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Pulsed laser deposition (PLD) is a technique for depositing materials and PLD displays
versatility and high growth rates. It can be used to grow active single-crystal materials, which
can be used as planar waveguide lasers. During PLD, particulates can be embedded into the
growing film, which can reduce the planar waveguide lasers optical-to-optical efficiency and
degrade the physical characteristics of a grown film. The experiments presented in this thesis
focus on reducing the density of particulates in PLD-grown films and using this knowledge

to grow high quality, novel materials.

Three particulate reduction techniques were investigated including a shadow-mask,
segmented targets and bi-directional ablation. All of these techniques reduced the particulate
density and bi-directional ablation was implemented as the new standard ablation regime.
This novel technique increased target utilisation by 50%, target lifetime by 100% and
demonstrated an average particulate density reduction of 80%. As a direct result of bi-

directional ablation, films with losses down to 0.12 dB/cm were realised.

The versatility of PLD was exploited to tune the lattice constant of a mixed-sesquioxide film
to demonstrate a <0.1% lattice mismatch with sapphire. Waveguiding was realised for the
first time in a 3% Yb-doped sapphire waveguide, a material that is impossible to grow via
traditional crystal growth methods.

A Yb:LuAG laser with cladding layers was demonstrated, for the first time with PLD, with
output powers of 3.3 W. Using bi-directional ablation, an Er:YGG film was grown and 3.46
dB of gain was realised in a channel waveguide geometry. Previous attempts had not

achieved any such gain due to high losses.

The particulate reduction technique demonstrated in this thesis and the subsequent
exploitation, pave the way for PLD as a commercially viable technique for waveguide
fabrication. Without the drawback of high particulate densities, high quality optical devices

can be fabricated via PLD that would compete with other growth techniques.



“I hear the jury’s still out on science”

George Oscar Bluth Jr
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Chapter 1

Chapter 1  Introduction

1.1 Solid-state lasers

Solid state lasers are becoming increasingly important in laser manufacturing (Kannatey-
Asibu Jr, 2009), medical procedures such as eye surgery (Lubatchowski, 2007), laser printers
(Hu et al., 2008) and environmental instrumentation (Hering et al., 2013) to name but a few.
Single crystal materials are historically used as the gain medium, with the first laser
demonstrated in 1960 with ruby (Cr®*:Al,0s) (Maiman, 1960). Since this achievement,
countless numbers of single-crystal gain media have been created, with Nd-doped YAG
finding particular success, demonstrating the first room temperature, continuous wave laser
operation in 1964 (Geusic et al., 1964). Garnets and sesquioxides generally have an intrinsic
mechanical and chemical stability that enables them to handle high thermal loads, essential
for a high-power gain media. However, the growth of garnets and sesquioxides is difficult
via traditional melt techniques due to their high melting point, and it can take several weeks
to grow. The volume of material with a uniform concentration of dopant can also be low
(Lupei et al., 2004).

Techniques that avoid having to heat bulk material to the melting point are ceramic materials
and deposition growth techniques such as molecular beam epitaxy and pulsed laser
deposition (PLD). Ceramic laser materials consist of tightly packed, randomly orientated
crystallites and are generally fabricated by pressing at high pressures and sintering at high
temperatures. The quality of these materials has dramatically increased in recent years and
can be used to tailor the size, shape and dopant distribution of the ceramic (Ikesue and Aung,
2008). An example of this is a Yb:YAG ceramic laser system, DiPOLE, which is capable of
10 J of pulse energy with pulse width from 2 ns to 10 ns (Banerjee et al., 2015).

Deposition techniques can grow garnets and sesquioxides to be single-crystal and with an
extremely high dopant concentration. In this case, single crystal is taken to mean only one
orientation of a specific crystal phase is observed. However, it is noted that no crystal will
ever be perfectly single crystal, with even the most perfect crystals containing defects
(Prokopenko et al., 2000). Deposition techniques create films on substrates that can be used
as a planar waveguide. This architecture, unlike bulk crystal, confines the propagating light

in one dimension and can be designed to have diffraction limited outputs.
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The physical requirements of the deposition material, doping concentration, dimensions and
film thickness will all depend on the desired application. For example, the doping
concentration will depend on the dopant properties and the desired gain needed from the
device. However, the thickness will need to be larger than the minimum spot size of the

pump radiation. In this thesis, lasing waveguides need to be at least 8 um.

The single largest challenge with deposition techniques for planar waveguide fabrication is
achieving a high quality, low propagation loss crystals. This is the focus of this thesis, which
explores several ways in which the PLD technique could be improved to provide higher
quality, lower defect films. A novel technique is presented which provides a relatively
simple, cheap to implement technique to improve film quality. This technique will now be
utilised in the PLD technique at the university of Southampton for the foreseeable future.

1.2  Creation of solid-state devices with pulsed laser deposition

Pulsed laser deposition is a versatile epitaxial growth method used for depositing thin films
onto a surface. Pulses of laser light, predominantly in the UV range, are focussed onto a
target consisting of the material to be deposited. The irradiated target material is rapidly
heated, leading to ablation and the ejection of material. This material forms a plume which
expands away from the target and is deposited onto a substrate. Over numerous iterations a
film is formed which can be as thin as a single unit cell. The crystallinity and orientation of
the film will depend on the substrate and whether it is heated. PLD can produce single-crystal

epitaxial films assuming the correct growth parameters.

PLD compares favourably to other techniques, with a fast growth rate (up to 25 pum/hr) and
the ability to grow complex compositions. The setup of a PLD system is relatively simple
and inexpensive, and with a high number of controllable growth parameters, precise control
over the films properties is possible. PLD does however have drawbacks, in particular, the
creation and subsequent deposition of particulates, which can drastically reduce the quality

of the films grown by PLD.

The first basic deposition of films using a setup akin to PLD was reported in 1965 (Smith
and Turner, 1965). However, in the 1970s there was a significant step forward in the field of
lasers with relatively low cost Q-switching and second harmonic generation available. This
allowed easy access to nanosecond pulses at short wavelengths and was exploited in the
1980s, with PLD-grown high temperature superconducting films (Chiba et al., 1991). This
breakthrough and more affordable laser systems led to a surge in PLD research.

2



Chapter 1

In the late 1980s, the first garnet type material grown by PLD was demonstrated with YIG
(yttrium iron garnet) (Kidoh et al., 1991) followed by the first PLD-grown laser (Gill et al.,
1996). Subsequently, various materials have been demonstrated with a wide range of
applications, including photonics (Chapter 2). Currently, PLD is an established technique
for the growth of materials for novel devices. However, it has not managed to find significant
commercial success despite a few companies making superconductive tape. In the case of
optical waveguides, this is most likely due to the prevalence of particulates in the deposited

film, cost related difficulties and struggles in scale-up to commercial outputs.

Within the PLD group at Southampton, the benefits of the PLD have been thoroughly
explored for waveguides, with examples of controlling the stoichiometry (Darby et al.,
2008), refractive index (Gazia et al., 2008) and strain (May-Smith et al., 2011). These
techniques, along with the development of a multi-target PLD system (Eason et al., 2009),
have demonstrated the promise of the PLD technique with the growth of clad waveguides

(May-Smith et al., 2007) and superlattices for use as crystal mirrors (Sloyan et al., 2010).

All these aforementioned applications would be vastly improved if the particulate density
was decreased, increasing efficiencies and output power in laser devices and increasing
reflectivity and damage thresholds in crystal mirrors. The experiments in this thesis were
designed to reduce the particulate density to enable the growth of high-quality thick films.
The films described in this thesis were explored as potential laser devices, however the

methods developed here will have a large impact on other applications explored in the future.

1.3 Structure of this thesis

In Chapter 2, details of the theory used in this project are presented, with PLD, waveguide
and lasing theory presented. The materials and architectures of interest in this project will be
described in Chapter 3, along with the crystal films grown using PLD in this project.
Alternative deposition techniques and their relative advantages and disadvantages will be
compared to PLD, providing some context to the results detailed in this thesis. Chapter 4
will explore the methodology of this project, including the PLD schematics and the
characterisation techniques. Chapter 5 describes the attempts at resolving the particulate
issue in the PLD method and chapters 6-8 detail the growth of different materials and their
applications. Chapter 9 summarises the thesis and discusses the possible future directions

for this research.
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1.5

Summary of achievements

Design and implementation of bi-directional ablation (BDA) as a particulate
reduction technique, realising an 80% reduction in the density of scattering points in
the film.

Demonstrating control of the lattice constant by creating a lutetium scandium oxide
film lattice matched to sapphire with a mismatch of <0.1%.

Achieving internal gain for the first time to our knowledge in a PLD-grown Er:YGG
(Er-doped yttrium gallium garnet) planar waveguide amplifier with 3.46 dB gain.
Realising losses down to 0.12 dB/cm with YGG channel waveguides
Demonstration of lasing in a Yb-doped lutetium aluminium garnet (Yb:LUAG)
multilayer waveguide with 3.3 W output power and 20% efficiency, the first
demonstration of lasing in a PLD-grown LUAG waveguide.

First demonstration of waveguiding in a Yb-doped sapphire film

List of publications
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Chapter 2 Theory

2.1 Introduction

In this chapter, the theoretical concepts behind PLD and planar waveguides are introduced.
Much of the theory behind PLD is qualitative, however experimental values are included
when helpful. Initially, the processes involved in PLD are presented, including ablation,
plume formation and propagation and crystal growth. Following this, theory about planar
waveguides and their lasing applications are described. This chapter should provide context

for understanding the background, experimental setup and the results chapters.

2.2 PLD theory

PLD has proven challenging in terms of developing a theoretical model of the entire process
due to the high number of interdependent variables. Attempts have been made to look at
specific parts of the process, for example the ablation process (Zhigilei et al., 1997), but no
complete qualitative model has yet been published. This section provides an overview of
each of the mechanisms involved in successful pulsed laser deposition and bring them into

context with the growth of single-crystal, defect free films.

2.2.1 Ablation

A basic schematic of how a laser pulse can ablate a surface and form a plume of material is
demonstrated in Figure 2.1. There are several processes that contribute to varying degrees to

ablation and these are categorised as follows:

22.1.1 Electronic induced ablation

This ablation process is dominant at pulse lengths of around 10 s (Perriére et al., 2002)
(e.g. femtosecond PLD). In this process, simultaneous absorption of multiple photons causes
atoms to be ionised directly from the laser beam, and therefore there is no energy transfer to
the lattice. The free electron can then ionise other atoms by interacting with bound electrons,
causing an exponential increase in ionisation or “avalanche ionisation” (Murray et al., 2013)

a non-linear absorption process. The removal of material occurs by Coulomb explosion: as
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electrons escape, positive charge builds up on the surface resulting in a release of energetic

ions.

(a) (b)
Laser beam
/ Ablation spot

Target

Plume
formation

(c) (d)

Target
damage

Figure 2.1. Diagram of ablation process. (a) the laser pulse is absorbed by the target, (b) the target

melts and evaporates creating a plume, (c) the plume is dense enough to absorb some
of the laser light and the constituents ionise, (d) laser pulse has ended, the plume

expands and cools, the target re-solidifies with an irregular/damaged surface profile.

2212 Thermally induced ablation

Thermally induced ablation generally occurs when the length of the ablation laser pulse is
on the order of nanoseconds. Electronic ablation does occur but is not significant in terms of
the whole pulse (Ashfold et al., 2004). Free electrons, initially generated by multi-photon
absorption, are accelerated by the ongoing laser pulse. The target material is then heated by
electron-phonon interactions that cause melting and then evaporation, forming a plume of
material. In some cases, such as binary ceramic targets, it is the melting and solidifying that
causes a relief structure to be formed on the target’s surface. For thermally induced ablation
to occur, heat must not be transferred away from the target’s surface quicker than it is
absorbed. This means the thermal diffusion length must be shorter than the absorption length.
This is illustrated in equation 3.1 and 3.2 (Cheung, 1993). In equation 3.1, L4 is the diffusion
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length, D and t are the thermal diffusivity and pulse duration. In equation 3.2, L, is the
absorption length and o is the absorption coefficient.

Ly =2VD.T (3.1
1
La = ; (32)
From these equations, to achieve Lq < L, short pulse widths and materials with low thermal
diffusivity are ideal. In most materials, short wavelengths of light have short absorption

depths. Consequently, frequently in PLD UV lasers with ns pulse width are used for the
ablation of materials.

2.2.1.3 Collisional ablation

Inside the plume created by ablation, there are numerous collisions expanding the plume and
creating segregated plume dynamics for the constituent elements (discussed further in 2.2.2)
(Harilal et al., 2014). As a consequence, ejected ions can be scattered back towards the target
with high energy. This can cause sputtering of the target surface over areas that are larger
than the ablation spot (Ashfold et al., 2004), however the sputtered elements are likely to be

a small contribution when compared to elements ablated directly from the ablation beam.

2.2.2 Plume dynamics and propagation

2.2.2.1 Plume ionisation

The Saha equation (equation 3.3) (Eason, 2007) can be used to estimate the ratio between
charged ions and neutral atoms in a gas at thermal equilibrium. Although there will be
temperature gradients in the plume, for this purpose, however, it can be assumed it is in
thermal equilibrium. The symbols and their definition in equation 3.3 are presented in Table
2.1. From this equation, it can be seen that the fraction of ions in the plume will not reach a
significant level until U; is much larger than kT. However, the fraction of ions will increase
exponentially after this condition is met and a plasma plume will be formed. The temperature
of the plume will increase until the laser pulse stops as it absorbs the pulse via inverse
bremsstrahlung absorption (Lenk et al., 1997). The value of the first ionisation potential are
typically ~10 eV, which means ionisation densities of >10® cm™ or temperatures of 6000 K
are needed for a 10% ionisation fraction (Geohegan, 1994). This is considered unreasonable

for typical ablation fluence values of <10 Jem2 (Willmott and Huber, 2000) and when only

11
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considering thermal effects. However, other processes such as laser hotspots, impurities and
the plume absorbing the ablation beam will result in higher ionisation densities (Willmott
and Huber, 2000).

3

n; T2 _U;
— =24 x10° —e T (3.3)

np n;

Table 2.1. Definitions of the symbols used in equation 3.3.

Symbol Definition
Ni lon density (cm™)
Nn Neutral density (cm)
T Temperature (K)
Ui First ionisation potential (eV)
k Boltzmann’s constant
2.2.2.2 Plume expansion

The plume will expand away from the target and the manner in which it will expand depends
on the background pressure, the size of the constituent ions and the size of the ablation spot.
All of these conditions are interdependent, for example, the size of the ablation spot will be

less significant at high background pressures (Ojeda et al., 2015).

As the background pressure is increased the mean free path of the plume constituents will
decrease, consequently, the ability of the plume to expand into this space is negated (Figure
2.2 (a) and (b)). This will confine the plume and decrease the velocity of the plume
constituents. The effect of this when depositing onto a central 10x10 mm substrate is that, at

high pressures (10 — 10"t mbar), there is more material deposition.

The expansion is also affected by the size of the constituent ions and atoms (Figure 2.2 (c)
and (d)). Ablated elements that have a smaller mass number (Z) will create a larger plume
than that created by an element with a larger mass number. The distribution of plume
constituents will follow a cos" 6 distribution with 7 < n < 20, where the value of n will
depend on the ablation fluence and background pressure. The distribution of particulates is
more directional (due to particulates being ballistic). This is particularly relevant when
growing complex materials with more than one element with the resulting deposited film not
being the same stoichiometry as the target. When growing a binary oxide, oxygen can be
used as a background gas to compensate for any potential oxygen loss. However, ternary
oxides, such as YAG, will lose more aluminium in the transfer from target to substrate than

yttrium. This can be compensated for by deliberately creating targets with more aluminium
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than stoichiometric YAG. The same principle can be used for other materials grown via
PLD.

(a) Low background (b) High background
pressurc pressure

o
3

(c) Light constituents (d) Heavy constituents

o

() Small spot size (f) Large spot size

e

Figure 2.2. Diagram depicting the effect on the plume expansion for (a) and (b) background pressure,

(c) and (d) constituent size (e) and (f) spot size.

Depending on the background pressure, the ablation spot will also have an impact on the
size and shape of the plume (Figure 2.2 (e) and (f)). In this thesis, the ablation spot is
rectangular, creating an elliptical shaped plume. The change in plume dynamics due to the
spot size is called the “flip over effect”, so called since a small ablation spot will result in a
larger plume than a large ablation spot. This is due to a small spot creating a plume with
higher pressure gradients, increasing the velocity of the plume constituents in the directions
perpendicular to the target face (Ojeda et al., 2015). Thus a large spot size is preferable for
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creating a less expansive plume and hence increase the growth rate. However, this needs to
be balanced with the available pulse energy, since a larger spot size will require more energy

to create the same ablation fluence.

All these effects are interconnected and will have an impact on the plume expansion and the
deposited film characteristics. Consequently, the optimisation of the growth parameters is of

critical importance for each individual material.

2.2.2.3 Velocity of the plume

A typical PLD-induced plasma plume will consist of electrons, ions, atoms and particles,
which will all have different masses and therefore, given the same energy, different
velocities. Electrons will have the highest velocities, but cannot escape the plasma due to the
space-charge field generated by their movement away from the ions (Sloyan, 2012). The
ions and atoms will have an average velocity of ~1 x 10* ms~1 (Chibaet al., 1991) and the
particulates will have a velocity distribution of ~1 —2 x 102 ms~! (Dupendant et al.,
1990). These velocities will be similar regardless of material and laser fluence. However,
the background pressure will have an impact, with the mean free path of atoms decreasing
with increase background pressures. Therefore, as the pressure is increased the number of
ablated atoms reaching the substrate will decrease, balanced by the flip over effect discussed

in the previous section.

The velocity contrast between particulate and non-particulate species has been exploited by
introducing a velocity filter between the target and substrate and this will be discussed further

in section 2.2.5.

2.2.3 Crystal growth

2.2.3.1 Growth mechanisms

The growth of crystalline materials has been widely researched with the mechanisms
involved of growth via melt and deposition being established. The mechanisms of growth
via PLD can be altered by changing the growth parameters such as heating the substrate and
changing the ablation fluence. By increasing the substrate heating power, the adatoms
(surface atoms) can have the energy to move around the surface to find the most energetically
favourable position, whereas not heating the substrate will generally result in the growth of

an amorphous film (Kumar et al., 2008). However, heating can result in the desorption of
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more volatile materials, such as lithium (Kim et al., 2013), changing the stoichiometry of
the growing film.

The deposition of materials can result in three basic modes of growth (Aziz, 2008; Venables
and Spiller, 1983):

e Two-dimensional monolayers (Frank-van der Merwe) growth in which the adatoms
are more strongly attracted to the surface material than other adatoms.

e Growth as islands or clusters (Volmer-Weber) where the adatoms are more strongly
attracted to each other than the surface.

e A mix of island growth and monolayer growth (Stranski-Krastinov) where the

adatoms will bond with other adatoms or the surface.

These mechanisms of growth are a basic model and reports are prevalent of growths that will
switch modes of growths part way through the deposition (Sun et al., 1996). This can occur

as the physical properties of the surface change during the growth process.

2.2.3.2 Defects

All crystals will have defects in the lattice regardless of the growth technique. Below is a list

of common defects that can be found in crystalline materials:

e Point defects — individual atoms missing or in the wrong position in the lattice, for
example, vacancies, substitutions or interstitials (an atom where no atom would
usually be found). Indiffusion techniques would not be functional without vacancies
in the crystal lattice (Tan et al., 1991).

e Line defects — groups of atoms in the incorrect position.

e Planar defects — regions of different materials, forming an interface between the two.

Defects will change the film’s physical characteristics, such as the thermal conductivity (Li
et al., 1998) and refractive index (Kostritskii and Sevostyanov, 1997).

2.2.3.3 Lattice mismatch

The most energetically favourable growth for deposited material to grow is epitaxial. This
can be achieved through various mechanisms, shown in Figure 2.3. An example of quasi-
lattice matching (Figure 2.3 (b)) is the growth of cubic sesquioxides onto hexagonal sapphire

(Bér et al., 2003). It is not always possible to get a perfect lattice match through these
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mechanisms however, and a lattice mismatch of up to 9% (depending on growth process)
can be accommodated through a combination of film stresses (Figure 2.4 (a)) and edge
dislocations (Figure 2.4 (b)) (Ohring, 2001).

() (b) (c)
Lattice Quasi-lattice  Harmonic-lattice
Match match match

Figure 2.3. Lattice matching mechanisms with (a) a perfect lattice match, (b) quasi-lattice match and
(c) harmonic lattice match

= (a) |

Film
Stress

Dislocations

Figure 2.4. Effects of lattice mismatch on films creating () stress in the film and/or (b) dislocations
in the lattice

Although lattice mismatch at room temperature is important, the thermal expansion contrast
between the substrate and deposited material must be considered. If a material is deposited
onto a substrate that is heated, the film may grow epitaxially. However, when the substrate
Is subsequently cooled, the film and substrate may contract at different rates, resulting in

different room-temperature lattice constants, causing stress and potentially cracking.
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With PLD, it has been shown that the ablation fluence can be used to control the stress of
the film, purposely putting the growing film under stress so that when it is cooled, stress is
negated (May-Smith et al., 2011).

2.24 Target damage

As already mentioned, when a material is ablated the surface of the material is modified both
in surface topography and stoichiometry. Depending on the structure of the target, the
structure can be left as cones or waves commonly labelled as LIPSS (laser induced periodic
surface structure). The structural change will alter the effective ablation fluence, by
increasing the surface area of the target and relative angle of incidence between the ablation
laser and the surface. These structural changes will be noticeable in bulk crystal as well as
ceramic targets (targets created by mixing pm-sized powders and pressing them into a
ceramic disk, will be discussed in section 4.2.4). In this thesis, only ablation using ceramic

targets is discussed.

The creation of a wave-like structure is suggested to form due to the Kelvin-Helmholtz
instability (Ang et al., 1998) and Marangoni flow (Lippert et al., 1993). Kelvin-Helmholtz
instability occurs due to a velocity difference between two fluids. In this case, the fluids
would be the molten target surface and the plasma plume, functioning in the same way as
the wind creates waves in the ocean. Marangoni flow occurs when there is difference in
surface tension between two liquids, causing a surface tension gradient where a liquid will
naturally flow towards the area of high surface tension. In our experience the creation of
wave-like structures occurs exclusively on binary targets, i.e. targets created with one
material. This is demonstrated in Figure 2.5 (a) with an SEM image of an Al>O3 target after

600,000 pulses and wave-like structures with a period of ~2 um can be seen on the surface.
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Figure 2.5. SEM images of an (a) Al203 target ablated by 600,000 pulses and (b) a mixed Y203 +
Ga203 target ablated by 72,000 pulses

Cone-like structures form when different regions of the target surface have different ablation
thresholds. Consequently, the material with a higher ablation threshold is removed at a
slower rate, forming differential heights, and eventually forming cones, that point towards
the laser beam (Ashfold et al., 2004). These cones will become progressively larger with
increasing numbers of laser pulses, leading to an increase in the effective surface area and a
lower ablation fluence. The change in fluence will affect the ablation characteristics and
consequently the growth rate and stoichiometry of the film. Potential exfoliation of the cones
from the target’s surface and subsequent deposition into the film is one mechanism for

particulate generation.

The different ablation thresholds required for cone growth can be due to irregularities or
impurities in the target but is more commonly due to the use of a ternary ceramic target.

Since the ceramic targets are created through a mix of powders of finite size, the resulting
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target will not be atomically mixed. Therefore, there will be regions of each separate material
on the target’s surface, creating the conditions for cone formation, as seen with a YGG target
in Figure 2.5 (b).

In this thesis, I explore the formations of cones and hypothesise whether preventing the cones

from forming will result in grown films having a lower particulate density.

2.25 Particulates

Particulate formation and subsequent deposition into a growing film is a common feature of
PLD-grown films. A high density of particulates in films has been shown to reduce the
thermal conductivity, alter the local refractive index and seed polycrystalline growth (Eason,
2007). When using a PLD-grown film as a planar waveguide, particulates will also increase
the scattering of propagating light, consequently increasing the loss of the waveguide
(Barrington et al., 2000). As this is such a crucial factor in PLD-grown films, many attempts
have been made to define how particulates are created and methods to prevent their creation.

The state-of-the-art research in this area will be discussed in the next two sub-sections.

2.25.1 Particulate formation

There are three main mechanisms that have been suggested as potential formation

mechanisms for particulates in the PLD-process (Gorbunoff, 2002):

e Splashing —a molten surface material is ablated, causing liquid material to be ejected
and deposited
e Condensation of material in the plume

e Exfoliation of material directly from the target’s surface

Of these, for ns ablation pulses, condensation and exfoliation are considered as the main
particulate mechanisms. Splashing is considered a mechanism for high repetition rate

ablation (kHz) in which the surface has no time to cool between subsequent pulses.

Condensation can be controlled by optimisation of the growth parameters, i.e. moving the
substrate closer to the target to reduce the possibility of condensation (although any change
in growth parameters will have a knock-on effect). However, exfoliation cannot necessarily

be controlled by growth parameters, especially if it is a target surface structure issue.
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2.2.5.2 Particulate reduction techniques

Numerous particulate reduction techniques have been explored for application in the PLD
process. The methods can be split into two categories, either an active technique, stopping
the particulates from being deposited or passive, preventing particulates from being formed.
Many of the active techniques exploit the size difference of the particulates and desirable
atoms/ions, meaning, a plume of atoms/ions will expand to fill space behind an obstacle
whereas particulates can be assumed to be ballistic. As discussed above, there will also be a
substantial velocity difference between the atoms/ions and particulates. A selection of
particulate reduction techniques is listed and briefly described in Table 2.2. In this thesis, the
particulate reduction techniques of a shadow-mask, growth optimisation, uni-directional
ablation (UDA) and target reconditioning are used and the new particulate reduction

techniques, segmented targets and bi-directional ablation (BDA), are introduced.
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Table 2.2. Examples of particulate reduction techniques via PLD with a categorisation and

description

Technique Category Description

A time delayed jet of gas or spinning blade exploits the
velocity difference between the atoms/ions and the
particulates and alters their trajectory, preventing their
deposition onto the growing film (Barrington et al., 2000).
Two or more ablation plumes are directed across one
another, so they miss the substrate. Collisions in the plume

Velocity Filter | Active

Cross beam Active | will divert the atoms and ions onto the substrate whereas
the less dense ballistic particulates will not (Strikovsky et
al., 1993).

A stainless-steel mesh with um sized grid spacing is placed
between the target and substrate. The atoms and ions will
be able to pass but the particulates will be blocked (Chen et
al., 2006).
A small slab of material is placed directly in the centre of
the plume, blocking particulates and ions/atoms (Fominski
et al., 2012). The atom/ion plume that misses the shadow
mask will expand into the space created behind the shadow
mask and deposit onto the substrate (discussed further in
5.2)
The film is grown on the side of the substrate facing away
from the target and the plume (Szorényi et al., 2004).
Particulates will not be diverted onto the back surface, but
atoms and ions will be. Growths detailed in this thesis
typically had 40 nm of growth on the back surface for every
1 pum of growth on the front surface.
Two misaligned slits are placed between the target and the
substrate meaning particulates are blocked by either the
Double slit Active | first barrier or the second. However, some of the atoms and
ions in the plume will make it through both slits onto the
substrate (Hino et al., 2003).
By altering the ablation fluence, substrate temperature,
Growth Passive background gas pressure and species, target-substrate
optimisation distance and ablation laser repetition rate the particulate
density in the film can be reduced (Kilburger et al., 2007).
Moving a disc target in epitrochoidal motion, more of the
face is utilised, reducing the speed of formation of target
Passive | surface-structure (Darby, 2009). This reduces the density of

Flux screening Active

Shadow mask Active

Inverse PLD Active

Uni-directional

ablation particulates in the film and will be discussed further in
section 5.4.
A technique in which the face of a disc target is lapped and
Target . re-polished after a certain number of ablation pulses to
S Passive
reconditioning remove any surface structure that has formed (Sloyan,

2012).
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2.2.6 Thick film growth

The growth of thick films (> 10 um) is required for the utilisation of the films as planar
waveguide lasers. However, thick film growth has several challenges that are not
encountered with thin film growth (< 2 um). One issue that has been touched on in previous
sections is the higher density of particulates that comes with the extended use of one target.
The growth of 10 um-thick films takes hundreds of thousands of ablation pulses and depends
on the growth material and ablation fluence. This number of pulses will create significant
target surface-structure, which, as described in section 2.2.4, will increase the density of
particulates in the growing film. To counteract this issue, the formation of target
surface-structure will need to be mitigated, or the ablation pulse density per unit area of the

target be reduced (i.e. increase the area of target utilised for ablation).

Another issue observed in this project is that when growing thick films there can change
from growing epitaxially to growing textured. In some cases, the film will initially grow
epitaxially and then as it is grown thicker, it will grow polycrystalline. It has been suggested
that this is due to the change in interaction energy between the surface and the adatoms
(Kaiser, 2002). Initially, the films are grown onto a polished substrate surface, however
subsequently to this, material is deposited onto a rougher surface of different material
(Kaiser, 2002). Microscopic impurities will also aid in the growth of polycrystalline films
(Granasy et al., 2004). This suggests that cleanliness of the growth environment, substrate
and deposition material is key for the removal of impurities. Also, the optimisation of thick-
film growths is key, to find the substrate temperature that encourages epitaxial growth on

the proceeding layers of deposited crystal.

2.3  Waveguide theory

A waveguide confines light in one or more spatial dimensions while light can propagate in
another dimension. This will generally consist of a region of high refractive index
surrounded by a low refractive index material. A common example of this is an optical fibre,
however in this thesis the symmetrical and asymmetric planar waveguide and the channel
waveguide geometry is used, with diagrams of each shown in Figure 2.6. The basic theory

of these geometries is detailed in this section.
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(b)
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Figure 2.6. Diagrams of different waveguide geometries with (a) symmetrical planar waveguide,

n, # n,

(b) asymmetric planar waveguide and (c) ridge channel waveguide.

If the refractive index of the core in the geometries shown in Figure 2.6 is higher than the
outer layers, the light will be guided due to TIR (total internal reflection). Snell’s law
provides the critical angle (6c) for waveguiding to occur (equation 3.4) and the maximum
acceptance angle (bmax) is given in equation 3.5. In equation 3.4 and 3.5, n1 and n is the
cladding refractive index and core refractive index respectively. no is the refractive index of
the surrounding medium and NA is the numerical aperture (Snyder and Love, 2012).

0, = sin™? (E) (3.4)

n;

NoSiNBpgy = ’n% —n? =NA (3.5)

The propagation of light in a waveguide can create a set of spatially stable electromagnetic
fields known as modes which vary only by a phase factor. Modes are predicted through
solutions in the wave equation (equation 3.6). For symmetric waveguides, the number of
modes can be predicted using equation 3.7, where M is the number of modes, d is the
thickness of the waveguide and A is the wavelength of light propagating in the medium.

O0E
VZE — UE (E) =0 (36)
2d
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From equation 3.7, the number of modes increases directly with an increase in thickness and
numerical aperture (refractive index contrast). This makes thick-films with a high index
contrast films multimode in laser operation. A fundamental mode is highly desirable for
high-power laser applications, as this represents a diffraction limited beam. Therefore,
multimode operation is avoided by careful choice of the core thickness, the numerical
aperture and the overall waveguide dimensions (Mackenzie, 2007).

2.3.1 Fresnel reflection

When light interacts with the facet of a waveguide, whether entering or leaving, a proportion
of that light will be reflected. This can be detrimental to the waveguide lasers performance
by reducing the proportion of pump power entering the waveguide, and it can be useful
providing feedback by reflecting unabsorbed pump light back into the waveguide or acting

as a cavity mirror for a laser.

In the case where the pump light is coupled in normal to the waveguide, which will be in
most cases, the proportion of power reflected (R) is defined in equation 3.8. Here, niand n
are the refractive index values for the initial material and the subsequent material

respectively.

ny —ny |2

3.8
ny +n, ( )

2.4 Lasing waveguides

The word “laser” is an acronym for light amplification by stimulated emission of radiation.
The process of a laser involves pumping a material, called the gain medium, with either
electricity of light from either another laser, or a flashlight. The energy from this pump
source is absorbed into the material causing electrons to increase in energy to a discrete
upper energy level. If more than half of these electrons are in the upper energy level
compared to the lower energy level, this is called population inversion, and is required for
lasing. The electrons will eventually fall back to the lower energy level through spontaneous
emission, however, if a photon passes with the right energy, the electron will fall back to the
lower energy level while emitting a photon with the same energy (wavelength) and coherent
to the passing photon. Therefore, there are two coherent photons creating amplification.
These two photons can then stimulate other electrons, creating more photons. This is how a

laser is created and how it emits a coherent beam of light.
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The exact properties of the laser will depend on the pump radiation, the gain material and
the surrounding environment. In this section, the theory of three-level, four-level and planar

waveguide lasers is discussed. The material variations is discussed in Chapter 3.

24.1 Three-level lasers

Three-levels lasers consist of the most basic laser geometry with two possible energy level

schemes seen in Figure 2.7.

Figure 2.7 (a) shows a three-level laser using the ground level as the lower lasing level. In
this scheme the pump radiation is absorbed by electrons in the ground level and excited to
the pump level. The electrons then undertake rapid non-radiative decay to a metastable upper
laser level. If this level has a long lifetime, population inversion compared to the lower laser
level can occur. This scheme of three-level laser requires high pump powers since the lower
lasing level is the ground state and therefore highly populated, meaning population inversion
between the upper and lower lasing levels is difficult to achieve. As the population of the
upper lasing level is increased to above 50%, lasing will begin, rapidly refilling the ground
level with electrons and therefore stopping population inversion, creating a short laser pulse.
This can lend itself to pulsed lasers since continuous population inversion is challenging.

Figure 2.7 (b) shows an energy diagram of a three-level laser system that uses the pump level
as the upper laser level. In this scheme, the pump radiation is absorbed when electrons are
promoted into a metastable energy level. Radiative decay into the lower laser level can occur
due to spontaneous or stimulated emission. The lower laser level will generally have a short
lifetime, allowing rapid non-radiative decay into the ground level. Population inversion in
this scheme is easier than that seen in Figure 2.7 (a) since, at room temperature, the lower

laser level has a relatively low population.

Quasi-three level lasers exploit Stark splitting of energy levels. This means that either the
pump level and the upper lasing level or the lower laser level and ground level are in the
same manifold (group of sub-levels). In the latter case, reabsorption of the laser wavelength
becomes a saturable loss, since the population of the lower lasing level is likely to be
significant, becoming more significant with rising temperatures. This can be compensated

for with efficient cooling of the lasing device.
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Figure 2.7. Energy level diagrams of two different schemes available for a three-level laser with (a)
showing the ground state also being the ground level and (b) the pump level also being

the upper laser level.

24.2 Four-level lasers

An energy level diagram of a four-level laser is presented in Figure 2.8 (a). In this scheme,
the pump radiation is absorbed by electrons, transitioning them into the pump level. From
here, they undergo a rapid non-radiative decay to the upper laser level. The electrons then
transition to the lower laser level from spontaneous or stimulated emission. Then through

another rapid non-radiative decay they transition back to the ground level.
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Figure 2.8. (a) Energy level diagram of a four-level laser system and (b) (c) (d) schematic of possible

quasi-four level systems.

Four-level laser schemes generally have low population levels in the lower laser energy
level. This means population inversion is relatively easily achieved assuming the lifetime of
the upper laser level is higher than the lower laser level. Energy diagrams of quasi-four level
lasers are presented in Figure 2.8 (b) (c) and (d). The same disadvantages of having multiple
lasing levels in the same manifold apply to quasi four level lasers as they do for quasi-three
level lasers. Ytterbium-doped gain media, discussed in section 3.2.1.1, is an example of a

quasi-four level laser.

2.4.3 Waveguide lasers

Lasers in a planar waveguide geometry have several advantages over their bulk crystal
counterparts. The advantages are as follows (Snyder and Love, 2012; Shepherd et al.,
2001):
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e Lower lasing thresholds — due to the spatial overlap between the pump and laser
beams, the theoretical lasing thresholds of waveguides are lower than bulk. This
effect becomes more significant the more confined the light is, i.e. channel
waveguides have much lower thresholds. This advantage can only be exploited with
low-loss waveguides.

e Potential higher slope efficiencies — there is greater spatial overlap between the
pump and the laser beams due to the dimensional confinement allowing higher gain
values in comparison to overall losses.

e Efficient cooling — due to the higher surface area to volume ratio, cooling in a
waveguide geometry can be achieved with greater efficiency. Consequently, higher
pump powers can be used without significant thermal effects allowing power-
scalable compact devices to be created.

¢ Single-mode output - clad waveguides can produce lasing in the fundamental mode
with careful selection of the core and cladding layers thicknesses.

e Integrated optics — there is potential to integrate waveguides in an on-chip optical

circuit.

To exploit these advantages for low threshold, high-power waveguides the propagation loss
needs to be small in comparison to the potential gain. Planar waveguides grown via PLD
have typically demonstrated significant scattering losses reducing the efficiencies of these
lasers, making it imperative to improve the crystal quality if the commercial application of

PLD for waveguide lasers is to become feasible.

2.5 Conclusions

In this chapter an overview of the theory behind PLD and the effect of the different process
parameters on the growing film was described. The problems with the formation of
particulates with focus on the exfoliation from the target surface structure was explored with
a description of previous methods of reducing the particulate density in the growing film.
Finally, details of waveguide and laser theory were given. This chapter gives context to the
experiments described in this thesis and the theoretical basis from which decisions about

experimental directions were made.
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Chapter 3 Background

3.1 Introduction

This chapter introduces the materials of interest in this thesis. It aims to provide context and
the motivations for the experiments described in the results chapters. The state-of-the-art in
PLD is presented for each material and competing deposition techniques described and

compared to PLD.

3.2 Materials

In the following sections, the materials utilised in this project is described and put into
context with PLD and/or other growth methods. This begins with trivalent rare-earth (RE)

dopants and then details the host materials and the effect of doping on the host materials.

3.2.1 Rare-earth dopants

RE-doped laser crystals, ceramics and glasses are a huge commercial success and used in
high-power laser and amplifier systems in industry and research marketplaces.

The RE elements include all the lanthanides excluding promethium (which is radioactive)
but including scandium and yttrium. The RE ions used for doping are nearly always trivalent
(having had three electrons removed), however divalent RE doping has been used in
cryogenic operation (Bachmann et al., 2006). The RE-ions generally replace other ions of
similar size, for example in Yb:YAG (Yb-doped yttrium aluminium garnet), the ytterbium

will replace the yttrium.

The electronic transitions in trivalent RE-ions will occur in the 4f shell, which is shielded by
the optically passive outer 6s shell. This mitigates the influence of the host lattice on the
bandwidths, wavelengths and cross-sections of the optical transitions. The most frequently
used RE ions for laser active materials and their commonly used host material is seen in
Table 3.1. Other RE ions, such as yttrium and gadolinium are not commonly used for laser

media, but can be used as a co-dopant, for example to quench certain energy levels.
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Table 3.1. List of trivalent RE-dopants and their corresponding commonly used host media and

important emission wavelengths (Weber, 2018) (Kalisky, 2004)

RE ion (trivalent) = Host media Emission wavelengths (um)
Ytterbium YAG, tungstates, silica ' 1.0-1.1

Neodymium YAG, silica, fluorides ' 1.03-1.1, 0.9-0.95, 1.32-1.35
Erbium YAG, silica 1.5-1.6,2.7,0.55

Holmium YAG, fluorides, silica | 2.1, 2.8-2.9

Cerium fluorides 0.28-0.33

Thulium YAG, silica, glasses 1.7-2.1,1.45-1.53, 0.48, 0.8
Praseodymium Silica, glasses 1.3,0.635, 0.6, 0.52, 0.49

RE-doped gain media all operate on pump and laser transitions that are dubbed “weakly
allowed transitions”. For this reason, the upper-state lifetimes can be long, reaching
milliseconds. This allows large amounts of energy to be stored, making high-energy pulse

generation with Q-switching a possibility.

In this thesis, the main RE-ions used are ytterbium, erbium and neodymium. Therefore, the
following three sections will focus on these and describe their relative optical characteristics

and the benefits/drawbacks this brings.

3211 Trivalent ytterbium (Yb®)

Ytterbium is a commonly used dopant material and brings with it a wide range of benefits.
The energy level diagram of Yb3* is presented in Figure 3.1 (DeLoach et al., 1993) and the
pump and laser transitions for Yb:YAG are labelled. Here, a simple electronic level structure
with one excited state manifold and a ground-state manifold is shown. The quantum defect,
defined as the difference between the pump wavelength and the lasing wavelength, for
ytterbium is particularly small compared to other RE ions. This will allow for high power
efficiencies and reduces thermal effects which arise from phonon scattering to the upper
laser level. Having a simple electronic structure also prevents excited state absorption and
other quenching effects related to other energy manifolds. The gain bandwidth is relatively
large, compared to neodymium, allowing a greater degree of wavelength tuning and the
generation of ultra-short pulse lasers. The upper-state lifetime of Yb** is on the order of ms,

which is ideal for Q-switching lasers (Fan et al., 1993).

However, issues do arise from having such a small quantum defect, such as the pump and
laser wavelength being similar. This means it is difficult to obtain a dichroic mirror that has
high reflectivity at the lasing wavelength and low reflectivity at the pump wavelength. It also

creates substantial quasi-four-level behaviour, where the lower laser level has some inherent
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population at room temperature, making population inversion more difficult and hence

requires high-pump intensities and has a high lasing threshold (Lacovara et al., 1991).

2
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Figure 3.1. Energy levels and usual pump and laser transitions with the corresponding
wavelengths for Yb** doped YAG (DeLoach et al., 1993).

3.2.1.2 Trivalent erbium (Er®)

Er3*is a common dopant ion with various possible emission wavelengths. It is widely used
in erbium-doped fibre amplifiers that enable long-range optical fibre communication by
amplifying light with a wavelength of ~1500 nm. An energy level diagram with some
common transitions is shown in Figure 3.2 (Zharikov et al., 1975). The absorption cross
section of the transition from “l1s; to *l112 is low, meaning efficient pump absorption is
difficult. This has led to research into co-doped materials with ytterbium and erbium. The
ytterbium ions efficiently absorb at a wavelength of ~980 nm and will transfer the absorbed
energy to the erbium ions transitioning the ions to the 111, state. The lifetime of this level is
on the order of ps so the erbium ions are quickly transferred to the *l132 level, suppressing
energy transfer back to the ytterbium. From here, lasing can be realised from the *l13 to
*11512 (Fermann et al., 1988).

High-dopant concentrations can cause various energy transfer processes. An example of this
is cooperative upconversion, where one erbium ion in *l13, transfers energy to a second ion
in the same level. The consequence of this is one ion in #1112 and one in the ground state.
Cooperative upconversion cannot occur in ytterbium due to no available state in the upper

energy bands.
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Figure 3.2. Energy levels of a trivalent erbium ion with some common optical transitions labelled

with values which will vary depending on the host material.

3.21.3 Trivalent neodynium (Nd*")

Nd** is a common RE-dopant for applications in high-power and Q-switched lasers. The
energy diagram and optical absorption and emission for different transitions in Nd:YAG is
presented in Figure 3.3 (Kiick et al., 1998). The strongest lasing transition is 1064 nm but
other lasing wavelengths are possible with appropriate suppression of 1064 nm. The upper
state lifetime is longer than the lower state lifetimes, meaning there is generally a negligible
population in the terminal level, consequently three of the four transitions are described as a
purely four level gain medium. The 946 nm lasing transition instead exhibits quasi-four level
laser behaviour. This puts neodymium in contrast to ytterbium-doped gain media which will
only operate as a quasi-four level laser, and consequently have a higher lasing threshold.
However, ytterbium can be added with higher concentrations without other parasitic effects
and has a higher upper state lifetime allowing for more efficient power scaling and Q-

switching.
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Figure 3.3. The energy levels of Nd*" and optical emission wavelengths of Nd:YAG

3.2.2 Host material choices

3.2.2.1 Garnets

Garnets are commonly used solid state laser hosts, due to their advantageous physical and
optical properties, being chemically inert, mechanically hard and having a high thermal
conductivity (Kalisky, 2004). They also have a wide optical transparency covering a broad
range of pump and emission wavelengths. Their generic composition is AzB2C3012 arranged
in a cubic lattice, although B and C are often the same element making AzBsO12. Garnets
have the same crystal structure as well as a wide range of refractive indices (nyac =1.82 and
Nyic = 2.2 at 1060 nm (Weber, 2018)) making them ideal for multilayer films, such as crystal

mirrors.

In 1991, the first garnet growth via PLD was achieved (Kidoh et al., 1991) and subsequently
a wide range of garnets suited for various applications have been deposited by PLD. A

selection of successfully grown garnets is displayed in Table 3.2.

37



Chapter 3

Table 3.2. Examples of PLD-grown garnets

Material | Formula Example Application | Reference

YAG Y3Al012 Laser waveguides (Beecher et al., 2017)

YbAG YbsAlz012 Laser waveguides (Giin et al., 2008b)

LGG LasGasO12 Magneto-optic devices | (Khartsev and Grishin, 2005)
BIG BisFesO1 Magneto-optic devices = (Khartsev and Grishin, 2005)
LLZO LisLasZr,012 | Solid state batteries (Kim et al., 2013)

YGG Y3GazO12 Laser waveguides (Beecher et al., 2017)

YIG Y3Fes3O12 Magneto-optic devices = (Sposito et al., 2013)

GGG GdsGazO12 | Q-switch laser (Vainos et al., 1998)

3.2.2.2 RE-doped garnets grown via PLD

YAG (yttrium aluminium garnet) is a commonly used host material particularly for high-
power and Q-switched lasers. It has been shown to lase with a range of RE ions and is

commonly used as a high-power laser with neodymium doping.

In the previous section, a selection of garnet films grown via PLD was presented. PLD has
grown various RE-doped garnets and demonstrated lasing with the materials shown in Table
3.3. All the results shown in Table 3.3 could be improved with further growth optimisation.

Table 3.3. Re-doped garnets grown via PLD and their lasing output powers and efficiencies

Materials = Output Power | Lasing Efficiency Reference

Yb:YAG 21W 70% (Kurilchik et al., 2018)
Yb:GGG | 1.8W 11% (Beecher et al., 2017)
Yb:YGG 1.2W 15% (Beecher et al., 2017)
Nd:GGG 14 mW 17.5% (Grivas et al., 2004)

In this thesis, Yb:YAG is explored further with the aim of reducing the particulate density
and consequently reducing the propagation loss in Yb:YAG planar waveguides. lalso
experiment with Yb:LUAG (lutetium aluminium garnet), an alternative to Yb:YAG.
Yb:LUAG has similar optical properties to Yb:YAG, meaning current Yb:YAG systems
could incorporate Yb:LUAG without significant alteration (Beil et al., 2010). When Yb:YAG
is highly doped (10%), its thermal conductivity reduces from ~10 W/mK to 6 W/mK, which
is in contrast to Yb:LUAG, where the thermal conductivity is lowered by 0.3 W/mK (7.7
W/mK to 7.4 W/mK) (Beil et al., 2010). Having a high thermal conductivity allows for more
efficient cooling of the laser crystal, meaning scaling to higher powers can be realised. LUAG
also has a smaller lattice constant than YAG (11.91 A for LUAG and 12.00 A for YAG (Euler
and Bruce, 1965)), which results in narrower linewidths, higher absorption and higher

emission bandwidths.
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The final garnet that will be explored is YGG. This garnet, when doped with Er**, has
favourable spectroscopic characteristics for the detection of carbon dioxide and methane.
This is of interest for understanding the dynamics and distribution of greenhouse gases in
the earth’s atmosphere (Mackenzie et al., 2017). The lattice constant mismatch of YGG and
YAG is 2.2%, which is low enough for YGG to be grown onto YAG substrates.

3.2.2.3 Sesquioxides

Sesquioxides are simple, binary oxides with the chemical formula of A2O3 where A can be
one or a mixture of elements and O is oxygen. In their crystalline form, these materials are
mechanically strong, have low thermal expansion, high thermal conductivity and a wide
transparency range. Cubic rare earth sesquioxides are generally formed by Lu, Er, Y and Sc,
the smallest of the rare earth elements. Ho and Sm can also be found in cubic form under
certain growth conditions (Zinkevich, 2007). However, aside from Lu®*, Y3* and Sc®*, all
other RE3" are optically active. Attempts have been made to use gadolinium as a sesquioxide
laser host since UV light is required for optical excitation. However, the cubic phase of
Gd20s3 is thermodynamically unstable, making high quality growth difficult (Druon et al.,
2013). In this section, only RE sesquioxides are introduced, with sapphire (Al203) introduced

in section 3.2.2.5.

All RE sesquioxides in this thesis are cubic bixbyite and have lattice constants of ~10 A
(Pauling and Shappell, 1930). The RE cation densities are around twice as high as YAG,
meaning a 1% doping in a sesquioxide crystal approximately corresponds to a 2% doping in
a YAG crystal. The melting point of RE sesquioxides exceeds 2400 °C, meaning in
Czochralski-growth it is difficult to maintain stable thermal gradients that are required for
high quality single-crystal growth (Fornasiero et al., 1999). PLD however, does not require
temperatures exceeding the melting point, making it a suitable growth technique for RE

sesquioxides.

In general, it is possible to dope in high concentrations all RE sesquioxides with RE ions.
The crystal field in these materials is stronger compared to, for example, RE:YAG, leading
to longer emission wavelengths and broader emission bandwidths (Krankel, 2015). The
broad emission bandwidths make these materials suitable for ultra-short pulse lasers. The
thermal conductivity of these materials when doped with RE ions is not as adversely affected
as RE-doped YAG, with Yb:Lu203 being the exemplar instance. This is due to Yb and Lu

being very similar sizes, meaning doping of up to 100% is possible without significant
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degradation of the thermal conductivity (Gaumé et al., 2003). The emission wavelength,
bandwidth and the thermal conductivity of 1% Yb-doped YAG and sesquioxides is displayed
in Table 3.4.

Table 3.4. Optical emission and thermal conductivity values of 1% Yb-doped sesquioxides and
YAG (Klopp et al., 2004; Peters et al., 2009)

Property YAG Y203 | Sc203  Lu203 | LuScOs
Emission wavelength (nm) 1030 1 1031 1041 1032 | 1038
Emission bandwidth (nm) 8.5 145 116 13 22

Thermal Conductivity (W/mK) | 11 13.6 125 165 4

Mixed sesquioxides have also been used to realise even broader emission bandwidths of ~22
nm (Peters et al., 2009), presenting the opportunity for mode-locked lasers. The wide
bandwidths in mixed sesquioxides are due to the Yb** being sited in different positions in
the lattice, creating distortion with respect to the other cations. However, as presented in
Table 3.4, the thermal conductivity is reduced from >10 W/mK to 4 W/mK, making power
scaling difficult.

Lasing has been demonstrated in RE-doped sesquioxides, with focus being placed on the
research of sesquioxide based thin-disc lasers. Yb*'-doped lutetia and scandia have both
reached in excess of 100 W of output power with optical-to-optical efficiencies reaching
85% (Peters et al., 2011). Scattering effects in Yb-doped Y203 due to bulk fabrication issues
have hampered efforts for lasing with this material in the thin-disc lasing architecture
(Krankel, 2015).

These results show great promise for the utilisation of sesquioxides as a laser host and

illustrate the research space for PLD as the growth mechanism.

3.2.24 Sesquioxides grown via PLD

The PLD technique can grow high-melting point materials without having to heat bulk
material to such a high temperature. Consequently, PLD is a good candidate for the growth
of high-quality sesquioxides. Various RE sesquioxides have been grown via PLD with a
selection shown in Table 3.5. This shows the host and dopant material separately.

The first lasing of a sesquioxide grown by PLD was demonstrated with Yb®* :(Gd,Lu).03 by
(Klhn et al., 2009) in a rib waveguide. Since then, lasing has been observed in Tm:Y203
(Szela et al., 2013), Yh:Y203 (Beecher et al., 2014) and Yb:Lu20s (Parsonage et al., 2015),
with the maximum slope efficiency being 38%. These results show the promise of PLD as a
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growth technique for RE-doped sesquioxides. However, more research to optimise for
single-crystal, defect free growths is needed for higher output powers and efficiencies.

Table 3.5. List of sesquioxides grown via PLD and the respective dopant materials.

Host Dopant References

Material Material

Lu203 Yb, Eu (Parsonage et al., 2015; Bér et al., 2003)

Sc203 Eu, Er (Bér et al., 2003; Gun et al., 2007)

Y203 Yb, Tm, Eu, (Szelaetal., 2013; Beecher et al., 2014; Bér et al., 2003;
Nd Burmester et al., 2005)

(Gd,Lu)203 | Yb, Nd (Kihn et al., 2009) (Giin et al., 2008a)

Gd203 Eu (Smith et al., 2010)

3.2.25 Sapphire

Although corundum is a sesquioxide, it will be dealt with separately due to its importance
later in this thesis. Sapphire is the alpha-phase of alumina (a-Al.Oz) with 7 other commonly
described phases. Alpha-alumina is the only thermodynamically stable phase, if the
temperature passes 1100 °C no other phase can exist at atmospheric pressure (Lodziana and
Parlinski, 2003). An example of another phase is the k-phase, which has a coexisting
octahedral and tetrahedral lattice (Ollivier et al., 1997) and is stable up to 970 °C (Brindley
and Choe, 1961).

Sapphire has a hexagonal lattice and displays high thermal conductivity, moderate thermal
expansion, high mechanical strength and wide transparency range. For these reasons it is
considered to be an excellent laser host, and has found commercial success in the Ti:sapphire
laser. In this thesis, all sapphire substrates used were c-cut (Figure 3.4).

a3

N

al

al
(ooo1) c-plane  (1120) a-plane (1102) r-plane

Figure 3.4. Diagram of the key planes in the hexagonal crystal lattice of sapphire. Taken from

www.ad-na.com.
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3.2.2.6 PLD-grown sapphire

Titanium-doped sapphire found in commercial laser systems will generally have a low
dopant concentration of <0.15% (Mak et al., 1994). This is because the titanium ion is much
larger than the aluminium ions, therefore if grown from a melt, the titanium will segregate,
degrading the crystal quality (Roth et al., 2009). For the same reason, RE ions have not been
incorporated into the sapphire lattice using a melt growth process. Ytterbium, for example,
is almost twice the radius of aluminium (1.0 A compared to 0.53 A respectively)
(Dobrovinskaya et al., 2009; Waeselmann et al., 2016). However, PLD does not rely on
thermodynamic equilibrium growth processes (Heinrich et al., 2012), and can therefore

incorporate higher dopant concentrations than traditional methods.

Initial PLD-grown sapphire was doped with titanium and first grown by (Anderson et al.,
1997). Lasing was then achieved in a planar waveguide architecture with 350 mW of output
power with a 26 % slope efficiency (Vainos et al., 1998). Subsequently, lasing of PLD-
grown Ti:sapphire was also demonstrated in a rib waveguide (Grivas et al., 2005). RE-doped
sapphire growth has been demonstrated with neodymium (Waeselmann et al., 2016),
ytterbium (Heinrich et al., 2012) and erbium (Serna and Afonso, 1996). The only lasing
result to date has been demonstrated with Nd:sapphire in planar and rib waveguide
architectures. As a planar waveguide, 137 mW of output power was demonstrated with 7.5%
slope efficiency (Waeselmann et al., 2016) and with a rib waveguide, 322 mW of output
power and 12% slope efficiency (Waeselmann et al., 2017). These results were achieved
with relatively thin samples (2 pm) that limits the achievable coupling efficiency due to the

mismatch between waveguide and free space numerical aperture.

These results show the promise of PLD-grown RE-doped sapphire, but also have room for
improvement. The demonstration of thick-film RE-doped sapphire would be a major

milestone and to do this, the crystal quality needs to be greatly improved.

3.3 Structures of interest

3.3.1 Planar waveguides

A planar waveguide consists of a layer of material sandwiched between two layers of
material with a lower refractive index (Figure 3.5). The material, and hence the refractive
index, of the outer layers do not necessarily need to be the same, and one of the layers can

be air. The width of a planar waveguide is much larger than the thickness, meaning the light
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is confined in one dimension via total internal reflection. The core can be doped with an
active material creating a lasing device. Heat generated by this process can be removed
through the outer layers, where there is a large surface area to volume ratio, making this
process more efficient than bulk lasers. Consequently, planar waveguides do not suffer as

greatly from thermal lensing effects.

n,<n, n,<n,

Guided
light —

Sideview

Core o Front view

Figure 3.5. Diagram of a typical planar waveguide structure

Due to their compact size and guided wave geometry, the overlap between pump and lasing
beams is very good, meaning high efficiencies can be realised. However, coupling efficiently
into a thin planar waveguide (10 um thick) can be difficult with diode stacks and bars. For
example, if the minimum pump beam diameter is larger than the waveguide thickness only
a fraction of pump power will be coupled into the core. This can be avoided by simply having
thicker waveguides, which can in turn lead to multi-mode operation. A technique that
increases coupling efficiency while having single mode operation is to have cladding layers
of smaller, but similar refractive index to the core. This allows for pump coupling and
guiding in the clad waveguide but absorption only in the core. Single mode output depends
on the ratio of thickness between the core and the cladding layers (Bhutta et al., 2002).
Single-mode operation can be realised with this architecture assuming index contrast
between the cladding layers and capping layers is significantly higher than the contrast
between the cladding and core.
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Planar waveguides can be fabricated with numerous different techniques and will be further
discussed in section 3.4. PLD, as discussed in previous sections (3.2.2.2, 3.2.2.4, 3.2.2.6)
has been used to grow planar waveguides and successfully demonstrated as the gain element

of lasers.

3.3.2 Channel waveguides

In contrast to planar waveguides which confine light in one dimension, channel waveguides
confine light in two dimensions. Structurally, channel waveguides are strips of material
either free standing on a substrate or buried within it. Confining the light in two dimensions
allows for greater cooling efficiency, with a larger surface area to volume ratio than planar
waveguides. However, having surfaces in two directions increases the importance of flat,
non-scattering surfaces with channel waveguides being prone to scattering losses from the

interfaces.

Sideview

Front view

Figure 3.6. Diagram of a typical ridge channel waveguide structure.

Channel waveguides can be fabricated through various approaches. Bulk material may have
channels fabricated in them by altering the refractive index. This can be achieved via
indiffusion (Cantelar et al., 2003), ion beam implantion (Chen, 2008), laser writing (Zoubir
et al., 2004), reactive ion etching (Crunteanu et al., 2002) and ion exchange (Johansson et
al., 1992). It is also possible to dice channels into a material using a diamond dicing saw.
This method has been shown to produce optical quality facets with minimal scattering losses
from the edges of the channel (Loiko et al., 2018).
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PLD-grown materials have been subsequently processed to produce channel waveguides.
Lasing has been demonstrated in Nd:GGG (Gottmann et al., 2007), Ti:Al.Oz (Grivas et al.,
2005) and Nd:Al203 (Waeselmann et al., 2017). The output powers have been confined to
mW (with the maximum of 322 mW from Nd:Al>Os) due to poor film quality and lossy
channel fabrication, with scattering from interfaces of the channel. Nevertheless, PLD is a
quick and simple deposition technique for the base material of channel waveguides and can
grow structures with a high numerical aperture. With further improvements in crystal quality
and channel fabrication the potential output powers for PLD-grown channel waveguides will

be increased.

3.4 Candidate deposition techniques for waveguide coatings

In this series of subsections, alternative film deposition techniques for waveguide
applications and their relative advantages and disadvantages compared to PLD will be
discussed, putting PLD into context with current state-of-the-art methods.

34.1 Flame hydrolysis deposition

In this technique, a substrate has a hydrogen-oxygen flame pointed towards it. Precursors
are put into the flame where they react, forming particulates that are subsequently deposited
onto the substrate. The substrate is then annealed creating films of glass. The growth rate for
flame hydrolysis deposition can be up to 10 um/hr (Ruano et al., 2000) and dopants can be
incorporated into the material to tune the refractive index, melting point or photosensitivity.
Generally, this technique is used for the growth of silica onto silicon, and loss values of
0.01 dB/cm have been achieved using this method (Kominato et al., 1990). However, the
choice of materials is limited by the chemical reactions needed for this technique, meaning
materials such as garnets and sesquioxides cannot be grown with this technique and the

materials that are grown are not crystalline.

3.4.2 Molecular beam epitaxy

Molecular beam epitaxy (MBE) takes place in a high vacuum where materials are held in
separate cells. These cells are heated until they sublime (transition directly from a solid phase
to a gaseous phase) and the cells can be opened simultaneously or consecutively. This means

MBE has control over the stoichiometry and can easily create complex structures with
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precise control over the thickness of layers. The substrate can be heated to aid in the growth
of crystalline films with typical growth rates of 1 um/hr (Capper et al., 2017). MBE, like
PLD, is not a thermal equilibrium growth and therefore can grow materials not possible
through traditional methods. The first demonstration of RE-doped sapphire was fabricated
via MBE (Kumaran et al., 2009), however MBE is typically used to grow semiconductor
materials. The slow growth rates coupled with an expensive setup means high-volume

production using the MBE technique is difficult.

343 Chemical vapour deposition

The chemical vapour deposition (CVD) technique has many variants. The fundamentals of
CVD involve the use of precursor gases that are passed along a vacuum chamber and past a
substrate. The gases contain diluted material to be deposited as a film. As the gases pass,
they react with the substrate, causing deposition and some by-product gases. The precursor
and by-product gases can be toxic, increasing the risk and environmental impact of this
technique. The stoichiometry of the material deposited depends directly on the temperature
of the substrate.

The most common forms of CVD are metalorganic (MOCVD), laser assisted (LACVD) and
plasma enhanced (PECVD). MOCVD an organic precursor with the metal embedded,
allowing deposition of complex stoichiometries (Bai et al., 1994). LACVD uses a laser to
provide extra energy at certain points on the substrate, accelerating the reactions and hence
increasing the deposition rate. PECVD introduces a precursor in a plasma state, which can

change the reaction dynamics, increasing the deposition rate.

CVD can be used to grow garnet crystals, with garnet type solid electrolytes commonly
grown for solid-state batteries (Loho et al., 2016). Examples of single-crystal Y1G (Okada
et al., 1991) and YAG (Bai et al., 1994) have also been demonstrated. However, CVD of
garnets generally suffers with low growth rates of around 0.5 um/hr. This growth rate can
be increased with the use of, for example, LACVD but even this doesn’t reach the speeds
that PLD can produce. CVD also has the disadvantage of only being able to grow materials

with a suitable precursor.

344 Sputtering

Sputtering is a vacuum technique where ions are accelerated by an electric field and hit a
target of the desired material. The high energy ions, usually Ar*, cause material to be ejected
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from the target and deposited as a thin film onto a substrate. In sputtering, the material
ejected from the target is widely distributed meaning that large area depositions are possible
but with the drawback of slow growth rates (~1 um/hr). Efforts have been made to increase
this with magnetron sputtering (~3.5 um/hr) (Hanby et al., 2018) and can be significantly
increased with multiple targets and substrates at close proximity to the targets. Growth of
crystalline films can be formed by heating the substrate however, post-annealing can also
achieve crystallinity. In general, sputtering is suited to simple stoichiometries such as metals
and binary oxides, but attempts have been made to grow YAG (Deng et al., 2005) and YIG
(Cuomo et al., 1972) using multi-target sputtering systems. These films were polycrystalline
after annealing and had stoichiometry variations across the film, however, there is potential

to avoid these stoichiometry variations by using composite targets.

345 Cathodic arc physical vapour deposition

In this technique, an electric arc is formed at the surface of a target of desired material. This
causes extreme local heating and vaporises the targets surface, causing a plume of high
energy ions to be ejected and deposit onto a substrate. This technique is used for the growth
of hard, high-melting point materials such as diamond-like materials. The main disadvantage
of this technique is the formation of macro-particles that will embed in the growing film
(Mubarak et al., 2005). The extremely high energies of the ions reaching the substrate can
cause surface etching, causing excess stress on the substrate, however, this can be avoided

by increasing the distance between the substrate and target.

3.4.6 Thermal evaporation

Thermal evaporation is a basic vacuum technique in which a substrate is placed above a
crucible filled with the desired material. This material is then heated, forming a low-energy
vapour which deposits onto the substrate. This technique is suited to materials with a low
boiling point and high vapour pressures. Generally, it is only used for simple metals since
the stoichiometry of multi-component materials is difficult to control. The growth rate is
slow with typical growth rates of 100 nm/hr (Abegunde et al., 2019) however, large areas
can be covered with this technique. To date, crystalline waveguides have not been grown

using this technique.
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3.4.7 Electron-beam physical vapour deposition

Electron-beam physical vapour deposition (EBPVD) is similar to thermal evaporation,
however instead of conventional heating of a target material, the material is bombarded with
a beam of electrons, causing atoms to transform into a gaseous state. The target is usually in
the form of an ingot or a rod. These gaseous atoms will then deposit onto a substrate forming
a film of material. EBPVD is predominantly used to create thermal barrier coatings for
applications in, for example, jet engines. The deposition rate can be rapid, ranging from
0.1 um-100 um, however, single-crystalline growth can be difficult with EBPVD, with

research focussing more on metals and ceramics (Singh and Wolfe, 2005).

3.4.8 Liquid phase epitaxy

Liquid phase epitaxy (LPE) is a crystal growth technique that can result in high crystal
qualities and fast growth rates (typical growth rates of 60 um/hr (Lu et al., 2019)). In this
technique, a material is dissolved into a liquid melt and the substrate is dipped in the solution
and cooled. The material then condenses onto the substrate and forms a film. Once perfected,
LPE offers good control over the stoichiometry and fast growth rates. However, LPE can be
time-consuming to find the correct growth parameters, and, unlike PLD, materials are
limited to those with suitable solvents and these solvents can be corrosive and therefore
difficult to handle and dispose of. There are also problems controlling the orientation of the
grown crystal and difficulties with dopant homogeneity which is crucial for lasing

applications.

The growth of active materials using garnet crystals with LPE epitaxy is well established.
Nd:YAG has been grown by LPE (Pelenc et al., 1991) and lasing realised (Bonner et al.,
1998). Yb:YAG has also been grown for thin-disc applications (Ubizskii et al., 2004).

3.5  Alternative waveguide fabrication techniques

The fabrication of channel waveguides was briefly discussed in section 3.3.2, in the
following sections, direct bonding is discussed as an alternative planar waveguide
fabrication technique, and precision dicing is explored in more detail for the fabrication of

channel waveguides.
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3.5.1 Direct bonding

Direct bonding involves polishing two bulk pieces of material to a near-atomically flat finish.
These materials can be bought together and, if free of any surface contaminants (e.g. dust or
grease), will bond via VVan der Waals forces. Post-annealing can strengthen the bond between
the two materials, preventing delamination, assuming the two materials have similar thermal
expansion coefficients. Direct bonding of thin materials can be difficult and is prone to
cracking of the sample, so in general, thicker materials are bonded and polished back. This
technique does not require similar lattice constants, increasing the choices available for

materials.

Direct bonding has successfully created planar waveguide lasers with materials including
Tm:YAG (Mackenzie et al., 2001), Nd:YAG (Shepherd et al., 1999), Ti:sapphire (Sugiyama
et al., 1998) and various others (Mackenzie, 2007).

3.5.2 Precision dicing

Precision dicing uses a circular saw and was originally developed for the removal of
integrated circuits from a wafer. It has evolved to enable rapid processing of optically flat
facets for waveguide structures. The saw generally consists of a nickel core, with small
diamonds sintered into the nickel. Important process conditions including the blade
composition, rotation speed, depth of cut and sample translation speed. Using this process,
channel waveguide lasers have been demonstrated in Nd:YAG (Jia et al., 2013) and surface

roughness values of 0.29 nm have been realised (Carpenter et al., 2017).

Precision dicing is a useful post-processing tool for the fabrication of channel waveguides
from samples grown by PLD and for facet preparation.

3.6 Conclusions

In this chapter, various materials were introduced and discussed. They were put into context
with the current state-of-the-art in PLD. The ability of PLD to grow novel materials,
including RE-doped sapphire, was presented along with the potential of improvement in
crystal quality for these materials. Alternative deposition and waveguide fabrication
techniques were presented, and their relative advantages and disadvantages compared with
PLD discussed. PLD has the growth rate and material flexibility to compete in a crowded
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market of deposition techniques, however, in order to exploit these advantages, more needs
to be done to increase the achievable crystal quality.
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Chapter 4 PLD setup and characterisation methods

4.1 Introduction

In this chapter the PLD setup and improvements made to this setup throughout this project
will be detailed. The fabrication methods used in the target fabrication will be explained with
details of the experimental techniques used for target reconditioning and sample polishing.
The equipment and techniques used to characterise the physical and optical properties of the

grown films will be described.

4.2 Pulsed laser deposition setup

421 Chamber schematics

The apparatus used for the deposition of all the materials described in this thesis is illustrated
in Figure 4.1. Features of this setup and how it has been used in the experiments in this thesis

are as follows:

e Stainless steel vacuum chamber that is evacuated to 10 mbar before being refilled
with a background gas. In this project, 0.02 mbar of backfilled oxygen was used for
all samples described to compensate for the loss of oxygen when material is
transferred from the target to the substrate.

e AUV laser beam is focussed onto a target, causing ablation and a plume to propagate
in the chamber. The laser used was a Coherent Compex Pro 110 at 248 nm
wavelength with 20 ns pulse width at 100 Hz. This relatively high repetition rate is
used to increase the deposition rate, other PLD systems generally used repetition
rates of 1-20 Hz.

e The target is rotated and translated via an offset cam mechanism, creating
epitrochoidal motion which will be discussed at length in section 5.5.

e The substrate is heated from behind with a CO. laser (10.6 pum) which has been
reshaped by a tetraprism (May-Smith et al., 2008) (discussed further in section 4.2.3).

e The substrate is held in position by alumina rods (discussed further in section 4.2.5),

in these experiments, the substrate sizes were 10x10x1 mm.
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e The plume can be blocked by a retractable plume blocker (aluminium sheet) that will
prevent deposition and allow “pre-ablation” of the target. Pre-ablation removes
potential contamination on the target surface before subsequent film growth.

e Laser spot size can be altered by moving the position of the focussing lens, which
can be used to control the fluence and hence plume size.

e The substrate-target distance can be changed but for the experiments described in
this thesis, is set at 6 cm, which from previous experiments from this group, was

found to be optimum.

«4— Focusing lens

Excimer laser O. inlet
beam

CO, laser
beam

v

Target

w X

Gears

o
y

Plasma
fetraprism plume DC motor
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in holder
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plume —P . Pressure
blocker ¢ gauge

Figure 4.1. Diagram of the setup of the PLD system

422 COq; laser control

The substrate is heated via the beam from a CO: laser, either a Synrad UC-2000 with a
maximum output power of 40 W, or a Rofin OEM10IX with a maximum output power of

170 W with an output wavelength of 10.6 um. The Rofin CO2 was installed in this project
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and is controlled via MATLAB. To have an adjustable output power, the laser is pulse-
frequency modulated, then pulse-width modulated, which involves rapid switching of the
laser from on to off. At low frequencies this can cause significant power fluctuations at the
substrate, and as a result, can cause significant temperature fluctuations. To avoid this,
MATLAB controls a waveform generator which uses a 5 us pulse width and increases the
frequency of pulses up to maximum allowed in the laser, 120 kHz. From here, to increase

the power, the pulse width is gradually increased at a constant frequency of 120 kHz.

By using pulse width modulation with the maximum possible frequency and smallest
possible pulse width, the temperature of the substrate will be as stable as possible. In the
initial development stage of driving the CO: laser, significant temperature fluctuations were
seen when using a 500 Hz frequency, realised due to a sapphire substrate warping due to the

power fluctuations.

423 CO; laser beam reshaping

For the samples detailed in this thesis, the substrate size is a square faced crystal with
dimensions 10x10x1 mm. Therefore, to ensure uniform heating the CO; laser beam needs to
be reshaped from a Gaussian profile to a square top-hat intensity profile. This is achieved
using a ZnSe tetraprism with 1° angled faces (Figure 4.2 (a)). The tetraprism splits the
gaussian beam into four quadrants and superimposes them onto one another, forming a
quasi-top hat profile (Figure 4.2 (b)). The overlap of the beams does cause interference
effects; however, these do not significantly affect the uniformity of heating on the front
surface of the substrate. Any non-uniformities of the beam on the back surface of the
substrate are smoothed as the heat propagates through to the front surface (May-Smith et al.,
2008).
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Figure 4.2. (a) diagram of a tetraprism and (b) transformation of gaussian beam to a quasi-top hat
beam (Sloyan, 2012).

The 1° angles of the tetraprism is determined by the working distance between the tetraprism
and the substrate, and the size of the substrate. Theoretically, a perfectly aligned tetraprism
setup would provide a standard deviation in temperature across the substrate of 2.2 °C,
significantly smaller than a gaussian beam or square tapered beam (43 °C and 7 °C
respectively (Darby, 2009))

4.2.4 Target fabrication

The targets were acquired from external companies such as Testbourne, Scotech and
Sindelhauser. They consist of mixing specified weights of um-sized oxide powders and
pressing them into a dense ceramic. This is then either annealed at temperatures in excess of
1000 °C or put through a hot isotropic press (HIP). In the HIP process, the target material is
put into an atmosphere of inert gas (usually argon) and put under extreme pressures and
temperatures in order to increase the density of the target material. The target material is

then cut to size, which in this case is a 50 mm diameter, 5 mm thick disc.

| specified a goal to create targets of greater than 85% of the theoretical constituent density
(this value appeared to allow the fabrication of films with low particulate densities), however
this was not always possible for the suppliers. Low-density targets appear to be more
susceptible to exfoliation of particles due to the prevalence of pores. Densities of targets
used in experiments in this thesis are mostly >75% dense, it was generally found that targets
could not be consistently fabricated with density levels above our set goal. This is assumed
to be due to the lack of optimisation in the fabrication process, with a commonly used and
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therefore optimised ceramic target consisting only of Al,O3 reaching densities of over 95%
the theoretical value.

(b)

50 mm

Figure 4.3. (a) photograph of a YAG target (fabricated with yttria and alumina powder) after 72,000
ablation pulses with domains of material and (b) SEM image of the same target.

Careful optimisation of the target fabrication parameters is required for each different
mixture of materials. Poor optimisation can lead to regions of different materials in the target

(Figure 4.3), which will lead to inconsistent ablation and an increase in particulate formation.

425 Substrate holder

The substrate needs to be held in place for deposition in the centre of the plume while
ensuring it is as isolated from the exterior environment as possible. Any material in contact
with the substrate will serve as a heat sink and create temperature differentials across the
substrates surface. In order to facilitate this, the substrate holder was redesigned, as seen in
Figure 4.4. Originally, the alumina posts held the substrate in a slit cut into the post (Figure
4.4 (a)) and encroached onto the substrate surface by 2 mm in three places. This meant that
there is an area of the sample that is not useable as a planar waveguide. A new holder (Figure
4.4 (b)) encroaches by 0.2 mm on the top two corners and does not encroach on the bottom
two corners, only being in contact with the side. This means that the area not deposited on
can be removed during the facet polishing process, meaning practically the entire sample

can be used for waveguide experiments.
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Figure 4.4. (a) original substrate holder and (b) newly designed substrate holder.

4.2.6 Shadow-mask setup

In section 5.1, experiments using a shadow mask as a method of particulate reduction are
presented. This involves inserting a piece of material between the substrate and the target to
block the particulates and this can be seen in Figure 4.5.

To be an effective shadow mask, the material must be able to resist the temperature
fluctuations from the plume and not eject material as it is bombarded with high energy atoms
and ions. Initially, a lutetia substrate was suspended in position using tungsten wire, however
the substrate cracked and split in two by the intense heat variations. It was then decided that
aluminium would hold up to the thermal pressures more effectively despite a lower melting
point. On all subsequent growths, squares of aluminium sheet were suspended using tungsten

wire from two directions.
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Figure 4.5. Diagram of PLD setup with a shadow mask between the target and substrate.
4.3 Other experimental techniques

431 Target reconditioning

After the target has been extensively used in the ablation process (the number of ablation
pulses depends on material and density of the target, as well as the ablation technique) there
is a substantial increase in the density of particulates deposited into the growing film. The
target can be reused if the surface-structure formed during ablation is removed. This was
initially achieved via lapping of the target surface with 9 pm alumina slurry. In this process,
the target was attached with wax to a parallel plate with a mirrored back surface and aligned
using a back-surface reflection when attached to a polishing jig. The alignment process can
be seen in Figure 4.6. The length of time to remove the surface structure on a target would
range from twenty minutes to two hours, depending on the density and constituent material

of the target.

Alumina targets, which were used frequently in the work presented in this thesis, generally
took two hours to lap one face. Due to the time-consuming nature of this process, an
alternative was sought, and a diamond-based polishing system was found. This reduced the
lapping time by a factor of 10 and was subsequently used for all target reconditioning.

Post-lapping, the targets are cleaned in an ultra-sonic bath with distilled water to remove any

contaminants and placed in a 120 °C oven for 24 hours to evaporate any water residue.
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point
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Figure 4.6. Setup for alignment of the lapping targets and polishing samples. The steps are: (a) mark
position of laser with a known flat material and (b) adjust the sample positioning until
the laser position matches that seen in (a). This can be used for lapping/polishing of

targets.

4.3.2 Surface and facet polishing

Multiple samples described later in this thesis have undergone surface and facet polishing
processes. For surface polishing, the procedure is identical to that described in the first
paragraph of section 4.3.1. Facet polishing is required for films that will be coupled into with
laser light. This also follows similar steps, however, instead of attaching the samples to a
parallel plate, the samples themselves are used as a reflective surface to ensure parallel
facets.

Six samples can be polished at once by stacking and sticking together with wax. The
reference laser is then reflected off of the opposite side to the side to be polished, to ensure
a parallel finish. To achieve an approximate flat surface, 16 um (average particle size) grit
is used for films grown onto a sapphire substrate, or 9 pm alumina powder for films grown
onto a YAG substrate. Once a flat surface is achieved, further lapping stages with 9 um, 3
pum and 1 um alumina slurry is used to remove scratches caused by the previous sized grit.
To achieve an optical finish, alkaline colloidal silica polishing fluid (Syton) is used on a
polyethylene polishing plate. This fluid combines mechanical and chemical processes to
polish the samples.
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4.4 Physical characterisation

441 Reflective dark field microscopy

Films that are amorphous or have a high density of particulates may appear translucent or
even opaque by eye. Dark field (DF) microscopy can give an insight into the particulate
density of the grown film. In the work described in this thesis, only reflective DF microscopy
is used, and a diagram of the functionality is provided in Figure 4.7. This technique shines
light in a cone shape that focusses at the samples surface. If the sample is transparent, the
light will pass through the sample, however, a defect or particulate in the film will scatter
light, and some of this light will be collected by the microscope objective, allowing defects

in the film to be observed clearly against an otherwise black background.

Light source

Dark field Collimator
1mage
Condenser
Scattered
light Sample

.
v

Figure 4.7. Schematics of reflective dark field microscopy.

To extract quantitative information from the DF images a routine was written in python to
read a DF image and turn all the pixels above a certain threshold intensity to 1 and all pixels
below the threshold to 0. As presented in Figure 4.8, this routine will approximate the DF
image satisfactorily. From this, the percentage number of pixels above this threshold (20%
in Figure 4.8) can be calculated and will be proportional to the number of scattering points
in the film. Comparisons can then be made, quantitatively, between different films providing
the DF images were captured with the same intensity of light from the microscope, the same
camera settings, and the intensity threshold is set at the same level. Optical microscopy is

limited by the Abbé diffraction limit, which, for visible light is limited to resolutions of
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~290 nm (for 550 nm wavelength of light (Born and Wolf, 1999)). However, in this setup,
the pixel size will be larger than 290 nm decreasing the achievable resolution.

(b) M=0 HM=1

Figure 4.8. (a) DF microscopy image of a YGG film and (b) a computer-generated approximation of

the DF image, setting all the pixels above 20% of the maximum intensity to 1.

442 Surface profiling

Surface profiling can give information about the film’s surface roughness, curvature and the
number of surface particulates protruding from the surface. In this thesis, surface
profilometry is performed using a stylus profiler and a white light interferometric profiler.

4421 Stylus profilometry

A stylus profiler offers a two-dimensional measurement technique that uses a stylus on the
end of a cantilever to obtain information from the surface of the sample. As the stylus is
moved across the surface of the sample, the cantilever will be moved in a vertical direction
dependant on the topology of the sample. This application can be extremely accurate with
theoretical resolution of less than 1 nm in the vertical axis. The resolution is limited on the
horizontal axis by the radius of the stylus tip and vibrational noise in the instrument. The
stylus used for the work described in this thesis is a KLA Tencor P6 with 2 um radius tip,
limiting the horizontal resolution to 2 um. This was initially used for the measurement of
thickness by measuring between the areas shielded from deposition by the alumina substrate
holder rods (Figure 4.4 (a)) but is also used for roughness measurements.

4422 Optical profilometry

The optical profiler used for the work in this thesis was a Zemetrics Zescope. This system

has three microscope objective interferometers that work in two geometries, presented in
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Figure 4.9. For greater magnifications, a smaller working distance is required and therefore
Is not compatible with a beam splitter. Since the Mirau interferometer does not require a
beamsplitter, it is used for 10x and 50x magnification and also offers greater stability of
measurement compared to a Michelson interferometer. The sample or interferometer is
moved vertically, measuring the intensities of interference fringes of the reflected and
reference light. Signal processing algorithms then process the data and create a three-
dimensional map of the sample’s surface. 0.1 nm resolution is possible in theory, but
vibrational noise will reduce this, however, < 1 nm resolution is still observed. By using the
software package SPIP (scanning probe image processor) a roughness value of the film can
be calculated, and the number and size of surface particles/pores can be counted.

(a) Camera

Beamsplitter

Lens
+—b-

A A

Light j «
source R .
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Reference
mirror
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Sample

(b) Camera

Lens*_, ! I\
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Reference mirror \
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Figure 4.9. Diagrams of white light interferometer used in the Zemetrics Zescope with (a) a

Michelson interferometer (used in 5x magnification) and (b) a Mirau interferometer

(used for 10x and 50x magnification).

443 M-line prism coupling

M-line prism coupling can be used to measure material refractive index, optical loss, film-

thickness and anisotropy (Monneret et al., 2000). The relationship between the refractive
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index and the wavelength or the temperature of the sample can also be studied. The
equipment used for the measurements presented in this thesis is the Metricon Model 2010/M.

The basic principle of measurement is displayed in Figure 4.10. For a bulk material, a prism
with a known, higher refractive index than the bulk, is brought into contact with the material
via a pneumatically operated coupling head. Although a perfect contact will not be achieved,
an airgap less than half the wavelength of the coupling light is acceptable (Monneret et al.,
2000). The angle (0) of the incident light on the material is changed while the intensity
reflected onto the photodetector is measured. At some critical angle, the light will be able to
couple into the material and so the intensity of light measured will decrease suddenly,
causing a “knee”. The location of this knee will allow calculation of the refractive index of
the material.

(a) Photodetector (b)

Bulk substrate Substrate with film

Figure 4.10. Schematics for a m-line prism coupler measuring (a) bulk material and (b) bulk material

with a thin-film for measuring refractive indices of materials.

For a substrate with a thin film, the same measurement will couple to modes of the
waveguide. Modes are discrete values where the photons can tunnel across the airgap and
couple into the film (Figure 4.10 (b)) and consequently decrease the intensity of reflected
light measured by the photodetector. The location of the first mode will approximately
determine the refractive index, whereas the angular difference between the modes can be
used to calculate the thickness of the film. These values are calculated by the software

provided using the methodology described by (Monneret et al., 2000).

Thickness measurements can be performed with samples of thicknesses of ~100-15000 nm
(depending on material and wavelength of light). A 100 nm film is required to support a
mode, however, if only one mode is supported then either the refractive index or the
thickness must be known in order to calculate the other. At thicknesses over 15 pm, the

refractive index can be measured using the bulk measurement method.
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For measurements using m-line coupling described in this thesis, there can be considerable
challenges achieving a contact closer than half of the wavelength of light (less than a 316.5
nm air gap required for 633 nm HeNe laser). Surface particles on the PLD-grown films can
protrude greater than 1 um, making close contact difficult. The substrates used are small and
mechanically hard (YAG and sapphire) so the samples cannot flex to provide a close contact
as with large samples of silica. This has meant that face polishing of the samples is

sometimes required to produce a reliable refractive index measurement using this method.

444 X-ray diffraction

X-ray diffraction (XRD) is a rapid, non-destructive method for measuring crystal structure
of bulk material or films. A standard XRD setup is presented in Figure 4.11, where the x-ray
beam is incident on a sample and the resultant scattered light is detected by the x-ray
detector. An XRD spectrum is obtained by changing the 26 and or 6. All the XRD spectra
presented in this thesis were measured using a Rigaku Smartlab, which uses a copper
filament for the generation of x-rays with the K, emission emitted at a wavelength of
1.54059 A. A secondary emission, Koz, at a wavelength of 1.5411 A is also emitted, which
will create secondary peaks in the XRD spectrum. This can confuse interpretations of the

measurements, however the K,z emission can be filtered out using a monochromator.

<«— Rotation paths

X-ray source

X-ray detector

Scattering
vector

A
Optional

monochromator

X-ray
beam

Sample

Figure 4.11. Diagram of a simple XRD setup.

4441 0/20 XRD

The standard XRD measurement technique is a 6/260 measurement, which measures
periodicities parallel to the sample’s surface. This is a symmetrical measurement where the

0 angle (Figure 4.11) is changed at the same rate as 26. This method of measurement can be
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understood by the stacked planes model, where the sample can be thought of as a series of
planes. If these planes are separated by a distance (d), then the scattered x-rays will
constructively interfere when the Bragg condition is met, which is shown in equation 4.1.
Here, d is the distance between planes, 6 is the angle of incident light (Figure 4.12), m is the

order of the diffraction peak (an integer) and A is the wavelength of light.
2dsinf = mA (4.1)

Constructive interference will create a peak in intensity incident on the detector. This peak
will have a finite width due to phonons in the sample creating lattice constant disturbances.
Defects and inhomogeneous strain in the measured sample will also have an impact on the
lattice constant, causing broadening of XRD peaks. Therefore, the FWHM (full width half
maximum) of the peaks can be a useful comparison between samples as a perfect, defect free

crystal will have a lower FWHM than a sample with a high defect density.

The position of the XRD peak can be a useful indicator of the stoichiometry of the film.
Comparing the peak value with literature values can indicate whether the material has grown
in the correct orientation and with the correct stoichiometry. This will be discussed further
in section 6.2.1, where the position of the YAG peak is shifted due to a non-stoichiometric

transfer of aluminium from target to sample.

(a) ———pplanes (b)

———q planes
N i
hNAvayd
N S - p: -
N i

3
Vd

Figure 4.12. Diagram of diffraction between (a) p and p/ q and g planes and (b) p and g planes.

For a cubic garnet crystal, such as YAG, the unit cell can be described as 8 planes, alternating
in composition. The two types of plane are called p plane and q plane (Figure 4.12). If the
crystal orientation is (100), then the XRD spectra measured in a 6/26 setup will produce two
peaks, at (400) and (800) planes. These two peaks arise from constructive interference

between the planes, with p/p and g/q interference causing the (400) peak and p/q interference
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causing the (800) interference. The p/q plane interference is more sensitive to stoichiometry
changes, and hence the (800) peak will generally be shorter and broader than (400) peak.

4442 Grazing incidence XRD

Grazing incidence XRD (GIXRD) can be used to determine the phase crystallinity, thickness
and depth crystallinity profile of a thin film. With 6/26 XRD, the substrate will be visible in
the spectra for films < 30 um thick, which for epitaxial growths, can obscure the peak from
the film. GIXRD instead will provide information about the top layers (thickness of the top
layers will depend on the incident angle and material’s linear absorption coefficient) that

may not be visible in an /26 XRD measurement due to the dominance of the substrate.

Scattering
vector

e

Figure 4.13. Schematics of grazing incidence XRD with small, fixed incidence angle and a variable

detection angle

The incident angle, o, is set at a constant angle of 1° or less and the detection angle, 9, is
changed (Figure 4.13). By setting the incident angle to a low value, the penetration depth of
the light is reduced, meaning the influence of the substrate is removed in sufficiently thick
films. This technique cannot be used as a replacement for 6/26 XRD since with an increasing
0 angle, the scattering vector angle, B, will increase. A larger § angle will increase the tilt of
the measured planes compared to the sample’s surface, which will be significantly different
compared to a 6/260 measurement where the scattering vector angle will remain at 0° and
hence the measured planes will be parallel to the sample’s surface. However, it will provide
an indication of other, undesirable orientations that are growing in the top layers of the

sample. In the GIXRD measurements discussed in this thesis, the incident angle is set at 1°.

4443 Rocking curve XRD

Rocking curve (RC) XRD is used to analyse the level of crystallite preferred alignment in
the sample. This technique generally follows an 6/26 XRD measurement where the peak
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positions are noted. The 6 position is fixed on the peak of interest. and the o angle is varied
(Figure 4.14). This will indicate whether the planes in the sample are parallel, with perfectly
parallel planes producing a peak with FWHM determined by the resolution of the equipment.
However, samples with defects, stresses or numerous orientations will have planes that are
not parallel, which will broaden the peak seen in the RC measurement. This is useful for
comparing the quality of single-crystal films where comparing 6/26 XRD measurements

provide no quantitative data.

) 0

Figure 4.14. Schematics of rocking curve XRD with a fixed 6 angle and a varying o angle.

445 Scanning electron microscope

A scanning electron microscope (SEM) uses a focussed beam of electrons to produce a
variety of emissions from a sample’s surface in a vacuum. Since electrons will have a shorter
wavelength than the visible light used in optical microscopy (for electrons accelerated at 10
keV, A= 10pm (Sposito, 2014)), the achievable spatial resolutions will be higher. In practise,
the resolution is ~1 nm, due to the size of the electron beam and interaction volume (seen in
Figure 4.15). The electron beam penetration depth will be determined by the energy of
incident electrons and the density of the material, with a larger penetration depth causing a
larger teardrop shape (Figure 4.15) and therefore decreasing the resolution. For example,
for YAG, the bulk density is 4.53 gcm™, so for electron energies of 20 keV (the energy used

for measurements described in this thesis) the penetration depth is ~2 um.

The absorption of electrons will create an electric field which, for an electrically conductive
sample, will be removed. However, for non-conductive samples the build-up of charge will
create excess heat, which will change the emission characteristics of the sample. A thin
coating of gold can be used to remove excess electrons; however, this can hide small surface
features. The measurements can also be performed in a partial vacuum, which will help to
remove the electrons, but will reduce the achievable resolution due to scattering of the

electron beam in the partial atmosphere.
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The SEM used in the work described in this thesis is a Zeiss Evo 50. There are several modes
of emission that can be detected while using an SEM, including secondary electrons,
backscattered electron (BSE) and characteristic x-rays. These different emissions are

described in the following three subsections.

Electron beam

Secondary electrons Backscattered electrons

Sample surface

Secondary electrons
Backscattered electrons (BSE)

Characteristic x-rays

BSE spatial resolution
X-ray spatial resolution

Figure 4.15. Schematic of interactions and subsequent emissions of an electron beam incident on

a surface of material.

4451 Secondary electron detection

An image of the surface of a material can be taken by raster scanning the electron beam and
detecting the secondary electron (SE) emission. The SEs are generated through inelastic
scattering of the electrons at the top surface of the material (Figure 4.15), meaning higher
resolutions compared to BSE and EDX (energy-dispersive x-ray). Since the SEs are emitted
at the top surface of the electron interaction teardrop, it is commonly used to observe the

surface of a sample, with topological features down to nm scale able to be observed.

4452 Backscattered electron detection

The BSE are generated via elastic scattering of high-energy electrons. This technique has a

lower resolution than detection of SE since they are generated by a larger interaction volume
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(Figure 4.15). However, heavier elements will backscatter a larger proportion of electrons
than lighter elements, meaning the measurement can differentiate between areas of different
chemical compositions. This is used in this thesis to differentiate between layers of material

with and without RE-doping.

4453 Energy dispersive X-ray analysis

X-rays are emitted during the electron’s interaction with the material in the form of
bremsstrahlung and characteristic X-rays. Bremsstrahlung x-rays are generated through the
rapid change in electron velocity when it passes near the nucleus of an atom. Characteristic
x-rays are generated when electrons in the inner shell of an atom are ejected through an
interaction with a high-energy electron. Subsequently, electrons from the outer shells can
lose energy in the form of an x-ray photon via filling a vacancy in the inner shell. When an
electron falls from the L shell or the M shell the emission is called the K, and Kp respectively.
The energy of these x-rays will be directly related to the element that created the emission.
By detecting these x-rays, the relative composition of elements can be measured and a map

of elements in the surface material can be created.

However, when measuring materials with multiple peaks, or a small concentration of one
element (<1%) there is a risk of misidentification of elements (Newbury and Ritchie, 2013).
This means a prior knowledge of the sample to be measured is essential to ensure reliable
EDX measurements. In the work described in this thesis, the EDX measurements were taken
using a Oxford Inca PentaFet-x3 EDX analyser attached to the SEM.

4.5 Optical characterisation

Characterization of a sample’s optical properties can provide invaluable information about
the quality of the sample. The active element, in this case, trivalent RE ions, will have optical
properties that will be altered by the surrounding environment. This means, for example, if
ina Yb:YAG sample, the ytterbium is incorporated into an aluminium lattice site rather than
a yttrium lattice site, the optical properties such as the fluorescence spectrum and lifetime
will be affected. This is particularly important in PLD-grown samples, since, due to the
non-thermodynamic growth process, the large ytterbium ions can take the place of the small
aluminium ions (Heinrich et al., 2012). In this section, the techniques involved in the
characterisation of a sample’s fluorescence spectrum, fluorescence lifetime and lasing

experiments will be presented.
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451 Fluorescence spectrum measurements

These measurements were performed with different setups that will be described in the
relevant sections in the results chapters. The basic principle, however, is to either couple
pump light into the waveguide, or “face pump” where the pump light with a large (~3 mm)
spot size is directly onto the sample’s face. The resultant fluorescence is then collected by a
series of lenses or with a proximity-coupled fibre and the light analysed by an optical
spectrum analyser (OSA). If the pump light is near any emission features, it can be useful to

attenuate the pump light with a long pass filter.

45.2 Fluorescence lifetime measurements

The fluorescence lifetime measures the time it takes for ~70% of the electrons in the upper
laser levels to spontaneously transition to the lower laser levels. This measurement can be
performed with the same basic setup as the fluorescence spectrum measurements. Instead,
the pump light is pulsed and the OSA is replaced with a photodiode with a fast rise and fall
time. The photodiode will measure the exponential decay in fluorescence intensity as a
function of time. Using this measurement and equation 4.2, the lifetime (t) can be calculated
by means of a linear fit with In(I(t) and t. In equation 4.2, I(t) is the intensity as a function

of time (t), lo is the intensity at t=0 and t is the fluorescence lifetime.

1(t) = Ioe_% (4.2)

In this experiment, it is important to filter any collected pump light that can contaminate the
lifetime signal. The lifetime of samples can be compared to literature values to give an
indication of the quality of the film. Smaller lifetimes than expected can indicate the presence
of quenching effects, such as multi-phonon transitions or energy transfers (between laser
ions, to impurities or to defects in the crystal structure). Therefore, the fluorescence lifetime

is a good indicator of the quality of an active material.

453 Laser experiments

The specific setup for each laser experiment detailed in this thesis will be presented in the
appropriate results section. However, as an introduction, a basic waveguide laser experiment
will involve coupling pump light into the waveguide which will be absorbed by the active

ions. A cavity will be created around the waveguide that is highly reflective (HR) for laser
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light at the input, and HR for pump light at the output. This can be achieved mirrors or
alternatively, the Fresnel reflections of the waveguides can be used as a cavity. The reflection
of pump and laser light will provide optical feedback to achieve population inversion of the
upper laser level compared to the lower laser level. The output beam is then filtered of any

remaining pump light before the output power is measured.

The measured output power compared to the pump power (pump power at the input facet of
the sample) can be used to calculate the threshold laser power (minimum pump power in
which lasing is achieved) and the slope efficiency (the calculated slope value from a linear

fit between pump and output power).

45.4 Calculation of loss from slope efficiencies

The propagation loss of a sample can be calculated from the slope efficiencies from
measurements with different output mirror reflectivities. This technique assumes the spatial
overlap between pump and laser light is the same for each of the output mirrors, as well as
the quantum efficiency. Equation 4.3 shows the calculation needed for the propagation loss
(May-Smith, 2005) with the symbol definitions shown in Table 4.1.

NaIn(R,p) In(R1R34) — np In(Ry4) In(RyR,p)
Naln(Rzp) — g In(Ry4)

Propagation loss = (4.3)

Table 4.1. Definitions of symbols in equation 4.3

Symbol | Definition
Na Slope efficiency with output mirror “A”
U Slope efficiency with output mirror “B”
R4 Reflectivity of input mirror
R,, | Reflectivity of output mirror “A”
R,p | Reflectivity of output mirror “B"

4.6 Conclusions and next steps

In this chapter, the PLD setup used in the experiments described in this thesis was presented
along with other experimental techniques such as optical polishing. Some of the alterations
to the setup were described, including a redesign of the substrate holder and the setup used
for the shadow mask experiments. The tools and methodologies for characterisation of the

samples were also described.
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Other alterations, including designing a new and improved target movement cam and
changing beamlines to permanently increase the fluence energy capability will be discussed
in sections 5.5 and 8.2.1 respectively. Other experimental techniques such as polishing, were
also described. Characterization techniques were detailed with the theoretical concepts and

the application to the work in this thesis.

The next four chapters will detail experimental work using the techniques described in this

chapter.
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Chapter 5 Particulate reduction techniques

5.1 Introduction

Particulates are a critical challenge for the growth of laser waveguide material via the PLD
technique (discussed in section 2.2.5). They are detrimental to high-quality epitaxial growth
and, via an increased propagation loss and hence decreased slope efficiency, hinder the

lasing performance of the resulting waveguides (Barrington et al., 2000).

Two basic methodologies, active and passive, can be used to reduce particulate density.
Active methods, for example, the use of velocity filtering, stop the particulates from reaching
the substrate. Passive methods, for example, prevent the formation of particulates. The most
basic passive technique is the optimisation of growth parameters, which is required to be
implemented for each different material. As such, this technique will not be presented in this
chapter but in the relevant materials chapter. This chapter will outline my other attempts,
using passive and active techniques, to reduce the density of particulates embedded into

films during the PLD process.

In this chapter, | will present the use of three methods to reduce particulate density, a shadow
mask, segmented targets and bi-directional ablation. With each of these techniques,
significant particulate reduction is achieved. The advantages and disadvantages of each
technique will be discussed as well as the future directions to exploit these particulate

reducing methodologies further.

5.2 Shadow Masks

An active approach to remove the number of particulates is to physically block them from
reaching the sample. This takes advantage of the fact that the plume of ions and atoms
expand to a greater degree than particulates (Ojeda et al., 2015). The basic theory of this
approach is shown in Figure 5.1. Here, the plume, consisting of ions and atoms, expands
around the shadow mask (SM) and can be deposited onto the surface of the substrate.
However, particulates can be assumed to be ballistic, hence, the particulates will travel in
straight lines, meaning an object between them and the substrate will prevent them from

reaching the substrate.
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Target Shadow Substrate
Mask

(a)

(b)

Figure 5.1. Diagram of the plume reacting to a shadow mask for (a) ions and atoms and (b)

particulates

521 Methodology

As seen in Figure 4.5, a SM consists of a sheet of material blocking the central region of the
plume that would be directly depositing onto the substrate. The SM, a 10x10x0.5 mm plate
of aluminium (material choice was discussed in section 4.2.6), was suspended between the
target and the substrate using an aluminium rod. This size was chosen to match the substrate
size. A photograph of this setup is shown in Figure 5.2. After initial experiments with this
setup, it was found that the deposition was non-uniform with the outer regions of the
substrate having a substantially higher deposition rate. Further experiments found that
smaller shadow masks of 6x6x0.5 mm suspended by tungsten wire provided a uniform
growth across the substrate. The optimum size of shadow mask will vary depending on the
spot size, background pressure, target-substrate distance and shadow mask position.
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Figure 5.2. Photograph of SM with a 10x10x0.5 mm aluminium plate suspended with an aluminium

rod.

5.2.2 Scattering point density

Using this SM setup, a LuScOs film was grown with 36000 shots at an ablation fluence of
1.05 Jem™. The resultant growth was wedged with the film being 300-nm-thick film on one
side, and 100 nm on the other. This means that the shadow mask was too large to allow a
significant number of atoms and ions to deposit onto the substrate and was positioned non-

centrally with respect to the ablation-spot on the target and substrate.

Growths using an ytterbium-doped mixed Lu203 and Sc2O3 target were performed with and
without the shadow mask with 1.05 Jcm2ablation fluence and 25 W of substrate heating
power. The growth rate was reduced from 10 pm/hr to 3 pum/hr when using a SM. Figure 5.3
shows dark field images for the resulting deposited films with and without a shadow mask
grown under comparable conditions. The scattering-point density (as discussed in section
4.4.1) measures the observable defect density via dark-field microscopy and for these images
is 38.5 % without a SM and 0.49 % with. This demonstrates a 78-fold reduction in particulate

density.

Table 5.1 displays the samples grown with a SM compared to a typical growth without a
SM. The growth rate of JP55 is significantly smaller than JP54 due to target degradation
when a target is used for a substantial period of time. The particulate density of JP8 is much
greater than any sample which used a shadow mask, but also has a larger growth rate of
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10 um/hr, showing the trade off with growth rate and particulate density with the SM
technique.

Table 5.1. Growth parameters of films grown with different types of shadow mask grown at 100

Hz, 1.05 Jcm ablation fluence and 25 W substrate heating power.

Sample Material Number | Shadow Growth rate ' Particulate
number of shots | mask size | (um/hr) density (%)
(mm)
JP47 LuScOs 36000 10x10 1-3 0.53
JP54 LuScOs 36000 6Xx6 3 0.49
JP55 LuScOs 540000 6x6 1.3 1.05
JP8 LuScOs 36000 None 10 38.5

(b)

Figure 5.3. Dark field microscopy optical images of films grown from a ytterbium-doped mixed-
sesquioxide target (a) without a SM (JP8) and (b) with a 6x6 mm SM (JP54).

5.2.3 XRD measurements

When using a SM to grow materials with multiple constituents, the stoichiometry of the
growth will likely be different compared to a growth without a SM. This can be explained
with the different rates of plume expansion depending on material (detailed in section
2.2.2.2). To test this, XRD measurements were taken of a film grown with a SM (JP54) and
without a SM (JP8).

Figure 5.4 (a) shows the (222) XRD peak for the film grown with (blue line) and without
(green line) the SM along with the database locations of scandia and lutetia (222). There is
a shift of ~0.5° in the 20 peak position towards the Sc2Oz peak when using the SM, implying

that the ratio of scandia to lutetia is increasing. This is due to the size difference between
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scandium and lutetium; a plume consisting of lighter elements expands to a greater degree
than heavier elements so a larger proportion of scandium will reach the substrate. The
FWHM also increases from 0.03 to 0.05 ° when using a shadow mask; this can be explained
by the presence of a lutetia (622) peak as seen in Figure 5.4 (b). Domains of different
orientations of the crystal will disturb the lattice causing stress at the boundaries of the

different orientations. The stress can cause the broadening of the peaks as seen in Figure 5.4
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Figure 5.4. (a) XRD spectrum of sample number JP54 grown from mixed sesquioxide target with a
SM (green line) and a comparison of the (222) peak of sample number JP8 grown from
the same target without a SM (dark blue line). The locations the lutetia and scandia
(222) peaks are indicated by the red and light blue line respectively. (b) XRD spectrum
from 20° to 80° of JP54 with the peaks labelled with material and orientation.
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524 Limitations and Future Improvement

I have shown that the SM technique can be used to reduce the particulate density by nearly
78x. With the mixed-sesquioxides, the expected amount of the heavier element is reduced in
the final composition of the film. This will also be true when growing with RE-materials,
making growing active waveguides with this technique challenging. One potential solution
would be a velocity selective gas jet to increase the diversion of the plume around the
substrate. This would create a more stoichiometric transfer of materials from target to

substrate and it would likely increase the growth rate.

Attempts to grow Yb:Lu2Os to a viable thickness (>10 pm) to use as a waveguide and with
a growth rate of just 3 um/hr would exceed the typical life span of the ceramic targets by
requiring over 3 hours of growth, or over 1 million pulses. This would significantly degrade
the target’s surface and would require growths of Yb:Lu203 with a SM to determine how

significant this would be to the quality of the growth.

Despite having advantages of reducing the density of particulates embedded into the growing
film, a major drawback is the limited growth rate and altered stoichiometry of ternary films.
However, the growth of Yb:Lu>O3 would not suffer the same stoichiometry alteration since
ytterbium and lutetium are similar masses. This avenue was not explored any further due to

time constraints and the adoption of the bi-directional ablation technique mentioned earlier.

5.3  Segmented targets

In chapter 2, | discussed the manufacturing process of the targets used in our PLD system.
These targets are formed from a mix of binary oxide powders, which are pressed and sintered
into a ceramic disc. During the fabrication process, clustering of materials can occur causing
domains. Typically, these domain sizes will be on the order of microns to millimetres and
will each have different ablation thresholds and material ejection rates. As a consequence of
the clustering and different ablation thresholds across the target surface, LIPSS (laser
induced periodic surface structure) appears during target ablation, manifesting as cones
facing towards the ablation laser beam (Ashfold et al., 2004). As the surface structure
develops, the tips of the cones exfoliate, embedding themselves into the growing film.
Observations in this work showed that LIPSS do not appear in binary targets since any
domains will have the same ablation characteristics, as shown Figure 5.5. This shows SEM
images of ablated gallia and yttria targets ((a) and (b)) and a ternary YG (Y203 + Ga203)
target (c).
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In this section, the fabrication of a target made of sections of binary targets is presented.
Using a segmented target, | grew a YGG film and compared this with a similar growth using

a ternary mixed target. DF microscopy images were used to compare the scattering point

density and XRD measurements to compare the crystallinity and stoichiometry.

(a) (b) )

Figure 5.5. SEM images of targets after 180,000 shots for (a) GazOs3, (b) Y203 and (c) YG

531 Comparison of segmented targets and mixed targets

(Sloyan et al., 2009) demonstrated that by using multiple binary targets and ablating each
target with alternate ablation pulses, a single crystal, ternary film can be grown. This was
shown to be effective, however an alternative method using just one laser and one target is
to use a segmented target. To demonstrate this, a gallia and a yttria target were diced into

two segments using a diamond cutting disc attached to a rotary cutting tool as seen in Figure
5.6. The segmented target pictured, is % Y203 and g Ga20s3, so when mixed via ablation, the

aim is to create crystalline Y3GasOx1z, or stoichiometric cubic YGG. This target ratio assumes

an equal deposition rate when ablating the yttria and gallia segments.

Figure 5.6. Photograph of a segmented target with % Y203 and g Gaz0s.
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Dark-field images were taken of films grown with a mixed YG target (Figure 5.7 (a), J94)
and a segmented yttria and gallia target (Figure 5.7 (b), J127) using the same conditions. The
scattering point density for the J94 was 5.3 % and for J127 was 0.02 %, demonstrating a

~250-fold decrease in scattering point density when grown with the segmented target.

(b)

10 pum
—

Figure 5.7. Dark-field images of films grown with (2) a mixed YG target (J94) and (b) a
segmented YG target (J127) taken from (Grant-Jacob et al., 2018)

Figure 5.8 (a) shows the XRD spectra of J94 (green dotted-line), along with the XRD spectra
for J127 (green solid-line). Crystalline YGG has been grown using the segmented target, and
the film has the correct phase of Y3GasO12 since the (400) YGG peak position (20) from the
film is an exact match to the value found in literature (29.06° (Grant-Jacob et al., 2017)).
The film grown from the mixed YG target, has a (400) peak position of 28.86°, 0.1° lower
than that of the database value (or 0.02 nm larger lattice constant than stoichiometric YGG),
indicating a non-stoichiometric growth, having relatively less gallium content than
stoichiometric YGG (Mackenzie et al., 2017).

The YGG (400) peak of J127 has a broader FWHM (0.11°) than the (400) peak of J94 (0.03°).
This can be explained by the mechanism of deposition, which uses a segmented target that
leads to sequential deposition of Y203 and Ga.Os, unlike growth from a mixed target, where
Y and Ga will be deposited simultaneously. As discussed in Chapter 2, sequential deposition
with a dual target system can be used to grow single crystals, or layers of material depending
on how many pulses are used in the sequential ablation. If a film is grown with 5 pulses of
one material, and 5 pulses of another, a mix of the materials will be grown since it takes
multiple pulses to grow a monolayer. However, if 50 alternate pulses are used, layers of
binary material will be grown. For the segmented target growth (J127), on average, 12.5

sequential pulses ablate the Ga>Os section of the target, per rotation. Using preliminary tests,
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this could grow a 0.625 nm layer of Ga>Oz. Similarly, the Y203 segment is ablated by an
average of 7.5 pulses per rotation, potentially growing ~ 0.375 nm. This means sublayers of
Ga203 and Y203 could be grown in addition to the observed Y3GasO12 and is confirmed in
Figure 5.8 (b). Here, small peaks of (202) Ga20s and (721) Y203 (0.3% and 0.1% of the
(400) YGG peak respectively) can be seen. It is out postulate that these integrated layers of
gallia and yttria are the source of the broadening of the YGG (400) peak.
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Figure 5.8. XRD spectra showing the (400) peak of YGG films grown via a mixed and segmented
YG target (a) and an XRD spectra of a YGG film grown from a segmented target
showing the (202), (800) and (721) peak (b). The dotted and dashed lines indicate the

labelled database values. This figure was taken from (Grant-Jacob et al., 2018).

These layers of different material could potentially increase the propagation loss in these
samples, through scattering at the interfaces between each material. However, previous
research into sequential ablation of different materials shows that if the number of shots per
binary section of the target is decreased, the prevalence of binary crystal structures in the

sample is also decreased (Sloyan et al., 2010).

5.3.2 Limitations and Future Improvement

Segmented targets require circular discs to be cut into the required segment dimensions.
Even if these are perfectly cut, there will still be an interface between each segment which,
when ablated, could change the angles of the plume and the energy striking each segment.

This could be avoided by not ablating these interfaces, via linking the movement of the target
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and the ablation pulses. This could also be utilised to control the number of shots per segment
in each rotation, such that the ratio of pulses per segment is constant. The ratio of pulses per
segment could then be optimised to provide a growth without binary layers of materials. This
technique has similar advantages to a multi-beam, multi-target setup, which has been
previously researched (Sloyan et al., 2012). In the multi-beam technique, binary targets are
ablated simultaneously at an angle to the substrate, meaning the plume would be arriving at
at an angle. This requires the substrate to be continuously rotated to achieve a uniform
growth on the substrate. The advantage of segmented targets over this system is that the
plume is still perpendicular to the substrate, allowing for a more uniform growth on the small
10x10 mm substrates used in our PLD setup with rotation of the substrate.

5.4 Uni-directional Ablation

Ablating one point on a target will remove material and effectively drill down into the target.
This will alter the plume dynamics and change the stoichiometry of the growing film. A
simple method of reducing the particulate density in grown films is to change the location
of ablation on the target. This reduces the prevalence of LIPSS and, if ablated uniformly
across the surface, reduces the roughness (Sa) of a post-ablated target. It is important to
ablate from a flat surface since the plume will travel away from it along the surface normal.
In this section, | briefly discuss uni-directional ablation (UDA) as a technique of increasing
the target utilisation and particulate reduction. UDA involves the rotation and translation of

the target, whilst maintain a unique angle of incidence to the surface.

At the beginning of this PhD project, the PLD chamber had been configured with a cam
designed to move the target in an epitrochoidal motion to utilise more of the target’s surface.
This can be seen in Figure 5.9, where simulations of this motion are displayed after numerous
pulses (100-1000), along with a photograph of a target after 36,000 ablation pulses. Using

this motion, approximately 50% of the target’s available surface is utilised.
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Figure 5.9. (a) (b) and (c) Sequential progression of the ablation spot position on a 25-mm radius
target undergoing epitrochoidal motion, with a cam radius and offset of 15 mm and
12.5 mm, respectively. (b) A photograph shows an ablated YG target after 36,000
pulses for the same configuration.

In our PLD process, targets are sourced from three companies Testbourne Ltd, Scotech Ltd
and Sindlhauser GmbH. By using pressed ceramic discs instead of using single-crystals,
targets can be created with the exact composition required. However, using powders means
there can be phases of binary material of micron sizes in the resultant target. | observed that
the surface structure of such targets became altered due to the different ablation thresholds
of each component. As the laser ablates from one distinct angle and direction, cone-like
structures were noted to point back along the direction of incidence of the ablation laser
beam (Ashfold et al., 2004). Exfoliation of the cone-tips during ablation and thereby become
deposited onto the growing film. This is shown in Figure 5.10, which shows an SEM image
of a YG target ablated via UDA with 10,000 shots/cm?.
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Figure 5.10. SEM image at 750x magnification of a YG target after ~10,000 shots/cm?.

55 Bi-directional Ablation

In order to mitigate the directional surface structuring discussed in the previous section, one
solution can be to alter the angle of ablation during the ablation process. The hypothesis
underlying this idea is displayed in Figure 5.11, where ablation from one angle ((a) and (b),
UDA) cause LIPPS, whereas ablation from two angles cancels out the effects of the other

((c), bi-directional ablation (BDA)), ideally leaving a flat surface on the target.

(a) (b) (c)

Figure 5.11. (a) Cone production from pulses incident at one unique angle, (b) from an equal and
opposite angle, and (c) the resulting ideal situation corresponding to the combination of

(a) and (b) either simultaneously, or sequentially as in the case discussed in this work.

The BDA technique does not involve adding another ablation laser. Instead, | devised a
method to move the target in such a way to achieve BDA by ablating from opposite angles
sequentially instead of simultaneously. In fact, a simple device is achieved by extending the
concept of epitrochoidal motion and displacing the target fully across its central axis while

maintaining target rotation. This will continue the inherent epitrochoidal motion, but also
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means a laser pulse hits the target at the same point but when the target is displaced at
extreme and the other extreme (an exception is the target’s rotational centre, which will be
discussed in section 5.5.4). Ablating each area of the target when it is at two different
locations, from the target’s frame of reference, means the incident laser appears to be coming
from two equal and opposite directions. Epitrochoidal motion was also used in UDA, but the
displacement was only 12.5 mm and did not cross the central axis of the target.

An offset-cam was designed to provide BDA by increasing the displacement of the target to
45 mm, 5 mm less than the diameter of the target. An additional advantage is that the position
of the plume is stationary, which, for small substrates, is required to ensure the film
stoichiometry is consistent throughout the growth. The schematic and CAD design of the
cam is presented in Figure 5.12.

(a) (b)

Cam Ablated area

Figure 5.12. (a) Schematic of the rotational geometries of the BDA cam and (b) CAD (computer
aided design) image of the BDA cam setup.
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Figure 5.13. (a) (b) and (c) show a model of the ablation pattern with the BDA arrangement after
100, 300 and 1000 pulses. Red and green squares indicate opposing angles of incidence
between the laser beam and target normal. The green circle indicates the perimeter of
the target. (d) A photograph of a target that has undergone 36,000 ablation pulses is also

shown

An offset-cam was built with two gears with one gear spinning off-centre. The critical
parameters, to ensure maximum target utilisation and that all areas of the target are ablated
equally from both directions, are the radii of both gears and the magnitude of the offset.
Simulations were created in MATLAB to find the optimum values for these parameters using
equations for epitrochoidal motion. 22.5 mm offset and 80 mm diameter on one gear was
chosen to ensure a 45 mm displacement and the diameter of the other gear was varied. Figure

5.13 shows the results of simulations of the progression of the ablation spot on a target for a
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cam comprising of gears with a 22.5 mm offset and 80 mm diameter, and 0 mm offset and
47 mm diameter. The green/red spots in Figure 5.13 signify the ablation angle from opposing
directions, respectively. This setup was shown to be the optimum and Figure 5.14 shows
photographs of the targets after 36000 shots when using gears of different sizes, showing the

dramatic difference the radii of the gears make.

(a) 45 mm

-~
".

QA

Figure 5.14. Photographs of targets after 36,000 ablation pulses with the 0 mm offset gear diameter
of (a) 45 mm, (b) 47 mm and (c) 48 mm.

55.1 Effect of Bi-directional Ablation on Target Morphology

Previously, in section 5.4, | demonstrated that the surface of a ternary target when ablated
via UDA develops cone like structures, directly related to the direction of the incoming laser
beam. BDA has been designed to ablate the targets from two different directions that will in
theory, prevent directional surface features from forming. In this section, the morphology of
targets exposed to UDA and BDA are compared. SEM images and stylus profiler
measurements of ablated target surfaces provide quantitative metrics to determine the

surface roughness and morphology.

YG targets were ablated with UDA on one face and BDA on the other face. However, the
BDA setup utilises more of the target, meaning the number of pulses per area for BDA is
~2x less than UDA assuming the same number of net pulses.

Figure 5.15 shows SEM images of the same target, ablated using the same density of
irradiation pulses using UDA (a) and BDA (b). Directional cones are observed on the target
under UDA, but not with BDA, although, micron-sized surface structure is still present. The

inset in Figure 5.15 (a) shows the presence of smaller particles that do not seem to be securely
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attached to the target. There is also evidence of cracking forming on the UDA target, as seen
in the inset, whereas the inset for the BDA shows no sign of small particles or cracking.

Figure 5.15. SEM images of surface of an ablated YG target after irradiation with ~ 36,000
pulses/cm? using the (a) UDA and (b) BDA protocols. The insets highlight small
particles and evidence of a “crack” in (a), which could be dislodged and deposited onto
the growing film and were only observed for UDA runs, i.e. no small particles can be
found in (b).

Figure 5.16 shows stylus profiler measurements of a section of the surface of the ablated YG
targets presented in Figure 5.15, and the target where it had not undergone ablation. The
peak-to-valley range shows a ~50% reduction for BDA as compared to UDA. The
post-ablation structure when using BDA is also only a factor of two larger than a new and
unused target. These results are promising, with an additional advantage that it also implies
slower target degradation, meaning the target can be used for extended periods before the
need for reconditioning to remove significant structure that may affect deposition efficiency
and quality.
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Figure 5.16. Stylus profiler measurements of YG targets prior to use (yellow), after UDA (blue), and
BDA (orange).
Although the surface roughness has been reduced, and highly directional cone formation
stopped, there is still surface structure being formed. This is considered to be because the
target has domains of different material with different ablation thresholds.

The cones formed from ablation have been observed before by (Ashfold et al., 2004), who
commented that the most likely explanation was the different ablation thresholds of
constituent parts, noting further that they have not been observed when binary/pure
elemental materials are ablated. In this section, | have shown how to avoid these cone-like
structures using bi-directional ablation, reducing the post-ablated peak to trough value
compared to UDA by 50%.

552 Effect of Bi-directional Ablation on Film Quality

The previous section reported the improvements in the target surface quality of BDA
compared to UDA. In this section, | will present the effect on the quality of the resultant

films when using BDA, including a decrease in particulate density and surface roughness.

Two films (samples JP65 and JP87) were grown from the same target, albeit from the
opposite faces, with an ablation fluence of 1.3 Jcm™ and a substrate temperature of ~700 °C
(using BDA and UDA). These films were then measured with DF microscopy and analysis

of these was performed using the pixel intensity method as described in Chapter 2. To
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demonstrate the repeatability of the BDA technique, 19 other YGG films were grown via
BDA with various growth conditions. These samples were also characterised using the pixel-
intensity method and white light interferometery to measure the surface topology, from
which the number of surface particulates could be determined using the automated function

in SPIP. These growths were compared to 28 YGG samples grown via UDA.

Figure 5.17. Dark-field microscopy images, at 100x magnification, of films grown under the same
growth conditions, via UDA (a) and BDA (b).

DF images of samples JP65 and JP87 are shown in Figure 5.17. There is a significant
decrease in the density and size of particulates when using BDA. The percentage area of the
images that is scattering light, using a threshold of 10% of the maximum intensity, is 3.25 %

and 0.27 % for UDA and BDA growths respectively, a greater than 10-fold reduction.
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Figure 5.18. Histogram of the percentage of area covered by scattering points in dark field images,
at x100 magnification, when grown via UDA (a) and BDA (b).

Figure 5.18 displays a histogram of the measurements made of the DF images of films grown

via UDA (a) and BDA (b). For the films grown with UDA, the average scattering density is
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(1.0 £ 0.22) % based on 28 samples and for BDA (0.17 + 0.03) % based on 19 samples. The
uncertainties were calculated using the standard error. This demonstrates an average factor

of 5 decrease in scattering sites when using BDA compared to UDA.
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Figure 5.19. Histograms (bin size of 20) of the surface particulate density (particless/mm?), when
counting particles with heights greater than: 10 nm (), 20 nm ( ), and
100 nm (ZZ); on films grown via UDA (a) or BDA (b).

A particle embedded near the surface of the film will change the local height of the film. The
change in surface topology can be quantified using a white light interferometer (as discussed
in Chapter 2). From these measurements it is possible to find the surface-particle density and
surface roughness (Sz). Figure 5.19 displays histograms of the density of particulates, with
threshold heights of >10, 20 and 100 nm, for UDA (a) and BDA (b) respectively, based on
11 films grown via UDA and 8 films grown with BDA. Collectively, for all particle sizes,
these plots demonstrate an almost two-fold reduction in surface particulates with the BDA
approach. The average film Sa (roughness) values were (2.14 £ 0.14) nm and (1.13 + 0.04)
nm for UDA and BDA respectively, a clear demonstration of the improvements in film-

surface quality.
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55.3 Bi-directional ablation effect on waveguide performance

As discussed in Chapter 2, particulates embedded into PLD-grown waveguide films have
been shown to increase propagation loss. In this section, | examine the effect that reducing

the particulate density has on the resulting waveguide performance.

Three Er:YGG films were grown with BDA and one with UDA with the growth parameters
presented in Table 5.2 onto a YAG (100) substrate. Channels were cut into them by Lewis
Carpenter with a Disco DAD3430 dicing saw using a nickel-bonded blade (Z09, Disco) with
a small grit size (SD5000). Light from a diode laser operating at a wavelength of 1480 nm
was launched into the facets of the ridge waveguides and the transmitted power measured.
Accounting for the Fresnel reflection at the facets (calculated from equation 3.8 to be -0.85
dB), coupling (assumption based on the symmetry of the channel waveguide) and absorption
losses (based on the absorption of Er®* and the dopant concentration), a value for the

propagation loss could be determined.
Table 5.2. Growth conditions for Er:YGG grown via UDA and BDA.

Sample | Ablation | Thickness = Fluence Heating

number regime (um) (Jcm2) | power (W)
JP108 BDA 20 1.6 15
JP112 BDA 10 1.6 12

J148 BDA 22 1.9 11.5
J109 UDA 6 1.1 10.5

Table 5.3 shows the losses measured from films grown via BDA and UDA compared with
the particulate density range measured from DF images. The best BDA-grown film (JP148)
has a propagation loss approaching 0.1 dB/cm, which is more than 50-times lower (in a linear
scale) than that of the UDA-grown film (J109) with a 3.5 dB/cm propagation loss,
demonstrating the clear relationship between a film’s propagation loss and its particulate
density. This represents a major improvement compared to previous PLD and UDA-grown
waveguides, such as (Beecher et al., 2014; Parsonage et al., 2015), where both reported

waveguides with propagation losses of greater than 1 dB/cm, albeit with different materials.
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Table 5.3. Particulate density and losses associated with Er:YGG films.

Sample Particulate | Coupling A Absorption | Propergation
number | density (%) | loss (dB) = loss (dB) | loss (dB/cm)

JP108 0.15 -0.1 -0.04 0.7

JP112 0.22 -0.2 -0.09 0.6

J148 0.17 -0.2 -0.25 0.12

J109 125 -0.4 -0.05 3.5
554 Optimisation of bi-directional ablation

After the initial studies with BDA, it became clear that the central region of the target was
being ablated at a much greater rate than the rest of the surface. This leads to a “dip” forming
at the centre of the target’s face as material is being removed at a faster rate than the
surrounding areas. Faster degradation of the target’s surface at its centre, potentially leads to
a greater number of particulates being ejected. It will also reduce the usable lifetime of the
target, as reconditioning will need to remove a larger amount of material to achieve a suitable
flatness. This can be seen in Fig 3.4 where the simulations of BDA show the UV laser beam

track crossing the target’s centre during each full displacement of the target.

To find a solution to this problem, simulations were performed to find the target’s
displacement path and a 2-D histogram of the ablation pulse count per area of target. In this
section, | present these simulations and compare stylus measurements of targets using BDA
and using UDA.

In Figure 5.20 (a), the displacement path of the target is shown; the target is suspended on a
swinging arm with a pivot point 125 mm away from the centre of the target. On each
revolution of the cam, at the desired repetition rate, the target will be displaced back and
forth along this path. Even when the target is rotated about an axis marked with an “x”, the
displacement path will still pass through the centre. To avoid this, it is possible to change
the vertical position of the ablation beam as seen in Figure 5.20 (b). In this scenario, the
beam has been moved, for practical reasons, upwards by 2 mm so that the centre of the target
will not be ablated. It is important to note that for UDA, the beam did not pass through the
central axis of the target, as seen in Figure 5.20 (c), so this problem did not need to be
considered.
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Figure 5.20. Modelled ablation path for BDA (a) through the centre (and axis of target rotation),
(b) 2 mm above the centre and (c) for UDA.

Figure 5.20 (a) shows the heat map and stylus measurement of a target subject to UDA.
These were created by extending the model described in Figure 5.13 that was created in
MATLAB. The inner part of the ablation ring is still receiving 1 in 10 of the shots but, as
before, these shots are spread between a larger area. This means that the discrepancies in the

height, as shown by the stylus measurement, are less pronounced.

Figure 5.20 (b) shows a heat map of where the ablation beam is hitting the target, after 72,000
shots, when the beam travels across the targets centre. In this case, 1 in 10 pulses are hitting
the central 3 mm x 3mm square, or 9 mm?. The stylus measurement shows that the central
region of the targets face has ~ 5x more material removed than the other regions. It also
shows that 2x more material has been removed on the edge of the ablation ring than the

intermediate areas which agrees with the heat map simulation.

Figure 5.20 (c) shows the heat map if the beam is moved 2 mm above the axis of rotation
(the centre of the target). Here, there are no pulses in the central 3 x 3 mm of the target’s
face. Now 1 in 10 pulses are hitting the area around this, which is 27 mm?. This spreads the
load and means the hole in the centre of the face will not be as deep, as is confirmed by the

stylus measurement.
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Figure 5.21. Simulation produced heatmaps of the number of shots per area on the targets surface
after 72,000 shots and stylus measurements of targets after 72,000 shots, for: (a) UDA
(b) BDA through the origin of the target and (c) BDA moving the displacement track 2

mm above the rotational axis.

This simulation does not account for the spot size of the ablation laser, but only takes into
account where the centre of each pulse hits, giving an apparent discrepency between the
stylus measurements and the heatmap. The stylus indicates that a ~ 5mm diameter region at
the centre of the target’s face has a greater amount of material removed, whereas the heatmap
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is only ~ 3 mm diameter. Taking into account the spot size of 2.5 mm width at the target,

then the model and measurements are in excellent agreement.

I have shown that with our BDA setup, by changing the vertical position of the ablation
beam by 2 mm, the pulses are spread over a larger area and therefore remove 2x more
material than other areas compared to 5x more than if the abaltion pulse hits the centre of
the target. Changing the vertical position of the beam by differing amounts would produce
the same effect if the centre region is not ablated, however, 2 mm ensures the centre is

missed, and the maximum amount of target is utilised.

555 Summary of the bi-directional technique

In this section, | have presented BDA as a technique to reduce LIPSS and reduce the density
of particulates in thin films, while increasing target utilisation by 50% compared to UDA. It
has been shown that the directional cone-like structure formed on targets that have
undergone UDA is prevented when BDA is used. The particulate density of films grown by
BDA is reduced 5-fold and the surface roughness (Sa) reduced by a factor of 2. | have also
demonstrated that films grown using BDA have a propagation loss of as low as 0.1 dB/cm,
a record result for comparable films grown via PLD.

5.6 Conclusions

Particulates embedded into crystal films cause scattering of light, which increases the linear-
propagation loss of crystal films. In this chapter, three methods have been presented for
reducing the particulate density in PLD-grown films, shadow masks, segmented targets, and

bi-directional ablation.

Through understanding of the fundamental theory of plume dynamics in PLD, particulates
can be blocked with a SM, the plume will expand around the obstruction and still grow a
crystalline film. Using this method, the particulate density in the grown film was reduced by
78x. In achieving this major improvement however, growth rate is reduced by 70% and for
the growth of ternary materials the films stoichiometry is altered compared to the target
composition. There is still promise in this technique for simple oxides in which the dopant
IS a similar mass to the host ions, such as Yb:Lu20s. Other techniques such as a velocity

selective gas jet to push the heavier ions into the substrate path should also be explored.

With segmented targets, a 250x decrease in particulate density was realised with a growth

closer to stoichiometric YGG. There was evidence of binary-layer growth within the ternary
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crystal, when too many pulses hit one material sequentially, which caused broadening of the
YGG (400) XRD peak. Improvements could be made through control of the timing of the
ablation pulse and rotation speed of the segmented target. This could mean the interfaces
between the segments could be avoided and provide control over the number of sequential

pulses on each segment.

Using BDA, target utilisation is increased by ~50% compared to the standard approach used
in our group prior to this work. It also doubled the longevity of the target, reduced the
particulate density by ~90% compared to UDA, and reduced the post-ablated target
roughness by ~50 %. Employing BDA demonstrated that low-loss waveguides are possible

with the PLD technique, realising losses as low as ~0.1 dB/cm.

Each of these techniques reduce the particulate density, however, bi-directional ablation is a
passive technique with a host of advantages, and it is now the default ablation technique used
in our system. A revamped multi-target system that incorporates two bi-directional setups
for two binary targets should also provide an effective solution to reduce particulate density

and increase the versatility for materials development.
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Chapter 6 Garnets

6.1 Introduction

As discussed in section 2.3, garnets have numerous advantages as a laser host material,
leading to them being widely used for industrial lasers. In PLD, there has been a significant
amount of research into the growth of RE-doped garnets for lasing applications. In particular,
a PLD-grown Yb:YAG planar waveguide laser has been demonstrated with >21 W (CW)
output power and 70% slope efficiency, furthermore a small-signal gain of >20dB was
realised in a planar waveguide configuration (Kurilchik et al., 2018). Waveguide lasers made
with Yb:GGG and Yb:YGG films have been demonstrated with output powers of 1.8 W and
1.2 W and slope efficiencies of 11% and 15%, respectively (Beecher et al., 2017).

These planar waveguide lasers and amplifiers show the promise of the PLD technique to
grow high-power, low-loss, active waveguides. Despite their record performance, the
aforementioned waveguides had propagation losses in excess of 1dB/cm. While gain was
still achieved, this loss increases the lasing threshold and reduces efficiency, hence
decreasing the maximum achievable output power. As shown in the previous chapter,
propagation loss correlates with particulate density. These defects also degrade the beam
quality by scattering light, and affect the physical parameters of the grown film, such as

thermal conductivity.

In this chapter, advances in the quality of PLD-grown RE-doped YGG, YAG and LUAG on
<100> YAG substrates are presented. Here, the steps taken to optimise and characterise the
growths, and the optical experiments that followed are presented. By utilising the bi-
directional ablation technique presented in chapter 3, 1 demonstrate losses less than 0.3
dB/cm in YGG and show lasing with the first PLD-grown double-clad (where the outer

layers are formed by the substrate and air) Yb:LUAG waveguide laser.

6.2 Yttrium Aluminium Garnet

YAG the primary crystalline host material used for RE-dopants in lasers used in both
research and industry. Recently in PLD, examples of lasing in Yb:YAG films have been

demonstrated with 70% slope efficiency and >20 W output power (Kurilchik et al., 2018).
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The film used to create this laser was grown using the UDA method. This indicates that by
using BDA, the particulate density and hence the propagation loss, could be reduced
compared to this example. The reduction of defects and loss would result in higher
efficiencies and output powers, which would enable PLD to be a viable alternative growth

mechanism for planar waveguide lasers.

In the following sections, efforts to improve the stoichiometry, crystallinity and particulate
density of Yb:YAG films are presented. The stoichiometry is improved by compensating for
poor aluminium transfer from target to substrate via increasing the amount of aluminium in
the target relative to yttrium. The particulate density and crystallinity are improved by
optimising the ablation fluence and substrate temperature respectively. The optimisation of
growth parameters to provide films with low particulate density and a single-crystal structure

is presented.

6.2.1 Aluminium compensation in YAG films

The growth of ternary oxides using a one target system in PLD requires targets made from
two binary oxide powders. The transfer of material from target to substrate is not necessarily
stoichiometric and this needs to be considered when choosing the ratio of materials in a
target. In general, when the target is ablated, lighter elements will form a larger plume in
comparison to the heavier elements (discussed in section 2.2.2.2 (Droubay et al., 2010)).
This will mean that the lighter elements are spread out over a larger area, and so there will
be a relative loss of lighter elements, leading to films with different stoichiometry than
expected. In most cases, the changes to these parameters would be detrimental to the
intended use. Consequently, the relative loss of lighter elements will need to be compensated

for in the design of targets.

When attempting to grow YAG with a ternary target, which is fabricated using alumina and
yttria powders, stoichiometric transfer of the molecular ratio of yttria to alumina requires the
target to simply be a 3:5 mix (Y3AIlsO12). However, when ablated, the resultant yttrium will
form a more directional plume than the aluminium. Therefore, a greater concentration of
aluminium is needed in the target to compensate for its relative loss compared to yttrium in
the transfer to the substrate. The peak position in the XRD spectrum of a YAG film with a
ratio of yttrium and aluminium that is larger than it is for 3:5. Implying a relative decrease
in aluminium would increase the lattice constant and therefore decrease the 26 peak position.
This can be used to observe the difference between a stoichiometric YAG film and an

aluminium-deficient film.
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Films were grown from targets with different aluminium compensations. Six films were
grown with a target that was pre-compensated with an extra 2.5% alumina (molecular
percentage) compared to ytrria, and eleven from a target with 8.5% extra aluminium. XRD
measurements were performed and the <400> peak position noted and plotted in Figure 6.1.
2.5% compensated targets grew films with XRD peak positions on average 29.43° + 0.01°
using the standard error, in comparison to films grown with target compensation of 8.5% a
29.68 = 0.01° XRD peak position was found. This peak position is 0.08° away from the
expected peak position of 29.76° (Emiraliev et al., 1976), 4 times closer than that of 2.5%

compensated films and nearly perfectly stoichiometric YAG.
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Figure 6.1. Peak positions of (400) peak for YAG films grown with 2.5% (black) and 8.5% (blue)
aluminium compensated targets. The red line indicates the position of the peak

position expected for perfectly stoichiometric YAG (Emiraliev et al., 1976).

Figure 6.1 shows a variation of XRD peak position between different growths. This is
because the stoichiometry between growths is affected by the growth conditions themselves,
for example a smaller ablation spot size will increase the size of the plume (the flip-over
effect, see section 2.2.2.2) with lighter elements expanding to a greater degree than heavier

elements (Ojeda et al., 2015).
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In this section, it has been demonstrated that by changing the composition of targets nearly
stoichiometric YAG can be grown. The growth conditions effect on the particulate density,

crystallinity and the stoichiometry of YAG films is outlined in the following sections.

6.2.2 YAG fluence optimisation

The fluence used to grow samples will have an effect not only on the particulate density, but
also the stoichiometry and temperature of the substrate. As discussed earlier in this chapter,
PLD-grown Yb:YAG has demonstrated promising waveguide laser results with the UDA
protocol. The development of BDA has created the real possibility of improving upon these
results, with decreased propagation loss in the waveguide with anticipated improvements in
laser power. The optimal fluence for minimising particulate density may not be the same for
BDA as it is for UDA. In this section, | present 5-films grown with different ablation

fluences. The samples growth conditions and particulate density can be seen in Table 6.1.

Table 6.1. Growth conditions and characteristics of YAG samples grown with 36,000 shots, 8.5%

aluminium compensation and a repetition rate of 100 Hz.

Sample Yb Substrate Fluence Scattering Point | Thickness
Number (%) Heating (W) (Jcm?) Density (%) (um)
JP195 3 19.0 1.65 6.97 1.85
JP196 3 19.0 1.45 4.34 1.75
JP197 3 19.0 1.85 8.34 2
JP198 3 19.0 1.20 2.05 1.5
JP199 3 19.0 1.00 1.22 1.35

The thickness of the films seen in Table 6.1 varies by 0.65 um, hence, the change in
particulates could be explained by varience in film thickness. To correct for this, the
scattering point density can be divided by the thickness of the film. Figure 6.2 shows the
thickness-corrected scattering density in Yb:YAG films as a function of ablation fluence. A
trend can be seen that lower fluence values decrease the percentage value of scattering points
in the films. This could be due to high-fluence values increasing the probability of exfoliation
of particules from the target. While this is a good indicator of the optimal fluence for this
target, different targets with different characteristics may require different ablation fluence

values for low particulate growth.
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Figure 6.2. Scattering point density of Yb:YAG films grown with ablation fluence values from 1.0 -
1.85 Jem™.

6.2.3 YAG temperature optimisation

The temperature at which a thin-film is grown is of crucial importance for the resultant
crystallinity and the orientation of the growth. The technique used to analyse the crystallinity
of films, XRD measurement, is challenging for homoepitaxial growth as it is hard to
distinguish between peaks of the substrate and the film. An amorphous film for example,
would not generate peaks in an 6/26 XRD scan, and the X-rays can penetrate ~30 um
(depending on the incidence angle) into the samples, leaving only the substrate visible to the
incident x-ray beam. To counter this, methods such as grazing incidence XRD (GIXRD
discussed in chapter 2) and measuring the fluorescence of an active film can confirm its

crystallinity.

The thickness of a growth will also influence the crystallinity of the films, with thick films
not necessarily maintaining the crystal orientation of thin films grown with the same
conditions (Burmester et al., 2003) (DeLoach, 1998). For this reason, it is important to
optimise the crystallinity at thicknesses that are usable for laser applications (>10 um). To
optimise the temperature of YAG films, four undoped films were grown to ~ 10 pm
thickness under different substrate heating CO- laser powers. The growth conditions can be
seen in Table 6.2. These films were measured using 6/26 monochromatic XRD and GIXRD

to analyse the crystallinity.
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Table 6.2. Growth conditions of undoped YAG films grown with 180,000 pulses onto YAG

substrates.

Sample Number | Substrate Heating (W) @ Fluence (Jcm?)

JP158 115 1.85
JP159 23 1.85
JP160 9 1.85
JP161 15 1.85

Initial observations of the 6/20 XRD spectrum revealed peaks at the location of the YAG
(400) XRD peak (~29.76°). The FWHM of an XRD peak is a good measure of crystallinity
since a single crystal will have a FWHM of around 0.02° but defects and stress will cause
broadening of the peaks. Figure 6.3 shows the FWHM of the peaks of the thick YAG
samples. 11.5 W and 9 W have the lowest FWHM of around 0.02°, so this evidence alone
would suggest that 11.5 W of substrate heating power is the optimum. However, to test that
the 9 W and 11.5 W films were not amorphous, GIXRD (grazing incidence) XRD was

performed since the x-rays would not penetrate to the substrate (see section 4.4.4.2).
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Figure 6.3. FWHM of 10 um-thick YAG films as a function of substrate heating power.

GIXRD has different selection rules for which peaks will be observable in the spectrum. In
the case of YAG (100), the (100) peak (where the (100) planes are perpendicular to the
surface) cannot be measured using GIXRD with a 1° incidence angle. Therefore, when
measuring a film that is YAG (100) the optimal spectrum would have no peaks visible. The
GIXRD spectra for JP159 -JP161 are shown in Figure 6.4. Figure 6.4 (a) shows the GIXRD
spectrum for JP160, where the substrate heating power was 9 W. The broad (~10° FWHM)
peak around 30° indicates a film with a low degree of crystallinity (amorphous). JP158 which

was grown at 11.5 W had an almost identical GIXRD spectrum and as such isn’t shown here.

110



Chapter 6

Figure 6.4 (b) shows the GIXRD spectrum for JP161 and displays three peaks. These peaks
can be attributed to different orientations of YAG, seen in Figure 6.4 and the peak intensities
are not much higher than the noise floor. This indicates that the signal from these orientations
is weak (since the expected peak heights for single crystal material is ~10°), and hence the

volume of material with these orientations is small.

Figure 6.4 (c) shows the GI-XRD spectrum from JP159, and there are numerous peaks.
These peaks can also be well attributed to standard YAG peaks, indicating that this film is
slightly polycrystalline. However, like JP161, the peak intensities are small, indicating only

small amounts of polycrystalline material.
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Figure 6.4. GIXRD spectrum from 20-80° for films grown with substrate heating temperature of (a)

9W, (b) 15 W and (c) 23 W. The corresponding YAG peaks are labelled (Emiraliev et
al., 1976).

Here, the difficulties in the characterisation of YAG films grown onto a Y AG substrate have
been shown. It has also been demonstrated that the optimum substrate heating power is ~15
W for an ablation fluence of 1.85 Jem™. Further optimisation growths would be required to
narrow down the optimal temperature.
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6.3 Lutetium Aluminium Garnet

LUAG is an alternative to YAG as a RE-dopant host material. As discussed in section 3.2.2.2,
both have similar physical and spectroscopic properties, but, due to the similar size of
lutetium and RE-ions, the doping of LUAG with RE-elements does not cause a significant
degradation of physical parameters, such as thermal conductivity. When fabricating high-
power devices, the thermal conductivity is crucial for power scaling. Having a higher thermal
conductivity allows heat to be removed from the device more quickly, therefore efficiency
degrading thermal effects can be avoided when pumping with higher power densities.

LUAG has a higher melting point than YAG, 2060 °C compared to 1940 °C, respectively
(Beil et al., 2010). This small but significant difference adds to the complexity of the growth
of LUAG via melting methods, since the melting temperature of LUAG is approaching the
applicability limit of iridium crucibles. However, rhenium-crucibles, while more expensive,
have a melting point of 3186 °C, making them more suitable for LUAG growth. RE-doped
LUAG is now commercially available, however, RE-doped YAG still dominates as the
choice for many applications that don’t require extreme power handling, primarily driven by

cost/performance reasoning.

When growing LUAG, like YAG, there will not be stoichiometric transfer of the material
from target to substrate and therefore the targets were aluminium compensated. All of the
samples in this section are grown from 9% aluminium compensated targets unless otherwise
stated.

In this section, I look at growth of a clad ytterbium doped LUAG and the lasing properties of
a double-clad LUAG film grown on a YAG substrate.

6.3.1 Growth of double-clad LUAG film

As discussed in section 2.3, the numerical aperture (NA) of a single-layer planar waveguide
limits the efficiency of pump coupling. The efficiency of pump coupling can be increased
by growing thicker films, but the consequence of this is multi-mode operation, when
fundamental mode operation is more desirable. Cladding layers are routinely used with
optical fibres for power-scaling where, generally, a relatively small active core is surrounded
by a larger non-active material. This increases the effective absorption length, requiring
longer samples but this is not as much of a problem for optical fibres, as they can be several
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metres in length, as it is for planar waveguides as described in this thesis, which, in this case,

are limited to ~1 cm.

The same technique as used in optical fibres can be used in planar waveguides. However, an
increased absorption length is not as simple to overcome in planar waveguides. A method to
overcome this is to increase the core’s doping concentration, but this could increase the
chances of detrimental thermal effects. Increasing the size of the core with respect to the

cladding layers could also decrease the absorption length.

By using cladding layers, you can also choose a ratio of cladding and core thicknesses
(Figure 6.5) that has higher order modes extending into the cladding, while confining the
fundamental mode in the core. The fundamental mode would then be selected due to the
limited gain region (Bhutta et al., 2002; Mackenzie, 2007). A correctly chosen geometry

should allow for beam qualities that are near diffraction-limited in the guided direction.

Doped layerI Undoped layers

Substrate

Figure 6.5. Diagram of active planar waveguide with undoped cladding layers surrounding a doped

central layer.

In this section, I discuss the growth of a double-clad LUAG waveguide with layers of
YAG/LUAG/Yb:LUAG/LUAG (Figure 6.5) with the UDA protocol. The process of the
growth can be seen in Table 6.3. It is important to note that the sample needed to be cooled
and taken to atmosphere to change the target between each step, which increases the chance

of contamination of the surface between each layer.
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Table 6.3. Process of growing a cladded Yb:LuAG film (JP67).

Step Number Target Heating Power (W) | Pulses | Fluence (Jcm™)
1 LUAG 13 144000 11
2 Yb (4%) LUAG 13 288000 1.1
3 LUAG 13 144000 1.1

The thickness of JP67 was measured by a stylus profiler and found to be 8 um. Dark-field
microscope images were taken, seen in Figure 6.6 (a), and the scattering point density was
found to be 11.12 % (with 10% threshold on a 50x microscope image). 6/26 XRD and
GIXRD measurements (Figure 6.6 (b) and (c) respectively) show that the crystal grown was
highly textured with multiple peaks observed.
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Figure 6.6. Characterisation measurements of JP67 with (a) dark-field image with 50x
magnification and (b) 6/26 and (c) GIXRD spectrum.

The high particulate density and the presence of the multiple peaks in the XRD spectrum
indicate that the JP67 waveguide is not comprised of perfectly single-crystalline layers.
Nevertheless, the sample was facet polished in-house on opposite sides to prepare for lasing
experiments using the method described in section 4.3.2. Figure 6.7 shows an BSE image of
the facet of JP67. The layers of the double-clad waveguide can be seen clearly (note: the
contrast of Figure 6.7 has been adjusted to display the layers clearly).
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Figure 6.7. EBSD image of the facet of a cladded Yb:LuAG waveguide showing layers of
undoped LUAG and doped LUAG at 6220x magnification. The dashed lines indicate
the boundary between the doped and undoped layers.

In this section, the details of the growth process and characterisation of a cladded LUAG film
were presented. The defect density and crystallinity of the layers are not ideal, but that the
respective layers are clearly visible from BSE imaging, showing a doped core in a clad
waveguide with a good refractive index profile. This PLD-grown LUAG structure is the first
of its kind. In the following sections | will describe the optical characterisation and laser

experiments with a double-clad LUAG waveguide (JP67).

6.3.2 Spectroscopic investigation of LUAG waveguide

Having explored the physical characteristics of JP67, to determine whether making a lasing
device using this sample was feasible, the fluorescence and lifetime were measured.
Comparing these measurements with those found in literature (Beil et al., 2010), an
assessment of whether the ytterbium ions are in the correct position in the lattice could be

made.

An initial investigation of the polished waveguide was carried out by coupling the light from
a HeNe (helium-neon, 633 nm) laser into the facet and observing any scattering that occured
during propagation. In an ideal waveguide, with no defects, no scattered light should be
observed at a normal to the samples surface, whereas in this case, large amounts of scattered

light was observed.

Fluorescence from the doped core was measured via facet-pumping with a fibre-coupled 974
nm diode laser and capturing the Yb3* emission by proximity coupling a graded index optical
fibre (0.22 NA, 62.5 um core-diameter) at the face of the waveguide. The other end of the
fibre was attached to an OSA (ANDO AQ6317B), which was set to a resolution of 0.2 nm.
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This setup was also used to measure the fluorescence lifetime, albeit with a pulsed pump-
laser. Here, the emission was captured with a lens and focussed onto an InGaAs photodiode,
as detailed in section 4.5.2. Fluorescence that was captured by the waveguide and propagated
to the opposite end, with respect to the incident pump beam, was imaged with a Spiricon
SP620U beam-profiling camera. A 20 x microscope objective was attached to a lens tube,
fixed to the camera body, and the unit positioned with a precision 3-axis stage to measure
the mode profiles of the waveguide excited by the fluorescence. The sample was pumped
from the opposite facet by a 974-nm single-mode fibre-coupled diode laser. A HR (high-
reflectivity) @915-980 nm, HT (high-transmissivity) @1030 nm dichroic mirror was used
to reject the pump light and pass the fluorescence signal.

Figure 6.8 shows a photograph of a 633 nm laser beam being coupled into JP67. From this
image looking down on top of the waveguide, there is visible scattering, with the beam easily

visible, and spots of light indicating defect locations.

Input beam — Output beam

Figure 6.8. Top-view photograph of 633 nm light launched into the clad LUAG waveguide
(JP67).

Figure 6.9 (a) shows the fluorescence spectrum of JP67 when pumped with a 974 nm diode
laser. Peaks can be seen at 968 and 1030 nm, with the peak at 974 nm associated with the
pump laser. This spectrum is similar to those found in literature (Beil et al., 2010) which
indicates that the ytterbium ions are in the correct position in the LUAG lattice. Figure 6.9
(b) shows the lifetime measurement and fit using equation 2.2. The lifetime was found to be
953 £ 5 s which is similar to that found in bulk LUAG (965 and 985 s for 10% and 15%
ytterbium doped LUAG respectively (Beil et al., 2010)). The lifetime of JP67 is likely shorter

due to detrimental thermal effects caused by a high defect density.
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Figure 6.9. (a) Fluorescence spectrum of JP67 from 850 to 1150 nm pumped with 974 nm laser
diode. (b) lifetime measurement and fit for calculation of the fluorescence lifetime.

The fluorescence mode profile can be seen in Figure 6.10. This demonstrates that
waveguiding of light is occurring in JP67. The intensity is higher near the substrate since
this is not a symmetrical waveguide and the refractive index contrast is lower between the
film and the substrate. Slight disturbances can be seen on the interface between film and
substrate likely caused by defects in the facet finish.
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Figure 6.10. Fluorescence mode profile measured from the output facet of JP67

The propagation loss was determined via transmission measurements of an end-coupled
1064-nm wavelength Nd:YAG laser. 1064 nm does not fall within the Yb:LuAG absorption
band so absorption can be assumed to be negligible. Accounting for Fresnel reflections from
the facets totalling 0.77 dB and that coupling losses are zero, a maximum propagation loss
per pass of 1.16 dB was obtained, equal to 1.22 dB/cm for this 9.5-mm-long sample.
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As previously discussed, JP67 has the fluorescence spectrum and lifetime values that are
similar to those reported for bulk Yb:LUAG (Beil et al., 2010) Waveguiding has been shown
by imaging the guided fluorescence at the output facet and the propagation loss was found
to be 1.22 dB/cm. While the loss is not as low as seen with the YGG waveguides previously,

it represented a good starting point to demonstrate the first PLD-grown cladded LUAG laser.

6.3.3 Lasing of Yb:LUAG waveguide

As discussed in section 3.2.2.1, ytterbium doped LUAG should be capable of higher average
powers than ytterbium doped YAG. Theoretically, two identically sized, doped and quality
samples consisting of Yb:YAG and Yb:LUAG, would result in the Yb:LUAG sample being
capable of greater output powers. Unfortunately, exactly the same quality and doped
Yb:YAG and Yb:LUAG waveguides are not attainable, however, using JP67, | can show that
PLD is capable of growing laser grade Yb:LUAG.

SAC +
FAC M3
.l —
1l 1= A
Laser L1 L2 L3 L4 WG LS5
Diode Bar

Power
Meter

Figure 6.11. Setup for Yb:LUAG waveguide laser characterisation. L1 and L2 - fast-axis cylindrical-
lens (5 x telescope); L3 - slow-axis focusing cylindrical lens (f = 50 mm); L4 - fast-axis
focusing acylindrical lens (f = 10 mm); M1—input mirror (HR@1020-1100 nm,
AR@910-990 nm); WG - planar waveguide; M2 - output coupler (PR@1030 nm); L5 -
aspheric lens (f = 15 mm); M3 - dichroic mirror (HR@1030 nm, AR@940 nm). Arrows

indicate the direction of travel of the laser beams.

A setup was built to pump JP67 with a 40 W, 940 nm diode-laser bar. The setup can be seen
in Figure 6.11. In the unguided plane, the output beam from the diode-laser was focused (L3)
to a D4o width of 1.5 mm. The fast axis output was expanded using a 5.0 x cylindrical
telescope (L1 and L2), then focused on the waveguide facet by an acylindrical lens (L4) to
a beam height of 6.0 um (D4o, distance between the 46 values, or four times the standard

deviation). An aspheric lens (L5) was used to collect the laser output which was reflected by
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a dichroic mirror (M3) onto a power meter while allowing residual pump light to be
transmitted.

An input mirror was placed close to the waveguide’s input facet (M1) and feedback was
provided at the output facet by either Fresnel reflection (~8.5% reflection) or an output
coupling mirror (M2). Characterisation of the lasing was performed with Fresnel reflection,
or an output coupling mirror with reflectance values of 30% and 50% as presented in Figure
6.12 (a). Lasing by using Fresnel reflection feedback produced the highest maximum output
powers of 3.3 W with a 20% efficiency, with 30% and 50% producing maximum output
powers of 3.1 and 2.2 W and efficiencies of 17.1 and 12.5% respectively. The laser spectrum
was collected by a 62.5-um fibre attached and measured using an OSA (ANDO AQ6317B),
the peak was found to be at 1030.7 nm and can be seen in Figure 6.12 (b). The bandwidth at
half maximum was found to be 0.22 nm. There is also noticeable rollover above 20 W of
input power which is assumed to be thermally induced. A more efficient heat sinking
arrangement or a reduction of the density of particulates in the film (particulates would
degrade the thermal conductivity of the sample) will delay the thermally induced rollover

and therefore improve the performance of the device.
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Figure 6.12. (a) Laser performance of Yb:LUAG clad waveguide with output mirror reflectance
values of 8.5%, 30% and 50%. Lines of best fit are also shown, used for calculation of
the laser efficiency. (b) laser output spectrum, peak wavelength 1030.7 nm, FWHM of
0.22 nm.
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Here, the first PLD-grown double clad Yb:LUuAG planar waveguide laser was presented. An
output power of 3.3 W with an efficiency of 20% was realised. With further optimisation to
create a single crystal LUAG structure with minimal defects, in particular by utilising the
BDA regime which was created after this growth, the output powers could match and even

exceed the powers achievable with Yb:YAG waveguides.

6.4 Yttrium Gallium Garnet

6.4.1 YGG fluence optimisation

Previous attempts to grow high-quality YGG films via uni-directional PLD have resulted in
a high-density of particulates. Using bi-directional ablation, as seen in Figure 5.17, the
particulate density was reduced significantly. By optimising the growth conditions,
particularly the fluence, when using the bi-directional ablation setup, the particulate density

could be further decreased.

To optimise the fluence and its effect on the particulate density, four films were grown at
arbitrary fluences between 1.6-2.2 Jem2 with 36,000 shots at heating power of 11.5 W. The
particulate density was calculated via the scattering point density method. The XRD
spectrum and refractive index were measured; the parameters and characterisation results

are shown in Table 6.4.

Table 6.4. Samples of Er (0.5%) YGG grown with 36000 shots with 11.5 W heating power

Sample Fluence Particulate XRD (100) Peak = XRD (100) Peak

Number (Jcm?) Density (%) Position FWHM
JP143 1.6 0.31 28.86 0.05
JP144 1.75 0.16 28.84 0.04
JP145 1.9 0.12 28.83 0.04
JP146 2.2 0.17 28.83 0.03

Figure 6.13 (a) shows the scattering point density in Er (0.5%): YGG films grown with
different ablation fluences, 36000 shots and 11.5 W of heating power. This indicates that an
ablation fluence of 1.9 Jem2 is close to the optimal for minimisation of particulate density
in the films further growths at fluences of >2.2 Jem would need to be explored to add
weight to this conclusion. Figure 6.13 (b) demonstrates that the refractive index of the films
decreases when the ablation fluence is increased. This can be explained by the change in the
films stoichiometry resulting from different ratios of Y/Ga being ablated and the change in
substrate temperature by the additional energy from the plume. The accepted value of the
YGG refractive index is 1.91 at 633 nm (Mackenzie et al., 2017), which is ~0.04 less than
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the refractive index value for these films. The shift in peak position can be explained either
by stress in the film or by the amount of Ga being transferred from the target to the film,
being less than Y.
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Figure 6.13. (a) Percentage area of coverage by scattering points in dark-field images for Er:YGG
films grown with different ablation fluences and grown with 36,000 pulses, and, (b) the

respective refractive index measurement at 633 nm.

6.4.2 YGG temperature optimisation

The temperature of the substrate during the growth is critical to the orientation in which the
film will grow. However, as the film grows thicker the properties of the film itself can change
as discussed in section 2.2.6. Thin films of 2 um were observed to grow in a single crystal
phase, but as they became thicker, e.g. to 20 um, mixed orientations (depending on growth
temperature) start to appear. In this section, | present the optimisation of the substrate heating
power, and hence the temperature for single-crystal YGG growth for thick films.

Four YGG films were grown with process parameters as detailed in Table 6.5, with 1.6 Jcm™
ablation fluence chosen to grow the most stoichiometric YGG despite the relatively small
increase in particulate density. Despite being doped with different RE-ions, the vast
difference in substrate heating power makes the relative differences in crystal growth useful
for process optimisation. The XRD spectra of each film was measured and compared. Two
of the films have identical growing parameters apart from growth time, to observe the
difference in physical parameters when films are grown thicker. Three of the films were

grown with the same ablation fluence, number of pulses and consequently thickness but
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different substrate temperature. These were grown to optimise the substrate temperature for

growing single-crystal films.

Figure 6.14 shows the measured XRD spectrum of JP110 (blue line) and JP87 (black line).
The XRD spectrum shows the thinner film is single crystal, <100> orientated YGG, whereas
when grown thicker, shows the growth of domains, i.e. polycrystalline. This means that
crystal orientation cannot necessarily be optimised with thinner films since it could change

if grown to thicker, more useful, dimensions.

Table 6.5. Samples of YGG grown at different temperatures

. Film

Sample Heating Number of Fluence )

Number Power (W) Pulses (Jecm?) Th(lﬁl::)ess Dopant
JP110 15 360000 1.6 25 Yb (4%)
JP111 12 360000 1.6 25 Yb (4%)
JP125 9 360000 1.6 25 Er (1%)
JP87 15 36000 1.6 2.5 Er (.5%)
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Figure 6.14. XRD spectrum of Er-doped YGG growths grown with 1.6 Jcm2 ablation fluence and
15 W of heating power for 36000 and 360000 counts, resulting in 2.5-um and 25-um
thick growths, demonstrating texture changes with thickness. The main peaks are

labelled with the corresponding YGG orientations (Euler and Bruce, 1965).

Three, 25 pm thick YGG films were grown at 9, 12 and 15 W of heating power. The
normalised XRD spectrum of these films can be seen in Figure 6.15. At 9 W of heating
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power, the film is predominately amorphous evidenced by the broad spectral features, at
12 W the film is single-crystal <100> YGG, and as we’ve previously seen in Figure 6.14,

15 W produced a polycrystalline film.,
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Figure 6.15. XRD spectrum from 25-pum thick YGG films grown with 9, 12 and 15 W heating power.

In this section, I have shown that films properties change when they are grown with a greater
number of ablation pulses. In this case, two films grown to thicknesses of 2.5 um and 25 pm
with exactly the same growth conditions will be single-crystalline and poly-crystalline
respectively as seen in Figure 6.14. | have also demonstrated that the optimum substrate
heating power for YGG is around 12 W. Further experiments will be required to find what

range of substrate heating powers around 12 W would also produce single crystal films.

6.4.3 Er-doped YGG

As discussed in section 3.2.1.2, Er-doped active material has emission bands in the 1.6 um
regime. In particular, Er:YGG has emission bands that make it suitable as a source for
characterising greenhouse gases (COz and methane) as discussed in section 3.2.2.2. In order
to achieve useful gain for high power applications, the loss in the waveguides needs to be
small. Using a combination of BDA and optimised growth parameters there is some promise

of achieving this.

With this application in mind, thick films (up to 25 pm) were grown with dopant
concentrations of 1, 2 and 4 %. The growth conditions of these samples can be seen in Table
6.6. These films were facet polished on two parallel sides and end-pumped with a fibre-
coupled 974-nm wavelength laser diode. A multimode-fibre patch cable (0.275 NA, 62.5 um
core fibre) was placed in close proximity to the top surface of the film to measure the

fluorescence using an OSA (Ando AQ6317B). The excitation lifetime was measured using
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the pump laser in a pulsed regime and a transimpedance amplified InGaAs photodiode
(Thorlabs PDA10CS-EC). A longpass filter with a cut on wavelength of 1000 nm was used

between the photodiode and the fibre to cut out the residue pump light.

Figure 6.16 (a) shows the fluorescence measured from a 2% Er doped sample. The other
samples grown with different doping concentrations had an almost identical fluorescence
spectrum. This demonstrates that the growths are repeatable and doping levels of up to 4%
do not cause any significant degradation of the film’s emission properties. Figure 6.16 (b)
shows the lifetime measurement for a 2% Er-doped sample. The lifetime was measured to
be 5.39 ms which is close to that found by (Stange et al., 1989) at 5.71 ms.

Table 6.6. Growth conditions of Er:YGG samples

Sample Ablation Er Substrate Fluence Thickness
Number Regime (%) Heating (W) (Jecm?) (um)
JP108 BDA 4 15 1.6 20
JP112 BDA 2 12 1.6 125
JP148 BDA 1 115 1.9 25
J109 UDA 2 10.5 1.9 6
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Figure 6.16. Fluorescence spectrum (a) and (b) lifetime measurement (b) of a 2% Er-doped YGG

film

6.4.4 Fabrication of channel waveguides

It has been shown that by using ultra-precision dicing, ridge waveguides with sides of optical
quality, comparable to that obtained via lapping and polishing can be achieved. This allows
for rapid processing of samples and optical confinement in two dimensions rather than in the
one-dimensional geometry of a planar waveguide, making it compatible with coupling of
fibre pump sources.
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Ridge waveguides were fabricated on the samples seen in Table 6.6 by Lewis Carpenter in
the ORC. This was achieved with ultra-precision dicing, utilizing ductile mode machining.
Using a similar process to that used in (Carpenter et al., 2017) the dicing machining
parameters were optimised to enable fabrications of ridge walls with as low roughness as
possible. For these samples, a Disco DAD3430 dicing saw and a nickel bonded blade (Z09,
Disco) with a small grit size (SD5000) were used. At a feed rate of 20 nm/rev, a 40-um depth
of cut was used to remove the material in a single pass. Throughout, reverse osmosis water
was used as the coolant maintained at 21 °C to reduce temperature differentials whilst
processing. The facets were cut using the same process parameters. The surface topology of
the facets was measured by a white light interferometer and the roughness parameters

calculated, following form error correction through removal of long-range shape and tilt.

Nine ridge waveguides were fabricated on each sample. Microscope images of three of these
can be seen in Figure 6.17 (a). The widths of the ridges were set to be in the range from ~13-

28 um with average surface roughness Sa and Sqof 3.8 + 1.9 nm and 5.1 + 2.5 nm

respectively. The pump laser would be coupled into the edge of the facet seen in Figure 6.17.

(@ (b)

A/

Diced facet -YAG substrate 100 um

Figure 6.17. (a) Microscope image of the end facets of three adjacent Er:YGG ridge channel
waveguides on JP108 (b) 100x magnification image of one ridge on JP108.

6.4.5 Er:YGG channel waveguide characterisation

Quantifying the waveguide mode properties is important to determine the optimum launch
conditions for the waveguide to achieve the best possible coupling efficiency. Using a
germanium scanning slit photodetector (NanoScan 2S Ge — Ophir), the intensity profile of
the propagating mode(s) of the channel waveguides was measured at the exit facet. This was
compared with the incident beam profile, measured at the location of the in-coupling facet
of the channel.
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The beam profile of the input beam (1480 nm laser diode) is shown in Figure 6.18 (a). The
beam was launched into one facet, the exit beam measured, the waveguide was then rotated
180° to launch from the other direction. This gives an indication in the difference in mode
profiles at each end and highlights any irregularity in the channel shape. The exit beam from
the two sides of an exemplar channel on JP112 is shown in Figure 6.18 (b) and (c). These
show a slight asymmetry in the guide. Microscope images, which were calibrated using
gratings of known size, found that the thickness of the film was not uniform across the guide,
deviating ~ 1 pum over the length of the sample. Also, one of the sides of the ridge waveguide
has a small inclination (<1° from microscope images), meaning it is not perfectly
perpendicular to the YGG film. Other channels did not provide a symmetric beam profile.

This could be due to defects in the channel’s surface, or particulates grown in the film itself.

(a) (b) (c)

O O

Figure 6.18. Beam profile images produced via line scans of each axis of (a) input beam (¢pss=10.4
um), (b) mode profile at one end facet of the Er:YGG ridge channel waveguide on JP112
(D46x=10.6 um, D4cy=10.4 um), and (c) at the other end (D45x=10.8 um, D4cy=12.4

um)

6.4.6 Er:YGG amplifier performance

With knowledge of the mode dimensions, the channel waveguide facets were pumped, and
gain measurements taken. These measurements give an indication of the quality and
efficiency of the device. The channel with the shape most resembling the pump beam profile
was chosen on each sample, to ensure good spatial overlap between the pump beam and laser
mode, so that the coupling efficiency is as high as possible.

The gain measurements were taken using a modulated pump, with 20 ms pulses at 10 Hz,
and a CW probe technique. In the setup (Figure 6.19), a fibre-Bragg-grating locked diode-

laser pump operating at a wavelength of 1480 nm, was combined with a seed source via a
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wavelength division multiplexer. The seed source was a tuneable diode-laser in the C- or the
L-band (1530-1565 nm and 1565-1625 nm respectively), or a 1651 nm distributed-feedback
diode-laser. The pump and seed lasers were coupled into a single-mode fibre, and, using an
adjustable magnification telescope to optimise the launch, free-space coupled into the
waveguide. The light exiting the waveguide was collimated then reflected off a diffraction
grating. Separating the pump and seed beams spatially after the focussing lens and the power

of the seed was monitored as a function of pump power.

1480nm LD Block

PD

Pump beam

PUmp Seed beam

Seed T

Diffraction grating

Tuneable laser
(C or L-band) or 1651 LD

Figure 6.19. The setup for Er:YGG gain measurements. This includes a wavelength division
multiplexer (WDM) to combine the pump and seed lasers which are launched into the

waveguide. The amplification is measured at the photodiode (PD).

Using this setup, with the seed source in CW mode and the pump in pulsed mode,
measurements were taken of the amplification of the seed wavelength. Measurements were
performed with the seed set at three key wavelengths; 1533 nm is the peak in the emission
cross section. 1572 nm is optimal for CO., and 1651 nm is for methane. The measured power
of the seed after the waveguide in a function of the peak pump power, can be seen in Figure
6.20 (a). This shows the response of the transmitted seed power to a 20 ms pulse. The input
seed power was 4.3 mW, without pump ~0.75 mW was measured after the waveguide. This
Is a combination of absorption, coupling efficiency, and propagation loss due to surface
roughness in the channel side walls and particulates/defects. Figure 6.20 (a) shows an
increase in seed output power from 0.7 to 7.5 mW with 353 mW of pump power. The gain
with pump power can be seen in Figure 6.20 (b), which shows the gain increasing with pump

power, up to 3.46 dB, and starting to saturate at ~200 mW of pump power.
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Table 6.7 shows loss and gain measurements with samples JP108, JP112, JP148 and J109.
JP112 has the highest internal gains for all seed wavelengths, which is attributed to the
relatively low propagation losses and moderately high doping level. This is in comparison
to J109, which was grown via UDA, and has the highest loss and lowest internal gains. This
further demonstrates the significant effect of lowering the particulate density, as achieved
with BDA. JP148 has the lowest loss at 1651 nm but does not have as high a gain as JP112,
due to a lower 1% Er doping concentration. JP108 has a 4% Er concentration, but has a
loss >1dB, furthermore, at this relatively high doping level excited-state parasitic energy
transfer effects begin to play a major role, both of which significantly degrade its

performance.

Table 6.7. Loss and maximum internal gain measurements for Er:YGG samples. Loss excludes -

0.85 dB Fresnel reflection losses

sample Er Doping Coupling, absorption and Internal gain, dB
Number (%) propagation loss 1533 = 1572 @ 1651
(dB @ 1651 nm) nm nm nm
JP148 1 -0.27 1.57 0.45 0.35
JP112 2 -0.9 3.46 0.54 0.53
JP108 4 -1.2 -3.31 0.41 0.44
J109 2 -4.0 11 -1.95 -1.24

Figure 6.20 (a) shows that the seed output power is subject to parasitic effects such as excited
state energy transfer and thermal effects, reducing the achievable gain. The parasitic effects
were more significant in waveguides with a higher doping concentration, due to the
increased energy transfer coefficients and heat loading density. The parasitic effects could
be reduced by reducing the Er concentration and growing larger samples to increase the
available gain. The current PLD setup is limited to the growth on 10x10 mm substrates, so
an upgrade of this system would be required to optimise for the samples gain length product.
Further optimisation of the dicing for this material could provide a more symmetrical
channel and a decreased sidewall roughness, improving the coupling efficiency and

consequently decreasing the associated loss.
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Figure 6.20. Gain measurements of the channel waveguides on JP112 (2 at.% Er-doping). (a)
Measured seed power at 1533 nm when the channel was pumped with a pulse of peak
power ranging from 39- 353 mW, the pulse is switched on at 0 seconds and (b) the

associated loss/gain of seed power.

I have demonstrated Er:YGG waveguides with some of the lowest propagation losses
recorded for a PLD-grown film. Moreover, these record low losses are inclusive of
non-negligible losses associated with the channel fabrication. The spectroscopic parameters
are comparable to those grown via the Czochralski method and record gain-levels have been
measured for this material. With further optimisation of the growth and dicing parameters,
along with growths on larger substrates, further improvements in the gain could be achieved.
This would make PLD-grown Er:YGG a viable candidate for amplifiers that cover the
absorption bands of CO2and CHa.

6.5 Summary

In this chapter, | have explored the growth and functionality of garnet films grown via PLD.
Initially, I looked at the growth and optimisation of YAG films, then demonstrated lasing in
a PLD-grown Yb:LUuAG cladded waveguide. Finally, | demonstrated gain in Er:YGG planar

and channel waveguide amplifiers.

With the YAG films, attempts were made to reduce the particulate density and improve the
crystalline properties compared to previous results, where 22 W of output power was
achieved. The optimum substrate heating power for single-crystal growth was found to be

15 W, with lower temperatures growing amorphous and higher temperature polycrystalline.
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I also found an optimum growth fluence for low scattering point density of 1.0 Jcm™. This
low optimum fluence is likely caused by the difference in the powder size of the respective
constituent oxides used to fabricate the target, along with the annealing processes that may
have favoured clustering, and the final density of the targets. This means when high fluence
values are used, exfoliation is more likely. However, single-crystal, thick-films with low
particulate density have been grown and now require polishing to enable laser experiments.

3.3 W of output power and 22% efficiency were demonstrated with a Yb:LUAG cladded
waveguide. This is the first time a PLD-grown clad LUAG waveguide laser has been
demonstrated. The loss was found to be 1.22 dB/cm, which didn’t prevent gain being
realised, however it did have a detrimental impact on the efficiency, laser threshold, and
therefore maximum output power achieved. By using bi-directional ablation, the particulate

density will be decreased and the output powers achievable should increase.

Finally, the optimisation of the growth of YGG films was presented. It showed the optimum
substrate heating power was around 11.5 W, producing single-crystal films of up to 25-um
thick. It was observed that the optimum ablation fluence for low particulate density (down
to ~0.1%) was 2.05 Jem. Gain was subsequently realised in Er:YGG channel waveguides,
grown via PLD and then diced to fabricate the channels and facets, achieving 3.46 dB of
internal gain at 1533 nm. A measurement of the loss found a minimum value of 0.27 dB
including coupling and absorption losses @1651 nm. Howerver, in order to proceed with
Er:YGG and produce desired levels of gain (>10dB), larger samples sizes are needed to
increase the interaction length.

In this chapter the potential of PLD to produce high-quality RE-doped garnets for laser
applications has been demonstrated. Using the knowledge gained here, especially regarding
controlling the properties when grown thicker, it should be possible to produce garnet
crystal-films, potentially scalable up to dimensions compatible with thin-disk dimensions
laser requirements (on order of 100 microns), with properties approaching bulk equivalents

grown via the Czochralski method.
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Chapter 7 Sesquioxides

7.1 Motivations

Sesquioxides have been widely researched as a laser host due to their advantageous
properties as described in Chapter 2. However, difficulties remain in the growth of large
scale, single-crystal sesquioxides due to their high melting points (Lu2Oz melting point is
~2500 °C). As such, the growth of sesquioxides via a melting process is an energetically and
physically demanding process as the crucible must also be a refractory material (Peters et
al., 2009). During the past few years, transparent ceramics have been used as an alternative
to single crystal (Beil et al., 2013) since the fabrication of ceramics requires a lower
temperature than the melting processes. Yb-doped Lu20s has attracted particular interest,
with ceramic lasers demonstrating high-efficiencies (74%, (Sanghera et al., 2011)) and high
CW output-powers (174 W) (Kitajima, 2017).

When using PLD, the melting point of a material, while important to consider, is not a
limiting factor (discussed further in section 2.2). Therefore, materials such as sesquioxides
with high melting points (>2400 °C (Krankel, 2015)) can be grown with relative ease
compared to for example Czochralski growth. High quality, low defect density material
growth is crucial for lasing applications, and this is possible with PLD as shown with
previous research where lasing was demonstrated in Yb:LuxOs (7.4 W output power),
Yb:Y203 (1.7 W output power) and Tm:Y203 (35 mW output power) (Parsonage et al., 2015;
Beecher et al., 2014; Szela et al., 2013). These results show the potential of PLD as a growth
technique for sesquioxides, however, these results were limited by the propagation losses in
the films. With further optimisation of the growth conditions, and the implementation of bi-
directional ablation, the quality of the resultant sesquioxide films could be improved. A
higher quality crystal with fewer defects would lead to lower loss and consequently higher

output power lasers.

A further advantage for using PLD is the ability to actively control the stoichiometry of the
crystal layer when growing a mixture of sesquioxides. Mixing sesquioxides changes the
lattice constant of the resultant film, which can be optimised to match that of the substrate.
Lattice mismatch becomes important for thicker growths which are needed for compatibility

when pumping waveguides with high-power diode arrays, or for films suitable as the gain
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element in a thin-disk laser (Giesen et al., 1994). Good film lattice matching in films with
less stress, so therefore thicker films with fewer defects are possible, as previously described
in section 2.2.3.3. Optimising the stoichiometry using PLD can be realised by changing the

ratio of constituents in the target material.

In this chapter, the focus of the research was lutetia (Lu203) and scandia (Sc203), with
sapphire (a-Al20z3) being discussed in the next chapter. The optimisation of the PLD process
binary and mixed sesquioxides and the influence of texture, affecting the propagation of light

through the resultant waveguides is detailed.

7.2 Binary Sesquioxides - Lutetia

Binary sesquioxides have been grown with success using the PLD method as detailed in
section 3.2.2.4. Key results report the growth of lutetia, scandia and yttria demonstrated and
lasing realised in Yb:Y203 and Yb:Lu20s. The lasing samples were grown on (100)-YAG
substrates whereas in this work, the films were grown on c-cut sapphire substrates. This
exploits the superior thermal properties of sapphire (30 Wm™K™? (Dobrovinskaya et al.,
2009) compared to 13 WmK™ for YAG (Kuwano et al., 2004)), that ideally will allow for
more efficient cooling and power scaling. Furthermore, optimisation of the ablation fluence
should decrease the density of defects in the resultant films, minimising the propagation

losses during waveguiding.

In the following sections, the growths of Yb:Lu2O3 on sapphire substrates are detailed and
demonstrate the parameter optimisation for low particulate density and single-crystal
growths. The presence of regions in the growths is observed and a potential solution to

mitigate domain formation is presented.

7.2.1 Lutetia crystallinity study

As lutetia was grown onto sapphire, i.e. a cubic lattice onto a hexagonal lattice, the optimal
orientation of growth is not necessarily obvious. As shown in section 5.1, the growth of
<111> orientated lutetia, scandia or yttria seems to be optimal however the main goal should
be for single-crystal growth. Polycrystalline growth increases the chances of local
defects/stresses at the interfaces of the crystal domains.

Two 5% Yb-doped Lu203 films were grown with 360,000 pulses to thicknesses of ~15 pum
with an ablation fluence of 1.4 Jcm™. Based on previous work performed by (Parsonage et
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al., 2015), a substrate heating power of 20 W was used for one sample (JP130), 25 W for the
other (JP129). These were measured using 6/26 XRD and then GI-XRD for comparison.
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Figure 7.1. XRD spectrum of Yb:Lu,Os films grown with 360,000 pulses with substrate heating
powers of (a) 20 W and (b) 25 W. The main peaks are labelled and correspond to
different orientations of Lu,Os, the smaller unlabelled peaks also correspond to

orientations of Lu,Os (Guzik et al., 2014).

Figure 7.1 (a) shows 6/26 XRD measurement of JP130 and has multiple orientations of
Lu20s3 labelled on the figure. This demonstrates a highly polycrystalline growth. Figure 7.1
(b) however, shows the 6/26 XRD spectrum from JP129. The main peak observed here is
the <222> orientation and a couple of other, smaller peaks. While not perfectly single-
crystal, it is less poly-crystalline than JP130. While this indicates that 25 W produces a
higher-quality crystal film,

Figure 7.2 shows the GI-XRD spectrum of JP129, where multiple Lu>O3 peaks are observed.
This implies that the top layers of JP129 have a greater number of orientations than the
bottom layers, since the 6/26 XRD scan did not register these orientations. In order to prevent
these orientations, the substrate heating power needs to be optimised for thick-film growths.
However, JP129 appeared to be mainly single crystal so could be polished and optically

tested.
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Figure 7.2. GI-XRD of Lu,Os film grown with 25 W substrate heating power, 360,000 pulses and
1.4 Jem ablation fluence

7.2.2 Optical investigation of Yb:Lu,Os films

The lifetime and fluorescence spectrum of an active material can indicate the quality of the
film since defects in the film can reduce the lifetime of the dopant ion. JP129 and JP130
were tested to measure their lifetime and fluorescence spectra. This was compared with
literature values (Guzik et al., 2014).

In the experimental setup, the face of the samples was directly pumped with a 974 nm diode
laser and the fluorescence captured by a Thorlabs M31L03 optical fibre that was proximity
coupled at an angle to the back of the sample. This can be seen in Figure 7.3 along with
green fluorescence observed on the sample, likely from Er contamination in the target due
to the difficultly in separating RE elements from their naturally formed ores. Since erbium
has a relatively small absorption cross section at ~980 nm, the ytterbium ions still absorb
most of the pump at this wavelength. However, the energy absorbed by the ytterbium could
be transferred to the erbium decreasing the efficiency of the device. This effect should be
negligible due to the expected insignificant contamination evidenced through EDX
measurements of the target, which could not find any erbium atoms. The optical fibre was
attached to an OSA or an InGaAs photodetector.
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Figure 7.3. Setup for measuring the lifetime and fluorescence; fluorescence can be seen on the sample

as a small green dot.

Figure 7.4 (a) shows the fluorescence spectrum and Figure 7.4 (b) the fluorescence lifetime
for JP130. The dual-peak at ~976 nm can be attributed to the zero-phonon line of Yb:Lu203
and scattered 976 nm pump light. The spectrum is comparable to that of Yb:Lu203 found in
literature and the lifetime found to be 808 ps, only 12 ps shorter than the low concentration
limit seen in (Peters et al., 2007) of 820 us. This lifetime demonstrates an improvement on
the PLD-grown Yb:Lu2O3 presented in (Parsonage et al., 2015) which found a lifetime of
785 s, with the shortened lifetime being attributed to quenching effects. Further crystal
quality improvement could further increase the lifetime measured here.

The results of the fluorescence spectrum and lifetime were promising and hence facet
polishing was undertaken. A photograph of JP130 is seen in Figure 7.5, where a 974 nm
laser beam has been coupled to the active film of JP130. A 400-840 nm bandpass filter was
placed between the sample and camera, so the green light that is likely emitted from erbium
contamination, which is to be expected in an Yb-doped sample as previously discussed.
While this photograph shows particulates scattering light by the passing pump light, only a

few defect centres can be observed as bright points in the waveguide.
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Figure 7.4. (a) Fluorescence spectrum and (b) lifetime measurement of emission from Yb:Lu,Os film.

Pump
beam

10 mm

Figure 7.5. Photograph of 974 nm laser diode beam coupled into Yb:Lu203 film with a 400-840 nm
band-pass filter placed between the sample and the camera. The edge of the sample is

shown by the orange dashed line.

By coupling in a 1550 nm laser beam, a wavelength that isn’t absorbed by the ytterbium
dopant (however Er contamination could absorb at this wavelength, though the Er
concentration isn’t enough to cause significant loss), the propagation loss can be estimated.
The incident and transmitted power was measured and used to calculate the propagation loss,
after the combined Fresnel reflection loss from both facets was removed (calculated from
equation 3.8). JP130 was found to have an average propagation loss of ~ -1.05 dB/cm
(calculated from three measurements in three different locations). This is higher than
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optimal, but is again an improvement from that demonstrated in (Parsonage et al., 2015), in
which they demonstrated a -1.35 dB propagation loss in a Yb:Lu,O3 active waveguide.

I have shown that Yb:Lu203 has good optical characteristics, with the fluorescence emission
and lifetime values comparable to bulk values (Guzik et al., 2014). The lifetime and loss
values are improved from previous PLD-grown Yb:Lu>O3 films. Lasing of these samples
was not attempted, since the facets were not perpendicular. Re-polishing of the sample is
required for further investigation.

7.2.3 Regions in Lu20s films

As demonstrated in Figure 7.5, JP130 has a low density of visible scattering points but the
loss is ~1.05 dB/cm. As discussed in chapter 4, YGG films had losses approaching 0.1
dB/cm, and the reason for the higher loss values in Yb:Lu203 films is attributed to domains
in the film. Regions will form interfaces that the light will need to travel through, which
could cause scattering and hence increase the propagation loss. These domains can be

observed by using BSE images of the polished facets.

Figure 7.6 shows a contrast adjusted, BSE image of the facet of JP130. Vertical regions of
different grey-scale intensities can be seen on the polished facet, which indicates growth of
a material with different physical characteristics. From the GIXRD spectrum, seen in Figure
7.2, the dominant growth is <111> Lu2O3 but there are multiple other orientations present in
this film. These regions therefore could be different orientations of Lu.Os. The other
possibility is that, since this is the growth of a <111> cubic lattice onto a <0001> hexagonal
lattice, there are incompatible film seed positions for <111> growth as illustrated in Figure
1.1.

Air

15.5 um Yb:Lu,O,

Sapphire substrate

Figure 7.6. Contrast adjusted BSE image of Yb:Lu,Os film.
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The diagram shown in Figure 7.7 (a) shows two different seed positions for <111> growth
onto a hexagonal lattice (the solid-purple and the dashed-green lines). If growth was seeded
from these two positions, there would be a defect in the form of a vacancy between the two
growths. This would form an interface between the two islands of growth and could be
observed in an BSE as seen in Figure 7.6. The interface would also likely cause scattering
of light propagating through, increasing the propagation loss of the waveguide.

(b)

<111> orientation

Figure 7.7. (a) lllustration of the incompatible potential seed positions for a <111> cubic lattice
on a <0001> hexagonal lattice. The purple solid and green dashed lines demonstrate

potential positions. (b) Diagram showing the <111> orientation on a cubic lattice

Preventing such domain formation observed in these Yb:Lu2O3 films could be the key for
low loss waveguides and will be discussed in section 7.3.3. The fluorescence lifetime was
measured to be 808 ps with losses of ~ 1.0 dB/cm, both improvements over published values
reported in PLD-grown Yb:Lu,O3 waveguides (Parsonage et al., 2015), likely due to a lower
density of defects. Initial polishing of the facets was not of sufficient quality to use the
Fresnel reflection as a mirror in a laser cavity. As such, further polishing of the thick
Yb:Lu203 films presented here, to produce parallel, optical quality facets is needed to allow
laser experiments and is expected to produce guides with higher output powers than

previously seen with Yb:Lu2O3 PLD-grown waveguides.
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7.3 Mixed Sesquioxides

As previously described, sesquioxides have the potential to be an exceptional active laser
crystal host. When doped with ytterbium, their emission bandwidths have a relatively large
FWHM, meaning, shorter pulse-widths can be supported, compared with Yb:YAG. It has
also been shown that if sesquioxides are mixed to create a crystalline ternary compound, the
emission bandwidth is wider still (discussed in section 3.2.2.3), providing further scope for
ultra-short pulses (Beil et al., 2013). However, growing mixed sesquioxides has proven
difficult, with the achievable crystal quality hampering efforts in generating ultra-short
pulses (Krankel, 2015). The difficultly lies with the high melting points of the primary

sesquioxides of interest, i.e. scandia, lutetia and yttria, all being at ~2500°C.

Growing sesquioxides onto sapphire substrates using PLD is possible, as demonstrated with
the lutetia growths in section 7.2. Furthermore there is a reasonable match between a (0001)
substrate and a <111> orientated sesquioxide, which provides a -2.5%, 2.8%, 4.8% lattice
mismatch for scandia, lutetia, and ytterbia respectively (Bar et al., 2003). These sesquioxides
also have similar thermal expansion coefficients to sapphire, which reduces the thermal
strain on the sample during growth and post-growth cooling. The lattice matching is
particularly important when growing a 10 um thick film, since any lattice mismatch will
cause stress in the film, changing the physical and optical properties and can cause cracking
of the samples (May-Smith et al., 2011). Consequently, creating a film with a lattice constant
equal to that of the substrate at room temperature is desirable, while also considering the
thermal expansion coefficients during the growth and cooling of the sample during the PLD
process. This can be achieved with a mix of scandia and lutetia, the optimum ratio being
51% scandia to 49% lutetia, assuming Vegards’ law (Denton and Ashcroft, 1991).
Calculations in the rest of this section involving estimation of lattice constants from the
crystals constituents uses Vegards’ law unless otherwise indicated. Vegards law assumes a

linear relation of the lattice constant when materials are mixed.

In this section, the optimisation of the growth of ytterbium-doped lutetium scandium oxide
is presented. As is the effect of changing the ratio of scandium and lutetium in the films,
achieved by changing the constituents of the target. Process optimisation is reported, and the

optical and physical characteristics of thick films presented.
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7.3.1 Mixed sesquioxide growth optimisation

Starting with the fluence used for the growth of lutetia, as detailed in section 7.2, as a starting
point, growths of lutetium-scandium oxide films were made. This ablation fluence resulted
in the growth of high-quality films with a scattering point density as low as 0.37% and this

meant | could focus on the crystallinity of the films rather than particulate density.

Four ytterbium-doped, scandium lutetium oxide films were grown with substrate heating
powers ranging from 17-54 W. These films were grown with 1.05 Jcm™ ablation fluence
with 36,000 ablation pulses. Films were characterised using monochromatic XRD and the
intensity and FWHM of the <222> peak of the XRD spectrum recorded. These
measurements were compared across growths with different substrate heating powers with

a higher peak intensity and lower peak FWHM indicating a higher quality growth.

Figure 7.8 displays a graph of the FWHM and intensity of the <222> peak of these mixed
sesquioxide films, the intensity has been normalised to the thickness to account for this
differentiation. It is clear from this graph that the heating power used for the highest peak
intensity and the lowest FWHM is around 25 W. The rocking curve measurements of these
films also indicated that ~25 W substrate heating power produced the highest quality films.
However, the rocking curve peak FWHM was 0.5° for 25 W of substrate heating power
indicating a high degree of texture in the film. This could be caused by regions, similar to

those seen in Figure 7.6 and will be discussed further in later sections.
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Figure 7.8. Plot of thickness-normalised intensity and FWHM of <222> peak measured from mixed-
sesquioxide films grown at substrate heating powers ranging from 17 to 54 W. The red
dots and lines indicate the intensity of the XRD peak normalised to the thickness of the
film. The blue dots and lines indicate the FWHM.

7.3.2 Mixed sesquioxide optimal lattice constant

A key advantage of mixing lutetia and scandia is being able to control the lattice constant.
So that when growing onto a c-cut sapphire substrate the lattice constant of the mixed
sesquioxide can be altered to quasi-lattice match to the hexagonal lattice. A near perfect
lattice matched film and substrate provides little stress in the film, which would alter the
physical and optical characteristics, such as changing the refractive index or altering the
fluorescence lifetime of the active impurity. It would also increase the chance of stress

related dislocations, a contributor to the propagation loss.

I discussed in section 7.3 that the optimal ratio of scandia and lutetia is 51 % to 49 %,
respectively. However, to produce an active film some doping needs to be introduced. In this
case, | chose 5at.% doping of ytterbia. Therefore, a lattice constant that matches bq and 3a
seen in Figure 7.7 is needed. The value of 3a for sapphire is 14.27 A. This means, through a
simple Pythagoras calculation shown in equation 7.1 and 7.2, that the optimum value of “bgy”
or the optimum lattice constant for the mixed sesquioxide is 10.09 A. This corresponds to an

optimum Yb-doped, mixed-sesquioxide formula of (Ybo.0sLU0.435C0.52)2053.
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Three targets consisting of lutetia, ytterbia and scandia were purchased with different
constituent ratios of lutetia/scandia and 5at.% doping of ytterbia. These targets have
expected lattice constants as shown in Table 7.1. The resulting film’s lattice constant,
determined with XRD, is compared to the simple Vegard’s Law estimation.

Table 7.1. Target compositions used to grow mixed-sesquioxide films and the expected lattice
constant and lattice mismatch to a sapphire lattice assuming a perfectly stoichiometric

transfer of materials

Target Target Composition Expected Lattice % Lattice
Number Constant (A) Mismatch
1 (YDbo.osLuo:5Sc0.45)203 10.12 0.35
2 (Ybo.osLu0.4Sco.55)203 10.07 -0.16
3 (YDbo.0sLu0.3Sco.65)203 10.02 -0.67

A selection of samples were grown from these targets and XRD measurements performed.
The (222) XRD peaks were compared with the (222) peaks of a Lu2O3 and a Sc20s film.
SEM EDX measurements of the films were also performed to measure the constituents of

the films.
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Figure 7.9. XRD spectra of five films grown on c-cut sapphire from Targets 1, 2 and 3 (Table 7.1),
a Sc,05 target and a Lu,Os target. The calculated optimum lattice constant for quasi
lattice matching with sapphire is indicated as well as the expected lattice constants for
lutetia (222) and scandia (222) (Bér et al., 2003).

Figure 7.9 shows the XRD spectra of five films, one Lu>Oz film, one Sc.O3 film and three
mixed sesquioxide films. The expected peak positions for the binary sesquioxides are
labelled, as is the optimum peak position for quasi-lattice matching with sapphire. The
results clearly show that the lattice constant of the grown film correlate with the target
composition, with “Target 2” providing a near perfect match with the sapphire lattice (Table
7.2). The Lu203 and Sc203 film peaks are not perfectly symmetrical and have a *“shoulder”,
which is generally associated with stress in the film, due to the lattice mismatch between the
binary sesquioxides and sapphire (Ungar 2000). The mixed-sesquioxides have symmetrical

peaks indicating they are not stressed.

EDX measurements determined that the 5at.% ytterbia doping was not fully transferred as
expected, with only a 3at.% doping measured (Table 7.2). However, this could be subject to
an error due to the difficulty distinguishing between the lutetium and ytterbium signal.

Nevertheless, the EDX measurements agree with the XRD peak positions in terms of
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calculated lattice constant. The film grown from target 2 has the best lattice mismatch of
0.03%.

Table 7.2. The film composition compared to the target’s compositions with the resultant lattice

constant. The lattice mismatch is calculated with the optimum lattice constant of

10.09 A.
Film Lattice :
Target Targgt_ Film Composition Constant /°. Lattice
Number Composition A) Mismatch
1 (Ybo.osLu05Sc0.45)203 | ('Y'bo.03LU0.56SC0.41)203 10.14 0.5
2 (YDbo.osLuo0.4Sco.55)203 | (Y'bo.03LUo0.45SC052)203 10.087 -0.03
3 (Ybo.0sLu0.3Sc0.65)203 | ('Y'bo.03LU0.345¢C0.63)203 10.03 -0.6

This has reaffirmed that PLD can tune the stoichiometry of grown films, which can be useful
for lattice matching to the substrate. |1 have demonstrated a near-perfect lattice match (<0.1
%) by growing a specific composition of ytterbium-doped lutetium scandium oxide onto a
sapphire substrate. As discussed previously, any lattice mismatch would create stress in the

film which can alter the physical characteristics and create detrimental lattice defects.

7.3.3 Thick-film mixed-sesquioxide films

Cross referencing with exemplar reports for similarly doped mixed sesquioxides, the
crystalline quality can be ascertained. In addition, the fluorescence spectra provide insight
into the RE-ion coordination in the material. A thicker film with the same dopant
concentration as a thinner film would enable the fluorescence and lifetime to be measured
more accurately since a higher proportion of pump light would be absorbed and hence a

more intense fluorescence signal can be measured.

Two thick-film mixed-sesquioxide films were grown to thicknesses of ~ 10 um from Target
1 and 2. Films grown from “Target 3” had average particulate densities of ~40% and
consequently were considered too poor in quality to continue with. This is likely due to it
being a poor-quality target, with a density of only 57.6 % of the theoretical single-crystal
density, significantly less than Target 1 and 2 (65 % and 62 % respectively), which both
produced films with < 1% particulate density. The two films were characterised via SEM,

BSE and XRD measurements.

The thick films were grown with 25 W heating power and 1.05 Jcm™ ablation fluence, as
optimised in the previous sections. 576,000 pulses were used on each film to produce 10 um
thickness at a growth rate of 6.25 pum/hr. Such a low growth rate compared to that obtained

for YGG, as shown in chapter 4, which had a growth rate of up to 25 um/hr. The
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comparatively low growth rate can be attributed to the target composition with different
ablation conditions and a significantly lower ablation fluence that ejects less material per

pulse.
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Figure 7.10. (a) Typical XRD spectrum from 10-um thick mixed sesquioxide film with peaks labelled

with their corresponding orientations. (b) SEM image of the film’s surface.

The XRD spectrum of each film shows a polycrystalline growth with multiple orientations
associated with lutetium scandium oxide (Figure 7.10 (a)). An SEM image (Figure 7.10 (b))
also showed a significant number of particulates (white regions) on each films surface, which
is confirmed by dark-field microscopy measurements. If there are numerous particulates on
the surface, the likelihood is that there are particulates embedded in the film itself. Interfaces
between the orientations and the embedded particulates will cause scattering of propagating

light and hence increase the waveguide loss.
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Figure 7.11. BSE image of the polished facet of a 10-um thick mixed-sesquioxide film with a

significant defect.

A BSE image of a mixed-sesquioxide films facet, Figure 7.11, shows regions similar to that
seen in Figure 7.6. This could either be the incompatible seeding of growth discussed in
section 7.2.3 or different orientations of growth due to this film being polycrystalline.
Consequently, the regions seen in Figure 7.11 could be prevented by optimising the growth
further, so that the growth is single-crystal or by stopping the incompatible seeding of growth
by annealing the film or surface pre-treatment (Tiejun et al., 2002; Lu et al., 2000).

These two measurements show the change in properties that can occur when films are grown
thicker; the film has grown polycrystalline and the target has degraded significantly
producing more particulates. These films were grown with the UDA protocol and therefore
as seen in chapter 5, will grow films with a higher scattering point density. To improve on
these results the substrate heating power needs to be optimised for thicker growths and BDA
should be used to decrease the particulate density. Higher density targets would also likely
reduce the particulates generated by the target during ablation. Nevertheless, thick film
ytterbium doped lutetium scandium oxide films have been grown and were subsequentially

optically characterised.

7.3.4 Fluorescence measurements of mixed-sesquioxide films

The thick films characterised in the previous section were facet polished to allow excitation
with a pump laser coupled to the waveguide. The films were pumped with a laser diode
operating at a wavelength of 933 nm and the fluorescence spectrum and lifetime of each film

measured and compared to literature values (method shown in Figure 7.3). The fluorescence
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spectrum was also compared to the spectra of Yb:Lu203, Yb:Sc.03 and Yb:YAG and the
FWHM of the ~1040 nm peak measured. A larger FWHM will have the potential for shorter

laser pulses and is one of the key advantages of mixed sesquioxides as host media.
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Figure 7.12. Fluorescence spectrum of ytterbium-doped mixed sesquioxide and YAG from 1000

nm to 1100 nm.

From Figure 7.12, the peak position is shifted 8 nm to 1038 nm for the mixed sesquioxide
film compared to the YAG film (Table 7.3). It can be noted that the FWHM of the PLD-
grown Yb:LuScOs is 19 nm compared to literature values of 22 nm. This could be due to a
different stoichiometry of mixed sesquioxide compared to that used in literature, with this
material having equal parts lutetia and scandia. Nevertheless, the FWHM is a factor of two
larger than that of Yb-doped YAG and one and a half times than that of lutetia, demonstrating
the potential for ultra-short pulse widths as shown in Table 7.3. The minimum pulse duration
for each material was calculated with the time-bandwidth product limit for transform limited
sech2-pulses and dividing by the FWHM in the frequency domain (Beil et al., 2013). It is
possible to utilise non-linear effects such as self-broadening to demonstrate pulse durations
shorter than this limit (Shen and Yang, 2006).

The lifetime of the mixed-sesquioxide grown from Target 2 was measured to be 719 us,

131 ps smaller than that found in literature (Beil et al., 2013). This is a function of crystal
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quality, with lattice defects and abnormalities causing rapid non-radiative decay paths for
excited dopant ions, implying our film is not as high quality.

Table 7.3. Measured emission bandwidth and peak positions for PLD grown, ytterbium-doped
films. The theoretical minimum of pulse durations and expected bandwidths are taken
from (Beil et al., 2013) and (Lacovara, 1991). The expected lifetimes were taken from
(Parsonage et al., 2015) and (Peters et al., 2009).

Yb:LuScOs Yb:YAG Yb:Lu203

Emission Bandwidth (FWHM) (nm) 19 10 13
Expected Bandwidth (FWHM) (nm) 22 9 13
Emission Peak Position (nm) 1038 1030 1033
Minimum Pulse duration (fs) 51 120 86
Measured Lifetime (us) 719 937 808
Expected Lifetime (ls) 850 950 820

Coupling of light into the waveguide showed that there was too much scattering of the pump
light to realise gain. As has been detailed, there are problems with growing thick-film
LuScOg, such as a large particulate density, domains, and having a polycrystalline structure.
These are likely to be improved with the BDA protocol and further substrate temperature
optimisation. Nevertheless, the work has demonstrated control of the lattice constant of
PLD-grown films, having lattice matched Yb:LuScOs grown on a c-cut sapphire substrate
with a mismatch of <0.1 %. If the propagation losses can be mitigated, this mixed
sesquioxide would be an excellent gain medium for ultrashort-pulse lasers with enhanced

spectroscopic parameters compared to binary sesquioxides and YAG.

7.4 Summary

In this chapter, the experimental work in the growth of high-quality binary sesquioxide via

PLD along with the first realisation of a PLD-grown, RE-doped mixed-sesquioxide film.

Initial optimisation of the growth of lutetia on a sapphire substrate was presented, to
demonstrate a film with a scattering point density of 0.06% and showed that 25 W of
substrate heating power produced a largely single-crystal film in the <111> orientation.
However, it was concluded that the upper layers of the film were beginning to grow
polycrystalline. Also presented was the fluorescence spectrum and lifetime of a Yb:Lu203
film, with the lifetime measured as 808 ps, 98.5% of that found in literature. SEM images
of a polished 10 um thick Yb:Lu203 film showed evidence of crystal domains, which could

either be different orientations of Lu,Oz or defects associated with incompatible seed
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positions on the sapphire substrate. In order to allow further scaling of PLD-grown Yb:Lu203

the domains created during the growth will need to be prevented from forming.

The growth of single-crystal lutetium scandium oxide has been presented along with
demonstration of control of the lattice constant through tailoring the composition of the
target, growing onto c-cut sapphire with a mismatch between film and substrate of only 0.03
%. Lattice matching will decrease the stress in the growing film which, if not dealt with,
would increase the likelihood of lattice defects and detrimentally affect physical parameters
such as thermal conductivity. Thick-film mixed sesquioxide films and SEM images of
domains in the lattice, very similar to those previously reported in Lu2O3 have been observed.
The promise of Yb:LuScOs for ultra-fast pulse laser was demonstrated with a wide emission
bandwidth of 19 nm. This is greater than obtained with Yb:YAG or Yb:Lu203 and would
allow pulses down to 51 fs in principle with low-loss laser configurations. Laser experiments
were not tenable due to the high scattering losses in the waveguides, but with further

optimisation combined with the use of BDA the losses are expected to decrease dramatically.

Two key outcomes from the work presented in this chapter include: PLD as a growth
technique for RE-doped sesquioxides and the presentation of the first Yb:LuScOs PLD-
grown film and which has been lattice matched to a sapphire substrate.
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Chapter 8 Sapphire

8.1 Motivations

Sapphire, or a-Al203, is an important and widely used laser material when doped with
transitions metals. The first laser demonstrated was based on Cr-doped sapphire, more
commonly known as ruby (Maiman, 1960). Furthermore, Ti-doped sapphire with its broad
gain bandwidth, is consequently commonly used in tuneable and ultrashort-pulse laser
systems (Moulton, 1986). A major part in the success of sapphire as a host material can be
attributed to the desirable thermo-mechanical properties of sapphire, i.e. a high thermal
conductivity (30 WmK™ (Dobrovinskaya et al., 2009) compared to 11 WmK* for YAG

(Kumaran et al., 2009)) and an excellent chemical stability under harsh conditions.

With the commercial success of RE-based lasers, such as Yb:YAG, it is of interest to find a
host material with superior thermo-mechanical properties such as sapphire. However,
incorporating RE materials into the sapphire lattice is challenging due to the large difference
in ionic radii of the host cations. The radius of AI** is 0.53 A and of Yb% 0.99 A
(Dobrovinskaya et al., 2009; Waeselmann et al., 2016), making the ytterbium ion almost
eight times the volume. This size difference makes the incorporation of ytterbium into the
sapphire lattice extremely low when grown from melt. Nevertheless, it has been proven that
a RE ion can form a stable compound in the Al,O3 lattice. To achieve a higher doping
concentration, a method of growth that does not rely on thermal equilibrium is needed, such
as PLD.

Growth of RE-doped sapphire was first demonstrated by (Kumaran et al., 2009) using MBE
to grow Nd:sapphire with some success. A PLD-grown Nd:sapphire film was the first to
demonstrate lasing (Waeselmann et al., 2016) with output powers of 130 mW and
efficiencies of up to 7.5%. This low efficiency was caused by the large scattering losses in
the Nd:sapphire film, so reducing the scattering would drastically increase the efficiency and

achievable output powers.

To the best of our knowledge, no demonstration of lasing in Yb:sapphire has yet been
achieved. Yb-doped sapphire would allow a large amount of power scaling due to both the
small quantum defect in ytterbium, decreasing detrimental thermal effects, and the relatively
high conductivity of sapphire allowing more efficient cooling. In this chapter, | discuss
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progress toward the growth of RE-doped sapphire with ytterbium and neodymium as
dopants. | also present single-crystal thick-films of sapphire (up to 35 um) and the optical

properties of Yh:sapphire along with evidence of waveguiding.

8.2  Yb-doped sapphire

8.2.1 Incorporation of ytterbium into the sapphire lattice

One of the main reasons for using PLD as a growth mechanism for RE-doped sapphire is its
ability to incorporate useful amounts (>0.5% Yb-doping) of RE ions into the sapphire lattice.
PLD is not a thermodynamic equilibrium technique and as such should be able to incorporate
a usable amount of ytterbium. Since this is a doped binary oxide (Al>Oz), a doping of just
1% would be the equivalent of 2.7% doping for YAG (Y3Als012) in terms of the doping

concentration.

To ensure the ytterbium is incorporated into the sapphire lattice, a film of Yb:sapphire was
grown and surface imaged via EDX. The growth conditions for this film are shown in Table
8.1 as “JP79”. Initially, an abnormally high substrate heating power of 55 W was chosen to
be certain that the 1100 °C threshold for the growth of alpha-alumina (sapphire) was reached
(Lodziana and Parlinski, 2003). This does not, however, mean that alpha-alumina cannot be
grown at lower temperatures, simply that above this threshold, only the alpha-phase can be
grown. The SEM EDX images mapped the surface of the film for its atomic constituents, so
that any segregation of atoms could be observed. If the ytterbium ions appeared to be evenly
distributed, the fluorescence spectrum would add further evidence that the ytterbium ions

were in the correct position in the lattice.

Table 8.1. Growth parameters of sapphire films grown onto c-cut sapphire

Sample Substrate Heating Ablation Ytterbium Number of

Number Power (W) Fluence (Jcm™) doping (%) pulses
JP53 33 1.05 1 36,000
JP76 40 1.08 0 36,000
JP79 55 1.4 1 180,000
JP133 33 1.6 1 36,000
JP225 33 2.7 3 360,000
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(a) SEM image

(b) Ytterbium Map

50 um
i

Figure 8.1. SEM EDX map of the surface of JP79 with (a) SEM image of the area of interest, (b)
the map of detected ytterbium in the area of interest, (c) map of detected aluminium
and (d) map of detected oxygen. (e) showing a high-resolution SEM image of the

samples surface.
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The SEM images (Figure 8.1 (a) and (e)) show that there are globules of material that appear
to have melted onto the surface. The EDX map of ytterbium (Figure 8.1 (b)) appears to show
that there is a concentration of ytterbium at these sites, with the EDX map of aluminium

(Figure 8.1 (c)) showing a deficiency at these sites.

This result suggests that in JP79 the ytterbium ions are seperate from the sapphire lattice.
This could be due to the high substrate heating power, which was high enough to
permanently distort the sapphire substrate, or the fluence was too low. A higher fluence
provide the deposited atoms with more energy to overcome the thermodynamic equilibrium
barrier to incorporate the ytterbium ions. To enable higher fluences to be used, the excimer
laser beam path to the PLD chamber needed to be shortened. A shorter beam path would
reduce the energy loss through free space, which, through observations, was found to be
~20% per metre, and hence the beam path was shortened by ~2 m. This allowed fluence

vales of 3 Jem with a spot size of ~3x2 mm to be achieved.

A growth with a higher fluence was attempted with JP133, which had a lower substrate
heating power and a higher ablation fluence. JP133 was measured via SEM EDX and no
segregation of ytterbium was found. This was confirmed with measurements of the XRD
spectrum of several films with different doping concentrations with an 6/20 scan. The peak
position of the (0001) sapphire will be decreased through the incorporation of ytterbium as
it will increase the lattice constant. Films grown with fluences above 1.6 Jem™ displayed a
significant shift in 26 peak position when doped with ytterbium, however sapphire films
grown below a fluence value of 1.6 Jcm™ did not shift significantly. This is displayed in

Figure 8.2 along with the errors calculated with the standard error.
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Figure 8.2. Average peak position of 0, 0.5 and 1% Yb-doped (0001) sapphire for films grown with
an ablation fluence above 1.6 Jcm2 (blue) and below 1.6 Jcm2 (red). The errors were

calculated via the standard error.

The fluorescence was measured with the same method described in chapter 7 (Figure 7.3).
When measured, JP53 and JP79 did not emit any fluorescence, whereas JP133 and JP225,
did emit measurable fluorescence. This is consistent with the EDX observations and 26 peak
position measurements that a high fluence (>1.6 Jcm?) allows the incorporation of ytterbium
ions whereas the temperature has less of an influence. The fluorescence spectrum will be

discussed later in this chapter.

I have demonstrated that PLD can incorporate ytterbium ions into a sapphire lattice at dopant
levels not possible via traditional techniques. | have shown that to do this, the ablation
fluence must be above 1.6 Jcm, and lower fluence levels cause segregation of ytterbium

into clumps of ytterbium oxide.

8.2.2 Hexagonal island growth on sapphire films

The growth of structured thin films has been frequently observed in various thin-film growth
techniques (Liu et al., 1993), including PLD (Shen et al., 2013). It is especially common
during the growth of ZnO nanorods onto c-cut sapphire substrates where hexagonal islands

are grown rather than a monolayer of material (Doherty et al., 2007). Previous experiments
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with the growth of Ti:sapphire onto sapphire substrate observed the growth of hexagonal
islands and therefore this could be expected during the growth of RE-doped sapphire.

For our application of planar waveguides, Frank—van der Merwe monolayer growth is ideal,
which would leave a flat, uniform film. Purely Volmer-Weber-type island growth with gaps
between each island would not produce a useable waveguide due to the many scattering sites
at these discontinuities. However, Stranski-Krastanov growth (islands and layers) could
produce useable waveguides if the islands grown on the face of the film are polished off,
leaving a flat film. These films could still be prone to scattering defects at the junctions

between the joined islands.

Initial thin-film growths (36,000 pulses) of Yb:sapphire provided evidence of hexagonal
scattering points (Figure 8.3) through dark-field microscopy. Although in these images the
hexagonal shape is partially obscured due to poor microscope camera resolution, the images
do clearly demonstrate surface structure. However, the islands were not visible in a stylus
microscope measurement, implying their size is insignificant compared to the films
thickness (1.5 um). To observe whether this surface structure becomes significant and then

to see whether they could simply be polished back, thick films of undoped, and Yb-doped

sapphire were grown.

Figure 8.3. Dark-field microscopy at 50x magnification of a typical Yb:sapphire film grown (JP76,

Table 8.1) with 36,000 pulses and a magnified portion of the image is also shown.

Table 8.2 shows the growth conditions of two thick sapphire films. JP226 is 5x thicker than
JP190, which will give a good idea of the progression of island growth. Dark field images
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of JP190 and JP226 (Figure 8.4 (a) and (b) respectively) show clear evidence of hexagonal

island growth, with the quantity of islands larger on the thicker growth. JP226, the thickest

film at 35 um has hexagonal islands of ~2.5 pum in height (Figure 8.4 (d)). Surface roughness

measurements found an Sa of ~700 nm for JP226 which is extremely large compared with

typical Sa values of PLD-grown films of 1-2 nm (seen in Section 5.5.2).

Table 8.2. Growth conditions of thick-film sapphire

[ ] +25um

Sample Substrate Ablation Ytterbium | Number of | Thickness
Number Heating Fluence doping (%) pulses (um)
Power (W) (Jcm??)
JP190 33 2.8 0.5 180,000 7
JP222 34 2.7 1 360,000 14
JP226 34 2.6 0 1,000,000 35
(a)

Figure 8.4. Hexagonal island growth observed on (a) JP190 via dark field microscopy at 100x

magnification, (b) JP226 via dark-field microscopy at 20x magnification, (c) SEM

image of JP190 and (d) optical profiler image of JP226 at 50x magnification.
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The surface roughness of these films would cause significant scattering of guided light,
increasing the propagation loss of these films. The face surface of these films could be
polished back to a flat surface, however, if there are interfaces between the islands, there

could still be significant scattering effects.

8.2.3 Face polishing of sapphire films

Sapphire is particularly hard and wear resistant (the second material in the Moh’s hardness
scale), which means it takes a long time to polish. This does mean however, that nm scale
thicknesses of material can be removed without fear of removing too much material.

Consequently, to remove the island growth on the sapphire films, the face can be polished.

JP190 and JP222 were face polished in preparation for facet polishing and optical
experiments. They were lapped for 10 minutes at 30 rpm with 1 pm alumina powder and
then polished with syton for 10 minutes. This removed 2 pum from both JP190 and JP222.
This was enough to remove hexagonal features from JP190 but did not remove all the
features from JP222. Consequently, JP222 was lapped for a further 20 minutes and polished

for another 10 minutes to remove 6 pm in total.

(a) (b)

Figure 8.5. Dark-field images of JP190 (a) before and (b) after face lapping and polishing and optical
profilometry images of JP222 (c) before and (d) after face lapping and polishing.
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The hexagonal features were removed as seen from Figure 8.5 (a) and (b) which show dark-
field images of JP190 before and after face polishing. This was also observed on JP222 with
the roughness (Sa) was reduced from 350 nm to 8 nm. Figure 8.5 (d) shows an optical profiler
map of the post-polished surface of JP222 and displays a slightly porous structure. The pores
are likely due to particles being removed as a whole rather than polished. However, these
pores are <5 nm in depth and therefore will not cause significant scattering of propagating

light in the waveguide.

The 40x reduction of surface roughness in these films will reduce the scattering loss during
light propagating in these films. The promise of this technique led to polishing of the surface
becoming standard practice for sapphire films so subsequent films were grown deliberately
thicker than required to account for the loss in thickness after face polishing.

8.24 Substrate heating power optimisation of sapphire

As seen when growing YAG onto YAG substrates, measuring a grown film that is similar
to the substrate can prove challenging. For sapphire, unlike with YAG, | found that when
measuring the film with 6/20 XRD, there was no significant shift in XRD peak position. This
IS to be expected with epitaxial growth with binary oxides, since if the growth is the correct
phase and orientation, the stoichiometry can only be that of the film. However, with thicker
films (>30 um) the substrate signal will not be significant and the results of 6/26 XRD are
reliable. With thinner films, an amorphous film would attenuate the substrate signal,
meaning the peak intensity will be lower, indicating the presence of an amorphous film.
When using GI-XRD, the (006) peak (found at 41.68°) is not visible in this setup, but other
peaks will be visible allowing us to determine whether a film is poly-crystalline. Using a
combination of 6/26 XRD and GI-XRD, it can be found whether a film is amorphous, poly-
crystalline or single crystal.

Initially four thin films (~3 um) were grown at substrate heating powers of 30-50 W to
determine the optimum heating power. After this, a thick film (~15 pum) was grown at heating
powers of 34 W to analyse the progression of growth for thicker films. Fluences of above

1.6 Jcm™2, as seen in Table 8.3, were chosen to ensure incorporation of the ytterbium.
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Table 8.3. Growth conditions of 1% Yb-doped alumina films

Substrate Heating = Ablation Fluence

Sample Number Number of pulses

Power (W) (Jcm??)
JP213 35 2.2 72,000
JP217 30 2.8 72,000
JP220 50 2.6 72,000
JP221 40 3.0 72,000
JP222 34 2.7 360,000

The GIXRD shows that JP217 (Figure 8.6 (a)) grew as k-phase alumina (Ollivier et al., 1997)
showing that this growth was below the threshold temperature of 1100°C for the growth of
a-alumina (sapphire) (Dobrovinskaya et al., 2009). JP213 (Figure 8.6 (b)) does not present
any peaks suggesting that JP213 is either single-crystal sapphire or amorphous. JP221
(Figure 8.6 (c)) has a small peak but is similar to JP213 and JP220 (Figure 8.6 (d)) is
polycrystalline with numerous sapphire peaks. Further tests found that substrate heating
powers down to 32 W produced similar GIXRD patterns to JP213, indicating an optimum
range of 32-40 W.
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Figure 8.6. GIXRD spectra of (a) JP217, (b) JP213, (c) JP221 and (d) JP220 grown at different
substrate heating powers (30 W, 35 W, 40 W and 50 W, respectively). The orientations

shown are for orientations of a-alumina (sapphire) unless otherwise stated.

164



Chapter 8

These results have narrowed down the optimum growth parameters for sapphire, however
as it has been seen previously, as films are grown thicker, the range of optimum growth
temperature narrows. As such a thick film was grown (JP222) and the GI-XRD spectrum
was compared to the 6/26 XRD spectrum. The GI-XRD spectrum of JP222 demonstrated
that the top layers of JP222 were polycrystalline (Figure 8.7 (b)) whereas the bulk appeared
to be single crystalline (Figure 8.7 (a)).
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Figure 8.7. a) 6/260 XRD spectrum and (b) GI-XRD spectrum of JP222 with the a-phase sapphire

orientations labelled.

Face-polishing was performed on JP222, as described in section 8.2.3, and the GI-XRD
spectra before polishing and post polishing were compared. This can be seen in Figure 8.8,
where the post-polished sample has fewer orientations. The <024> and <214> orientation
has been completely removed whereas there are still indications of the <012> and <116>
orientation. These remaining orientations have been significantly reduced in terms of peak

intensity, approaching the noise floor of the instrument.
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Figure 8.8. GI-XRD spectra of JP222 (a) before and (b) after face polishing.

From these results it can be ascertained that a film grown with 30 W of substrate heating
power grows as k-phase alumina rather than a-phase alumina (sapphire) and that growths
with 50 W substrate heating power grow polycrystalline sapphire. Furthermore, it is
demonstrated that 2-um thick sapphire films are single-crystal at substrate heating powers
between 33-40 W however, when grown thicker, different orientations begin to evolve. With

face-polishing, a significant portion of the polycrystalline layers could be removed.
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8.2.5 Optical properties of Yb-doped sapphire
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Figure 8.9. Photograph of the setup to measure the fluorescence spectrum and fluorescence lifetime.
DL is a fibre-coupled single-mode diode laser: 974 nm. S is the sample, L1 is lens with
f=18.4 mm and L2 f=8 mm. LPF is a long pass filter with a cut on wavelength of 1000
nm to attenuate the pump light. PD is a transimpedance amplified InGaAs photodiode
(Thorlabs PDA10CS-EC). To measure the fluorescence spectrum, the photodiode was
replaced by a fibre attached to an OSA.

An experimental setup, detailed in Figure 8.9, consisting of face pumping the doped films
enabling the Yb®" fluorescence to be characterised. Both lifetime and spectral signatures
were compared to what was available in literature reports. Here, the sample (S) is pumped
with a laser diode with an output wavelength of 974 nm and the scattered fluorescence and
pump light is collected by the lens L1. The pump light is filtered out using a long pass filter
(LPF) and the fluorescence is focussed onto either a photodiode (PD) to measure the

fluorescence lifetime, or a fibre connected to an OSA to measure the spectrum.
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The fluorescence spectra and lifetime of Yb:sapphire films were measured with films that
were grown with different substrate heating powers. By comparing with literature values, a
level of confidence of the Yb®* site position can be achieved. The growth conditions of the

Yb:sapphire films can be seen in Table 8.4.

The fluorescence spectra for JP213, JP217 and JP220 can be seen in Figure 8.10. The films
grown at substrate heating powers of 30 and 35 W present peaks at 1008, 1030 and 1082 nm,
which is in good agreement with (Heinrich et al., 2012). However, the signal for JP217
(grown at 30 W) was weak, implying poor crystallinity. JP220 (grown at 50 W) did not
display these peaks and instead presented a peak at 1002 nm. This implies that the ytterbium
may not be in the correct position in the alumina lattice for this film.
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Figure 8.10. (a) Fluorescence spectrum of Yb:sapphire films grown at 30 W (JP217), 35 W (JP213)
and 50 W (JP220) of substrate heating power and (b) lifetime measurement of JP225
(33 W).

The lifetime of the samples was measured using the setup seen in Figure 8.9 with samples
that emit suitable fluorescence intensities. Generally, thin-film samples (<2 um thick) were
not sufficient to provide the required intensities. The lifetime of JP225 was found to be 590
ps, which is between the low dopant density (1% doping) lifetime found in (Heinrich et al.,
2012) of 617 ps and the high dopant density lifetime (10% doping) of 500 ps. JP225 was

3% Yb-doped, hence it would be expected to be between these two values.
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Table 8.4. Growth conditions of Yb:sapphire films and their measured fluorescence lifetimes

Sample Substrate Ablation Ablation | Expected Yb- | Lifetime
Number Heating Power Fluence Pulses doping (%) (us)
(W) (Jem?)

JP133 33 1.6 36,000 1 639
JP137 30 3.0 36,000 1 632
JP189 33 2.8 36,000 0.5 638
JP190 33 2.8 180,000 0.5 618
JP194 32 1.8 180,000 0.5 606
JP225 33 2.7 360,000 3 590
JP227 34 2.2 720,000 1 594
JP228 34 2.8 720,000 1 599

Numerous fluorescence spectra and lifetimes of Yb:sapphire films were measured. Those
films grown at ablation fluence values less than 1.6 Jcm™ did not emit any measurable
fluorescence, however Table 8.4 shows the films grown at 1.6 Jcem™ and above and their
measured lifetimes. The lifetime values show that when a film is grown thicker, the lifetime
decreases, which suggests the film quality decreases as the thickness increases. This is likely
due to the greater density of crystal orientations. The lifetime measured for thin films of up
to 639 us is 22 ps longer than that reported by (Heinrich et al., 2012) implying less non-
radiative processes and hence a higher crystal quality. The doping concentration also appears
to affect the lifetime, with 3% Yb-doped JP225 measured lifetime being 590 us, smaller than
the thicker, 1%-doped JP227 and JP228.

8.2.6 Waveguiding in a thick Yb:sapphire film

The growth of Yb:sapphire has been demonstrated with confidence that the ytterbium is
incorporated throughout the lattice in the correct position. The next step is check that there
is a significant refractive index difference between the substrate and film. If there is no
refractive index difference, the film will not guide light and therefore is will not be possible

to create a Yhb:sapphire laser with these samples.

Tests on face polished samples on an m-line prism coupler yielded inconclusive results, due
to poor prism quality or the refractive index difference being too small. Therefore, six thick-
film Yb:sapphire films were face-polished and then subsequently facet polished. In this
section, the focus is on JP225 (growth conditions in Table 8.4). This sample was chosen due
to its relatively high Yb-doping concentration of 3%, increasing the likely refractive index
difference. The facets of JP225 were imaged with a microscope and SEM backscatter (Figure
8.11), subsequently the output of a fibre-coupled diode-laser, operating with a wavelength
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of 974 nm was coupled into the facet. The output signal from the opposite end of the
waveguide with the pump light filtered via a longpass filter, therefore could only be the
fluorescence signal. Imaging the exit facetwith a CCD camera (Spiricon SP503U) allows the
measurement of the mode size, for the light propagating along the waveguide.

(a) (b)
Air

i 15 pm
f fim

Substrate

Figure 8.11. (a) Dark-field microscopy image of the facet of JP225 and (b) SEM backscatter image

of the same facet.

The facet of JP225 is seen with dark-field microscopy (Figure 8.11 (a)) and SEM backscatter
(Figure 8.11 (b)), but films with a lower dopant concentration could not be distinguished
from the substrate. An SEM backscatter image detect differences in the physical properties
of the film, and so this indicates a negligible material difference between film and substrate,

which also suggests a small refractive index contrast between the film and substrate.

The filtered output from JP225 was imaged and calibrated against an optical fibre of known
size in the same setup to determine the magnification of the setup. This allowed us to
calculate the beam waist (elz) of the mode which was 14.3 pum.
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Figure 8.12. Measurement of the mode in JP225 with a Gaussian fit and the beam waist indicated

via the red line. The inset displays the raw image from the CCD camera.

This demonstrates that JP225 guides light, since the fluorescence generated at one side of
the film will need to propagate to the output facet. However, observations during preliminary
tests indicated a high propagation loss. This could be due to interfaces between the island
growths, or a high particulate density. If the growth of Yb:sapphire could be optimised to

grow as monolayers the propagation loss could be reduced.

8.3 Nd-doped sapphire

Trivalent neodynium (Nd®") is a commonly used dopant ion for high-power lasers, in
particular Nd:YAG (Q-switched) lasers. Like Yb:YAG, if the host material could be
replaced with sapphire, the superior thermodynamic properties of sapphire would allow
increased power scaling. The concept of a Nd:sapphire waveguide laser has already been
proven by (Waeselmann et al., 2016) who demonstrated 137 mW of output power at 7.5%
slope efficiency with PLD-grown films. This was then improved by the same group with
channel waveguides, increasing the output power to 322 mW with a slope efficiency of 12%
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(Waeselmann et al., 2017). While these results show the proof of concept, there is scope for

improvements in output powers.

(a) SHP=33W AF=17Jem”  (c) SHP=50 W AF=2.0Jcm’

Figure 8.13. Dark-field images of Nd (0.5%): sapphire films with the substrate heating power (SHP)

and ablation fluence (AF) labelled for each image.

Ten preliminary growths of Nd:sapphire have been attempted so far and, like Yb:sapphire,
the growths display significant amounts of surface structure. Figure 8.13 shows four dark-
field images of Nd (0.5%): sapphire films grown with a range of parameters, displayed in
the figure. There appears to be significant segregation of materials in Figure 8.13 (c), with
Figure 8.13 (a) and Figure 8.13 (b) showing less segregation, but still with significant surface
structure. This could be explained by the size of Nd** ions, having a ~7% larger radius than
ytterbium, despite being 24% less massive. Figure 8.13 (d) has significantly less surface
structure. These process parameters appear to be nearer the optimum for Nd:sapphire, but

more optimisation needs to be performed.

0/260 XRD measurements do not show any orientations other than (0001), but it is unclear
whether this is merely the substrate. GI-XRD measurements and attempts to take the
fluorescence spectrum of the Nd:sapphire films are required to ensure that these films are

growing as a single-crystal.
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8.4 Summary

In this chapter, the optimisation of growth for Yb:sapphire and Nd:sapphire and the optical

characterisation of Yb:sapphire films has been presented.

| have shown that growing Yb:sapphire below an ablation fluence of 1.6 Jcm™ causes the
segregation of the ytterbium from the sapphire lattice, but at or above this value, the
ytterbium is incorporated into the lattice. | have also described the formation of hexagonal
islands during sapphire growth and shown that the surface of the sample can subsequently

be polished from a surface roughness of ~350 nm to 8 nm, an over forty times improvement.

I have measured the fluorescence spectrum and lifetime of Yb:sapphire and shown it is in
good agreement with literature values. The lifetime values were found to vary with the
thickness and doping concentration of the films, with thin-film Yb:sapphire displaying
lifetime values longer than those found in previous research (639 us compared to 617 ps). |
also presented the first evidence of waveguiding in a Yb:sapphire planar waveguide. Laser

experiments are ongoing with these waveguides.

The growths of Nd:sapphire show a significant amount of surface structure, but preliminary
optimisation of the growth parameters have shown a reduction of surface structure at high
ablation fluence values (2.8 Jcm™). Further experiments are needed to test the crystallinity

and the incorporation of neodymium into the sapphire lattice.
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Chapter 9 Conclusions and future work

9.1  Conclusions Summary

9.11 Summary of introductory chapters

Chapters 1-4 described the state-of-the-art for the PLD process and presented details of the
characterisation tools utilised during the project and the theory behind them. Previous
milestones with the growth of active crystals were presented and other deposition techniques
compared to PLD. It was found that, compared to the other techniques, PLD may not always
provide the film quality, however the versatility, growth rates and relative ease of the PLD

technique has great potential for producing novel crystalline layers.

Previous techniques for the reduction in particulates were covered in some detail as this was
a broad theme across the results chapters. The advantages and disadvantages of each
particulate reduction technique were covered, and it was concluded that the complexity and
reliability issues most of the active techniques (such as a velocity filter) have was a major
drawback. While the novel and simple approach of BDA lead to substantial improvements

in crystal quality.

9.1.2 Summary of results chapters

In chapter 5, various techniques for particulate reduction were discussed. |1 showed how a
shadow mask placed in front of the substrate, blocked the particulates while atoms and ions
wrapped around the mask, depositing onto the substrate. Reduced particulate density in
LuScOs films from 38.5% to 0.49%, a nearly 80-fold reduction was demonstrated. However,
the shadow mask also influenced the stoichiometry of the films, losing a substantial amount
of the heavier element in the transfer from target to substrate. This could be compensated for
by modifying the target composition, however the growth rate was also reduced by over
three times. The stoichiometry changes and the reduction of growth rate was concluded to
be too much of a drawback for this technique.

Segmented targets were then presented for the growth of ternary oxides using only binary
targets. This technique reduced the particulate density by ~250 times and produced a more

stoichiometric film compared to a film grown from an equivalent ternary target. This
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technique is extremely effective; however, binary sublayers were observed in the film. This

could be prevented by reducing the number of sequential pulses on each segment.

Finally, in chapter 5, | presented a novel ablation protocol, namely bi-directional ablation of
which | presented a thorough analysis. This technique altered the way the target was moved
in the PLD system to effectively ablate the target from two different directions. Compared
to the method used at the start of this project, BDA increased target face utilisation by ~50%
and reduced the targets post-ablated surface roughness by 50%. The average film particulate
density grown via BDA was 80% lower than the average film grown by UDA. With BDA it
was demonstrated that a YGG film with propagation losses of 0.12 dB/cm, 2.8 dB/cm less
than those grown with UDA.

In chapter 6, | discussed the growth of various types of garnets throughout this project. In
different sections | presented the growth optimisation of YGG, YAG and LUAG. It was seen
how when a film is grown thicker, the optimum growth parameters narrow, putting an
emphasis on thick-film optimisation. 1 also discussed the relative loss of aluminium in YAG
and LUAG growths, and the loss of gallium in YGG growths, and how this could be

compensated for by putting more aluminium/gallium in the targets.

| presented the first PLD-grown Yb:LUAG double-clad waveguide and its performance when
operated as a laser, with output powers of up to 3.3 W and a slope efficiency of 20%. Er:-YGG
channel waveguides were also demonstrated for the first time, which had been grown via
PLD and channels fabricated via precision dicing. These channel waveguides demonstrated
up to 3.46 dB internal gain and propagation losses down to 0.12 dB/cm, some of the lowest

losses seen in PLD-grown waveguides.

Chapter 7 described work with sesquioxides and mixed sesquioxides. | demonstrated the
optimisation of the growth conditions for lutetia grown onto sapphire. However, the presence
of domains in the crystal films frustrated further progress with these films. 1 also presented
research into mixed sesquioxides, showing it is possible with PLD to tune the stoichiometry
of the crystal film to lattice match with the substrate. In this case, a near perfect match
between the mixed sesquioxide film and the sapphire substrate was achieved, with only a
0.04% lattice mismatch. Domains in the mixed sesquioxide films were observed and, when
doped with Yb**, confirmed the large emission bandwidth of Yb:LuScOs (19 nm) compared
to Yb:Lu203 (13 nm) and Yb:YAG (10 nm).

Finally, in chapter 8, I discussed the progress in growing RE-doped sapphire films via PLD.
| presented the growth conditions needed for incorporation of Yb ions into the sapphire
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lattice and optimisation of the growth parameters. I then presented the fluorescence spectrum
and lifetimes of various Yhb:sapphire films, finding that thickness and doping concentration
affect the lifetime values. Evidence of waveguiding in a Yb:sapphire film for the first time

to my knowledge was presented .

9.2 Future directions

This work has focussed a lot of attention on what is considered the main drawback of PLD,
namely particulates. Although substantial progress has been made in reducing the density of
particulates in the film, there is still more that needs to be done before the commercial
applications of PLD for active crystal films can be fully realised. BDA is a simple yet
effective countermeasure against particulates, yet it does only ablate from two different
directions. A multi-directional ablation (MDA) setup would ablate from many different
directions, reducing the surface structure on a post-ablated target further and consequently
reducing the particulates embedded into the film during growth. This could be achieved
through raster scanning the target across the beam and then rotation. By having a suitable
MDA system, the targets should last longer allowing even thicker growths, however, as |

discussed earlier this setup would be even more complex.

Through increasing the utilisation of the target in the new BDA system, thicker growths have
become the norm in this project, with single-crystal films up to 35 um grown. By simply
doubling the diameter of the targets used from 50 mm to 100 mm, the useable target area
would multiply by 4. This would allow growths of high-quality, single crystal, 100 um thick
films. This combined with high-dopant concentrations that are achievable with PLD, could
open the door for PLD-grown films to be exploited in a thin-disc laser architecture.

This work has shown a lot of promise with increasing the film quality of YAG and lutetia.
The knowledge of how to grow these materials as single-crystal and with low particulate
densities should be utilised to create laser devices with higher output powers and higher
slope efficiencies than previously realised. An Yb-doped sapphire film has been shown to
waveguide and needs to be tested as a laser. Further optimisation of RE-doped sapphire is
needed to produce high-quality films, in particular, optimisation for “Frank-Van der Werve”

growth is needed to prevent the formation of hexagonal islands.

Using the novel ablation protocol of BDA, pulsed laser deposition can be seen as a reliable

crystal growth technique for low-loss active films. Exceptionally low losses have been
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demonstrated with YGG, and other materials can now be grown with low defect densities
and hence, be explored to their full potential with PLD.
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