTFE
tray for spillage purposes. Silicone oil is pumped round the bottles at 20 °C to maintain
the same vapour pressure within the bottles. A reservoir is used for filling the oil, this
is necessary to allow any air bubbles trapped in the system to be removed as this would
damage the flow heater. The temperature is constant so that the N, flow rate can be set
and the relevant vapour transport calculated. The relation for the chloride vapour
transported by the nitrogen from the Drechsel bottles, F,, is given by:

F,=(FxV)/(P-V)
where,
F is the carrier gas flow (N2 )
V is the saturated vapour pressure of the metal chloride
P is the pressure above the halides.

All pipe fittings within the cabinet are formed from polytetraflouroethylene (PTFE). Sil
type fittings with ferrule assemblies incorporating a Viton 'O’ ring are used for
improved coupling. PTFE check-valves are placed in the input to each bottle to ensure
that no return vapour is allowed into the system to attack the pneumatic bellow valves
(PBV's) and mass flow controllers. The bellow valves situated within are a special
type, the central assembly being made from polyvinyldifluoride (PVDF). This material
was used due to the chlorides corroding the normal stainless steel design. Solenoid

12
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Chapter 2 Flame hydrolysis deposition

valves were used to direct the gas flow through the valves. The control gas for the
PBV's is once again N, which is either directed to the bubblers, or the waste. The PBV
to the waste is normally in the open position whilst both the inlet and outlet to the
bubblers are in a normally closed position for safety reasons. Only, during a deposition
are the PBV's changed.

The cabinet is fitted with detachable rubber gloves for working within the cabinet. This
is to protect the operator from the corrosive halides, when bottles are refilled or piping
replaced. Tools for the removal of piping and lids are housed within the cabinet, spare
halide solutions are also kept within, as well as sodium carbonate for the neutralisation
of spillages.

Above the cabinet the mass flow controllers (MFC's), digital volt meters and check
valves are placed. Check-valves are fitted before the MFC's ensuring uni-directional of
the gas flow. The MFC's are designed to give a precisely controllable laminar flow
with fast response times. A solenoid valve controlled by a dc voltage is used to alter the
flow rate. The outputs are displayed on digital voltmeters indicating the amount of N,
carrier gas being bubbled through the bubblers. An MFC acting as a master is installed,
this ensures that the piping is dry, residual vapours are removed to a halide collecting
bottle and that a positive pressure is always set up in the halides gas line i.e. prevents
moisture infiltration from the open gas line end. A manometer is used to measure the
pressure of the N, to indicate partial or complete blockage. The flow rate to the torch is
always maintained at a standard 850 sccm, the master being altered to give the desired
flow rate. A picture of the chemical and mass flow cabinets is given in Figure 2.6.

2.3.3 Deposition chamber

The reaction phase of the FHD deposition takes place in the deposition chamber. The
chamber consists of a transparent Perspex door, which is hinged allowing the operator
complete access for cleaning, fitting and removal of the torch. The door is also
designed with a flap for loading and unloading the samples (Figure 2.7). This ensures
added cleanliness with the removal of sliding parts which in the past have caused
contamination. The flap is sealed tightly when performing a deposition. The remaining
panels are coated in Xylan, a commercial coating which is resistant to HCI, the main
by-product of the reaction. In an effort to increase the yield of quality samples as much
as possible, the equipment within the chamber was designed to withstand the HCI, thus
reducing the risk of contamination within the chamber.

13
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Chapter 2 Flame hydrolysis deposition

2.3.4 Scrubber unit

As mentioned above HCI is a by-product of hydrolysis. This is extracted by a
centrifugal fan to a scrubber system illustrated in Figure 2.10. The scrubber is placed
between the deposition chamber and the fan. It is made from a plastic design with
alternate spray bars and baffles. The extracted vapour is carried over the baffles and
through the spray. A pump with a titanium shaft is used to transport the water round the
closed loop system to the spray bars. To form a fine mist, high pressure air is supplied
which dissolves the HCL. The scrubber is fitted with a drain so that the water can be
drained after every deposition and refilled without the acidity of the water becoming too
high. This ensures that the scrubber can remain closed and that the seals within the
pump are not corroded either from the acidity or the alkali which would have to be
added for a neutral base. To ensure that either the spray bars are not blocked or that a
mist is being formed a perspex panel top is used and attached with numerous screws.
This enables inspection and access to the scrubber chamber. An overflow facility was
also introduced into the design to prevent the possibility of flooding.

2.3.5 Consolidation furnace

The final part of the process in planar silica fabrication is the consolidation of the
deposited low density silica soot. A vertical loading MF 206 furnace illustrated in
Figure 2.11 is used for this part of the process. This replaced a SSL model SC
105/46/1600 furnace which was limited to only one 3" wafer processing at a time
owing to the horizontal geometry. The same controller was adapted to the new model
which allows programmable temperature control. Due to the compact nature of the
furnace and the close proximity of the thermocouple the temperature displayed and the
temperature actually measured with a Platinum / Platinum 13% Rhodium thermocouple
in the centre of the chamber was typically accurate to 5 °C over the working
temperature range. This is in comparison to the old furnace model which had a
temperature difference of > 120 °C between the set point temperature on the controller
and the value of measured temperature2?.

Specially designed quartz carriages, shown in Figure 2.12 were purchased enabling
seven 3" wafers to be loaded for batch processing. This effectively allows the user to
simultaneously fabricate samples for devices and samples for material analysis in a
single run. Wafers can be placed above deposited samples to reduce the risk of
contamination from the devitrification of silica furnace liners, which tended to cause
quartz particles to drop onto the horizontally supported samples. Also, owing to the
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Chapter 3 Fabrication of planar waveguides
- material and optical analysis

3.1 Introduction

Throughout the years, various different types of waveguides have been studied for light
transmission. To produce high quality optical fibres, it was necessary to analyse
various materials such as liquid, gas, crystal and glass waveguide geometries.
Subsequently, glass fibres due to their attractive properties received most attention and
now provide the major source for light transmission.

Compared to liquid and gas materials, solid-state devices exhibit a stronger interaction
with light waves. However, although this indicates higher loss especially with
electronic transitions and molecular vibrations providing absorption in the ultraviolet
and infrared red regions respectively, the optical properties are relatively stable. This
cannot be said for liquid and gas which encounter problems in controlling the refractive
index and are limited to step-index type waveguide structures.

Crystalline materials are low loss, however the growth techniques require a large
amount of time and ultimately are expensive with batch-processing generally not
feasible. Also, scattering losses can be introduced when cladding such structures, due
to the higher index difference.

Amorphous materials such as oxide glasses, demonstrate Rayleigh scattering loss to a
higher extent than the materials mentioned above due to density fluctuations within the
material. However, glasses offer controllability of the refractive index profile, simple
and cheap production as well as mass production. The cladding of glass is easily
deposited and provides little surface roughness and hence, a reduction in scattering
loss!.

Glass exhibits a rare quality in its ability to form an amorphous structure when cooled
from high temperatures. This super cooling effect results in the molten material not
forming a crystalline state . This ability is performed by the network former silica SiO,,
at temperatures above 1480 °C. To decrease the sintering temperature of silica,
modifiers such as P,Os and B,0O3 can be introduced into the glass matrix. P,Os5
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increases the refractive index of silica, while B,O3 has the opposite effect decreases it.
In the work detailed in this section particular emphasis has been placed on
phosphosilicate and borosilicate binary glass structures. Other network formers are
GeO, and TiO, which increase the refractive index by relatively large amounts,
especially TiO,2. However, TiO, doped silica is found to exhibit scattering losses
higher than those observed for other modifiers3. Also, GeO; is typically formed in a
ternary system and co-doped with either phosphorous or boron to enable complete
consolidation below temperatures of 1400 °C which is not possible with the binary
Si0,-GeO, glass. Graphs of both the consolidation temperature4 and the refractive
index5 as a function of the molar content of network formers are shown in Figure 3.1
and Figure 3.2 respectively.

Within this study, material analysis has centred around adopting a suitable recipe for
incorporating rare earth ions into the glass matrix and as a result much of the
investigation has focused on the problems incurred throughout the development. Thus,
in many cases a qualitative description of the solutions necessary to achieve the desired
material quality is given.

The main thrust was to produce low loss devices which exhibited, little or no, out of
plane and in plane scatter losses. The material has to be reproducible in physical terms
e.g. thickness and refractive index, as well as being homogeneous. Not only were
samples produced with varying network modifier concentrations but also with a range
of consolidation parameters and co-dopants.

Basically, it was found that the necessary foundation stone was to utilise as high as
phosphorous content silica as possible. This allowed a relatively high concentration of
rare earth ions to be uniformly incorporated into the glass. Several problems resulted
owing to the nature of the soft glass (see Figure 3.3) such as core deformation,
phosphorous diffusion® etc. Even at relatively low cladding temperatures problems
were encountered, which are detailed in more depth in the following chapter as well as
other difficulties posed by the core composition. To form the necessary cladding layer
which was both of a sufficient thickness and refractive index matched to the buffer
layer many depositions took place based on a SiO,-P,05-B,03 glass. As an additional
feature silica co-doped with boron and germanium were fabricated. The main aim was
to match the core refractive index and thicknesses to that of the phosphorous regime for
possible future photorefractive’ features in integrated active and passive devices,
discussed in Chapter 6. Thus, a small section is devoted to preliminary studies.
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Figure 3.1 Consolidation temperature as a function of composition for SiO2-P2Os,
Si0,-B,03 and Si0,-GeO; binary glasses taken from ref. 4.
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Figure 3.2 Refractive index as a function of composition for SiO,-P,0s, Si0,-B,0s,
Si0,-TiO, and Si0,-GeO; binary glasses taken from ref. 5.
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with the subsequent sections detailing the requirements and differences for the
individual glass system.

In general 3" silicon wafers with a 10 um thermally grown oxide layer were employed
as the substrate material. The benefits of Si are many fold: low cost, wide availability,
ability to micromachine V-grooves for fibre alignment etc. However, it would appear
that forming silica glass layers using FHD on Si would be difficult due to the difference
in thermal expansion. This is not the case, as the thermal expansion of Si
(2.5x10°6 deg'!) is greater than that of silica (5.5x10-7 deg-1) such that the stress in
the silica waveguide is compressive, thus preventing cracking of the fused deposited
silica layer.

To fuse the deposited silica it is necessary to reduce the viscosity of the silica by
incorporating dopants. As mentioned previously, P,Os is employed to reduce the
sintering temperature. In relation to thermal expansion this may seem a surprising
choice since the expansion coefficient 25 times larger (14x10-6 deg-!) than that of
silica. However, for P,Os concentrations of 45 wt% in silica the expansion coefficient
is similar to that of the pure host and as a result, forms a stable glass2.

The glass particles deposited on the substrate are oxidised at lower temperatures than
that of the oxidation process for the same halide materials. The reasons for this are that
the halides do not directly form the oxide but rather undergo intermediate steps. This
results in a lower activation energy, as well as the existence of flame radicals which
promote the formation reaction of oxide materials®. The average size of the particle is
determined by the flame temperature and the halide flow rates!?. It is typically found
that the particle size becomes smaller for increasing flame temperature. Whereas, in the
combustion zone of the torch the factor governing the particle growth is that of
Brownian motion. Thus, particles collide and stick forming aggregates which in turn
undergo further collisions to form agglomerates. The bonds between the particles are of
a physical nature and the glass particles which are deposited onto the substrate are
dependent on the spatial concentration.

In general the soot was deposited onto samples placed on a heated turntable, which was
maintained at a temperature of 150 °C. The temperature of the turntable was the
maximum temperature available and the deposition parameters (flame temperature) were
such that the substrate temperature did not increase to cause the evaporation of the
dopant due to either melting or sublimation, whilst reduced the possibility of crystalline
structures being deposited for certain dopants. Studies based on the Si0,-GeO,, -
Si0,-B,03 and Si0,-TiO; systems formed by FHD illustrated the difference in the
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binary systems for substrate temperaturel!l. It was found that irrespective of the
substrate temperature TiO; exhibited no crystalline form. However, both GeO, and
B,03 were found to have crystalline structures for substrate temperatures below
400 oC. Increasing the temperature of the substrate resulted in an increase in the oxide
concentrations dissolved in the SiO; matrix. It was deduced that since both the oxide
dopants had a high saturated vapour pressure they remained in the vapour phase when
deposited onto the substrate. Unlike, the TiO, which formed solid particles in the flame
such that it was not dependent on the substrate temperature.

The fine glass particles deposited onto the substrate are heated up to between 1200 to
1375 °C in an electric furnace for sintering. From the earliest of times sintering has
been used to fabricate metals, such as iron and platinum, which could not be melted.
Similarly, glasses are heated to temperatures near their melting point!2., such that there
is a reduction in surface area whilst at the same time an increase in the density!3. It is
the excess free energy of the surface area of the oxide powders which allows
consolidation at relatively low temperatures in comparison to solid material. The
addition of dopants to the silica reduces the glass viscosity and hence, the sintering
temperature. For FHD, densification of the glass involves the fine particles forming
necks between adjoining particles, to produce an open network with poresl4. Further
densification results with closure of pores until a transparent, bubble free glass is
produced. Chapter 5 illustrates different stages of sintering for SiO,-P,0s films.

Much of the work concerning sintering of porous glass has been based on the OVD and
VAD processes for fibre preform production. FHD on a planar format however, has
restrictions in comparison to the fibre form. The nature of the substrate means that the
highest processing temperature that can be tolerated is 1375 °C, unlike fibre preform
production which takes place at higher temperatures. The substrate also can restrict the
thermal cycle of the glass due to thermal shock of the substrate in certain conditions. It
is thus necessary, to achieve sintering conditions in which planar guides can be
produced without diffusion of the dopant, residual gas trapping and crystal formation.

The environment gas in the furnace during sintering is another factor to take into
consideration. The set-up for the furnace allowed both He and O; to be employed as the
environment gas. O, was used to promote oxidation, whilst He was adopted due to
studies by Sudo et al, which suggested that it would aid sintering by promoting pore
collapsel5. This is due to the fact that the critical diameter of the He is large in
comparison to the diameter of the pores in the latter stage of sintering. Unlike Ar which
possesses a much smaller critical diameter such that it does not diffuse out of the pores
but rather inhibits the pore closure to create bubbles.
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3.3 Binary SiO2-P205 glass system

For the binary Si0;-P,05 glass system the considerations to take into account were
highly phosphorous doped layers, which could be quickly fused to reduced thermal
processing, without gas trapping and evaporation of the phosphorous dopant taking
place. The thermal mismatch between SiO; and P,Os discussed earlier highlighted the
potential problem of using P,Os as a dopant. What makes it even more surprising is
that it sublimes at 300 °C, melts at 580 °C, is hydroscopic and has a high vapour
pressure at elevated temperatures. However, it exhibits no tendency to phase separation
or to devitrification, is low loss at telecommunication wavelengths and it is chemically
resistant to attack by water.

The phase diagram of the SiO,P,Os system16 is given in Figure 3.4. Of importance is
the fact that relatively small amounts of P,Os are necessary to reduce the temperature to
produce a single liquid phase. Thus, by rapidly cooling it will produce a single phase.
To obtain the liquidus line the procedures are different from the processes encountered
with FHD, however, it does give a good indication to the behaviour of the system.

To produce SiO,-P,0s films the halides SiCly and PCl3 were initially transported to the
flame using Nj as a carrier gas. The hydrogen and oxygen flow rates were 4 and
6 I/min respectively. Figure 3.5 indicates the refractive index difference between the
core and buffer as a function of the PCl; flow rate. The prism coupler method,
discussed in Section 4.2.3, was employed to measure the refractive indices.

There are several points to note. The refractive index range produced was quite large
and the index change was proportional to the PCl; flow rate. The thickness of the film
was also constant irrespective of the PClz flow rate. It was also possible to completely
sinter films for relatively low PCls flow rates.

The halide PCl3 was found to be extremely adequate for forming low loss glass films.
However, due to supply constraints, deposition parameters had to be re-calibrated for
POCI; which is less expensive and more readily available in the quantities required for
the FHD system. Since the vapour pressure of POCl3 (29.55 mm at 21 °C) is
approximately one third of PCl; (100 mm at 21 °C) it was necessary to install MFC
controllers which would be able to cater for flow rates of at least 600 sccm.
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Figure 3.4 Phase diagram of SiO,-P,0s glass system.

Once again the hydrogen and oxygen flow rates were 4 and 6 I/min respectively. The
Si1Cl4 was maintained at 150 sccm and the samples were sintered at 1300 °C for 1
hour. Figure 3.6 indicates the refractive index difference as a function of the POCl3
flow rate.

A similar trend to that observed for PCl; was measured, with the refractive index
proportional to the flow rate. The thickness of the films were also independent of the
POCl; flow rates. However, it was found that more P,Os was being incorporated into
the glass system. This was borne out with higher index measurements for similar
vapour flows carried to the torch. A possible reasons for this phenomenon was that
*since POCI; vapour required a larger gas carrier flow rate to the torch than the PCl3
system, that the flame temperature was cooler and subsequently the vapour pressure of
the P,Os5 was lower. Hence, the lower temperature would prevent the volatilisation of
the P,Os phase, resulting in higher doping levels. To investigate this phenomenon
experiments were conducted with hydrogen and oxygen flow rates reduced to 1 and
2 I/min respectively, to produce a cooler flame. Once again the SiCl; was maintained at
150 sccm and the samples were sintered at 1300 °C for 1 hour. For FHD the flame

temperature can be lower than that typically used in the MCVD process due to the
reasons mentioned earlier.
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Figure 3.5 Refractive index of Si0,-P,0Os film as a function of PCl; flow rate.

Figure 3.7 indicates the refractive index difference as a function of the POCl3 flow
rate. From the experimental data it can be seen that the P,Os level is greater with a
significant increase in refractive index difference of approximately 0.15%. The lower
temperature of the flame is such that the vapour pressure of the oxide component is low
enough not to cause volatilisation of the P,0Os. The SiO; itself is not as readily affected
as the P,Os due to its much lower saturated vapour pressure. A decrease in the
threshold flow rate of the halide materials for the formation of solid oxide particles is
also observed due to the decrease in saturated vapour pressure!”.
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Figure 3.6 Refractive index of SiO,-P,0s film as a function of POCl; flow rate.

For all the graphs showing the refractive index as a function of the phosphorous halide
flow rate, the graphs indicate that an index greater than that of thermally grown SiO,
can be achieved for no additional phosphorous halide flow. Unfortunately, it is not
possible to prove this by fabricating SiO; by FHD on a silicon substrate, as the
temperature necessary to sinter the soot is too high for the substrate to withstand.

In all cases a gel was obtained when the phosphorous halide level was increased to
levels greater than that used to produce the maximum refractive index step. As a result,
it was not feasible to process such samples. It is the authors opinion that the gel
deposited was phosphoric acid. This is possibly due to the high P,Os levels, which
being extremely hygroscopic, converts the residual water to phosphoric acid. It is also
known that orthosphoric acid is an 'oily' substance.

P,0s + 3H,0 — H,PO, +3HCI (3.2)
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Figure 3.7 Refractive index of Si0O,-P,0s film as a function of POCl; flow rate.

Another problem highlighted for the P,Os system was the substrate temperature. It was
observed that if the substrate temperature at the start of the deposition was less than
120 oC then the resulting film would have a high density of voids. By implementing a
heater with a smaller radius under the turntable it was possible to form a temperature
gradient across the Si wafers such that part of the wafer was below 120 °C. As
expected the region which was below the temperature produced voids, as illustrated in
Figure 3.8. The voids themselves are created due to the mechanical strength of the
deposited film being so low that oxide particles flake off18. The increased temperature
of the substrate creates a higher degree of sintering to prevent this. Alternatively, the
distance of the flame can be moved closer to the substrate to achieve a higher degree of
sintering. Whilst care had to be taken to stop this phenomenon the temperature of the
substrate could not be too high in case the P,Os evaporated. The final stage in sintering
the SiO,-P,0s film was designed to be compatible with the rare earth doping process.
It was important to be able to sinter the glass in a quick time and at a high temperature,
without loss of the P,Os due to evaporation and without residual gas trapping.
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For Si0,-P,05 films the nature of the glass is such that the low viscosity results in
complete consolidation. However, due to this viscosity, the film is susceptible to
consolidating at such a rate that residual gas is trapped and causes bubbles. To
overcome this phenomenon the deposited layer can be thinner and the final film
produced from a series of depositions. Alternatively, a temperature gradient in the
furnace can allow slower fusing conditions. However, it was found that a gradual ramp
of the temperature had the undesired effect of allowing the P,Os level to evaporate, to
such a level that the deposited soot could not be fully sintered. A possible solution to
this, used in investigations of phase relations for glasses, was to place the sample in a
platinum box to create a partial pressure. However, this had no effect and did not
provide a greater deal of sintering.

Deposited SiO,-P,0s films were able to be fused in He atmospheres at temperatures as
high as 1385 °C in time durations of between 15 to 120 minutes with no gas trapping,
or P,Os out diffusion. Another benefit was that the samples could be quenched at
temperatures as high as 1375 °C without thermal shock damaging the samples.
Figure 3.9 indicates the problems found when trying to consolidate the samples at
1400 °C. At 1385 °C striations across the sample as well as implosions due to faults
in the Si crystal planes were also observed (Figure 3.10).

High P,0s doped samples (~20 wt%) also required a thermal oxide buffer layer of at
least 4 pm thick. The thermal mismatch between the Si substrate and deposited film
caused severe cracking to take place over the sample. This is shown in Figure 3.11
where a highly doped film was deposited and sintered on a sample with a 1 um buffer
layer.

3.4 Binary Si02-B203 glass system

For the SiO,-B,03 system the important factors in the investigation were to fabricate
films which would act as suitable claddings for high phosphorous doped cores. This
involved, matching the refractive index to that of the buffer and sintering temperatures
which would not cause the gross deformation of the core. It was also important to
produce thick layers which would embed the core, remembering that the viscous nature
of the glass tends to minimise the surface area, and as result 'flows' between the
guides!®. This is unlike other silica technologies where cladding layers maintain the
shape of the initial design.
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The phase diagram of the Si0,-B,03 system?? is given in Figure 3.12. There was
wide controversy regarding this system, owing to the problems in obtaining reliable
equilibrium data?!. The principal difficulties involved the volatilisation of B,Os, the
hydration and the great viscosity of Si0,-B,03. However, a teature noted by the study
was the difficulties found in detecting devitrification of the borosilicate glasses.
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Figure 3.12 Phase diagram of SiO,-B,03 glass system.

To produce Si0;-B,0; films the halides SiCly and BCl3 were initially transported to
the flame. In this case the BCl3; was gaseous. The hydrogen and oxygen flow rates
were 1 and 2 I/min respectively. However, since the refractive index change introduced
by B,03 reduces the index, qualitative measurements were undertaken to match the
refractive index to that of the thermal oxide.

Measurements involved viewing the cross-section of the planar waveguide by cutting
the samples into rectangular pieces after the SiO,-B,0j3 film had been deposited. The
samples were then inspected end-on by fixing the ends of the substrate to cover slips
using silver dag. The samples were then investigated under a microscope in
transmission mode, such that the planar films were normal to the objective. It was a
relatively simple matter to investigate the relative intensities between the thermal oxide
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and deposited layer. This is illustrated in Figure 3.13, showing a brighter intensity for
the deposited layer and Figure 3.14, showing a similar intensity to that of the thermal
oxide. The process also gave an indication of the film thickness.

To maintain the uniformity of the film thickness, the SiCly flow rate was maintained at
150 sccm for all depositions. The BClz flow rate was varied between 0 and 50 sccm.
However, even with the maximum BCl; flow rate the temperature necessary to
consolidate the soot was 1325 °C, for a time of 60 minutes in a He atmosphere22. The
addition of POCI; to the reaction resulted in an increase in the refractive index and a
decrease in the sintering temperature. It was subsequently established, that BCls and
POCI; flow rates of 50 and 30 sccm provided films with an index approximately equal
to that of the thermal oxide which sintered at 1200 °C, for a time of 60 minutes in a
He atmosphere. It was also possible to deposit 20 um thick layers in a single
deposition.

As a result of studies based on the optical ageing characteristics of borosilicate fibres,
refractive index measurements as a function of temperature were conducted?3. To allow
reliable refractive index measurements a high P,Os doped layer was used. This
generally gave an index difference in relation to the thermal oxide of 0.75%. The
addition of B,03, to form a Si0,-P,0s5-B,03 glass reduced the refractive index to
0.68%. All the samples were fused at 1300 °C for 60 minutes in a He atmosphere. The
samples were then ramped down to various temperatures at a rate of 5 °C/min and
removed from the electric furnace to cool down to ambient temperature. Figure 3.15
shows the refractive index measurements as a function of the final temperature on
removal from the furnace. Also plotted is the refractive index measured for a sample
ramped down to 1100 °C at a lower rate of 3.33 °C/min.

Figure 3.15 indicates that as the temperature is ramped down to below 1100 °C then
for this particular system the refractive index begins to rise. The index difference
between the high temperatures and the low temperatures relates to an index difference
of 4x10-3. Similarly, in the fibre work reported, the index difference was as large as
8.7x10-3. The rise in refractive index also took place at more moderate temperatures of
400 °C.
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Figure 3.15 Refractive index of Si0;-P,05-B,03 film as a function of final
temperature.

The low refractive index regime occurs when the glass is quenched whereas at lower
temperatures annealing causes an increase in the refractive index. This is attributed to a
density increase for the annealed sample?4. Compared to the fibre experiment the
apparent discrepancies are due to the high doping levels employed for the fibre results.
Increasing the boron oxide content results in the glass becoming less rigid such that the
glass transition temperature decreases. Of particular note is that for an increase in index
for this particular system the sample must be removed at temperatures below 1100 °C.
This is less critical for the regime employed for index matched cladding layers, as the
B,0O; content is greater.

For the Si0,-P,05-B,03 system two main problems were encountered. The system
was susceptible to gas trapping and when inspecting the deposited material, using the
microscope it was found that a dark band was formed next to the buffer layer. The gas
trapping was most pronounced when short duration, high temperature cladding films
were attempted. Once again, this was to try and minimise the thermal cycle of the rare
earth doped cores. The gas trapping was especially bad for planar samples with a high
density of devices as shown in Figure 3.16. This problem was alleviated for thick
films by plunging the deposited soot at 850 °C and ramping the temperature to
1200 °C at a rate of 15 °C/min. The discontinuity at the interface between the thermal
oxide and the deposited soot as illustrated in Figure 3.17 was due to diffusion of the
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B,0s3. This was as a result of the flame temperature. Once again this phenomenon was
reduced by either decreasing the hydrogen flow rate to the torch, or moving the torch
further away from the sample.

Another feature of the system was that deformation and interdiffusion between the core
and cladding took place. This was attributed to the high P,Os content of the core
region. To prevent these problems a Balzer box coater was used to deposit 1 um thick
SiO; layers, index matched to that of the buffer layer?>. It was shown, that by bleeding
an oxygen pressure of 3x10-% mbar into the chamber, the desired index was produced.
The system itself was quite versatile offering an index range of 0.07. However, due to
time constraints no measurements of the reduction in interdiffusion were undertaken.
Although, inspecting devices with no capping layers, the P,Os was only seen to diffuse
into the clad and not the thermal oxide buffer.

In conclusion it was possible to produce thick cladding material, index matched to that
of the buffer layer. Several problems were encountered. However, suitable solutions
were found to accommodate difficulties such as gas trapping.

3.5 Ternary SiO2-Ge0O2-B203 glass system

Towards the end of the project a small amount of time was spent measuring the
refractive index change for the SiO;-Ge0O;,-B;03 system. This was due to the
photosensitive properties reported for this system in both fibre and planar work.
Collaboration with Porto University, who have the necessary facilities to treat and
expose the samples, has been set-up.

By maintaining the SiCls and BCl; flow rates at 150 and 30 sccm, it was possible to
measure the refractive index as a function of the GeCly flow rate. The hydrogen and
oxygen flow rates were 1 and 2 I/min respectively. Figure 3.18 indicates the refractive
index difference as a function of the GeCly flow rate.

For this system a high sintering temperature of 1325 °C was necessary. For this
reason, Si0,-GeO; systems could not be tested for FHD, due to the glass sintering
temperature necessary. To reduce the sintering temperature either codoping with B,O;3
or P,Os was necessary26. Since, B,O3 reduces the refractive index of the glass this
means a larger GeO; concentration for similar refractive index values to that produced
for samples codoped with P,Os and GeO,. The B,0O3 is also reported to aid the
photosensitive properties of the glass, such that it was chosen as a suitable codopant?’.
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Figure 3.18 Refractive index of SiO,-GeO;-B,03 film as a function of GeCly flow
rate.

Of particular importance was that it was possible to match the refractive index of the
S10,-GeO,-B,03 system to that of the typical index used for rare earth doped samples
within the project. This offers the potential of integrating active devices with
photosensitive regions to produce such devices as DBR laser structures. Chapter 6
discusses the topic of selective area doping in more detail.

3.6 Conclusion

Various glass systems were fabricated and investigated. The main objective, was to
fabricate low loss rare earth doped devices. Consequently, core layers formed from the
binary SiO,-P,0s system were fabricated. High phosphorous content silica was able to
be fused at high temperatures in a short time period. The cladding layers were formed
from the Si0,-P,0s5-B,03 system. A suitable cladding layer, which was thick, index
matched to the buffer layer and possessed a low sintering temperature was possible.
Problems for both glass systems were highlighted and solutions suggested. Finally, the
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S10,-Ge0,-B,03 system was characterised, to investigate the photosensitivity of
waveguides for novel waveguide designs.
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Chapter 4 Channel waveguide fabrication and
assessment

4.1 Introduction

The previous chapters have detailed the equipment and fundamentals of the FHD
process. In this chapter the reader will be given an overview of the FHD as a technique
for forming planar and channel waveguides. Details of the deposition parameters,
photolithographic steps and dry-etching techniques used will be presented. The
assessment of the waveguides at different stages will also be described.

4.2 Planar waveguide fabrication

In general 3" silicon wafers are used for waveguide growth. A number of other
different substrates can be used including quartz discs of varying diameters. Silicon
wafers are of particular interest since they are inexpensive, often provide motherboards
for multi-task functions, and are typically used in the silicon microelectronics industry.
Silicon micromachining techniques provide passively aligned V-grooves for fibre
location and silicon can provide complex optoelectronic modules comprising of
electronic and optical waveguide components. Thus, silicon offers the advantages of
low cost, packaged hybrid devices. The Si wafers utilised for FHD have a thermally
grown 10 um thick buffer layer of oxide to aid the wettability of the structure and to

provide a necessary buffer layer for isolation from the high index silicon substrate.
4.2.1 Sample preparation

To improve yield and material quality, samples at all stages in the fabrication process
are meticulously examined for cleanliness. Transfer of thermally grown samples to
carriage boxes only takes place in class 100 fume cupboards. The samples received
from the supplier are dispatched after a vigorous acid clean. To reduce the exposure of
the substrates and hence, the risk of contamination, substrates are directly placed into
the deposition chamber and do not receive any form of cleaning. It was found that this
resulted in a reduction in surface defects compared to samples that had been removed
for cleaning prior to depositions. Subsequent processes in the fabrication require
cleaning to remove any particulate contamination.
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Substrates are generally cleaned using the following well established procedure:

1. Place substrate into a beaker and rinse with opticlear. Immerse the substrate
in opticlear and agitate in an ultrasonic bath for 5 minutes.

2. Dispose of the opticlear in the sink and rinse the sample in acetone. Immerse
the substrate in acetone and agitate in an ultrasonic bath for 5 minutes.

3. Dispose of the acetone in the unchlorinated sump and rinse the sample in
methanol. Immerse the substrate in methanol and agitate in an ultrasonic bath
for 5 minutes.

4. Without extracting the sample from the beaker rinse in RO (reverse 0Smosis)
water for 2 minutes.

5. Remove excess water from the substrate with a nitrogen blow gun and place
on a 90 °C hotplate for 5 minutes to dry completely.

At all times the sample remains immersed. This cleaning procedure is adopted since
opticlear is biodegradable, however it is immiscible in both water and methanol. The
above process is used and strictly adhered to since each solvent is soluble in the
ensuing one. A similar process is to use a water solution of Decon (1:20) followed by
RO water, acetone and IPA which all placed in the ultrasonic bath for 5 minutes at each
relevant stage and then blown dry and placed on a hotplate for 5 minutes.

For a more vigorous clean to remove organic and inorganic contaminants an acid bath is
used. This involves both sulphuric acid (H,SO4) and hydrogen peroxide (H,03).
During this clean, safety procedures are strictly adhered to, with protective aprons,
gloves and safety glasses worn. The H,0; is slowly added to H,SO4 in small amounts
and gently mixed. The temperature is constantly monitored and once 80 °C is reached
the relevant sample to be cleaned is immersed in the solution for 10 minutes. The
sample is removed from the solution and then flushed with large amounts of RO water.
The remaining solution is disposed of in a safe and careful manner. Once the sample
condition is acceptable, it is transported to the deposition laboratory for the consequent
film fabrication.

4.2.2 Deposition process

In order to give reproducible deposition parameters in a safe manner and to maintain the
deposition equipment, a standard process was developed. This enabled the operator to
work in a safe environment, with the apparatus inspected for faults during the set-up
procedure. This process is described in the following section.
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Preparation

1. Clean torch in 10:1 HF solution for 10 minutes, or alternatively ultrasonic in IPA
for same length of time.

2. Use Nalgene flexible tubing to connect PTFE supply gas pipes to torch and fix torch
in required position.

3. If doping is to be used then prepare relevant molar solutions.

4. Ensure that chamber is cleaned thoroughly before fixing the turntable into position.
5. Boot up PC and load deposition program. Check to see if communicating to stepper
motors.

Initial checks

1. Use potentiometers and digital voltmeters to set the required flow rates for halides,
always ensuring that the combined total flow rate for the master line is 850 sccm.

2. Check the oil temperature circulating the jacketed Drechsel bottles is set at 20 °C to
maintain the same vapour pressure.

3. Ensure that the temperature of the cabinet is greater than 20 °C to prevent hydrolysis
taking place in the gas lines.

4. Check the manometer level before the deposition to make sure that there is no
blockages in the halide supply line to the torch.

5. Examine the strength of the extract to determine if there is any blockages in the
extract which need removing.

6. Make sure the level of the scrubber is adequate and that the pressure from the gas
supply is great enough to create a fine mist to neutralise the HCI vapour produced.

7. Check the nitrogen gas supply is sufficient for the required deposition and that the
pressure is 50 psi.

Deposition

1. Open small flap to the entrance of the deposition chamber and clean turntable with
IPA.

2. If aerosol doping is being investigated then fill aerosol and attach to torch.

3. Open hydrogen and oxygen bottles first ensuring that the regulators are closed.
Examine levels to guarantee that the gas levels are sufficient for deposition and set
pressure to 20 psi.

4. For safety reasons carefully vent both the hydrogen and oxygen lines.

5. Open hydrogen gapmeter and light torch with a piezoelectric lighter. Once the flame
has been struck gradually open the oxygen gapmeter and set the relevant gas flows.

6. Switch on turntable heater and set variac to 240 V.

7. Switch on cooling fan to protect steeper motor control circuitry which is positioned
below the chamber.

8. Once turntable has reached optimum temperature lift small flap and load samples,
ensuring that dust free gloves are worn.
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9. Switch on halides by toggling the three supply switches simultaneously.

10. Check the manometer level for any obstructions.

12. If introducing aerosol then increase the aerosol delivery rate to the standard rate.

11. Start turntable rotating and after approximately 2 minutes once the reaction has
reached equilibrium start the linear drive.

12. Monitor deposition and don't leave unattended.

Completion

1. Switch off nebuliser.

2. Tumn off master flow controllers for halides.

3. Having ensured that the halides have been purged out of the system and completely
burned off then carefully close hydrogen gas bottle.

4. Once the hydrogen has been cleared out of the line close the regulator.

5. Close oxygen bottle.

6. Carefully clear oxygen line and close regulator.

7. Turn off turntable heater.

8. Stop the scrubber and close the gas supply.

9. After approximately 5 minutes lift small flap and load the samples onto a carriage for
consolidation in the high temperature furnace making sure that dust free gloves are
WOTIN.

10. Stop the cooling fan.

11. Remove turntable for cleaning and leave in fume cupboard.

4.2.3 Assessment of planar waveguides

Having deposited and consolidated planar waveguides, a standard set of procedures
were adopted to test the quality of the waveguides, especially in respect to active
devices. Prism coupling experiments! were performed not only to measure the
refractive indices and film thicknesses, but also as a means to investigate both the in
plane and out of plane scatter, which give important information about the doping
uniformity. To evaluate the film thickness and to act as a figure of merit for the prism
coupling a selective Pliskin etch was conducted to determine the thickness of the
device?. By etching different parts of the 3" wafer it was also possible to measure the
thickness uniformity. Optical inspection and scanning electron micrographs were
conducted to check for contamination and peculiarities. A quick method of producing
channel waveguides using a sawing technique was used to perform broadband white
light tests to determine rare earth doping levels. After all these initial checks it was
possible to choose the best samples for more precise measurements. In this section the
various techniques used to assess planar waveguides will be described and typical
results presented.
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Before describing the prism coupling technology a brief summary is given of the wave
equations for step index 2-D waveguides (see Figure 4.1).

X clad n,
0
—
substrate Dy z

Figure 4.1 Light ray path due to total internal reflection

To support guided modes the fundamental condition that ng> n./ ng must be satisfied
where, ny, n¢ and n; are the respective film, clad and substrate refractive indices. This
results in the light being confined to the guiding layer, n¢, and propagates in a zig-zag
fashion. The actual index that the guided mode experiences is termed the effective
index, N. This can be described as:

B=k,N (4.1)
where
N =n;sin6 4.2)

where B is the propagation constant, 0 is the angle of incidence at the substrate/
clad-film interfaces and ks the free space wavevector and equals 2r/A, A is the free-
space wavelength.

To support a waveguide mode it is also necessary that the phase shift of the wave after
two successive reflections is equal to a multiple of 2. For the case of TE polarised
light this can be expressed as

2k ,n;Wcos® —2¢, —2¢. =2mn (4.3)

Where ¢ and ¢, are the phase shifts experienced on internal reflection between the

film-substrate and film--clad interfaces. These can be expressed as follows

-1Y
¢s = tan K (4.4)

54
J. R. Bonar '95




Chapter 4 Channel waveguide procedures

¢, =tant Te (4.5)
K
where
2 =p* —k2n? (4.6)
v =p*—kZn? (4.7)
k =k,n;cosO (4.8)

As a result, equation (4.3) can be rewritten to give the following eigenvalue equation.

KW = mn + tan~' 1& + tan ! s (4.9)
k k

where m = 0, 1, 2 ... denotes the mode number and W is the waveguide thickness.

Hence, if the propagation constant f and the waveguide thickness W satisfy the

equation then a discrete set of modes can be supported i.e. zig-zag rays with certain
incident angles can propagate as guided modes in the high index layer.

In order to use the eigenvalue equation to obtain the modal solutions for a given
waveguide we rewrite equation (4.9) in a normalised form. This normalised form
allows any step index structure to be easily solved. The normalised frequency V and the
normalised guide index b are defined as follows

V =k ,W+/n? —n? (4.10)
and
Nz—n2
b=(__2___;) @.11)
(nf —ny)

The asymmetry measure of the waveguide is defined by:

2 2
q =Ny —0¢)

= (n% —nsz) (4.12)

It can be seen that a =0 for a symmetric waveguide and tends to infinity as the
asymmetry increases.

Substituting the normalised values into the eigenvalue equation gives:
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VA1—b =mn + tan ™! %+tan_11/?j: (4.13)

Equation (4.13) can be solved numerically to produce the normalised dispersion
curves3 shown in Figure 4.2. The effective index of the waveguide can be obtained
from these dispersion curves when the waveguide parameters are known. Above the
critical angle, defined by Snell's Law, the light is no longer confined in the guiding
layer and begins to leak into the substrate. This situation is known as the cutoff of the
guided mode, and is represented on Figure 4.2 when the curve crosses the V axis.
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Figure 4.2 Dispersion curves of step-index planar waveguides taken from reference 3.

A similar procedure for TM modes is followed and produces the dispersion relationship
illustrated in equation (4.14). Once again a discrete spectrum of guided modes plus a

continuum of radiation modes are supported.

2 2
kW =mn + tan'l(ﬁ) (ﬁj + tan“l[ﬁ) (k) 4.14)
ng k n, k

Although a thickness of W is measured for the waveguide the guided mode is actually
confined to an effective thickness W¢r because it spreads somewhat into the substrate
and clad. This width Wy, is measured between the fictitious boundaries above and
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below the waveguide film that are associated with the Goos-Haenchen shift. This is
described as

W= W4 (4.15)

s Ve

Having derived the basic dispersion characteristics it is possible to derive subsequent
waveguide parameters for 2-D slab waveguides (infinite in y direction) employing the
prism coupler. Referring to Figure 4.3 it is possible to set up relations for when the
horizontal wave component in the prism is equal to the propagation constant of one of
the guided modes. Consequently, the effective index N of a particular guide mode is
described as follows

N=n, sin[a " sin*(s—m—e—)] (4.16)
n
p

By evaluating the propagation constants for two or more modes it is possible to employ
the dispersion relationship given in Equation (4.13) to numerically solve (iterative
process) the waveguide parameters of effective thickness, refractive index and film
thickness.

nC

W B - ¢
'
z

n

Figure 4.3 Schematic of prism coupling geometry

Prism coupling measurements were undertaken, for initial characterisation of planar
waveguides. This is a simple technique which is detailed in many standard texts, hence,
only a brief overview of the method is given here.
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The standard deposition used throughout this work produces a step index waveguide
as illustrated in Figure 4.1. In order to excite a guided mode, light must be coupled
into the high refractive index layer. This can be achieved utilising a high-index, prism
in very close proximity to the planar waveguide. A guided wave can be excited through
phase matching the incident wave to the guided mode. When a laser beam strikes the
base of the prism at an angle greater than the critical angle, then it undergoes total
internal reflection (TIR) and the evanescent fields extends from the base of the prism
into the waveguide.

As mentioned previously high-index (>1.5), high-precision prisms were used to excite
the planar films. Two types of prism were used: SF15 and BaK4 Schott glasses. The
SF15 had a high index of 1.694 and a prism angle of 600, however the glass was
relatively soft and susceptible to damage when being clamped on to the sample.
Consequently, BaK4 Schott glass was used since it was more durable, although the
index was smaller, being 1.567, and as a result required a larger prism angle of 759.
With the benefit of having a crystal shop on site it was possible to produce good prisms
with accurate angles.

The TE polarised light from an He-Ne laser operating at 632.8 nm was coupled into the
slab waveguides ensuring that the coupling regime was weak and that the beam width
was sufficiently large for high-accuracy measurements. The refractive index and
thickness of the films were measured at the point where the beam strikes the base of the

prism.

To check the results from the prism coupling experiments two other techniques were
used. The first method, involved removing an area of unsintered soot from the sample
using a razor blade. The soot was then consolidated and the step between the two
regions was measured using a Talystep, or Dek-Tak. However, a lip was often found
at the point of removal owing to soot shrinkage. Also, one had to ensure complete
removal of soot from the uncoated region for accurate measurements and due to the
sample being processed before consolidation it was necessary to place another similar
untouched substrate to compare thicknesses measured and thicknesses calculated
employing the prism coupler.

A second, more ideal, solution was to use a selective etch after consolidation of the
soot. This enabled the sample to be initially characterised by the prism coupler. The
points at which the prism measurements were taken were then etched. A Pliskin etch
was used to perform the necessary etching. This consists of 15 parts HF (49%), 10
parts HNO3 and 300 parts H,O. The selectivity of the etch was considerable with the
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1 5.9 5.71 +3.3 1.467
2 6.0 5.77 +3.9 1.467
3 6.2 5.98 +3.5 1.467
4 6.3 6.09 +3.3 1.467
5 6.3 6.08 +3.5 1.467

Table 4.2 Thickness variation of a Si0,-P,0s film over a distance of 3".

The prism coupler also provided important information into the suitability of films for
further processing, especially in the case of rare earth doping. It was able to highlight
two categories of scatter:

1. Out-of-plane scattering
2. In-plane scattering

Through the guided stripe and the mode-lines it is easy to qualitatively determine the
magnitude of both of these phenomenon. If the stripe was visible, indicating out of
plane scatter, then at this early stage it is likely that the loss will be several decibels per
centimetre, and thus, the waveguide is deemed unsuitable for further lengthy
processing. Similarly, the in-plane scatter was easily estimated from the brightness and
expanse of the line extending from the central spot in the m-line.

Figure 4.6 shows a sample with a high loss due to both out-of-plane scatter as
demonstrated by the visible stripe and in-plane scatter from the broad divergence of the
beam. Out-of-plane scatter was due to imperfections at the surface of the waveguide
structure, which in this particular case was due to the rare earth doping of the
waveguide. The inhomogeneous distribution of the rare earth causes the broadening of
the beam and once again is a good indicator as to the solubility of the rare earth in the
glass matrix. As an example Figure 4.7 depicts a sample rare earth doped where the
material and process conditions have been optimised resulting in virtually no out-of-
plane scatter and very weak in-plane scatter.

The waveguides produced have been step index waveguides. However it is possible to
tailor the index to form graded index waveguides i.e. an index distribution
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