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Chalcogenide glasses, especially sulphide glasses, are becoming
more and more important for the fabrication of optoelectronic devices in
part because of the high nonlinearity, strong photosensitivity and several
other unique properties they have. Chalcogenide glasses are normally
fabricated by a conventional melt-quenching method. The glasses are
then further processed to form, for example, thin films, optical fibre and
optoelectronic devices.

Germanium sulphide glass thin films have been directly deposited
on a variety of substrates by means of chemical vapour deposition (CVD).
The deposition rate of germanium sulphide glass film by this CVD process
is estimated to be about 12 um/hr at 500°C. These films have been
characterized by micro-Raman spectroscopy, X-ray diffraction (XRD), and
scanning electron microscopy (SEM). The refractive index of germanium
sulphide glass film, measured by both the prism coupling technique and
the single transmission technique were 2.093%+0.008 at 632.8nm and
2.107+0.003 at 642nm respectively. The propagation loss of a
germanium sulphide waveguide on a Schott N-PSK58 substrate,
measured at 632.8nm by a He-Ne laser was 2.1+0.3 dB/cm. Germanium
sulphide glass planar waveguide with rib structures have been fabricated
by a photolithography and argon ion-beam milling process. Germanium
sulphide glass films have also been deposited on some commercial silicon
wafers with buffer layers such as SiO, and GeO,. In addition, Ag-doped
germanium sulphide glass channel waveguides, fabricated by the thermal
evaporation, photolithography, and photo-dissolution process, with the
propagation loss of 0.67x0.05 dB/cm at 632.8nm have been
demonstrated.

High purity germanium sulphide bulk glass has also been fabricated
by this CVD process. The optical and thermal properties of this glass have
been investigated. The transmission range of this glass extends from 0.5
um to 10.5 um, as measured by UV-VIS-NIR and FT-IR spectroscopy. The
thermal properties, studied by DTA and TMA, certify that this stable glass
has a glass transition temperature (Tg) of 456 °C, an onset of
crystallization temperature (Ty) of 620 °C, a melting temperature (T,,) of
715 °C, and a coefficient of thermal expansion (CTE) of 12.9x10°%/°C. The
purity of germanium sulphide bulk glass bas been determined by a glow
discharge mass spectrometry (GDMS) technique and an exceptionally low
level of transition metal impurities in this glass have been achieved.
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Chapter 1

Introduction

1.1 Motivation

Telecommunications has proved itself as one of the key
technologies to emerge out of the 20" century. The pressure to fully
exploit the bandwidth capability of silica optical fibre remains intense
and devices such as optical switches, modulators, transmitters and
receivers are required to realise this. The ultimate goal is to produce
all optical integrated circuits (OICs) that contain the above devices on

a single substrate, enabling high functionality and low cost [1-2].

An optical integrated circuit is a thin-film-type optical circuit
designed to perform a function by integrating a laser diode light source,
functional components such as switches/modulators, interconnecting
waveguides, and photodiode detectors, all on a single substrate.
Through integration, a more compact, stable, and functional optical
system can be produced. Since the key components are slab or
channel waveguides for OICs applications, a key objective of this thesis
is to discover how to design and fabricate good waveguides using the

right materials and processes.

There are several approaches aimed at producing OICs, using
materials that include silica, silicon and optically active polymers. To
date there is no ideal solution to the problem. All glass OICs have
advantages over silicon and polymer approaches including an
increased transparency and a high optical damage threshold. However,

finding a suitable glass with the properties required, such as the ability



(%(Z,:‘/ Optoelectronics Research Centre
~/

University of Southampton

to host rare earth ions or provide a high non-linearity, has proved
difficult.

One such family of glasses, providing glass that appears to be a
suitable candidate for producing OICs, are the chalcogenides, and in
particular, a germanium sulphide glass investigated by this research
work. This glass is an amorphous semiconductor with an absorption
edge at —425nm (2.9 eV). Its properties include a low-phonon energy,
the ability to incorporate rare earth ions, low-toxicity, high glass
transition temperature, and superb photo-modification characteristics.
These properties, together with high non-linearity and well
documented spectroscopic properties make it an excellent candidate
for research into planar channel waveguide structures and active

telecommunications devices.

Another application for planar germanium sulphide devices utilises
the low phonon energy of this glass, which enables transmission from
0.5um through to 10.5um. The optical third-order nonlinearity of
germanium sulphide glass (~7.5x10 cm?/GW) was measured by D.
Marchese et al. [3], making this glass one of the best candidates for

ultra-fast nonlinear optical applications.

Chalcogenide glasses are normally fabricated by a conventional
melt-quenching method [4, 5]. The glasses are then further processed
to form, for example, thin films, optical fibre and optoelectronic
devices. Thin films of chalcogenide glass can also be deposited by a
number of methods including evaporation [6], sputtering [7] and
ablation [8]. These techniques in general suffer from difficulties
associated with the incorporation of impurities or non-stoichiometry.

Sol-gel techniques can be used for the fabrication of sulphide glass
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waveguides [9], but these materials are often contaminated by oxide

impurities.

Chemical vapour deposition (CVD) has proved to be highly
advantageous for the fabrication of ultra high purity silica glass fiber
preforms. It would be desirable to find an analogous approach for the
fabrication of chalcogenide materials and there has been considerable
work devoted to this objective [10], although no suitable process has
been reported. Reaction between germanium chloride (GeCl;) and
hydrogen sulphide (H>S) to form germanium sulphide (GeS;), for
example, was reported to be unsatisfactory for the fabrication of planar
or preform structures because of a low reaction rate and a low yield of
deposited product. Another approach to form germanium sulphide
films by plasma-enhanced CVD [11] reported the production of
unstable films, easily oxidized in air, fabricated through the reaction

between GeH,; and H>S.

The synthesis of chalcogenide glass using CVD techniques has not
been widely reported. Therefore, with an available source of the high
purity germanium chloride (99.9999%) and the ability to melt in a
reactive atmosphere of H,S available in our laboratory, we began to
review the reaction between GeCl, and H»S to form GeS,. A
thermodynamic analysis indicates that this reaction should be favoured
and therefore preliminary tests were undertaken. The ability to
fabricate thin films of chalcogenide is increasingly of interest, and the
promise of practical planar integrated devices motivated this work [12-
13].



(%(Z,:‘/ Optoelectronics Research Centre
~/

University of Southampton
1.2 Project aim

The objective of this research work is to develop waveguide
devices for planar or fibre applications directly by means of chemical
vapour deposition (CVD). The challenges in the research required
encompassed materials science, mechanical engineering,

semiconductor fabrication, and characterization techniques.

Germanium sulphide glass with the excellent properties, such as
non-toxicity, high transition temperature, good rare-earth solubility,
low phonon energy, high refractive index, high non-linearity, photo-
modification characteristics, and well documented spectroscopy, make
it an outstanding candidate for research into fibre and planar
waveguide applications [4, 5]. However, to date, there is still no
reported chalcogenide planar waveguide fabricated directly by means
of CVD. Therefore, the main objective is to develop a reliable CVD
process for the fabrication of a germanium sulphide glass planar
waveguide. In addition, it would be more desirable to apply the CVD
process to the fabrication of high purity germanium sulphide bulk

glasses or, ultimately, fibre preforms.

1.3 Thesis synopsis

This thesis describes the original research in design, fabrication,
and characterization of germanium based sulphide glass planar
waveguide and bulk glass by means of chemical vapour deposition
(CVvD). This chapter has presented the motivation and aims of the

project.
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Chapter 2 reviews the literature including the planar waveguide
fabrication techniques, channel waveguide fabrication techniques, and

applications based on chalcogenide glasses.

Chapter 3 discusses the attempt to fabricate chalcogenide based
glass by a sol-gel technique. However, with the success in the CVD
process, the sol-gel work has been suspended and the research will

focus on the CVD technique.

Chapter 4 reviews the fundamentals of CVD techniques, including
the thermodynamics of CVD, kinetics and mass-transport mechanisms,

CVD systems, precursors, and gas purification systems.

Chapter 5 discusses the fabrication and characterization of
germanium sulphide glass planar waveguides by CVD. First, the
thermodynamic analysis of the formation of germanium sulphide glass
from the reaction between GeCl, and H>S has been investigated, which
reveals that the CVD process is feasible and has a higher yield at
higher temperatures. The parameters, such as flow rate, temperature,
molar ratio of H,S/GeCl,, and substrate selection, of CVD experiments
have been optimized. The germanium sulphide glass films have been
characterization by micro-Raman, X-ray diffraction (XRD), and
scanning electron microscopy (SEM) with energy dispersion X-ray
analysis (EDX). The refractive index of germanium sulphide glass films
have been investigated by the prism coupling and the single
transmission techniques. The first planar waveguide based on
chalcogenide glass made by the CVD technique and the propagation
loss of the germanium sulphide glass planar waveguide have been

studied. Besides, a germanium sulphide glass waveguide with channel
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structures has been fabricated using the CVD, photolithography, and
dry-etching techniques.

Chapter 6 involves the fabrication and characterization of
germanium sulphide bulk glass by the CVD process. The original design
of the CVD reactor has been presented and the yield of the CVD
process has been estimated. The optical properties of germanium
sulphide bulk glass have been studied by UV-VIS-NIR and FT-IR
spectroscopy. The thermal properties of germanium sulphide bulk glass
have been investigated by DTA and TMA techniques. The purity of this
glass fabricated by the CVD process has been measured by glow

discharge mass spectrometry (GDMS) by an independent laboratory.

Chapter 7 reports an extended application based on germanium
sulphide glass planar waveguides. With the incorporation of silver into
germanium sulphide glass film by a photo-dissolution process, the
increased refractive index of Ag-doped germanium sulphide glass films
have been measured by a single transmission technique. In addition,
the Ag-doped germanium sulphide glass channel waveguides have
been fabricated by photolithography, thermal evaporation, and photo-
dissolution technique and the propagation loss of the channel

waveguides has been estimated.

Chapter 8 is a comprehensive summary of the contents of this
thesis and suggests the possible areas for future research and

advancement of the technology.
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Chapter 2

Literature Review

The optical integrated circuit (OIC) has attracted increasing
attention, originally as the key component in an optical computer and
laser beam circuitry for telecommunications [1, 2] and today for an
increasingly wide range of devices, for example, optical sensors,
amplifier and laser, and nonlinear switches. An optical integrated
circuit is a thin-film-type optical circuit designed to perform a function
by integrating a laser diode light source, functional components such
as switches/modulators, interconnecting waveguides, and photodiode
detectors, all on a single substrate. Through integration, a more
compact, stable, and functional optical system can be produced. The
key components are slab [two-dimensional (2-D)] or channel [three
dimensional (3-D)] waveguides. Therefore, the important point, and a
key objective of this thesis, is how to design and fabricate reliable

waveguides using the right materials and processes.

In order to investigate the potential of the planar waveguide
applications and develop improved materials and processes, the
fabrication techniques of planar waveguides and channel waveguides
will first be reviewed. We will focus on applications based on
chalcogenide glasses, whose properties are particularly promising for
the next generation of optoelectronic devices. These glasses are low-
phonon-energy materials and are generally transparent from the
visible up to infrared. Chalcogenide glasses can be doped by rare-earth
elements, such as Er, Nd, Pr, etc., and hence numerous applications of
active optical devices have been proposed. These glasses are optically

highly non-linear and could therefore be useful for all-optical switching
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(AOS). Chalcogenide glasses are sensitive to the absorption of
electromagnetic radiation and show a variety of photoinduced effects

as a result of illumination [3].

2.1 Planar/Slab optical waveguides fabrication techniques for

glass

Thin-film science and technologies play an important role in many
industries, not only in optoelectronics, but also in many high
technology deposition processes which had their origin in such basic
technologies as anti-reflection coatings and anti-wear coatings. There
are two main processes, physical deposition and chemical deposition,
to make a glass thin-film on a substrate. This chapter is divided into
sections, physical and chemical deposition, which provides a
convenient method of categorising the wide range of processes. In the
physical deposition section, thermal evaporation, sputtering, pulsed
laser deposition (PLD) or laser ablation, and spin & dip coating will be
reviewed. In chemical deposition section, the sol-gel process (Sol-Gel),
liquid-phase deposition (LPD), flame hydrolysis deposition (FHD), and

chemical vapour deposition (CVD) will also be discussed.
2.1.1 Physical depositions

Physical deposition techniques including thermal evaporation,
sputtering, pulsed laser deposition (PLD) or laser ablation, and spin &

dip coating, will be discussed in the context of their use in the

preparation of planar optical waveguides.

10
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2.1.1.1 Thermal evaporation technique

Deposition of thin films by evaporation is very simple and
convenient, and is one of the most widely used techniques. It is only
necessary to produce a vacuum environment in which a sufficient
amount of heat is given to the evaporant to attain the vapour pressure
required for evaporation; the evaporated materials are then allowed to

condense on a substrate kept at a suitable temperature.

A normal thermal deposition process consists of three
distinguishable steps.
1. Transition of the condensed phase (solid or liquid) into the gaseous
state.
2. Transport of vapour from the source to the substrate.

3. Deposition of these evaporated particles on the substrate.

Substrates are made from a wide variety of materials and may
be kept at a temperature that depends on the film properties that are
required. When evaporation is made in vacuum, the evaporation
temperature will be considerably lowered and the formation of oxides
and incorporation of impurities in the growing layer will be reduced.
The most commonly used heating method for evaporation is resistive
heating. The material to be evaporated is raised in temperature by
electrical resistance heating within the wire spirals, or a crucible, made
of tungsten, tantalum, or molybdenum. The pressure used for normal
evaporation work is about 10~ torr. This also ensures a straight line
path for most of the emitted vapour atoms, for a substrate-to source

distance of approximately 10-50 cm in a vacuum system.

11
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Many compounds, such as SiO,, MgF,, SisN4, HfC, SnO,, BN, PbS,
and VO,, often vaporize with a range of species from atoms, to clusters
of molecules, to dissociated or partially dissociated molecules. For
example, in the thermal evaporation of SiO,, a number of species are
formed in addition to SiO,, for example, (Si0O,)x, SiO,-«, SiO, Si, O, etc.
The degree of dissociation is strongly dependent on the temperature
and composition of the compound [4]. Furthermore, thermal
evaporation is one of the most common techniques to prepare thin-film
chalcogenide materials. A wide range of chalcogenide thin films have

been prepared by this technique in [5-14].
2.1.1.2 Sputtering technique

It has long been known that when a surface is bombarded with
high velocity positive ions, it is possible to cause the ejection of atoms.
This process of ejecting atoms from the surface by the bombardment
of positive ions, usually inert, is commonly known as sputtering or
sputter deposition. The ejected atoms can be made to condense on a
substrate to form a thin film. Some of sputtering systems typically
used are ion beam sputtering, magnetron sputtering, unbalanced

magnetron sputtering, and RF sputtering [15].

Sputter deposition can be used to deposit films of compound
materials either by sputtering from a compound or by sputtering from
an elemental target in a partial pressure of a reactive gas (i.e.,
reactive sputter deposition). In most case, sputter deposition of a
compound material from a compound target results in a loss of some
of the more volatile material (e.g., oxygen from SiO,, sulphur from S-
based chalcogenides) and this loss is often compensated by deposition

in an atmosphere containing a partial pressure of the reactive gas in a

12
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process called quasi-reactive sputter deposition. In this technique, the
partial pressure of reactive gas that is needed is less than that used for
reactive sputter deposition. The technique also has been applied to
fabricate oxide-based planar waveguides [16-21] and chalcogenide
thin films [22] and waveguides [23].

2.1.1.3 Pulsed laser deposition (PLD) or laser ablation technique

Pulsed laser deposition (PLD) has been extensively studied within
the past decade because it is a relatively fast, simple, and flexible
technique for growing thin films of a variety of materials. This method
is based on rapid evaporation by means of high power laser pulses and
the subsequent condensation of the ablated material onto a substrate.
Amorphous, polycrystalline, and single crystal layers are grown,
depending on experimental parameters that included target
composition, substrate temperature, target-substrate distance, and the
presence of a reactive/inert gas. Recent successes in crystalline growth
by PLD have permitted the demonstration of efficient lasing action in a
2-10 um thick layer of gadolinium gallium garnet, GGG, grown on YAG
[24 ,25], and also Ti:sapphire, grown on undoped sapphire [26]. The
loss reported by Anderson et al. [25] is 0.3-0.5 dB/cm. However,
glasses are more difficult to grow by using PLD. Several early attempts
to grow both silicate and phosphate glasses resulted in films which
were opaque and diffuse in character, and under microscopic
examination, revealed a structure composed of few um sized particles.
No smooth, continuous and transparent films could be grown by PLD.
The underlying reasons for this are likely to be due to the extremely
non-equilibrium nature of PLD, when compared to other existing
methods for glass fabrication. The PLD technique has been applied to

the gallium lanthanum sulphide (GLS) glass thin films deposition [27-

13
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29]. The loss reported in ref. [29] was ~6 dB/cm. Chalcogenide thin
films with different compositions also have been fabricated by this PLD
technique [30-33]. The loss of an As,S3 waveguide reported by Rode et
al. [30] was 0.2 dB/cm measured at 1.55 um.

2.1.1.4 Spin & dip coating technique

This technique has been developed by D. W. Harwood et al. at
the ORC, University of Southampton [34]. At temperatures above the
liquidus temperature, compound glasses, such as the fluorides,
sulphides and phosphates, have viscosities comparable to those of spin
coating solutions. A neodymium-doped fluoroaluminate (AIF) glass,
with a viscosity of 0.1 poise at 1000 °C, has been successfully spin
coated into a waveguide geometry directly from its liquid phase. Laser
operation around 1050 nm has been observed in a 20 micron thick,
0.5% Nd-doped glass waveguide fabricated using this technique.
Performance is consistent with propagation losses of 0.5dB/cm, which
have been independently measured by imaging the scattered light
from the waveguide surface. Other materials including sulphide and

heavy metal oxide glasses are also being studied.

Recently, the spin & dip coating technique for GLSO planar
waveguide applications has been developed by A.K. Mairaj et al. and
the waveguide loss of the GLSO planar waveguide was 0.3 dB/cm at
1.064 um [35].

2.1.2 Chemical depositions
There are two main categories of chemical deposition techniques,

liquid phase and gas phase, used for the fabrication of planar
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waveguides. Both will be discussed in this section. First the sol-gel
technique and liquid phase deposition (LPD) in the liquid phase
chemical deposition section and then flame hydrolysis deposition (FHD),
chemical vapour deposition (CVD) and plasma enhanced chemical
vapour deposition (PECVD) in gas phase deposition will be discussed in

the following section.
2.1.2.1 Sol-gel technique

The sol-gel technique has been extensively investigated for the
fabrication of optical waveguides because it is a convenient and flexible
way to deposit oxide films on a variety of substrates. A key application
for glass waveguides is integrated optics or photonics, especially planar
waveguide devices for use in fibre communication systems. The use of
silicon as a substrate to make silica-on-silicon is one of the most
important photonic technologies. The sol-gel technique also has been

applied to form optical fibre preforms [36].

Sol-gel has become a flexible method for fabricating silica-on-
silicon components, since its key difficulty of crack failure has been
overcome by two approaches: the use of interactive spin coating and
flash annealing [37], and the use of organic-inorganic composite
materials [37]. Both techniques have now been used to make
waveguides with low propagation loss (<0.3dB/cm) at the
telecommunications wavelengths, especially 1550 nm, and passive

devices such as Y-junction splitters have been demonstrated [37].
For silica-based glasses, two other techniques have been used to

fabricate silica-on-silicon components - flame hydrolysis deposition

(FHD) and plasma-enhanced chemical vapour deposition (PECVD), and
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both have reached a significantly higher level of development than sol-
gel for this application. While sol-gel offers potential cost advantages,
deposition of glass does not contribute a very large proportion of
overall component costs. Therefore, for sol-gel to gain commercial
acceptance it must compete based on some performance advantage
[38].

Sol-gel does indeed offer great performance possibilities, because
of the ease of introducing a wide variety of dopants, and the possibility
of controlling the molecular structure through chemistry. Consequently,
the development of erbium doped planar waveguide amplifiers is highly
attractive. This technique also has been applied to fabricate
chalcogenide planar waveguides by forming an oxide based material on
a substrate and then making a conversion, under H,S, to a sulphur
based material [39-41].

2.1.2.2 Liquid phase deposition (LPD) technique

Liquid phase deposition (LPD, also known as chemical bath
deposition) of an oxide film was first realized by Nagayama et al. [42],
who used the technique to prepare SiO, coatings on silicon wafers. The
processes have been extended to the formation of other oxides,
including those of Ti, Sn, Zr, V, Fe, Ni, Zn and Cd [43]. The method
involves immersion of a substrate in an aqueous solution containing a
precursor species (commonly a fluoro-anion) which hydrolyzes slowly
to produce a super-saturated solution of a desired oxide, which then
precipitates preferentially on the substrate surface, producing a
conformal coating. LPD of SiO, has received considerable attention in
the semiconductor industry, and many modifications of the deposition

conditions have been explored to optimize the electronic properties,
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which are affected by the crystallinity and by residual fluoride or

hydroxide content.

Liquid phase deposition of SiO, is based on the reaction of H,SiFg
with water to form hydrofluoric acid and solid SiO,, as shown in the Eq.
(2.1).

H,SiFs + 2 H,0 +—> SiO, + 6 HF (21)

This model shows the increased super-saturation and hence the
increased deposition of SiO, by the addition of water to the growth

solution.
2.1.2.3 Flame hydrolysis deposition (FHD) technique

Flame hydrolysis deposition (FHD) is one of the most important
fabrication techniques for glass optical waveguides, especially for silica
optical waveguides. This technique is a process for forming a film
structure by using an oxy-hydrogen flame to produce glass soot
particles to deposit subsequently on a substrate [44]. The process is
developed to fabricate a film structure for an optical waveguide having
under and over cladding layers and a core layer surrounded by them,
as showed in figure 2.1. Layer 1 is a first cladding layer, a porous
vitreous layer (SiO,+B,03+P,0s5), to become the under cladding layer
made by oxidation from SiCls, BCl3, and POCIl; on a substrate. Layer 2
is a second porous vitreous layer (SiO,+B,03+P,05+Ge0,) to become
the core layer formed by oxidation from SiCls, BCl3, POCI3, and GeCl,.
Layer 3 is the over cladding layer which is made by the same process

as layer 1. After deposition, all the porous vitreous layers are sintered
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to a transparent film. The FHD technique has been intensively applied

to the fabrication of silica based planar lightwave circuits [45].

Layerl: SiO, + B,O3 + P,Os
Layer2: SiO, + B,03 + P,Os + Hz+ O
GeO,

Layer3: SiO, + B,03 + P,0s Glass Raw Materials:

Layerl: SiCl, + BCl3 +

POCI;

Layer2: SiCl, + BCls +

POCI; +GeCl,

Layer 3 “\ Layerl: SiCls + BCl3 +
Layer 2 «—_) .

Layer 1 4—/

Substrate

Figure 2.1 Flame hydrolysis deposition (FHD) for
silica base planar waveguides

2.1.2.4 Chemical vapour deposition (CVD) technique

Chemical vapour deposition (CVD) is an important and popular
technique for the preparation of thin films on a wide variety of
materials - elements as well as compounds - on different substrates.
CVD offers many advantages over other methods of thin film
deposition. For example, films with a high degree of purity and good
quality, with accurately controllable stoichiometric compositions and
doping levels, can be prepared. Because of the good throw power
attainable with CVD, the coating of complex shapes is possible. Since
many reactions can be accomplished at ambient pressure, the need for

expensive high vacuum equipment can be avoided.
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On the other hand, an obvious disadvantage associated with CVD
is that many coating reactions require high temperatures and the
vapour may react with substrates or apparatus. Also, the apparatus

used in CVD can be complex, and there are many control variables.

The main application of CVD is in semiconductor integrated
electronic circuits. Epitaxial deposition of silica on silicon wafers and
the deposition of dielectric films such as silicon dioxide and silicon
nitride for passivation in integrated circuitry are made possible by CVD.
For example, silicon dioxide films are usually prepared by the oxidation
of silane (SiH4). Silane is mixed with oxygen together with an inert gas

dilutant at atmospheric pressure. The reaction is as following Eq. (2.2):
SiH4) + Oz <+—> SiOys) + 2 Hyg (2.2)
The reaction can be processed at temperature as low as 450 °C.

Operation at atmospheric pressure is advantageous in the sense that it

allows a simpler and less expensive system than that required with

vacuum environment. When operating at atmospheric pressure, the

gas phase nucleation is reduced by the degree of inert gas diluent used.
Other processes used for the deposition of SiO, are as follows:

SiHa(g) + 2 N0 <+—> SiOys + 2 Hyg + 2 Nyg (2.3)

SiH-Cl, (9) + 2 NzO(g) «—> SiOz(s) + 2 HC|(g) + 2N2(g) (2.4)

The temperatures required for these reactions are approximately 850

and 900 °C, respectively.
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The direct oxidation of silicon tetrachloride and germanium
tetrachloride requires  very high deposition temperatures

(approximately 1500 - 1800 °C), as in the following equations:
SiC|4(g) + Oz(g) «—> SiOz(s) + 2 Clz(g) (2.5)
GeCI4(g) + Oz(g) > GGOz(s) + 2 C|2(g) (2.6)

The above reactions are also applied to the modified chemical vapour

deposition (MCVD) process for the silica preform preparation.

The metal halide precursors are very important not only in oxide
glass formation, but also in sulphide glass formation. For example,
germanium tetrachloride can react with hydrogen sulphide to form

germanium sulphide glass, as shown in the Eq. (2.7)
GeCI4(g) + 2H25(g) +—> GeSz(s) + 4HC|(g) (2.7)

Although the above reaction was reported to be unsatisfactory for the
fabrication of planar or preform structures because of a low reaction
rate and a low yield of deposited product [46], our thermodynamic
calculation in chapter 5 reveals that this reaction is feasible and indeed

practical for thin film deposition.

The main CVD techniques are thermal CVD, plasma CVD and laser
CVD. With the introduction of metal-organic precursors, the metal-
organic CVD (MOCVD) is becoming more and more important,
especially in GaN based light emitting laser diode applications [47].
Moreover, plasma enhanced CVD and metal-organic CVD have been

applied to form chalcogenide thin films.
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2.1.2.5 Plasma enhanced chemical vapour deposition (PECVD)

The plasma enhanced chemical vapour deposition (PECVD)
technique has been widely used in microelectronics, modern optics,
and photovoltaic applications in recent years. PECVD is a versatile
technique for depositing a wide variety of film materials. Dielectric and
semiconductor films such as SiO,, amorphous hydrogenated silicon,
polycrystalline silicon, and silicon carbide have become increasingly
important, since many such elemental and compound material films
can be prepared at much lower temperatures than are possible with
conventional CVD. In the majority of the work reported, the plasma is
produced by an RF field, although DC and microwave fields have also
been used. The primary role of the plasma is to promote chemical
reactions, the average electron energies (1-20 eV) in the plasma being
sufficient to ionize and dissociate most types of gas molecule. An
important aspect in this substitution of electron kinetic energy for
thermal energy is that the substrate degradation due to excessive
heating is avoided and a variety of thin film materials can be formed
on temperature-sensitive substrates such as polymers. Although
electrons are the ionizing source, collisions involving excited species
can lead to the formation of free radicals and can also assist the

ionization process [48].
Chalcogenide glass films formed by PECVD have been described by

P. Nagels et al. [9, 49-55], however no details of waveguide

characterization were reported.
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2.1.2.6 Metal-organic chemical vapour deposition (MOCVD)

Metal-organic chemical vapour deposition (MOCVD) is a recently
developed technique that is increasingly used for preparing high
quality epitaxial films for applications in optoelectronics and microwave
devices. Since the first demonstration of the deposition onto insulator
substrates of single-crystal films of GaAs by MOCVD [56] using
trimethylgallium (TMG) and AsH; as the sources of Ga and As,
respectively, many reports have been published on the growth of
compound semiconductor films by this vapour phase materials

technology. The basic reaction for GaAs formation is as Eq. (2.8):
Ga(CH3)s + AsH; <«——> GaAs + 3 CH4 (2.8)

In the MOCVD process, the metal-organic precursors are very
important not only to help to reduce the formation temperature, but
also to make it possible to incorporate rare earth elements in the CVD

processes.
Furthermore, some chalcogenide glass films formed on quartz
substrates by the MOCVD process have been reported [57], however
no formal paper has been reported on this method.
2.1.3 Summary
Thin film deposition techniques described above can be broadly

classified as either physical deposition or chemical deposition, as

shown in Fig.2.2.
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Fig 2.2 Broad classification of thin-film deposition techniques

In physical deposition, the thermal evaporation is a simple and
cost effective way to form thin film materials on a substrate but suffers
from the difficulty of stoichiometric control. The sputtering technique is
an alternative way to prepare thin film materials on a substrate but the
cost is relatively high compared to thermal evaporation. Although this
technique suffers from the dissociation of volatile elements during the
deposition process, the dissociation can be compensated for by adding
reactive gas into the system. The PLD technique requires a high
vacuum environment and the cost of the system is extremely high.
Finally, the spin & dip coating technique is a cost effective and simple

way to get a glass thin film from a wide variety of optical glasses.

In the chemical deposition techniques, LPD is an inexpensive and
simple method to form a thin film on a substrate, but its use is limited
to some specific materials. The sol-gel technique is a flexible and

inexpensive method to fabricate oxide-based glass thin films on a
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substrate. An in-direct sol-gel method has been successfully applied to
chalcogenide glass thin film fabrication. FHD is a very practical method
to fabricate a silicate based glass thin film waveguide and this
technique is well-established. CVD is one of the most versatile
methods to fabricate a glass thin film waveguide. With this method it is
possible to control the stoichiometry of the materials and directly form
the materials on the substrates. Therefore, the use of the CVD method
to form chalcogenide glass planar waveguide has attracted more and

more research.
2.2 Channel waveguide fabrication techniques

Channel waveguides can be made by several methods, including
ion-exchange, diffusion, direct writing, photolithography, and dry-
etching. Photolithography, widely used in semiconductor fabrication,
has become one of the most important methods to fabricate channel
waveguides. Direct writing techniques have been successfully used in
photosensitive glass materials, especially in the chalcogenide glasses.
The ion-exchange method is limited by the ion selection for a selected
glass material. Diffusion is not commonly used to fabricate a channel

waveguide, but is applied for special materials.
2.2.1 Ion-exchange

The ion-exchange technique has been used to improve the
surface-mechanical properties of glass and, more importantly, create a
waveguiding region in the glass. Since Izawa and Nakagome [58]
reported the first ion-exchanged waveguide made by TI"-Na™ exchange
from a mixture of molten nitrate salts. The Na* ions of a glass

substrate were exchanged by a diffusion process with ions (TI", KT,
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Ag*, Cs*, Rb", or Li¥). The local modification of the chemical
composition of the glass increased the refractive index at the glass

surface.
2.2.2 Diffusion

The diffusion technique has been used to fabricate, for example,
Ti-diffused LiNbOs and Zn-diffused LiNbO3 waveguides by vapour phase
deposition. The refractive index change is typically 5x1072 in the Zn-
diffused LiNbOs; waveguide [59]. Apostolopoulos et al. have reported a
gallium-diffused waveguide in sapphire by heating the gallium oxide on
the sapphire substrate at 1600°C. The refractive index change was
6x1073 in this waveguide [60].

2.2.3 Direct writing

Direct writing techniques have been widely used to create channel
waveguides on the surface of photosensitive materials and silica based
glasses modified by photosensitive elements [61], and has been more
recently applied to chalcogenide glasses [62]. These materials
experience a permanent change in their refractive index when exposed
to sub-bandgap light. Direct UV-light writing is one of the most popular
methods to generate a well-structured waveguide. Mairaj et al. has
applied this technique to the gallium lanthanum sulphide glass and
obtained a channel waveguide with a low propagation loss of <0.3
dB/cm at 1.3 um [62]. Moreover, a recently developed micro-
machining technique using a fs-laser resulting in less damage on the
structures and less thermal diffusion, a commercial instrument is now
available. This technique has been applied to fabricate waveguides in
bulk glasses [61, 63-67].
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2.2.4 Photolithography
Photolithography is an optical means for transferring patterns onto

a substrate [68]. It is an essential technique used to define the shape

of micromachined structures. The process is shown schematically in

Figure 2.3.
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Fig. 2.3 Typical photolithography process
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In the process step A, a thin film is coated on a substrate by any
method of thin film formation. The thin film is then coated with a UV
sensitive polymer, photoresist, in the process step B. After that, a UV
light source illuminates a patterned mask onto the photoresist (process
step C) transferring the pattern on the mask to the photoresist layer

(process step D).

There are two types of photoresist, termed positive and negative.
Where the UV light strikes the positive resist it weakens the polymer,
so that when the image is developed the resist is easily washed away
in any area exposed thereby transferring a positive image of the mask
to the resist layer. The opposite occurs with negative resist, where the
UV light strengthens the polymer, so that when developed the resist
that was not exposed to UV light is washed away - a negative image of

the mask is thus transferred to the resist.

A chemical or physical process is then used to remove the thin film
layer, i.e. etching process, where it is exposed through the openings
the resist (process step E). These are described in detail in the
following section. Finally, the resist is removed leaving the patterned

thin film (process step F).
2.2.5 Dry-etching

After a photoresist image has been formed on the surface of a
substrate, the next process usually involves transferring that image
into the layer under the photoresist by etching. Dry etching processing
using a plasma is one of the most important processes for integrated
circuit manufacturing. Plasma-driven chemical reactions and/or

reactive ion beams are used to remove material in dry etching. Dry
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etch processing has become popular in semiconductor manufacturing
because of advantages over wet etching, particularly in improved
vertical pattern transfer, better uniformity, higher reproducibility and

improved controllability [69].

All dry etch processes and reactors are basically alike in that the
wafer is placed in a vacuum chamber, gases are admitted to the
chamber, and a plasma is initiated in the gas. For an etch process to
proceed successfully there are four required conditions. The first is that
the plasma must generate species. The second is that the reactant
radicals must be transferred to the sample surface. The third is the
atoms on the sample must react with the radicals in the plasma, and
finally the by-products must be moved away from the surface of
sample. Of these four events, the slowest step primarily determines

the etch rate, which may be diffusion or chemical-reaction limited.

Etching mechanisms can be characterized by physical damage,
chemical attack, or some combination of the two. In the remainder of
this section, plasma etching, reactive ion etching (RIE), and ion beam

milling techniques will be discussed.

2.2.5.1 Plasma Etching

Until the 1970's, pure plasma etching was known as one of the
most popular etching techniques, together with wet etching. Typically,
plasma etching is performed at a pressure over 100 millitorr, and is
purely chemical in nature, meaning and there is no charged particle
bombardment of the surface to enhance the etch rate or to promote

directionality. Today, this technique is usually used to strip the photo

28



(%(Z,:‘/ Optoelectronics Research Centre
~/

University of Southampton

resist mask layer after patterning transfer, in a process refered to as

plasma ashing.

Reactive species generated in the plasma react with the sample
surface and create volatile etch products that are then swept away. If
the gases were carefully selected, then it is possible to achieve very
high selectivity through this process. Pure plasma etching has
significant advantages, such as reducing the damage to the samples
during the etching process. Also, plasma etching is frequently used for
dry cleaning of damaged wafers after high energy ion bombardment.
For example, deep contact hole formation, trench etching and gate
material etching for field effect transistors is performed without surface

treatment after ion assisted bombardment etching.

In spite of the great advantages of plasma etching there is the
critical issue that the films tend to etch in all directions at once, so
vertically fine sub-micron patterning cannot be achieved using a pure
plasma type etching process. The result is an isotropic etch, therefore,

this process is limited to isotropic pattern transfer in semiconductors.

2.2.5.2 Reactive Ion Etching (RIE)

In contrast to plasma etching, with reactive ion etching (RIE)
ions from the plasma bombard the surface to be etched at normal
incidence and with an energy of hundreds of volts, so it is easy to

achieve an anisotropic pattern transfer.

For reactive ion etching, the sample is put on a powered
electrode (negatively biased cathode) and accelerated ions bombard
the samples and anisotropic pattern transfer can be achieved. RIE

takes advantage of a synergism between the physical and chemical
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etching mechanism and achieves etch rates that are faster than the
sum of the two components. However, this technique has a serious
disadvantage which is damage to the samples because of the high
energy ion bombardment. In order to decrease the sample damage
and increase the etch rates, much lower ion energy need to be used
and a high density plasma technique, therefore new techniques are

needed to solve those kinds of problems.

2.2.5.3 Ion beam Milling

Ion beam milling is a purely physical technique, with no chemical
reactive etching factor. A relatively high energy (500-800 eV) inert ion
beam transfers large amounts of energy and momentum to the
substrate. If the force is strong enough, these ions can physically
remove material from the sample surface. Usually, the pressure used
in ion milling is under 0.1 millitorr. Since the pressure is low, the mean
free path of the particle is long and the ejected sputtered material can
cross the reactor vessel and reach opposing walls. When a uniform ion
beams bombards a sample, it provides an anisotropic profile in pattern
transfer. But, poor selectivity, low etch rate and severe damage on the
sample are critical disadvantages to the wide use of the ion milling
process, these occur because of physical sputtering, and the etch rates

strong dependence on the beam angle.
2.2.6 Summary

In this section, ion-exchange and diffusion have been discussed
in some applications. However these two techniques suffer from

limitations. Direct writing is a very powerful technique to write channel

structures and even some complicated structures. The damage and
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thermal effects can be controlled by using a f-s laser. Furthermore,
photolithography is a well-established technique to transfer patterns on
the planar waveguides. Combined with the dry-etching technique, it is
becoming more and more attractive to fabricate planar devices in

versatile structures.
2.3 Applications based on chalcogenide glasses

For over two decades, optical engineers have dreamt of the day
when the large scale integration applied to microelectronics could be
applied to optical components. The primary limitation is a suitable
material. Today, there is no optical equivalent of silicon, nothing with
the same ability to embody multiple-complex-functionality in the

optical domain.

There are however, contenders for this role; glasses such as
silica on silicon, semiconductors including gallium arsenide and indium
phosphide; crystals, in particular lithium niobate and a wide range of
polymers, all may be the next “optical” silicon. Markets for devices
based on these materials are predicted to grow by a factor of over 200

over the next 3-5 years [70].

From the early days of research on integrated optical waveguides,
glasses have played a key role, and silica glass waveguides, as thin
films on silicon substrates, remain a top choice for optical integration
on a substrate. However, the very nature of silica, the properties that
have made it perhaps the ultimate optical waveguide in the form of
optical fibre, considerably reduce its applications in thin film form.
Silica is stable and inert, the perfect passive waveguide. For active

applications, for functionality rather than simply transmission, silica
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glass has its limitations. An example is switching, where the switching
effect in silica is based on its thermo-optic properties. Using thermal
methods, switching is slow, millisecond switch times are typical, large
powers are required and complex thermal controls are needed.

Widespread use of a silica-based optical switch is unlikely [70].

Other glasses have been considered as integrated optical
materials; heavy metal oxides, in which for example, the silicon in a
silica glass is replaced by heavy elements such as lead, tellurium or
bismuth, offer many improvements over silica. Here an enhanced
nonlinearity opens up nonlinear switching regimes, with switching
speeds in the terahertz range predicted. Halide-based glasses, in
which the oxygen in silica glass is replaced by a halide, like fluorine,
offer roles as more efficient light sources. When doped with the rare
earth elements, visible red-green-blue light, emission in each of the
telecommunication windows, around 0.8, 1.3 and 1.55 microns, and
infrared emission up to wavelengths of about 4 microns, can be
realized in a fluoride glass. A third family of glasses based on the
chalcogenide elements, sulphur, selenium and/or tellurium have also

been intensely studied, but are probably the least understood [70].

The term “glass” requires some definition. A glass is defined in
American Society of Testing and Materials (ASTM) as ‘an inorganic
product of fusion which has been cooled to a rigid condition without
crystallization’. According to this definition, a glass is a non-crystalline
material obtained by a melt-quenching process. Nowadays, non-
crystalline materials that can not be distinguished from melt-quenched
glasses of the same composition are obtained by using various
techniques such as chemical vapour deposition, sol-gel process, etc.

Therefore, most glass scientists regard the term ‘glass’ as covering ‘all
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non-crystalline solids that show a glass transition’ regardless of their

preparation methods [71].

Glass can be made with excellent homogeneity in a variety of
forms and sizes, from small fibres to meter-sized pieces. Furthermore,
glass can be doped with rare earth ions and micro-crystallites for a
wide range of properties which can be chosen to meet the needs of
various applications. These advantages over crystalline materials are
based on the unique structural and thermodynamic features of glass
materials. The macroscopic properties of a glass such as optical
transmission and absorption, refraction of light, thermal expansion, etc.
are observed always equally in all directions, provided that the glass is
free from stress and strain. That is, a glass is an isotropic material,

whereas crystalline materials are generally anisotropic [72].

Glasses have several unique physical properties that distinguish
them from other materials. A material gradually transforms from a
supercooled liquid to a glassy state over the glass transition range of
temperatures. This is indicated on the volume-temperature diagram
shown in Figure 2.4. The temperature at which the glass transition
takes place can vary according to how slowly the material cools. If it
cools slowly it has a longer time to relax, the transition occurs at a
lower temperature and the glass formed is more dense. If it cools very
slowly it will crystallize. A liquid to crystal transition is a
thermodynamic one; i.e. the crystal is energetically more favourable
than the liquid when below the melting point. The glass transition is
purely kinetic: i.e. the disordered glassy state does not have enough
kinetic energy to overcome the potential energy barriers required for
movement of the molecules past one another. The molecules of the

glass take on a fixed but disordered arrangement. Glasses and
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supercooled liquids are both metastable phases rather than true

thermodynamic phases like crystalline solids [72].

Liguid

Glass
transition  Supercooled
range liquid

Volume

Crystal

%ting point

Temperature

Fig. 2.4 Volume-temperature diagram for glass forming melts (cooling) [72]

2.3.1 Optical properties of chalcogenides

A chalcogenide glass can be regarded as a “soft semiconductor”,
soft because its atomic structure is flexible and viscous and a
semiconductor because it processes a bandgap energy (~2 eV) which
is characteristic of semiconductors. For other semiconductor
properties, for example, electron mobility, a chalcogenide glass
appears to possess intermediate properties between a crystalline

material and a polymer.

As an optical material, chalcogenides offer a wide range of
properties that have been exploited or have the potential for new,
relatively unexplored applications. Chalcogenide glasses are a group of

non-oxide vitreous materials. Instead of oxygen, these glasses contain
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other elements from group VI of the periodic table; namely sulphur,
selenium or tellurium as glass-forming anions. Most chalcogenide
glasses are opaque in the visible with the exception of some sulphide
glasses. They transmit from approximately 1pym to longer infrared
wavelengths than oxide or fluoride glasses. Sulphide glasses are
transparent up to 12um, selenide glasses up to 15um and telluride
glasses transmit to 20pum. These glasses are able to transmit further
into the infrared than silica, by using heavy ions, and weak bonding
between ions. The lower phonon energy of the resulting amorphous
structure shifts the multi-phonon edge (IR limit of the transmission
window) to longer wavelengths. In addition to giving MIR transmission
in these glasses the reduced maximum phonon energy leads to
reduced non-radiative decay rates and increased radiative quantum
efficiency for electronic transitions of dopants introduced to the glasses
(rare-earth) [73].

Chalcogenide glasses are becoming increasingly important for
the fabrication of optoelectronic devices in part because of their high
nonlinearity, strong photosensitivity and other unique properties [74].

Of particular interest are the following:
2.3.1.1. Nonlinearity

The interaction of an electromagnetic field with an atomic system
has been reviewed with emphasis on nonlinear optics. The polarization
(P) induced in a medium by an intense light beam is proportional, in
addition to the linear response, to the higher order terms of the
applied electric field (E) of frequency (w) as shown in the Eq. (2.9)
[75].
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P(@)= 1" (@)E(@)+ 1" (@ =0, +0,)E(@)E(a,)
+ 17 (0 =0, + 0, + 0,)E(0)E(0,)E(o;) (Eq. 2.9)
+...

where »™, the complex dielectric susceptibilities, are tensors of rank
(n+1) and are related to the microscopic (electronic and nuclear)
structure of the material. Classic or linear optics are concerned with
the first order linear term (Y. The real part of y*) gives rise to the
linear refractive index ng whilst absorption is proportional to the

imaginary part of yV),

The second order nonlinearity is important in materials having no
centre of inversion, which is typical for some crystals, for example
LiNbOs. In isotropic materials that possess inversion symmetry, such

as glasses, the second order contributions vanish.

The third-order contributions to the total polarization are given
by the Eq. (2.10)

2 (w,) = ZZEER(_wwa)lawpa%)x E;j(0)E(@,)E,(o;) (Eq. 2.10)

ikl

where ay=w+m;+w; and Ej, E,, and E, are three separately applied
electric fields, each having its own frequency (w, @, @) and
polarization direction. In the case of third order nonlinearities, many
different processes are possible because of the three incoming electric
fields involved. Processes involving #* are third harmonic generation
(/?( -3w,0,0,0)) Raman and Brillouin scattering (y¥( -1, 02,~@2,@1))
and a large number of three and four wave mixing processes, the most

common of which is degenerate four-wave mixing (#*( -o,,®,-®)).
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The optical Kerr effect is a four wave process and results in an
intensity-dependent contribution to the refractive index. The total

index of refraction is given by the following equation (Eq. 2.11)
n=n,+n, <E”> (Eq. 2.11)

where ny is the linear index of refraction, <E®> is the time-averaged
square of the electric field of the incident optical beam in esu, and n; is

the nonlinear refractive index. In SI units (Eq. 2.12)
n=n,+n,l (Eq. 2.12)

where | is the intensity (W/m?) of the incident beam. The relationship

between the nonlinear index in SI and esu units is (Eq. 2.13)

n,(m> /W) = 40% n,(cm?/erg) = 4.19x107"n, (esu) (Eq. 2.13)

0

For a linear polarized monochromatic beam of frequency » and
an isotropic medium the nonlinear index of refraction n; (esu) is related
to the real part of »* via. (Eq. 2.14)

n, = lz—ﬂRe;(fffl(—a),a),a),—a)) (Eqg. 2.14)

N,

All-optical switches based on highly non-linear materials are
probably the key device required for high speed optical data processing
and optical telecommunications. There are also applications in all-
optical bistablity and optical limiting devices. Practical devices require

a large and fast third-order nonlinear optical response and suitable
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materials include heavy metal oxide, chalcogenide and metal-
nanoparticle dispersed glasses. The sulphide family of glasses also has
a large third order nonlinear response (x®) under a strong
electromagnetic field because of the high hyperpolarisability of the
sulphide ion. Moreover, two-photon absorption (TPA) limits the optical
power that can be transmitted and hence the attainable nonlinear
phase shift in all-optical switching. When the TPA is large, structure
changes and damage can occur, which is clearly undesirable for device
applications. The nonlinearity properties of a selection of chalcogenide

glasses are summarized in Table 2.1 [76-78].

Glass G | "™ | a0 |20 | (g | eige amy
Ge10As10Seso 1.06 - 22 2.7 0.77 760
GesoSero 1.06 | - 21 1.1 1.8 705
Geo.sSeosoSbo12| 1.5 | 2.6 9.4 0.2 | 3.13 690
As,Ses 1.5 | 2.8 13.0 0.4 | 2.16 700
As,S3 1.06 | 2.6 5.7 0.26 | 2.07 520
GNS 1.52 | 2.14 | 1.01 | <0.01 | 6.64 473
GLS 1.52 | 2.41 | 216 | <0.01 | 14.21 | 545
GLSO 1.52 | 225 | 1.77 | <0.01 | 11.64 | 500
GLSOF 1.52 | 2.26 | 1.39 | <0.01 | 9.14 497

Table 2.1 Nonlinear properties of some chalcogenide glasses. Here
Ameas IS the wavelength used for each measurement, n, is the linear
index, n; the nonlinear index, g is the two photon absorption (TPA)

The refractive nonlinearity results for Ga:La:S glasses show

values close to a hundred times that of silica glasses (~2.8x107'°
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cm?/W). This demonstrates that Ga:La:S glasses have larger off-
resonant nonlinearities than oxide and heavy metal oxide glasses,
however they are not the highest nonlinear chalcogenide glass. On the
other hand, the small TPA of Ga:La:S glasses is one of their most
outstanding features. When considering practical all-optical switching
devices, both the nonlinear refractive index and the two-photon
absorption coefficient must be taken into account. The required phase
shift for a Mach-Zehnder-based switch is &y =n. We define a figure of
merit (FOM) = ny/pA. In this case for example, a 10% non-linear loss
requires a FOM of approximately 5. The goal in engineering the
nonlinear material should be a large value of n, and a small value of 8.
This, in turn, implies that ideally the photon energy corresponding to
the wavelength of operation should be less than half the energy gap of
the material, where TPA is negligible. The wavelength of operation that
is of interest in optical communication is approximately A=1.55 um
(0.8 eV), and therefore we should aim for a material with an energy

gap larger than 1.6 eV [79].
2.3.1.2 Low Phonon Energy

Phonon energy is a quantum of vibration energy in the acoustic
vibrations of a crystalline lattice. Chalcogenide glasses are composed
of heavy ions that are weakly bonded. This gives the glass a low
phonon energy and hence its extended infrared transparency. The
transmission window for chalcogenide glass is approximately from 1um
to longer infrared wavelengths as compared with oxide and fluoride
glass. In general, sulphide, selenide, and telluride glasses are
transparent up to 12 um, 15 um and 20 um respectively [73]. It also
gives rise to large numbers of vacancies and dangling bonds on the

amorphous lattice, which gives a large density of states in the bandgap
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(mobility gap). These states are not available for conduction, but can
have electrons excited to them from the valence band, which gives rise
to absorption even for photons with small energies [72]. The enhanced
mid-IR transmission in chalcogenide glass, with reduced maximum
phonon energy leads to lower non-radiative decay rates and increased
radiative quantum efficiency for electronic transitions of rare-earth

dopants introduced into the glass [80].

Although the low phonon energy materials seem to have
excellent properties, there are still some drawbacks in these materials.
Most infrared materials suffer from thermo-mechanical degradation,
poor resistance to air and moisture and are especially prone to

crystallization [81].
2.3.1.3 Photoinduced phenomena

At least seven distinct photoinduced phenomena are observed in
amorphous chalcogenides [74]. These include photo-crystallization (or
conversely photo-amorphization), photo-polymerization, photode-
composition, photo-contraction or expansion, photo-vaporization,
photo-dissolution of metals such as Ag into the chalcogenide and light-
induced changes in local atomic configuration. These changes are
accompanied by changes in the optical constants, i.e., changes in the
electronic band gap, refractive index and optical absorption coefficient.
These light-induced changes are favoured in chalcogenide glasses due
to their structural flexibility (low coordination of chalcogens) and also
due to the high-lying lone-pair p states in their valence bands.
Annealing chalcogenide glasses can affect the photoinduced changes,
in particular irreversible effects occur in as-deposited films, while

reversible effects occur in well-annealed films as well as bulk glasses.
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Changes in local atomic structure are observed on illumination with
light having a photon energy near the optical band gap of the
chalcogenide. Although light-induced effects can also be observed at
longer wavelengths, they generally necessitate much higher intensities.
Photodarkening is sensitive to hydrostatic pressure and can be
thermally erased by annealing near the glass-transition temperature.
Photoinduced anisotropy (PA) is induced when the glass or film is
exposed to plane-polarized light and can be removed by exposure to
unpolarized light or thermal annealing. When chalcogenide glasses are
exposed to short laser pulses, large Kerr-type nonlinearities are
induced. Table 2.2 shows some of the photoinduced effects exhibited
by typical chalcogenide compositions which can be used for the

fabrication of devices such as gratings, waveguides, etc [30, 82-86].

Composition | Nature of edge shift | An/n (%) Ref.
AS45Sss photodarkening 4 82
AS39SssTls photodarkening 3 82
As10Se0Gesg photobleaching - 82
Ges1S43Bis photobleaching 8 82
Ges1Se3Tls photobleaching 3 82
As,S3 photodarkening 1.5 30
GalLas photodarkening - 82
Ge-S-Bi(Tl,In) photobleaching 0.5-3 84

GeS, photobleaching 3 84-86

Table 2.2 Photoinduced phenomena in some chalcogenide glasses
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2.3.2 Passive applications
2.3.2.1 Waveguide fabrication

Planar channel waveguides with very low losses (<0.3 dB/cm)
have been fabricated in different compositions of chalcogenide glasses
e.g., Ga-La-S, As,S3;, Ge-As-Se-S, etc. These channel waveguides
have been fabricated using the photo-darkening effect in thermally
evaporated, sputtered, pulsed-laser-deposited and spin & dip coated
films [35]. Moreover, as described later in this work, a germanium
sulphide planar waveguide was directly fabricated on a Schott N-PSK58
substrate by CVD with a propagation loss of 2.1 dB/cm at 632.8nm
demonstrated [87]. Table 2.3 shows the compositional dependence of

propagation loss measured in some typical chalcogenide glasses.

. Preparation . Loss
Composition method Film treatment | A (um) (dB/cm) Ref.
As>S3 Evaporation As-deposited 1.3 0.5 11
As,S3 PLD As-deposited 1.55 <0.3 26
As,4S385€ess Evaporation As-deposited 1.3 1 11

Rapid thermally

Ge10AS40S255€e55 Sputtering 1.566 <0.3 19

annealed
Ga:La:S PLD As-deposited 0.6328 6 25
Ga:La:S:0 Spin & dip Annealed 1.064 | 0.3 31
coating
GeS, CVD Annealed 0.6328| 2.1 | 'Nis
work

Table 2.3 Compositional dependence of waveguide loss in some typical
chalcogenide glass films
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2.3.2.2 Grating devices

Diffraction gratings have been fabricated in chalcogenide glasses
using the photoinduced effects which occur in them. Both
photodarkening and the metal-photodissolution effect have been used
to fabricate transmissive gratings, especially for use at IR wavelengths.
A variety of techniques have been used to fabricate these gratings, in-
cluding holographic, mask exposure or etching methods. These
gratings can be used as efficient beam combiners, couplers and have
significant applications in monochromators, laser-tuning devices,

shapers, coupling of optical fibres, etc. [88, 89].

2.3.3 Active applications
2.3.3.1 Fibre fabrication

Chalcogenide glasses based on sulphides have attracted
considerable interest for their possible role as new optical fibre
materials. When doped with rare earths, these glasses, by virtue of
their low phonon energy and high refractive index, open up the
possibility of new transitions and significantly increased pumping
efficiencies. A variety of sulphide glass systems have been studied
based on gallium and germanium sulphides [90, 91], arsenic
trisulphide and GeszpAsipSesgTesp [92]. However arsenic trisulphide
glasses suffer from poor rare-earth solubility and signs of
crystallization are observed coinciding with the temperature for fibre-
drawing. Hewak et al. [93] reported an optical fibre fabricated from the
gallium-lanthanum glass system. This material provides an ideal host

for the rare earths, which substitute directly for lanthanum ions, while
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at the same time providing a wide transmission range and a relatively
stable and non-toxic glass matrix. Both rods and preforms of gallium-
lanthanum sulphide glasses have been drawn into fibres. Transmission
loss was estimated by the cutback method over a 63 cm section of
praseodymium doped multimode fibre. A loss of <5 dB/m was
measured at 1.34 uym and 4.9 dB/m at 4.7 um. Moreover, with a
further purification of raw materials, optimization of the composition of
GLSO glass, and well-controlled fibre drawing conditions, the loss of
1.5 dB/m measured at 4 um has been achieved by Hewak et al. at the

ORC, University of Southampton.

Recent developments in the production of As-S glass fibres [94]
have shown that an increase in the degree of purity of the As-S
glasses allows optical fibres to be drawn with minimum losses for mul-
timode optical fibres of 23-45 dB/km at 2.2-2.7 um, 50-70 dB/km at
3.2-3.6 um and 300-500 dB/ km at 5-5.5 um. As40Se0 and As3gSe2

were used as core and cladding compositions.

Further increases in the degree of purity of glasses should be
considered as the main way to improve the optical properties of the
fibres. Long lengths (>150 m) of single-mode chalcogenide optical
fibre have been fabricated by a double-crucible technique [95]. The
core and cladding glass compositions used were As4,SsgSe> and AS40Sso,
respectively. The optical loss of this fibre measured by a standard
cutback technique was slightly less than 1 dB/m at 2.7 um. These
authors reported that the double-crucible process had an advantage
over the rod-in-tube method, especially for less stable glasses that will
devitrify during the stretching and over-cladding process. Scattering
theory has been used [96] to determine the effect of various defects
on the scattering loss of As,;Ss glass fibres. The scattering loss is

related to the particle shape, size, relative refractive index and wave-
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length of light. Bubbles cause the highest relative refractive-index
difference and therefore the highest scattering loss. The scattering
decreases in the order: bubbles > carbon > SiO, >AlLO3 >As,Ss3
crystallites. Therefore, purification techniques and fibre-drawing
processes need to address and minimize the carbon and bubble
concentrations, as well as the other defects, in order to produce low-
loss fibres. Minimum-loss predictions and measurements in gallium
lanthanum sulphide-based glasses and fibres have also been presented
[97].

The theoretical minimum loss for GaLaS is 0.5 dB/km at 3.5 um
while for the GalLaSO glass it is 0.1 dB/km at 2.6 um. Some of the
causes of loss in these materials have been identified as being im-
purities in the raw materials and scattering centers introduced during

fibre drawing.
2.3.3.2 Fibre amplifiers and lasers

Optical amplification at 1.083 um with neodymium-doped
chalcogenide fibres was observed [98] in a glass composition of Ge-
As-Ga-Sb-S. A maximum internal gain of 6.8 dB was achieved for a
pump power of 180 mW. The first amplified spontaneous emission in a

chalcogenide glass fibre was also reported [98].

A selenide glass has been developed that can be doped with
rare-earth ions and is stable against crystallization during the fibre

drawing process [99]. The glass is based on GeAsGaSe and can be

doped with Pr3+ and Dy3+ for near-and mid-IR applications. The doped
glasses have been drawn into fibres with core-only losses of 0.8 dB/m

at 6 um and 1.5 dB/m at 2.5 um. Single-mode fibres have been drawn
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with a measured core loss of 3 dB/m at 1.55 um.

Schweizer et al. [100] found that the absorption spectrum of a

9.7 mol% Er3+—doped GalLaS glass showed excellent rare-earth
solubility and the potential for high doping concentrations and hence
short devices; this represents a major advantage of GalLaS glass
compared with conventional chalcogenide glasses, which suffer from

very low rare-earth solubilities. Moreover, the radiative properties of

Er3+-doped Ga-La-S lend themselves to several applications. Radiation
at 2 um has application in LIDAR systems, radiation at 2.75 um
coincides with a strong water absorption in tissue and is used for
medical applications, the 3.6 um transition could be useful for H,S, NO,
and SO, sensing or remote sensing and the 4.5 um transition could
find use in CO and O3 gas sensors when tuned to 4.7 um. Finally, laser
action in a rare-earth-doped GalLaS chalcogenide glass has been
demonstrated, showing that this class of glasses is suitable for active
applications such as amplifiers and lasers [101]. A neodymium-doped
GalLaS glass laser operated under continuous-wave conditions at a
wavelength of 1.08 um when pumped with a Ti:sapphire laser at either
0.815 or 0.890 um [101]. The reasonably low laser threshold indicated
acceptable glass losses, but the laser performance was worse in

comparison with conventional Nd-lasers.
2.3.3.3 Switching devices

Among the various kinds of materials, glass is the easiest
material to use in fabricating a long fibre-type waveguide. Thus glass
is suitable for non-resonant applications. Due to its low-loss
characteristics, conventional silica fibre has been one of the most

commonly used non-resonant non-linear media in all-optical switching
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[102]. However, the low non-linearity of silica glass requires that the
fibre be extremely long, for example a few kilometers in length. To
overcome this problem, a glass is needed with a higher non-linearity.
As discussed in the previous section (Table 2.1), among various
glasses studied, chalcogenide glasses have a higher level of non-
linearity (two orders of magnitude higher than that of silica glass)
[103]. One of the significant features of chalcogenide glasses is that
they possess a very high non-linearity at a nonresonant wavelength.
Among the various types of chalcogenide glass, As,S3 possesses one of
the highest ® values and is one of the most well known. Recent
progress in studying non-linear optical properties of chalcogenide glass

fibres and their applications to AOS have been reviewed [103].

Single mode As,Ss-based fibres have been fabricated and the
non-linear optical properties have been investigated. The non-linear
refractive index and Raman-gain coefficient were measured to be two
orders of magnitude higher than those of silica fibres. A sub-
picosecond response of the non-linear refractive-index change and a
small two-photon absorption (TPA) at the communication wavelength

were confirmed [103].

All-optical switching using As,Ss-based fibres has been dem-
onstrated in the Kerr shutter and non-linear optical loop mirror (NOLM)
configuration [103]. The switching power was reduced to 0.4 W using a
4-m-long low-loss fiber in a NOLM configuration. The large group-
velocity dispersion (GVD) of the fibre might restrict the applicable
length of the fibre. To overcome this problem, fabrication of As,Ss-

based fibre gratings has been demonstrated [103].
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2.3.4 Other potential applications

Recently supercontinuum (SC) generation in microstructured and
tapered optical fibres as well as highly nonlinear fibres has attracted
considerable interest. Supercontinuum generation is a complex
nonlinear phenomenon that is characterized by the dramatic spectral
broadening of intense light pulses passing through a nonlinear material
[104]. It was first observed in 1970 [105]. Since then, it has been
shown to occur in various nonlinear media and has been extensively
used in numerous applications ranging from spectroscopy to ultrashort

pulse generation [104].

Most of the work on this topic has dealt with supercontinua
seeded by pulsed sources. For instance, octave-spanning
supercontinuum generation has been successfully demonstrated by
launching femtosecond laser pulses into the cores of these fibres.
Applications for supercontinuum generation include spectral slicing for
wavelength division multiplexing, optical coherence tomography,
sensing, and device characterization. The spectral slicing of
supercontinuum laser sources has also been proposed as a means to
make a multi-wavelength source for wavelength-multiplexed optical
telecommunications [106] and, more recently, an ultra-broadband SC
spanning more than an octave from the ultraviolet to the infrared has

been applied to high precision optical frequency metrology [107].

Most of the research on supercontinuum generation is based on
the microstructured optical fibre [108, 109]. However, supercontinuum
generating planar devices have been demonstrated by Mesophotonics

Ltd [110]. As described in the previous section, chalcogenide glasses
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with excellent nonlinear properties give them great potential in the

supercontinuum generation application area.
2.3.5 Summary

Chalcogenide glasses are novel materials with very promising
properties. Low phonon energy makes these glasses transparent to the
mid-infrared range. Moreover, low losses and photoinduced effects
make these glasses suitable candidates for the fabrication of devices
such as gratings and waveguides. Excellent rare-earth solubility in
chalcogenide glasses make them suitable for amplifier and laser
applications. Chalcogenide glasses are materials with high optical non-
linearities which make them attractive for all-optical switching
applications at telecommunication wavelengths. Another potential
application for chalcogenide glasses could be the supercontinuum
generation application. Future trends would be toward fabricating
materials with optimum properties for the production of efficient

passive and active devices.
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Chapter 3

Sol-Gel process for planar waveguides

3.1 Introduction

Glass preparation by the sol-gel process has been extensively
studied since H. Dislich [1] reported the formation of borosilicate glass
by hot-pressing granules of dehydrated gel in 1971. The sol-gel
process begins with formation of a sol, consisting of colloids dispersed
in a liquid medium. A sol turns into a porous gel by the coagulation of
these colloids while standing in a mold or on a substrate which is used
as a coating film base. The gel thus obtained is dried and sintered into
a pore-free dense glass, or glass film, at a temperature slightly above

the glass transition temperature of the eventual glass [2-5].

The sol-gel process is a versatile solution process for making
advanced materials, including ceramics and organic-inorganic hybrids.
In general, the sol-gel process involves the transition of a solution
system from a liquid "sol" (mostly colloidal) into a solid "gel" phase.
Utilizing the sol-gel process, it is possible to fabricate advanced
materials in a wide variety of forms: ultrafine or spherical shaped
powders, thin film coatings, fibers, porous or dense materials, and

extremely porous aerogel materials.

The starting materials used in the preparation of the "sol" are
usually inorganic metal salts or metal organic compounds such as
metal alkoxides. In a typical sol-gel process, the precursor is subjected

to a series of hydrolysis and polymerization reactions to form a
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colloidal suspension, or a "sol". Further processing of the "sol" makes it

possible to make materials in different forms.

There are various ways of preparing a sol which depend on the
material to be made. In the case of the formation of bulk glass, the
most widely used method is the hydrolysis and poly-condensation of
silicon alkoxide or its mixture with the alkoxides of Ti, Al, Zr, Ge, etc.
Representative metal alkoxides employed in the glass preparation by

hydrolysis and poly-condensation are shown in Table 3.1 [6].

The hydrolysis and condensation reactions of these metal

alkoxides are schematically expressed by following equations.
M(OR), + nH,O <«—> M(OH), + n ROH (3.1)
m M(OH), <«——> m MO, + (mn/2) HO (3.2)

where M is Si, Al, Ti, Ge, B, Zr, etc.,
R is CH3, C2H5, C3H7, C4H9, etc.

Table 3.1 Representative metal alkoxides employed in glass
preparation [6]

Alkoxides Formula ?gg}r;?nfﬁi;)t
Boron n-butoxide B(OBu")3 128/760
Aluminium n-propoxide Al(OPr"); 205/1.0, 245/10.0
Aluminium n-butoxide Al(OBu")3 242/0.7, 284/10.0
Aluminium tert-butoxide Al(OBuY); 151/1.3, 185/10.0
Silicon ethoxide (TEOS) Si(OEt)4 168/760
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Silicon methoxide (TMOS) Si(OMe)4 153/760
Germanium ethoxide Ge(OEt)4 86/12.0
Titanium ethoxide Ti(OEt)4 103/0.1
Titanium tert-butoxide Ti(OBu®)4 93.8/5.0
Zirconium ethoxide Zr(OEt)4 190/0.1

Me: CH;, Et: CoHs, Pr: CsH;, n-Bu: C4Hg, tert-Bu: (CH3)sC

The basic procedure to form, for example, a silica glass rod using
silicon methoxide as the starting material is schematically illustrated in
Figure 3.1 [2, 3].

It should be noted that the highest temperature required to obtain
a silicate glass is 1000°C, which is lower by about 1000°C than the
temperature required for the melt-quenching and MCVD techniques.
Thus the sol-gel process has great advantages over the melt-
guenching technique for the preparation of glasses containing a large
amount of refractory materials such as Al,O3, TiO,, ZrO,, GeO,, etc. In
addition, unlike the CVD process it is possible to prepare glasses
containing alkali, alkali-earth, and rare-earth elements, etc. by using
aqueous solutions of their salts instead of water in the process shown
in Figure 3.1. Another advantage of this low-temperature process is
that it is possible to incorporate thermally unstable compounds such as
non-oxide semiconductors into a glass to develop a glass with special

properties such as high optical nonlinearity.
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Addition of
) water, mixing
Si(OMe)s > | Sol > | Wet Gel
MeOH ) )
hydrolysis dehydration
condensation
drying ,
removal of water heating
» | Dry Gel »> Glass
Shrinkage of gel sintering
densification

Fig. 3.1 Schematic illustration of sol-gel process for glass preparation.

High purity metal alkoxides are commercially available because
most alkoxide precursors are in a liquid state and they are easily
purified by repeated distillation. Moreover, in contrast to melt-
guenching techniques, the sol-gel process is conducted in the solution
and there is no possibility of contamination from a container because
this is a process that does not use a crucible. With these advantages, it
is also possible to obtain glasses of very high purity such as those used

for fabrication of optical fibre.

There are of course some drawbacks or disadvantages compared
with the two other processes discussed above. The biggest drawback
of the sol-gel process is the large amount of shrinkage of a wet gel
upon drying, which often leads to fracture. The other big problems
which have to be overcome are the preferential precipitation of a
particular oxide during sol formation, for multi-component glasses

made from alkoxide precursors, and the heterogeneous precipitation of
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metal salts on the surface during the drying of a gel which was made
using aqueous solutions of metal salts as the source of alkali, alkali-

earth oxide, etc [2].

The sol-gel technique has been widely used in oxide based glasses,
especially in silica glass, but with limited application in the sulphide
glasses. However, an indirect sol-gel technique for chalcogenide glass

(germanium sulphide) has also been developed [7-9].

As described in Chapter 2, chalcogenide glasses are particularly
promising for the next generation of optoelectronic devices. The GalLaS
or GaLaSO glasses have been developed in our previous research work
by melt-quenching technique [11]. Since the sol-gel technique is a
low-temperature, flexible, high volume, high purity and low cost
method to make a slab waveguide, it would be desirable to fabricate
chalcogenide, particularly GaLaS or GaLaSO, thin film or bulk glass by

using this indirect sol-gel technique.

The idea here is to fabricate Ga-O-Ga and La-O-La wet gels from
gallium ethoxide and lanthanum ethoxide respectively. After mixing a
suitable stoichiometric ratio of Ga-O-Ga and La-O-La wet gels, a Ga-0O-
Ga / La-O-La thin film can be formed on a substrate by a spinning &
coating method. Then this thin film can be placed in a furnace, with
H,S gas flow, for heat treatment and then converted to a
GalLaS/GalLaSO0 glass thin film on the substrate.
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3.2 Apparatus and experimental methods

In the sol-gel process, the precursors, metal alkoxides, play the
key roles in the reaction. Therefore, in our plan, we will use
germanium ethoxide as the starting precursor for Ge-O-Ge sol-gel
formation, gallium ethoxide for Ga-O-Ga sol-gel formation, and

lanthanum ethoxide for La-O-La sol-gel formation.

For GalLaS/GalLaSO, Ga-0O-Ga and La-O-La wet gels can be

synthesized by the following possible equations.

Hydrolysis: Ga(OEt)s; + 3 H,0 <«— Ga(OH)s; + 3 EtOH

Condensation: 2 Ga(OH); <+—> 2 Ga0Os3; + 3 HyO (3.3)

Hydrolysis: La(OEt); + 3 H,O <«——> La(OH)s + 3 EtOH

Condensation: 2 La(OH); +«— 2 1a03,; + 3 H0 (3.4)

where Etis C2H5

3.2.1 Ge-0O-Ge gel fabrication

With the source available and the approved process [7-9],
germanium ethoxide was used as the starting material to form Ge-O-
Ge gel for our first trial; the process is schematically shown in Figure
3.2. 2ml germanium ethoxide (99.995% pure from Alfa Aesar) was
dissolved in 40ml propanol (99.9+% pure from Aldrich). 100ul

propionic acid (99.5+% pure from Aldrich) was added into the above
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solution. Then 100ul deionised water was added slowly to the solution.
The solution was aged at room temperature in a covered flask for 3

days under continuous stirring.

2ml Ge(OEt)4
in 40ml propanol
l « Adding 100yl
propionic acid

Mixing with
100ul D.I.water

|

Aging for three days

|

Spin-coating on a silicate
glass, 2000 rpm, 30secs

|

Dry the spun films on a H,S
hot plate at 300°C Heat treatment

Fig. 3.2 Sol-gel processes for germanium sulphide glassy films

3.3 Results

By following the sol-gel process in Figure 3.2, a transparent white
Ge-0O-Ge wet gel solution was fabricated in the flask. This solution was
then filtered by 0.2um filter and then used for the deposition of a Ge-
O-Ge thin film on a borosilicate glass substrate. The deposited Ge-O-

Ge thin film was then dried on a hot plate at about 300 °C. Moreover,
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the filtered Ge-O-Ge wet gel solution was dried by a hot plate to

remove the solvent and then to produce Ge-O-Ge dry gel powders.

3.4 Characterization
3.4.1 Raman Analysis

A Raman technique was used to characterize the Ge-O-Ge thin
film and gel powders. The Raman analyzer used is RENISHAW
Ramascope equipped with a CCD camera. A 633nm He-Ne laser was
used to excite the sample and the Raman shifted spectrum was

measured from 1000cm™ to 100cm™ with a resolution of 1icm™.

The Ge-0-Ge thin film was too thin to get a Raman shift spectrum
with an identifiable intensity. However, the Ge-O-Ge dry gel powders
can be measured by the Raman technique and the Raman shifted
spectrum (Figure 3.3) reveals some significant peaks although there

are a few spike peaks in the spectrum due to the powder sample.

From Martins et al. [9], the absorption peaks of the Ge-O bond are
at 870 and 560 cm™ . More than two peaks can be found in the Raman
shifted spectrum of Ge-O-Ge powders (Figure 3.3), and another strong
peak at 770cm™ was also found in the spectrum. From Sigaev et al.
[10], the peak is assigned to the Ge-O bonding in octahedral GeOg
structure. Therefore, the Ge-O-Ge gels we have fabricated are

mixtures with different structures.

70



University of Southampton

(%(Z,:‘/ Optoelectronics Research Centre
~/

Raman spectrum of Ge-O-Ge gel powders
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Fig. 3.3 Raman spectrum of Ge-O-Ge gel powders

3.5 Conclusion

The Ge-O-Ge gel powders and films on a substrate have been
successfully fabricated by the sol-gel process, but the conversion from
germanium oxide to germanium sulphide glass and further
characterization of the films have not been done yet. Since a direct
fabrication of the planar/slab germanium sulphide glass waveguides by
chemical vapour deposition (CVD) has been developed, the future

research work of this thesis will focus on the CVD process.
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Chapter 4

CVD system and materials technology
4.1 Introduction

Chemical vapour deposition (CVD) is a versatile process suitable
for the manufacturing of coatings, powders, fibres, and monolithic
components. With CVD, it is possible to produce most metals, many
non-metallic elements such as carbon and silicon as well as a large
number of compounds including carbides, nitrides, oxides,
intermetallics, chalcogenides and many others. This technology is now
an essential factor in the manufacture of semiconductors and other
electronic components, in the coating of tools, bearings, and other
wear-resistant parts and in many optical, optoelectronics and

electronic applications [1-5].

A schematic diagram showing the basics of CVD is shown in Figure
4.1. Gaseous reactants and precursors are introduced into a reactor in
which the heated substrate is placed. On the surface of the substrate,
or in the vicinity of the surface, chemical reactions will occur and as a
result a solid material is deposited as a thin film. The gaseous reaction
products are then pumped away from the reactor. Normally in a CVD
process the precursors can be gases, liquids or even solids at room
temperature. CVD is a chemical reaction which characteristically
transforms gaseous molecules, called precursors, into a solid material,

in the form of thin film or powder, on the surface of a substrate [4].

73



(%, f( Optoelectronics Research Centre
-...,__) University of Southampton

The materials and CVD reactor systems involved in the
demonstration and application of chemical vapour deposition will be

reviewed in this chapter.

4 TaZard atiems”

Solid material
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Fig. 4.1 Basic chemical vapour deposition (CVD) process

4.2 Fundamentals of CVD

Chemical vapour deposition is a synthesis process in which the
chemical constituents react in the vapour phase near or on a heated
substrate to form a solid deposit. The CVD technology combines
several scientific and engineering disciplines including thermodynamics,
plasma physics, kinetics, fluid dynamics, and of course chemistry. In
this section, the fundamental aspects of these disciplines and their

relationship will be examined as they relate to CVD [1-5].

4.2.1 Thermodynamics of CVD

A CVD reaction is governed by thermodynamics, that is the driving

force which indicates the direction in which the reaction is going to
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proceed (if at all), and by kinetics, which defines the transport process
and determines the rate-control mechanism, in other words, how fast

it is going [6-16].

Chemical thermodynamics is concerned with the interrelation of
various forms of energy and the transfer of energy from one chemical
system to another in accordance with the first and second laws of
thermodynamics. In the case of CVD, this transfer occurs when the
gaseous compounds, introduced in the deposition chamber, react to

form the solid deposit and by-products gases.

4.2.1.1 AG Calculations and Reaction Feasibility

The first step of a theoretical analysis is to ensure that the desired
CVD reaction will take place. This will happen if the thermodynamics is
favourable, that is if the transfer of energy—the free energy change of
the reaction known as AG; is negative. To calculate AG; it is necessary
to know the thermodynamic properties of each component, specifically
their free energies of formation (also known as Gibbs free energy), AGs.

The relationship is expressed by the following equation:

AGr = ZAGf, products ~ ZAGf, reactants (Eq . 4. 1)

The free energy of formation is not a fixed value but varies as a
function of several parameters which include the type of reactants, the
molar ratio of these reactants, the process temperature, and the
process pressure. This relationship is represented by the following

equation:

AG, = AG, +RT InQ (Eq. 4.2)

75



(%(Z,:; Optoelectronics Research Centre
~J

University of Southampton

where: AGr = Z,Z,AGq;

z; = stoichiometric coefficient of species “i” in the CVD

reaction (negative for reactants, positive for products)

AG;; = standard free energy of formation of species “i” at

temperature T and 1 atm.

gas constant

absolute temperature

O —H
1]

= HiaiZi

a. = activity of species “i” which is equal to 1 for pure solids
and is p, = xP, for gases

where p, = partial pressure of species “i”

x, = mole fraction of species “i”

P, = total pressure

By definition, the free energy change for a reaction at equilibrium

is zero, hence:

AG =-RTInK (K is the equilibrium constant) (Eq.4.3)

It is the equilibrium conditions of composition and activities
(partial pressure for gases) that are calculated to assess the yield of a
desired reaction [6, 14-16].

A demonstration of the feasibility of the reaction between GeCl,

and H,S to form GeS,, is the principal objective of this thesis, and will

be discussed in chapter 5.
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4.2.2 Kinetics and mass-transport mechanisms

4.2.2.1 Deposition sequence

As shown above, a thermodynamic analysis indicates what to
expect from the reactants as they reach the deposition surface at a
given temperature. The question now is, how do these reactants reach
that deposition surface? In other words, what is the mass-transport
mechanism? The answer to this question is important because the
phenomena involved determine the reaction rate and the design and

optimization of the CVD reactor [4, 5].

It should be first realized that any CVD process is subject to
complicated fluid dynamics. The fluid, in this case a combination of
gases, is forced through pipes, valves, and various chambers and, at
the same time, is the object of large variations in temperature and to a
lesser degree of pressure before it comes in contact with the substrate
where the deposition reaction takes place. The reaction is heteroge-
neous which means that it involves a change of state, in this case from

gaseous to solid [4, 5].

The sequence of events taking place during a CVD reaction is

shown graphically in Figure 4.2 and can be summarized as follows [4]:

» Reactant gases enter the reactor by forced flow.

» Gases diffuse through the boundary layer.

» Gases come in contact with surface of substrate.

» Deposition reaction takes place on surface of substrate.

e Gaseous by-products of the reaction are diffused away from the

surface, through the boundary layer.
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These steps occur in the sequence shown and the slowest step
determines the deposition rate. The rules of the boundary layer apply
in most CVD depositions in the viscous flow range where pressure is
relatively high. In cases where very low pressure is used (i.e., in the

mTorr range), the rules are no longer applicable [4, 5].

Main flow of reactant gases

=S —»— Gaseous by-products

l—’: 2 Boundary
""" 2—>y %4 interface (negligible thickness)
S Substrate

1. Diffusion in of reactants through boundary layer
2. Adsorption of reactants on substrate

3. Chemical reaction takes place

4. Desorption of adsorbed species

5. Diffusion out of by-products

Fig. 4.2 Sequence of events during deposition

4.2.2.2 Boundary layer

The behaviour of the gas as it flows down the tube is controlled by

fluid mechanics. It is enough to say that the Reynolds number, R

e b
which is a dimensionless parameter that characterizes the flow of a
fluid, is such that the gas flow is generally laminar, although in some
instances the laminar flow may be disturbed by convective-gas motion

and may become turbulent.

In the case of laminar flow, the velocity of the gas at the
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deposition surface (the inner wall of the tube) is zero. The boundary is
that region in which the flow velocity changes from zero at the wall to
essentially that of the bulk gas away from the wall. This boundary
layer starts at the inlet of the tube and increases in thickness until the
flow becomes stabilized as shown in Figure 4.3. The reactant gases
flowing above the boundary layer have to diffuse through this layer to

reach the deposition surface as shown in Figure 4.2.

Boundary layer condition in a tube

Tube wall

~. Boundary layer

et Boundary layer

Tube wall

Fig. 4.3 Boundary layer conditions in a tube system

The thickness of the boundary layer, A, is inversely proportional to

the square root of the Reynolds number as follows:

p XU,
n

where Re =

p = mass density
u = flow velocity
x = distance from inlet in flow direction

M = viscosity
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This means that the thickness of the boundary layer increases with
lower gas-flow velocity and with increased distance from the tube inlet

[1, 4-5].

4.2.2.3 Gas velocity

It is possible to obtain an approximate visualization of the gas-flow
pattern by using TiO, smoke (generated when titanium chloride comes
in contact with moist air), although thermal diffusion may keep the
smoke particles away from the hot surface where a steep temperature
gradient exists [17]. Figure 4.4 shows a typical velocity pattern in a
horizontal tube. As mentioned above, a steep velocity gradient is
noticeable going from maximum velocity at the centre of the tube to
zero velocity at the surface of the wall. The gradient is also shallow at
the entrance of the tube and increases gradually toward downstream

[1, 4-5, 17-22].

0 0 0. 0
Gas ":: ‘ | [
Velocity Y[ 3 + X
Profiles 5 \ ‘ I
0 0 0 0
Tube wall
T, Boundary layer
Gas FlOW T T e e m
-7 ] Boundary layer
Tube wall
Velocity changes in a tube system

Fig. 4.4 Boundary layer and velocity changes in a tube system,
showing the radial velocity recorded at different
positions in the tube
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4.2.2.4 Temperature

Figure 4.5 shows a typical temperature profile [4-5, 20-21]. The
temperature boundary layer is similar to the velocity layer. The flowing
gases heat rapidly as they come in contact with the hot surface of the
tube, resulting in a steep temperature gradient. The average

temperature increases towards the downstream end.

High High High
T — : X
Profiles ‘ : \ ?
High High High
Tube wall
Toel Boundary layer
GasSFloOW T T e e
R ) Boundary layer
Tube wall
Temperature changes in a tube system

Fig. 4.5 Temperature boundary layer and temperature changes
in a tube system, showing the temperature distribution
at different positions in the tube

4.2.2.5 Reactant-gas concentration

As the gases flow down the tube, they become gradually depleted
as the products are deposited and the amount of the by-product gases
increase in the boundary layer. This means that, at some point
downstream, deposition will cease altogether when the reactant is no
longer present [1, 4-5, 21]. The reactant concentration is illustrated in

Figure 4.6.
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Fig. 4.6 Changes in reactant concentration in a tube system
along the length of the tube

The boundary layers for these three variables (gas velocity,
temperature, and concentration) may sometimes coincide, although in
slow reactions, the profiles of velocity and temperature may be fully
developed at an early stage while the deposition reaction is spread far

downstream the tube.

4.2.2.6 Rate-limiting steps

What is the rate limiting step of a CVD reaction? In other words,
what factor controls the growth rate of the deposit? The answer to this
question is critical since it will help to optimize the deposition reaction,
obtain the fastest growth rate and, to some degree, control the nature

of the deposit.

The rate-limiting step is generally determined by either the

surface reaction kinetics or by mass transport [4-5, 9-13].
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4.2.2.7 Surface-reaction kinetics

In the case of control by surface reaction kinetics, the rate is
dependent on the amount of reactant gases available. As an example,
one can visualize a CVD system where the temperature and the
pressure are low. This means that the reaction occurs slowly because
of the low temperature and there is a surplus of reactants at the
surface since, because of the low pressure, the boundary layer is thin,
the diffusion coefficients are large, and the reactants reach the

deposition surface with ease as shown in Figure 4.7(A).

High gas velocity Low pressure

Low temperature
Rapid diffusion )
= = & _.v ________________ Very thin

boundary
layer

Substrate

(A)

Low gas velocity High pressure (i.e.

atmospheric)
High temperature
"""" T T T T T T T T T T T T T TThick
Slow diffusion 2 boundary
v layer
Substrate

(B)

Fig. 4.7 Rate limiting steps in a CVD system (A) surface reaction
kinetics control (B) diffusion control
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4.2.2.8 Mass transport

When the process is limited by mass-transport phenomena, the
controlling factors are the diffusion rate of the reactant through the
boundary layer and the diffusion out through this layer of the gaseous
by-products. This usually happens when pressure and temperature are
high. As a result, the gas velocity is low (as was shown above) and the
boundary layer is thicker making it more difficult for the reactants to
reach the deposition surface. Furthermore, the decomposition reaction
occurs more rapidly since the temperature is higher and any molecule
that reaches the surface reacts instantly. The diffusion rate through
the boundary layer then becomes the rate limiting step, as shown in
Figure 4.7(B).

4.2.2.9 Pressure as rate-limiting factor

Pressure is similar to temperature as a rate limiting factor since
the diffusibility of a gas is inversely related to its pressure. For instance,
lowering the pressure 760 Torr (1 atm) to 1 Torr increases the gas-
phase transfer of reactants to the deposition surface and the diffusion
out of the by-products by more than 100 times. Clearly, at low
pressure, the effect of mass-transfer variables is far less critical than

at higher pressure.

However, the effect may not be as large if the overall pressure
decrease is at the expense of the partial pressure of reactant gas,
since the kinetic rate (for first-order reactions) is proportional to the
partial pressure of the reactant. Reducing the pressure by reducing the
flow of carrier gas (or eliminating it altogether) is a good alternative
and is usually beneficial. At low pressure, surface reaction is the rate

determining step and the mass-transfer variables are far less critical
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than at atmospheric pressure.

It can be now seen that, by proper manipulation of the process
parameters and reactor geometry, it is possible to control the reaction
and the deposition to a great degree. The gas velocity is essentially
constant and the boundary layer gradually increases in thickness
toward downstream. This means that the thickness of the deposit will
decrease as the distance from the tube inlet increases, as shown in
Figure 4.8(A). This thickness decrease can be offset, and a more
constant thickness obtained, simply by tilting the substrate, as shown
in Figure 4.8(B). This increases the gas velocity due the flow
constriction; the Reynolds number goes up; the boundary layer

decreases and the deposition rate is more uniform [1, 4-5, 23].

| Tube wall |
Constant gas velocity

Deposition thickness - Boundary layer
decreases downstream ><;
Substrate
A) | Tube wall |
| Tube wall |

Decreasing gas velocity

_ Boundary layer

Uniform deposition% Substrate

) | Tube wall |

Fig. 4.8 Control of deposition uniformity in a tube system
(A) substrate parallel to gas flow (B) tilted substrate
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4.3 CVD systems

In general, CVD systems can be divided into hot-wall and cold-wall
reactors. In a cold-wall reactor only the substrate is heated and
reactions take place on the substrate surface. The cold-wall reactor has
the disadvantage of a narrow deposition zone and a low through-put
(number of deposited films/time unit). In a hot-wall reactor the reactor
tube is heated along with the substrate and film deposition takes place
on both the substrate and reactor walls, this gives a wider deposition
zone allowing many substrates to be deposited at the same time. The

hot-wall system is described in following section [1, 4-5].
4.3.1 Hot-Wall CVD System

The hot-wall CVD apparatus that has been constructed for our
integrated optical sulphide waveguides is shown in Figure 4.9. As
described above, the CVD reactor is placed in a tube furnace.
Therefore, the substrate and the wall of the reactor are both hot and
the deposition will occur on the substrate and the inner wall of the

reactor.

Substrate Reactor

’

MFC To exhaust

Precursors =®
0 -
>

Tube furnace
Reactive MFC
Gases =®

Fig. 4.9 Hot-wall CVD apparatus
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4.3.2 Cold-Wall CVD System

A cold-wall CVD reactor, like a hot-wall CVD reactor, is a
continuous flow system where the substrate is kept at the required
high temperature, but all other surfaces bounding on the reacting
gases and precursors are cold. The objective here is to cause the
desired reaction only on the hot substrate and keep all other surfaces

free of deposits.

Two different types of cold-wall CVD reactors will be considered,
parallel flow and normal flow, to be discussed in the section. A normal-
flow tube reactor configuration is shown in Figure 4.10. Here the
reactant gas and precursors flow axially down a quartz tube over a
heated susceptor aligned parallel to the flow. The substrate to be
deposited is placed on this susceptor. The susceptor is heated
inductively with a conducting coil placed around the tube. The coil is

activated by an RF power supply.

In general, graphite is frequently used as a susceptor because it
offers machinability, high resistivity (ideal for induction), and a
temperature range up to 3000 °C. Susceptors can also be made from
molybdenum, silicon carbide, stainless steel, niobium, aluminum, and
other conductive materials. The susceptor can be made in the form of
a crucible, disk, tube, a layer in the material, or whatever form best

suits the application [24].

When heating a susceptor, solid state RF induction power supplies
provide accuracy and speed. During heating, temperature ramping can
be controlled by using pyrometers or thermocouples to form a closed

loop system. Uniform surface temperature can be achieved with careful
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coil design. Typical RF power supplies for susceptor heating range from
1 to 20 kW, depending on the parts and application requirements.
There is a relationship between the frequencies of the alternating
current; low frequencies of 5 to 30 kHz are effective for thicker
materials requiring deep heat penetration, while higher frequencies of
100 to 400 kHz are effective for smaller parts or shallow penetration.

The higher the frequency will have the higher the heat rate [24].

Under an inert atmosphere of nitrogen and hydrogen, the
temperature of 1100 °C of the graphite susceptor can be achieved with
the Ameritherm XP5 (5kW output solid state induction power supply)
[24].

RF coill
f Tube
0O00000000O00O /
Precurs'ors Substrate TOLXhiUSt
| /Susceptor
00000000000 '\
,/ Tube
RF coill

Fig. 4.10 Cold-Wall CVD Tube Reactor (parallel flow)
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An alternative arrangement for such a reactor would be to align it
vertically, and place the substrate on a pedestal normal to the flow

direction. Such a system is shown in Figure 4.11.

Precursors

RF coill 8 8 RF coill
‘\O Substrate O/'

Susceptor

Pedestal

0000
0000

Tube Wall To Exhaust Tube Wall

Fig. 4.11 Cold-Wall CVD Tube Reactor (normal flow)

The difference in these two configurations is in the flow pattern
developed over the substrate. In Figure 4.11 the flow will develop as a
classical boundary layer which will be thinner at the front and thicker
towards the trailing edge. To whatever extent the deposition is
diffusion controlled, it will be influenced by boundary layer thickness,
so deposition rates may be higher near the front of the substrate than
at the rear. However this problem can be improved by tilting up the

susceptor.
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For Figure 4.11 the flow pattern will be quite different and
whatever non-uniformities occur will be axisymmetric which could be

improved by delivering the precursors by a shower head [25].
4.4 Precursors

The main work in this thesis is to fabricate germanium sulphide
based glass waveguides and bulk glass. Therefore, germanium
tetrachloride was used as the main precursor in the experiment. Some
other potential precursors, such as gallium trichloride, phosphorus
trichloride, and antimony pentachloride, can be incorporated with
germanium sulphide to form stable glasses. For active applications,

rare-earth precursors are also under consideration.

Melting Boiling Density

Presursors _ _ 3
point (°C) | point (°C) | (g/cm®)

germanium tetrachloride, GeCl, -49.5 84.6 1.84
gallium trichloride, GaClj 77.9 201.3 2.47
phosphorus trichloride, PCl3 -111.8 76 1.574
antimony pentachloride, SbCls 2.8 79 2.336
trimethyl Gallium, Ga(Me)s -15.8 55.7 1.151

tris(2,2,6,6-tetramethyl-3,5-
heptandionato) dysprosium 182-183 NA NA

Dy(TMHD)3

lanthanum hexafluoro-
NA NA NA

acethylacetonate, La(hfac)s

Table 4.1 Precursors for CVD experiment
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The precursors summarized in Table 4.1 could be germanium
tetrachloride (GeCl;) which is 99.9999% pure from Eagle-Picher
Technologies GmbH, gallium trichloride (GaCl3) which is 99.999% pure
from Alfa Aesar, phosphorus trichloride (PCl3) which is 99.999% pure
from Alfa Aesar, antimony pentachloride (SbCls) which is 99.999%

pure from Alfa Aesar and some other metal-organic presursors.
4.5 Gas purification system

The gases used in the CVD experiment play very important roles
either as the carrier gas or the reactive gas. However, the highest
purity H.S gas commercially available is only 99.5% pure and the inert
carrier gas, argon, is only 99.95% pure. Therefore we need a

purification system for all the gases involved in the CVD experiments.

The gas purification system is shown in Figure 4.12. Full details of
the purification and synthesis apparatus can be found in Mairaj’s PhD.
thesis [26].

B.O.C. rare-gas purifier
Millipore™ particle filter
(waferpure 0.01um)
f Millipore™ particle
' filter
Ar—»| (waferpure 0.03um)
A
:
O, ———> M FC > —> —» Outlet
]
v
H,S —» Wha_tmar_l polycarbonate
y particle filter
v (Nuclepore 0.5um)
SAES pure gas Inc.
0.003 pum particle filter

Fig. 4.12 Gases purification system

91



(%(Z,:; Optoelectronics Research Centre
“‘"‘J

University of Southampton

4.5.1 H»S gas system

The liquid source of H2S (99.5 % pure) was purchased from CK
Gases, England. Manufacturer specified impurities were present in the
form of carbon sulphides, carbon dioxide, nitrogen and moisture.
Impurities present as carbon compounds are expected to be the
leading contributor to contamination. Moisture is substantially reduced
by the custom designed scrubber unit (SAES Pure Gas Inc), which has
a 0.003 pum particle filter at the inlet and outlet, and the molecular
sieve. The scrubber unit reduces moisture levels to better than < 1
ppm for H.S with nominal flow rate O — 10 slpm (standard litre per
minute) with guaranteed moisture levels < 1 ppb for argon with

nominal flow rate O — 20 slpm.
4.5.2 Argon gas system

Cryogenic argon (99.95% pure), used in processing, was dried
using a B.O.C. rare-gas purifier. The gas was supplied through
stainless steel tubing attached with Swagelok™ fittings. Entry to the
mass flow controller (MFC) was via an integral Millipore™ particle filter
(Waferpure 0.01um). The MFC has 3 inlet lines, for H,S, argon and
oxygen, all of which had a dedicated 5 pm particle filter. The outlet
from the MFC was directed through a stainless steel Millipore™ particle
filter (Wafergaurd 0.03um). The outlet, carrying either argon or a
mixture of H,S and argon, was piped to the primary sleeving box which
monitored the active line pressure. The primary sleeving box also
contained a low-cost per process replaceable Whatman™
polycarbonate particle filter (Nuclepore 0.5 pm). This allowed a
replacement of the filter per process and introduced a level of
reliability in the materials processed. This particle filter is the last in

filtration process.
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4.5.3 Oxygen gas system

The integration of a Millipore™ filtered (0.5 pum) oxygen line for
the processing of germanium oxide CVD process allowed extension of
the system capabilities. Furthermore, the inclusion of a low-cost
replaceable Whatman™ polycarbonate particle filter (Nuclepore 0.5 pum)
to the mixed H,S/argon gas lines provided a reliable level of purity

during every process run.
4.5.4 Safety consideration

In addition, a number of safety features were built into the system
design. All the high pressure lines were contained in an extracted gas
cabinet. Should the gas operated relief valve fail, a mechanical and
manual override was possible. In the event of failure of the H2S release
valve, the system could still be purged with argon through all of the
high pressure and process lines via means of the bypass valves. All the
system valves were labelled for clarity and their functions detailed.
Meticulous processing steps were developed to ensure system and

charge integrity both pre and post processing.

The gaseous fumes from the furnace generated during processing
passed through a dry and wet bubbler which trapped particles and
provided a seal against atmospheric leaching. Finally, the gaseous
exhaust was burnt with a natural gas flame to remove any remaining
H.S and extracted to a sulphur dioxide scrubber. Full details of the
purification and synthesis apparatus, including the electronic safety
circuitry, can be found in an accompanying manual located on-site at

the ORC fabrication Lab.
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Chapter 5

Fabrication and characterization of germanium

sulphide glass planar waveguides by CVD

5.1 Introduction

The conventional method of fabricating a chalcogenide glass is
sealed ampoule melting. In this process the elements, as chunks or
powders, are placed in a quartz tube, which is then evacuated to low
pressures, typically 10 Torr or lower, and then sealed by melting and
fusing the open end. The tube is placed in a furnace that typically
rocks or oscillates the sealed ampoule in order to homogenize the melt.
The ampoule is then cooled, broken open and the glass then further
processed to form, for example, thin films, optical fibre and
optoelectronic devices. Thin films of chalcogenide glass can also be
deposited by a number of methods including evaporation [1-5],
sputtering [6, 7], and ablation [8-11] of the bulk glass. These
techniques can be adequate but in general suffer from impurity
problems or difficulty in achieving the desired stoichiometry. The
ability to fabricate thin films of chalcogenide is increasingly of interest,
and the promise of practical planar integrated devices motivated this
work [12].

Chemical vapor deposition (CVD) has proved to be highly
advantageous for the fabrication of ultra high purity silica glass fiber
preforms. It would be desirable to find an analogous approach for the
fabrication of chalcogenide materials and there has been considerable
work devoted to this objective [13], although no suitable process has

been reported. Reaction between germanium tetrachloride (GeCls) and
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hydrogen sulphide (H,S) to form germanium disulphide (GeS,), for
example, was reported to be unsatisfactory for the fabrication of planar
or preform structures because of a low reaction rate and a low yield of
deposited product. Another approach to form germanium sulphide
films by plasma-enhanced CVD [14] through the reaction between
GeHs and H,S was reported. However, the films were unstable and

easily oxidized in air.

The synthesis of chalcogenide glass using CVD techniques has not
been widely reported. Therefore, with a source of the high purity
germanium tetrachloride (99.9999%) and the ability to melt in a
reactive atmosphere of H,S available in our laboratory, we began to
review the reaction between GeCls and H,S to form GeS,. This began
with a thermodynamic analysis (section 5.2), which indicated that this
reaction should be favoured, and therefore preliminary tests were

undertaken.

The objective of this work is to fabricate germanium sulphide glass
thin films on suitable substrates directly by means of chemical vapour
deposition and to develop a reliable method for planar waveguide

applications.

5.2 Thermodynamic calculation of germanium sulphide glass

formation by CVD
In the germanium sulphide glass thin films CVD process, GeCly
was used as the precursor which reacts with H,S and then forms the

GeS; glass thin film on a substrate, as Eq. (5.1).

GeCI4(g) + 2H25(g) <“—> GeSz(s) + 4HC|(g) (5.1)
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The reason why we choose GeCls as the precursor is because it
can be commercially bought in very high purity (99.9999%) and, as it
is also a crucial precursor in silica MCVD system, is readily available.
Besides, as described in the previous Chapter, a H,S high purity gas
system is available in our lab, so the reactive gas is ready to use for a

germanium sulphide glass CVD process.

In order to determine the feasibility of this reaction, as described
in Chapter 4, we can calculate the Gibb’s free energy of this reaction
(AGreaction ). If the AGreaction < 0, the reaction will occur spontaneously.
Furthermore, we have to evaluate the efficiency of this reaction by the

value of the equilibrium constant (K).

From thermodynamics, the Gibb’s free energy of the reaction
(AGreaction) is expressed as AGreaction = 2 AGproducts = 2 AGreactants , SO
the Gibb’s free energy of the reaction can be calculated, and is
presented in Table 5.1, where the data of AG of each compound at
room temperature, 500K, and 800K are available from reference [15].
As the values of AG of the reaction at room temperature, 500K, and
800K are all less than zero, we can confirm that the reaction will occur

spontaneously.

Room Temp. 500K 800K
AG(kJ/mol),HCI -95.293 -97.158 -99.452
AG(kJ/mol),GeCl, -154.588 -151.185 -141.381
AG(kJ/mol),H,S -33.329 -40.179 -45.694
AG(kJ/mol),GeCl, -461.547 -435.936 -398.51
AG(kJ/mol),Reaction -7.555 -23.523 -49.291
K (equilibrium constant) 21.117 281.746 1616.049

Table 5.1 Gibb’s free energy and equilibrium constant of germanium
sulphide CVD reaction, equation (5.1)
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We can also calculate the equilibrium constant (K) of the reaction
from the following equation, AGreaction = -RT In (K), where R is the gas

constant and T is the temperature in Kelvin. Furthermore, the

equilibrium constant can be expressed as Eq. (5.2).

4
Ages, X Pic

P

GeCl,

K = (5.2)

2
X Pst

where ag is the activity of GeS; produced by Eq. (5.1)
P, is the partial pressure of HCI produced by Eq. (5.1)
Peeci, IS the partial pressure of GeCls participating in Eq. (5.1)

P, s is the partial pressure of H,S participating in Eq. (5.1)

From the calculation results presented in Table 5.1, the Gibb’s free
energy of this reaction at room temperature is only -7.555 kJ/mol and
the equilibrium constant of the reaction is only about 21, but when the
temperature goes up to 800K the Gibb’s free energy changes to -
49.291 kJ/mol and the equilibrium constant of the reaction increases
to about 1616. Therefore, as the temperature is increased, the
equilibrium constant becomes larger, favouring the formation of GeS,.
Non-stoichiometry is possible for germanium sulphide, which is not
considered here. The Gibb’s free energy and equilibrium constant (K)
of the reaction at different temperatures are shown in Figure 5.1.
Nonetheless, as the temperature is increased, this analysis suggested
that the reaction should also be increasingly favoured for germanium

sulphide with a stoichiometry that is close to 2.
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Fig. 5.1 Gibb’s free energy and equilibrium constant (K) of the
reaction at different temperatures
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5.3 Optimization of CVD reaction parameters

The CVD apparatus we have developed for fabricating germanium

sulphide planar waveguides is shown in Figure 5.2.

Exhaust
PTFE tube T

- Furnace
Silica tube / Film

Mixing region |

Reactor

H,S Dry Bubbler Wet Bubbler

Fig. 5.2 Hot-wall CVD apparatus for Germanium sulphide
based glass thin films

Thin films of germanium sulphide glass form on a substrate
through reaction between GeCls, vaporized by means of a bubbler into
argon carrier gas, and H,S gas at temperatures in the range of 450°C-
600°C. This is a hot-wall CVD process under atmospheric pressure, in
which a horizontal quartz tube reactor (25mm 0O.D. x 500mm long) is
heated in a tube furnace. The carrier gas for GeCls, argon, is typically
delivered through the mass flow controllers (MFC) at the flow rate of
100 ml/min and the reactive gas, H,S, with the diluting gas, argon,
are typically delivered through the MFC at the flow rate ratio of
H,S/argon of 20/80 ml/min.
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There are two main parameters in the fabrication of germanium
sulphide glass by CVD processes, temperature and flow rate of the
carrier gases. As described in the previous section, the temperature is
the key to the Gibb’s free energy of this reaction and also influences
the formation of the glasses and efficiency. On the other hand, the flow
rate of the carrier gases determines the reaction time of the CVD

process.
5.3.1 Tube furnace calibration

The temperature profile of the furnace along the centre of the tube
furnace from the left end to the right end is shown in the Figure 5.3.
As the temperatures are calibrated without a gas flow, the actual

temperatures will be slightly lower than the set temperatures.

Temperature Profile @500C

500

2d B

400 / \

Temperature (C)

300 X

200

0 6 12 18 24 30 36 42

Position from left end (cm)

Fig. 5.3 Tube furnace temperature profile @ 500 °C

103



University of Southampton

(Z”(Z,:‘/ Optoelectronics Research Centre
~/

From Figure 5.3, the useful range of the tube furnace is only at
the central (hot zone) and the hot zone is about 10-12 cm.

Furthermore, the calibration of hot zone temperature of the tube
furnace from 500 to 1000 °C is shown in Figure 5.4. The temperature
measured by a K-type (NiCr/Ni) thermocouple agrees quite well with
the set temperature from 500 °C to 1000 °C, as given by the
temperature controller of the furnace.
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Fig. 5.4 Tube furnace hot zone temperature calibration
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5.3.2 Early problems (from CVD runl to run3)

From the calculation of Gibb’s free energy and the equilibrium
constant of the reaction, the CVD process for germanium sulphide
glass formation from the reaction between GeCl, and H,S is feasible.
As the objective of this work is to form germanium sulphide glass films
on suitable substrates, the initial aim is to optimize the conditions for
directly fabricating germanium sulphide in the glass phase instead of

crystalline phase.

From the preliminary investigation (runl to run3), we were able to
begin to optimize the parameters of the following CVD experiments.

The parameters of CVD runl to run 3 are summarized in Table 5.2.

PrecUrsors Carrier Gas | Reactive Gas & | Furnace Deposition
& Flow Rate | Flow Rate Temp.(°C) | Rate(um/hr)
rcl}/nDl GeCls (100n'§{/min) ﬁ;él(g?)?xm:il) 450 0.7
rcl}/n[; GeCls (100n'§{/min) ﬁis((lfc())on:rlﬁ;‘:;?r?) >00 73
rClYnDB GeCly ﬁ;s(?zogl/lmm) 500 14.4

Table 5.2 Parameters of the germanium sulphide glass CVD experiments

In CVD runl and run2, Ar was used as a carrier gas at 100 ml/min
to transfer the vapour precursor, GeCly, from the bubbler into the
reactor to mix with reactive gas (H.,S). However, in the CVD run3, in
order to improve the mixing efficiency between the precursor and the
reactive gas, an Ar and H>S mixture was used as a carrier gas and also

as a reactive gas.
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5.3.2.1 Germanium sulphide thin film formation CVD runl

In the germanium sulphide CVD runl, a glassy film was fabricated
on the inner wall of the quartz tube at 450 °C. The reactive gases are
the 100ml/min H;S mixed with 100ml/min argon. The glassy film,
which was observed under a 50X objective microscope by CCD camera,
is shown in Figure 5.5. Here, a lot of bubbles were observed to have
been trapped on the surface of the germanium sulphide glassy film.
Also, some cracks on this film have been found due to the thermal
expansion coefficient mismatch between the germanium sulphide
glassy film and the quartz tube substrate. Although we can make a
germanium sulphide glassy film by this CVD experiment, most of the
products are crystalline powders outside of the hot zone. The

deposition rate was estimated to be 0.7um/hr.
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Fig. 5.5 Germanium sulphide glassy film by CVD runl
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5.3.2.2 Germanium sulphide thin film formation CVD run2

In the germanium sulphide CVD run2, the glassy film has been
fabricated on the inner wall of the quartz tube at 500 °C, a 50 °C
increase over the previous run. As before, the carrier gas was argon at
100mi/min and the reactive gases were 100ml/min H,S mixed with
100ml/min argon. The glassy film, which was observed under a 50X

objective microscope by CCD camera, is shown in Figure 5.6.

From Figure 5.6, the decrease of the bubbles on this glassy film
has been found to be due to the increase of the furnace temperature
from 450 °C to 500 °C. Probably the bubbles have less chance to be
trapped in the film at higher temperature. In addition, the thickness of
the germanium sulphide glassy film also has been increased, due to
the increased efficiency of the reaction, by a factor of about 10. The

deposition rate was estimated to be 7.5um/hr.

Fig. 5.6 Germanium sulphide glassy film by CVD run2
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5.3.2.3 Germanium sulphide thin film formation CVD run3

In the germanium sulphide CVD run3, the glassy film has been
fabricated on the inner wall of the quartz tube at 500 °C. The reactive
gases, also acting as the carrier gases, are the 20ml/min H,S mixed
with 40ml/min argon. The glassy film, which was observed under a

50X objective microscope by CCD camera, is shown in Figure 5.7.

Fig. 5.7 Germanium sulphide thin film by CVD run3

A germanium sulphide glassy film was formed on a borosilicate
glass slide substrate, with a thickness of about 68 pym, by CVD within
283 minutes. Therefore, the deposition rate of this CVD process is 14.4
pm/hr. However, the surface of the film was not homogeneous and lots
of islands of germanium sulphide were formed, probably due to the

higher deposition rate and the composition of the reactive gas.
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Here, we find the yield in run3 was much better than that in run2
because we decreased the flow rate in run3 to increase the reaction
time between the precursor and the reactive gas and we also improved

the mixing effect of the precursor and reactive gas.

Further 19 experiments for the optimization of CVD condition are
summarized in the Appendix II. From run 4 to run 13, 100% H,S was
used as the carrier gas to transfer GeCl, vapour from the bubbler to
the reactor to obtain a better mix efficiency and the deposition
temperature was also been increased to improve the deposition rate.
However, higher H,S/GeCls molar ratio and higher temperature tend to
form crystalline powders instead of glass. From runl4 to runl6, a
higher H,S /GeCls molar ratio (up to ~31) was selected and the
deposition temperature was increased to 800°C. Unfortunately the
same problem, crystalline products, has been produced. In particularly,
germanium sulphide powders were collected in a vessel at room
temperature in run 16. Therefore, from run 17 to run 22, the most
critical parameters for germanium sulphide glass formation, molar ratio
of H,S/GeCls (~2-3) and the deposition temperatures (below the

crystalline temperature, 620°C) have been verified.

Another key parameter is the substrate selection. It is very
important to find a thermal expansion coefficient compatible substrate
for the deposition of germanium sulphide glass by CVD process as
described in the next section.

5.3.3 Summary

The objective is to achieve a germanium sulphide glass planar

waveguide directly by chemical vapour deposition. From preliminary
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results, we have successfully deposited a germanium sulphide glass
film on substrates which has been analyzed by micro-Raman and EDX
(details will be discussed in the section 5.6). The composition of the
germanium sulphide glass film, determined by the Raman technique,
was GeS,.ip.2, but that determined by the EDX technique was about
GeS;i 66-1.75 this was probably due to the sulphur that escaped during
the measurement. In addition, there are still some problems needing
to be overcome, such as film cracks due to the thermal mismatch
between the germanium sulphide glass film and the substrate, which
can be overcome by using a thermally compatible substrate, and the
inhomogeneous surface (overcome by optimum control of the molar
ratio of H,S/GeCls at 2~3).

The typical hot-wall CVD parameters optimized for the planar/slab
germanium sulphide glass waveguides are summarized in Table 5.3.
The details of the influence of substrates will be discussed in the next

Section.

Parameters Conditions
Furnace type Tube furnace
Temperature 500 °C

Precursor Germanium tetrachloride (GeCly)

Borosilicate glass slide
Calcium fluoride ( CaF;)
Substrates Schott N-PSK 58
Silica on silicon

GeO,/silica on silicon
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GeO,/silicon
Reactive gas Hydrogen sulphide (H.S)
Carrier gas Argon (Ar)
Flow rate of reactive gas 20 ml/min H,S + 80 ml/min Ar
Flow rate of carrier gas 100 ml/min Ar
Molar ration of H,S/GeCl4 2-3 /1 (typical 2.3/1)
Deposition rate 10-17 um/hr
Composition by SEM-EDX GeS1.66-1.75
by Rcac;:;aozgieirt]rum GeSaro2

Table 5.3 Optimized parameters for germanium sulphide glass planar
waveguide fabrication by Hot-wall CVD

5.4 Substrates selection for planar waveguides

As described in the previous section, the substrate is quite crucial
in the direct deposition of germanium sulphide glass films by the CVD
process. Therefore, the thermal properties of germanium sulphide
glass need to be well investigated. As we use a hot-wall CVD reactor in
the experiment, we can form glass film directly, however a high

fraction of the precursors form crystalline powders.

The crystalline powders were collected and sealed in an evacuated
quartz ampoule, then melted at 900°C and quenched in the air to form
germanium sulphide glass. The thermal properties of this glass have
been studied using a differential thermal analyzer (DTA) from which we

can resolve the glass transition temperature (Tg), at 456°C, and the
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onset of crystallization temperature (Ty), at 620°C, and a thermo-
mechanical analyzer (TMA) from which we can find that the coefficient
of thermal expansion is 12.9x10°/°C. (details will be discussed in

chapter 6).

After understanding the thermal properties of germanium sulphide
glass, some candidate substrates could be chosen, to match those of
the film, including calcium fluoride (CaF.;), Schott glasses, and

commercial wafers, these will be discussed in the following section.
5.4.1 Calcium fluoride (CaF>)

Calcium fluoride (CaF;) is one of the most popular optical
materials. Calcium fluoride substrates (CaF;), with two faces polished,
with dimensions 10x20x1 mm, were obtained from Crystran Ltd.,
These had a thermal expansion coefficient of 18.85 x10® /K, a
transmission range 0.13 to 10 um, a refractive index about 1.43 at 1.5
um, and a melting point 1360 °C. Thus CaF, would be a suitable
substrate. In addition, these substrates were cleaned by acetone and
IPA in an ultrasonic bath, rinsed by D.I water and then dried in the

oven at 120 °C, before placed in the reactor for experiment.

We have successfully fabricated the planar/slab germanium
sulphide glass waveguides by the hot-wall CVD system with the
deposition parameters shown in Table 5.3. The SEM pictures from the
top of the germanium sulphide glass on CaF, and the side profile of the
germanium sulphide glass on CaF, are shown in Figure 5.8 and Figure

5.9 respectively.
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From Figure 5.8, although there are still several tiny
contamination spots on the surface of the germanium sulphide glass in
an area of about 48 x 32 um, we find that the surface is free of any

inhomogeneity.

Detector = SE1
Date :11 MNov 2002

Fig. 5.8 SEM micrograph from a top view of the planar
germanium sulphide glass waveguide on CaF;
substrate by hot-wall CvD

Furthermore, a well defined germanium sulphide glassy film on a
CaF, substrate was demonstrated, as shown in Figure 5.9 (cleaved
simply by a diamond pen), and the thickness of the germanium

sulphide glass film was estimated to be about 4.9 um.
However, the difference in hardness between the germanium

sulphide glass film and the calcium fluoride is so high that the

germanium sulphide glass film cracked at the edges after end-face
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polishing. Therefore, we need to find a softer substrate for the

germanium sulphide glass film deposition by the hot-wall CVD process.

EHT = 20.00 kv

Fig. 5.9 SEM micrograph from a side view profile of the
planar germanium sulphide glass waveguide on
CaF, substrate by hot-wall CVD

5.4.2 Schott N-PSK 58 glass

Schott Corporation is one of the biggest commercial glass
suppliers. From its data base, we found that N-PSK 58, N-PSK 57, and
N-PK51 would be suitable for germanium sulphide glass film deposition
and the properties of these three candidate glasses are summarized in
Table 5.4. Considering the availability from the local Schott glasses

supplier, the Schott N-PSK 58 glass was chosen for our first trial.
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Table 5.4 Properties of substrate glasses vs. germanium sulphide

. Schott Schott Schott
Properties GeS, CaF,
N-PSK58 N-PSK57 N-PK51
R.I.
@632.8nm 2.09 1.43 1.56739 1.59058 1.52711
Tq, (°C) 456 Nil 476 497 496
CTE
' 12.9 18.85 15.1 14.8 14.4
(x1076/°C)
Transmission 0.35-4 0.35-1.97 | (0.35-2.5)
R 0.5-10.5 | 0.13-10 thi k) N.A. at N.A. at
ange (um) (this work) >1.97um >2.5um
Hardness N.A. 158.3 360 370 400
(knoop)

*measured by Perkin Elmer spectrum 2000 FT-IR shown in Figure 5.10

FT-IR Spectrum of Schott N-PSK 58 Glass
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Fig. 5.10 FT-IR spectrum of Schott N-PSK 58 glass

115

45




(@ Optoelectronics Research Centre

j University of Southampton

Germanium sulphide glass film has been successfully deposited on
the Schott N-PSK 58 glass, cleaned by acetone and IPA in an ultrasonic
bath, rinsed by D.I. water and then dried in the oven at 120 °C. The
deposition parameters were shown in Table 5.3, except the
temperature changed to 480 °C to have the improved resistance to the
crystallization of the film, and the deposition rate was estimated to be
about 6 um/hr. The germanium sulphide glass film was then annealed
at 420 °C for 8 hours. The SEM micrograph from the side view profile is
shown in Figure 5.11 which shows that the germanium sulphide glass

film (~1.9um) is well formed on the substrate (cleaved by a diamond

pen).

Mag= 1236 KX Zum Detector = SE1

EHT = 20.00 kv Date :4 Jul 2003

Fig. 5.11 SEM micrograph from a side view profile of the planar
germanium sulphide glass waveguide on Schott N-
PSK58 substrate by hot-wall CVD (run29)
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Furthermore, germanium sulphide glass film can also be formed
on the patterned Schott N-PSK58 substrate by an Ar-ion beam milling
technique, the SEM micrograph of the side view profile is shown in
Figure 5.12. Therefore, it is possible to form germanium sulphide glass

film on pre-patterned substrates for desired structures.

Detector = SE1
Date :4 Jul 2003

Fig. 5.12 SEM micrograph from a side view profile of the planar
germanium sulphide glass waveguide on Ar-ion beam
milling patterned Schott N-PSK58 substrate by hot-
wall CVD
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5.4.3 Silica on silicon

The idea here is to form germanium sulphide glass film on a
commercial wafer directly by a hot-wall CVD process, thus the
fabrication cost can be reduced and it will be more convenient to
combine the process with current semiconductor fabrication techniques.
In our previous experience, germanium sulphide glass film can be
directly formed on a silica (SiO,) glass substrate but the germanium
sulphide glass film will have cracks due to the mismatch in the
coefficient of thermal expansion (CTE) between this glass film and the
substrate (the value of CTE of SiO, glass is only about 0.55x107/°C).
However, if the thickness of silica could be reduced to less than the
critical thickness, the cracking problem of germanium sulphide glass

film on silica substrate can probably be solved.

Therefore, some commercial thermal oxide wafers (silica on silicon)
from Dr. Graham Ensell (ECS, University of Southampton) and
Professor James Wilkinson (ORC, University of Southampton) have
been studied for this purpose. The thickness of thermal oxide layers on
silicon wafers are available ranging from 40nm, 200nm, 580nm to
2000nm.

We have successfully formed homogeneous crack-free germanium
sulphide glass films on 40nm SiO; on Si wafer and 200nm SiO, on Si
wafer by the hot-wall CVD system. For the 580nm SiO, on Si wafer, we
can form the crack-free germanium sulphide glass film on this
substrate, but this glass film is very sensitive to the temperature
control. For the 2000nm SiO, on Si wafer, we cannot form a crack-free

germanium sulphide glass film on this substrate.
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The SEM micrographs from the top of the germanium sulphide
glass on 580nm silica on silicon and the side profile of the germanium
sulphide glass on 580nm silica on silicon are shown in Figure 5.13 and
Figure 5.14 respectively. From Figure 5.13, in an area of about 400 x
560 um, we can find the surface is free of any inhomogeneity. From
Figure 14, we can confirm that the germanium sulphide glass film
(about 3um) is well formed on the 580nm SiO, on Si wafer. However,
in order to form a homogeneous crack-free germanium sulphide glass
film on a silica on silicon substrate by the hot-wall CVD process, it
would be suggested to choose a thermal oxide wafer with the thickness

of oxide layer less than 500nm.

However, if the objective is to fabricate the germanium sulphide
glass waveguide for telecommunication (1.31 or 1.55um) applications,
it would be better to have a thermal oxide buffer layer thicker than 2

um to isolate the field from silicon substrate.
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Mag= 500X Detector = SE1
EHT = 20.00 kV Date :24 Jan 2004

Fig. 5.13 SEM micrograph from the top view of the planar
germanium sulphide glass waveguide on silica
on silicon wafer by hot-wall CvD

Mag = 13.59 KX Detector = SE1

EHT =20.00 kV Date :24 Jan 2004

Fig. 5.14 SEM micrograph from the side view profile of the
planar germanium sulphide glass waveguide on
silica on silicon wafer by hot-wall CVD
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5.4.4 GeO, on silica on silicon

From the previous section, we have successfully fabricated
germanium sulphide glass films on the thermal oxide wafer (SiO, on Si)
when the thickness of the oxide layer is less than 500nm. However, we
still have a problem if we want to fabricate a waveguide on the thermal
oxide wafer for telecommunication applications because a buffer layer
thicker than 2um is needed to isolate the field from the silicon

substrate.

In order to solve this problem, we need to add another buffer
layer on the thermal oxide wafer as a thicker layer is not feasible. We
found that probably germanium oxide would be the best candidate for
this idea because it can form germanate glass with silica at any molar
ratio and it has a coefficient of thermal expansion (CTE) of about
7.5x10°/°C, a melting temperature of 1086°C, and a refractive index
of about 1.62 [16].

To fabricate the germanium oxide (GeO;) buffer layer on a
thermal oxide wafer, we use germanium tetrachloride (GeCl,) to react
with oxygen gas (0O) in the same hot-wall CVD system, described in
section 5.3, at about 1000°C as Eq. (5.3).

GeCI4(g) + Oz(g) —> GGOz(s) + 2C|2(g) (5.3)

We found that the homogeneous germanium oxide films can be
formed on all 40nm, 200nm, 580nm, and 2000nm SiO, on Si wafers.
The deposition rate of germanium oxide on a thermal oxide wafer with
conditions is about 4um/hr. These substrates were then used in the

deposition of germanium sulphide glass films by CVD. From Figure

121



%@; Oniveraty of Sob tharmpion -
5.15, we can see that the germanium sulphide glass film (~3um) has
been formed on a ~1.9um GeO, on 200nm SiO, on Si wafer. However,

these germanium sulphide glass films are difficult to make crack free.

Mag= 6.76 KX Detector = SE1

EHT = 20.00 kV Date :6 Feb 2004

Fig. 5.15 SEM micrograph from a side view profile of the planar
germanium sulphide glass waveguide on GeO; on
silica on silicon wafer by hot-wall CVD
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5.4.5 GeO, on silicon

In order to form a crack free germanium sulphide glass film on a
suitable GeO, buffer layer on commercial wafers, germanium sulphide
film formed on the silicon wafer (100) with GeO, buffer prepared by
the same process as described in the previous section has been

successfully demonstrated.

The SEM micrograph shown in Figure 5.16, demonstrates that a
homogenous and crack free germanium sulphide glass film has been
successfully formed on the commercial silicon wafer (100) with a

4.5um GeO, buffer layer.

Fig. 5.16 SEM micrograph from the top view of the planar
germanium sulphide glass waveguide GeO; on
silicon wafer by hot-wall CVD

Moreover, from the side profile of the germanium sulphide glass

film on GeO; on silicon wafer (Figure 5.17), a 2.4um thick germanium
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sulphide glass film has been well formed on the silicon wafer (100)
with a 4.5um thick GeO, buffer layer.

Fig. 5.17 SEM micrograph from a side view profile of the planar

germanium sulphide glass waveguide on GeO; on
silicon wafer by hot-wall CVD

To summarize, germanium sulphide glass films can be deposited

on commercial wafers under some conditions, as shown in Table 5.5,
by the hot-wall CVD.

Wafers SiO,/Si Ge0>/Si0x/Si | GeOy/Si
Buffer layer Si0, Ge0,/Si0; GeO;
CTE of substrate (x10°/°C) 4.15 4,15 4.15
CTE of buffer layer (x107/°C) 0.55 ~7.5/0.55 ~7.5
CTE of GeS, (x10°/°C) 12.9 12.9 12.9
Quality of GeS, film Stibge()gnsniqoz unstable stable

Table 5.5 parameters of germanium sulphide glass deposited on commercial
wafers
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5.5 Channel waveguides by Ar-ion beam milling

Germanium sulphide glass planar waveguides with rib structures
have been fabricated by using photolithography and argon ion-beam
milling processes. The substrate used for the deposition was Schott N-
PSK58, two faces were polished by Crystran Ltd, with a dimension of
50x13x1.5 mm.

Shipley S1813 photoresist and Puddle MF319 developer have been
used in the photolithography process. The details are summarized in
Table 5.6.

Stepl One drop of Shipley S1813 on the target sample
Step2 Spin coating at 6000rpm for 60 secs
Step3 Baking at 90 °C for 30mins

Step4 Put the sample under Karl Suss UV mask aligner
Step5 UV exposure for 9.5 secs

Step6 Developed by Puddle MF319 for 45secs

Table 5.6 Photolithography process for germanium sulphide glass rib waveguides

After the photolithography process, an Ar ion-beam milling
instrument, which is a combination of OXFORD and EDWARD, was used
to etch the slab germanium sulphide glass waveguide. The Ar ion-
beam is non-selective and etched the photoresist and germanium
sulphide glass at about the same rate of 30nm/min. The thickness of
the photoresist patterned on the germanium sulphide glass was about

lum, therefore a run time of 30mins was used. The residual
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photoresist on the surface was removed with acetone, followed by a

rinse in D.I. water.

An alpha-step technique was used to measure the surface
structures shown in Figure 5.18. From which, some rib structures with

the heights of about 880 nm and the widths of about 28 um have been

demonstrated.
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Fig. 5.18 Alpha-step profile of ribs structures of germanium sulphide glass
waveguide by photolithography and Ar ion-beam milling

In Figure 5.19, a SEM micrograph shows well defined rib
structures, with a width of about 5um, which have been achieved by
photolithography and ion-beam milling. Thus, we have proved that this
CVD process is promising for producing integrated optical circuits on a

single substrate.
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Mag= 231 KX Detector = SE1
EHT = 20.00 kV Date :14 Dec 2002

Fig. 5.19 SEM micrograph of rib structures of germanium sulphide
glass waveguide by photolithography and Ar ion-beam
milling
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5.6 Characterization

As described in the previous sections, the germanium sulphide
films have been successfully deposited on a variety of substrates.
These films are now analyzed by a series of methods. First of all, the
composition and bonding structures of germanium sulphide films can
be determined by micro-Raman spectroscopy. The surface morphology
can be studied by scanning electron microscopy (SEM) and the energy
dispersion X-ray analysis (EDX) technique can also be applied to
determine the composition of the germanium sulphide films. The
structure of germanium sulphide films can be further studied by the X-
ray diffraction technique. The refractive index of the germanium
sulphide films can be measured by both prism coupling and single
transmission techniques. The thickness of the films can be determined
by the SEM technique and calculated from the fringe patterns of the
UV-VIS-NIR or FT-IR transmission spectra. Furthermore, the
attenuation of the germanium sulphide glass planar waveguides can be

determined by a fibre coupling technique [17, 18].
5.6.1 Micro-Raman spectroscopy

In this work, we use micro-Raman to characterize the composition
of germanium sulphide glass. Raman spectroscopy, like infrared
absorption spectroscopy, is used to determine the vibrational energy of
a material, which will help us to understand the binding structures of
the materials. For IR absorption spectroscopy associated with
molecular vibrational energy levels, it is the change in dipole moment
during the vibration that is measured (IR-active). For Raman
spectroscopy, the mechanism has its origins in the general

phenomenon of light scattering, in which the electromagnetic radiation
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interacts with a pulsating, deformable (polarizable) electron cloud. In
the specific case of vibrational Raman scattering, this interaction is
modulated by the molecular vibrations. The Raman spectrometer used
is @ RENISHAW Ramascope which is equipped with a CCD camera. A
633nm He-Ne laser was used to excite the sample and the Raman shift
spectrum was measured, from 800cm™ to 100cm™, with a resolution of
1cm™. The Raman spectrum is shown in Figure 5.20, from which we
can verify the main GeS, tetrahedra band at 342cm™ and 374cm™, the
band at 434cm™ due to short S-S (Sg) chains between GeS, tetrahedra,
and the weak band at about 180cm™ due to the GeS, tetrahedra
bending vibration [19-21].

Raman spectrum of germanium sulphide glass film made by CVD
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Fig. 5.20 Typical Raman spectrum of germanium sulphide glass
film made by CVD
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Comparison of the measured spectrum with that (Figure 5.21) in
reference [19] allows us to estimate the germanium sulphide glass to

have a sulphur to germanium ratio of 2+0.2.
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Fig 5.21 Raman spectra of Ge,S;.«glass [19]

Furthermore, if we compare the Raman spectrum of germanium
sulphide crystalline material, shown in Figure 5.22, the peaks of the
crystalline material are much sharper than those of germanium

sulphide glass, shown in Figure 5.20. This is because the arrangements
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of atoms in the crystalline structure are more rigid than those in an
amorphous structure. Also, we can find that the crystalline material
has two phases, a-GeS, and B-GeS,, which also agrees with reference
[21]. Therefore, from this Raman spectrum, an amorphous phase of

the germanium sulphide has been demonstrated.
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Fig. 5.22 Raman spectrum of germanium sulphide crystalline material
by CVD run7

5.6.2 Scanning electron microscopy (SEM) and energy dispersion X-ray

analysis (EDX) techniques

The scanning electron microscope as shown in Figure 5.23 has
many advantages over traditional microscopes. The SEM has a large
depth of field, which allows more of a specimen to be in focus at one
time. The SEM also has a much higher resolution, so closely spaced

specimens can be magnified at much higher levels. Because the SEM
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uses electromagnets rather than lenses, the researcher has much
more control in the degree of magnification. All of these advantages,
as well as the clear images, make the scanning electron microscope

one of the most useful instruments in research today [22, 23].

Ta TV
Scanner

Scanning
oils

Secondary

Electron
Detaector
Stage .
— Specimen

Fig. 5.23 Typical scanning electron microscope (SEM) system [23]

Furthermore, the SEM is an instrument that produces a largely
magnified image by using electrons instead of light to form an
image. A beam of electrons is produced at the top of the microscope
by an electron gun. The electron beam follows a vertical path through
the microscope, which is held within a vacuum. The beam travels

through electromagnetic fields and lenses, which focus the beam down
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toward the sample. Once the beam hits the sample, electrons and X-
rays are ejected from the sample. Detectors collect these X-rays,
backscattered electrons, and secondary electrons and convert them
into a signal that is sent to a screen similar to a television screen. This

produces the final image.

A LEO 430 SEM, equipped with an energy dispersive X-ray
analyzer (EDX), was used to determine the morphology and
composition of the germanium sulphide glass films coated by graphite.
The SEM micrographs of the germanium sulphide glass films have been
shown in the previous section. Nevertheless, the typical SEM-EDX
spectrum of the germanium sulphide glass film shown in Figure 5.24
indicated that sulphur may have escaped during the analysis.
Therefore, the composition of the germanium sulphide glass film,
measured by EDX technique, would suffer from an error in the molar
ratio between Ge and S. The results summarized in Table 5.3 indicate
that the molar ratio of S/Ge is between 1.66 and 1.75. Unfortunately,
it is difficult to estimate how much sulphur has been lost during the
EDX measurement. Therefore, the values from the EDX technique are

less than that estimated from Raman spectrum.
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SEM-EDX spectrum of GeSx glass
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Fig. 5.24 SEM-EDX spectrum of germanium sulphide glass film by CVD

5.6.3 X-ray diffraction (XRD)

The X-ray diffraction (XRD) measurement was made by the EPSRC
National Crystallography Service at the Department of Chemistry in the

University of Southampton.

The X-ray diffraction (XRD) technique (using Bragg’s law) is used
to investigate the structure of the germanium sulphide glass film. The
result, shown in Figure 5.25, indicates that no significant crystalline
peak, in comparison to the structure of the crystalline GeS, below for
reference. The arrangements of atoms in the crystalline structure are
more rigid than those in amorphous structure. Therefore, 26 values
were much sharper in the crystalline phase due to the rigid and long

range order structures. On the other hand, 26 values were much
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broader in the amorphous phase due to the irregular arrangements of
atoms and short range ordered structures. From this pattern, we can
confirm that the glass film is amorphous and is of a glassy phase [21].
In addition, the XRD pattern of the germanium sulphide glass film also

agrees with the micro-Raman analysis.

XRD pattern of germanium sulphide glass film
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Fig. 5.25 XRD pattern of germanium sulphide glass film by CVD

5.6.4 Refractive index measurement

The main parameters of thin dielectric films such as refractive
index (n) and the film thickness (d) are very crucial in the planar
waveguide applications. One method that is particularly well adapted is
the prism coupling technique because it can give accurate results
simply and quickly [11, 24-31]. Another single transmission method,
suggested by Swanepoel [32], has also been widely used to determine

the above optical constants.
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These two methods will be applied to determine the optical
constants of germanium sulphide glass planar waveguides formed by
CVD. Besides, the refractive index is a very crucial optical constant for
waveguide applications and the value of the refractive index is strongly
related to the composition of the materials. Therefore, the value of the
refractive index will help us to estimate the composition of the

germanium sulphide glass film [33].
5.6.4.1 Prism coupling technique

The refractive index of germanium sulphide glass film has been
characterized by the prism coupling technique, shown in Figure 5.26.
The prism used in the measurement was rutile with a refractive index
(np) of 2.584 for light polarized to excite the TM mode.

Fig. 5.26 Prism coupling technique for refractive index
measurement, where n, is the refractive index of
the rutile prism, n; is the refractive index of the
germanium sulphide glass film, n, is the refractive

index of the substrate, ¢ is the incidence angle of
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the He-Ne laser on the first surface, ¢ is the
refracting angle of the rutile prism, 6, is the
incidence angle of He-Ne laser on the second
surface, 0 is the refractive angle in the germanium

sulphide glass film, d is the thickness of the film.

The waveguides fabricated are multi-mode, thus light guidance
was observed for five guided modes (CVD run29). The effective index

(N) shown in Table 5.7 is calculated using Eq.5.4.

Effective index (N) = B/ko

= N1Sin61
= sinpcose + (ny2-sinp)"*sine (Eq.5.4)
e (degree) ¢ (degree) N (effective index)
1 (Np) 60 -19.8 2.0491
2 (Nq) 60 -21.7 2.0299
3 (N2) 60 -24.8 1.9984
4 (N3) 60 -29.3 1.9526
5 (Na4) 60 -35.2 1.8932

Table 5.7 Effective Index of germanium sulphide glass film by
the prism coupling technique

The propagation constants for the modes in waveguide N, are

determined by the following equation [34],

n ., N, °-n,’ nyo Ny —1°
kod(n, =N, *)"2 = mr + tan [(—1) (<22 ) "2 + tan *[(- 1) (— )2
0 1 n, an—N2 1 nlz_N2

m m

(Eq.5.5)
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where kp is the magnitude of wave vector in free space

m is the mode number
d is the thickness of the film

n; is the refractive index of the film

Since five guided modes were observed in the measurement and

by using the Mathcad software every two modes can be fitted into Eq.

5.5 to calculate the refractive index (n;) and thickness of the thin film

(d), this data was then used to calculate these optical constants and

full details are shown in Table 5.8. The refractive index and film

thickness of germanium sulphide glass films were 2.093+0.008 and

1.83+0.08pm

reference [33].

respectively. The

results also agree with that

in

Modes Refractive Index (n;) | Film thickness (d, um)
No-Ny 2.091 1.96
No-N> 2.093 1.86
No-N3 2.095 1.80
No-N4 2.096 1.78
Ni-N; 2.098 1.79
Ni-N3 2.099 1.76
Ni-Ng 2.100 1.75
N2-N3 2.074 1.99
N2-Ng 2.084 1.84
N3-Ny 2.101 1.75

Average 2.093+0.008 1.83+0.08

Table 5.8 Optical constants of germanium sulphide glass film
measured by the prism coupling technique
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5.6.4.2 Single transmission technique

The refractive index (n) of germanium sulphide glass waveguides
was measured by using only the transmission spectra, as was
suggested by Swanepoel [32]. According to Swanepoel’s method of
creating the upper and lower envelopes of the transmission spectrum
with interference fringes, the refractive index was calculated by the

following equation (Eq. 5.6).

n=4yN++/N?—-5s? (Eg. 5.6)

Ty T, s*+1
+
TuT, 2

where N =2s

s (the refractive index of the substrate)=Ti+ /Tiz—l

Ts = transmission of substrate at the wavelengths

Tw = value of transmission maximum at the wavelengths

of the upper envelopes

Tm = value of transmission minimum at the wavelengths

of the lower envelopes

The accuracy to which the wavelength can be measured is £1nm. The

maximum absolute accuracy of Ty, and T, is £0.001.

Also, if n; and n; are the refractive indices at two adjacent maxima
(or minima) at wavelengths A3 and A,, using the basic equation for

interference fringes (Eq. 5.7):

2nd = mj (Eqg. 5.7)
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where m is an integer for maxima and half integer for minima, the

thickness (d) is given by Eq. 5.8.

}\‘l}\‘Z

S S (Eq.5.8)
2(7\’1n2 - Kz nl)

UV-VIS-NIR Spectrum of GeSx film on N-PSK58 (R35)

Transmission

— Schott N-PSK 58
—— GeSx glassy film on N-PSK58

500 750 1000 1250 1500 1750 2000
Wavelength (nm)

Fig. 5.27 UV-VIS-NIR spectrum of germanium sulphide glass
planar waveguide

The transmission spectrum of the germanium sulphide glass
planar waveguide was measured by a Varian Cary 500 Scan UV-VIS-
NIR Spectrophotometer at the resolution of 1nm (shown in
Figure 5.27). By using the Swanepoel’s method, we can calculate the

refractive index and the thickness of the germanium sulphide glass
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planar waveguides at some wavelengths and the results are
summarized in Table 5.9. The refractive index of the germanium
sulphide glass film measured by the single transmission method agrees

with the previous measurement made by a prism coupling technique.

A (nm) Twm T Ts S

d (um)
(+1nm) (¥0.001) (*0.001) (+0.001) (0.001)

770 0.857 0.716 0.908 1.563 2.075 +0.004

741 0.860 0.712 0.909 1.559 2.093 + 0.003 2.12
713 0.856 0.708 0.907 1.568 2.105 + 0.004 2.24
687 0.851 0.705 0.908 1.563 2.102 =+ 0.005 2.26
663 0.847 0.701 0.908 1.563 2.105 = 0.005 2.25
642 0.843 0.697 0.908 1.563 2.107 + 0.003 2.18
621 0.838 0.693 0.908 1.563 2.109 + 0.005 2.10
603 0.832 0.688 0.908 1.565 2.117 + 0.003 2.17
585 0.828 0.683 0.907 1.568 2.126 +0.003 2.17
569 0.823 0.678 0.908 1.563 2.129 £ 0.004 2.16
553 0.818 0.674 0.907 1.568 2.137 + 0.005 2.20
539 0.813 0.668 0.907 1.568 2.141 + 0.003 2.17
525 0.807 0.663 0.907 1.568 2.148 + 0.005 2.27
512 0.802 0.659 0.907 1.568 2.152 +0.005

500 0.796 0.654 0.907 1.568 2.156 + 0.005

Film thickness from calculation: 2.192+0.05um

Table 5.9 Values of A, Tw, Tm, Ts, and s for the calculation of refractive
index and film thickness of germanium sulphide glass planar
waveguides.
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5.6.5 Waveguide attenuation

The attenuation of germanium sulphide planar waveguides has

been measured by the fibre coupling technique with the He-Ne laser at

the wavelength of 632.8nm. The image taken by a CCD camera was

converted to the pixel intensity along the length and the attenuation

was fitted by the linear regression. As the results show, in Figure 5.28,

the attenuation of germanium sulphide glass planar waveguide was
2.1+0.3 dB/cm.

-10log, (1)

-0.2

Linear Regression
r |-10log, (1) = -10log, (I;) + loss * L

| |Parameter Value Error

A:-10log, (1) 0.08 0.02
B:loss (dB/mm) 0.21 0.03

00 02 04 06 08 10 1.2
Sample length (mm)

Fig. 5.28 Attenuation of germanium sulphide glass planar waveguides
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5.7 Summary

From a thermodynamic analysis, we have shown that germanium
sulphide glass formation from germanium tetrachloride and hydrogen
sulphide is spontaneous and that the yield will be improved at higher
temperatures. Germanium sulphide glass films were successfully
fabricated on a variety of substrates, including CaF,, Schott-N-PSK58,
silica on silicon, GeOy/silica on silicon, and GeO,/silicon, at the
temperature range from 450 to 600 °C and the deposition rate is
estimated to be about 12um/hr at 500 °C by the CVD processes.

These films have been characterized by micro-Raman
spectroscopy, scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) technique, and X-ray diffraction
(XRD). Their transmission range extends from 0.5um to 10.5um as
measured by UV-VIS-NIR and FT-IR spectroscopy. The refractive index
of germanium sulphide glass films, measured by the prism coupling
technique, was 2.093+0.008, and measured by the single transmission
technique, was 2.107+0.003 at 642nm. The Raman spectrum and the
refractive index of the germanium sulphide glass film both suggested
that the germanium sulphide glass formed by CVD has a stoichiometry
that is close to 2; although the SEM-EDX results of the germanium
sulphide glassy films show the composition of the films as (~ GeS; 7).
The waveguide loss measured at 632.8nm by He-Ne laser was 2.1+0.3
dB/cm.

Furthermore, the properties of the waveguides have been studied
and the light guidance of the waveguide has been demonstrated.
These results show that this fabrication technique has a great potential

in optoelectronics, particularly to make waveguides for optical
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integrated circuits applications. We are currently extending this work

to deposition on other semiconductor substrates.
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Chapter 6

Fabrication and characterization of germanium

sulphide bulk glass by CVD

6.1 Introduction

Chalcogenide glasses, as described in Chapter 2, are defined as
glasses containing at least one of the elements S, Se, and Te. They are
available in a stable vitreous state and with a wide optical transmission
range. Of the chalcogenide glasses, sulphide glasses exhibit relatively
low toxicity compared to other chalcogenide glasses such as selenide
and telluride glasses. In addition, sulphide glasses have a relatively
high softening temperature, which results in a more stable vitreous

state [1, 2].

Sulphide glasses for binary systems are, in principle, divided into
two groups: arsenic sulphide and germanium sulphide glasses [1, 2].
In addition, another famous composition, Ga-La-S glass, which has
shown a great potential, has been intensively studied by D.W. Hewak
et al. at the ORC, University of Southampton [3-23]. Details of Ga-La-

S glasses will not be discussed in this chapter.

Arsenic sulphide glass is one of the most practical choices of
chalcogenide glasses for infrared fibre optics. The first As-S infrared
optical fibre with an optical loss of 20 dB/m at 5.5um was reported by
Kapany and Simms in 1965 [24]. However, the fabrication of arsenic

compounds is forbidden, due to the toxicity consideration, at the ORC.
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Germanium sulphide glass systems, on the other hand, have a
relatively high softening temperature, a large glass forming area, and
low toxicity. These systems have been studied extensively by Shibata
et al. [25-27]. It was reported that the appropriate glass compositions
for GeSx« range from x=2 to 4. It was also reported that the addition of
phosphorous to the germanium sulphide glass increases glass forming
ability and optical homogeneity if the amount of phosphorous is less
than 10 mol.% [27]. In addition, some other precursors such as As, Sb,
and Ga, have also been added into germanium sulphide glass systems
to form ternary Ge-As-S [28], Ge-Sb-S [29, 30], and Ge-Ga-S [31-44]
respectively, and to improve the properties of germanium sulphide
glasses. Using the good rare-earth solubility, rare-earth doped
germanium sulphide based optical fibres have been demonstrated [43,
44].

The conventional method of fabricating a chalcogenide glass
involves melting the precursors or raw materials in a sealed silica
ampoule. The raw elements, in the form of pieces or powders, are
placed in the silica ampoule and sealed under a vacuum lower than 1.3
Pa (—1072 Torr). This procedure will prevent the raw materials reacting
with oxygen. The ampoule is heated in a rocking furnace for longer

than 10 hours between 700 and 900 °C [1, 2].

In addition, chemical vapour deposition (CVD) has proved to be
highly advantageous for the fabrication of ultra high purity silica glass
fiber preforms. It would be desirable to find an analogous approach for
the fabrication of high purity chalcogenide materials by the CVD
method. So far, there has not been much work devoted to this

objective [45, 46]. The first CVD process for Ge-Se binary glass
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(fabricated from the reaction between GeCl, and SeCl;) was reported

by Katsuyama et al. in 1986 [45].

As described in the previous chapter, the germanium sulphide
glass planar waveguides have been successfully fabricated by the CVD
process (from the reaction between GeCl, and H,S). It would be more
desirable if this CVD technique could be applied to fabricate bulk glass

such as infrared transmission windows and fibre preforms.

In this chapter, the fabrication process of germanium sulphide
bulk glass by CVD will be discussed. The optical properties of
germanium sulphide glass will be studied by UV-VIS-NIR (0.2um to
2.5um) and FT-IR spectroscopy (lum to 25um). The purity of
germanium sulphide glass will be studied by glow-discharge mass
spectrometry (GD-MS). Also, the thermal properties of germanium
sulphide glass will be studied by differential thermal analyzer (DTA)

and thermo-mechanical analyzer (TMA) techniques.

The objective in this chapter is to provide a novel CVD method for
fabricating germanium sulphide bulk glass, or fibre performs, with a

capability to incorporate into the glass modifying or active precursors.

6.2 Fabrication of germanium sulphide bulk glass by CVD

The germanium sulphide raw materials (powders and glass) were
prepared by the CVD process. During the process, a quartz ampoule
reactor (Figure 6.1) was situated inside the tube furnace at a
temperature of 650°C. The process was a continuous flow system

maintained at the atmospheric pressure. The precursor, GeCl,, was
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delivered by argon gas through a mass flow controller (MFC) at a flow
rate of 100 ml/min to react with H,S and form germanium sulphide
glass and crystalline powders inside the reactor. The H,S active gas
was delivered together with argon gas with a H>S/Ar ratio of
20ml/80ml to control the molar ratio between Ge and S close to 1:2.
The deposition process was finished when the pressure inside the
reactor was over 15mbar and the deposition efficiency was estimated
to be about 50%. The deposition efficiency is defined by the following

equations.

Deposition efficiency
= (mole of GeS;, coliected in the reactor) / (IMole of GeS;, expected)

= (mole of GeSy, collected in the reactor) / (Mole of GeCla, consumed)

Although about 50% of the GeS, escaped from the reactor, the

deposition efficiency is still be acceptable.

Hot Zone
HE e 150mm
‘ ........................ ._____..
20mm
250mm 100mm O.D.
oo R 2oy Gomm om0
(
30mm 30mm 30mm
O REIm (50 )) O.D. )O.D. )O.D.
\
20mm 60mm. 10mm  16mm
20mm 0O.D. O.D.
O.D.

Fig. 6.1 Quartz ampoule reactor for germanium sulphide bulk glass
fabrication by CVD
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With reference to Figure 6.1, the left end of the quartz ampoule
reactor was sealed by an oxy-hydrogen hand torch and the ampoule
was evacuated to 1x10°® mbar and then the right end of the ampoule
was sealed again by the oxy-hydrogen hand torch. The conventional
melt-quenching technique was applied to prepare the germanium
sulphide bulk glass [1, 2]. The quartz ampoule was put in a tube
furnace, with a capability of heating up to 1500 °C, and heated up from
room temperature to 1050 °C at a ramping rate of 1 °C/min, kept at
1050 °C for 2hours, and pushed out to a water jacketed silica tube for
a quicker quenching step. The germanium sulphide glass was then

annealed at 420 °C for 8 hours.

The germanium sulphide bulk glass shown in Figure 6.2 was

polished into slides with a dimension 20x12x1mm by Crystran Ltd [47].

Fig. 6.2 Germanium sulphide glass slide with a dimension of 20x12x1 mm
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6.3 UV-VIS-NIR and FT-IR spectroscopy

The optical transmission range of germanium sulphide glass has
been studied by UV-VIS-NIR and FT-IR spectroscopy. A Varian Cary
500 scan UV-VIS-NIR Spectrophotometer was used to study the optical
transmission range of germanium sulphide glass from 0.2um to 2.5um.
Furthermore, a Perkin Elmer spectrum 2000 FT-IR was used to study
the optical transmission range of germanium sulphide glass from 1um
to 25um. The combination UV-VIS-NIR and FT-IR spectra of
germanium sulphide bulk glass, fabricated in a standard silica ampoule,
are shown in Figure 6.3. This 2.7mm thick germanium sulphide glass
sample was remelted from the germanium sulphide bulk glass, formed

by the CVD process, and polished by Crystran Ltd [47].

Transmission range of 2.7mm thick germanium sulphide Glass

100
—— UV-VIS-NIR
—— FTIR
80 |
)
S 6o | O-H
Lo
= s-H
£ 40 ]
g
H
20 |
Ge-0O
0

05 15 25 35 45 55 65 75 83 95 105
Wavelength (Jum)

Fig. 6.3 Optical transmission range of germanium sulphide glass, 2.7mm
thick sample, by CVD (standard silica ampoule reactor)
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In Figure 6.3, there absorption bands at about 4um due to S-H, at
about 2.8um due to O-H, and at about 7.5um due to Ge-O which are
typical of many chalcogenide glasses. With knowledge of the extinction
ratios for these impurities [48], we can estimate their concentration to

be ~3ppm, —~37ppm, and —~800ppm respectively.

Moreover, as shown in Figure 6.3, a strong absorption peak at
about 7.5um, due to the Ge-O bonding probably resulted from the
reaction between the germanium sulphide glass and water present in
the standard silica ampoule reactor. However, the useful transmission
range of germanium sulphide glass (fabricated within a standard silica

ampoule reactor) is from 0.5um to 7um.

However, if we use the high purity silica ampoule (made from
Heraeus F300 quartz tube with an extremely low OH level, < 1ppm)
reactor, the Ge-O impurity can be improved significantly as shown in
Figure 6.4. Again, three impurity peaks can be found at about 2.8um,
4um, and 7.5um due to O-H, S-H, and Ge-O absorptions respectively.
Moreover, from the extinction coefficients of the impurities [48], these
three impurity concentrations were estimated to be ~3ppm, —185ppm,
and —58ppm respectively. Also the improved transmission range now

extends from 0.5um to 10.5um.

From the visible and infrared spectroscopy study of the
germanium sulphide bulk glass, we found that the quality of the quartz
ampoule will strongly influence the purity of germanium sulphide glass,
particularly regarding the Ge-O impurity. In addition, it should be
noticed that there is still a considerable amount of S-H trapped or

bonded in the germanium sulphide glass.
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Transmission range of 1mm thick germanium sulphide glass
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Fig. 6.4 Optical transmission range of a 1mm thick sample of
germanium sulphide glass made by CVD (high purity/
low OH silica ampoule reactor)

Besides, the transmission loss of germanium sulphide fabricated

by CVD process can be estimated by the following method [2, 49-50].

The intensity of transmitted light gradually decreases with the

distance because of absorption and scattering loss. The intensity I; of

the light transmitted in the material of thickness t is given by the

Lambert-Beer law:

I, =1,exp(—at) (6.1)
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where |y is the intensity of input light

a is the “absorption coefficient”

If the reflections at the input and output surfaces are taken into

account, the equation (6.1) can be rewritten as:
I, = 1,(1-R)? exp(-at) (6.2)

where R is the reflectivity with air at normal incidence, and is

approximately given by:

R~ (1) (6.3)
n+1

here n is the refractive index of the material. The insertion of equation

(6.3) into equation (6.2) gives:

It

lo

<1~ (he P expeat) (6.4)
n+1

The absorption coefficient o is normally expressed in cm™. Therefore,
the relation between the absorption coefficient a (in cm™) and the

“transmission loss” L is expressed as:
L (dB/m) =434a (cm™) (6.5)
Based on the above equations, the transmission loss of

germanium sulphide glass fabricated by the CVD process can be re-

plotted and shown in Figure 6.5A and Figure 6.5B. It should be noticed
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that the background transmission loss in a 2.7mm thick germanium
sulphide glass sample is about 200dB/m, but that in the 1mm thick
germanium sulphide sample is about 430dB/m. This is probably
because the relative error in the approximation of reflectivity is larger
in the thinner sample. Therefore, we need to prepare a thicker sample

for this measurement in the future.

Transmission loss of germanium sulphide glass (2.7mm thick)
1000

200
800
700
600
500 4

400 - S-H

Transmission loss (dB/m)

300 | 0-H
200 |

100

> 3 4 5 8 7T 8 9o 10 1
Wavelength (um)

Fig. 6.5A Transmission loss of germanium sulphide glass (2.7mm thick)
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Transmission loss of germanium sulphide glass (1mm thick)
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Fig. 6.5B Transmission loss of germanium sulphide glass (1mm thick)
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6.4 Purity measurement by GDMS

To determine the purity of germanium sulphide glass,
compositional analysis was undertaken by glow-discharge mass
spectrometry (GDMS) performed off-site by Dr. Cug-Bramhall at Shiva
Technologies in Ramonville, France. High resolution GDMS is a well
suited analytical technique for the direct measurement of bulk
concentrations in solid materials down to the ppb range. A sample,
typically between 6 — 20 mm in diameter, is inserted into a vacuum
chamber where a gas discharge is struck using the sample as the
cathode. The glow discharge sputtering process removes material layer
by layer with each layer measuring — 2 um in thickness. Sputtering
rates of the glow discharge for metals and alloys is in the range of 0.05
— 0.5 um/min. The compounds under investigation are non-conductive
and hence, indium of known impurity level was used as a binder. The
ions produced in the discharge are then extracted and directed into a
high resolution mass spectrometer. The detection limit of the transition
metal species is 0.005 ppm. Impurity levels measured with the GDMS
technique stated in this work have an absolute accuracy of better than
50%. The results presented in Table 6.1 show exceptionally low levels
of transition metal impurities, significantly better than the impurity
levels achieved in chalcogenide glass prepared by conventional
methods [1, 2]. However, in this GDMS analysis, the germanium
sulphide glass was prepared within the standard silica ampoule reactor.
Therefore, the oxygen level in the glass sample used in this
measurement is still quite high (—460ppm) and this impurity also
exists as the Ge-O absorption, in the FT-IR measurement at about
7.5um. However, by using the high purity/low OH silica ampoule
reactor, the oxygen level in the germanium sulphide glass was reduced

from —800ppm (Figure 6.3) to ~58ppm (Figure 6.4).
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It should be noted that the Ge-O concentration in Figure 6.3 is
about 800ppm, but the oxygen concentration from GDMS is about
460ppm. That is probably because the germanium sulphide bulk glass
only had one melting step with sealed standard silica ampoule
technique, however, the 2.7mm thick germanium sulphide disk sample

experienced two melting steps.

Element | Concentration (ppm wt) | Element | Concentration (ppm wt)
C <0.6 \ < 0.005
O <460 Cr < 0.005
Na < 0.005 Mn < 0.01
Mg 0.02 Fe < 0.05
Al 0.17 Co < 0.005
Si 4.0 Ni < 0.05
S Matrix Cu < 0.05
Cl 65 Zn < 0.05
K < 0.05 Ga < 0.05
Ca < 0.05 Ge Matrix
Ti < 0.005 Ce < 0.005

Table 6.1 Compositional analysis of germanium sulphide glass formed by CVD
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6.5 Thermal analysis

In order to understand the thermal properties of germanium
sulphide glass made by the CVD process, the differential thermal
analyzer (DTA) and Thermo-mechanical analyzer (TMA) have been
applied to study the glass transition temperature (Ty), crystallization
temperature (Tx), melting temperature (Tn,), and coefficient of thermal
expansion (CTE) of this glass. The understanding of Ty and Ty of
germanium sulphide glass, will be helpful in the selection of the
deposition temperature for CVD process. In addition, with the
understanding of CTE of germanium sulphide glass, it will be useful to

choose a CTE compatible substrate.
6.5.1 DTA

A differential thermal analyzer (DTA), Perkin-ElImer DTA7 has been
used to scan a temperature range by heating or cooling at a linear rate
for the study of endothermal and exothermal reactions. From which we
can understand the glass transition temperature (Ty), crystallization
temperature (Tx), the peak of crystallization temperature (Tp), and

melting temperature (Tn).

In the DTA experiment, we use N, as the purging gas at a flow
rate of 20ml/min, and the temperature programs are: holding the
sample at 50 °C for 1min, heating up to 300°C at a rate of 40°C/min,
holding at 300°C for 20mins, and then heating up to 900°C at a rate of
10°C/min. The measurement principle is based on the difference in
temperature between two alumina cups, both of which are seated in
individual platinum pans and are at the centre of a uniform

temperature furnace. One cup (reference) holds an inert material
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(alumina powder), and the other holds a small piece of the glassy
sample (of known mass), contained in alumina powder to provide good
thermal contact. As the furnace is ramped up, evaluation of
characteristic thermal events that require (endothermic) or release

(exothermic) heat is recorded as a function of temperature.

In thermal analysis measurements a single glass sample, so as to
allow homogeneous heating, measuring 1.5 — 2 mm with mass — 10 —
15 mg is required. Heating takes place at a constant rate of 10 ©C/min
under nitrogen. The apparatus was calibrated with metal standards
(indium and zinc) before any thermal measurements were carried out.
Background subtraction was performed for each measurement to
eliminate any equipment induced thermal variations. Each data point
was extracted over an average of 3 runs on different pieces from the
same sample. The results obtained were reproducible with an error
margin of 3 °C. The DTA thermograms showed distinct events,
starting with glass transition (Tg) where glass solid and glass liquid
phases intersect, followed by the onset (Tx) of a crystallization peak (Tp)
and ending with the onset of a melting event (T,) (the position of
these events depend on the heating rate). Glass transition temperature

also has a dependence on the heating rate [51].

The DTA result of germanium sulphide glass by our CVD
experiment is shown in the Figure 6.6. The glass transition
temperature (Ty4), which is the temperature for transition from glass
solid phase to glass liquid phase (endothermal reaction), is estimated
to be about 456°C. The onset of crystallization temperature (Ty), which
is the temperature for transition from glass phase to the most stable
crystalline phase (exothermal reaction) is estimated to be about 620°C

and the peak of crystallization temperature (T,) is estimated to be
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about 650°C. The melting temperature (T.), which is the temperature
for transition from solid phase to liquid phase (endothermal reaction) is

estimated to be about 715°C.

DTA result of germanium sulphide glass

0.4 - T, =650 °c

0.2

Exo-thermal

0.0 -

-0.2

-0.4

T, =456 °C
-0.6

Delta T (°C)

h

T,=620°C

-0.8 -

-1.0

-1.2 4

Endo-thermal

1.4

T,=715°C

300 350 400 450 500 550 600 650 700

Temperature (°C)

Fig. 6.6 DTA result of germanium sulphide glass

Furthermore, the simple criterion for a good glass for fibre drawing
is that the separation of the drawing temperature (T,) and the
crystallization temperature (Tx) should be large (>100°C). However,
for two similar glasses a slightly larger Tx-T, in one does not
necessarily mean that the glass will draw to a fibre with less
crystallization than the other. The suitability of a glass for fibre
drawing is enhanced by a large separation of Ty and Ty, a broad and

weak crystallization peak (the half width of the peak is given by Tp-Ty),

164

750



(%(Z,:‘/ Optoelectronics Research Centre
~/

University of Southampton

and a small separation of T, and T,. The reasoning behind this can be

readily understood in terms of what is happening to the glass [52]:

The glass transition temperature (Ty) approximates to the
intersection of the glass solid and glass liquid phases, so fibre drawing
must be carried out at temperatures above Tq4. If Tx-Ty is small, the
drawing temperature will be close to the temperature for the onset of
crystallization, which will probably result in more crystallization in the
fibore compared to a glass where this separation is large. If the half
width of the crystallization peak (Tp-Tx) is small, then there is a very
sharp crystallization event, which implies that only a small structural
re-arrangement is required to give crystallization. This makes the glass
very unstable with respect to crystallization as the thermodynamic
driving force for crystallization is large, and any nucleation sites will
immediately grow and propagate rapidly through the glass releasing
heat and generating more crystallization. A wide crystallization peak
can be thought of as being the superposition of many very sharp
crystallization events. Because they all occur at different temperatures,
each of these events will occur in a slightly different phase or
composition. While the overall thermodynamic driving force for
crystallization may be as large as in the case of the narrow
crystallization peak, the driving force for each event is smaller
resulting in a much slower growth of nuclei. There may also be a
kinetic barrier to crystal growth as each phase or crystal growing may
compete with neighbouring crystallites for the limited supply of

elements available, again resulting in slower growth [52].
The separation of the onset of crystallization (Tyx) and the fibre

drawing temperature (T,) gives a strong indication as to how a glass

will draw to fibre, with a large value of T.-T, generally offering an
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easier draw. However, if the half width of the crystallization peak (Tp-
Tx) is small, but the separation of the drawing temperature and the
onset of crystallization (Tx- T,) is large, that material may not
necessarily draw into fibore more easily than a material with relatively

small Ty~ T, but larger T,-Tx [52].

For fibre drawing, the glass must have a significant viscosity (~10°
poise). At the melting point T,,, the viscosity of the glass/melt is low
(=1 poise). Hence if Tn-T, is small the viscosity of the glass
immediately before crystallization is also low, resulting in fibre drawing
temperatures significantly lower than the onset of crystallization. A
comparison of the thermal properties of various significant

chalcogenide glasses is summarized in Table 6.2 [52]

Ty TaTg | ToTx | Tm-Tp | To-T
Glass ©C) co | co | co | co
GLS
1 2 102
(6SGaSX:2La203:33La283) 559 36 0 0 58
GLSO (77.5:22.5) 567 192 62 155 80
GNS (66:34) 490 o8 17 104 63
AS>S3 197 290 60 63 NA
GeAsSeTe 50-200 | 134-317 NA NA =130
GeS, (thiS WOI’k) 456 164 30 65 NA

Table 6.2 A comparison of the thermal properties of various chalcogenide glasses

The thermal properties of germanium sulphide glass fabricated by
the CVD process in this work are also presented in Table 6.2. Although

the T, of germanium sulphide has not been measured yet, the
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separation of Tq and Ty is 164 °C, which is a good indication for fibre
drawing. In addition germanium sulphide based glasses, GeS;3 [25, 26],

Ge-P-S [27], and Ge-Ga-S [43, 44], have been drawn into fibres.
6.5.2 TMA

The coefficient of thermal expansion of germanium sulphide glass
was determined using the parallel plate technique [53, 54]. A
commercial thermo-mechanical analyser, Perkin-Elmer TMA 7, with
high displacement sensitivity (up to 50 nm) and temperature range up
to 1000 ©C was used for thermo-mechanical analysis (TMA). A
cylindrical sample prepared by the melt-quenching method, as
mentioned in the previous section, 5 mm in diameter and 3.38mm in
height, is held between two parallel plates of Inconel (0.1 mm thick
and 8 mm in diameter). The sample chamber is purged with helium to
ensure rapid temperature equilibrium. The coefficient of thermal
expansion (CTE) is measured between 50 — 300 ©C (increased at a rate
of 5 ©C/min) with a 10 mN load. Heating is from room temperature to
the point where the sample begins to deform and the deflection is
measured as a function of temperature. The coefficient of thermal
expansion (CTE) is derived directly from the gradient of the line as
shown in Figure 6.7 and the value of CTE is estimated to be about
12.9x107°/°C.
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TMA measurement of germanium sulphide glass
3,396

3.394 1 Coefficient of thermal expansion (CTE)
=12.9x10°/°C
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Fig. 6.7 TMA Measurement of germanium sulphide glass

6.6 Summary

Germanium sulphide bulk glass, fabricated by means of CVD at an
efficiency of about 50%, has been developed in this chapter. The
properties of germanium sulphide bulk glass are summarized in Table
6.3. The optical properties of this glass, studied by UV-VIS-NIR and
FT-IR spectroscopy, indicate that the glass has a transmission range
from 0.5 to 10.5um. The results for the purity of germanium sulphide
glass measured by GD-MS show exceptionally low levels of transition
metal impurities, significantly better than the impurity levels achieved
by a conventional fabrication method. Furthermore, the thermal

properties of germanium sulphide glass studied, by DTA and TMA,
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confirm that this stable glass has a glass transition temperature (Ty) of
456 °C, a crystalline temperature (Tx) of 620 °C, a melting temperature
(Tm) of 715 °C, and a coefficient of thermal expansion (CTE) of
12.9x10°° /°C.

Optical properties

Composition | Transmission Range R. 1. (n) References
GeS; 0.5-10.5 um 2.09 @0.633um | This work
GeS; 0.5-10 pm 2.0 @3pm [57]
GeS; 0.5-11 um 2.113 [26, 55]
GeS, 0.8-5 um [56]

Thermal properties

Composition Ty (°C) Tx (°C) CTE (x10°/°C) | References
GeS; 456 620 12.9 This work
GeS, 490 620 [59]
GeS, 13 [57]

Gez0S70 368 14.7 [58]
GeSs 260 500 25 [26,55,59]
GeSs 270 520 [60]
GeS, 170 450 [59]

Table 6.3 Some properties of germanium sulphide glasses
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Chapter 7

Silver incorporation in germanium sulphide

based glass by a photo-dissolution process

7.1 Introduction

A wide range of photo-induced phenomena exhibited by
chalcogenide thin films enables them to be utilized in a variety of
optical applications [1]. Among these phenomena optically-induced
diffusion and dissolution (OIDD), also known in the literature as photo-
doping or photo-dissolution of metals such as Ag, Zn, Cu or Cd into
amorphous chalcogenide semiconductors has been extensively studied
by many researchers [2-14] because of fundamental and technological
interests. In the bi-layer or multi-layer metal/chalcogenide structure,
light illumination induces fast migration of metal atoms into
chalcogenides. Amorphous Ag/As33Sey and Ag/GezpS7o films have
recently been shown to be useful materials for fabrication of phase
gratings and other diffractive optical elements with relief
nanostructures [15-17]. There are also other related phenomena in
Ag-rich chalcogenide glasses e.g. in ternary systems Ag-As-Se. Ag-As-
S, Ag-Ge-S, which exhibit so-called photoinduced surface deposition of
metallic Ag, i.e. photoinduced segregation of fine particles on the glass
surface [18-23]. Furthermore, it was found that silver-containing
chalcogenide film exhibits reversibility in optical writing and thermal

erasing of the Ag patterns [24].
Another potential option in optical recording of information is to

make use of glasses, or their films, with stoichiometric composition
such as AgAsS, [25] and Ag-As(Ge)-S systems [26, 27]. Such glasses
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are potentially applicable to phase-change optical recording based on a
phase transition between amorphous and crystalline states [28].
Generally, such a transition can be induced by light exposure of a
different energy to perform irreversible or reversible recording. The
glasses of Ag-Ge-S, Ag-Ge-Se, Ag-As-S, and Ag-As-Se systems belong
to the so-called super ionic conductors [29] and this quality has been

demonstrated to be beneficial, e.g. in cell device applications [30].

Furthermore, The OIDD process allows the preparation of
chalcogenide films with the silver content in a wide concentration
range. Silver dissolution limits in different chalcogenides, made by
OIDD process, are shown in Table 7.1 [31]. A silver concentration
increase leads to a red shift of the optical absorption edge and the
refractive indices increase with increasing silver content [4]. However,
there is still no publication concerning waveguide fabrication by using
this OIDD process. Therefore, an attempt to fabricate Ag-doped
chalcogenide glass channel waveguides by using the OIDD process has

been initiated.

Composition Diffusion Conc. Limits of Ag
by OIDD (%)
AS33Sg7 30
AS30S70 31
AS30Se7q 20
GeszgS7o 25
Sb33Se7 10
Ge10Sb30Se0 7

Table 7.1 Limits of the silver concentration obtained by OIDD
in different chalcogenide systems
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In this study, the germanium sulphide glass thin films were
deposited on Schott N-PSK58 glass substrates by the CVD process.
Channel structures were then formed by the photo-lithography process
by patterning in photoresist, after which a 10nm thick layer of Ag was
deposited on the germanium sulphide glass film by thermal
evaporation. This was followed by the photo-dissolution process, after
which the residual photo-resist was removed by acetone. Ag-doped
germanium sulphide glass channel waveguides were demonstrated

with a loss of 0.67+ 0.05 dB/cm at 632.8nm.
7.2 Ag coating by thermal evaporation deposition

The Ag thin film coating on the germanium sulphide glass planar
waveguide was prepared by thermal evaporation deposition. An
Edward coater was used to carry out this deposition process. The raw
material, Ag wire, was 99.99% pure from Agar Scientific. The Ag wire
was wound around the tungsten filament and the germanium sulphide
glass thin film was situated just above the Ag source in the vacuum
chamber. Deposition took place under vacuum with a pressure about
1x10°® mbar. The deposition was controlled by a film thickness monitor
(gold coated quartz sensor, Z value=16.7 and density=10.5 for Ag) at
a rate of 0.1nm/sec. Therefore a 10nm thick Ag layer can be achieved

in 100 seconds.
7.3 Set-up for Ag photo-dissolution process

As for the OIDD mechanism suggested by D. Goldschmidt and P.S.
Rudman [32], the light must be absorbed in the Ag metal and the

photon absorption in the Ag layer generates hot electrons, which travel

a distance of their mean-free path (several hundred A). Then hot
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electrons, surmounting the barrier between the chalcogenide and the
Ag, enter the chalcogenide behind Ag™ ions. Therefore, the generated
electrostatic attraction enhances the transfer of Ag® to the
chalcogenide. Inside the chalcogenide, transport of Ag™ occurs either
by diffusion or is enhanced by the electric field at the the doped-

undoped interface.

The set-up for the Ag photo-dissolution process is shown in Figure
7.1. A white light (150W tungsten-halogen lamp) was used as the
source, passing through an infrared filter (KG1 type glass, 350-700nm
short-pass filter) to illuminate the Ag layer coated on germanium
sulphide glass thin film. The infrared filter was used to reduce thermal
effects. However, the OIDD process can be conducted without the
infrared filter. The illumination time for the Ag to completely dissolve
into the germanium sulphide glass film varied from one to several

hours depending on the thickness of Ag layer.

v d 150 watts
<D©Q> white light source
IR filter
— —
hvl l V Ag coating layer
GeS, glassy film
=7

Substrate

Fig. 7.1 Set-up for Ag photo-dissolution process
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7.4 Refractive index change measurement

The refractive index (n) of germanium sulphide glass and Ag
doped germanium sulphide glass waveguides were measured from the
transmission spectra using a method suggested by Swanepoel [33].
The refractive index and film thickness of the germanium sulphide
glass waveguide (run 35) have been measured by Swanepoel’s method

(details in Chapter 5).

In order to study the refractive index change of a Ag doped
germanium sulphide film, for the first trial, a 42nm thick Ag layer was
deposited on the germanium sulphide glass planar waveguide by
thermal evaporation and this was followed by the photo-dissolution
process. The refractive index of the Ag doped germanium sulphide
glassy film was determined by the same single transmission method
and compared with the original germanium sulphide glass thin film
(Figure 7.2).

UV-VIS-NIR Spectra of Ag doped&undoped GeSx film on N-PSK58 (R35)
100

2 NN

60 -

40 -

Transmission (T%)

—— Schott N-PSK 58
20 - — GeSx glassy film on N-PSK58
Ag-doped GeSx glassy film on N-PSK 58

500 750 1000 1250 1500 1750 2000
Wavelength (nm)

Fig. 7.2 UV-VIS-NIR spectra of germanium sulphide glass and
Ag doped germanium sulphide glass planar waveguides
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The refractive index of germanium sulphide glass and Ag doped

germanium sulphide glass waveguides were shown in the Figure 7.3.

As the results shown in Figure 7.3, the refractive index of Ag doped

germanium sulphide glass film has been increased by the photo-

dissolution process and the refractive index change (An) between Ag

doped germanium sulphide glass and germanium sulphide glass

waveguides is about 0.2.

2.45

Refractive Index v.s. Wavelength (R35)

2.40 -

N o N
N w w
(2} o ol
1 1 1

2.20 -

2.15 -

Refractive Index (n)

2.10 -

2.05 ~

--0-- R35_GeSx on Schott N-PSK58
--@- R35_Ag-doped GeSx on Schott N-PSK 58
Q\
\.//.\\
""_‘\
\.‘—_‘\\
___.\\\.‘
e o °-
—--e_|
0-0o-
© -°\"°‘—°~
“‘0——0\\#
TTOe-—-0-——-0-——_9-——-0-—_
-0 ~~o___
--o__

2.00 -

500 525 550 575 600 625 650 675 700 725 750 775
Wavelength (nm)

Fig. 7.3 Refractive index of germanium sulphide glass and Ag

doped germanium sulphide glass planar waveguides
(from 42nm thick Ag coated layer)

In order to reduce the refractive index change (An) between Ag

doped germanium sulphide glass and germanium sulphide glass

waveguides, a 10nm thick Ag coated germanium sulphide glass planar

wavegude was prepared by the thermal evaporation process and
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followed by the photo-dissolution process. As the results shown in
Figure 7.4, the An has been reduced to a range from 0.02 to 0.05

depending on the wavelengths.

Refractive Index v.s. Wavelength (R39)

2.15 -
—e— GeSx on Schott N-PSK58

2.14 —0— 10nm Ag pdoto-doped GeSx on Schott N-PSK58

2.13 -

—
E 212

N
=
[

2.10 -
2.09
2.08 -

Refractive Index

2.07 -
2.06 -
2.05

2.04 : : : : : : . . . .
500 525 550 575 600 625 650 675 700 725 750

Wavelength (nm)

Fig. 7.4 Refractive index of germanium sulphide glass and Ag
doped germanium sulphide glass planar waveguides
(from 10 nm thick Ag coated layer)

7.5 Ag-doped channel waveguides

From the previous work on silver diffusion into planar films, we
now have confidence that the Ag photo-dissolution process can be
applied to locally increase the refractive index of a germanium sulphide

thin film and thereby define channel waveguides in the glass. We
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fabricated Ag doped germanium sulphide glass channel waveguides
achieved by the photolithography process, then deposited a 10nm Ag
layer on the germanium sulphide glass film. This was followed by the
photo-dissolution process, and finally removal of residual photo-resist.

The fabrication procedures are shown schematically in the Figure 7.5.

vAg
\ | gt/

vAg
PA

L4
N V4
1 Lo

/7

|
WA

Fig. 7.5 Fabrication procedures for Ag doped germanium sulphide
glass channel waveguides

The Ag doped germanium sulphide glass channel waveguides were
initially evaluated by an optical microscope with a magnification of 20
and 40. As the photographs show in Figure 7.6, Ag doped germanium

sulphide channel waveguides with a width of 5um have been fabricated

185




(-%{{; Optoelectronics Research Centre

University of Southampton

by the CVD, photolithography, thermal evaporation, and photo-

dissolution process.

Ag-doped channel GeS, glass waveguides

(x40)

Fig. 7.6 Ag doped germanium sulphide glass channel waveguides

7.6 Waveguide attenuation

The attenuation of Ag doped germanium sulphide channel
waveguides was measured by the fibre coupling technique with a He-
Ne laser at the wavelength of 632.8nm as in the setup shown in Figure
7.7. The image taken by a CCD camera was converted to the pixel
intensity along the length and the attenuation was fitted by linear
regression. As the results show in Figure 7.8, the attenuation of Ag
doped germanium sulphide glass channel waveguides was 0.67+0.05
dB/cm at 632.8nm.
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CCD
camera
focus lens &
channel .
_ fibre adaptor 10mwW
waveguides E He-Ne laser
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computer stage || stage stage
optical fibre

| optical bench

Fig. 7.7 Setup for waveguide attenuation measurement

Linear Regression :
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]
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------------------------------------------------------------ [
0.8 9 |A:-10log (1) 0.15333 0.01586 = '_.
B:Loss(dB/cm) 0.63258 0.04574
i . L
]
N
0.6 Ll .
~ T
- [
~—
o
i
(@)
@]
—
o
—
|
T T T T T T T T T T T T T 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Sample position (cm)

Fig. 7.8 Attenuation of Ag dope germanium sulphide glass
channel waveguides at 632.8nm
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7.7 Summary and future work

In this Chapter, the refractive index of germanium sulphide glass
film was calculated directly from the transmission spectrum by UV-VIS-
NIR spectroscopy. Also, the refractive index of germanium sulphide
glass film can be modified by Ag incorporation by a photo-dissolution

process.

Furthermore, Ag-doped germanium sulphide glass channel
waveguides with the loss of 0.67+0.05 dB/cm at 632.8nm have been
demonstrated by the CVD, photo-lithography, thermal evaporation,

and photo-dissolution process.

The preliminary results indicate the potential for applications in
optoelectronics, especially in integrated optic circuits and optical
storage. However, the diffusion profile of silver doped channel
waveguides still needs to be further investigated. A suggestion for the
non-destructive measurement of the silver diffusion profile is the
Rutherford backscattering spectrometry. Unfortunately we do not have
this facility at the ORC. In addition, the influence of further thermal
annealing of silver doped germanium sulphide channel waveguides also

needs to be studied.
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Chapter 8

Conclusion and future work

8.1 Conclusion

This thesis presents the research work of the development of
germanium based sulphide glass waveguides and bulk glass by means

of chemical vapour deposition (CVD).

Germanium sulphide glass films have been deposited on some
selected substrates, including CaF,, Schott N-PSK 58, silica on silicon,
GeO,/silica on silicon, and GeO; on silicon, by a hot-wall CVD process
that was developed as part of this work. The thermodynamic analysis
of the deposition of germanium sulphide glass from the reaction
between GeCls and H,S indicates that this CVD process is feasible and
that the yield would be better at higher temperatures. The parameters
of the hot-wall CVD experiment have been optimized and the
deposition temperature for germanium sulphide glass from the reaction
between GeCl,; and H,S was typically set at 500 °C for a deposition
efficiency of ~12um/hr. This allows deposition of a thin film suitable for
an OIC in ~ 15minutes. The reactive gas, H,S, and the carrier gas for
GeCly, argon, are delivered through the mass flow controllers (MFC) at
the typical flow rate of 100 ml/min with the H,S/GeCls molar ratio of
2~3.

The composition and structure of germanium sulphide glass films
investigated by micro-Raman and X-ray diffraction (XRD) certify that
these films are in a glassy phase and free of crystalline and are of the

composition of GeS,:02. A scanning electron microscope (SEM)
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technique was used to study the surface morphology of the germanium
sulphide glass films which indicate that the films are homogeneous.
The refractive index of germanium sulphide glass films studied by
prism coupling and single transmission techniques show that this glass
has a refractive index of ~2.1 at 632.8nm. Also, in this research work,
the first chalcogenide glass planar waveguide fabricated by hot-wall
CVD has been demonstrated with a propagation loss of 2.1+0.3 dB/cm
at 632.8nm. In addition, germanium sulphide glass planar waveguides
with channel structures have been fabricated by photolithography and

dry-etching techniques.

A process of fabricating high purity germanium sulphide bulk glass
by chemical vapour deposition and a conventional melt-quenching
method has been developed at an efficiency of about 50%. The results
for the purity of germanium sulphide glass measured by GD-MS show
exceptionally low levels of transition metal impurities significantly
better than the impurity levels achieved by a conventional method and
by commercially available chalcogenides. The optical properties of this
glass, studied by UV-VIS-NIR and FT-IR spectroscopy, indicate that the
glass has a transmission range from 0.5 to 10.5um (Table 6.3).
Moreover, the thermal properties of germanium sulphide glass studied
by DTA and TMA certify that this stable glass has a glass transition
temperature (T4) of 456 °C, a onset of crystallization temperature (Tx)
of 620 °C, a melting temperature (Tn) of 715 °C, and a coefficient of
thermal expansion (CTE) of 12.9x107° /°C.

Furthermore, a process for Ag-doped germanium sulphide glass
channel waveguides has been established by the CVD, photo-
lithography, thermal evaporation, and photo-dissolution process. The

refractive index of Ag incorporated germanium sulphide glass films has
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been calculated directly from the transmission spectrum by UV-VIS-
NIR spectroscopy. Also, the refractive index of germanium sulphide
glass film can be modified by Ag incorporation by a photo-dissolution
process. A Ag-doped germanium sulphide glass channel waveguides
with a loss of 0.67+0.05 dB/cm at 632.8nm measured by the fibre

coupling technique has been demonstrated.
8.2 Future work

Although some results have been achieved in this work, there is
considerable scope for future work, which will be discussed in the

following sections.
8.2.1 Direct writing

Germanium sulphide glasses similar to other chalcogenide glasses,
are amorphous semiconductors and have a number of states in the
bandgap, which reflect structural disorders. In chalcogenide glasses,
due to their structural flexibility and strong electronic-lattice interaction,
the defects take various forms which depend on their environments
and many of the states in the bandgap consist of the defect states. The
structural flexibility also enables chalcogenide glasses to have a many-
minima structure in their potential energy and a high sensitivity to
external stimuli such as light and heat. Therefore, by irradiation of the
bandgap or sub-bandgap light, various photosensitive phenomena are
induced in chalcogenide glasses [1-3]. Particularly, the photo-
bleaching phenomenon has been reported in the germanium sulphide

based glasses [4-6].
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By exploiting this special photosensitive property of germanium
sulphide glass, we can use a UV direct-writing or f-s laser writing
techniques [7-13] to make channel waveguides and integrated circuit
structures in germanium sulphide thin films on a selected substrate.
From the UV-VIS-NIR spectrum shown in Figure 8.1, the absorption
edge of germanium sulphide glass has been estimated at ~425nm (2.9
eV) which means that a 850nm f-s laser would be the best candidate
tool to write these photosensitive structures, by means of two-photon

absorption, which has been intensively studied by E. Mazur et al.[14].

Germanium Sulphide Glassy Film By CVD Run?
1.2

1.1 ]
1.0 ]

0.9 1

0.5 - /

425nm

0.4 . : : . . ; : . .
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Fig. 8.1 UV-VIS spectrum of germanium sulphide glass by CVD run7

8.2.2 Cold-wall CVvD
The main work in this research was conducted using a hot-wall

CVD system. As described in chapter 4 and chapter 5, the deposition

occurred on both the substrate and the inner wall of the reactor in the
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hot-wall CVD system. A cold-wall CVD process was proposed in this
section to provide a cleaner deposition of germanium sulphide glass on
selected substrates as shown in Figure 8.2. The original cold-wall CVD
reactor was made of borosilicate glass which would be safe below 550
°C. The heat coils from Elmatic Ltd [15] can be controlled by a
temperature controller with a maximum temperature of 750+1 °C.
With this cold-wall CVD system, we hope that a better quality of

germanium sulphide glass film can be fabricated.

] Heating «

il BSS ‘ coils
]

Al al
Cold-wall CVD
reactor « Temperature

)
= controller

Fig. 8.2 Prospective cold-wall CVD system

8.2.3 Fibre fabrication

Although the high purity germanium sulphide bulk glass has been
fabricated by the hot-wall CVD system and conventional melt-
guenching, it would be more desirable to fabricate optical fibres from

the fibre preform or crucible drawings [16, 17].
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8.2.4 Modification of germanium based sulphide glasses

As described in the chapter 6, germanium sulphide glass can form
stable ternary glasses with P, Sb, Ga, etc. For example, Sb can be
used to increase the refractive index of germanium sulphide glass and
form more stable Ge-Sb-S glasses. A proposed thermodynamic
analysis of forming Sb,Ss; from the reaction between SbCls and H,S

(Eq.8.1) is presented in Table 8.1 (Gibb’s free energy data from ref.18).

2 SbCls + 3 H,S —— Sb,S3 + 6 HCl + 2 Cl, (Eq. 8.1)

Room Temp. 500 K 800 K

AG (kJ/mol), Cl, 0 0 0

AG (kJ/mol), HCI -95.293 -97.158 -99.452

AG (kJ/mol), Sb,Ss3 -140.293 -136.844 | -125.146

AG (kJ/mol), H,S -33.329 -40.179 -45.694

AG (kJ/mol), SbCls -328.73 -288.697 | -230.822

AG (kJ/mol), reaction of Sb,S; 45.396 -21.861 -123.132
Equilibrium constant (K) 1.098x1078 189.132 | 1.035x108

From the thermodynamic analysis, the formation of Sb,S; from

the reaction between SbCls and H,S is not spontaneous at room
temperature, however as the temperature increased, the reaction
becomes more and more favourable at higher temperatures. Therefore,
if we introduced GeCls and SbCls precursors to react with H,S at the
same time, if would be possible to control the composition of Ge-Sb-S

glasses in the CVD process.
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Appendix Il: Optimization of germanium sulphide parameters by CVD

Precursors | Carrier Gas & Reactive Gas & Furnace Run Time Film Thickness Deposition Rate (um/hr) Molar Ratio SEM-EDX
Flow Rate Flow Rate Temp. (°C) (mins) (um) H,S/GeCl, Ges;, X

CvD Ar (100 Ar (100mL/min) )

runi GeCl, mU/min) H,S (100mL/min) 450 77 0.9 0.7 9.7 1.66+0.01
CVD Ar Ar (100mL/min) _

run2 GeCl, (100mL/min) H,S(100mL/min) 500 64 8 7.5 9.7 1.69+0.01
evo GeCls Ar (40mL/min) + H,S(20mL/min) 500 283 67.9 14.4 ~35 1.72+0.02
cvD GeCly H,S(50mL/min) 800 180 No Deposition Nil ~10.4 Nil
run4 on Reactor

CVD . . . .
runs GeCly H,S(50mL/min) 600 150 crystalline Nil ~10.4 Nil
CVD .

runé GeCly H,S(50mL/min) 550 120 74.8 37.4 ~10.4 357
CVvD . . . .
RuUN7 GeCly H,S(50mL/min) 575 60 Crystalline on substrates Nil ~10.4 Nil
CvD . Rough glassy film on substrates (not . N .
RUNS GeCl, H.S(50mL/min) 550 50 fransparent) Nil 10.4 Nil
CvD : Rough glassy film on substrates (not : _ :
RuN9 GeCly H,S(50mL/min) 500 60 fransparent) Nil 104 Nil
CvD : Crystalline on CaF, substrates (not : _ :
RuN10 GeCly H,S(50mL/min) 520 60 fransparent) Nil 104 Nil
CvD . Rough glassy film on substrates (not N .
RuUN11 GeCl, H.S(50mL/min) 450 60 transparent), 0.77-0.99um 0.77-0.99 104 Nil
CvD . Crystalline on substrates (not . N .
RUNL2 GeCl, H.S(50mL/min) 350 150 fransparent) Nil 10.4 Nil
CvD : Crystalline on substrates (not : _ :
Run13 GeCly H,S(50mL/min) 400 120 transparent) Nil 10.4 Nil
R(il\;?4 GeCly Ar (50mL/min) | H,S(150mL/min) 450 110 Yellow film on substrates? Nil 31.26 Nil
CVD . . . . .
RUN15 GeCly Ar (50mL/min) | H,S(150mL/min) 400 120 Crystalline on substrates (not transparent) Nil 31.26 Nil
CVD . . " . . .
RUN1E GeCly Ar (50mL/min) | H,S(150mL/min) 800 /RT 45 Ge & S crystalline Nil 31.26 Nil
CvD - - Germanium sulphide glass on quartz 10.64um/hr on quartz & _ Quartz, 1.74+0.01
Run17 GeCly Ar (40mL/min) + H,S(20mL/min) 500 40 (7.09um) & CaF, substrate(9.04pum) 13.56pum/hr on CaF, 3.5 CaF,,1.75+0.01
CvD - . Germanium sulphide glass 3.87 & 4.84um 10.1 & 12.36 um/hr of $1,1.71+0.01
RuN18 GeCl, Ar (90mL/min) + H.S(10mL/min) 500 23 on CaF, substratel & 2 CaF?2 substrate 1 & 2 0.97 $2.1.7240.01
CvD : : Germanium sulphide glass 6.96 & 8.62um 13.92 & 17.23 um/hr  of :
RuUN19 GeCly Ar (80mL/min) + H,S(20mL/min) 500 30 on CaF, substratel & 2 CaF?2 substrate 1 & 2 2.32 Nil
CvD : . Germanium sulphide glass 24.5 & 22.4pm 13.03 & 11.91 um/hr  of :
RuUN20 GeCly Ar (80mL/min) + H,S(20mL/min) 500 113 on CaF, substratel & 2 CaF?2 substrate 1 & 2 2.27 Nil

. . 5.82&6.58 & 7.27
CvD : : Germanium sulphide glass 1.94 & 2.19 & 1.71+0.01
GeCl, Ar (80mL/min) + H,S(20mL/min) 475 20 um/hr  of CaF2 2.10

Run21 2.42pm on CaF; substratel & 2 & 3 substrate 1 & 2 & 3

CVD : ; Semi-transparent germanium sulphide : :
RUN22 GeCly Ar (80mL/min) + H,S(20mL/min) 500 150 glassy films Nil 2.80 Nil

*RT: room temperature




