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PLANAR WAVEGUIDE DEVICES FABRICATED BY PULSED LASER
DEPOSITION

By Stephen John Barrington

This thesis is intended to be a comprehensive study on the use of pulsed
laser deposition to fabricate planar waveguide devices. As such, a thor-
ough review into the state of the art of current activities in this area is
initially presented.

A versatile technique has been developed to efficiently and homoge-
neously heat substrates using a raster scanned CO; laser. Use of this de-
vice has virtually eliminated the occurrence of substrate fracture and has
greatly reduced the turn-around time for depositions of crystalline films.
The heating homogeneity achievable with this system is ultimately limited
to the speed at which it is able to scan the substrate.

Growth of photosensitive lead germanate glass layers by pulsed laser
deposition is reported. The photosensitivity has been investigated with a
wide variety of UV sources and is found to be capable of exhibiting both
positive and negative refractive index changes. The maximum index dif-
ference observed in this system was also the highest reported for a germa-
nium based glass at-1.06 x 1072

The effect of particulates on the lasing threshold of waveguide lasers has
been investigated. This was achieved by growing Nd:GGG waveguide
lasers with a range of particulate densities modulated by a pulsed gas
valve. It is found that particulates generate a detrimental effect and that
the threshold is seen to increase as the particulate density increases. This
detrimental effect becomes less pronounced in thicker (~8pm ) films.

A buried Nd:GGG waveguide laser has been fabricated for the first time
by PLD and has achjeved lasing action at a threshold of 14.8 mW of ab-
sorbed power. Comparison of the lasing threshold to that of similar un-
capped devices demonstrate that the capped layer has a highly beneficial
effect on the lasing threshold when the particulate density in the film is
high.



Can you help me, occupy my brain?

Ozzy Osbourne, from the song Paranoid.
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Chapter 1

Introduction

1.1 Overview

This thesis will discuss the growth of optical waveguide devices by pulsed
laser deposition (PLD). Chapters 1 to 4 review the background of PLD in-
cluding history, apparatus, theory, and the various analytical techniques
used. There is currently no comprehensive review of PLD of thin films
for use as active optical waveguides, therefore chapter 3 looks in depth at
the current work in this field. This also establishes the context for work
presented in this thesis. Chapter 5 discusses the growth and analysis of
photosensitive lead germanate films. Chapter 6 presents a new and effi-
cient homogeneous substrate heating system and other minor mechanical
improvements to the PLD apparatus. Chapter 7 describes the theory un-
derlining active optical waveguides that is relevant to the the proceeding
chapters. Nd:GGG waveguide lasers were grown to study the effect of
particulates on lasing performance and this work is presented in chapter
8. Chapter 9 presents work on fabrication and results of a buried Nd:GGG
waveguide laser, which is the first reported capped laser grown by PLD.
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1.2 Optical Waveguides

The sudden explosive development of the internet has sparked worldwide
interest in optical technology and in particular optical waveguides. Opti-
cal fibres are a proven waveguide technology which are now used rou-
tinely in high bandwidth and long distance data transmission. Optical
waveguides, however, have far more to offer than just high bandwidth
transmission of data. Confinement of light inside a waveguide generates a
higher intensity-length product that yields several advantages when com-
pared to bulk media counterparts. Lasing power thresholds become lower
in waveguides due to the dependence on the pump and lasihg mode size
(see chapter 7). This enables lasing to be achieved in transitions that pos-
sess an impractically high lasing power threshold in bulk materials [1].
The efficiency of many non-linear optical effects are dependent on inten-
sity and so can be greatly increased in waveguides. This leads to effi-
cient harmonic generation, four wave mixing and many other effects, all of

which have applications that are potentially desirable in the market place.

The holy grail of thin film waveguide technology exists in the form of op-
tical integrated circuits. The possibility of combining many of the above
mentioned effects into a single monolithic waveguide device is the ulti-
mate goal of research in this area. There many established technologies for
fabricating optical thin films and section 1.3 briefly details many of these
techniques. Section 2.2 of the next chapter explains the basics of PLD; its

advantages and disadvantages.
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1.3 Summary of thin film fabrication methods

1.3.1 Evaporation

Evaporation or thermal vapour deposition is the simple method of heating
materials to melting point in a vacuum chamber. Heating is often achieved
with a resistive component for temperatures up to 1200°C . Where much
higher temperatures are required electron beam evaporation (EBV) can be
employed. Different constituents within multicomponent materials, how-
ever, can possess different vapour pressures which can cause differential
rates of evaporation. This can lead to production of films of a composition
different to that of the target. This process is mainly suitable for simple
amorphous materials and is most commonly used in optics for manufac-
turing antireflection coatings (e.g MgF, and MgO). The highly isotropic
distribution of the evaporants from the target can lead to poor deposition
rates and may require multiple chambers for different targets if contami-

nation is an issue.

1.3.2 Sputtering

Sputtering is used in industry largely as an alternative to EBV. Material
ejection in a sputtering system is achieved by high energy ions (up to
2keV) colliding with a negatively biased target in a vacuum chamber. In-
ert gases flow into the chamber and are ionised and accelerated into the
target by a high electric field (~kV) . DC sputtering is generally used to
sputter conductive materials, while radio frequency (RF sputtering) is of-
ten used for insulators. RF sputtering also reduces deposition of insulator
materials on the electrodes and helps to reduce surface charge build-up
on the substrate. Epitaxial growth of crystalline materials is possible by
using heated substrates. Reactive deposition is achievable by use of re-

active gases. The angular distribution of the plume in sputtering is larger
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than in PLD allowing the production of evenly distributed large area films.
Chamber contamination, however, is more of an issue with highly diver-
gent plumes. Currently the main use of sputtering is to coat optics, but
fnany active films have been produced [2]. Magnetron sputtering is often
used for fabrication of optical films as this further excites the deposition
species allowing a lower substrate temperature than is usually required

for epitaxial growth of dielectrics.

1.3.3 Chemical vapour deposition (CVD)

CVD is a method of thin film fabrication by the decompositioﬁ of high
vapour pressure gases or precursors. Triggering of the reaction is usually
achieved by a heated substrate after the gaseous reactants initially adsorb
onto its surface. Subsequently, surface chemical reactions occur involving
the decomposition of the precursor. These reactions are often catalysed
by the substrate surface. The resultant film also includes unwanted by-
products of the reaction which must be desorbed from the surface and

removed.

Plasma enhanced chemical vapour deposition (PECVD) enables deposi-
tion at lower temperatures than conventional CVD. These temperatures
are sometimes essential to prevent diffusion of lighter elements and un-
desirable reactions of the film with the substrate. Energy is transferred
into the reactants via a glow discharge, which ionises the mixture to form
radicals and other reactive species. The reactants are excited whilst in a
gaseous phase, which permits initiation of the reaction at a lower substrate

temperature.

Deposition rates are limited in CVD systems to as little as 400 - 500 nm
per hour [3]. The range of materials that can be deposited is also limited
by the difficulty of establishing suitable precursors. Due to contamination
CVD systems often require individual chambers for different fabricated

materials.
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1.3.4 Sol-gel proccessing

Sol-gel processes are based on the hydrolysis and condensation of molec-
ular precursors. A sol can be defined as a colloidal suspension of solid
particles in a liquid. Gellation of this sol creates a continuous suspension
(gel). Thin films are usually formed by dipping appropriate substrates into
the liquid sol and removing. Subsequent heating and spinning is usually
required in order to improve thickness uniformity and the composition
of the resultant film. The sol usually requires far lower temperatures for
formation of epitaxial films than conventional deposition processes. This
versatile technique is often used to solidify laser dyes to allow easier man-
agement [4] and can also be used to pull unusual optical fibres [5]. Sol-gel
can be used to fabricate a variety of oxides but like CVD, formation of
the correct film is dependent on finding appropriate precursors and the
films are often polycrystalline. Due to the dipping process required for
film formation it is difficult to fabricate films thin enough for single mode
propagation of light (< 10pm ). Sol-gel waveguide lasers have been re-
ported [6].

1.3.5 Molecular beam epitaxy (MBE)

MBE is used to produce ultra pure high quality epitaxial growth of sin-
gle crystal structures. MBE is most commonly used in the semiconductor

industry where high crystal quality is required for devices.

The constituent components of the desired film are heated to vapour phase
in separate effusion cells. The cells are isothermal cavities with an aperture
to allow effusion of the vapour in a forward directional plume or so-called
molecular beam. The beam is incident on a heated substrate where epi-
taxial growth can occur. With partial or complete shuttering of the vapour
sources the final composition of the developing film can be precisely con-

trolled. Heterostructures can be engineered on the substrate or alternately
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the crystal composition can be gradually altered throughout the film. MBE
waveguides are almost exclusively semiconductor devices [7], however

rare-earth doped devices have been fabricated [8].

The main disadvantage of MBE is the high cost of the fabrication equip-
ment as an ultra-high vacuum (~ 107'° mbar ) is required to maintain the
film purity. For industrial applications, MBE is only practical for mass
produced devices such as LEDs, ICs, laser diodes and fast transistors. The
molecular beams also possess low thermal energies compared to some de-
position processes and so require high substrate temperatures for epitaxial

growth.

1.3.6 Liquid-phase epitaxy (LPE)

LPE thin films are fabricated by dipping of an appropriate substrate into
a suitable, supersaturated, melt of oxides. For example Nd:YAG can be
fabricated by a melt of PbO/B;0;/Al;03/Y,03/Nd,03 in various con-
centrations. The substrate is dipped into the melt, its crystal structure
precipitates, and is a template for, epitaxial growth. When growth of the
desired thickness is achieved, the substrate is removed from the melt. To
enhance flatness and to achieve thinner films, spinning of the molten layer
is sometimes required after dipping and before solidification. If the melt
temperature does not exceed the melting temperature of the resultant so-
lidified film then re-dipping in different solutions can achieve multilayer
films. LPE is capable of achieving very low-loss films (<0.05dBcm™! ) [9]
and is a very inexpensive fabrication technique. Deducing the initial con-
centrations of the melt constituents, however, can be a difficult process.
The type of films that can be fabricated are also limited by the availability
of suitable melt constituents. Currently, it is difficult to fabricate very thin

layers for single mode devices with LPE.
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1.3.7 Direct and thermal bonding

It has been known since the advent of suitable polishing techniques that
highly polished surfaces can bond on contact but it is only recently [10]

that this effect has been used for waveguide applications.

With direct bonding, the substrate and active layer begin as separate pieces
of bulk material. The active layer and one side of the substrate are pol-
ished to optical flatness. Both layers are then subject to rigorous cleaning
techniques whereupon joining, the Van der Waals forces are sufficient to
permanently bond the two layers (although depending on the material the
exact bonding mechanism may be complicated). Heating of the structure
is often used to further strengthen the bond, resulting in the process also
having the name thermal bonding. Once bonded the active layer can be

polished down to waveguide dimensions.

Direct bondng can achieve very low loss waveguides (<0.4dBcm™! ) which
by definition possess the exact composition of the bulk material. It can also
fabricate high numerical aperture guides as there are no lattice matching
constraints as required for epitaxial growth. The only constraint is that the
two layers possess a similar thermal expansion co-efficient so as to prevent

fracture upon cooling.

Recently it has also been found [11] that during the heat treating phase,
ion-exchange can take place between two suitable layers, thus creating a
buried waveguide structure. Previously this could only be achieved in a

two step process.

The process is very time consuming, however, and prone to low yield due
to breakages. In structures where the interjoin is not used as a waveguide
(i.e unclad waveguides) the active layer is difficult to polish below 50pm
thickness.
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1.4 Other waveguide fabrication techniques

Rather than creating a waveguide by formation of a thin material layer, the
techniques described in this section directly modify the refractive index
of bulk material. Such techniques should not necessarily be considered as
alternatives to thin film deposition as they can often be used in conjunction

with thin films to create channel waveguides in the planar structure.

1.4.1 Indiffusion

Indiffusion of an element into a lattice can create a refractive index change
sufficient to provide a waveguide structure. The bulk material is coated
with the element to be indiffused in a thermal evaporator. This structure
is then held in a oven at high temperatures (~1000°C ) for a period of time
that can be as long as several days. For active films the lasing dopant
would be the ideal choice for indiffusion but it is usually unable to create
a large enough refractive index change. For this reason titanium is often
indiffused to create the refractive index boundary and further indiffusion
of the dopant (Yb, Nd, Er) is then used to create an active layer [12,13].
Lasing from the Ti atom itself, though, has been reported after indiffusion
into sapphire [14,15]. By using masking techniques in the initial coating
phase this technique can also produce channel waveguide devices [16].
Indiffusion cannot produce a sharp index step in waveguides and so the
confinement of light is limited. The fabrication process is also very time
consuming for a single waveguide although multiple guides can be fabri-

cated simultaneously.

1.4.2 Ion exchange

This simple technique involves immersion of a substrate into a molten salt

bath. The bath provides a source of alkali ions which slowly exchange with
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ions in the substrate material. The Application of heat or an electric field
to the bath can control the rate of ion exchange. Secondary processing in
different solutions can achieve buried waveguide devices [17] and channel
devices can be fabricated by use of masking techniques [18]. Like indiffu-
sion it is difficult to achieve a sharp index step in these guides therefore

limiting the confinement of light.

1.4.3 Ion implantation and etching

Bombardment of a material with high energy (~MeV) ions can create lo-
calised damage and thus a refractive index change within the material.
The material modification is caused by atomic displacement in the lattice
by incoming ions. At high energies the lattice is‘relatively unaffected, and
it is only at lower energies that the majority of démage take place. This
allows the ions to pass through the surface layer down to a depth of a few
microns before losing enough energy to modify the lattice. This can result
in a damage layer with a lower refractive index, enabling the surface layer
to act as a waveguide. With different materials however it is possible for
high refractive index damage layers to form, creating buried structures.
This led to the fabrication of planar laser devices [19] but has also been
used in conjunction with masking techniques to produce channel struc-
tures [20]. In addition to bulk materials this channel fabrication technique
has been shown to work with PLD grown films [21]. Ion beams can also
be used, with appropriate masking, to etch away material to create ridge
waveguides [22,23]. As with ion exchange, creating a sharp index step
to fabricate a high numerical aperture guide is difficult. Furthermore, the
damage to the material that is inherent to the process leads to losses of
around 1-2dBem™! [19, 20]. By using very low loss planar guides, how-
ever, and ion beam etching, raised channel (rib) waveguides have been
produced with losses down to 0.25dBem™! [23].
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1.4.4 Direct writing

High peak powers obtainable in femtosecond laser pulses can be used to
efficiently access a host of multi-photon effects in optical materials. This al-
lows modification of the bulk material, by multi-photon absorption, even
if the material is transparent to the writing wavelength (see section 2.3.1).
By careful focussing, the beam can propagate into a bulk medium remain-
ing just below the damage threshold until the focal point. At the focal
point, damage of the material can induce a refractive index change. Us-
ing this technique the refractive index of the bulk material can be altered
at a specific point within its structure to create three dimensional waveg-
uides [24].

1.5 Conclusions

This chapter has mentioned some of the desirable qualities of waveguide
devices and the potential of planar waveguides to produce monolithic in-
tegrated optical circuits which would be of great benefit to the photonics
industry. The various methods of planar and channel waveguide fabrica-
tion have been presented and some of the advantages and disadvantages
of each system along with some recent results in most cases. In chapter
2 PLD will be discussed as an alternative fabrication process for optical

planar waveguides.
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Chapter 2

Pulsed laser deposition: Practice

and Theory

2.1 Introduction

PLD is a very versatile technique for thin film fabrication and this chap-
ter outlines the basic apparatus and principles involved in the process. A
brief description of PLD is presented and some of the main advantages
- and disadvantages of the system are listed. A more detailed description
of the three most important interactions, namely; laser-target interactions,
plasma dynamics and film nucleation and growth are presented in the fol-

lowing sections.

2.2 Fabrication by PLD

The basic experimental apparatus for PLD is shown in figure 2.1. A suit-
able target is situated inside the vacuum chamber and it usually rotated -
during the deposition process. The ablation laser beam is focussed down
onto the target where it is absorbed, causing rapid evaporation and ejec-

tion of a small volume of target. The constituents of the evaporated ma-
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terial consist of neutral and ionic atoms, molecules and macroscopic par-
ticles or particulates'. This mixture of ionic and neutral species, termed
the plasma plume, adiabatically expands in a narrow angular distribution
towards a substrate. A photograph of the plasma plume can be seen in
fig 2.2. The process of simultaneous evaporation of all the constituents of
the target material is known as congruent evaporation, which is discussed

further in section 2.3.1.

Excimer beam

0O inlet
Vacuum
chamber

Figure 2.1: Simple PLD Set-up

The ejected matter that arrives on the substrate forms the film for which

!n this thesis Particulates refer to macroscopic particles of target material that are de-
posited on the substrate during the deposition process. Some reports will distinguish
between particulates (irregular shaped particles resulting from removal of cone-like fea-
tures present on the target surface or exfoliation) and droplets (molten globules resulting
from sub surface boiling of the target followed by explosive ejection or splashing). In this
report however, no such distinction will be made as the mechanism by which the partic-
ulates (or droplets) are produced is by no means clear. Mostly the term particulates will

be used but this is to be taken as the equivalent of droplets or particles.
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Figure 2.2: Expulsion of the energetic plume onto a heated substrate

the growth mechanisms are discussed in section 2.3.3.

For crystalline growth the substrate will need to be heated to provide ad-
ditional energy to the arriving species. This allows orientation and mi-
gration of the species to the correct crystallographic plane as dictated by
either the crystal substrate or by preferential orientation of the developing
crystal (See section 2.3.3.1). If crystallinity is not required, (i.e for glasses
or other amorphous materials) the substrate may be left at room tempera-

ture.

Congruent evaporation is often achieved from the target surface; however
lighter elements can be lost in transit between the target and substrate due
to scattering processes. For many oxide films this would mean a reduction
in their oxygen content if grown in vacuum. For this reason the chamber
is usually backed-filled with oxygen typically up to pressures of ~ 1072
mbar. Back-filling also serves to expand the angular distribution of the
plume (see section 2.3.2) leading to a more homogeneous distribution of

film thickness across the substrate. Reactive background gases can have
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a dramatic effect on both the chemical and physical properties of the re-
sultant film, therefore the pressure of the gas during growth is a critical

parameter in optimising growth conditions.

With high power pulsed lasers becoming ever more reliable, compact and
cheaper there are few other deposition systems that can compete in terms
of the initial financial outlay required to install a PLD system. The external
nature of the laser as the energy source for ablation allows multiple cham-
bers to be used from one laser. This enables pooling of resources from -
research groups in very different fields e.g. superconductivity [1], dia-
mond like coatings [2], tﬁbology [3], optical waveguides [4], polymers [5]
and many more. Since actual deposition times can be short, time shar-
ing is easily achievable. The versatility of the excimer laser has also been
demonstrated by its use in irradiation of as-grown films in situ to allow
polycrystallisation of amorphous films or even single crystal production
from polycrystalline films. The high substrate temperatures often required
for epitaxial growth can occasionally lead to undesirable reactions with
the film. Providing additional adatom surface mobility by UV irradiation
instead is a method of avoiding these reactions. Excimer radiation at low
fluences (below that required for ablation) has also been used a method of

cleaning the substrate prior to film deposition [6].

Some of the main advantages of PLD are generally thought to include:
¢ Congruent evaporation of the target material allows complex stoi-
chiometries to be successfully transferred to the substrate [7].

* The high energies of the ablated species often allow much lower sub-

strate temperatures than for other deposition processes.

* Almost any material can be grown, including some that cannot be
fabricated by other thin film techniques [8, 9], extending the useful-

ness of PLD to many areas of science and engineering.

* Multiple target switching coupled with the pulsed laser source al-
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lows very fine control of heterostructure growth or dopant concen-
tration [10,11].

* External nature of the laser ablation source allows high flexibility of

experimental configurations.

¢ Extreme non-equilibria in PLD can result in meta-stable formation of
new compounds and phases of materials with unusual characteris-
tics [12].

The main disadvantages of PLD include:

* High particulate densities present on the deposited films.
e Inhomogeneous thickness profile of the deposited films.

¢ Difficulty in achieving atomic flatness and “perfect’ crystal structures
due to the occasional impact by high energy (< 100eV) plasma con-
stituents with the film. However, this is more relevant to semicon-
ductor and superconductor growth as such perfection is not usually

required for optical devices.

2.3 Theory of PLD

Laser ablation and deposition of materials is a process that takes place far
from equilibrium and involves a large number of highly complex mech-
anisms. As such it is extremely difficult to formulate a theoretical model
[13] and to date there is no model that can successfully account for the
experimental results seen in PLD. This is unfortunate as there are a high
number of variables (not all of which are independent) to characterise dur-
ing PLD growth which makes for laborious work when trying to optimise
growth conditions by empirical methods. This section looks at three im-
portant steps in PLD; The laser-target interaction, the dynamics of the re-

sultant plasma plume and the growth mechanisms at the substrate surface.
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2.3.1 Laser-target interactions

High power, short pulse, laser-target interactions are notoriously difficult
to model analytically due to there being at least 3 mechanisms operating in
the process of absorption of radiation into the material. These mechanisms

are commonly thought to be:

¢ Phonon and electron excitation within the lattice.
* Free carrier excitation.

» Excitation of the resulting plasma and subsequent transfer of energy

to the material.

Although clearly some mechanisms dominate over others, depending on

the target material and the wavelength of the ablation laser and its fluence.

Much of the theoretical work in this area has led to models that are unsat-
isfactory as they depend on constants or variables that are not well known.
To illustrate this with a well cited example, Singh et al [14] have developed
a simplified, one dimensional model to determine the temperature at a

point within the irradiated target from the following heat flow equation:

pi(T )CPi(T)aTi(w’t) -5 ( i(T)az;g,t)

ot oz ) + Ip(t){1 — R(T)}e )=

(2.1)

Here T is temperature, t is time, I,(¢) is intensity, p(T') is the density, C,(T)
is the thermal heat capacity per unit mass, K is the thermal conductivity
and R(T) and «(T') are the respective reflection and absorption coefficients
of the material at the incident radiation wavelength. The position at which
the temperature is to be determined is given by z which is measured along
a vector normal to the target surface. The subscript i takes on the value 1

or 2 and represents the solid or liquid phase respectively.
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Simplification of equation 2.1 by assuming constant intensity (/;) over
nanosecond timescales and calculating the temperature at the material

surface yields:

p(T)Co(T)(T - Ty) = Io(1 - Ra(T)7 22)

Where Tj is the initial temperature and 7 is the laser pulse duration.

Even this very simplified equation still retains the values p(T), C,(T), and
a(T) which are functions of temperature and as such are not easily deter-

mined.

It is more useful at this stage, therefore, to give a more qualitative descrip-

tion of this interaction.

The predominant mechanism for radiation absorption in dielectrics at typ-
ical PLD irradiances (i.e <100MWcm~? ) is phonon and electron excitation
in the lattice [15] (though direct phonon excitation is only significant in
long wavelength (CO, ) lasers. Low optical absorption is usually desir-
able in materials deposited for.optical applications as this typically leads
to low losses. However, high absorption is desired in the target at the ab-
lation wavelength for reasons outlined below. The majority of optical de-
vices fabricated by PLD, therefore, utilise excimer lasers at either 248nm
or 193nm to increase the absorption of radiation by the target. The short
pulse radiation of excimer lasers also enables rapid heating of the target

thus facilitating congruent evaporation.

The volume heated by the laser pulse is dictated by the larger value of
either the thermal diffusion length L or the absorption depth 1/a. The
- diffusion length L, is given by [16].

L=2v(D-71) (2.3)
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Where D is the thermal diffusivity of the material and 7 is the pulse dura-

tion .

For ablation of materials where the absorption depth is much smaller than
the diffusion length, heat is very rapidly transported away from the ab-
lation area thus preventing congruent evaporation. For this reason short

pulse lasers are desirable to decrease the thermal diffusion length.

Generally, for the ablation of dielectrics, where both the absorption and the
thermal conductivity are low, the absorption length is usually greater than
the diffusion length. In this case the depth removed d (cm) by ablation at

fluence F (Jem™2) is found to follow [17]:

1
d=—1In
«

F

on (2.4)

Where Fr and « are respectively, the ablation threshold (Jem=?)and the

absorption co-efficient (cm™!) for the incident wavelength.

Large absorption depths, however, result in superheating of a large vol-
ume of material which upon transformation into a melt phase causes rapid
expansion and subsequent explosive ejection from the target. This can re-
sult in molten droplets being ejected from the target followed by droplet
formation or particulates on the substrate. This is often the case in abla-
tion of optical materials by nanosecond 1.06pm YAG lasers (for irradiances
typically < 100MWcm~2 ) where the absorption depths can be 100s of mi-

crons. The production of particulates is discussed further in chapter 8.

It is possible, however, to achieve high absorption in materials that are
(under low fluences) completely transparent to the incident ablation radi-
ation. This is fortunate for PLD of optical materials as fabrication of ma-
terials with a broad range of transparency is often required. The process
which allows absorption, termed optical breakdown, occurs as a result of
high irradiance (>GWecm™? ) of the target [18]. Free electrons present on

the surface during ablation undergo rapid acceleration due to the high
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electric field of the incident radiation. These high energy electrons ionise
atoms within the lattice thus creating further free electrons which also un-
dergo rapid acceleration. A cascade effect is thus initiated giving rise to
metal-like qualities, including high absorption, at the target surface. Im-
purities and defects in the crystal can result in free electron production by
multiphoton absorption and subsequent ionisation. Therefore free carrier
absorption can occur even in dielectrics where there are no free carriers
present initially. There is a threshold to this process though, which de-
pends heavily on defect densities, initial free-electron concentrations, ion-
isation energy and the radiation wavelength. Typically, this absorption

occurs predominantly with picosecond or femtosecond ablation sources.

2.3.2 The plasma plume

Radiation absorption by the target results in rapid, localised, heating and
then melting and evaporation which produces a hot vapour above the tar-
get area. Optical breakdown also occurs in the hot vapour emitted from
the surface, creating a plasma that strongly absorbs the incident radiation
through an inverse Bremsstrahlung process. The Bremsstrahlung absorp-
tion co-efficient o in cm™' of the laser radiation within the plasma plume

at a frequency v is given by [19]:

3.,2

Z°n; —hy
o = (3.69 x 10°) in (1 — e/ (2.5)

Where 7 is the average charge, T is temperature (K), n; is the ion density

(cm™3) and & is the Boltzmann constant (SI units).

At typical ion densities of 107! cm™ and temperatures of 5000K this
would imply an absorption length of 33mm for 248nm radiation. This
long absorption length is in contradiction to the high opacities observed
experimentally in the initial ablation plasma. The plasma will also expand

in the order of 100pm during the ablation pulse, thus further increasing the
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predicted absorption length. This is another example that illustrates how
the complex behaviour of the laser-target interaction in PLD can not easily
be modelled, The time and temperature dependence of each variable must

be considered when such an equation is utilised.

In practice, the high opacity of the plasma enables further absorption and
acceleration of the constituent species up to the high energies that have

been observed, corresponding to temperatures up to ~15,000K.

Due to the high energies within the plasma, Bremsstrahlung radiation can
occur at shorter wavelengths than that of the ablation laser. This acts as

another method of energy transfer to the material surface.

The Saha equation gives the ratio of single charged ions n; to neutrals
n, within a plasma and shows that the majority of the plume consists of

charged ions at this stage.

; T3/2
Z— = 2.4 x 105 ——e /AT (2.6)

Where units and variables are as given in equation 2.6 and U; is the first
ionisation potential in Joules. Using typical parameters this predicts over
80% ionisation at 10,000K.

This high thermal energy is transferred to kinetic energy during the initial
adiabatic expansion of the plume which gives rise to high velocities v of

the plasma constituents as given by:

NENC

Where 7 is the ratio of specific heats (C,,/C,) for the plume m is the atomic
mass and all units are SI. This predicts maximum velocities of ~1 x 10° cm
s~! for temperatures around 10,000K and has been verified experimentally
by Murakami and Geohegan [19,20].

The narrow angular distribution of the ejected plume towards the sub-
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strate is a principal feature of PLD (and not always a desired one). Al-
though it can lead to fast deposition rates and prevents extensive chamber
contamination it can also result in inhomogeneous' stoichiometries over

large deposition areas.

The characteristics of the expanding plume are highly dependent on the
presence of a background gas. Expansion through reactive oxygen (as is
the case with all depositions presented in this thesis) can cause molecu-
lar formation of oxides within the plasma and will also alter the kinetic
energy of the species incident on the substrate. These effects can cause a

remarkable change in the characteristics of the film.

Figure 2.3 shows long exposure photographs of a single plume expansion

at three different background pressures of oxygen.

It can be seen that at Imbar the mean free path within the plasma is drasti-
cally reduced which leads to strong confinement of the plasma. Deposition
at such high pressures generally leads to vastly reduced deposition rates
and films with low adhesion to the substrate. At ~5 x 1072 mbar (typical
deposition background pressure) the plume is highly luminescent due to
collisions within the plasma and with the background gas. At this pres-
sure the narrow angular distribution is very evident. Pressures down to
~1 x 10~* mbar often result in the plume having a much lower lumines-
cence as there are less collisional processes occuring. Additionally, the ele-
vated expansion speed acts to spread out the plume which makes it much
more difficult to see with the naked eye (or a 35mm camera). Deposition

of oxides at this pressure often result in oxygen deficient films.

The plume shape has been compared to an adiabatic expansion of a su-
personic gaseous jet [21]. The expansion front of the plume is initially
a supersonic shockwave that travels towards the substrate but is rapidly
slowed by the background gas. This rapid deceleration can generate re-
flections of the wavefront which can undergo collisions with secondary

shockwaves before dissipation. This can account for the high number of
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Figure 2.3: Plasma plume viewed at a) Imbar b) 5 x 102 mbar and
c) 1 x 10~* mbar through a long exposure (~4 secs ) shot of a single plume

expansion

25



Chapter 2 Pulsed laser deposition: Practice and Theory

collisional processes seen within the plume (i.e. strong luminescence) [21].
The shockwaves are not always present when the background gas is at a

lower pressure [22], hence the lack of luminescence in figure 2.3c.

The angular distribution of the ablated species in the plume has been suc-
cessfully fitted to a cos §™ or a cos @ + cos 8™ curve where n can range from
2 to 200 [23,24]. The forward directional nature of the plume is believed to

arise due to inter-plasma collisions of the species.

Given the shape of the expansion front X (t),Y (¢),Z(t) at a time ¢ the num-
ber density n(z,t) of the species within the plume can be estimated at a

point z measured back from the expansion front [25]:

A BX Yz P (2.8)

n(z,t) =

Where M, is the total number density of all species.

The maximum propagation length of the plume from the target R, in a

background gas of mass density p, and at pressure p; is given by [26].

ME\ /5
Rm~( ) 29)
T PPy

Where M is the ejected mass and E is the laser energy absorbed.

2.3.3 Growth mechanisms

The atomic and molecular species within the plasma plume can initially
possess energies of over 100eV. Collisions within the plasma and with the
background gas will typically reduce these energies to thermal levels upon
impact with the substrate (usually a few cm from the target). Therefore,
the adatoms on the surface of the substrate do not always possess sulffi-
cient mobility to migrate to the correct lattice site. In this case substrate

heating is required to increase adatom mobility. In general, higher tem-
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peratures lead to better crystal structures until a point is reached where
re-evaporation of the more volatile elements in the film will lead to non-
stoichiometric growth. In some cases these two regimes of amorphous
growth and atom re-evaporation will overlap making it difficult to grow
crystalline structures of a desired phase (see section 3.3.2.1 for growth of

lithium niobate).

The mechanisms underlying nucleation and growth of films have been
well documented and reviewed by Horwitz and Sprague [27]. The domi-
nant factor governing the method of growth is the strength of the adatom
bond to the substrate compared to the bond strength between its sur-
rounding neighbours . Higher bond strength between the deposited atoms
and molecules result in clustering of the arriving species leading to is-
land growth or Volmer-Weber growth. Alternatively if there is a higher bond
strength between the substrate and the film constituents then a 2-D layer-
by-layer growth results also known as Frank-Ven der Merwe growth. A hybrid
of the two mechanism is known as Stranski-Krastinov growth, whereby
layer-by-layer growth is initiated on the substrate but after growth of a
few monolayers, island growth predominates. This is thought to be due
to a build up of strain due to a lattice mismatch between the film and sub-

strate. These growth systems are depicted in figure 2.4.

2.3.3.1 Lattice matching

The quality of crystals grown by epitaxy is greatly affected by the choice
of substrate and in general single crystal growth is usually only possible
on substrates with a similar lattice spacing (see table 3.1 for a list of lattice
constants). The lattice mismatch f between film and substrate is defined

as:

= () e
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Figure 2.4: Three popular mechanisms of film growth

Where q, is the lattice spacing and subscripts f and s refer to the film and

substrate respectively.

Lattice mismatches of up to ~7% can be accommodated by strain within
the lattice for thin films of a few (1-5) monolayers. Thicker films will incur
an increase in point defects and dislocations to relax the strain. Higher
lattice mismatches will usually result in polycrystalline growth of the film
or growth of small ‘micro-crystallites” [28]. In some systems the growth
of a certain crystalline phase is so energetically favourable that if given
enough adatom mobility, polycrystalline growth [9] or even single crystal

growth [29] can be possible on completely amorphous substrates.

2.4 Conclusions

The basic principles involved in PLD have been outlined with the main
advantages and disadvantages presented. It should be noted at this point
that the largest single disadvantage of PLD to date is the presence of par-

ticulates in the film. It is believed by some that until particulate free
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growth can be routinely achieved without the need for complex mechan-
ical shuttering or other impractical mechanisms then PLD will not be a
viable deposition process for many application. Chapter 8 of this report
looks more closely at the problem of particulates and assesses their actual

impact on the device performance of waveguide lasers.

The basic phenomena involved in PLD interactions have also been dis-
cussed, which give a general idea of the highly complex PLD process.
Formulation of a complete analytical model of the PLD process is an ex-
tremely difficult task and many phenomena observed in PLD have still to

be fully explained.
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Chapter 3

Pulsed Laser Deposition: History

and Future

3.1 Introduction

This chapter details the history of PLD, and in particular examines the cur-
rent work in the area of active optical waveguides grown by PLD. To con-
tain the discussion only results of oxide films are presented, as only these
are grown by our group (one exception is CdS which is discussed as lasing
action has been demonstrated in this system). Some future directions PLD

may take are also suggested.

3.2 History of PLD

A thorough review of the history of PLD has been presernted by Cheung

[1]. This section briefly summarises the important stages in PLD history.

The possibility of PLD was investigated shortly after the availability of
the first commercial ruby lasers. The first report was presented by Smith

and Turner in 1965 [2]. The idea of a laser deposition process, however,
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received very little attention over the next two decades. The preliminary
investigations had not fully discovered the benefits of PLD over other de-
position processes, only the drawbacks of high particulate densities on the
film surface and the inhomogeneous stoichiometries over large deposition

area.

The introduction of reliable Q-switched lasers in the mid 1970’s enabled re-
peatable short pulse generation which fuelled more interest in PLD. Shorter
ablation pulses provide a mechanism of achieving congruent evaporation
as discussed in chapter 2. This was seen as a major potential advantage

over other deposition systems at that time.

Development of efficient second harmonic generation (SHG) allowed pro-
duction of shorter wavelength laser systems, which lead to higher absorp-
tion within the target thus reducing splashing (see section 2.3.1). SHG also
allowed ablation of some materials which were transparent at the funda-

mental wavelength of the ablation laser.

Importantly, in 1978 Gapanov et al demonstrated a reactive deposition [3]
which has become a major advantage of PLD, particularly in the fabrica-
tion of oxide films. Many other deposition systems which require open
electrical components (i.e sputtering) are limited in the types of gases that

can be present during deposition due to corrosion effects.

Semiconductors were grown with some success over the 1980’s, however
PLD suffered when compare to established deposition techniques due to
the poor surface quality of the film. However in systems where splashing
did not occur (eg. CdTe targets) it was shown that PLD could produce
heterostructures of a much higher compositional resolution (on the order

of 2 monolayers) than other processes at that time [4].

°

The ‘killer application” (to use computer terminology) for PLD arrived
with the discovery that it can be used for successful deposition of high
temperature superconductors [5-7]. This discovery sparked off an explo-

sion of interest in PLD largely due to the immense popularity of high tem-
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perature superconductors at that time [8]. PLD has subsequently matured
to enable growth of many material systems that cannot be reproduced as
successfully with other depositions systems. Figure 3.1 shows a graph of

number of papers published in the PLD field over the past 2 decades.
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Figure 3.1: Number of papers published in PLD over the last two decades

This is compiled from the ISI Web of Science database using the keyword

search term:

(deposit* or film*) and ( (laser molecular beam epitaxy) or (pulsed laser ) or (laser
excimer ablation) or(laser excimer reactive ablation) or (pulsed laser evaporation)

or (excimer laser ablation) or (laser ablation deposition) )

This is obviously subject to some error and the value given for the number
of papers published in 2001 is based upon those published within the first
four months. It does however show the prolific rise of PLD over the past
two decades.
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3.3 Growth of active optical waveguides

After the discovery of reactive PLD [3], the focus of PLD shifted towards
production of oxide films. Oxides constitute a large percentage of optical
materials, many of which have complex stoichiometries. It would seem,
therefore, that the congruent evaporation in an oxygen background that
is achievable with PLD would be an ideal method of fabricating optical

films.

The first oxides of optical interest were largely simple binary compounds
like MgO [9] and Al,O3 [10], often used for optical coatings. The higher
mobility of the ablated species means that improved crystalline growth
is often achieved over other deposition processes but at the expense of
poorer surface quality due to high particulate densities. The narrow angu-
lar distribution of the plume also makes it more difficult to scale up to the

large deposition areas often required for optical coating applications.

Throughout this section material constants of laser hosts and substrates
are referred to and compared. Table 3.1 gives a list of most of the material

constants that are readily available and are mentioned in this section.
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3.3.1 Semiconductors

3311 ZnO

ZnO was one of the first optical films whose growth conditions and sub-
sequent optical qualities received rigorous quantification [11,12]. Much
of this work stems from the semiconductor community’ and has centred

around growth of heterostructures for bandgap engineering [14,15].

“Lasing in PLD fabricated ZnO layers has been demonstrated [16, 17] but
these devices do not have a simple waveguide cavity as fabricated for the
work réported in this thesis. In the case of [16] the cavity is formed from
the hexagonal crystal boundaries that are formed during growth. Las-
ing is seen at 387nm by optical pumping from a pulsed tripled YAG laser
at 355nm. The pump laser is focused on the surface of the waveguide
and laser output is observed from the waveguide edges. The pump laser
changes the exciton concentration in the material and so changes the re-
fractive index. This defines the cavity length of the laser with the end
cavity mirrors formed by the crystal boundaries that occur just outside of
the pump irradiated area. The crystal film in [17] however, is highly dis-
ordered and so this type of laser cavity is not possible. It is believed this

cavity is formed from closed path scattering within the crystal.

!Interesting point to note: A large proportion of ZnO growth is published under
the name of laser molecular beam epitaxy (LMBE or LAMBE) rather than PLD. LMBE,
amongst many other names, was an alias PLD before PLD was voted as the official name
at the first Material Research Society on Pulsed Laser Ablation (1989). LMBE, however,
seemed to remain as a name mainly in the semiconductor community. There are some
papers though that distinguish a difference between the two processes [13]. In LMBE the
background pressures are more comparable with those of conventional molecular beam
epitaxy. Where reactive depositions are performed, more reactive gases are used (O3,
NO.) to keep the base pressure low. High vacuums are routinely used in work published
under the name of PLD however, which creates a discrepancy over the naming issue.
This thesis will use the term pulsed laser deposition or PLD regardless of the background

pressure.
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3.31.2 CdS

Similar hexagonal microcavity crystallite lasers have been fabricated by
PLD in cadmium sulphide [18-20]. This material is of particular inter-
est for high visible brightness devices as its bandgap lies around 2.49eV
(498nm) which is close to the peak sensitivity of the human eye. Engi-
neering of this material into a high power semiconductor laser would also
provide a convenient source of pump power for Ti:sapphire lasers. This
report is also a significant achievement for PLD as previously no depo-
sition system had been able to fabricate thin film CdS that could achieve

lasing at 498nm at room temperature.

3.3.2 Ferroelectrics

Ferroelectrics have also been fabricated by PLD for a relatively long time
compared to other optical films. This is largely due to there being no sat-

isfactory method of thin film production for many of these materials.

The alkali and alkali-earth tantalates and niobates represent a large group
of ferroelectrics that have potential applications in laser radiation control
via electro-optic, piezoelectric photorefractive or non-linear effects. Most
of these compounds that have been successfully fabricated in bulk have
also been fabricated in thin film form via PLD with varying degrees of
success. Interest in many of these materials has declined over the years as
their susceptibility to damage via the photorefractive effect limits both the
wavelength and powers that can be used. The most notable exception to

this waning interest has been lithium niobate (LiNbO5).
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3.3.2.1 Lithium niobate

Lithium niobate is ferroelectric below its Curie point of 1210 °C . It has a
permanent dipole set up along the c axis enabling it to be photorefractive,
piezoelectric, photoelastic, thermoelectric, acousto-optic and electro-optic
[21]. It also possesses a relatively high non-linear co-efficient and damage
threshold [22].

Due to this exceptional array of qualities it has become a material with
huge potential for applications in optics and opto-electronics. The domain
structure of lithium niobate can also be switched (poled) by application of
high (up to ~22kV/mm) electric fields across the z-face of the crystal. By
using this effect optical modulators and quasi-phase matched frequency
doublers [23] can be fabricated. Poling has also been shown to have an ef-
fect on the etch rate of lithium niobate [24] making it suitable for potential
application in MEMS (micro-electro-mechanical systems). The photore-
fractive effect will always limit its potential in high power applications,
but the many other desirable properties of the crystal mean that there are

unlikely to be a shortage of applications.

There have been almost a hundred papers published on PLD of lithium
niobate so far. The interest in fabricating lithium niobate in thin film form
is not just for the usual optical benefits of a high intensity-length product
in the guided region of a waveguide. High electric fields are required for
poling and switching lithium niobate electro-optic devices. In thin films
the reduction in the distance between electrodes enables a reduction in
the required voltage, which results in faster switching devices and also

facilitates poling.

Successful fabrication of thin film lithium niobate is difficult due to the
volatile nature of lithium. PLD fabrication of most of the ferroelectrics
suffers a similar problem due to the presence of volatile elements such
as potassium or lithium. Ablation from a stoichiometric target of lithium

niobate usually results in growth of a lithium deficient phase, LiNb;Os.
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Some reports indicate that the lighter elements suffer greater scattering
and do not reach the substrate [25], other reports indicate that stoichio-
metric growth occurs at low substrate temperature and lithium deficiency
increases with substrate temperature [26]. This would indicate that the de-
ficiency occurs due to out-diffusion of the volatile element. It is however

difficult to achieve crystalline growth at temperature lower than 400°C .

Deposition from a lithium rich source is a method of resolving the prob-
lem but this involves fabrication of a ceramic target. This is undesirable as
single crystal lithium niobate is much easier to source and single crystal
targets provide a higher quality film than ceramics [27]. Other methods
of preventing lithium deficiency involve high pressure depositions [28],
argon/oxygen mixtures [29], re-emission scattering or shadow mask tech-
niques [30]. These usually result in an unacceptable reduction in deposi-

tion rate.

Literature on PLD of lithium niobate is confusing and many reports have
conflicting accounts of how to achieve stoichiometric growth. A possi-
ble reason for this is the close similarity of the (006) plane of the desir-
able LiNbO; and the (602) plane of the undesirable LiNb;Og. Under X-ray
diffraction (XRD) analysis (see section 4.2.2) the 2¢ angle of these planes

are at 38.1 degrees and 38.8 degrees respectively. Most XRD apparatus can |
resolve this difference but the 26 offset often observed in PLD films (sec-
tion 4.2.2) will always cast doubt over a report of stoichiometric growth if

only XRD is used to validate the claim.

Lithium niobate also represents an interesting laser host as harmonic gen-
eration can be achieved intra-cavity. Waveguide lasers have been fabri-
cated from Er**:Ti doped [31] and Yb3*+:Ti doped [32] lithium niobate by
indiffusion, and Nd**:MgO [33] doped lithium niobate by ion implanta-
tion. A PLD fabricated lithium niobate laser, however, has not yet been
reported, and the only doping attempt to date is by Alfonso [34,35] with
a neodymium doped, lithium enriched target. Fluorescence observed in

the waveguide was reported to be similar to that of bulk lithium niobate

42



Chapter 3 Pulsed Laser Deposition: History and Future

doped with 3 at.% Nd, but with a broader linewidth as is often seen in
PLD laser hosts. Rather unfortunately it appears that the inclusion of
neodymium initiates growth of the lithium deficient phase and this has

set an upper limit on the doping concentration.

3.3.2.2 KTP and BBO

Two ferroelectrics which are not alkali or alkali-earth tantalates or niobates
but have achieved widespread use in optics are potassium titanyl phos-
phate (KTP), KTiOPO, and barium metaborate (also beta barium borate
or BBO), BaB,O,.

These materials have a very high damage threshold (they are not photore-
fractives), very high nonlinear optical coefficients and have good trans-
mission characteristics in the UV (BBO is transparent down to 190nm).
These attributes make them ideal for harmonic generation. Typically KTP
is used as a frequency doubler, commonly used to double the YAG fun-
damental at 1.06pm into the green. As well as frequency doubling, BBO
is often utilised for sum-frequency generation, for example, mixing of the
YAG fundamental and its second harmonic within BBO can generate the
third harmonic in the UV. The conversion efficiency of harmonic gener-
ation is dependent on the intensity. Therefore realisation of these mate-
rials in a waveguide form would be useful due to generation of a large

intensity-length product within the guide.

KTP has been fabricated by groups in Illinois, America [36-38] and a col-
laboration of groups in China and Hong Kong [39,40]. Both groups report
an increase in titanium seen in the deposited layer and a potassium defi-
ciency is reported in [40]. The Illinois group have concentrated largely on
maximising the nonlinear coefficients of PLD grown KTP, and although
SHG was observed its efficiency was not reported. They have also re-
ported an instability in the films resulting in increasing optical loss over

time. This effect has also been seen in bulk KTP crystals.
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The Chinese groups have fabricated an optically active waveguide film
of erbium doped KTP using multiple target rotation during deposition.
KTP was also used as a substrate, with the erbium inclusion in the KTP
matrix providing sufficient refractive index change to create a waveguide
structure. Dopant levels were ~3% and optical pumping revealed pho-
toluminescence at 1.54pm . This suggests a waveguide laser or amplifier

could be successfully fabricated from Er:KTP in the future.

BBO has been fabricated by one group in Hong-Kong [41, 42], the best
results being those films grown on a sapphire substrate with SHG being
reported. These films were grown from a stoichiometric single crystal of

BBO with a A = 193nm ArF excimer laser.

3.3.3 Garnets
3.3.3.1 Nd:YAG

Yttrium aluminum garnet (Y3Al;0;; ) or YAG is an isotropic cubic crys-
tal. It is highly stable and possesses high thermal conductivity so efficient
heat transfer for the crystal is possible. It has high damage threshold and
is a physically hard crystal with high mechanical strength, so does not
fracture easily. High optical quality crystals are relatively easily fabricated
compared to other crystals and its hardness enables polishing to high op-
tical quality. These qualities have made YAG possibly the most important
solid state laser medium and certainly the most widespread. YAG lasers
are utilised in applications in areas such as medicine , telecommunications,

welding, laser cleaning, spectroscopy and many more.

YAG is most commonly doped with Nd3* ions, substituting for the Y3+
ion. Typically lasing is achieved via the 1.06pm transition of the Nd3*
ion which is now commonly pumped via readily available diode lasers
at 808nm. A 1.06pm Nd:YAG laser operates on a four level system (see

section 7.6.1) and as such such does not suffer the problem of ground state
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reabsorption.

Fabrication of Nd:YAG by PLD was first reported by the group at Keio
University [43] on silicon and MgO substrates from a compressed ceramic
target. Polycrystalline films were observed, although these grew as mi-
cro crystallites possibly due to the large (11%) mismatch between silicon,
MgO and YAG, although there was no report on the presence of an ox-
ide layer between the silicon and YAG film. Silicon is also an inappropri-
ate choice of substrate as its high refractive index makes it unsuitable for
waveguide devices. RBS data indicates the Nd3+ doping concentration at
a rather high 8.3 at. %. Interestingly these films showed no lack of oxygen
despite growth in a high vacuum of ~ 10~7 torr. Further work by this
group [44,45] investigated Nd:YAG growth on different substrates. Curi-
ously these included GGG (gadolinium gallium garnet) and GSGG (scan-
dium substituted GGG) which again due to a high refractive (~1.96 com-
pared to ~1.81 for YAG) is unsuitable for waveguide fabrication. Growth
on a YAG substrate was also investigated, the refractive index change
induced by both the Nd dopant and the inherent strain induced during
growth being sufficient to produce optical confinement within the 2.1pm
thick film. Although only polycrystalline films were produced, photolu-
minescence spectra of the film was shown to be comparable to that of bulk
Nd:YAG.

Further work was reported by the FORTH institute [46] on Nd:YAG growth
on sapphire and YAG substrates from a single crystal target. Amorphous
growth was observed even though substrate temperatures during fabrica-
tion were as high as ~900°C . Annealing of these films for a further 5 hours
at 1300°C produced polycrystalline films. No fluorescence or lasing action

was reported.
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3.3.3.2 Cr:YAG

Recently growth of Cr**:YAG by PLD was reported by the Keio university
group [47]. This is a particularly interesting material as it has applications
as a tunable source between 1.35pym and 1.45pm [48] but also can be used
as'a passive saturable absorber in the 1pm region making it an ideal can-
didate for Q-switching [49] and modelocking [50] Nd:YAG lasers. This is
possibly the first attempt to fabricate such a device in planar waveguide
format. PLD is suited to the fabrication of such a device as control of the
reactive oxygen atmosphere is important for obtaining the correct valence
state of the Cr ions. The Cr:YAG films were grown from a compressed ce-
ramic target containing calcium ions to facilitate oxidation of the Cr ions.
Films were grown at 300 °C and post annealed at 1000 °C which report-
edly produced single crystal films. Fluorescence measurements and XPS
confirm that the presence of Ca ions further oxidises the stable Cr3* ion to
Cr** but what fraction of each ion present in the film is not estimated in

the report.

3.3.3.3 Nd:GGG

GGG is another garnet that is similar to YAG in most of its properties.
It has a refractive index of ~1.97 which makes it an attractive material
for high numerical aperture devices when fabricated on a YAG substrate
(n ~1.83). GGG has a similar lattice spacing to YAG enabling epitaxial
growth.

Nd:GGG waveguide lasers have been previously fabricated in planar struc-
ture by ion implantation [51] and in channel structure by LPE and ion
beam etching [52]. The first report of growth of Nd:GGG by PLD and
subsequent lasing was reported by Gill et al [53,54]. Films were pre-
pared from ceramic targets and showed relatively high losses at around 5.7
dBcm™!. These were pumped by a Ti:sapphire laser at 808nm and lasing
was achieved at 1.06pm with a high threshold of 91mW of absorbed input
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power. The high lasing threshold was almost certainly due to high partic-
ulate density produced from the ceramic target. This was the first report
of lasing from a PLD fabricated waveguide; subsequent reports by Ander-
son and Bonner [27, 55] describe growth of a low loss waveguide from a
single crystal target and its lasing performance. Losses in the waveguide
were confirmed to be as low as 0.5dBem™! and lasing was achievable at
thresholds as low as 2.2mW. This remains one of the lowest reported loss
measurements and the lowest reported laser threshold in a PLD waveg-
uide. Also demonstrated for the first time in Nd:GGG was lasing on the
quasi-three-level 937nm transition. The slope efficiency of the device was

measured to be 20% at both wavelengths.

The high damage threshold of Nd:GGG coupled with the large thickness
(8um ) and high numerical aperture of the device, provided good evidence
that PLD optical waveguides could be highly attractive for high power

diode-pumped lasers.

Lasing from a PLD Nd:GGG waveguide pumped with a laser diode was
reported by Keio University [56] in abstracts for CLEO 2000, though no
details have subsequently been published on the performance of this de-

vice.

Further work by the Kieo University group includes growth of Nd, Cr
co-doped GGG [57]. This has potential to act simultaneously as both a
saturable absorber and a laser gain medium. Successful operation of a
diode pumped monolithic self Q-switched laser in bulk [58,59] has been
reported for Nd,Cr co-doped YAG. The films were fabricated from simul-
taneous ablation of a Nd:GGG and Cr,Ca:GGG ceramic targets onto YAG
substrates. Fluorescence measurements confirm the presence of Cr** and
Nd3* ions within the lattice. Studies have also been made on growth of
Cr*+:GGG on YAG [47] with similar results to those reported in Cr**:YAG

fabrication.
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3.3.3.4 Nd,Cr:GSGG

The Institute of Physical Chemistry in Switzerland recently reported the
growth of crystalline Nd,Cr:GSGG thin films [60] on Si substrates. This
work differs from that mentioned above [47] in that scandium substitute
GGG is the host and Cr®* is the desired ion incorporated along with the
Nd3* ion. Obviously lasing cannot be achieved in this film with a sili-
con substrate (unless a suitably thick SiO, buffer layer is present) but it is
hoped that further work from both these groups will ultimately produce a

monolithic self Q-switched waveguide laser.

3.3.4 Tisapphire

Sapphire is the crystalline alpha phase of alumina (Al,O; ) and has a
hexagonal structure. Sapphire has excellent optical and physical prop-
erties that make it a very desirable laser host. It has high transparency
from the VUV through to the mid infra-red (~5pm ). Sapphire also has
good thermal conductivity, high mechanical strength and possesses al-
most diamond-like hardness?. Whilst this makes optical finishing a lengthy

process it does enable good quality finishing.

Popular dopants in sapphire are Cr** (resulting in ruby) and Ti3*, both of
which substitute for the AI** in small percentages (0.01 - 0.4 at. %). This

section will discuss only Ti:sapphire.

Ti:sapphire is a very attractive laser system that exhibits gain over a broad

region of 650nm - 1100nm [61], making it one of the most widely tunable

Note: These properties would also make sapphire an excellent substrate material
(and it is often used as such) however its extreme hardness is a major drawback when
end-polishing a waveguide device. Since sapphire is almost invariably much harder than
the deposited film, finishing results in the film ‘rounding off’ during the lengthy final
polishing phase (i.e the film end which would be the laser cavity edge is now bevelled).
For this reason it is important to match the hardness of substrate and film if lasing is

desired in a conventional parallel end-face-polished waveguide geometry
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solid state laser sources and as such, very suitable for scientific applica-
tions. This high bandwidth is also attractive for modelocking devices as it

allows generation of femtosecond pulses [62].

The main drawbacks of Ti:sapphire are that it has a small emission cross-
section and short upper state lifetime compared to rare earth ions. This
requires high power densities of optical pumping to achieve lasing, usu-
ally requiring bulky and expensive argon-ion lasers, although recently this
can now achieved by diode pumped, frequency doubled, solid state lasers.
High crystal quality is required for sapphire laser hosts as defects produce
an absorption band at 750nm which is within the fluorescence region of
Ti®*+ [61]. The Ti:sapphire laser is also a three level laser system and so
requires high pumping powers to overcome ground state absorption. The
advantage of this is that losses due to scattering within the waveguide
can be negligible compared to this absorption and so may not increase the

input lasing power threshold significantly.

Alumina was one of the earliest opﬁcal films grown by PLD [10,63] and the
UV laser ablation characteristics of sapphire were first reported by Dreyfus
[64]. Growth of Ti:sapphire was first reported by Dyer [65,66]. This report
studied film fabrication using a variety of ceramic and crystalline targets
and both UV (193nm) and IR (10pm ) wavelengths. Continuation of this
work was performed by a collaboration of three groups from Southamp-
ton University, FORTH and the Institute of Physics in Prague. This re-
sulted in both successful growth of the correct phase of Ti:sapphire [67]
and lasing [68]. The Ti:sapphire layers were grown from a single crystal
target on sapphire substrates in an oxygen atmosphere. Substitution of
ARt for Ti** induced a sufficient refractive index change in the deposited
layer to enable optical confinement between the film and substrate. Las-
ing was achieved at 0.56W input power threshold with a slope efficiency
of 26%, giving quasi-cw output powers of ~350mW.

This is a particularly important result for PLD as it remains to date the

only reported efficient planar waveguide Ti:sapphire laser. The only other
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reported Ti:sapphire planar waveguide is by Ti indiffusion into sapphire

[69,70], but lasing performance in this system is poor.

A subsequent report by the same collaboration detailed growth of Ti:sapphire
on a quartz substrate [71]. Quartz would make an attractive substrate for
Ti:sapphire as it has a much lower refractive index (n ~1.55) than undoped
sapphire. This would create a waveguide with a large numerical aperture
that would allow optical pumping by a divergent source. A significant
problem of growing sapphire on quartz substrates is that the low thermal
conductivity and a phase change at 573°C usually results in fracture of the
substrate upon heating. Losses in the film were relatively high at ~6.5

dBem™! and lasing was not reported.

Recently work reported by Manoravi and Willmott [72, 73] has demon-
strated successful deposition of Ti:sapphire by use of molten Ti-Al alloy
ablation targets. The use of molten targets prevents the expulsion of partic-
ulates from the surface and hence allows the production of smooth films. It
is also reported that this allows fabrication of films at much lower temper-
atures (670°C [73] as opposed to ~1000°C [68] ). We await further reports

detailing optical losses and lasing performance.

Work reported by Uetsuhara details growth of Ti:sapphire on silica sub-
strates [74], but again these films show appreciably high losses at 8.7dBcm ™!
due to particulates. They have recently employed a fast rotating target to
remove the particulates from the plume by centrifugal separation but no

details of its success have been reported.

3.3.5 Er/Yb Glass waveguides

The telecommunications industry currently influences much of the work
in planar waveguide fabrication. Er** ions are of most interest as they ex-
hibit linear, low noise optical gain in the 1.5pm region. This is conveniently

in the same waveband at which light can propagate through specially en-
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gineered optical fibre at low loss and almost zero dispersion. Currently
there exists no cheap optical pump source for Er**, the absorption line
of which is at ~500nm. To overcome this problem, co-doping with Yb**
allows pumping from ~800nm to 1.05pm and cross relaxation enables en-

ergy transfer to the Er®* ion.

For reasons mentioned in section 1.2 there is much interest in developing
planar waveguide amplifiers at this wavelength for monolithic integrated
optical circuits that could potentially be of great use to the telecommuni-

cations industry.

A large collection of work has been reported from the Instituto de Op-
tica, Madrid on Er doping and Er-Yb co-doping of PLD fabricated planar
waveguides [75-79]. This work details growth of both Al,O; and phos-
phate glass hosts on a variety of substrates. Photoluminescence studies
have shown that the alternate target deposition system employed (i.e ab-
lation from a two separate host and dopant targets) is successful in in-
corporating active Er* ions [77,79] and Er** - Yb3* [78] dopants in their

respective host materials.

This is one of the few PLD groups who have attempted growth of glass
waveguides by PLD. There are few other reports apart from growth of
GLS [80, 81], which will not be discussed here and lead germanate [82—
84], which will be discussed further in chapter 5. The lack of interest in
growth of glass compounds is largely because they are difficult to grow .
with smooth surface morphology and so usually exhibit high scattering

losses.

3.3.6 Yttrium oxide

Ytrrium oxide is used most commonly as a phosphor in displays when
doped with europium and there have been many reports on PLD growth
of Eu:Y,0O; [85,86] . Y,O; also possesses high thermal conductivity and a
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large transparency range (230nm - 8pm ) which makes it an excellent laser
host. Korzenski et al have reported growth of Er:Y,O; [87], performed
by alternate target PLD to precisely control the dopant levels within the
host. Fluorescence measurements confirmed their active position within
the host. Waveguide losses of < 1 dBem™! were also reported which is

comparable to the best reported losses in PLD waveguides [27].

Similar work by Huignard et al [88] has also reported growth of Tm:Y;05
films. The Tm3* ion exhibits a laser transition at 1.95pm which is known as
the ‘eye safe’ region of laser radiation (for obvious reasons) and has broad
applications within the medical industry. The reported films were grown
from prepared ceramic targets and luminescence studies show the films to

be very similar, spectroscopically, to bulk material.

3.3.7 CasGdO(BO;); (GACOB)

Recently a report by Chety et al [89] has demonstrated for the first time
growth of GACOB by PLD. This is a relatively new laser lost [90] that has
received much attention due to its high efficiency for frequency doubling
(~50% for 1064nm Nd:YAG radiation). This enables simultaneous lasing
and harmonic conversion in a monolithic system similar to KTP. To date
there have been no other reports of thin film fabrication of GdACOB, only
waveguide fabrication by modification of bulk material [91]. Growth was
performed from a ceramic target using an ArF excimer laser (A = 193nm).
A polycrystalline film was produced after suitable annealing. It is interest-
ing to note that the GACOB system does not apparently suffer from droplet
production under the growth conditions reported. The results presented
so far are preliminary and it is hoped that a higher quality single crystal

film can be fabricated for lasing devices.
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3.3.8 KGd(WO,), (KGW)

The Bulgarian Academy of Science have recently reported work on the
growth of Nd:KGd(WO,); [92]. KGW is a laser host material that also
enables low threshold raman scattering, leading to the production of ef-
ficient lasing at a variety of wavelengths. Nd:KGW lasers generally have
a better slope efficiency than equivalent Nd:YAG lasers. Polycrystalline
films were grown on sapphire substrates with a slight reduction in the
volatile element, potassium, compared to the bulk material. Work was
also carried out with Peter Atanasov in collaboration with Southampton
University during the course of this thesis on attempting to grow KGW on
a more appropriate MgO substrate (as this has a similar hardness to KGW).
We found that films were typically brown under the stated growth condi-
tions [92], which is usually indicative of oxygen deficiency. Higher pres-
sures would reduce this discolouration at the expense of poorer film sur-
face quality when observed under SEM. It was also found that at growth
temperatures required to avoid amorphous growth, the dominant phase

was that of Gd,(WQO,);, i.e no potassium was present in the film.

3.3.9 Summary of active optical films grown by PLD

Over the last decade there has been a marked increase in the fabrication of
active optical thin films by PLD. Largely this is due to the realisation that
PLD is capable of fabricating certain materials in thin film form that could
not be fabricated by other deposition systems (e.g. Ti:sapphire, GACOB
and CdS). Another factor contributing to the rise in popularity of PLD is
that despite the presence of particulates in certain materials systems, PLD

waveguide lasers can be fabricated with good performance characteristics.
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3.4 Future of PLD

As discussed in section 8.1 the single largest disadvantage in PLD is the
presence of particulates in the deposited layer. Recently, use of femtosec-
ond deposition systems [93, 94] has suggested that very high intensity

pulses may provide a solution to this problem.

3.4.1 Short pulse ablation lasers

The ablation process in femtosecond lasers is a non-thermal process, and
therefore it is hoped that the problems associated with melt expulsion
should not occur. To date no multi-component optical materials (beyond
simple oxides and nitrides [94,95] have been deposited using femtosec-
ond PLD and it is uncertain whether the stoichiometry of a complex target
material can be reproduced in the film. Although some reports show Very
favourable results from femtosecond deposition [94] others have shown it
to produce lower quality films than nanosecond deposition with no par-
ticulate density reduction [96]. Additionally, deposition rates appear to be
very low, so growth of films of typical waveguide dimensions (few pm)

within an acceptable time scale may be difficult.

A detailed study by Rode and Gamaly [97,98] into deposition by high rep-
etition rate, Q-switched nanosecond and mode-locked picosecond YAG
lasers show it is possible under certain conditions to produce completely

particulate free films from picosecond laser sources.

An important paper recently released details growth of an a-gallium layer
by picosecond deposition [99,100]. This interesting phase of gallium ex-
hibits an ultra-fast (~2ps) light induced change in reflectivity. In this sys-
tem picosecond deposition produced particulate free films whereas nano-
second deposition produced high particulate densities which was of se-

vere detriment to the desired qualities of the film.
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As more reports emerge on the effect of short-pulsed ablation lasers, the
PLD community wait to see if this will solve the problem of particulate

production.

Femtosecond deposition does have one distinct advantages over nanosec-
ond deposition. The high peak intensities generated allow materials that
are transparent to the ablation wavelength to be deposited. Furthermore,
by careful focussing, deposition can be achieved from the opposite side of
the target to the incident laser radiation. This enables microdeposition of

artifacts on of the order of the size of the beam waist [101,102].

3.4.2 Other routes for PLD

Another route to circumvent the particulate problem in PLD is to either
grow systems where particulates do not effect the device performance or
concentrate studies on systems that produce little or no particulates (i.e

CdS or Ti:sapphire from molten targets).

In waveguide optics it is hard to conceive of a system where the particu-
lates will be of little detriment to the device. It is, however, believed that
in capped, thick film, waveguide lasers the losses due to scattering within
the guide from particulates may have an almost negligible effect on laser

performance.

The two most successful waveguide lasers grown by PLD to date have
been the Ti:sapphire [68] and Nd:GGG [55] lasers. These waveguides were
12pm and 8pm thick respectively which is much thicker than almost ev-
ery other report of doped optical waveguides grown by PLD. We do not
believe this is a coincidence and work detailed in chapter 8 (and reported
in [103] helps to confirm this. It is believed that detrimental scattering
from the particulates largely occurs at the surface of the waveguide. By
growing thick waveguides this loss can be minimised as detailed in section

8.3. The fact that PLD can easily grow relatively thick (and high numer-
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ical aperture) waveguides suggests that this would be an excellent route
to take for fabrication of planar laser waveguides by PLD. It is hoped that
more devices will be fabricated by PLD by moving to thicker dimensions.
Currently work in Southampton is focussing on growth of thick (possibly

> 100pm ) multilayer devices for high power diode pumped sources.

A recent report by Pollnau details use of Ti:sapphire waveguide grown
by PLD as a continuous-wave broadband emitter [104] for use in optical
coherence tomography (OCT). The resolution of OCT and other similar
imaging systems is restricted by the bandwidth of the illumination source.
Bulk, modelocked Ti:sappphire lasers are commonly used but these are
neither compact nor portable sources, which are common requirements
for such imaging systems. The compact broadband source reported would
appear to be a ideal solution to this problem (with the exception that it
currently requires pumping by an Ar* ion laser). Lasing is not desired in
the film and the particulates can actually be beneficial by preventing laser

oscillation at higher pump powers.

3.5 Conclusions

A brief history of PLD has been given along with a review of recent reports
in the field of active optical films grown by PLD. Conclusions have been
drawn from those systems that were successful and a prediction of the

future trends for PLD of optical waveguide devices has been suggested.
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Chapter 4

Experimental and analytical

techniques

4.1 Introduction

This chapter details most of the experimental and analytical techniques
that have been used during the course of this thesis. Some techniques
were more appropriate to discuss alongside the relevant work have been

omitted from this chapter and are presented in later chapters.

42 Compositional analysis

In PLD it is desirable to fabricate a film that has the same stoichiome-
try as that of the bulk target and possesses a preferred crystal orienta-
tion. A broad range of analysis techniques are available to test for these
conditions. It is, however, not always necessary to reproduce the exact
stoichiometry as long as the film still performs the task for which it was
grown. For this reason characterisation of Nd:GGG was restricted mainly
to X-ray diffractometry and spectroscopic measurements to confirm it had

grown as per previous experiments (on which more detailed composi-
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tional analysis had been performed). Similarly, the growth conditions
of lead germanate were altered to optimise its photosensitivity (measure-

ment of which is described in section 5.4.2) as opposed to its composition.

4.2.1 Energy dispersive X-ray spectroscopy

Energy Dispersive X-Ray Spectroscopy (EDX) is uéually incorporated into
a Scanning Electron Microscope (SEM). The high energy electrons from
the scanning probe of the SEM are used to excite the atoms in the material
under observation. The excited state atoms will decay to the ground state
producing X-rajrs that are characteristic of that particular atom. Deconvo-
lution of the resultant X-ray data is complicated, especially for complex
compositions but can give the approximate percentage composition of the

different elements within the sample.

Due to many factors however, including re-absorbtion of the emitted X-
rays, and sampling of substrate for thin (~1pm ) films, EDX is a notori-
ously poor source of quantitative information. Absorption of the X-rays
generated from light elements (Z < 11) by the detector windows is a fur-
ther complication when working with oxide films. EDX should only be

used if merely semi-quantitative analysis is desired as detailed in 5.3.2.

4.2.2 X-ray diffraction

X-ray diffraction (XRD) is possibly the most useful diagnostic tool for char-
acterising PLD films. It is fast, convenient, cheap, non destructive and

reveals much information about the film.
Figure 4.1 shows the layout of typical XRD apparatus.

Electrons are accelerated into a copper target to produced intense char-
acteristic X-ray lines (see table 4.1). A nickel filter is commonly used to

remove the CuKp lines.
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Figure 4.1: Simple X-ray diffractometer apparatus

Line AA) E(keV) | Relative intensity
CuK,; |1.544398 | 8.02779 | 50

CuK,; | 1.540562 | 8.04778 | 100

CuKg, 3 | 1.392218 | 8.90529 | 20

Table 4.1: Wavelength, energy and relative intensity for the 3 largest CuK

X-ray lines.
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The X-rays are collimated and directed towards the crystal target. The
crystal and detector are rotated such that the source and detector main-
tain equal and opposite angles to the normal of the sample plane. X-ray
diffraction is observed from the crystalline planes when the Bragg condi-
tion is met. The diffracted beam intensity is recorded at the detector as a

function of angle.

Since a film may exist as a solid single crystal as opposed to a polycrys-
talline or powdered sample, it is possible that diffracted X-rays from the
sample will not be aligned to the detector. To compensate for this the sam-
ple is rotated once during the course of measuring a particular angle. It
is important that an integer number of complete rotations be performed

during a measurement or aliasing effects may be seen.

By comparing the resultant scan with the powder diffraction databases
that are available it is possible to discern the phase and orientation of the
crystal. By measuring the full width at half maximum (FWHM) of the
diffraction peaks a measure of crystal quality can also be obtained. For
instance a broad peak measured in Nd:GGG can imply two possibilities:
A slight discrepancy between the molar ratio of the bulk sample with that
of the PLD grown film (usually a Ga deficiency) or a high particle density
(see figure 8.6 in chapter 8). Optical microscopy can eliminate or confirm
the latter.

4.2.3 Absorption spectroscopy

Absorption spectroscopy in bulk crystals is fast and simple and by com-
parison with known databases can give you insight into the composition
of the sample. In waveguides, however, it is more complicated. Ideally
waveguide absorption would be measured through the waveguide but
this is not trivial due to difficulties in launching white light into the waveg-
uide. Here we have opted for the easier process of launching through

the face of the waveguide and background correcting for the presence of
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the substrate. Etalon effects due to the thin film and the short interaction
lengths give rise to further complications, so these results must be inter-

preted with care.

4.3 Surface morphology analysis

As discussed in chapter 8 the surface morphology of the film is of great
importance to the quality of the final device. For the work presented in

this thesis it was studied with the following techniques.

4.3.1 Atomic force microscopy

An atomic force microscope (AFM) allows the surface topography to be
easily studied at a resolution that was only previously accessible by elec-

tron microscopes. Figure 4.2 below shows the basic setup for an AFM.

Laser
Detector
N L

Sample

Figure 4.2: Simple Atomic Force Microscope Set-up.
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The cantilever is a flexible reflective structure usually etched out of sili-
con nitride. It contains a tip which is dragged across the surface of the
sample either by moving the sample base or the tip with piezoelectric ac-
tuators. The changing topology of the surface causes the tip to rise and
fall, which in turn flexes the cantilever. This alters the angle the laser re-
flects off the cantilever, and thus its position on the detector. A quadrant
detector ensures very small changes in position can be detected. The ver-
tical resolution of the AFM is on the order of ~ nm. The spatial resolution
in the plane of the sample is limited by, and is of the same order as, the

width of the tip. Tip widths can be as low as 10nm at their point.

The limiting factor of the AFM is the maximum distance over which it can
scan. As the tip is moved by piezoelectric stacks the maximum field of
view in one scan is typically 40pm x 40pm . Location of small features not
visible by the eye can therefore be time consuming and difficult. This also

renders AFM impractical for counting particulates.

4.3.2 Surface profiler

To ascertain the uniformity of the film thickness an interferometric sur-
face profiler was utilised (Zygo NewView 5000 3-D Surface Profiler). This
device (as shown in Figure 4.3) is essentially a calibrated interferometer.
Coherent light is incident on the sample surface and reflected back to a
CCD where it is combined with a reference beam to build an interference
pattern. Computer analysis of the resultant interference pattern generates

an accurate 3D image of the sample surface.

For the image shown in chapter 6 a Michelson objective was used, which

is a microscope objective with a built-in reference arm.
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Interference
Microscope
Objective .
= Reference
Surface

Figure 4.3: Schematic of a surface profiler.

4.3.3 Optical microscopy

For studying the particle density of the waveguides used in chapters 8 and
9 an optical microscope was used as this could easily resolve the particu-
lates generated in PLD. The camera was connected to a PULNIX 2010 CCD

camera which could take photos of resolution 770 x 580 pixels.

For each image taken of the film a corresponding control image is taken to
compensate for particulates observed that are not on the sample surface
(i.e they are actually dust on elements in the microscope. These elements
cannot be cleaned due to their position or frailty). The control image is

simply a completely unfocussed image of the object.

These images are imported into an image analysis package where the con-
trol image is inverted and added to the sample image to eliminate those
particulates not generated from the sample. The resultant image is then
inverted again and a rolling background subtraction is performed. This
essentially performs a fourier analysis of the image and removes the low

frequency components (the slowly changing background) whilst ignoring
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the higher frequency components (the particulates). The background is
now zeroed and the image is thresholded, i.e leaving a monochrome (black
and white) image with the background black and the particulates white.
This image is now suitable for particle analysis where the size and number

density of particulates can be mapped.

4.4 Waveguide techniques

In this section some of the techniques used for waveguide analysis are
described.

4.4.1 Waveguide preparation

The waveguides used in this study are typically 10mm wide, 2mm long,
between 2pm and 8pm thick and are grown on a Imm thick substrate. The
small dimensions require great care when polishing to ensure both ends

are parallel to each other in both the horizontal and vertical plane.

The waveguides are arranged in a stack that can contain up to 10 guides.
These are glued together using silver paint and are fixed to a polishing
jig with wax. One side of the stack is polished optically flat. The stack is
then carefully rotated by heating up the wax so the stack is free to move
but with the guides still held in place with respect to each other by the
silver paint. The second side is then lapped until the surface is roughly
flat and a reflection can be seen. The jig can then be removed and the stack
can be probed with a He:Ne Laser to check for parallelism of the front
and back surfaces by observing the divergence of the two reflected beams.
Adjustments can then be made and the stack is re-lapped and polished to

an optical flatness.
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4.4.2 Launch configuration

i Oscilloscope
Vanab!e nc'eutra| Chopper contol p
_ density filter

©
L B

Objective Detector Amplifier

Chopper

Objective

Fluorinated liquid

Figure 4.4: Pumping configuration.

The pumping configuration can be seen in figure 4.4. The Nd:GGG waveg-
uides were pumped using an Ar* pumped Ti:sapphire laser tuned to 808nm.
The beam from the Ti:sapphire was first passed through an optical chop-
per which enabled the lasing action of the waveguides to be more easily
distinguished from fluorescence. If just the pump light is detected (i.e the
pump beam is launched into the undoped substrate) a simple square wave
is observed (with ~1 ps decay time). When the beam is launched into the
doped waveguide a fluorescence decay is now observed on the trailing
edge of the square wave (see section 4.4.7) as seen in figure 4.5. When
lasing action occurs in the guide this is clearly seen as a spike in the fluo-

rescence superimposed on the curve in figure 4.5.

The waveguide is mounted on a stage allowing 2 directional and 2 angu-

lar degrees of freedom. The waveguide end face is positioned in the pump
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Intensity /Arb. units

Time /Arb. units

Figure 4.5: Observation of fluorescence decay

beam and back reflections from the waveguide end are used to align the
pump beam normal to the end face. Two mirrors coated for high reflec-
tivity at the lasing wavelength and high transmission at the pump wave-
length are then positioned on the waveguides and are held in place by a

small drop of Fluorinert liquid.

Light is coupled into the waveguide using microscope objectives, the focal
length of which is optimised for the size of the waveguide. The input
coupler is mounted first, whereupon fringes can be observed exiting the
waveguide (Lloyd’s mirror effect [1]). By use of a 3 axis stage (z,y, z) the
objective is positioned at the point where the fringes have greatest width.
This corresponds to the point of greatest launch efficiency. The output
coupler can now be positioned so the detection of the fluorescence or any

laser signal is possible.

4.4.3 Threshold measurement

Maximising the fluorescence signal by careful adjustment of the input cou-
pler and waveguide mount stages will initiate lasing within the guide.

This assumes the pump power lasing threshold of the particular waveg-
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uide is below the incident pump power, initially set at the maximum out-
put power of the Ti:sapphire laser (~700mW). Once lasing is achieved,
the waveguide position is then further optimised to produce the strongest
output signal. A variable neutral density filter is then used to reduce the
pump beam power to the point at which lasing is only just possible. The
input power is then measured and recorded as the threshold power for

lasing. This process is repeated at all points along the waveguide face.

4.4.4 Loss measurements

Losses in the lead germanate films grown in chapter 5 were ascertained by

the two methods described in this section.

4.4.41 Sliding prism technique

The sliding prism technique for determination of loss within a waveguide
[2] utilises prism coupling [3] to launch light into the guide. Figure 4.6
shows the basic set-up for this technique.

Compression of a prism onto the waveguide surface reduces the air gap
between the prism and surface to such a distance that the evanescent fields
protruding from the prism and guide overlap. Under the right conditions
an input beam launched at the correct angle into the input prism can cou-
ple directly into the active layer of the waveguide. The requirements for
this condition are that the prism be of a higher refractive index than the
guide (typically rutile prisms are used for which n, = 2.87 and n, = 2.58)
and that the propagation constant of the guided wave is equal to the prop-
agation constant along the prism/air interface. Since the propagation con-
stant in the waveguide defines the mode of the guided wave this require-
ment means, in practice, that different input angles couple into different

waveguide modes.

An identical prism attached to the other end of the waveguide will act as
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Figure 4.6: Apparatus for loss measurement with the sliding prism tech-

nique

an output coupler. Detection of a signal from the output coupler prism
should give a value equal to the input power minus the waveguide loss
and the input/output coupling losses. By sliding the output coupler prism
towards the input coupler, several loss measurements can be made along
the waveguide, allowing the elimination of the unknown coupling losses.
A value of the waveguide scattering loss can then be obtained. This as-
sumes, though, that the output coupling loss is constant at each measure-
ment, this is not always the case. The output coupler prism tends to dam-
age the waveguide surface, therefore this prism must be moved towards
the input coupler prism so the damage does not effect the loss measure-
ment. Except with exceptionally hard films, the prism sliding loss mea-

surement technique a destructive process.

4.4.4.2 Streak imaging

Streak imaging is a more recent method of determining the optical loss in

a waveguide [4]. Light is coupled into the guide using a rutile prism, as in
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the sliding prism technique. A CCD camera is then used to capture an im-
age of the resultant streak of light that is visible due to scattering from the
waveguide. The intensity loss measured in the streak as a function of dis-
tance travelled within the guide is then used to determine the loss within
the guide. This method is less destructive than the previous technique and
quicker to perform. Getting quantitative information from a CCD camera,
however, is difficult due to their non linear response and often requires

rigorous calibration.

4.4.5 Laser mode measurements

Measurement of the spatial profile of the laser output is necessary to estab-
lish the number of modes that are lasing and for calculations that require

the output beam waist.

This is achieved by focusing the output signal so that the beam waist is
incident upon a Cohu 4800 CCD array in which the pixel spacing has pre-
viously been calibrated. Using the CCD and beam view analyser software
(Big Sky Software and Coherent) it is possible to monitor the output beam
profile in real time. It is also possible to get an accurate measurement of
the size of the beam waist allowing the output mode size to be calculated

by working backwards using Gaussian optics.

The input mode size wy can be determined from the input coupler focal

length f,

w=(32) @)

wm

where w is is the input beam waist and ) is the pump wavelength.
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4.4.6 Fluorescence and lasing spectra measurements

Fluorescence measurements from waveguides are useful to confirm the
incorporation of the lasing ions within the film and possible information
about their valence state. A measurement of the fluorescence intensity
versus wavelength be compared with both previous bulk and waveguide
results (assuming they are available) to confirm the ion’s incorporation
into the lattice structure. Fluorescence measurements can also be taken
along the length of the waveguide to gauge the homogeneity of the lasing

ion distribution within the waveguide.

The output signal from the waveguide is first filtered to remove purhp
light. The fluorescence and lasing spectra are measured with an EG&G
Princeton Applied Research model 1235 digital triple grating spectrograph.
This device uses three gratings (150,600,1200 lines/mm) to convert spec-
tral information into a spatial profile which is collected by a CCD array.
The spectrograph has been previously calibrated with helium, argon and
neon discharge lamps. Furthermore, it is computer controlled and works
in real time, which is a useful feature for establishing whether the waveg-
uide is lasing or not. The lasing spectrum has a much narrower linewidth
than the fluorescence spectrum therefore the spectrograph can be used to

confirm lasing action.

4.4.7 Upper state lifetime measurement

Measurement of‘ the upper laser state lifetime is another method of com-
paring newly fabricated waveguides to previously grown samples and to
bulk materials. As described in section 7.6 the fluorescence lifetime can
confirm which laser transition is operating. The experimental setup de-
tailed in figure 4.4 already allows for lifetime measurements to be taken.
The optical chopper is rotated sufficiently fast so the on/off transition time

is negligible compared to the fluorescence lifetime. Likewise the photode-

83



Chapter 4 Experimental and analytical techniques

tector, amplifier and oscilloscope have a sufficiently fast response time not
to affect the measurement. By using a digital oscilloscope the fluorescence
decay can be captured after the chopper has blocked the pump source. The
data is then transferred to a computer where an exponential decay curve

can be fitted to ascertain the decay constant.
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Chapter 5

Photosensitive lead germanate

layers

5.1 Introduction

Photosensitive glasses represent a fruitful area for potential applications
in optical communications and photonics. The most commonly studied
case of light induced refractive index change is that of germanium doped
silica. Photosensitive germano-silica fibres and planar waveguides are
currently used for fabrication of many devices used in the telecommu-
nications industry. However, the small refractive index changes that can
be obtained in untreated (non hydrogenated) germano-silica glasses may
limit the performance of devices such as direct UV written optical circuits.
The demand for larger refractive index changes is ever present and hence
the search for new glass materials having the desired optical and chemical

properties is increasing.

Lead germanate glasses are good candidates for highly photosensitive ma-
terials mainly because of their large absorption in the UV spectral region.
The maximum phonon energy of the glass composition studied in this

work is 810 cm™!, which is a low phonon energy compared to many other
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glasses. Lead germanate glass is therefore an important low phonon en-
ergy laser host, that possesses a range of desirable optical properties. Ef-
ficient 1.9ym lasing action has been demonstrated for these glasses with
Tm* doping [1] and the intrinsic infrared transmission can extend up to
5.5um [2]. An active length of only 3 cm is required, and hence lead ger-
manate planar integrated optical devices are particularly suitable for ap-
plications in LIDAR and medicine. The refractive index of lead germanate
glasses is high, with a bulk value of (np = 1.812 + 0.005), this is also attrac-

tive for non-linear optical applications involving x(® processes.

This chapter reports on the growth of lead germanate optical waveguides
by PLD and studies the photosensitivity exhibited by the material. The
work reported in this chapter is the result of an ongoing collaboration be-
tween the University of Southampton and FORTH in Greece.

5.2 Growth of lead germanate

5.2.1 Target composition

The target glass composition in mole% is 55GeQO; - 20PbO- 10BaO- 10ZnO
- 5K;0, with some targets having a partial substitution of Al** for Zn?*.
The bulk glasses were prepared from anhydrous oxide powders for Ge,
Al, Zn, Pb, and anhydrous carbonate powders for Ba and K. All chemicals
were of common analytical grade except for GeO,, which was of electronic
grade (99.999% purity, Aldrich Chemicals). Glass batches in quantities of
150-200g of powder were mixed for at least half an hour, in a clean glass
container, mounted on a rotating lathe. Batches were then melted in a
platinum crucible, placed in an electrically heated furnace containing an
air atmosphere, at temperatures of between 1000 °C and 1250 °C depending
on the glass. The melts were kept well stirred with a silica rod to achieve

homogeneous mixing and later refined to remove bubbles. The refined
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Parameter KrF depositions ArF depositions
Laser pulse energy 160m] 190mJ
Spot size on target 2.5mm x 8.5 mm 2mm x 6 mm
Laser energy density 0.75 Jem ™2 1.6 Jem~2
Target-Substrate distance | 8 cm 8 cm
Pulse repetition rate 20 Hz 8 Hz

Substrate Temperature
Background Pressure
Oxygen ambient pressure
Oxygen flow rate
Number of pulses

Film thickness produced

Room temperature
3.5x10~® mbar
5.0x1073-1.0x10~! mbar
Not recorded

24 000

1.8-2.7 um

Room temperature
3.5%10~° mbar
1.5%107%-5.0x 10~ mbar
0.6-3.1scem

21 600-63 000

1.2-12 ym

Table 5.1: Parameters for deposition

glass-melts were removed from the furnace at 1150 °C and cast into a pre-
warmed stainless steel mould, before being annealed in a muffle furnace
at ~500°C.

5.2.2 Deposition parameters

Films were fabricated using the above mentioned lead germanate glass
targets in a background oxygen gas atmosphere. The chamber was pumped
down to a base pressure of ~ 107° mbar, and background oxygen was
then admitted. The range of background (molecular) oxygen pressures
investigated was varied between 5.0 x 10~ mbar and 1.0 x 10~! mbar.
The excimer laser used for ablation was a Lambda Physik LPX 200, oper-
ating with either KrF or ArF gas mixtures giving ablation wavelengths of
248nm and 193nm respectively. All other deposition parameters of interest
are listed in table 5.1.

As set out in section 6.2 both the target and substrate were asynchronously
rotated in order to achieve a degree of radial uniformity. Film thicknesses
were measured using profilometers (Tallystep, Alphastep), across a step

region introduced at the edge of each film. Although the deposition times,
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and all other conditions, were nominally identical for each growth run
(apart from varying oxygen pressures for example), the resultant film thick-
nesses obtained varied between 1.8pm and 2.7jim . For equal deposition
times, thicker films were produced at lower ambient oxygen pressures,
this is to be expected due to the reduced mean free path of the plasma at

higher background pressure.

Cleaned microscope slides and fused silica discs were used as substrates.
At critical values of oxygen pressure, films were grown that showed a
brown-clear-yellow colour trend on a single substrate. Although growth
on heated substrates is routinely performed for crystalline film growth,
no temperature other than room temperature was used here. For multi-
component targets (such as the glass here) stoichiometric variations be-
tween target and film can be exacerbated when deposited at elevated tem-
peratures. Since the film photosensitivity is believed to be due largely to
the inherent strain the film acquires during growth, heated substrates will

only reduce strain in the film and, in turn, decrease photosensitivity.

5.3 Properties of lead germanate

5.3.1 Material appearance

The films obtained show distinct colour variations, depending on the am-
bient oxygen pressure used during the growth. For low oxygen pressures
(~ 1073 mbar) the films produced were brown in colour. At higher pres-
sures (~ 1072 mbar) uncoloured films were produced, while for the high-
est pressures (~ 10~! mbar) pale yellow to deep yellow films were grown.
Apart from those grown at the very highest oxygen pressure (which were
opaque and flakey in character) all of the films showed good adhesion to

the substrates. A range of as-deposited films are shown in figure 5.1.
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Figure 5.1: Lead germanate film appearance under different oxygen pres-

sures. All films here were grown with 248nm laser radiation. Labels LA1

and LA2 refer to slightly different target compositions.
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The films show a systematic difference in material appearance, as seen
with atomic force microscopy (AFM) surface topographic scans, depen-
dant on the excimer laser wavelength used for growth. Using 248 nm
excimer deposition, films composed'of macroscopic sized particles (~pm
scale) were grown. The films possessed a high level of internal scatter-
ing and therefore losses were difficult to measure. 193 nm excimer laser
deposition however, produced transparent, smooth films, with dramat-
ically improved optical properties. A slightly discontinuous element is
still present in the films grown at 193nmm but it is far less apparent than
those grown at 248nm. This wavelength dependant topology variation
has also been observed previously but to a more marked degree, during
earlier (unreported) experiments at FORTH on the growth of phosphate

glass films.

2 microns

7N

Figure 5.2: (a) AFM scan of the film surface for a 193 nm excimer laser
PLD grown film. Note the apparent smooth surface, with < micron sized
individual particulates present. (b) AFM scan of the film surface for a 248
nm excimer laser PLD grown film. The scan here shows that the surface is

composed of densely packed sub-micron sized glass particles.

Figure 5.2 shows AFM scans for 10pm x 10pm areas of films grown using
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193 nm and 248 nm excimer laser deposition. It is clear that while figure
5.2(a) shows a fairly uniform, continuous surface, with only a few iso-
lated particulates, figure 5.2(b) exhibits a much more discontinuous sur-
face, composed almost entirely of an assembly of particles. A count of
particulates was performed for the films grown using 193 nm excimer de-
position only. An area of 100pm by 100pm was selected and using image
processing as detailed in section 4.3.3 a histogram of particulate size distri-
bution was compiled. The results reveal that the mean size of particulate
lies between 0.2 and 0.4pm , with very few particulates of size greater than
1pm present. Typical values of particulate densities were relatively high

at around 6-7 x 10® particulates cm™2.

5.3.2 Characterisation of film properties

Figure 5.3 shows spectrophotometer traces of a set of films grown using
248 nm excimer laser deposition, within an oxygen pressure range of 1.5
x 1072 mbar to 4 x 1072 mbar. These films varied in colour from clear,
to pale yellow. The short wavelength absorption edge is seen to shift to
progressively higher wavelengths as the oxygen pressure increases. The
oscillatory behaviour seen is due to etalon effects within the thin glass
layer. Figure 5.4 shows the value of the absorption coefficient, derived
from the traces in figure 5.3, and evaluated at a wavelength of 400 nm,
as a function of oxygen pressure. This value of wavelength was chosen
as it falls conveniently between the absorption edge and region of high
transparency. The data has been corrected for the varying film thickness of
the samples (as mention above), this was deduced via interference fringe

analysis.

Figures 5.5 and 5.6 show similar results for films grown with 193nm ex-
cimer laser deposition. While the trend is similar, the transmission losses
of the 193 nm grown films are systematically lower than those grown us-

ing 248 nm excimer deposition.
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Figure 5.3: Spectrophotometer traces of films grown using 248 nm excimer

laser deposition.
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Figure 5.4: Absorption coefficient, at A = 400 nm, against oxygen partial

pressure during film growth with a 248 nm excimer laser.
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Figure 5.5: Spectrophotometer traces of films grown using 193 nm excimer
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Figure 5.6: Absorption coefficient, at A = 400 nm, against oxygen partial

pressure during film growth with a 193 nm excimer laser.
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Waveguide loss measurements were performed on the films produced. All
guides were multimode as the index difference between film and substrate
is large (~0.3), and the guides are ~2pm thick. Losses were measured
by both the sliding prism [3] and imaged streak technique [4] (see sec-
tion 4.4.4. With the second method, a rutile right-angle prism was used
to couple He-Ne laser light into the waveguide. The streak of light was
imaged by a lens onto the surface of a detector. Measurements of the
scattered power were made at various distances along the waveguide,
as shown in figure 5.7. The fit is a least squares best fit curve. Inferred
losses for this film, which was grown at an oxygen partial pressure of 3.5
x 1072 mbar, are 4.5 dBem™!. Figure 5.8 shows the final loss results for 5
such films, grown using 193 nm excimer laser deposition under different
partial pressures of oxygen. The losses measured vary between 4 dBem™!
and 7 dBem™' . These are rather high values, possibly due to the high
particulate density, the slightly discontinuous nature of the film and in-
homogeneous film thickness. Annealing was carried out on some of the
films, but this had the adverse affect of reducing, or even eliminating, the

photosensitivity in the deposited layer.

The above losses were measured on films grown before off-centre rotation
was introduced as described in section 6.2. Films were also grown from
~1wt% Nd doped glass, using 248 nm excimer laser deposition. For these
films, the substrate rotation axis was offset by ~ 1.5 cm in the lateral di-
rection, with respect to the target rotation axis. Losses were measured at

between 2.1 dBcm ™! and 3.4 dBem ™ using the sliding prism technique.

The observable differences in colour between the films is a result of sev-
eral factors. Quantitative energy dispersive x-ray analysis (EDX) mea-
surements have been performed using a JEOL JSM-6400 scanning electron
microscope with a PGT IMIX EDS system, on two samples grown at the
extrema of the oxygen pressure range investigated. Interpretation of the
results is somewhat complicated due to the different thickness of the two

films examined, and also due to the presence of the substrate (borosili-
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Figure 5.7: Waveguide loss measurement results obtained using the im-

aged streak technique.
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Figure 5.8: Waveguide loss results for films grown using 193 excimer laser
deposition, as a function of the oxygen partial pressure during growth.
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gated.
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cate glass), which also contains oxygen. What is apparent however, is that
. there is a systematic difference between the percentage of oxygen in the
two films examined. Care needs to be exercised here however, as the accu-
racy of light element analysis is notoriously poor using EDX. Using data
that has been normalised to remove the oxygen background signal from
the substrate, we find that there is almost 50% more oxygen in the film
grown at a partial pressure of 3.5 x 1072 mbar, than the one grown at 1
x 1072 mbar. By comparison, the EDX data for germanium and lead con-
tents show only a difference of < 10% between the two films. The dramatic
change in oxygen content implied by EDX is supported by the change in
colour observed in the films grown at different oxygen pressures. The
colour of the films can vary from dark brown to pale yellow, which sug-
gests a change in oxidation state of the the lead contained within the film,

which in turn suggests a large change in oxygen content.

5.4 Photosensitivity of lead germanate

5.4.1 The cause of photosensitivity

Ultraviolet light, particularly at the defect absorption bands (240nm), can
have a pronounced affect on the local refractive index of germanium doped
silica glass. The same general behaviour is also observed in these lead
germanate glass films, where the oxygen content, varied during the PLD

growth process, has a pronounced effect on the material photosensitivity.

It has long been believed that the photosensitivity in germanate glasses is
critically dependent on the bond structure with respect to the germanium-
oxygen co-ordination behaviour. This is usually refered to as the "colour
centre” model [5-7]. The exact mechanism underlying the colour centre
model is the subject of intense debate and involves complex photochem-

istry which is not within the scope of this thesis. Much of the compu-
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tational work based on this model yields theoretical values of refractive
index change that can be an order of magnitude lower than that which
has been observed in practice. More recent work indicates that the re-
fractive index change may be due to structural transformations within the
guide [8-10]. Of particular interest is the model of refractive index change
by stress relaxation proposed by Sceats et al [10]. The refractive index
change measured in our devices is one the highest reported for germa-
nium based glass systems and we believe this is largely due to the depo-
sition process itself. In depositions where the substrates are kept at room
temperature the developing film does not have sufficient surface mobil-
ity to migrate into states of lower potential energy. This can result in a
large build up of stress in the as-deposited film which could explain the
large refractive index changes. It should be noted however, that character-
istic colour centre absorption bands are observed in these films and that
both positive and negative refractive index changes can be obtained. This
implies there is more than one mechanism present in generating the re-

fractive index change.

5.4.2 Measurement of photosensitivity

The method used for the quantitative measurement of the photoinduced
refractive index changes An was the measurement of the diffraction effi-
ciency for diffraction gratings recorded in the material as further discussed
below. It is straightforward to calculate the value of An achieved for films

of known thickness, using the standard diffraction grating expression [11]:

Anwnd
- 2
n = tenh ( Acost )

Where 7 is diffraction efficiency, d is the film thickness, and ) is the wave-
length of the incident light. If, however, the absorption depth of the film at
the writing wavelength is appreciably smaller than the actual film thick-

ness, then an effective thickness, d.ss, must be used, as it is only this re-
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duced thickness that contributes to the observed diffraction effects. The
method of establishing d. is described later. |

The recording of diffraction gratings was achieved either by using an in-
terferometric arrangement or a m-phase mask, depending on the spatial-
temporal coherence characteristics of the sources used for recording. The
use of a m-phase mask enables recording using sources with poor spatial-

temporal coherence such as excimer lasers.

) b)
100pm
UV radiati
<+—>  Phase-mask radiation
’ UV radiation HeNe Probe

F—A—4—
A

B
=

Lead Germanate
Lead Germanate Film on substrate
Film on substrate

Figure 5.9: Experimental arrangement for a) 7-phase mask recording and

b) interferometric recording.

A schematic of the two recording methods is shown in figure 5.9. Fig-
ure 5.9a shows a schematic of the n-phase mask method. The sample
is brought into close proximity with the phase mask (~100pm ) using
appropriate spacers in order to take advantage of the near field Fresnel
diffraction intensity pattern. Figure 5.9b shows the outline of the interfer-
ometric recording arrangement including a HeNe probe beam transmitted
through the exposed area and diffracted from the recorded grating. Moni-
toring the diffracted part of the HeNe beam using an optical power metre
gives both the diffraction efficiency value and the recording-decay dynam-

ics.
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The diffraction efficiency measurements in the case of the phase mask
recording were performed after the exposure and removal of the phase
mask, by using a HeNe probe beam and measurement of the diffracted

power.

To establish the value of dgy, films were grown with progressively de-
creasing thicknesses, covering the range ~350nm to ~0.3 nm, by limit-
ing the number of laser pulses used for deposition. Figure 5.10 shows
spectrophotometer traces for several such films grown on fused silica sub-
strates to enable recording of UV transmission spectra. The number of
laser pulses used for these films was 10, 10?, 10® and 10* respectively.
Alphastep surface profile measurements indicated a film thickness of ~350
nm for 10,000 laser pulses, (equivalent to 0.035 nm per pulse). A log plot
of film transmission versus thickness yields a 1/e absorption depth of
~75nm at a wavelength of 244 nm, equivalent to an absorption constant
(@) of 13.3pm ~!. We thus set d;; = 75 nm. Also shown in figure 5.10 is the
characteristic absorption band centred at ~ 240nm which is accessed via

244 nm exposure.

1
10 pulses/‘.r
£ |10% pulses
2
&
&
= ;
10° pulses
0110* puls
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Figure 5.10: Absorption spectra of lead germanate films of various thick-
nesses grown on fused silica substrates. The vertical dotted line indicates

the absorption band around 240 nm.
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5.5 Experimental results

5.5.1 244nm c.w. radiation

The lead germanate films were initially exposed to a 244nm c.w. frequency
doubled argon ion laser (Coherent inc. FRED laser). For writing laser
powers of 60mW, at power densities of 0.5 W cm™?, the diffraction effi-
ciency saturated within 120 seconds. A standard writing time of double
this value (i.e 4 mins) was therefore adopted for all subsequent films ex-
amined. Figure 5.11 shows the calculated values of induced index change,
An, as a function of the oxygen pressure used during film growth, over
the range 1 x 1072 mbar to 6 x 1072 mbar. Oxygen pressures of less
than 1 x 1072 mbar produced films which were dark in colour compared
to the clear/pale yellow at higher pressures. At pressures approaching
1 x 107" mbar, the films were cloudy, or opaque, and had poor transmis-

- sion at 633nm.
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Figure 5.11: a) Plot of the absolute values of the refractive index changes
as a function of the oxygen pressure during growth. b) Replot of the cal-

culated values taking account of the sign.
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Figure 5.11(a) shows a plot of the An values, obtained by the diffraction
efficiency formula, where dy is a function of the oxygen pressure during
the growth. It can be seen that there is a sharp minimum of An values for
an oxygen pressure of 4 x 1072 mbar. These results can be interpreted
in terms of positive and negative refractive index changes. Diffraction
efficiency measurements are not sensitive to the sign of the refractive index
change but only to its magnitude. As discussed below, we believe that the
minimum observed in the plot represents the point of change between two
competing processes that leads to refractive index changes with different
signs. This type of behaviour is not uncommon, and has been seen before
in photosensitivity measurements as a function of UV fluence [12], rather

than the variable oxygen content recorded here.

Ellipsometer measurements have been performed on films grown at oxy-
gen pressures of 3 x 1072 and 6 x 1072 mbar. 5 mm square areas of the
film were exposed to an expanded 244 nm laser beam, for periods up to 1
hour, to ensure a saturated exposure. The ellipsometer results for the film
grown at 6 x 1072 mbar indicate the presence of a lowered refractive in-
dex, accompanied by a volume expansion. The best fit values obtained for
this lowered refractive index are ~1.80. Atomic force microscope (AFM)
scans of the regions exposed through the phase mask show clear evidence
of surface relief gratings induced via material expansion in regions of high
light intensity. These can be seen in figure 5.12. This is in agreement with
reports of material expansion in negative photoinduced refractive index
changes in germanium doped silica optical fibres [5]. Conversely, ellip-
someter data for the film grown at a pressure of 3 x 1072 mbar, indicates
a positive refractive index increase. No relief gratings have been observed

in AFM scans of exposed films grown at this pressure.

Using such ellipsometer data, we can replot the An versus oxygen pres-
sure curves, as shown in figure 5.11(b). This result is also supported by
other studies discussed in section 5.5.2. Using excimer laser pulses at

193nm to write gratings in these films, where the diffraction efficiency,
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1 micron

[

Figure 5.12: Relief gratings observed in exposed films grown at higher

oxygen pressures. Expanded regions are believed to possess negative An.

monitored both during and after exposure, shows the characteristics of
competition between two different (increasing and decreasing) refractive

index modifying processes.

UV illumination of these waveguides will produce a An change that is a

function of both depth (via the absorption constant, a) and the saturation |
characteristics of the photosensitivity mechanism. Whereas an exponen-
tial variation of An with depth into the guide is intuitively more satisfac-
tory, in the absence of detailed knowledge of saturation mechanisms, we

have assumed an average value of An change over d,g;.

For the film grown at a pressure of 6 x 1072 mbar therefore, the measured
diffraction efficiency, using d.;; =75 nm, yields a large An of -9 x 1073.
When Fresnel reflections are taken into account, this yields a high value of
-1.06 x 1072. So far no attempts have been made to either hydrogen load

these films, or conduct any post-annealing studies.
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5.5.2 248nm pulsed radiation
5.5.2.1 Nanosecond pulsed radiation

A comparison between c.w. and pulsed grating recording can now be un-
dertaken by recording gratings on similar films (to those used in the pre-
vious section) with a pulsed KrF (248 nm) excimer laser delivering pulses
of 20 nsec or 0.5 psec duration. The exposure of the films was kept well be-
low the multi pulse ablation threshold, which was determined beforehand
for each wavelength and pulse duration. The recording was mainly per-
formed by using appropriate phase masks due to the poor coherence char-
acteristics of the above mentioned lasers. For all pulsed grating recording
the films were exposed to pulsed radiation until saturation occurred. Typ-
ical total (i.e accumulative) exposure values were of the order of 0.3 ] /cm?-
0.4 J/cm? and peak powers from 0.4 MW for the 20 nsec source to 12 MW

for the 0.5 psec source.

Since the relaxation of the gratings occurred over the time scale of minutes,
the time evolution of the gratings could be monitored after removing the

phase mask at a constant time delay (15 sec) after the last recording pulse.

The relationship between the oxygen pressure (during growth) and the
refractive index change induced by the 20 nsec excimer laser exposure ap-
pears to follow the same trend as in the c.w. case. A dip in An at around
3 x 1072 -4 x 1072 mbar and an increase by almost an order of magnitude
at higher oxygen pressure suggests that the same mechanism for record-
ing is operating for both cases. However, the diffraction efficiency of the
gratings becomes saturated at levels lower than the ones recorded with
the c.w. 244nm FRED laser. A possible explanation for this could be the
simultaneous excitation of positive and negative refractive index changes
with significant steady state residues as a result of the six orders of mag-
nitude higher intensity of the pulsed recording. The two, opposite sign,

refractive index changes partially cancel each other out and eventually
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decrease the overall refractive index change. Evidence for simultaneous
excitation of two competing refractive index change mechanisms was also
shown by monitoring the diffraction efficiency development after record-
ing. The relaxation of the recorded gratings leads to an overall increase
of the diffraction efficiency which could be a signature of two refractive
index change mechanisms with opposite sign which decay with different

time constants [13], as shown in figure 5.13.

Diffracted power vs time for lead germanate PLD grown films
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Figure 5.13: Increase in diffraction efficiency of grating immediately after
exposure to UV radiation.

5.5.2.2 Sub-picosecond pulsed radiation

In order to study the effect of the writing beam intensity on the photosen-
sitivity of lead germanate films, gratings were also recorded with a 500
femtosecond pulse duration excimer laser using a phase mask arrange-
ment. The saturation level of the induced refractive index change was
lowered in this case. The photosensitivity also showed a marked insensi-
tivity to the growth conditions, a fact that further supports the intensity
dependent hypothesis. Plots of the photoinduced refractive index change
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as a function of the oxygen partial pressure during growth are depicted

in figure 5.14a for 20 nsec KrF recording and figure 5.14b for 0.5 psec KrF

Photosensitive lead germanate layers

recording.
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Figure 5.14: Plot of the absolute value of the photoinduced refractive index
change versus oxygen partial pressure by a) 20 nsec KrF excimer laser and

b) 0.5 psec KrF excimer laser.

5.5.3 193nm pulsed radiation

The photosensitivity of the films was also examined at 193 nm using an
ArF excimer laser delivering pulses of 20 nsec duration. Typical accu-
mulative exposure values were, as before, of the order of 0.3 J/cm? - 0.4
J/cm? and peék powers from 0.4 MW, also being under the laser ablation
threshold. A study was made using both phase mask and interferometric
arrangement. The 193nm ArF wavelength gives access to the second ab-
sorption band of the Ge-O defect which peaks at 195 nm [5]. The samples
showed an increase in the refractive index change with increasing oxygen
partial pressure although the overall saturated refractive index change did
not exceed 107*.

The inefficiency of the 193 nm recording is again at-

tributed to the simultaneous recording of two competing, opposite sign,
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Laser Method Exposure ] cm™2 |An|
HeCd: c.w. @ 325nm Interferometer 500 1074
FRED: c.w. @ 244nm Phasemask 110 10-3-10-2
KrF: pulsed(20nsec) @ 248nm | Phasemask 0.3 103
KrF: pulsed(0.5psec) @ 248nm | Phasemask 0.3 10-3-10~*
ArF: pulsed(20nsec) @ 193nm | Interferometer 0.4 1074

& Phasemask

Table 5.2: Summary of the grating recording methods, lasers used, expo-

sures and measured refractive index changes.

refractive index changes.

5.5.4 325nm c.w. radiation

Efficient recording has been observed for 325 nm (HeCd laser) illumina-
tion of lead germanate samples using the interferometric set-up. With the
power output available (5 mW) at 325 nm the grating strength saturates
after ~800 sec. After exposure and decay of all transient components of
the grating, the measured steady state value of diffraction efficiency cor-
responds to a final permanent refractive index change. Typical measured

values were of the order of 10~%.

5.6 Summary

The refractive index change results are summarised in table 5.2, indicating
the method used, the UV sources, and the calculated An.

The table shows 244nm radiation allows the highest degree of refractive
index change in the lead germanate films. However c.w. radiation effec-
tively limits the use of the interferometric set-up as the vibrations (primar-
ily due to water cooling of the laser) induced during the recording phase

do not allow for a high contrast grating to be written. The short coher-
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ence length of the 244nm Argon ion laser (~3cm) also places constraints
on interferometric grating writing. Phase mask or short pulsed writing

techniques are more insensitive to such vibrations.

Interferometric recording set-ups are often preferable as they allow a large
range of grating sizes to be written. A phase masks, however, can only
write one grating size with a small amount of tuning possible by varying

the incident writing beam angle.
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Chapter 6

Mechanical improvements to PLD

6.1 Introduction

PLD has always been an attractive method of fabricating waveguides. The
ability to quickly and easily grow stoichiometric, epitaxial films of a large
variety of laser media makes it an almost ideal fabrication process. PLD
has been avoided as a preferred method, however, due to two main prob-
lems of uneven film thickness and high particulate densities. Section 6.2
of this chapter deals with the former problems whilst chapter 8 discusses

the particulate problem in more depth.

Homogeneously heating a substrate in any vacuum deposition system is
also problematic. A useful and practical solution to homogenous substrate

heating is presented in section 6.3.

6.2 Improving film thickness profile

Figure 6.1 shows the angular distribution of neutral and ionised Ti atoms
within the plasma plume ejected from the target [1]. If the target and

substrate are stationary during a deposition, this would lead to a simi-
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lar thickness profile of the resultant film. This is a problem inherent in
PLD that limits its use in large area depositions. Advances have already
been made in this area using translating substrate stages [2], x-y scanned
half-cylindrical targets [3], modification of the ablation laser beam [4] or

machine preparation of the target [5].

In this section we present the two simple solutions utilised to improve the
thickness profile of the two films grown for study in this thesis; Nd:GGG
and lead germanate. The work detailed in these sections builds upon the
work already developed by Gill [6]. Small modifications to target geome-
tries are not often reported on their own merit [7], which makes it difficult
to ascertain what has and has not been previously reported in this field.
The work in this section is not necessarily included as 'new work” but just

for completeness of a description of the PLD apparatus.

1 1 1 i ] 1 1 i

dN,/dQ [10'? particles/sterad]

Angle

Figure 6.1: Angular distribution of a) neutral and b) ionic Ti atoms taken
from [1].

The lead germanate and Nd:GGG targets are shown in figure 6.2. The dif-
ference in target geometries requires two different solutions to obtain even
thickness profiles. These are detailed separately in the two subsequent sec-

tions.

110



Chapter 6 Mechanical improvements to PLD

Figure 6.2: a) The cylindrical Nd:GGG target with substrate. and b) The

flat lead Germanate target.

6.2.1 Nd:GGG film thickness improvement

Due to ready availability of laser rod off-cuts, PLD single crystal targets
are often cylindrical as shown in figure 6.2a. The ablation laser is incident
on the side of the cylinder. As the plume is largely ejected perpendicular to
the surface of the target, the curved surface of the target makes the plume

elongated. This is shown in figure 6.3.

To reduce the occurrence of exfoliation the target is rotated alternately
backwards and forwards to uniformly ablate the target [8, 9] (discussed
further in section 8.1). By slightly offsetting the position of the target on
the rotation stage the laser will impact at different vertical positions on the
target, causing the plume to track up and down as the surface normal at
the ablation site also changes direction. This is shown in figure 6.4. A uni-
form thickness profile is now produced in the direction perpendicular to

the target’s long axis.
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Figure 6.3: Showing the plume subtending a larger angle in the vertical

plane due to the geometry of the Nd:GGG target.
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Figure 6.4: Showing how the offset target causes the plume to track up and

down.
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Figure 6.5 shows the thickness profile along this direction measured with
an ALPHASTEDP for film depositions with central (a) and offset (b) target

rotation.

Thickness

(=2
~

Thickness

Figure 6.5: Alphastep trace across substrate with a) no off-set target rota-

tion b) Off-set target rotation showing a flatter film profile.

Figure 6.6 shows the 2D and 3D surface profile of the improved film.
This is taken with a ZYGO interferometric surface profiler using a 2.5mm

Michelson objective.

The absorption length, and hence the actual cavity length, of the Nd:GGG
waveguide lasers fabricated in this work is short (~2mm). The thickness
profile along this direction, therefore, is not critical. The waveguide is cut
from the substrate with the lasing direction perpendicular to the uniform

section so that the finished waveguide has a good overall thickness profile.
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Figure 6.6: a) 2D surface profile of substrate and film b) 1D profile of thick-

ness along line marked in top figure c) Generated 3D image of surface

profile.
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6.2.2 Lead germanate film thickness improvement

In the case of lead germanate growth, The flatter lead germanate targets
are held in a small vice-like holder and are rotated around the axis running
through the largest side of the target. The lead germanate films are grown
on an unheated substrate which allows the substrate to be rotated easily
(heated substrates can be rotated during deposition but this is difficult to
achieve whilst maintaining temperature uniformity). Substrate rotation is
desirable as the inhomogeneous angular mass distribution of the plasma
plume can be averaged out to achieve an even growth of film across the
substrate. By offsetting the centre of rotation of the substrate with respect
to the plasma plume, the film thickness can be averaged out over a sig-
nificant area (~cm) [7]. The offset distance is critical though as too much
offset will result in ‘"doughnut’ shaped growth whilst too little will result

in the familiar humped growth.

6.3 Homogeneous substrate heating

In order to produce crystalline or epitaxial films an appropriately orien-
tated substrate is required which usually needs to be uniformly heated
during the deposition process. Literature values for optimum substrate
temperature most often fall within the temperature range 600 °C to 800 °C
although in some substrate-film combinations, the substrate may need to
be heated in excess of 1200 °C [10]. The orientation and phase of the de-
veloping film can be highly dependent on the temperature of the substrate
during deposition. Uneven temperature distribution across the substrate
can lead to undesirable polycrystalline films or a mixture of amorphous
and crystalline growth. Additionally, rapid heating in substrates with
poor thermal conductivity can cause severe thermal stress if not heated
homogeneously, often leading to substrate fracture. It is essential there-

fore to achieve an even temperature profile of the substrate.
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6.3.1 Methods of substrate heating

Resistive wire heating elements, high power filament bulbs [11] and other
resistive heating methods have been used with some success to achieve
high temperature, homogeneous heating . These methods, however, are
extremely inefficient and result in unavoidable heating of the whole de-
position chamber, causing severe out-gassing from the chamber walls and
any additional vacuum components. Efficient and uniform thermal con-
tact between the heating element and the substrate is also necessary, though
is not always practical at high temperatures even if a conductive paste (e.g.
indium-gallium alloy) is used. Resistive heating also causes a lengthy
turn-around time between depositions as the chamber usually has cool
down before installation of a new substrate is possible. This is a severe
. drawback when one considers that the typical deposition times required

for the growth of a 4pm film can be as short as 10mins.

6.3.2 CO; laser substrate heating

Laser substrate heating in PLD was originally reported by Dyer et al [12]
and has already been used with considerable success [10, 13-15]. Such
laser heating minimises most of the problems associated with conductive
heating and can heat a substrate with minimal heat loss to the chamber.
Using Stefan Boltzmann’s law the power P (Watts) required to heat a sub-

strate of surface area A (m?) to a temperature T (Kelvin) is given by:

P = Aea(T* — Tg) - (6.1)

Here € is the emissivity of the substrate, o is the Stefan Boltzmann constant
(5.67 x 107 Wm™2K™*) and T is the temperature of the surroundings.
The surface area is taken to be twice the area of the substrate faces, i.e.

edge effects are ignored.
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Using an emissivity of 1 (i.e a black body), an area A =2 x 1 cm? and Tg
= 300K, we find that 57 watts are required to heat a substrate to 1500 K
(The temperature required for deposition of Ti:sapphire). The substrate is
clearly not a black body however and indeed the emissivity is strongly de-
pendent on temperature and wavelength. For a body radiating at 1500 K
the wavelength of peak radiance is at ~2pm . The emissivity at 2pm will
therefore be assumed to be a reasonable approximation of the overall emis-
sivity. The emissivity of a material is also equal to the absorption at that
wavelength. Since 2pm radiation falls within the transparency range of
Ti:sapphire its absorption and hence its emissivity will be low. The result
of this effect is that a 40W CO, laser can easily heat a substrate measuring
10mmx10mmx1mm to the 1500 K required for sapphire growth (in fact
a 100W laser is capable of melting sapphire, the melting point of which
is 2300 K ). For comparison, resistive heating filaments typically require
orders of magnitude more power to heat the substrate to the same tem-

perature due to heat loss to the chamber.

To achieve an even heating profile across the substrate, beam homogenis-
ers have been employed [10, 13, 16] but these are often difficult to set-up
and maintain in alignment. Additionally, homogenisers do not offer flex-
ibility in size or position of the substrate and, if used within the vacuum
chamber, can quickly become coated with target material. This coating can
increase the absorbtion of the CO, radiation by the homogeniser and thus

create a corresponding loss in power delivered to the substrate.

6.3.3 COq; raster scanned laser substrate heating

Described in this section is a method of homogeneous heating using a c.w.
CO; laser and two scanning galvanometric mirrors (General Scanning Inc.,
Watertown, MA). We also describe a simple temperature monitoring sys-
tem employed to determine the substrate temperature distribution. The

apparatus is detailed in Figure 6.7.
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Figure 6.7: Computer controlled, raster scanned, laser heating apparatus.

The mirrors are computer controlled to deflect the CO, laser along an ap-
propriate 2-D array of points on the substrate. A laser diode pointer co-
incident with the CO, beam path is used to render the pattern tracked by
the CO, beam visible to a CCD, for ease of alignment. Figure 6.8 shows a
CCD image of the laser pattern on the back of the substrate: a 6 x 4 array

of points.

By varying the dwell time of the laser on each point and the position and
number of the points across the substrate, heating uniformity across the
substrate can be achieved to a much higher degree than for non-scanned
single beam techniques. Absolute uniformity is limited by the number
of points that can be scanned across the substrate in a time fast enough
to avoid temperature fluctuations due to the transient nature of the heat

source on any one particular point.

To estimate the rate of change of temperature of a cooling substrate the
Stefan Boltzmann equation is used in differential form as taken from Dyer
et al [12]
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Figure 6.8: Raster scan pattern across the substrate using alignment diode
laser to render path visible. Alumina cradle and nickel holder are also

marked.

% = %(T4 —Tg) (6.2)
All variables and units are as in equation 6.1, t is time (seconds) and h is the
heat capacity of the substrate (] K™'). YAG will used as an example with a
density of 4.5gcm ™3 and a specific heat of 590 ] Kg~!K~!. This gives a heat
capacity of 0.266 ] K=! for a sample of dimensions 10mmx 10mmx Imm.
Using T as 900 K, T at 300 K and assuming a linear rate of change over the
timescale of interest (~10 milliseconds for one full scan cycle) it is found
that a temperature change of 30K s™! occurs in a black body (e = 1) and 3K
s~! for a grey body of € = 0.1 . Therefore it is hoped that there will be a

temperature change of less than 1°C for the scan cycle times available.

Also shown in Figure 6.8 is the alumina cradle (and the nickel base) that
is used to hold the substrate. This design ensures a good compromise
between minimum heat loss by conduction, to the surroundings, and ease

of substrate replacement
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6.3.4 Temperature monitoring

Temperature measurement using a thermocouple is impractical as this will
inevitably introduce heat sinking from the substrate and thus promote
a temperature inhomogeneity. Temperature is instead measured using a
two-colour (silicon and germanium) photodiode (Hamamatsu part K1713-
03). Within this single package a silicon photodiode is mounted in front
of a germanium photodiode. The germanium photodiode effectively de-
tects the radiation that the silicon detector transmits. The silicon photodi-
ode detects from ~0.32pm to ~1pm and the germanium photodiode from
~1pm to ~1.55 pm . This requires very little space and alignment and also
requires no external beam splitters to be used. The temperature of the sub-
strate can be calculated from the ratio of the intensity observed by the two
photodiodes within their respective spectral regions. A practical solution
for doing this is to assume the emissivity of the substrate is similar for the
two observing photodiode wavebands (i.e. assume a grey body) and that
the spectral response curve of the two photodiodes can be approximated
to a central effective wavelength. The equations for temperature determi-

nation can then be simplified to [17]:

B
TN——(an)_A—l-C'

Where @ is the ratio of the two photodiode outputs. A, B and C are
constants to be determined by calibrating ratio sets (Q1, Q2,... @) against
known temperatures (713, 13,...77) and evaluated through a least squares
method. Since this method should be independent of the emissivity, the
calibration only needs to be done for one material. It should be noted how-
ever that metals are not grey bodies so some deviation from this curve
may be seen should a metal substrate be used. Coating the back of the
substrate in black soot can solve problems arising with non-grey bodies or
substrates semi-transparent to CO; laser radiation (10.6pm ). The temper-
ature data from the photodiode can be sent via the computer back to the

laser power control to stabilise the temperature and automate a constant,
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gradual heating process, thereby reducing the chances of substrate frac-
ture. Figure 6.9 shows a graph of the temperature calculated from the two-
colour photodiode with a thermocouple reading for comparison against
incident power. In this case the thermocouple was firmly heat-sunk to the
front surface of a YAG substrate (heating is from the back) in a way de-
signed to minimise temperature inhomogeneity. This process, however

renders the substrate unsuitable for deposition purposes.
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Figure 6.9: Temperature measured with the calibrated two-colour diode

and thermocouple against incident CO, laser power.

To monitor the relative temperature distribution across the substrate we
have used a commercial silicon CCD camera (Pulnix 2010) and x10 macro
zoom lens. At the temperatures routinely used in PLD this is sensitive
enough to detect sufficient radiation from the substrate to give a picture
of the relative temperature profile with a maximum resolution of 640 by
480 pixels. The information from the CCD can also be fed back to the
scanner via the computer to alter the temperature profile. By extending
the dwell time of the laser on a particular array point, which is perhaps

cooler than its neighbours, the relative temperature distribution can be
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controlled to maximise homogeneity. This is particularly useful to offset
the increased heating often observed in the centre of the substrate. With
the scanning equipment set up it becomes trivial to adjust via the com-
puter to allow for different sizes or positions of substrates without any
difficult re-alignment problems. Currently our system allows movement,
expansion and contraction of the raster scan during heating and while in

vacuum. This permits final adjustment and optimisations if necessary.

6.3.5 Results

Figure 6.10 shows a typical temperature profile, obtained from a CCD
camera, of a heated Y;Al50;5 (YAG) substrate. No feedback control was
enabled, making the dwell time of the laser at each point on the surface

equal.

Figure 6.10: Thermal image of the heated substrate without feedback sys-
tem, showing elevated heating in the central area. The inset chart indicates

how the colour relates to temperature in °C .

The increased intensity seen at the edge of the substrate is not due to el-

evated temperatures as indicated. The high intensity seen is due to the
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light from within the substrate that is only able to escape at the edges due
to total internal reflection at the face. The CCD camera views the substrate

at a slight angle, which makes the top edge appear brightest.

Ignoring such edge effects, the figure shows temperature variations mostly

between 590°C and 690°C over the substrate, which has an area of ~1cm?.

Figure 6.11 shows the temperature distribution across the same substrate
but with the feedback loop enabled. The beneficial effect this has on tem-
perature homogenisation can be clearly seen. In this figure temperature
variations across the same substrate of mostly between 600°C and 650°C

are shown.

Figure 6.11: Thermal image of the heated substrate with feedback system
enabled, showing a more homogeneous temperature distribution across
the substrate. The inset chart indicates how the colour relates to tempera-

ture in °C .
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6.3.6 Conclusions

We have found that for our requirements an array of 6 x 4 raster points
produces a heating effect that is adequately uniform across the substrate.
We can think of no reason why this technology cannot be scaled up to
much larger dimensions or to higher precision. Larger dimensions would
imply either an increase in the array size of the raster scan or an increase
in the beam size, which can be easily implemented by placing an appro-
priate lens before the scanning unit. Higher uniformity in temperature
homogeneity would imply having a larger array size, which is limited by
the speed the scanning mirrors can complete one cycle of the raster scan.
Ideally the mirrors should not take longer to complete one cycle than it
takes for any particular point in the scan to noticeably change tempera-

ture due to the temporary absence of the incident radiation.

Further work will investigate more intelligent methods of raster scanning
in order to minimise cycle time. Heating of rotating or moving substrates,
employed to improve thickness uniformity would also be possible. Addi-
tionally, controlled temperature gradients can be applied to the substrate
(provided the substrate is able to withstand such thermal stress) result-
ing in different doping concentrations of certain elements whose inclusion
in the film is temperature dependent. This has been reported before for

titanium doping in sapphire [10,18].
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Chapter 7

Optical Waveguide Theory

7.1 Introduction

This chapter describes the theory of planar waveguides. The first part
presents a model of the spatial mode profile of a guided wave in a gener-
alised planar waveguide device. This model follows the general work of
Yariv [1] and Lee [2,3] and the more specialised derivation of Bonner [4].
The model developed is then applied to the waveguides fabricated during
the course of this thesis. The second part of this chapter presents the ba-
sic laser theory of bulk and waveguide lasers and in particular it looks at
the relationship between device thickness and the pump power threshold

required for lasing.

7.2 Ray-optical picture

Firstly we will consider a simple 3 layer symmetric waveguide to intro-
duce common terminology. Figure 7.1 shows a geometrical interpretation

of light confined within a waveguide structure.

The core is the active layer, the region in which light is usually confined
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n, Superstrate

Core x

n, Substrate

Figure 7.1: Confined light propagating in a symmetric 3 layer waveguide.

unless cladding pumping geometries are used. The substrate and super-
strate are the media surrounding the core and which could be air in ei-
ther case. The condition for confinement or guidance is that light inci-
dent upon the two boundaries is totaHy internally reflected. This requires
that n, < n; (where n, and n, are the refractive indices of the core and
substrate/superstrate respectively) and that the angle of incidence 6, is

greater than the critical angle 6. given by Snells law

sin , = (1"3) (7.1)

Rather than use the propagation angle, it is more convenient to think of the
z-component of the propagating wavefront (k,) propagating in an effective

refractive index. The propagation constant J is defined as:

B = konysing, (7.2)

Where kg is defined as 27/ )¢ ()¢ is the wavelength of light in vacuum)

The quantity n, sin 8, is known as the effective refractive index n.s; so we
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can write

| B = koness (7.3)

7.3 The wave equation

Light propagating in the waveguide will obey Maxwells equations for
electromagnetic waves. The generalised form of these equations is writ-

ten as:

V x E(r, 1) = —aBé;’t) (7.4)

V x H(r, 1) = a—Dg(—tr—’—t)f +3(r, t) (7.5)
V-D(r, ) = p(r, 1) (7.6)
V-B(r,t) =0 (7.7)

where E is the electric field, H is the magnetic field, D is the electric dis-
placement vector, B is the magnetic flux density, p is the charge density, J

is the current density, ¢ is time and r is the position vector.

For dielectric materials we can set J = 0 and p = 0 (no current flow) and

use the relations.

B = pou,H = pH (7.8)

D = ¢y, E = ¢E (7.9)
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where ¢; and ¢, are the permittivity of free space and the relative permit-
tivity of the medium respectively and po and p, are the permeability of

free space and the relative permeability of the medium respectively

Now 7.4...7.7 can be written as.

V x E(r,t) = —u% (7.10)
V x H(r, ) = GBE;’ ) (7.11)
V- E(r,1) = 0 (7.12)
V.H(r,¢) =0 (7.13)

By using the identity V x (V x A) = V(V - A) — V2A for any vector and
taking the curl of 7.10 we can produce the wave equation for a lossless

dielectric medium.

O?E(r, t)
V X E(I‘,t) = —MET (7.14:) A

For a wave propagating in the z-direction, this has a travelling wave solu-

tion of the form:

E(r,t) = E(z, y)e'“#2) (7.15)

In practice, the output modes observed from the planar guides fabricated
during the course of work presented in this thesis all possess transverse
electric (TE) polarisation (i.e the polarisation of the E-field is parallel to
the y-axis). We will, therefore, only consider the TE solution of the wave

equation.
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Due to the planar nature of the waveguide 0E /0y = 0 so we can write

E(r,t) = By (z)e!t#2) | (7.16)

7.4 Five layer asymmetric planar waveguide

Now we can introduce the generalised 5 layer asymmetric planar waveg-

uide structure as shown in figure 7.2

At
n, Superstrate
4 d,
n, Cladding
F 3 dl
........................ 0y GO x=0
Y d,
- n, Cladding
¥ _d]
n, Substrate

Figure 7.2: 5 layer asymmetric waveguide

Solutions are assumed for the five regions within the waveguide :

Ele—alxei(wt—ﬁz) x> ds
(Bae7%7® 4 E,e%27)gi(wt=Fz) di <z <dy
E(r,t) = cos(kz + )eiwt—F2) for di >z >—d; (7.17)
(E4ea4:1: + E;e—a4x)ei(wt—ﬂz) —d, <1< ~dy
| B 005 gi(wt—p2) z < —d,

E,, E,, E;, Ey4, E,, Es are all coefficients of the electric field amplitude, 1 is

a phase offset and «;, as, a4, a5, and k are wave numbers,
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These solutions correspond to an oscillating wave in the core, oscillat-

ing (a4 imaginary) or exponentially decaying waves (ay4 real) in the

cladding and exponential decay in the substrate and superstrate.

By substitution of the solutions in equation 7.17 into the wave equation

the following dispersion relations are found.

o = VB — w6 (7.18)
as = /B% — w2ugey (7.19)
k= VW ze; — B2 (7.20)
ay = /B2 — wiiaeq (7.21)

s = /% — wuses (7.22)

These equations can be rearranged in terms of the effective refractive in-

dex,

o = koy/n2sp — 12, (7.24)

where m is the layer number.

Boundary conditions require E, and 0E, /0 to be continuous at all bound-

aries.
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Equating the solutions at boundaries d; and d, gives 4 equations which

can be combined to solve for F;, F», E;

This yields:

2 (—0‘2—) COS(]Cdl + w)eaz(dl—dz)ealdg

a2+

By = 14 (a oz—ay ) 202 (d1—d2) (7.25)

a2 +a)

cos(kd; + )e2h
1 + (a Qp—0y ) e2ag(d1—d2)

agtoq

—aady
E, = cos(kd; + e 7.27)

1+ <Q_2_+_a..L) g202(d2—d1)

az—0]

by the symmetry of the guide structure we can deduce the form of E, and
solve for E,, E,, Es.

a4d1
_ cos(—kdy + v)e (7.28)

1_|_ (a aq—as )62(14 (d1—d3)

astas

B - cos(—kd, + )e d
‘ 1+ (%ﬁ&) e2aa(da—d1)

(7.29)

Q4—0Qs5

2 ( ) COS( kd, + '¢v) ay(d)— da)ea5d3
By = —= (7.30)
1+ (a agq—os ) 6204(d1—d3)

agq+os

Substitution of equations 7.25, 7.26 and 7.27, back into those derived by

equating boundary conditions at z = d; gives,

tan(kd1 + ”(/)) 2 051 + o tanh(agtcu)

&k ap+a tanh(astn) (7.31)

where t; is the thickness of the cladding layer adjoining the core and the
superstrate, (i.e d, — d,).
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Similarly at z = —d;,

o4 a5+ agtanh(agtp)
— ) = 4. 7.32
tan(kdl w) k a4 + Qs tanh(a4tcn) ( )

where ¢, is the thickness of the cladding layer adjoining the core and the
substrate. (i.e d3 — d;).

Equations 7.31 and 7.32 can be combined to eliminate 4. Also introduced

is the relationship tan(f) = tan(f £ p) to account for allowable modes.

pr = kt _ tan_l (044 a5 + 0y tanh(a4tclg)) _
— HNleore

ko a4 + a5 tanh(oytes)

_tan-1 (az Lot o tanh(athﬂ)) (733)

? o + o tanh(agtcll)

where t.,,. is the thickness of the active layer (i.e 2 x d).

This equation is known as the mode guidance condition equation. Substi-
tution of equations 7.23 and 7.24 into equation 7.33 results in a transcen-
dental equation in terms of n.;;. Using numerical techniques this can be
solved for each n.s; of a particular mode p. All wave numbers & and a,,

can then be deduced and the intensity profile of each mode plotted.

7.5 Three and four layer planar waveguides

A generalised model has now been formulated which can be modified to
predict the spatial mode profile of the actual waveguides grown during

the course of this thesis.

The four layer asymmetric waveguides grown in chapter 9 consist of a
1mm substrate of YAG on which is grown 4pm of Nd:GGG followed by
2pm of YAG (with an air superstrate).
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For this case we can set ngy = ns = ny and T, = 0.

This reduces the guidance equation to:

_ (87) _ Gy O + (8% tanh(agtcu)
= ktopre — t 1(—)—t (22, 7.34
pr core an k an k Qg + O tanh(aQtdl) ( )

For single mode propagation within the core where T, is large (2 1 pm for
this case )the evanescent field in the cladding does not see the superstrate
(or air for the 4 layer case) and so the mode profile observed is that of a 3

layer symmetric waveguide as depicted in figure 7.3.

i
i
Substrate / i \ Cladding Arr

L/ N

-6 4 -2 0 2 4 6
Distance /um

1

Intensity /Arb. Units

Figure 7.3: 4 layer asymmetric waveguide with thick cladding layer in

which the evanescent field does not penetrate to the surface.

In this case the guidance condition can be reduce further to:
ktcore )
tan (T) =7 (7.35)

For comparison figure 7.4 shows a mode profile for a waveguide with a
100nm cladding layer in which the asymmetry of mode profile and the
phase offset can be observed.
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Intensity /Arb. Units

Substrate J
0 T

Core

Air

6 -4

Figure 7.4: 4 layer asymmetric waveguide with thin cladding layer in

-2

Distance /jum

0

which the evanescent field penetrates to the surface.

In the limiting case of Ty;; — 0 the waveguide is reduced to the more
common three layer asymmetric waveguide. Figure 7.5 depicts the mode
profile expected for a 4pm GGG waveguide grown on a YAG substrate as

grown in chapter 8.

Intensity /Arb. Units

Substrate J
0 v

Core

Air

6 -4

Figure 7.5: 3 layer asymmetric waveguide.

-2

Distance jum

0
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The guidance condition for this geometry is:

P = kteore — tan™ (ﬁ> —tan~! (%) (7.36)

7.6 Laser theory

The theory surrounding laser oscillation has been well reviewed in both
* bulk [5-7] and waveguide form [8,9]. This section aims to demonstrate
analytically the advantages of a waveguide geometry over its bulk coun-
terpart. The Nd3* ion will be used as an example in this section as this is

the laser system used in chapter 8 and 9 of this thesis.

7.6.1 Four-level lasers

Laser action of the Nd** ion is a 4 four-level laser system as depicted in

figure 7.6.

Laser action is initiated by excitation of the ground state electrons to the
excited upper pump level.! This is followed by rapid decay via non-
radiative (multi-phonon) transitions to an upper *F; , laser level. The up-
per state life time for the Nd3* ion in the metastable ‘F3 /2 level is ~260 ps
(in GGG at 1 at. %) [10] which allows a population inversion between the
iR, /2 level and the 1 /2 lower laser level (for 1.06pm radiation). Electrons
in this state can undergo stimulated emission to the *I;; , level and subse-
quent rapid decay by non-radiative processes to the ground state. When
population inversion is achieved, gain can be observed for the ) O 2= T2
transition on which lasing action can result in an appropriate geometry

laser cavity.

Technically the levels referred to here are correctly termed manifolds as they consist of
a number of stark-split sub-levels. As this discussion does not go into the details of stark

splitting, however, the term level will be used throughout for simplicity.
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Upper Pump Level

A \ Fast non-radiative
Upper decay

Laser
Level

Radiative
decay

Pump absorption

Lower
Laser

Level
Fast non-radiative
decay

Ground state

Figure 7.6: Schematic diagram of the four level laser system.

The threshold pump power required for lasing in bulk media is given by
[9]:

whipL =2 =2
= W, +W 7.37

Where h = Planck’s constant, v, is the pump laser frequency, o, is the stim-
ulated emission cross section, oy, is the absorption coefficient at the pump
wavelength 7, is the pump quantum efficiency, [ is the cavity length and
7y is the fluorescence lifetime. W, and W, are the average spot sizes for
the laser and pump beam respectively. L is the fractional round trip loss
for the signal beam which includes output coupling terms from the cavity
mirrors (i.e if all power is dissipated in exactly one round trip then the
loss is unity. Complete power dissipation before one round trip is com-
plete gives rise to values of loss higher than unity). If high reflectivity mir-
rors are used at both cavity ends then this term will be almost solely due to

scattering within the cavity as absorption is negligible for the signal wave-
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length. This model assumes Gaussian beam profiles with no astigmatism.
All units are SI.

It can be seen that minimisation of the average pump and signal beam
waists will lower the threshold power required. Tighter focusing of the
pump and signal beam enables smaller beam waists but at the cost of
higher divergence in the cavity. The minimum average beam waist size

is given by:

=2 P 1
W — P,
Pl \/§7m

Where ), is the wavelength at the the pump or signal wavelengths re-

(7.38)

spectively, | is the cavity length and n is the refractive index of the lasing

medium.

Substituting of equation 7.38in equation 7.37 gives the optimum threshold

as:

[rhy,L

P, =
" 4\/§7mae77p'rﬂ(1 — e~ )

(Ap+ A) (7.39)

7.6.2 Lasing in waveguide structures

In a typical waveguide cavity the pump power threshold for lasing in a

four level system is given by [6].

-1

Py = (l’pr ) [ / l exp (—ap2) dz (7.40)
- 1/2 1/2 :
o (Wig+ W) " (W +W3)

Where W; and W, are the spot sizes for the laser and pump beam respec-

tively in the guided (r) and unguided (y) direction.

By assuming average spot sizes, W, and no spatial hole burning this equa-

tion can be evaluated to:

139



Chapter 7 Optical Waveguide Theory

_ whypL . P
P = (4Ue77p7'f1(1 - e‘%”) \/(Wll‘ + Wp:c) \/(le + Wpy) (7.41)

This can now be compared to the bulk equivalent. The ratio of the bulk
threshold to the waveguide threshold is obtained by dividing equation
7.41 by 7.37:

Ptzavegm'de \/gnﬂ' \/ — — \/ —2 =2 Lwaveguide
- 4 Wiy +Wy ) —— —
Pt LA+ M) ( C W”’”) ( Wt W y) Ltk

(7.42)

For a planar waveguide we will assume optimum focussing (equation

7.38) in the unguided direction, which gives:

ide
Pwaveyuz
th

V3 2 L

ni -2 =2 waveguide

= W w L Zamegtite 743
Ptk (l (Ap + /\z)> \/( iz pm) Ly (7.43)

From this equation it can be seen that the advantage of waveguides is the

confinement of the pump and signal beam which leads to small values of
W,, and Wf,m. It might also be implied from equation 7.43 that devices
requiring long cavity lengths would also benefit from guided geometries.
This is due to the fact that the average spot size in the guided direction
is not length dependent as it is in the unguided regime. This must be
balanced, however, with the inevitable increase in cavity 10ss Lygyeguide

compared to that of L.

We can substitute into equation 7.43 typical values for the devices grown
in chapter 8, i.e [ = 2mm, ), = 808nm, A; = 1060nm and n=1.96. By making
the rough approximation of similar average pump and signal beam waists
and the very rough approximation of equal losses in bulk and waveguide
the result obtained shows that the threshold of the waveguide device will
be less than the bulk when the average beam waist radii are below 13pm .

As a rule of thumb the average beam waist diameter will be about a third
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of the size of the device thickness (This can be seen on the model of a three
layer waveguide in figure 7.5 where the 1/¢? diameter is ~1.4pm for a4 pm
device). This implies that lower thresholds might be seen in waveguides of
< 80pm thickness. Real waveguides devices, however, have significantly
higher losses than bulk due to scattering from the device surface. Scatter-
ing losses can be minimised by capping but are unlikely to be as low as
those in bulk materials. If we take general case of bulk materials possess-
ing ~1 order of magnitude lower loss than waveguide devices then these
devices would need to be < 8um thick before significant improvement

would be seen.

To complicate matters further results in chapter 8 suggest that losses seen
in an uncapped device may also be a function of device thickness, that
is, as the thickness decreases, the losses are seen to increase. This makes

optimisation of the waveguide thickness device a complicated task.

7.7 Conclusions

A model describing the spatial mode profile of a guided wave in a planar
waveguide device has been presented. The model is for a general asym-
metric five layer waveguide which allows for modelling of devices grown
during the course of this work and for devices proposed for future growth.
A basic look at laser theory has also been presented with a more detailed
look at the equations governing lasing threshold. A rough theoretical
comparison between bulk and waveguide devices show that waveguides
should produce smaller lasing thresholds than bulk as beam confinement
is increased, although loss mechanisms within the guide complicate the

issue.

141



Chapter 7 Optical Waveguide Theory

7.8 References

[1] A Yariv. Chapter 22 - Guided wave optics - propagation in optical
fibres. In Quantum electronics, pages 600-650. John Wiley & Sons, 1989.

[2] DH Lee. Chapter 4 - The slab dielectric waveguide. In Electromagnetic
principles of integrated optics, pages 77-112. Chapman and Hall, 1986.

[3] D H Lee. Chapter 5 - Practical waveguiding geometries. In Electro-
magnetic principles of integrated optics, pages 113-145. Chapman and
Hall, 1986.

[4] C. L. Bonner. Multi-watt, diode pumped planar waveguide lasers. PhD
thesis, University of southampton, 2000.

[5] W.P. Risk. Modeling of longitudinally pumped solid-state lasers ex-
hibiting reabsorption losses. Journal of the Optical Society of America
B-Optical Physics, 5(7):1412-1423, 1988.

[6] W.A. Clarkson and D.C. Hanna. Effects of transverse-mode profile
on slope efficiency and relaxation oscillations in a longitudinally-
pumped laser. Journal of Modern Optics, 36(4):483-498, 1989.

[7]1 T.Y. Fan and R.L. Byer. Diode laser-pumped solid-state lasers. IEEE
Journal of Quantum Electronics, 24(6):895-912, 1988.

[8] K Kubodera and K Otsuka. Single transverse-mode LiNdP,O,; slab
waveguide laser. Journal of Applied Physics, 50(2):653, 1978.

[9] M.J.E. Digonnet and C.J. Gaeta. Theoretical-analysis of optical fiber
laser-amplifiers and oscillators. Applied Optics, 24(3):333-342, 1985.

[10] J. Geusic, H. M. Marcos, and L. G. Van Uitert. Applied Physics Letters,
4:182-184, 1964.

142



Chapter 8

Particulates in PLD

8.1 Introduction

Large numbers of particulates can occur on the film surface during growth
by PLD . These particulates originate from the target and are believed to

occur, in the growth of dielectric films, through two main processes [1].

The first process is due to incomplete vaporisation of the target area by the
ablation laser. The area directly surrounding the vaporised material melts
and is subsequently expelled by the recoil pressure of the plaéma plume
shock wave. As a result liquid droplets of target material form into par-
ticulates on the growing film. Increasing the density of the target material
has been found to minimise this process of particulate production. Single
crystal targets are therefore the optimum material for film fabrication as
opposed to alternatives such as compressed ceramic targets [2]. Alterna-
tively, the use of a femtosecond ablation source has also been considered
as a potential way of avoiding particulates produced by this process [3]

(see section 3.4.1).

The second process, termed exfoliation, is due to poor surface quality of
the target. As the ablation laser pulses continually hit the same region

of the target, thin structures of ym dimensions can develop on the target.
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These cone-like structures point towards the direction of the laser radia-
tion, due to a shadowing effect [4]. The cones can eventually break off and
form particulates on the film surface. Rotating the target and constantly
changing the direction of rotation and also re-polishing the target after use

can reduce, but not eliminate, this effect.

There have been many reports on the parameters that effect the number
of particulate in PLD. There have also been many innovative attempts to
remove particulates from the plasma plume including: dual cross plumes
[5], fast spinning targets [6], mechanical shutters [7] and cross magnetic
fields [8] however these have often involved complicated set-ups or sensi-
tive triggering equipment and may be considered to be generally imprac-
tical.

Other systems that involve backscattering deposition or substrate shad-
owing can eliminate almost all particulates but at the expense of extremely

low deposition rates [9-11].

However, there has been no measured correlation to date, relating the
number of particulates seen on the films and the losses generated when
used as a waveguide. In this chapter we report on the implementation of
a method of particulate removal. We also report on a systematic compari-
son between the lasing threshold observed in PLD waveguides of differing
thickness and varying particulate densities.

8.2 Growth of comparable films

Using conditions similar to those reported by Anderson et al [2], we have
grown pulsed laser deposited films from a 1 at % Nd doped, single crystal,
GGG target on a (100) YAG substrate. A brief outline of the important
growth parameters are as follows: the vacuum chamber is first evacuated
and back filled with oxygen to a pressure of ~5 x 1072 mbar. A (100) YAG

substrate is heated to a temperature of ~750°C using a scanning CO, laser.
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The substrate is positioned 3.5cm from the target. The target is rotated
and ablated with a 248nm KrF excimer laser at a 20Hz repetition rate and
at a fluence of 50 mJ cm~2. A deposition time between ~5 to 20 minutes is

required depending on the desired thickness of the film film.

8.2.1 Gas jet assisted variation of particulate density

Films were grown at thicknesses of the order of 2pm , 4pm and 8ym . A
piezoelectric gas valve was used to modify the particulate density in the
film during growth as used by Murakami and Schenck [12,13]. This is
shown in Figure 8.1.

Gas valve driver

Excimer X
Excimer

0, inlet

Figure 8.1: Experimental set-up showing piezoelectric gas valve mounted

in chamber.

Opening of the gas valve (backed with O,) ejects a beam of molecular oxy-
gen in a direction perpendicular to the expanding plasma plume. The par-
ticulates contained within the plasma plume have a significantly lower
~ velocity (~1 x 10 cm s7! ) than the fast neutral and ionic species (~1
x 108 cm s™! ) assumed to contribute to good stoichiometric film growth
[12]. The firing of the ablation laser is triggered from the valve such that

the beam of molecular oxygen is both temporally and spatially coincident
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with the particulates in the ablation plume. The particulates are deflected,

by collision with the oxygen molecules, away from the substrate.

A fast rise time (in pressure) of the oxygen pulse and, consequently, the
gas valve opening time is critical for the molecular beam to interact with
only the slower, detrimental, particulates and not interfere with the faster
neutral and ionic species. Gas pulse rise times of the order of ~200ps are
required, and for this reason we chose a piezoelectric gas valve. A Maxtek
MV-112 gas valve was used but modified such that the gas had less dis-
tance to travel within the valve before its ejection into the chamber, this
helps the gas pulse maintain a fast rise time. Modifications to the valve
can be seen in figure 8.2. Solenoid gas valves can achieve rise times as
fast as piezoelectric valves, but at far greater expense. A further advan-
tage to piezoelectric valves is that, the driving circuits are trivial to build

compared to those required for solenoid devices.

WIRE TO BNC (NOT SHOWN)

ORIGINAL OUTLET SEALED TEFLON BALL
. PRELOAD SPRING

PRELOAD SPRING SCREW

COVER
CRYSTAL RETAINER
RETAINER SCREW

0-RING
COVER SCREW
0-RING
HOUSING
INLET FITTING OUTLET FITTING
~RI /
0-RING / > PIEZOCERAMIC BENDE
FILIER SPRING ELEMENT :
FILTER '
SEAL
0-RING
SEAT
0-RING VALVE SEAT SPRING
HOLE DRILLED TROUGH TO OUTSIDE ADJUSTMENT HOUSING
A {
VALVE CONSTRUCTION
VALVE CONSTRUCTION ADJUSTMENT SCREW

Figure 8.2: Original schematic of the valve altered to show the modifica-

tions in blue.

The gas valve nozzle was placed 2 mm below the ablation area. The close

proximity of the nozzle to the ablation area maximises the probability of
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collision as the density of both the oxygen pulse and the plasma plume are
at a maximum. Typical delays between gas valve and laser pulse trigger-
ing were around 1ms. The backing pressure of oxygen on the valve was
~2 bar. The piezoelectric valve was also used as the oxygen source for
reactive PLD by keeping the valve open for ~3ms to achieve an oxygen

pressure in the chamber of ~5 x 102 mbar during ablation.

8.2.2 Properties of the films

The XRD data shown in Figure 8.3 confirm the crystallinity of the films
and shows growth in the (400) Nd:GGG direction parallel to the (400) YAG

plane.

28.68
(400) GGG

Intensity /Arb. units

30.05

j N (400) YAG

T T T I

20 25 30 35 40
20

Figure 8.3: X-ray diffraction data for the Nd:GGG films. The YAG (400)
line is weak due to the thickness of the sample. No other peaks are ob-

served.

Figure 8.4 shows the surface of a film with a high particulate density that
was grown without the gas-jet. Figure 8.5 shows a film of lower particulate

density that was grown with the aid of gas jet.
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Figure 8.4: Optical microscopy image of film surface under normal growth

conditions.

Figure 8.5: Optical microscopy image of film surface with gas-jet directed

into plume during growth.
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We have grown films with particulate densities that vary between 10* and
107 particulates/cm?. This large difference in particulate densities may not
be entirely due to the gas jet and can be attributed in part to the increased
degradation of the target and increased exfoliation. XRD spectra show a
slight broadening of the (400) GGG peak with increased particulate den-
sity, implying a slight degradation in crystallinity. Figure 8.6 shows the
increase in the FWHM (in degrees) of the (400) GGG peak in a number of

4pm thick waveguides with increased particulate density.

0.7

° o o © °
N [~) F-3 [1,] (-]

FWHM of (400) GGG 26 peak (degrees)

e
-

0 T T v T v T v
3.0E+06 4.0E+06 5.0E+06 6.0E+06 7.0E+06 B8.0E+06 9.0E+06 1.0E+07 1.1E+07

Particulate density cm'

Figure 8.6: Increase of FWHM of the (400) GGG peak with particulate den-
sity.

Figure 8.7 shows typical particle size distributions for films containing the
high and low particulate densities. All films show an approximately nor-

mal distribution of particle sizes.

The films were cut back to 2mm in length, corresponding approximately
to a 1/e absorption length for the pumping wavelength of 808nm, and pol-
ished to optical flatness on both ends. Horizontal and vertical parallelism

was maintained between the end faces by a laser collimator.
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Figure 8.7: Typi.cal particle size distributions for films with high and low

particulate distributions.

8.3 Threshold results for waveguide lasing

To confirm spectroscopic properties, the waveguides were pumped using
an Ar*pumped Ti:sapphire laser capable of delivering 600mW at 808nm,
matching the strongest absorption band of Nd:GGG [14]. Light was cou-
pled into the active layer using %25 objectives for the 2ym and 4pm guides
and x16 for the 8ym guide. Figure 8.8 shows the fluorescence spectrum of
the Nd doped waveguide.

This agrees with previous results [2], showing peak fluorescence around
1060nm. Fluorescence lifetime was measured to be 260ps , in close agree-

ment with previous results [2] and the bulk crystal value results [15-17].

Two plane dielectric mirrors were carefully attached to the end faces using
Fluorinert FC-70 fluorinated liquid. Both mirrors were high reflectivity
(>99.5%) mirrors at the signal wavelength. A typical lasing spectrum of

the fabricated waveguide lasers is shown in Figure 8.9, and consists of a
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Figure 8.8: Typical fluorescence spectrum of a waveguide.

broad emission over ~3nm. Multiple peaks (splitting) can be seen due to
etalon effects within the dielectric mirrors. The spatial output profile at the
lasing wavelength was single mode for all waveguides, regardless of how

many spatial modes could, in theory, be supported within the waveguide.

The lasing threshold was measured for films of varying thickness and par-
ticulate density. Figure 8.10 shows the threshold recorded for the three
different thickness films.

It can be seen that the high particulate density has a detrimental effect on
the lasing threshold of the film. The effect is largely due to the particulates
acting as scattering sites for light within the guide, which consequently
increases the loss in a waveguide. From equation 8.1 it can seen that lasing
threshold is expected to increase linearly with loss [18] (and see section
7.6.2).

_ why,L — s S
Pth - <4Uenp7-fl(1 — e_apl))A\/<Wlm + ng;) \/(le + Wpy) ) (81)

Where all variables are as defined earlier (section 7.6.2).

151



Chapter 8 Particulates in PLD
a2
'
=
g H
<
)
‘@
c
2
£
o
o
‘@
(.-}
-1
1030 1050 1070 1090
wavelength /nm
Figure 8.9: Typical lasing spectrum of a waveguide.
1000
-
£ :
g 100 4 4um thl(?k
8 waveguides
L]
2 2um thick
l}_:’ waveguides
°
2 101
g
< 8um thick
waveguides
1 . . .
1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08

Nos. of Particulates /cm™

Figure 8.10: Lasing threshold versus particulate density for films of differ-

ent thickness.
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Using measured spot sizes and threshold values we have estimated the
loss in each guide. This is plotted against particulate density in figure
8.11. It can be seen that the effect of the particulates has a far more dra-
matic effect on those guides with increased confinement. An increase in
particulate density from 3.5 x 10* to 9.7 x 10° particulates/cm? led to
an increase in absorbed power threshold from 2.5mW to 167mW. A 4pm
thick guide with a particulate density of 3.2 x 10° particulates/cm?, how-
ever, lased easily at 199mW where as a 2pm thick waveguide could not be
made to lase at the pump powers available. Even with an increase in par-
ticulate density up to 1 x 107 particulates/cm? (a very poor quality film)
lasing was possible at around 60mW of absorbed pump power. The 8um
thick waveguide showed good waveguide performance regardless of par-
ticulate density, lasing at 2.2mw and 12.2mw with particulate densities of
5.5 x 10* em™2 and 6.6 x 10° cm™? respectively, a change in particulate

density of over 2 orders of magnitude.
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Figure 8.11: Estimated loss versus particulate density for films of different
thickness.

In waveguides, the predominant cause of loss is believed to be largely
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due to surface scattering, and not due to scattering from within the guide.
The increased effect of particulates on the more confined waveguides (2pm
thick) is possibly an example of this. As the size of particulates in a 2pm
thick guide is of the order of the guide thickness itself then there is a higher
probability of surface scattering, as most of the particulates will likely be
protruding from the waveguide surface. In the larger guides there is more
chance that the particulates will be enclosed within the guide and not con-

tribute as significantly to the losses.

1

— 2um
— 4um

0 — 8um

=

[=

>

a8

[

<

.‘? Substrate Core Air

0

c

[

L ol

£

-1 -0.5 0 0.5 1

Normalised Distance /Arb. Units

Figure 8.12: Mode profile of the fundamental mode of a laser for the 3
different thicknesses of waveguide studied.

Figure 8.12 shows the spatial mode profile of the fundamental mode in
a three layer asymmetric waveguide as modelled from chapter 7. In this
figure the spatial mode profiles of the waveguides, at the three different
thicknesses studied, are plotted. The x-axis is normalised for each plot to
the thickness of the active layer (i.e the distance across the core of each
plot is set to “1’). This normalisation shows the proportion. of the guided
mode that interacts with the waveguide interfaces. It can be clearly seen

that as the core dimensions are reduced the proportion of the mode that
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exists as an evanescent field increases. It is this part of the mode that will
see, proportionally, the highest scattering losses due to surface scattering.
Therefore it would be expected that the 2pm guides will suffer more scat-
tering when compared to thicker guides. This is possibly an alternative
or additional reason why thicker waveguides appear to see proportion-
ally lower scattering losses. It would agree with other reports of higher

scattering losses seen in more confined waveguide structures [19].

The slight decrease in crystal quality, as observed via XRD, with increasing
particulate density also contributes to the increase in threshold. This may
partially account for the observed non-linear increase of threshold power

with particulate density.

It should be noted that the particulate density counts given are taken from
an optical microscope using particulate analysis software and so represent
the particulate count throughout the entire guide per cm?. Many reports
take particulate counts from SEM data, which can only yield particulate

counts for particulates that extend beyond the surface.

8.4 Conclusions

These results suggest that were particulates to remain an intrinsic problem
in the fabrication of waveguide devices by PLD, the solution would be to
move to thicker waveguides. The particulate density, in thicker guides,
appears not to be such a critical factor in the performance of the resultant
laser. Although this seems a relatively intuitive deduction it is in contrast
to the accepted notion that lower thresholds can be attained with more

confined waveguides structures.

The fabrication of thicker waveguides, however, is easily achieved with
PLD. Deposition rates of up to 1ym /minute are achievable so there need
not be a significant increase in fabrication time. Since high numerical

aperture (NA) waveguides are also readily achievable with PLD, it would
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suggest that thick, high NA, PLD fabricated waveguides are an attractive

prospect for pumping with high power, high divergence sources. Finally

it should be noted that proximity coupling has also been achieved with
this kind of device [20].
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Chapter 9

Capped Nd:GGG waveguides

9.1 Introduction

As reported in chapter 3 the growth of optical waveguide devices by PLD
is becoming more widespread with the recent successful fabrication of two
waveguide lasers of Nd:GGG [1] and Ti:sapphire [2]. Complex stoichio-
metric crystal waveguide devices have also been fabricated, for example
Nd,Cr:GSGG [3], CasGdO(BO;); (GACOB) [4], Cr**:YAG and Cr*":GGG
[5]. These reports demonstrate that PLD is capable of controlling not just
the stoichiometry of the film but also the valence states of dopants such
as chromium and titanium. Fabrication of heterostructures by PLD has
also been reported [6,7] demonstrating that PLD is capable of producing
complex structures as well as stoichiometries. With the growth of more
exotic non-linear, electro-optic and piezoelectric crystals such as LiNbO;
more intricate devices are to be expected in the MEMS (micro-electro-

mechanical systems) area.

However, the ability of PLD to grow complex stoichiometry heterostruc-
tures in order to fabricate a multilayer or capped waveguide laser has not,
as yet, been utilised. In this chapter we report on the growth of YAG su-
perstrate layers grown on Nd:GGG waveguides (as reported in chapter 8),
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as a method of reducing loss in our waveguide device.

9.1.1 YAG overlayers

As described in chapter 7 the evanescent field in a waveguide extends
beyond the active layer. Any imperfections on the top surface of the active
layer are a source of loss due to scattering from the surface. The amount of
scattering seen at the surface is a function of the refractive index difference
between the two interfaces from which scattering occurs. This is due to the

fresnel reflection at the interface which is given by:

4n1ny

R=1- .MM
(ny + ny)?

(9.1)

Where R is the fraction of light reflected and n, and n, are the refractive

indices either side of the interface.

By covering the active layer with another layer possessing a slightly lower
refractive index the amount of scattering from the interface of the waveg-
uide will be reduced. Such waveguides are known as capped or buried

waveguides.

If capping can be performed in situ then it is not possible for contaminants
to come into contact with the surface of the guiding layer therefore reduc-

ing the number of scattering sites on the waveguide interface.

Usually the most obvious choice of capping material for the waveguide
is that used for the substrate. For GGG it is known that the lattice match
between the substrate (YAG) and the active layer (GGG) is close enough
to allow epitaxial growth of GGG on YAG [8]. Therefore, it follows that
the lattice match will also be adequate for growth of YAG on GGG. Epi-
taxial growth of a YAG film on a GGG substrate has, in fact, already been
reported [9].
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9.2 Previous results of Nd:GGG waveguides

The Nd:GGG waveguides investigated in this chapter were fabricated us-

ing the growth conditions as described in chapter 8.

The target used for the work presented in this thesis has deteriorated over
time. This has led to production of films that possess, on average, increas-
ingly higher particulate densities with successive depositions. For these
reasons some of the waveguides fabricated have much higher particulate
counts than have been reported previously in this thesis and elsewhere [8]
even though the same target and growth conditions were used. Although
we have grown waveguide lasers with thresholds as low as those previ-
ously reported (i.e ~2 mW absorbed power) the waveguides used in sec-
tion 9.4 were all grown towards the end of the target’s useful lifespan, and
so thresholds as low as this are not to be expected. We believe, however,
that capping of films plays a more important role in films with high par-

ticulate densities.

It was mentioned earlier in this report that the mechanism for particulate
production in these waveguides is not clear and it is this deterioration
in the target that clouds the issue. The particulates observed on these
films are exclusively round features that have clearly solidified from a
previously molten droplet. They would appear to a product of ‘splash-
ing’” as detailed in chapter 8, but it is thought that high density dielectrics
should not suffer from splashing [10] and there is no reason why this ef-
fect should be exacerbated over time. Exfoliation of the target is a mech-
anism by which dielectrics do produce particulates, but the particulates
in this case have characteristic angular shaped fragments which are rarely
observed in these experiments. Brief resurfacing of the target did not pro-
duce any noticeable effects in particulate production but this may be due
to resurfacing for an insufficient time for the hardness of the target. Two
mechanisms have been hypothesised for the increased production of par-

ticulates over time; increased degradation of the target composition due to
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repeated ablation leading to increased splashing or, increased exfoliation
due to surface quality deterioration, and subsequent melting of the char-
acteristic particulates. More rigorous investigation into this phenomenon
would have to be undertaken before either of these hypotheses could be

confirmed.

9.3 Method of growing capped layers

We have utilised the geometry of the target holder/rotator as described in
section 6.2.1 to construct a very simple system for growing capped layers

in situ.

The target holder for the cylindrical Nd:GGG target is rotated on a threaded
spindle. This allows the target to travel backwards and forwards during
deposition permitting a greater surface area of the target to be used. By
adhering a YAG target of similar dimensions on the end of the Nd:GGG
rod we can now select our target by turning the spindle until the desired

material is the target of the ablation laser. This is depicted in figure 9.1.

A Nd:GGG layer is first grown as described previously. The vacuum
chamber is evacuated and back filled with oxygen to a pressure of ~5
x 1072 mbar. The substrate is then heated using the scanning CO, laser
as described in section 6.3 up to a temperature of ~750°C . A deposition

time of ~15 mins is required for a ~5pm film.

Once a Nd:GGG layer is deposited the laser is turned off. The chamber
is held at the same pressure whilst the temperature of the substrate is ele-
vated to ~1000°C . This temperature elevation is required for the growth of
crystalline YAG [11]. Deposition at lower temperatures leads to the YAG
depositing as a white powder-like layer that does not adhere well to the

substrate surface.

The target is then rotated in one direction until the YAG component is in
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Target selection enabled by spindle rotation
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Figure 9.1: Details of target holder. Rotating the spindle causes the target
to translate across the beam of the ablation laser radiation, allowing target

selection during deposition.

line with the ablation laser radiation. Except for the substrate tempera-
ture the same laser ablation conditions are used for the deposition of the
YAG on the Nd:GGG layer. The deposition rate for YAG is slower than for
Nd:GGG, 15 mins are required for a 2-3pm layer.

After growth the sample must be cooled down over ~20 minutes to avoid
‘micro-cracking’. This effect can just be seen in figure 9.2. Under high
magnification (x 100) a fine network of cracks appear on the surface of
the film. It is believed this fracturing of the film occurs due to the thermal
stresses imposed on the film under rapid cooling. This cool down time

appears to be only necessary for YAG crystal growth and not for Nd:GGG.

- ‘With the above technique both the capping layer and the active layer can
be grown whilst under vacuum, ensuring very little contamination be-

tween the layers and hence good adhesion.
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GGG layers capped with YAG

that a single crystal layer would produce less

7

This is possibly due to the particular orientation of the Nd:GGG sub-layer
however, it is not believed to be essential to obtain single crystal growth.

epitaxial nor textured growth of YAG has been achieved in these films.
The film grown is a 4pm Nd:GGG layer with a 2uym YAG capping layer.

(321) plane and other smaller peaks can be just observed overlapped with
the YAG (321) and the Nd:GGG (400) peak. XRD spectra of similar sam-
ples have shown peaks from different YAG planes. It is clear that neither

Comparison of this with figure 8.3 shows that there is no peak present cor-
responding to the YAG (400) plane. A large peak is seen in the the YAG

9.4 Results of Nd

Figure 9.3 shows the XRD spectra for the YAG capped Nd:GGG film.
or insufficient heating during deposition.

scattering due to an absence of grain boundaries.

It is recognised, though

Figure 9.2: Optical Microscopy image of the cracked surface due to fast
cooling.
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Figure 9.3: XRD of Nd:GGG film capped with YAG.

This can, therefore, be compared to the 4pm thick Nd:GGG films we have

grown previously.

As with the previous devices the waveguide was end polished flat to an
optical quality and its lasing threshold measured by the method described

in section 8.3.

The particulate density of the capped layer is higher than that of the other
4pm unclad waveguides. The particulate density in the buried waveguide
is ~1.5 x 107 em™2. A film with such a high particulate density had been
made in a 4pm unclad structure but did not lase at the incident laser pump
powers available (~700mw @ 808nm). Figure 9.4 shows the results for the
threshold of the buried waveguide laser compared to that of the uncapped

layers.

The buried laser had a lasing threshold of 14.8 mW of absorbed power. For
comparison laser action in an uncapped layer with a particulate density 4

times lower was observed at 19mW absorbed power.
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Figure 9.4: XRD of Nd:GGG film capped with YAG.

It could be argued that the increase in the number of particulates of the
capped layer is largely due to the YAG capping layer and thus the real
number of particulates on the film should be measured before the YAG
layer is grown. It is not however possible to measure the particulate den-
sity without removing the sample from the vacuum chamber. Nor is it
possible to gauge the number density from a film grown in similar con-
ditions but without the YAG overlayer due to the large (upto ~1 order of
magnitude), apparently' random, fluctuation in particulate density from

one film to the next.

We have, however, grown YAG films straight onto YAG substrates and
measured the particulate density. Due to the YAG target being relatively
unused compared to the Nd:GGG target, the particulate density is 2 orders
of magnitude lower than for the Nd:GGG films. Particulate densities for
the YAG layer are of order 10* cm™2. This shows the increase in particu-
late density due to the YAG layer is negligible compared to the high ( 10°
- 107 cm™?) densities seen in the Nd:GGG Layer.
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9.5 Conclusions

We have shown that the capping of a Nd:GGG waveguide in sifu can
greatly decrease the lasing threshold of the device when compared to a
similar uncapped device. This implies that the capping of the Nd:GGG
layer reduces the waveguide losses in the device. It must be noted that the
most probable cause of loss within the guide is due to surface scattering
from the particulates. Therefore it follows that although the capping layer
appears to be of great benefit to these low quality films, should a higher
quality film be grown (with particulate densities down to 10° - 10* cm™2
as is possible from an unused single crystal target) then the capping layer

will be of less benefit.
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Chapter 10

Conclusions and future work

10.1 Introduction

This chapter presents a summary of work that has has been described
within this thesis. It also suggests possible further work that would log-
ically follow on from the work presented here. This thesis is intended to
be a comprehensive study of using PLD to fabricate planer waveguide de-
vices and has focussed largely on the effect that particulates generated by

PLD have on the waveguide devices.

10.2 Conclusions of the introductory Chapters

A thorough review of the recent activities in the field of active optical
waveguides fabricated by PLD was presented. This shows that PLD is
capable of living up to its expectation of being able to fabricate materials
in thin film form that cannot presently be fabricated by other processes. Of
interest is the finding that nearly all of the reviewed work of active optical
devices grown by PLD are thin < 2pm devices and efficient lasing action
in these reports has not been demonstrated. The two exceptions to this are

the only two reports of thick film active optical waveguides [1,2] where
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efficient lasing is reported in both. This finding is important as it lends

weight to the conclusions drawn in chapter 8.

10.3 Conclusions from Chapter 5

This represents the first report of growth of photosensitive lead germanate
glass by PLD. It is also of special interest as the material is capable of ex-
hibiting both positive and negative refractive index changes. The max-
imum index difference observed in this system was also the highest re-

ported for a germanium based glass at-1.06 x 1072 .

10.3.1 Future work

Lead germanate targets also have been fabricated, in house, with both Nd
and Ce dopants. With Nd dopants it would be clearly possible to fabri-
cate a Nd:lead germanate waveguide laser as lead germanate possesses
many attractive properties of a glass laser host. Initially it is our inten-
tion to attempt to fabricate lead germanate films with a less discontinuous
surface. Alternatively, methods of reflowing the film without compromis-
ing the photosensitivity could be investigated. The Ce dopant is believed
to enhance photosensitivity in lead germanate and this would be another

avenue of further work to explore.

Using lead germanate as a capping layer is a possible route of further work

as described below.

10.4 Conclusions from Chapter 6

A versatile technique has been developed to efficiently and homogeneously

heat substrates using a raster scanned CO, laser. This device has been
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successfully utilised throughout the course of work presented in this the-
sis and so has also proven its practicality. The turn around time for de-
positions of crystalline films has been greatly reduced through two main
factors: 1) Homogenous heating enables substrate temperatures to be el-
evated rapidly without substrate fracture occurring. 2) Efficient heating
also prevents the chamber reaching temperatures too hot to touch, thus

requiring a lengthly wait between depositions.

10.4.1 Future work

More intelligent and faster methods of raster scanning may help to to min-
imise cycle time. This would enable a greater resolution of heated points
on the substrate and could in principle enable much higher levels of ho-

mogeneity in heating should this be required.

As mentioned earlier, efficient heating of rotating or moving substrates
could be possible with this technique allowing deposition of a more uni-

form thickness profile when growing crystalline films.

For growth of Ti:sapphire (for example) the dopant concentration in the
film is dependent on the temperature of the film during fabrication [3,4].
This heating technique could allow fabrication of a graded dopant level
along the waveguide width, allowing rapid characterisation of optimal

dopant levels.

10.5 Conclusions from Chapter 7

A generalised model for a five layer asymmetric waveguide was presented
in chapter 7. This model was first derived by Bonner [5], but this is the first
time that it has been numerically evaluated. The model has helped show
how the spatial mode profile changes with waveguide geometry. It also

demonstrates how the proportion of the spatial mode that interacts with
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the waveguide surface, changes with waveguide thickness.

10.6 Conclusions from Chapter 8

Conclusions drawn from this chapter are: 1) The effect of particulates is
detrimental to the lasing threshold of waveguide lasers and the threshold
is seen to increase as particulate density increases. 2) This detrimental

effect becomes less pronounced in thicker (~8um ) films.

10.6.1 Future work

Work is currently being undertaken to fabricate thick multilayer (up to five
layer) waveguide lasers. The performance of these devices will be tested at
thicknesses up to ~100pm . The high numerical aperture and high damage
threshold of these devices perfectly suit the requirements for high power

laser diode pumping by proximity coupling [5].

10.7 Conclusions from Chapter 9

It has been demonstrated that PLD is well suited to growing multilayer
active optical waveguide devices. A buried Nd:GGG waveguide laser has
been fabricated for the first time by PLD and lasing action was achieved at

a threshold of 14.8 mW of absorbed pump power.

Comparison of the lasing threshold to that of similar uncapped devices
demonstrates that the capped layer has a highly beneficial effect on the
lasing threshold when the particulate density in the film is high.
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10.7.1 Future work

As mentioned above, growth of thick, multilayer waveguide lasers is cur-

rently being investigated for high power devices.

It is also hoped that lead germanate, as grown in chapter 5, can be used
as a thin overlayer on a waveguide laser. In recent work presented by Pis-
sadakis [6] it has been shown that writing a relief grating in photosensitive
overlayers will also effect the excited mode in the active layer and act as
a Bragg reflector. Bragg reflectors in a waveguide lasers structure would
be beneficial for two reasons. It would enable production of Very narrow
linewidth lasers and it would also remove the necessity to glue or deposit
mirrors onto the end face of the waveguide. This would also eliminate
the stringent requirement for parallelism between the two end faces that

currently exists.

Fabrication of such a device could take two routes. Deposition of lead
germanate onto a higher index guide like Nd:GGG would maintain con-
finement of the mode and so would require strong index (relief) gratings.
Fortunately these gratings have been observed in lead germanate under
UV exposure as shown in chapter 5. The other route is to deposit onto
a lower index guide like Ti:sapphire. The higher index superstrate means
the mode interacts more strongly with the lead germanate layer (due to the
layer being thin, however, mode confinement is still maintained). There-
fore a relief grating may not be necessary and a Bragg grating could be
sufficient to reflect the waveguide mode. The disadvantage of the latter of
these two methods is that interaction with the lossy lead germanate layers

may cause unacceptable losses in the guide.

However, this is not a trivial project to undertake however and functioning

waveguide devices by this route are not to be expected imminently.
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