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Abstract

UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING, SCIENCE & MATHEMATICS

OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy

PULSED LASER DEPOSITION OF THICK MULTILAYER GARNET CRYSTAL FILMS 
FOR WAVEGUIDE LASER DEVICES

by Timothy Christopher May-Smith

The main aim of this project was to use the technique of pulsed laser deposition (PLD) to 
fabricate  thick  multilayered  garnet  crystal  planar  waveguides  with  rare-earth  ion  doped 
cores for use as planar waveguide laser devices. Planar waveguides are of interest because 
of the implications of their structure, which allows for lasing, pumping and heat dissipation 
to each have a unique axis of operation, and the confinement properties of planar waveguide 
lasers result in lower pump power thresholds, higher gains per unit pump power and higher 
efficiencies  than  their  bulk  counterparts.  Thick  planar  waveguide  lasers  are  desirable 
because they can be pumped by high power diode laser  arrays,  and suffer  less from the 
detrimental  effect  of  particulates  (a  practically  unavoidable  side  effect  of  the  PLD 
technique).  The use of multilayers  allows a device with a high numerical  aperture  to be 
fabricated and the careful  choice of the cladding layer thicknesses and refractive indices 
allows good beam quality output to be produced using diode pumping. Other aims of the 
project were to fabricate a self-imaging waveguide amplifier and explore other applications 
of thick garnet crystal films such as the possibility of using a highly doped thick film as a 
thin-disk laser device.

The PLD growth conditions were optimised and all  of the deposited garnet crystal  films 
were found to be highly textured crystal and had compositions close to bulk crystals. The 
deposition of thick films without a high occurrence of particulates was made possible by the 
use of multiple growth runs with target repositioning and reconditioning between growth 
runs. Two thick Nd:GGG films were fabricated and subsequently operated as laser devices 
when  pumped  by  a  Ti:sapphire  laser  and  a  diode  laser  array.  The  absorption  and 
fluorescence properties of the Nd:GGG films were found to be close to bulk, but slightly 
broadened. Minimum threshold pump powers of 17.8 mW and 7.44 W were observed for the 
Nd:GGG films with Ti:sapphire pumping and diode pumping respectively. Maximum slope 
efficiencies of 32.0% and 11.2% were obtained with the Nd:GGG films with Ti:sapphire 
pumping and diode pumping respectively. A maximum laser output of 4.0 W was produced 
from one of the Nd:GGG films using diode pumping. Loss estimates of < 0.1 dBcm-1 and 
< 0.4 dBcm-1 were obtained for the two Nd:GGG films that were operated as laser devices. 
The effect of self-imaging was observed in a YAG capped Nd:GGG film. A thick YbAG 
film was fabricated to be used as a thin-disk laser, though lasing has not been observed from 
experiments so far. Films of YGG, Nd,Cr:YSAG, Cr:GSAG and Nd,Cr:GSGG have been 
deposited,  proving the  potential  of  the  optimal  growth  conditions  found  for  the  current 
setup. A four-layer film of YGG, Nd,Cr:GSGG and YAG was deposited and is awaiting 
laser trial experiments.

Now that the technique of thick garnet crystal film deposition via multiple growth runs has 
been established, the potential of thick garnet crystal films needs to be exploited. Multilayer 
structures with more ideal geometries need to be fabricated to make optimal waveguide laser 
devices and difficulties resulting from thermal expansion mismatch need to be addressed so 
that side-pumping can be performed with diode laser arrays.
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a0 and ā0 Lattice parameters for unstressed bulk crystal and a stressed film 
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AS Surface area of a grey-body.
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BBO Beta barium borate (BaB2O4).
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CCD Charged coupled device.
Cp and Cv Specific heat at a constant pressure and volume respectively.
Cp(T) Temperature dependent heat capacity per unit mass.
CVD Chemical vapour deposition.
cw Continuous-wave.
D Crystal plane spacing.
d Depth of waveguide core.
da Depth removed by ablation.
DC Direct current.
df and ds Film and substrate thicknesses respectively.
DRS Diffuse reflectance spectroscopy.
E(x, y, z, t) Full electric field function of a guided mode.
E(x, y) x and y dependence of the electric field function of a guided mode.
EDX Energy dispersive X-ray analysis.
Ef and Es Young's moduli of a film and substrate respectively.
EO Electro-optic.
Ex, Ey and Ez x, y, and z-components of E respectively.
f1 and f2 Fractional population in the lower and upper laser levels respectively.
fA and fB Stoichiometry factor for species A and B respectively (equation 4.5.2).
fi Stoichiometry factor for species i (equation 4.5.3).
FL Laser fluence.
FL- th Threshold laser fluence for ablation.
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GSGG Gadolinium scandium gallium garnet (Gd3Sc2Ga3O12).
h Planck's constant.
H(x, y, z, t) Full magnetic field function of a guided mode.
H(x, y) x and y dependence of the magnetic field function of a guided mode.
HA and HB Height of the RBS spectrum plateau corresponding to species A and B 

respectively.
HR and HT High reflectance and high transmittance respectively.
Hx, Hy and Hz x, y and z-components of H respectively.
Io(t) Time dependent laser intensity.
IR Infra-red
Is Saturation intensity of the laser transition.
k Boltzmann's constant.
K(T) Temperature dependent thermal conductivity.
KA and KB Kinematic factor for species A and B respectively.
KGW Potassium gadolinium tungstate (KGd(WO4)2).
Ki Kinematic factor for species i.
KTP Potassium titanyl phosphate (KTiOPO4).
l Cavity length (length of the laser medium).
Labs Absorption depth.
LACVD Laser-assisted chemical vapour deposition.
lc Cavity length (length of an external cavity).
Ldiff Diffusion depth.
Leff Launch efficiency.
LIPSS Laser induced periodic surface structures.
Llenses Loss factor for lenses before the waveguide input face.
LMA Large-mode-area.
LPE Liquid phase epitaxy.
LPL Round trip propagation loss exponent.
m Integer = mth mode number.
M Maximum number of supported modes above the fundamental.
m1 Mass of incident ions.
MBE Molecular beam epitaxy.
MEMS Micro-electro-mechanical systems.
mi Mass of plume constituent or sample atom i.
MMI Multimode interference.
MO Magneto-optic.
MOCVD Metal-organic chemical vapour deposition.
Mp Melting point.
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Mx
2 and My

2 M-squared values for a laser beam in the x and y directions respectively.
n Refractive index of a cavity (core region).
n0, n1, n2 and n3 Refractive indices of the outer region, superstrate, core and substrate 

respectively.
N0

1 Population density of the lower laser level.
NA Numerical aperture.
NA and NB Number density of species A and B respectively.
ne, ni and nn Electron, ion and neutral number densities respectively.
P1 and P2 Power before the input and after the output waveguide faces respectively.
Pabs Absorbed power.
PCO2 Output power of the CO2 laser
PE Power emitted by a grey-body.
PECVD Plasma enhanced chemical vapour deposition.
Pl Laser output power.
PLD Pulsed laser deposition.
Pp Incident pump power.
Pp- th Incident pump power threshold for lasing.
Pth Absorbed pump power threshold for lasing.
r Radial coordinate.
R Radius of curvature of sample bending due to stress.
R(T) Temperature dependent reflection coefficient.
R1 and R2 Reflectivity of the feedback and output coupling mirrors respectively.
R2A and R2B Reflectivities of output coupling mirrors A and B respectively.
RBS Rutherford backscattering analysis.
RG and RY GGG-air and YAG-air Fresnel reflectivities.
RHEED Reflection high-energy electron diffraction.
RM Input mirror pump light reflectivity.
RSPLD Rapid sequential pulsed laser deposition.
S and F Normalised laser and pumping power respectively.
S1 Average stopping power of a material for ingoing path of ion.
S2A and S2B Average stopping power of a material for outgoing path of ion after 

scattering from species A and B respectively.
Sa Stopping power of a material for path a.
SAW Surface acoustic wave.
SBN Strontium barium niobate (SrxBa1-xNb2O6).
SEM Scanning electron microscopy.
SHG Second harmonic generation.
T Temperature.
t Time dimension.
T(x, t) Temperature inside the target.
TE Transverse electric.
TM Transverse magnetic.
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To Initial temperature of the plasma at the beginning of unsteady adiabatic 
expansion.

TOC Transmission exponent (of the output and feedback mirrors).
TVD Thermal vapour deposition.
UAE Unsteady adiabatic expansion.
UHV Ultra-high vacuum.
Ui First ionisation potential.
UV Ultra-violet.
vf and vs Poisson's ratios for a film and substrate respectively.
vi Velocity of a plume constituent.
w(z) Spot size (as a function of z).
wl and wp Average spot sizes of the output and pump laser beams respectively.
wl(z) and wp(z) Spot sizes (as a function of z) of the output and pump laser beams 

respectively.
wlx, wpx, wly

and wpy

Average spot sizes of the output and pump laser beams in the x and y 
directions respectively.

wlx(z), wpx(z),
wly(z) and wpy(z)

Spot sizes (as a function of z) of the output and pump laser beams in the x 
and y directions respectively.

wo Spot size at the beam focal point.
X Number of species A for every Y of species B.
x, y and z Two transverse axes and propagation axis respectively.
X(T) Position of the plasma edge perpendicular to the target surface.
Xo, Yo and Zo Initial positions of the plume edge at the beginning of unsteady adiabatic 

expansion.
XRD X-ray diffraction.
Y Number of species B for every X of species A.
Y(T), Z(T) Transverse position of the plasma edge.
YAG Yttrium aluminium garnet (Y3Al5O12).
YAP Yttrium aluminium perovskite (YAlO3).
YbAG Ytterbium aluminium garnet (Yb3Al5O12).
YGG Yttrium gallium garnet (Y3Ga5O12).
YIG Yttrium iron garnet (Y3Fe5O12).
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YSGG Yttrium scandium gallium garnet (Y3Sc2Ga3O12).
Z Average charge of a plume constituent.
ZA and ZB Nuclear charge of species A and B respectively.
zo Value of z at the beam focal point.
α Absorption coefficient.
α(T) Temperature dependent absorption coefficient.
αfilm, αsubstrate Thermal expansion coefficients for the film and substrate respectively.
αIB Inverse Bremsstrahlung absorption coefficient.
αp Pump absorption coefficient.
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αPL and αSL Waveguide and substrate propagation loss respectively.
β z-component propagation constant
γ Ratio of specific heats (Cp/Cv).
ΔT Temperature difference.
Δλ Longitudinal mode separation.
ε Electric permittivity.
ε1, ε2 and ε3 Electric permittivity of the superstrate, core and substrate respectively.
εE Emissivity of a grey-body.
η Slope efficiency.
ηA and ηB Slope efficiencies for output coupling mirrors A and B respectively.
ηpl Spatial overlap of the pump and laser beams.
ηplA and ηplB Spatial overlap efficiency of the pump and laser beams when using output 

coupling mirrors A and B respectively
ηq Fraction of absorbed photons that lead to population of the upper laser 

level (quantum efficiency).
ηqA and ηqB Quantum efficiencies of the laser using output coupling mirrors A and B 

respectively.
θ Grazing angle of X-rays.
θc Critical angle.
θguided Incident angle of guided light.
θlaunched Launching angle of light.
θNA Maximum apex angle of launched light that will go on to be guided.
θs Scattering angle of ions.
κtd Thermal diffusivity.
Λ Self-imaging length.
λ Wavelength.
μ Magnetic permeability.
μ1, μ2 and μ3 Magnetic permeability of the superstrate, core and substrate respectively.
ν Frequency of the laser used for ablation.
νl Frequency of the output laser radiation.
νp Frequency of the pump laser radiation.
νps Plasma frequency.
ρ(T) Temperature dependent density.
σe Emission cross-section.
σf Stress in a film.
σS Stefan-Boltzmann constant.
σth Stress in a film resulting from thermal expansion mismatch.
τ Pulse duration.
τfl Lifetime of the upper laser level.
φ, φ' Phase offset.
ω Angular frequency.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1  Pulsed laser deposition

Pulsed laser deposition (PLD) is a technique for the fabrication of thin films, and can be 

applied to a wide range of materials. A pulsed laser (usually ultra-violet (UV) wavelength) 

is used to ablate a target, and a plasma plume is formed by the ejected material; the plasma 

plume then expands away from the target surface and interacts with the chamber atmosphere 

until it reaches the substrate, where it is deposited as a thin film. The substrate can be heated 

to assist with nucleation and allow crystal growth, and a background gas can be used to help 

control the film composition.

PLD in  its  most  basic  form was  first  reported  in  1965  [1],  when it  was  discovered  by 

scientists experimenting with applications for lasers. More focussed use and studies of PLD 

did not occur until 1987, however, when it became popular as a technique for fabricating 

high  temperature  superconducting  thin  films  [2;  3].  Since  then,  PLD has  been  used  to 

fabricate  films  of  a  wide  range  of  types  of  materials,  such  as  superconductors,  metals, 

dielectrics,  ferroelectrics,  glasses  and  semiconductors.  These  films  have  found  many 

different applications in optics and electronics, such as waveguides, amplifiers, lasers, filters 

and  detectors.  Table 1.1.1 summarises  the  reporting  of  some  of  the  most  significant 

advances in the field of PLD in the form of a time-line; some of the advances that are of 

particular relevance to the research presented here are also included.
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1969 First growth of metal films [4].

1985 First growth of semiconductor films [5].

1986

1987 First growth of superconducting films [2].

1988 First growth of glass films [6].
First growth of simple oxide films [7].

1989

1990 First growth of ferroelectric films [8].
Start of continuous reporting of the growth of optical films.

1991 First theoretical investigations [9; 10].

1992 Several more theoretical investigations [11; 12].
Techniques for the improvement of film quality [13; 14].

1993 First waveguiding films [15].
First growth of garnet crystal films [16].

1994

1995 Significant increase in the reporting of the growth of optical films.

1996 First laser operation of a film [17].

1997 Losses of 0.5 dBcm-1 in a film [18].

1998 Reduction in particulate occurrence using a pulsed gas-jet [19].

1999 Technique for producing large area films by substrate scanning [20].

2000 Studies into the effect of particulates on the laser performance of films [21].

2001 First capped waveguide laser film [22].
Further techniques for large area films [23].

2002 First rib waveguides from films fabricated by PLD [24].
Reduction in particulate occurrence using a second laser to heat the plume [25].

2003

2004 Films with thickness up to 135 μm and highly textured crystallinity [26].
Losses of 0.1 dBcm-1 and laser operation of a 40 μm thick film [27].

2005 First laser operation of a rib waveguide based on a film fabricated by PLD [28].
First growth of a multilayer garnet crystal film [first reported here].

Table 1.1.1:  Time-line of some significant advances in the field of PLD.

The number of publications per year reporting the growth of thin films by PLD can be used 

as an indication of the rate of growth in the use of PLD since 1987. Figure 1.1.1 shows the 

results of year specific searches for reports of thin films grown by PLD (using the ISI Web 

of Science database [29]). There was a sudden jump in the number of publications reporting 

the growth of thin films by PLD between 1990 and 1991; this was mainly due to an increase 
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in the reports of superconducting thin films, and shows when the use of PLD became truly 

widespread. Since 1991, the number of publications per year has increased steadily as new 

materials have been used and new experimental enhancements have been introduced.
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Figure 1.1.1:  The number of publications reporting the growth of films by PLD 
per year from 1981 to 2004.1

PLD is a very flexible technique because film growth can be controlled by varying several 

growth parameters,  including the background gas species and pressure, the ablating laser 

wavelength, energy, pulse duration and repetition rate, the temperature of the substrate, and 

the target surface to substrate distance. However, this number of growth parameters can also 

be a disadvantage because finding optimal growth conditions for a specific material can be 

difficult and time consuming. PLD can be used with a very wide range of materials because 

the  ablation  process  is  a  form  of  congruent  evaporation;  in  particular,  this  allows 

multicomponent materials with complex stoichiometries to be deposited. PLD can have a 

relatively  fast  growth  rate  (> 10 μm  per  hour)  due  to  the  highly  directional  plume 

distribution, and experimentation with film materials can be simple because bulk samples of 

the  material  are  often  available  and  suitable  for  use  as  targets.  The  apparatus  is  also 

relatively  simple  to  manage,  maintain  and  re-align  when  compared  to  rival  deposition 

1 The data for figure 1.1.1 was found by performing year specific searches using the search term 
"film* AND pulsed AND laser AND (deposit* OR ablat* OR evaporat*)" in the topic search field.
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techniques,  and  there  is  usually  no need  for  undesirable  toxic  gases  or  substances.  The 

flexibility of PLD makes it ideal for the fabrication of multilayers of different film materials, 

and this is one of the reasons why it is the preferred fabrication technique for the research 

discussed in this thesis.

A  well  known,  and  perhaps  the  main,  disadvantage  with  PLD  is  the  occurrence  of 

particulates  in the  deposited  films  [21].  Particulates  are  a big problem when fabricating 

optically waveguiding thin films because they form scattering centres at the film surface and 

contribute  significantly  to  the  overall  propagation  loss.  Particulates  arise  in  the  PLD 

fabrication process due to two main processes, incomplete vaporisation of the target material 

and exfoliation. Incomplete vaporisation of the target material is difficult to prevent entirely 

because it is an inherent consequence of the ablation process, whereas exfoliation is caused 

by overuse of the same spot on the target and can therefore be minimised by repositioning 

and reconditioning of the target. The problem of particulates must be addressed for films 

fabricated by PLD to be realised as high quality devices.

1.2  Planar waveguide lasers

There  are several  motivations  for  the  study of planar  waveguide devices  in general.  For 

example,  an  ultimate  application  would  be  optically  integrated  circuits,  where  planar 

versions of optical switches, modulators, filters, interferometers, couplers, sources, detectors 

and  amplifiers  are  all  required.  Another  factor  in  need  of  constant  improvement  is  the 

efficiency of coupling light from optical fibres to planar devices, and vice versa.

Planar  waveguide  laser  devices  are  also  of  interest  because  of  the  implications  of  their 

structure, which allows for lasing, pumping and heat dissipation to each have a unique (and 

orthogonal)  axis  of  operation,  as  shown  in  figure 1.2.1.  This  allows  planar  waveguide 

devices to be pumped relatively easily by high power diode laser arrays, and heat sinks can 

be used to provide efficient cooling without obstructing the pumping and lasing directions. 

The  confinement  properties  of  planar  waveguide  lasers  result  in  much improved spatial 

overlap of pump and signal beams when pumping is performed in the same axis as laser 

operation, resulting in planar waveguide lasers with lower pump power thresholds, higher 

gains per unit pump power and higher efficiencies than their bulk counterparts. Also, planar 

waveguide devices are very compact, making them convenient for use in many applications 

where large bulk lasers are not practical.
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lasing

heat dissipation

pumpingpumping

heat dissipation

Figure 1.2.1:  Pumping, lasing and heat dissipation operating on orthogonal axes 
of a planar waveguide laser.

A problem with thin single-layer planar  waveguides is  that  the  numerical  aperture  (NA) 

limits the efficiency of focussing of diode laser array pump light into the waveguides, and 

with the advent of today's very high power diodes (hundreds of watts) that are available, 

there  is  more  pump power  than  can  be  used  effectively.  Thicker  films  can  be  used  to 

increase the NA, allowing a higher pump power to be used, but the consequence is highly 

multimode  operation,  reducing  the  spatial  overlap  of  the  pump  and  laser  beams,  and 

therefore the quality of the spatial distribution of the laser output. The problem of limited 

NA with optical fibres was overcome by the use of cladding layers [30; 31]; the pump light 

is guided by an inner cladding region and is absorbed as it crosses through the core region. 

Cladding layers increase the effective absorption length of the pump beam, but this is not a 

problem for optical fibres because it is relatively easy to fabricate longer devices.

The same technique can be used to improve the NA of planar waveguide devices, but the 

implications  of  such  geometries  in  planar  waveguide  form  are  slightly  different.  The 

thickness of core needed for single-mode operation would be too small for planar waveguide 

devices  to  operate  because  the  increased  effective  absorption  length  would  be  beyond 

practical device lengths. Instead, larger cores can be used and the important factor becomes 

the ratio of the core to cladding thicknesses, and if this ratio is chosen correctly, the higher 

order modes will extend into the cladding region and only the fundamental mode will be 

selected  due  to  the  limited  gain region.  This  more advanced  planar  waveguide  cladding 

geometry is more analogous to large-mode-area (LMA) fibre lasers [32; 33] than to standard 

double-clad geometries. Advanced cladding layer geometries should allow the fabrication of 

planar waveguide laser  devices with near diffraction-limited beam quality (in the guided 

direction) at high output powers (> 10 W) [34].
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Thick multilayer geometries will also help to reduce the effect of particulates in PLD grown 

films. It has been shown that the effect of particulates can be reduced by burial below the 

film surface [21], either by increasing the film thickness, or deposition of a capping layer. 

Also, thicker films and multilayer geometries will inherently have lower propagation losses 

than thin single-layer films because the pump and laser light will be confined further away 

from the film surface-air boundary where particulates form scattering centres.

1.3  Thick films used as thin-disk lasers

The thin-disk laser has been a focus of attention in recent years due to the advantages of 

such a system over bulk lasers. Efficient cooling is possible because of the large surface area 

to volume ratio, and the effect of thermal lensing is small because the temperature gradient 

is in line with the laser axis. By using multiple passes of the pump beam and increasing the 

pumped area,  the  output  power  of  the  thin-disk  laser  is  highly  scalable,  and  can  reach 

kilowatt levels [35].

Ytterbium is an attractive choice for a laser dopant because of its relatively simple electronic 

structure; it  doesn't suffer from excited state absorption, cross relaxation or upconversion 

[36]. However, lasing at a wavelength of 1.03 μm is based on a quasi-four-level system, 

meaning that high pump power densities and adequate cooling are required to overcome the 

problem of reabsorption loss. High pump power densities can be realised using high power 

indium gallium arsenide (InGaAs) diode laser arrays, and the thin-disk laser geometry lends 

itself  well  to  cooling  solutions.  Laser  operation  has  been  achieved  in  Yb:YAG 

(Yb:Y3Al5O12) thin-disks [35; 37], and modelling calculations have shown that an optimum 

thickness  has  to  be  used  for  the  optical  efficiency  to  be  maximised,  and  the  optimal 

thickness  decreases  as the dopant  concentration is  increased  [35].  It  is  possible  to make 

YAG crystals with very high dopant concentrations of ytterbium because the ionic radii of 

Yb3+ and Y3+ are so similar; 100% substitution only changes the unit cell size of YAG by 

1.5%  [38]. The  optical  efficiency is  ultimately optimal  for  a  ytterbium concentration  of 

100%, but the optimal thickness for such a high dopant concentration is < 100 μm [35], and 

a disk this thin would be very fragile.

Films of Yb:YAG solve the problem of fragility that arises as the disk thickness decreases 

below 100 μm, and the substrate can be used to dissipate heat away from the film. PLD is an 

ideal technique for the fabrication of Yb:YAG films, and the possibility of depositing film 
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layers  additional  to  the  laser  film allow  specialist  devices  to  be  made.  For  example,  a 

Q-switched Yb:YAG thin-disk laser film may be fabricated by the addition of a layer doped 

with the saturable absorber ion Cr4+ [39].

1.4  Garnet crystal

Garnet  crystal  is  optically isotropic,  has  a good transparency range,  low rate  of  thermal 

expansion and high mechanical strength, making it an ideal laser host material. In particular, 

YAG has been used extensively with various different dopants to make bulk lasers. Garnet 

crystal makes an excellent choice for the fabrication of laser films, and deposition of the 

different  garnets  such  as  YAG,  YGG  (Y3Ga5O12),  YSAG  (Y3Sc2Al3O12),  YSGG 

(Y3Sc2Ga3O12),  GAG (Gd3Al5O12),  GGG (Gd3Ga5O12),  GSAG (Gd3Sc2Al3O12)  and  GSGG 

(Gd3Sc2Ga3O12) is an attractive way of achieving epitaxial multilayer structures because of 

the good lattice match and slightly different refractive indices of these alternative garnets. 

The readily available undoped YAG crystal substrates are ideal because YAG has a lower 

refractive index than all of these other garnets, allowing waveguiding to occur. Table 1.4.1 

summarises  the  available  data  for  the  different  refractive  indices,  thermal  expansion 

coefficients,  lattice  constants  and  lattice  mismatches  relative  to  YAG, of  the  alternative 

garnets mentioned above.

Material Refractive index
(at λ = 1.06 µm)

Thermal expansion 
coefficient (×10-6 K-1)

Lattice 
constant (Å)

Lattice mismatch 
to YAG

YAG 1.82 [40] 6.9 [41] 12.006 [42] -
YGG 1.91 [40] - 12.273 [43] 2.2%
YSAG 1.86 [44] - 12.271 [44] 2.2%
YSGG 1.93 [45] 8.1 [45] 12.446 [46]2 3.7%
GAG - - 12.113 [47] 0.89%
GGG 1.95 [48] 8.3 [49] 12.383 [50] 3.1%
GSAG 1.89 [51] 7.7 [52] 12.389 [53]3 3.2%
GSGG 1.94 [40] 8.0 [49] 12.544 [54] 4.5%
YbAG 1.83 [36] 8.6 [55] 11.939 [56] -0.56%

Table 1.4.1:  Various properties of some garnet crystals.

2 The only crystallographic data available was for Y3Sc1.43Ga3.57O12 and this has been used as an 
approximation of YSGG.

3 The only crystallographic data available was for Gd2.91Sc1.80Al3.15O11.80 and this has been used as an 
approximation of GSAG.
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1.5  Summary of results and significant achievements

The  results  obtained  throughout  the  research  project  are  summarised  below  and  the 

significant achievements are highlighted. All claims to date are to the best of our knowledge 

at time of writing.

● Two thick Nd:GGG films were  fabricated and subsequently  operated  as  laser 

devices when pumped by a Ti:sapphire laser and a diode laser array; this is the 

first report to date of a waveguide fabricated by PLD to lase when pumped by a 

diode laser array. The films were found to be highly textured crystal  and had 

compositions close to bulk Nd:GGG crystal.

● Minimum threshold pump powers of 17.8 mW and 7.44 W were observed for the 

Nd:GGG  films  when  Ti:sapphire  pumping  and  diode  pumping  was  used 

respectively.

● Maximum  slope  efficiencies  of  32.0%  and  11.2%  were  obtained  with  the 

Nd:GGG  films  when  Ti:sapphire  pumping  and  diode  pumping  was  used 

respectively.

● A  maximum  laser  output  of  4.0 W  was  produced  from  the  diode  pumped 

Nd:GGG film; this is the highest laser output to date from a film grown by PLD.

● A loss estimate of < 0.1 dBcm-1 was obtained for one of the Nd:GGG films, the 

lowest loss to date for a waveguide fabricated by PLD.

● The effect of self-imaging was observed in a YAG capped Nd:GGG film; this is 

the  first  report  to  date  of  the  observation  of  such  an  effect  in  a  waveguide 

fabricated by PLD.

● A  thick  YbAG  film  was  fabricated  but  lasing  has  not  been  observed  from 

experiments so far; this YbAG film is the first to date to be fabricated by PLD 

without  the  need  for  subsequent  annealing.  The  film was  found to  be  highly 

textured crystal and had a composition close to bulk YbAG crystal. 

● Films of YGG, Nd,Cr:YSAG, Cr:GSAG and Nd,Cr:GSGG have been deposited; 

this is the first report to date of the deposition of YGG, YSAG and GSAG films 

by  PLD.  All  of  the  films  were  found  to  be  highly  textured  crystal  and  had 

compositions close to bulk crystals.
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● A four-layer film of YGG, Nd,Cr:GSGG and YAG was deposited and is awaiting 

laser trial experiments; this is the first report of such an advanced garnet crystal 

multilayer structure to be fabricated by PLD.

1.6  Structure of this thesis

To set the benchmarks for high quality optical films, the results achieved previously with 

optically  waveguiding  films  fabricated  by  PLD  are  summarised  in  Chapter 2.  Also,  a 

selection of alternative techniques for fabricating planar waveguides are presented to set the 

place of  PLD in the  field.  An overview of  the  theoretical  aspects  of  PLD and lasers  is 

presented in Chapter 3, and the experimental and analytical techniques used throughout the 

course of the research project are discussed in Chapter 4. Analysis and results from thick 

Nd:GGG films  can  be  found  in  Chapter 5  and  the  results  from other  garnet  films  are 

discussed  in  Chapter 6.  A summary  of  the  conclusions  drawn  from the  project  and  the 

directions  for  future  work  can  be  found  in  Chapter 7.  A  list  of  publications  that  have 

resulted from the project is shown in Appendix I.

Chapters 2-4  are  mainly  background  in  context,  including  theory,  experimental  and 

analytical techniques, experimental observations, and discussion of some of the problems 

experienced,  whereas  Chapters 5 and 6 are made up entirely of  results.  This  layout  was 

decided to be optimum in terms of clarity.
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Chapter 2

Background

2.1  Introduction

To gain an insight into the motivations for the research presented in this thesis, and its place 

in  the  field,  it  is  useful  to  consider  some background information.  The results  achieved 

previously with optically waveguiding films grown by PLD allow the quality of the results 

presented  in  this  thesis  to  be  assessed,  and  the  consideration  of  other  techniques  for 

fabricating planar waveguides provides a setting for the discussion of the advantages and 

disadvantages of PLD.

2.2  History of optically waveguiding films grown by 

pulsed laser deposition

The number of  publications  per  year  reporting the  deposition of  optical  or  waveguiding 

films by PLD is an immediate indication of the growth rate in the use of PLD for optically 

waveguiding films. Figure 2.2.1 shows the results of year specific searches for reports of 

optical or waveguiding films grown by PLD using the ISI Web of Science database [29].
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Figure 2.2.1:  The  number  of  publications  reporting  the  growth  of  optical  or 
waveguiding films by PLD per year from 1981 to 2004.4

A wide range of optically waveguiding materials have been grown by PLD, however only a 

selection of these materials has been chosen for further discussion, based on the results of 

qualitative analysis. It is likely that some reports will have been neglected either because 

they weren't found by the search terms used or because they were unobtainable at the time of 

writing.

2.2.1  Garnets

The use of garnet crystals as bulk laser host materials began soon after the invention of the 

laser  [57].  The  advantages presented by a planar  waveguide geometry using garnets  are 

numerous,  including higher  efficiency via improved output  and pump beam overlap and 

reduced pump power thresholds. However, the range of fabrication techniques suitable for 

the growth of thin garnet films is limited because of the multicomponent nature of these 

4 The data for figure 2.2.1 was found by performing year specific searches using the search term 
"(optical  OR waveguid* OR (wave  AND guid*))  AND film* AND pulsed  AND laser  AND 
(deposit* OR ablat* OR evaporat*) NOT (super AND conduct*) NOT superconduct* NOT CVD 
NOT YBaCuO NOT YBa2Cu3O*" in the topic search field. The results were filtered automatically 
by the exclusion terms and were also filtered manually because the search term "optical" produced 
a lot of false hits.
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crystals.  PLD is  an  ideal  fabrication  process  for  garnets  because  it  can  overcome  this 

problem. PLD work with garnets has mainly focussed to date on YAG and GGG, due to 

both their relative ease of growth, and relatively closely matched lattice constants (YAG: 

12.006 Å [42], GGG: 12.383 Å [50]; 3.1% lattice mismatch).

The growth of undoped GGG by PLD was first reported in 1995 [58], and there have been 

several reports since of doped GGG film growth by PLD. Neodymium has been a popular 

dopant for GGG films and successful growth of Nd:GGG on YAG has been reported on 

several occasions [17; 18; 21; 26; 27; 59; 60], as well as Cr:GGG and co-doped Nd/Cr:GGG 

[61; 62]. Until the recent growth of a 135 µm thick Nd:GGG film discussed in this thesis 

[26], films with a reported thickness up to 8 µm only had been grown, whilst losses as low 

as  0.5 dBcm-1 had  been  obtained  for  Nd:GGG  films  prior  to  the  result  of  0.1 dBcm-1 

discussed in this thesis. In general, the fluorescence properties of Nd:GGG films have been 

similar to that of bulk Nd:GGG, and films have also been successfully used as laser media 

[17;  18;  27;  59] and  absorbed  power  thresholds  close  to  theoretical  values  have  been 

obtained.

Rare-earth  and  transition  metal  ion  doped  YAG films  have  also  been  grown  by  PLD, 

however, lasing of YAG based films has not been reported to date. Growth of Nd:YAG on 

various substrates [60; 63-66] and YAG doped with Cr4+ [61], Tb3+ [67], Yb3+ [68] and Er3+ 

[69] has been reported. YAG based films with thickness up to 5 µm only have been grown 

by PLD, and the fluorescence properties of doped YAG films have been found to be similar 

to that of bulk. So far, there has been only one report of the growth of an alternative garnet 

(discussed previously in Chapter 1), namely Nd,Cr:GSGG [70].

Another  garnet  that  has  been grown is  YIG (Y3Fe5O12),  which is  a magneto-optic  (MO) 

material, making it suitable for magnetic field sensing devices. Growth of YIG by PLD was 

first  reported  in  1991  [71] and since  then,  single-mode buried  waveguides  of  YIG with 

losses of ~ 1 dBcm-1 have been grown [72; 73]. YIG films have also been further developed 

into planar waveguide magneto-optic devices [74], and in particular for applications such as 

magnetic sensors [75], optical current transformers [76] and electric current sensors [77].

The advantages of using garnet crystal to make thin film based optical devices have made it 

an attractive choice of material for PLD, and devices have been successfully fabricated from 

several different garnet crystal species. As more work is conducted towards the growth of 

garnet crystal devices using PLD, the quality of the films is expected to improve sufficiently 

that PLD can compete directly with other film fabrication techniques.
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2.2.2  Simple Oxides

Bulk lasers based on simple oxides such as sapphire (Al2O3) and yttria (Y2O3) are frequently 

used, owing to the excellent transparency range, low thermal expansion, high mechanical 

strength  and  good  thermal  conductivity  properties  of  such  materials.  This  range  of 

favourable  qualities  also  makes  their  use  in  a  planar  waveguide  geometry  an  attractive 

prospect. The relatively simple stoichiometry and crystal structures of these oxides makes 

them  ideal  for  thin  film  growth  by  PLD,  and  successful  growth  of  sapphire  has  been 

reported on several occasions.

Alumina can exist in several different phases/forms. Sapphire is the crystalline alpha phase 

and has a structure that can be described as either rhombohedral or hexagonal. This structure 

makes sapphire an anisotropic material in terms of thermal and optical properties, meaning 

that  in  general  only single  crystal  films can have useful  optical  applications.  Growth of 

sapphire films by PLD can be challenging because polycrystalline growth tends to result in 

fracturing upon cooling.

Thin  sapphire  films  have  been  grown  by  PLD  with  the  inclusion  of  various  different 

dopants,  one  of  the  most  widely  used  being  titanium  [60;  78-81].  A Ti:sapphire  planar 

waveguide geometry offers great advantages over the bulk form which requires a high pump 

power density, expensive pump sources and consistent crystal quality over a large volume. 

Lasing of Ti:sapphire thin films of up to 12.3 µm in thickness [60; 79] with losses as low as 

1.5 dBcm-1 has been observed [60] and erbium doped sapphire thin films [82-84] with losses 

of  4 dBcm-1 [83] have been grown by PLD. Rib waveguides  have been fabricated using 

Ti:sapphire thin films grown by PLD and subsequent processing by photolithography and 

ion beam etching [24; 28; 85]. Lasing has recently been achieved in Ti:sapphire ribs with a 

sapphire capping layer, and an absorbed pump power threshold of 265 mW was observed for 

lasing at a wavelength of 792.5 nm [28]. The ribs were found to have losses of ~ 1.7 dBcm-1 

and excellent optical confinement properties with measured beam propagation factors  Mx
2 

and My
2 of 1.3 and 1.2 for the directions in-plane and perpendicular to the plane respectively 

[28; 85].

Yttria thin films have also been grown by PLD [86-89] and good results have been achieved 

using (0001)  oriented sapphire  substrates  [87;  88],  where  single  crystal  growth of (222) 

oriented yttria has been observed. Sapphire is a good choice of substrate  for  yttria films 

because it has a lower refractive index (yttria: n = 1.78, sapphire: n = 1.75 (at λ = 1.06 µm)), 

making optical waveguiding possible in the film. Use of erbium as a dopant for yttria films 
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has been widely reported  [87-89] and losses as low as 1 dBcm-1 have been observed for 

Er:yttria films [87; 89]. Eu:yttria films have been grown on sapphire [90-92] and fused-silica 

substrates  [93], and waveguiding has been observed with a propagation loss of ~ 1 dBcm-1 

[93]. Nd:YAP (YAlO3) thin films have been grown by PLD [66; 94] with thickness up to 

11.2 µm and  losses  as  low  as  1 dBcm-1 [94],  and  fluorescence  properties  in  line  with 

expectation have also been observed.

The consistently low losses observed in films of simple oxides such as sapphire and yttria 

have proven their potential  for high quality optical devices. The fabrication of buried rib 

waveguide  lasers  using  Ti:sapphire  films  fabricated  by  PLD  has  shown  that  with  the 

application of advanced processing techniques subsequent to deposition, high quality optical 

devices can be realised from films grown by PLD.

2.2.3  Ferroelectrics

There  has  been  a  great  deal  of  interest  in  ferroelectric  materials  because  of  the  many 

applications of their properties. The nonlinear, electro-optic, thermoelectric, piezoelectric, 

acousto-optic,  photoelastic,  photorefractive and  pyroelectric properties  displayed  by 

ferroelectrics make them ideal for use in optical components for a range of applications such 

as  optical  switches,  sensors,  micro-electro-mechanical  systems  (MEMS)  and  integrated 

optoelectronics. Planar waveguide versions of these optical components can be fabricated 

from PLD grown films with subsequent further processing. Problems can be experienced 

with  ferroelectric  films  due  to  physical  fragility  and  susceptibility  to  damage  via  the 

photorefractive effect. Ferroelectric films are optically anisotropic, meaning that films must 

be single crystal  to be of  any significant  use for  optical  applications.  Ferroelectric films 

must also be single domain for advantage to be taken of the many effects that are dependent 

upon the dipole polarisation. Multi-domain films may be converted into single domain films 

by re-poling after growth, but this is undesirable since it involves the use of electrodes above 

and  below  the  sample,  and  this  is  experimentally  difficult  to  achieve  with  a  film 

configuration because the substrate is in the way.

Lithium niobate (LiNbO3) has undoubtedly been the most widely researched ferroelectric 

material  with  PLD because  of  its  nonlinear,  photorefractive,  piezoelectric,  photoelastic, 

thermoelectric, acousto-optic and electro-optic properties. Lithium niobate films have been 

grown on sapphire  [95-101], and on silicon substrates with a silicon dioxide (SiO2) buffer 
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layer  [102; 103], and films have also been grown with Nd3+ [104] and Er3+ [105] doping. 

Films with thickness up to 2 µm have been grown [102] and losses of ~ 3 dBcm-1 have been 

observed for lithium niobate films grown on sapphire [96; 97; 101].

The growth of several other ferroelectric materials by PLD has been investigated, but none 

have experienced  as  much success  as  lithium niobate.  Potassium niobate  (KNbO3) films 

have been grown on magnesium oxide (MgO) substrates  [106-109] with thickness up to 

1 µm as part  of  investigations into their  suitability  for  applications  using their  nonlinear 

optical properties and the electro-optic effect. SBN (SrxBa1-xNb2O6), also of interest because 

of its nonlinear optical properties, has been deposited on magnesium oxide and fused silica 

substrates  [110;  111] with  thickness  up to  6 µm; Eu3+ doped SBN films have also  been 

grown [112; 113]. Lithium tantalate (LiTaO3) films have been grown on sapphire substrates 

[114; 115] with thickness up to 0.8 µm and losses as low as ~ 0.6 dBcm-1 [115], and some 

lithium tantalate films have been successfully used as SAW filters [114].

Optical quality barium titanate (BaTiO3) films have been grown  [116-120] with losses of 

3 dBcm-1 [118-120],  and  cobalt  doped  films  [121] have  been  grown  in  an  attempt  to 

simultaneously increase the photorefractive gain and decrease the response time. Optical 

waveguiding  has  been  achieved  in  a  film of  lanthanum titanate  (LaTiO3) deposited  on 

silicon dioxide [122]. BBO (BaB2O4) is a suitable material for second harmonic generation 

(SHG) due to its wide optical transparency range, large SHG coefficient and high damage 

threshold,  and  BBO films  have  been  deposited  on  silicon,  silicon  dioxide  and  sapphire 

substrates  [123]. KTP (KTiOPO4) displays similar  properties to BBO, and both undoped 

[124;  125] and  erbium  doped  KTP  film  growth  has  been  reported  [126;  127].  BNN 

(Ba2NaNb5O12) is a nonlinear material that is difficult to grow in bulk form; optical quality 

BNN  films  have  been  grown  on  KTP  substrates  [128-130] with  losses  as  low  as 

~ 1.0 dBcm-1 [128; 129].

Experiments  with  ferroelectrics  have shown that  they are  hard  to  grow using PLD, and 

although the loss observed in some films has been relatively low, the problem of obtaining 

single-domain films has made the transition of film to device difficult.

2.2.4  Glasses

Glass is an optically isotropic material with a good transparency range, making it ideal for 

optical applications. Thin film glass growth by PLD has a lot of potential because the lack of 

crystal  constraints  should  make  high  film  quality  relatively  simple  to  achieve. 
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Erbium-ytterbium co-doped glass films [131; 132] with losses of 11 dBcm-1 [131] have been 

grown  by  PLD;  the  co-doped  configuration  of  Er,Yb:glass  is  of  interest  because  the 

ytterbium acts as a sensitiser for the erbium ions, providing improved absorption properties. 

Chalcogenide glasses are of interest  because of their photo-stimulated properties such as 

photobleaching,  photo-darkening,  photo-doping  and  the  photorefractive  effect.  Gallium 

lanthanum  sulphide  (GaLaS)  chalcogenide  glass  films  have  been  deposited  on  various 

substrate materials  [15; 133] with thickness up to 1.35 µm and losses of 6 dBcm-1 [133]. 

Lead germanate glass is of interest because it displays large photoinduced refractive index 

changes. Lead germanate glass has been deposited on various substrate materials by PLD 

[134-136] with losses as low as 2.1 dBcm-1 [136]. The relatively poor losses observed in 

glass films deposited by PLD so far  have limited the device applications of  glass films. 

However, glass films may still be of use as cladding or coating layers rather than core layers.

2.2.5  Semiconductors

The two materials discussed here have not been used to form waveguide laser cavities in the 

traditional  sense.  Instead,  laser  cavities  have  been  formed  by  self-assembled  hexagonal 

micro-crystallites. The films grow with an in-plane hexagonal periodic structure and laser 

cavities are formed by integer multiples of these hexagonal units. Cadmium sulphide (CdS) 

films have been grown by PLD [137-139] and micro-cavity lasing as described above has 

been observed  [138; 139]. Zinc oxide (ZnO) films have been grown on various substrates 

[140-145] and losses as low as 2.8 dBcm-1 have been achieved  [146]. Investigations have 

been made into the waveguiding properties of some PLD grown zinc oxide films [140; 141; 

146] and micro-cavity lasing as described above has been observed [147]. The results so far 

with semiconductor films grown by PLD have been promising, but are not yet at the level of 

competing with alternative techniques.

2.2.6  Summary

Table 2.2.1 summarises  the  most  significant  achievements  and  properties  for  different 

optically waveguiding materials grown by PLD.
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Material Biggest film 
thickness (µm)

Lowest loss 
(dBcm-1)

Most significant results

Garnet crystals:
GGG
YAG
YIG

GSGG

135 [26]
5 [61; 68]
4.5 [75]

-

0.1 [26; 27]
-
1 [73]

-

Lasing [17; 18; 27; 59]
Fluorescence [61; 64; 65; 67; 68]
Waveguiding [72; 73] &
MO effect [71; 74-77]
Fluorescence [70]

Oxides:
Al2O3

Y2O3

YAP

12.3 [60; 79]
1.5 [93]
11.2 [94]

1.5 [60]
1 [87-89; 93]
< 1 [94]

Lasing [60; 79] & ribs [24; 28; 85]
Fluorescence [87; 88; 90; 91; 93]
Fluorescence [94]

Ferroelectrics:
LiNbO3

KNbO3

SBN
LiTaO3

BaTiO3

LaTiO3

BBO
KTP

BNN

2 [102]

1 [106]
6 [111]
0.8 [115]
9 [121]

-
-
1 [124]

-

3 [96; 97]

-
-
0.6 [115]
3 [118-120]

-
-
-

1 [129]

Waveguiding [96; 98],
SHG [95; 97; 99; 105], EO effect
[95; 97] & fluorescence [104]
-
Fluorescence [112; 113]
Waveguiding [115]
Waveguiding [117-120]
& EO effect [120]
Waveguiding [122]
SHG [123]
Waveguiding [126; 127], SHG
[124] & fluorescence [126; 127]
Waveguiding [128-130]

Glasses:
Doped glass

GaLaS
Lead germanate

1.5 [132]
1.5 [15]
2.7 [136]

11 [131]
7 [133]
2.1 [136]

Waveguiding [131; 132]
Waveguiding [15; 133]
Waveguiding [135; 136] &
photosensitivity [135]

Semiconductors:
CdS
ZnO

2 [138]
1 [141-143]

-
2.8 [146]

Lasing [138; 139]
Lasing [147]

Others:
Nd:KGW - 5 [148] Waveguiding & fluorescence [148]

Table 2.2.1:  Summary of the results from optical waveguides grown by PLD.

A trend of success by material type (equation 2.2.1) can be inferred from table 2.2.1:

Garnets > Simple Oxides ≥ Ferroelectrics >> Glasses (2.2.1)
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2.3  Other techniques of thin film fabrication

All of the alternatives to PLD presented in this section are other ways of making thin films 

and  subsequently  using  the  films  as  waveguides.  Consideration  of  these  alternative 

techniques allows the advantages and disadvantages of PLD to be discussed particularly in 

terms of the technique itself, rather than just in terms of the quality of the devices produced.

2.3.1  Thermal vapour deposition

Thermal  vapour  deposition  (TVD)  is  performed  in  a  vacuum  chamber  as  shown  in 

figure 2.3.1,  where  the  material  to  be  deposited  is  heated  to  its  melting  point,  and  the 

substrate is arranged in a suitable position so that the vapour released is deposited as a thin 

film coating. TVD is suitable for use with film materials that have a simple stoichiometry 

and structure,  making it  ideal for  the deposition of thin coatings of metals.  TVD cannot 

easily be used for films with complex stoichiometries because the different vapour pressures 

of the film constituents would lead to films with an incorrect stoichiometry. TVD offers 

little control over the path taken by the evaporated material between source and substrate, 

with the consequence of slow growth rates, chamber contamination and inefficient use of 

the source material.

to vacuum pumps
and gases

vacuum chamber

source boats
and heaters

subtrate holder
and substrate

substrate blocker

thickness monitor

Figure 2.3.1:  Thermal vapour deposition chamber.

2.3.2  Sputtering

Sputtering is performed in a vacuum chamber as shown in figure 2.3.2, where ions (usually 

Ar+) are accelerated by an electric field (1-2 kV) onto the target surface.
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to vacuum pumps
and gases

vacuum chamber

high voltage earth

cathode shield

source

substrates

glow discharge

Figure 2.3.2:  Sputtering chamber.

Bombardment  of  the  target  causes  material  to  be  ejected,  and  deposited  as  a  thin  film 

coating on the substrate.  Sputtering is a good technique for making thin film coatings of 

materials with a simple stoichiometry, and is popular as a technique for coating scanning 

electron microscope (SEM) samples with gold in preparation for analysis, but suffers from 

the same disadvantages as TVD. Sputtering deposition rates can be increased by the use of 

magnetic fields,  and growth of Na0.5K0.5NbO3 and lithium niobate films by this  so-called 

magnetron sputtering technique has been reported [149; 150]. In both cases, the films were 

subjected to optical analysis and losses of 1.2 dBcm-1 were observed for the lithium niobate 

films [150].

2.3.3  Chemical vapour deposition

Chemical  vapour  deposition  (CVD)  involves  the  use  of  a  mixture  of  chemicals  called 

precursor gases that are passed across a substrate in a vacuum chamber or tube. A simple 

CVD tube apparatus  is  shown in figure 2.3.3 as an example  of  the  basic  principle.  The 

precursor gases contain the film materials in a diluted form, and react with the substrate 

upon contact, causing deposition and some gas by-products to be released. The temperature 

of the substrate is critical in determining what is deposited on the substrate.
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precursor
gas inlets

exhaust/vacuum
pumps

heating
elements

CVD
reaction tube

substrates

Figure 2.3.3:  Simple CVD tube apparatus.

Many  different  forms  of  CVD  exist,  including  laser  assisted  (LACVD),  metal-organic 

(MOCVD) and plasma enhanced (PECVD). With LACVD, the extra energy provided by the 

laser  can  accelerate  reactions  and  increase  the  deposition  rate  in  particular  areas  of  the 

substrate. MOCVD uses special mixes of metal and organic compounds for the precursor, 

allowing film materials with complex stoichiometries to be deposited, whereas PECVD uses 

a  precursor  in  a  plasma state  to  alter  the  reaction  dynamics.  CVD can  be used  for  the 

deposition of many different film materials, but is limited by the range of suitable substrate 

and precursor combinations. In general, CVD is a slow deposition method, though some of 

the enhanced forms of CVD can give higher growth rates. A major drawback of CVD is the 

complication of the apparatus and precursor gases, and in particular, safe management of the 

toxic gases involved can present a challenge. The MOCVD technique has been used to grow 

epitaxial YAG films with a high crystal quality [151].

2.3.4  Liquid phase epitaxy

With liquid phase epitaxy (LPE) (shown in figure 2.3.4), substrates are dipped into a hot 

saturated solution of film material, and as the solution is cooled (often supercooled), the film 

material condenses out of the solution and is deposited on the substrate. The composition, 

temperature and cooling rate of the solution determine the characteristics of the film, such as 

stoichiometry and thickness. LPE can be complicated to set up and is limited to materials for 

which a suitable solvent is available. The search for a suitable solvent in the initial stages of 

experimenting can lead to a long wait when starting growth of a new material, but once the 
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setup is perfected the fabrication time can be relatively quick. LPE offers good control over 

film stoichiometry, but control of the crystal orientation can often be difficult, and there can 

be problems with dopant concentration homogeneity.

furnace

heating elements
with multiple

temperature zones

rotating rod

gas
inlet/outlet

melt solution
substrate

crucible

substrate holder

Figure 2.3.4:  Liquid phase epitaxy apparatus.

The growth of garnet crystals by LPE is well established and models describing different 

processes  of  the  technique have been produced  [152]. There  have been many reports  of 

successful growth of high quality garnet films including YIG for magneto-optic applications 

[153;  154],  Nd:YAG for  waveguide laser  applications  [155-157],  Yb:YAG for  thin-disk 

laser  applications  [158],  Co,Si:YAG  for  use  as  a  saturable  absorber  layer  [159],  and 

Nd:GGG for  channel  waveguide  laser  applications  [160].  Significantly,  lasing  has  been 

observed in films grown by LPE [157; 158; 160], proving its potential for the fabrication of 

high quality crystal films and making it the biggest deposition based rival technique to PLD.

2.3.5  Molecular beam epitaxy

Molecular beam epitaxy is performed in an ultra-high vacuum (UHV) chamber as shown in 

figure 2.3.5,  where  several  molecular  beams  of  different  compounds  are  directed  at  a 

substrate,  combining  on  the  surface  to  make  up  the  correct  film  stoichiometry  and  be 

deposited as a film.
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effusion
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sources

molecular
beam

electron
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RHEED
gun

fluorescent
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rotating
substrate
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ionisation
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sample
exchange
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view
ports

shutters

liquid nitrogen
cooled shrouds

Figure 2.3.5:  Molecular beam epitaxy chamber.

The use of separate effusion cells for each different molecular beam make MBE an ideal 

technique for the fabrication of several film layers of different materials, which has lead to 

its wide use in the semiconductor industry, where complex multilayer structures with precise 

thicknesses are  required.  Fabrication  of  films  in  an  UHV  environment  allows  in-situ 

reflection high-energy electron diffraction (RHEED) analysis to be performed, which makes 

it  possible  to  monitor  properties  such  as  film  thickness,  substrate  temperature  and  the 

arrangement of surface atoms in an MBE system.  MBE is ideal for the fabrication of thin 

films (as  thin  as  single  atomic layers)  and thin  multilayers of  different  materials,  but  is 

limited in its usefulness for the growth of thick films by its relatively slow growth rate and 

high cost. The complexity of the apparatus can also be a big disadvantage because it can 

take a long time to set up and refine for a particular type of film material growth. MBE has 

been applied to the deposition of optical  thin film waveguides and successful  growth of 

Pr3+-doped calcium fluoride (Pr3+:CaF2)  and Nd-doped lanthanum fluoride (Nd:LaF3)  has 

been reported [161; 162]; also, lasing of the Nd-doped lanthanum fluoride was observed.
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2.3.6  Sol-gel

A sol is a colloidal suspension of solid particles in a liquid phase solution, which forms a gel 

when it is dried enough that the particles form a continuous suspension. Substrates can be 

coated in sol-gel by dipping, spinning or spraying, and the sol-gel then forms solid films 

when dried. Thick films can be grown by multiple coating runs, but the range of materials 

that can be grown with sol-gel is limited by the number of suitable chemical precursors used 

for the sol. Figure 2.3.6 shows an overview of the sol-gel fabrication process.

base
chemicals

added

solution sol-gel

dipping

spin-coating

spraying

further
drying

drying
solid film

substrate

Figure 2.3.6:  Overview of the sol-gel fabrication process.

The sol-gel technique is generally not suitable for the growth of multicomponent materials 

with complex stoichiometries, and epitaxial growth can be difficult to achieve. The growth 

of some simple oxide optical waveguides such as yttria [163; 164] and titanium oxide (TiO2) 

[165; 166] has been reported, and some titanium oxide  films grown by sol-gel have been 

further developed into channel waveguides by subsequent laser writing and etching  [165; 

166].

2.3.7  Direct and thermal bonding

The technique of direct bonding involves several steps, the first of which is to polish the 

plane surfaces of two pieces of bulk material to an optical flatness and ensure that they are 

clean of any dirt or other particles. When brought together, the two surfaces bond due to 
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Van der Waals forces, and in the case of thermal bonding, this process is assisted by heating 

of the two layers. Figure 2.3.7 shows an overview of the direct bonding fabrication process. 

It can be very difficult to make thin films using direct bonding because the thin film layer is 

prone to cracking at some point in the fabrication process. This problem can be overcome by 

bonding a thick layer and polishing back to the desired thickness, but this remedy makes the 

fabrication of multilayers by direct bonding impractical and time consuming. When using 

thermal bonding, materials with a similar thermal expansion coefficient must be chosen to 

avoid cracking upon cooling. Successful fabrication of Nd:YAG, Nd:GGG and Ti:sapphire 

thin  film waveguides  by direct  bonding has  been  reported  [167-169].  In the  case  of  an 

Nd:YAG on sapphire sample, losses less than 0.2 dBcm-1 were observed and efficient laser 

operation was achieved [169].

preparation of layers
(polishing/cleaning)

bringing together
of layers

heat treatment bonded layers

Figure 2.3.7:  Overview of the direct bonding fabrication process.
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2.3.8  Summary

Film 
fabrication 
technique

Typical 
growth 
rate 
(μm/hr)

Multi-
component 
compound 
growth

Comments

TVD 0.1 Bad Mainly used for basic films or coatings of metals.
Sputtering 0.1 Bad Used for electronic and semiconductor materials, 

optics and protective coatings.
CVD 1 Moderate Used for electronic and semiconductor materials, 

structural and protective coatings.
LACVD 0.5 Moderate Experimental technique with many applications 

for optoelectronic, semiconductor and MEMS 
materials, structures and coatings. Assistance of a 
laser can allow 3D structures to be grown.

PECVD 1 Moderate Experimental technique with many applications 
for optoelectronic, semiconductor and MEMS 
materials, structures and coatings. Plasma 
provides benefits such as increased growth rate.

MOCVD 0.5 Moderate Experimental technique with many applications 
for optoelectronic, semiconductor and MEMS 
materials, structures and coatings.

LPE 10+ Good Experimental technique with many applications 
for optoelectronic and semiconductor materials, 
and is particularly good for crystal growth. Very 
high growth rates can be obtained.

MBE 0.5 Moderate Mainly used for semiconductor and electronic 
materials but has also been applied to some 
optical materials with basic compounds.

Sol-gel n/a Poor Mainly used for glasses and ceramics. It is often 
difficult to achieve good crystal growth.

Direct 
bonding

n/a n/a Experimental technique that is versatile in terms 
of materials and has many applications for 
optoelectronic, electronic and semiconductor 
materials and structures. Can offer layer and 
substrate combinations not available with other 
techniques.

PLD 10+ Excellent Experimental technique that is versatile in terms 
of materials and has many applications for 
optoelectronic, electronic and semiconductor 
materials. Congruent evaporation allows complex 
stoichiometries to be deposited, and growth rates 
can be very high.

Table 2.3.1:  Summary of film fabrication techniques.
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2.4  Other techniques of waveguide fabrication

The following methods are all alternative techniques for the fabrication of waveguides, and 

work by modifying existing substrates or films to create a region with a higher refractive 

index than its  surroundings which can subsequently be used as a waveguiding region or 

layer. Consideration of these alternative techniques allows the advantages and disadvantages 

of PLD to be discussed particularly in terms of the film-waveguide structure.

2.4.1  Indiffusion

The substrate is coated with a thin layer (15-150 nm) of a suitable metal, and then placed in 

an oven heated to  ≥ 1000 °C for a suitable length of time (several  hours/days).  The high 

temperature  allows  the  metal  layer  to  diffuse  into  the  substrate  and  form  a  region  of 

increased refractive index. Whole surfaces can be indiffused to make waveguiding films, or 

strips can be indiffused to make channel waveguides as shown in figure 2.4.1. 

substrate

metal strip

heat treatment indiffused channel
waveguide

depth

distance across
the substrate

n
+

0

refractive
index profile

Figure 2.4.1:  Overview of the indiffusion waveguide fabrication process.

Laser dopant species can be indiffused, but in this case it is often necessary to indiffuse 

another  metal  first  because  typical  laser  dopant  concentrations  are  not  high  enough  to 

produce  a  significant  refractive  index  change  by  themselves.  The  effectiveness  of  this 

technique is limited by the range of metals suitable for diffusion in a particular material, and 

the time it  takes for indiffusion to take place limits the thickness of waveguides. Optical 

waveguides fabricated by the indiffusion of nickel [170], and waveguide lasers fabricated by 

the indiffusion of neodymium [171] have been reported.
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2.4.2  Ion-exchange

Substrates are immersed in a bath of molten salt, so that the alkali ions in the salt slowly 

exchange with the ions in the substrate, creating a region of altered refractive index. The 

rate of ion-exchange can be controlled by changing the temperature or by the application of 

an  electric  field  across  the  sample.  A  mask  can  also  be  used  to  create  strips  of 

ion-exchanged areas to make channel waveguides, as shown in figure 2.4.2, or other mask 

designs can be used to produce more complex waveguiding structures.  The technique of 

ion-exchange  suffers  from similar  limitations  as  indiffusion,  however  success  has  been 

experienced with the technique, and the fabrication of neodymium based waveguide lasers 

by ion-exchange has been reported [172; 173].

application of
a mask layer

immersion in heated
salt bath

removal of
mask layer

ion-exchanged
channel waveguide

substrate
mask
layer

0

+
n

distance

Figure 2.4.2:  Overview of the ion-exchange waveguide fabrication technique.

2.4.3  Ion implantation

Ions (typically light ions such as protons or He+) accelerated to high energies (~ a few MeV) 

can be used to damage the crystal lattice of materials, causing a change in refractive index as 

shown in figure 2.4.3. High energy ions incident on a substrate lose their energy near the 

surface by firstly electron excitation, and subsequently by interaction with the ions in the 

crystal  lattice.  The  ion  energy can be varied  to  control  the  depth  at  which  most  of  the 

damage  occurs.  Higher  energy  ions  produce  a  damaged  region  well  below the  surface, 

whereas  lower  energy  ions  produce  a  damaged  region  closer  to  or  at  the  surface.  Ion 

implantation  can create  regions  of  increased  or  decreased  refractive  index.  For the  case 

when an  increased  refractive  index  region  is  produced,  waveguiding  can  occur  without 

further processing. To utilise regions of decreased refractive index, a layer must be produced 

below an unaffected surface region, where waveguiding can occur, or a well profile must be 

produced  using  two  damaged  regions,  allowing  waveguiding  to  occur  in  the  central 
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unaffected region. This technique can be applied to many different materials. As an example 

relevant to the materials of interest in this thesis, waveguides based on Er:YAG have been 

fabricated by He+ implantation  [174], and Nd:YAG waveguides  have been fabricated by 

proton implantation [175].

ORion beam

substrate

-ve n
damage

+ve n
damage

Figure 2.4.3:  Examples  of  refractive  index  profiles  suitable  for  producing 
waveguiding regions.

2.4.4  Etching/ion beam milling

Photolithography can be used, with subsequent etching or ion beam milling, to create raised 

waveguiding structures such as ribs.  An overview of the fabrication process is  shown in 

figure 2.4.4, with ion beam milling shown as an example.

ion beam etching

ion beam

removal of
remaining
photoresist

application of
photoresist layer

substrate

film

photoresist

photolithographic
patterning

UV

ribs

Figure 2.4.4:  Overview of  the  etching  technique  of  rib  waveguide  fabrication 
(ion beam milling shown as an example).

28



Chapter 2 Background

A suitable mask is used with photolithography to produce strips of developed  photoresist, 

and subsequent  etching by chemicals or ion beam milling then leads to the undeveloped 

areas being etched/removed at a faster rate than the developed areas. When any remaining 

photoresist  is  cleaned  off,  several  raised  rib  structures  remain,  allowing  multiple 

waveguiding ribs to be fabricated on a single film. The confinement of light in the horizontal 

plane  of  the  guide  as  well  as  the  vertical  can  improve  the  modal  properties  and  laser 

operation of planar waveguide lasers. Rib waveguides based on Ti:sapphire and Nd:GGG 

have been fabricated by this technique [24; 28; 85; 160], and lasing has been observed for 

both Ti:sapphire [28] and Nd:GGG ribs [160].

2.4.5  Direct writing

A focussed laser beam can be used to produce a refractive index change in a material. The 

change will be produced at and near the focal point of the laser and can be permanent or 

temporary depending on the laser intensity and the material in use. By tracking the laser 

beam through the material as shown in figure 2.4.5, channel regions of different refractive 

indices suitable for waveguiding can be made.

laser beam

lens

substrate

channel of altered
refractive indexxyz stage tracking

direction

Figure 2.4.5:  Direct writing waveguide fabrication technique.

Channel waveguides have been fabricated in gallium lanthanum sulphide [176] and various 

waveguide devices have been fabricated in silica by direct writing [177].
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2.4.6  Summary

Waveguide 
fabrication 
technique

Technique 
complexity

Material 
range 
applicable to

Comments

indiffusion simple wide Tends to be slow and often the indiffusion of 
two elements is needed to get a laser dopant 
and a sufficient refractive index change.

Ion-exchange moderate moderate Tends to be slow. Suitable for the creation of 
complex channel structures and only limited 
by the mask used in the photolithography 
process.

Ion 
implantation

difficult wide Capable of making complicated waveguiding 
structures due to its ability to produce 
positive and negative changes to refractive 
index.

Etching/ion 
beam milling

difficult very wide Ribs have the same intrinsic loss as the 
original sample since the rib itself isn't 
modified. Confinement can be improved by 
the subsequent growth of a capping layer.

Direct 
writing

moderate narrow Limited in its material range due to problems 
with retention of the refractive index change. 
Fast, simple and versatile technique.

Table 2.4.1:  Summary of waveguide fabrication techniques.

2.5  Conclusions

● Pulsed laser deposition is a proven and established technique for the fabrication 

of high quality films suitable for optical waveguiding. PLD can produce films 

with a high crystal quality and low propagation losses.

● The growth of garnet crystal by PLD has matured to the point of being able to 

compete with other techniques, and offer advantages such as high growth rates 

and relatively simple experimental complexity.

● The main competitors to PLD, for the fabrication of thick garnet crystal films and 

multilayers, are LPE and direct bonding.

● When used in conjunction with a rib fabrication technique, PLD is ideal for the 

fabrication of buried rib waveguides that are highly useful in the optoelectronics 

industry (because light can be coupled from them into optical fibres).
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Chapter 3

Theory

3.1  Introduction

Some aspects of PLD theory are discussed here along with some elemental waveguide and 

laser theory. The discussion of PLD theory presented here is mainly qualitative with only 

some of the more relevant equations reproduced. A basic overview of waveguide theory will 

be discussed to show how the solutions to more complex geometries can be derived. Some 

laser theory will also be discussed and equations needed for the analysis of results will be 

presented.

3.2  PLD theory

The overall process of PLD is determined by several codependent variables, which has made 

the  formulation  of  theoretical  models  difficult.  There  have  been  several  attempts  at 

producing theoretical models of PLD and though none have succeeded in capturing all of the 

physics involved, some success has been experienced by modelling individual parts of the 

PLD process  [9;  10;  178-186], which is  logically split  into  three  phases:  the laser-target 

interaction (ablation phase),  the plume-background gas interaction (plume phase) and the 

plume-substrate interaction (film growth phase).  It is easier to discuss these three phases 

separately, and it is also useful to discuss the codependencies of the variables in PLD and 

how they can be managed to produce high quality films with minimal experimentation. The 
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discussion of PLD theory presented here is a general overview of the technique in its basic 

form without any advanced modifications, and is intended to be mainly qualitative, though 

some of the more important equations will be included.

3.2.1  Ablation phase

The  ablation  phase  is  logically  split  into  two  further  subsections;  the  pure  laser-target 

interaction  and  the  subsequent  interaction  of  the  ablating  laser  pulse  with  the  material 

ejected from the target before the laser pulse ends.

3.2.1.1  Laser-target interaction

The initial interaction of the ablating laser pulse with the target material depends upon the 

properties of the target material and the ablating laser pulse. An ideal target will:

● not reflect well at the ablating laser wavelength to allow the initial part of the 

pulse access below the target surface as quickly as possible (the reflectance of 

the  target  is  less  important  once  the  target  is  heated  because  the  surface 

properties will change);

● have a short absorption depth for the wavelength of the laser used for ablation to 

ensure that the energy is absorbed in a tightly confined area;

● have a low thermal diffusivity to ensure that energy from the ablating laser pulse 

is not used inefficiently by conduction away from the ablation site.

The volume heated by a laser  pulse is  determined by the spot size and the larger of the 

absorption depth or diffusion depth [187], shown in equations 3.2.1 and 3.2.2 respectively.

( )2diff tdL κ τ=
(3.2.1)

Ldiff = diffusion depth, κtd = thermal diffusivity, τ = pulse duration.

1
absL

α
=

(3.2.2)

Labs = absorption depth, α = absorption coefficient.
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In the  case  where  the  absorption  depth  is  larger  than  the  diffusion  depth,  the  depth  of 

material removed by ablation can be related to the fluence of the laser and the threshold 

fluence for ablation as in equation 3.2.3 [188].

1 ln L
a

L th

Fd
Fα −

=
(3.2.3)

da = depth removed by ablation, FL = laser fluence, FL- th = threshold fluence 
for ablation.

The  ideal  properties  of  a  laser  used  for  ablation  are  short  wavelength  and  short  pulse 

duration,  as  short  wavelengths  tend  to  have  smaller  absorption  depths,  and  short  pulse 

durations minimise heat conduction away from the ablation site because the time that the 

target has to react to the laser pulse is minimised. These ideal properties for target material 

and ablating laser allow for the type of ablation required for PLD, congruent evaporation, 

which is especially required when multicomponent target materials are used because it is 

important for the stoichiometry of the target to be preserved for deposition on the substrate. 

Excimer  lasers  are  commonly  used  for  PLD  because  of  their  short  wavelengths 

(193 nm - argon fluoride (ArF), 248 nm - krypton fluoride (KrF), 308 nm - xenon chloride 

(XeCl), 351 nm - xenon fluoride (XeF)) and short pulse durations (~ 10-20 ns).

The mechanism for the absorption of the initial part of the laser pulse is electron excitation. 

When  a  laser  with  a  short  pulse  duration  is  used,  further  absorption  of  the  pulse  is 

dominated by non-thermal mechanisms such as single-photon and multi-photon absorption, 

and dielectric breakdown [189-191]. Free electrons are accelerated by the electric field of 

the laser pulse and gain enough energy to ionise the atoms they collide with causing more 

electrons to be freed, and hence adding to the process. Above a certain threshold of laser 

fluence, this effect leads to heating of the atoms within the material and causes material to 

be ejected. As the target absorbs more energy by the laser pulse, energy conservation forces 

the ejection velocity of the target material to increase and a plasma plume is formed [192]. 

The different processes involved in ablation are shown in figure 3.2.1, and a description of 

the different stages follows:
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Figure 3.2.1:  The different stages of ablation.

A. The laser pulse hits the target and the target surface starts to melt.

B. The heat is conducted slightly deeper into the target as the laser pulse continues 

and the temperature rises sharply, causing the material to start to evaporate. At 

this early stage, the ejected material is still relatively transparent and the laser 

pulse continues to heat the target surface.

C. More material is ejected from the target surface as the laser pulse continues and 

the surface temperature rises to a maximum. The ejected material is now dense 

enough to  absorb  energy  directly  from the  laser  pulse  and  enough  energy  is 

absorbed for it to enter a plasma state and expand away from the target surface as 

a plume.
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D. The plume partially absorbs the laser pulse;  this  reduces heating of the target 

surface by the laser pulse and limits further ejection of material from the target.

E. The laser pulse ends and the plume continues to expand adiabatically away from 

the target surface, which in turn begins to cool.

F. The target surface continues to cool and solidifies in a damaged state, which will 

be  rough and may have an altered  stoichiometry from the  bulk of  the  target. 

Features  such  as  cones,  ripples,  laser  induced  periodic  surface  structures 

(LIPSS), particulates and larger droplets may be present on the surface.

The temperature of the target in the initial stages of absorbing the laser pulse (before the 

absorption of the pulse by the plume complicates the problem) can be determined by the 

heat flow equation shown as equation 3.2.4 [11], which is reduced to one-dimension because 

the thermal diffusion distance in nanosecond timescales is much smaller than the transverse 

dimensions of the laser beam.

( ) ( )

( , ) ( , )( ) ( ) ( )

1 ( ) ( ) ( )

p

T x
o

T x t T x tT C T K T
t x x

R T I t T e α

ρ

α −

∂ ∂ ∂ =  ∂ ∂ ∂ 
+ − (3.2.4)

x = direction perpendicular  to the plane of the target, ρ(T) = temperature 
dependent  density,  Cp(T) = temperature  dependent  heat  capacity per  unit 
mass  of  the  target,  T(x, t) = temperature  inside  the  target, 
K(T) = temperature  dependent  thermal  conductivity,  R(T) = temperature 
dependent  reflection  coefficient,  Io(t) = time  dependent  laser  intensity, 

α(T) = temperature dependent absorption coefficient.

The temperature dependence of the properties such as heat capacity, thermal conductivity 

and absorption coefficient make the heat flow equation very difficult to solve even under the 

simplification of reducing the problem to modelling the temperature at the target surface.

The dimensions of the laser spot influence the shape of the plume; a large laser spot results 

in a plume that is directed mostly perpendicular to the target surface, whereas small laser 

spots lead to plumes that expand more in directions parallel to the target surface [193-195]. 

Figure 3.2.2 shows this effect and includes a vector representation of the relative velocities 

of plume components at different distances from the target surface, in the directions parallel 

and perpendicular to the target surface [193].
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Figure 3.2.2:  The dependence of plume expansion on the laser spot width.

This phenomenon has been named the 'flip over effect' when described in reports because a 

laser  spot with a small  width leads to a large rate of plume expansion in the same axis, 

whereas a laser spot with a larger width leads to a smaller rate of plume expansion in the 

same axis [194; 196] (this behaviour is similar to diffraction; smaller laser spot sizes lead to 

higher  rates  of  divergence).  The  effect  has  been  reproduced  in  a  model  based  on 

gas-dynamics equations [196]; the expansion of the plume was calculated to be faster in the 

initially smaller axis, meaning the expanding shape of the plume is dependent upon its initial 

dimensions which are determined by the laser spot shape. Many PLD setups use excimer 

lasers for ablation and this effect has particular  implications for such a laser because the 

spot shape (if not corrected by lenses) is typically rectangular, leading to an elliptical plume 

cross-section.
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3.2.1.2  Laser-plume interaction

The plume undergoes isothermal  expansion before  the  end of the laser  pulse;  whilst  the 

temperature  remains  fairly  constant,  the  pressure,  volume  and  ionisation  of  the  plume 

increases. The expansion of the plume in this isothermal regime is predicted by gas-dynamic 

equations as shown in equation 3.2.5 [193].

2 2 2

2 2 2
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t t t t t t t t t
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+ = + = +     
      (3.2.5)

X(t) = position of the plasma edge perpendicular to the target surface, Y(t) 
and Z(t) = transverse positions of the plasma edge, t = time.

Partial absorption of the laser pulse by the plume limits the power that reaches the substrate 

and controls further ejection of material.  This effect is dependent  upon the cross-section 

[181] and the fluence of the laser pulse. Low laser fluences result in relatively transparent 

plumes and further ejection of material is only slightly limited, whereas high laser fluences 

result in highly ionised plumes that absorb the laser pulse much more [179] and significantly 

limit further ejection of material from the target surface. Inverse Bremsstrahlung is thought 

to  be  the  dominant  mechanism  for  absorption  when  very  high  power  densities 

(> 100 MWcm-1)  are  involved and a fully  ionised  plasma is  achieved early  in  the  pulse. 

However, for relatively low fluences such as those used for the deposition of films reported 

in this thesis, absorption via inverse Bremsstrahlung is thought to be relatively weak and 

photo-ionisation  via  bound-bound  or  bound-free  transitions  has  been  suggested  as  an 

alternative dominant mechanism for absorption of the laser pulse by the plasma [197].

Modelling  of  the  photo-ionisation  process  is  difficult  because  calculating the  absorption 

spectrum of a plasma is challenging, especially for UV and the case where the plume has a 

complex composition.  The absorption coefficient  for  the inverse  Bremsstrahlung process 

can be simplified and is shown as equation 3.2.6 [10]. It is assumed that the frequency of the 

laser  used  for  ablation  is  greater  than  the  plasma frequency as  shown in  equation 3.2.7 

[198], else it would be reflected by the plasma.

( )3 2
8

0.5 33.69 10 1
hi kT
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Z n e
T

ν
α

ν
−

= × −
(3.2.6)

αIB = absorption  coefficient,  Z = average  charge,  ni = ion  density, 
T = temperature of the plasma, ν = frequency of the laser used for ablation, 

h = Planck's constant, k = Boltzmann constant.
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( ) 0.538.97 10ps enν = × (3.2.7)

νps = plasma frequency, ne = electron number density.

A critical  ion  density  for  reflection  of  the  incoming laser  pulse  can  be  calculated  from 

equation 3.2.7. Modelling of the laser-plume interaction has been improved by the use of a 

simulated absorption coefficient [198], proving that the transparency of the plume is critical 

to its development before the laser pulse has ended.

3.2.2  Plume phase

The fluence of the laser is critical in determining the initial  properties of the plume and 

therefore also how it continues to develop. A plume with a larger recession velocity can be 

obtained by increasing the laser  fluence  [193]. Increasing the laser  fluence also leads  to 

higher maximum surface temperatures [193], a larger crater in the target, and a plume with a 

higher  temperature  and  higher  ionisation  fraction  [195].  When  fluences  of  order 

Joules per cm2 are  used,  plasmas  can  reach  temperatures  up  to  and  exceeding  10,000 K 

[199]. The velocity of plasma constituents due to the conversion of thermal energy to kinetic 

energy is predicted by equation 3.2.8 [199].
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γ

  =   −   (3.2.8)

vi = velocity of a plume constituent,  γ = ratio of specific heats (Cp/Cv) for 
the plume, mi = mass of a plume constituent i.

The  ionisation  fraction  can  be  calculated  from  the  Saha  equation  shown  below 

(equation 3.2.9).  Using  typical  values  for  the  parameters  in  the  Saha  equation  and  a 

temperature of 10,000 K, an ionisation fraction of over 80% is predicted for a typical PLD 

plasma plume [199]. It can be seen from the Saha equation that the plume ionisation will be 

limited by the exponential term until the first ionisation potential, Ui, is a few times that of 

the plume energy  kT.  Typical  first  ionisation potentials  are of  order  10 eV, meaning the 

plume ionisation fraction won't start to increase significantly until plume temperatures rise 

above 6000 K.
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ni = ion number density,  nn = neutral number density,  Ui = first  ionisation 
potential.

The interaction of the plume with the chamber atmosphere is  critical  in determining the 

plume properties  upon arrival  at  the  substrate.  The  plume undergoes  unsteady adiabatic 

expansion (UAE) once the laser  pulse has ended  [200], and is predicted by gas-dynamic 

equations  as  shown  in  equation 3.2.10 [193] (although  this  is  only  strictly  true  when 

depositing in vacuum conditions, since there is some exchange of energy between the plume 

and the background gas when a background gas is used). It is assumed that in this regime 

there is no further injection of particles or input of energy into the plume, since the pulse has 

ended.  Thermal  energy  is  converted  into  kinetic  energy  as  the  plume  expands,  but  the 

temperature  of  the  plasma  does  not  decrease  indefinitely  because  of  energy  from 

recombination.  The rate of expansion is greatest  in the axis with the largest  density and 

pressure gradient, and the plume expands quickly away from the target because the laser 

spot size is much larger than the depth of ablation. The dependence of plume expansion on 

the pressure gradients present in the initial stages of the plasma also explains the flip over 

effect discussed earlier.
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To = initial  temperature  of  the  plume  edge  at  the  beginning  of  UAE, 
mi = mass  of  a  plume  constituent  i,  Xo,  Yo,  Zo = initial  positions  of  the 

orthogonal edges of the plume at the beginning of UAE.

The angular distribution of the plume front has been found to be best described by (cosθ)n, 

and the value of the exponent n can vary from 2 to 20, however it is typically found to have 

a value between 10 and 12 [195].

A  high  background  gas  pressure  leads  to  more  collisions  of  plume  constituents  [199], 

causing the plume to be slowed and more confined [193], and energy is transferred into the 

background gas as a shock-wave [201]. A higher background gas pressure also produces a 

sharper plume boundary  [199] and can lead to less even growth, despite the fact that the 

plume  is  more  homogenised  [185].  The  background  gas  pressure  influences  the  plume 

fluorescence as shown in figure 3.2.3; increasing the background gas pressure from vacuum 
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will at first appear to make the plume larger due to the increase in fluorescence caused by 

extra collisions and the increase in fluorescence brightness caused by confinement, then as 

the background gas pressure is increased further the plume will  be seen to shrink due to 

further confinement.

The species of background gas can also affect the characteristics of the plume, and can be 

chosen so that it influences the stoichiometry of the plume; for instance oxygen can be used 

to counter the effect of deficiency in the plume caused by loss of oxygen in the ablation 

process, and the stoichiometry of the plume can be adjusted by oxidation of the constituents 

[202]. Oxidation of plume constituents can also help to control the crystalline phase of the 

deposited film [201].

increasing
background

pressure

vacuum

plume

target

Figure 3.2.3:  The  effect  of  background  gas  pressure  on  plume  fluorescence 
(darker parts of the plume represent higher fluorescence brightness).

The target-substrate distance can also affect the composition of the deposited film [203], and 

must  be  chosen  correctly  so that  the plume possesses  ideal  properties  for  deposition.  In 

terms of film nucleation (which will be discussed further in the next section), the fluence, 

target-substrate distance and background gas pressure must be tuned so that the energy of 

the plume is ideal when it reaches the substrate surface; too high an energy may lead to 

desorption5 and a film with incorrect stoichiometry, whereas too low an energy may lead to 

poor  film crystallinity.  If  the  target-substrate  distance  is  kept  constant  for  experimental 

simplicity, the background gas pressure and laser fluence must be varied together so that the 

deposition rate  remains constant  [204], which has been found to be a key parameter for 

5 Desorption refers to the removal of an atom or cluster of atoms from the film or substrate surface 
by a means such as re-evaporation or ejection.
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PLD; optimal depositions of oxides have been found using a deposition rate of ~ 1 Å per 

pulse  [204]. Care must be taken when using the  background gas pressure  to control  the 

deposition rate; an increase in background gas pressure will usually lead to a decrease in 

deposition rate, but in some cases there will be an increase in deposition rate to a maximum, 

before this subsequent decrease. A possible explanation for this phenomenon is the effect of 

desorption from the substrate [185] which will be discussed further in the next section.

The distribution of different constituents in the plume allows for some selection of what is 

deposited. Electrons attain the highest velocities and tend to be found at the outer edges of 

the  plume,  but  are  prevented  from leaving  the  plume  by  the  strong  space-charge  field 

produced by their collective movement away from the ions [199]. This effect also causes the 

ions to be accelerated towards the plume boundary with a strength relative to their charge 

value. Lighter species tend to be found mostly towards the front of the plume whilst heavier 

species, including particulates, travel more slowly at the back of the plume; this allows some 

control to be had over particulate deposition and this will be discussed further in the later 

section on particulates.

3.2.3  Film growth phase

The thickness distribution of the film is directly dependent upon the angular distribution of 

the plume, and as displayed in figure 3.2.4, a plume with a wide angle of expansion leads to 

more even growth,  whereas  a  plume with a  narrow angle  of  expansion  leads  to  heaped 

growth in a smaller area of substrate.

film

substrate

plume

Figure 3.2.4:  The  relationship  between  plume  angle  of  expansion  and  film 
thickness distribution.
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The properties of the plume (as it arrives at the substrate) and the substrate temperature can 

predetermine  the  stoichiometry,  crystalline  phase,  particulate  size  and  density,  and 

deposition rate of the deposited film. To obtain an ideal constant deposition rate, parameters 

such as laser fluence and background gas pressure must be balanced against the effect of 

desorption from the substrate  [185]. Preferential desorption of particular film components 

will clearly affect the film composition  [194], and this can occur because of the differing 

bond strengths of different film components. In particular, sputtering of the film surface by 

the plasma plume can occur if the substrate is placed close to the target, and may lead to 

non-stoichiometric  growth.  Substrate  heating  can  help  with  the  selection  of  the  film 

crystalline phase and orientation, produce films with smoother surfaces [182], and increase 

the  purity  of  the  film  grown  because  impurities  can  be  desorbed  preferentially  [205]. 

However,  raising  the  substrate  temperature  too  high  may  also  cause  a  higher  rate  of 

desorption of desired film components and lead to incorrect film stoichiometry.

Nucleation in films grown by PLD is different from other deposition techniques because of 

the relatively high peak deposition rate and high energy of the plume when it reaches the 

substrate  [206;  207]. Nucleation is dependent  upon the substrate  and film materials,  and 

parameters such as plume properties,  background gas pressure and substrate temperature. 

The processes involved in film nucleation are summarised in figure 3.2.5 [206; 208].

substrate film atoms

deposition
to substrate desorption

from substrate

cluster
nucleation

diffusion
to cluster

deposition
to cluster desorption

from cluster

dissociation
of cluster

Figure 3.2.5:  Summary of the processes involved in film nucleation.

Three different typical modes of film growth arise under different conditions of free energy 

on  the  substrate  surface,  and  are  shown in figures 3.2.6,  3.2.7 and  3.2.8,  and  described 

below:
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Three-dimensional  island  growth  (Volmer-Weber);  three-dimensional  islands  are 

formed  because  the  film  components  are  more  bound  to  each  other  than  to  the 

substrate [205]. In this case, on average, cluster free energy decreases as more atoms 

join, making the clusters stable.

Figure 3.2.6:  Three-dimensional island growth (Volmer-Weber).

Two-dimensional full monolayer growth (Frank-van der Merwe); the film grows in a 

two-dimensional  planar  layer-by-layer  way because  the  film components  are  more 

bound to the substrate than to each other [205]. In this case, on average, cluster free 

energy increases  as  more atoms join,  making the  clusters  unstable  and  leading  to 

layer-by-layer growth.

Figure 3.2.7:  Two-dimensional full monolayer growth (Frank-van der Merwe).

Monolayers and islands (Stranski-Krastinov); the film grows in monolayers initially 

and islands start to occur as the surface conditions change as the film grows because 

of strain/stresses in the film [208]. In this case the free energy dynamics change as the 

film is deposited, causing a switch from layer-by-layer growth to three-dimensional 

island growth.

Figure 3.2.8:  Monolayers and islands (Stranski-Krastinov).

3.2.4  Lattice mismatch

When films with a different  lattice  size to the substrate,  but  the  same or similar  crystal 

structure are grown, the first layers deposited will try to copy the substrate crystal structure 

and  grow  epitaxially,  a  critical  condition  for  high  crystal  quality  to  be  achieved.  For 
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epitaxial  growth  to  occur,  a  maximum of  ~ 9% lattice  mismatch  can  be  accommodated 

[205], though it is possible that harmonic mismatches greater than 9% can allow epitaxial 

growth to occur. Figure 3.2.9 illustrates the conditions of matched lattice growth, strained 

growth, relaxed growth and harmonic mismatched growth [205].

film

=

+ +++
substrate

= ===

matched strained relaxed harmonic
mismatched

=

film

substrate

Figure 3.2.9:  Matched  lattice  growth,  strained  growth,  relaxed  growth  and 
harmonic mismatched growth.

After a few crystal  layers have been deposited, the strain and stresses build up and may 

cause defects, or a different phase or orientation of crystal to be grown, particularly if the 

lattice sizes or crystal structures of the film and substrate are not well matched. Preferably, 

the stresses and strains will be accommodated by the occurrence of minor crystal defects 

such as dislocations and vacancies near the substrate-film boundary, allowing the film to 

relax to its bulk lattice size and grow further without any stresses, strains or defects.

3.2.5  Thermal expansion mismatch

In the  case  of  thick films such  as  the  ones  discussed  in  this  thesis,  strains  and  stresses 

formed in the nucleation phase due to lattice mismatch will usually either relax away as a 

result  of defects,  or build up sufficiently to make the film grow differently. Stresses and 

strains that arise as a result of thermal expansion mismatch are not so easily avoided because 

they  have  the  effect  of  making  the  film more  susceptible  to  cracking  as  the  thickness 

increases. If a thermal expansion mismatch exists in a substrate and film combination that 
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has been fabricated at high temperature, the film and substrate will shrink at different rates 

when cooled, producing one of the scenarios displayed in figure 3.2.10 [205]. In the scenario 

where  αfilm < αsubstrate, the film is under compressive strain, whereas when αfilm > αsubstrate,  the 

film is under tensile strain.

film

substrate

upon
cooling

<film substrate

upon
cooling

>film substrate

Figure 3.2.10:  The effect of thermal expansion mismatch.

Thermal  expansion  mismatch  can  be  difficult  to  predict  because  thermal  expansion 

coefficients are usually quoted for a small temperature range and may not be valid for the 

range over which samples are heated. This problem is compounded by the fact that films 

don't always grow with the correct stoichiometry, leading to thermal expansion behaviour 

that differs from bulk crystal. Thermal expansion mismatch can lead to film fracturing and 

can cause the  substrate  to  fracture  in  the  case  where  the  film has  good adhesion to the 

substrate.

It  is  useful  to  be  able  to  quantify  the  stress  in  a  film. A comprehensive derivation  and 

explanation of the quantification of stress in films has been presented elsewhere  [205] so 

only  the  main  formulas  will  be  presented  here. The  Stoney  formula  can  be  used  for 

calculating the stress that a film is under when the radius of curvature of the bending in the 

sample is known. For the case where the substrate thickness is much greater than the film, 

the Stoney formula can be simplified to the form shown as equation 3.2.11.
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σf = stress  in  the  film,  Es = Young's  modulus  of  the  substrate,  ds and 
df = substrate and film thicknesses respectively, R = radius of curvature of 

bending, vs = Poisson's ratio for the substrate.

The stress resulting from thermal expansion mismatch can be quantified using the formula 

shown as equation 3.2.12.
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σth = stress  in  the  film  resulting  from  thermal  expansion  mismatch, 
Ef = Young's  modulus  of  the  film,  ΔT = difference  between  the  growth 

temperature and room temperature, vf = Poisson's ratio for the film.

Stress  in  the  film  plane  can  result  in  contraction  or  expansion  of  the  film in  the  axis 

perpendicular  to  the  film plane.  This  will  affect  the crystal  lattice  spacing and provides 

another  way of  quantifying  the  stress,  providing  that  the  stressed  and  unstressed  (bulk) 

crystal lattice sizes are known, as shown below in equation 3.2.13.

0 0

02
f

f
f

E a a
v a

σ
 −= −  
  (3.2.13)

ā0 = lattice parameter for the stressed film,  a0 = lattice parameter for bulk 
crystal.

3.2.6  Target damage and particulates

After the laser pulse has ended, the surface tension of the cooling ablated area can produce 

structures  such  as  ripples  and  crater  edges.  The  ablated  area  can  also  suffer  from the 

following processes [192]:

● The redistribution of elements by diffusion whilst the ablated area is still cooling.

● The loss  of  more volatile  constituents,  resulting in a layer  enriched  with less 

volatile species.
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● The segregation of less soluble constituents, resulting in an accumulation on the 

surface.

● Altered  crystal  structure;  either  the  formation  of  a  layer  with  altered 

phase/orientation or the partial or total loss of crystallinity.

● Altered composition by the background gas species.

Particulates are thought to arise due to the following processes [209]:

● The dislodging of existing or laser-produced protruding surface features.

● Subsurface superheating6.

● Splashing of the molten surface layer.

● Condensation from vapour species due to supersaturation.

The extended use of a particular area on a target surface can lead to particulate production 

because of the formation of cone and trough structures  [210]. The occurrence of increased 

vapour pressures behind cones can cause them to be ejected [178], but they do not directly 

form particulates without  breaking up further because cones found on target surfaces are 

larger than typical particulate sizes found in films. The formation of cones can lead to higher 

particulate production due to an increased effective fluence caused by the channelling and 

focussing of the laser beam by the cone sides. Cones are thought to be formed due to sites of 

higher resistance to ablation that can exist in non-uniform targets, and as ablation continues, 

the area around cone sites is ablated normally leaving material behind in the form of cones. 

The cone apex angle is dependent upon the angle of incidence of the laser and its fluence, 

and the target material in use.

The gradual formation of cones slows the deposition rate until they are fully formed and the 

deposition  rate  relaxes  to  an  asymptotic  value  [211].  In  some  instances  it  is  useful  to 

precondition the target surface to avoid the initial period of high deposition rate. Another 

more general effect that can occur on the target surface due to an extended period of laser 

exposure is LIPSS [211; 212]. Ripples with periodic structure and equal thickness have been 

observed on target surfaces after exposure to laser light, and again preconditioning is a good 

solution for stabilising the surface before deposition is commenced. Particulates that arise 

6 Subsurface superheating refers to the situation where material below the target surface gets hotter 
than the evaporating surface above it, resulting in 'micro-explosions' on the surface
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from target damage can be avoided by polishing the target at periodic intervals so that the 

target surface never gets damaged enough to make the occurrence of particulates increase 

significantly [213].

A disadvantage of using a higher laser fluence is that more particulates are produced [203], 

which is thought to be due to subsurface superheating  [214]6. Subsurface superheating is 

however also dependent upon other parameters such as the composition and structure of the 

target material. It has been shown that particulates are minimised by use of a lower fluence 

[215;  216],  however  it  was  found  that  lowering  the  fluence  too  much  changed  the 

stoichiometry of the films. A technique called rapid sequential PLD (RSPLD), which uses 

multiple elemental targets, has been presented as a possible solution to the use of low laser 

fluences without the loss of correct stoichiometry  [215]. It has been shown that the laser 

fluence can be changed over a range, without significantly affecting the stoichiometry of the 

deposited film [203]. The reduction of particulates by use of a lower laser fluence is also 

indirectly supported by a separate report that concludes that particulates are reduced by use 

of a lower deposition rate [217].

The occurrence of particulates in the deposited film can be reduced by diverting the slow 

components of the plume after the rest of the plume has already reached the substrate. This 

can be achieved by the use of a pulsed oxygen jet or a shutter arrangement synchronised 

with the pulse rate of the ablation  [21; 209; 210]. The positioning of the substrate can be 

utilised as another method for reducing particulate density in the film as particulates can be 

made to miss the substrate by placement of the substrate in an off-axis position [209]. The 

charged constituents of the plasma plume can be guided by a magnetic field around an arc, 

leaving neutrally  charged  particulates  behind  [218].  Secondary lasers  have been used  to 

reduce the occurrence of particulates by heating the plume and breaking them up [25]. The 

use of two crossing plumes in the crossed-beam pulsed laser deposition technique (CBPLD) 

has also been successful in reducing the effect of particulates [219; 220]. An alternative to 

the prevention of the occurrence of particulates is to bury them with a capping layer [21].

3.2.7  Summary of variables

Management of variables for the production of optimised high quality films is not trivial, 

since changing one variable often changes the ideal setting for other variables. The variables 

in PLD and their codependencies (in terms of what variable ideal settings are affected when 

another  variable  is  changed)  are  summarised  in  figure 3.2.11.  The effects  of  changing a 
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single variable can be identified by keeping all other variables constant, and variables such 

as target composition, laser characteristics (other than fluence) and background gas species 

are  generally  kept  constant  for  simplicity.  Some  variables,  such  as  laser  fluence  and 

target-substrate distance, can be tuned within a finite range without causing a significant 

change in the deposited films, and this allows the optimum value for these variables to be 

roughly tuned so that more time can be spent finding the optimum value of more critical 

variables. The process of changing variables one by one and leaving them at their optimal 

value when moving to a new variable allows optimum variable settings to be found with 

relative ease, though only local optimum variable settings can be found by this technique, 

since there may be more than one group of optimum variable settings.
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Figure 3.2.11:  Summary of the various parameters and their effects in PLD.

3.3  Waveguide theory

Guidance of light can occur due to total internal reflection in a waveguide core when the 

refractive  index  of  the  core  is  higher  than  the  refractive  index  of  the  substrate  and 

superstrate. The condition for guidance of light inside an asymmetric waveguide geometry, 
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as shown in figure 3.3.1, is provided by Snell's law. Equation 3.3.1 shows the critical angle 

condition for guidance derived from Snell's law (the assumption that n3 ≥ n1 has been used in 

the derivation). Light with an incident angle greater or equal to the critical angle is guided.

guided
launched

superstrate/cladding/air

core

substrate

n1

n2

n3n0

Figure 3.3.1:  Waveguiding according to Snell's law in the core region.

1 3

2

singuided c
n
n

θ θ −  
≥ =  

  (3.3.1)

θguided = incident angle of guided light,  θc = critical angle for waveguiding, 
n1,  n2,  n3 = refractive  indices  of  the  superstrate/cladding/air,  core  and 

substrate respectively.

The maximum acceptance angle,  θNA, for launching light into a waveguide is given by the 

NA and is also related to the refractive indices of the core and substrate (assuming n3 > n1) 

as  shown  in  equation 3.3.2.  Light  launched  with  θlaunched ≤ θNA/2  will  be  guided  in  the 

waveguide core.

2 2
2 3 0NA sin

2
NAn n n θ = − =    (3.3.2)

θNA = maximum acceptance angle, n0 = refractive index of the outer region.

3.3.1  Maxwell's equations

To consider how light propagates inside waveguides in more detail, it is necessary to use 

electromagnetic theory. We must look for solutions of the form shown in equations 3.3.3 

and 3.3.4, whose transverse properties remain constant while propagating.

( )( , , , ) ( , ) i t zx y z t x y e ω β−=E E (3.3.3)
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( )( , , , ) ( , ) i t zx y z t x y e ω β−=H H (3.3.4)

E(x, y, z, t) = full electric field function of a guided mode, E(x, y) = x and y 
dependence  of  the  electric  field  function  of  a  guided  mode, 
H(x, y, z, t) = full  magnetic  field  function  of  a  guided  mode,  H(x, y) = x 
and  y dependence  of  the  magnetic  field  function  of  a  guided  mode, 
ω = angular  frequency,  β = z-component  propagation  constant, t = time 

dimension.

From equations 3.3.3 and 3.3.4, we can deduce that the operations ∂/∂z ≡ -iβ and ∂/∂t ≡ iω. 

Also from the condition of constant transverse properties, we can deduce that the operation 

∂/∂y ≡ 0.  Implementing  these  conditions  into  Maxwell's  equations  (equations 3.3.5 and 

3.3.6) for an isotropic, lossless and chargeless medium, we arrive at equations 3.3.7, 3.3.8, 

3.3.9 and 3.3.10.

,
t t

µ ε∧ ∧
∂ ∂∇ = − ∇ =
∂ ∂
H EE H

(3.3.5, 3.3.6)

, y
y x z

E
E H i H

x
µω µω
β

∂
= − = −

∂ (3.3.7, 3.3.8)

, y
y x z

H
H E i E

x
εω εω
β

∂
= =

∂ (3.3.9, 3.3.10)

μ = magnetic  permeability,  ε = electric  permittivity,  Ex,  Ey,  Ez = x,  y,  and 
z-components of  E respectively,  Hx,  Hy,  Hz = x,  y and  z-components of  H 

respectively.

Application  of  the  standard  vector  identity  for  ∇∧(∇∧U) (U = any  vector)  to  Maxwell's 

equations  for  an  isotropic,  lossless  and  chargeless  medium yields  equations 3.3.11 and 

3.3.12.

2 2
2 2

2 2,
t t

εµ εµ∂ ∂∇ ∇ =
∂ ∂

E HE = H
(3.3.11, 3.3.12)

We will propose solutions of the form shown in equations 3.3.13 and 3.3.14 for Ey and Hy 

respectively in the separate waveguide regions such that the solutions decay exponentially 

outside of the core region and form standing waves inside the core.
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( ) ( )( , , ) ( ) , ( , , ) ( )i t z i t z
y y y yE x z t x e H x z t x eω β ω βξ ζ− −= = (3.3.13, 3.3.14)

Equations 3.3.11 and 3.3.12 are thus simplified to equations 3.3.15 and 3.3.16.

( ) ( )
2 2

2 2 2 2
2 2,

x x
β µεω β µεω∂ ∂= − = −

∂ ∂
E HE H

(3.3.15, 3.3.16)

3.3.2  Asymmetric waveguides

There are derivations for transverse electric (TE) and transverse magnetic (TM) modes, but 

since the two derivations are similar,  only the TE derivation will  be continued from this 

point  and the TM solution will  be derived using similarity conditions at the end. Let us 

consider  the  solution  for  the  asymmetric  waveguide  geometry illustrated  in  figure 3.3.2, 

which  is  the  case  for  most  of  the  devices  reported  in  this  thesis.  We  can  propose  the 

solutions shown as equation 3.3.17.

x

y z

x

+d/2
0

-d/2

superstrate/cladding/air n1

core n2

substrate n 3

Figure 3.3.2:  Asymmetric waveguide geometry.
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A a x d x d
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ξ ϕ

− + ≤
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 ≤ − (3.3.17)

A1, A2 and A3 = constants, a1, a2, a3 = to be derived in a further step below, 
φ = phase offset, d = core thickness.
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ξy must be continuous at  x = +d/2 and  x = -d/2; these conditions allow it to be shown that 

A1 = A2 = A3 = A and the constant  A can be removed from ξy for simplification. Insertion of 

the solutions  into  3.3.15 reveals  the  definitions  of  the  dispersion relations  a1,  a2 and  a3, 

shown below as equations 3.3.18, 3.3.19 and 3.3.20 respectively.

2 2
1 1 1a β µ ε ω= − (3.3.18)

2 2
2 2 2a µ ε ω β= − (3.3.19)

2 2
3 3 3a β µ ε ω= − (3.3.20)

The  tangential  component  of  H,  shown  below  as  equation 3.3.21 can  be  obtained  by 

inserting the solutions, equation 3.3.17, into equation 3.3.8.

1

3

1

2 2

3

/ 2

sin( ) / 2 / 2

/ 2

a x

z

a x

i a e d x

iH A a a x d x d

i a e x d

µω

ϕ
µω

µω

−− + ≤



= − + − ≤ ≤ +



≤ −
 (3.3.21)

Finally,  the  condition  that  ξy and  Hz must  be  continuous  at  x = ±d/2  and  the  fact  that 

tan (x) = tan (x ± mπ)  (where  m = an  integer) yields equation 3.3.22,  the  TE  guidance 

condition for asymmetric waveguides, after some rearrangement.

1 1 2 32 1
2

1 2 3 2

tan tan 2aaa d m
a a

µµ π
µ µ

− −   
− − =  

    (3.3.22)

The  symmetry  in  Maxwell's  equations  allow  us  to  now  find  equation 3.3.23,  the  TM 

guidance condition for asymmetric waveguides, by making the exchanges:  E→-H,  H→E, 

ε→μ and μ→ε. Equation 3.3.24 shows the solutions to ζy (Hy x-dependence) in the different 

regions of the waveguide.
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1 1 2 32 1
2

1 2 3 2

tan tan 2aaa d m
a a

εε π
ε ε

− −   
− − =  

    (3.3.23)
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

′= + − ≤ ≤

  ′− ≤ −    (3.3.24)

φ' = phase offset.

The guidance conditions are transcendental equations and must be plotted for solutions to be 

found, which can then be used to plot intensity profiles of guided modes. Figure 3.3.3 is an 

example of a TE mode intensity plot for an asymmetric waveguide consisting of a 4 μm 

thick Nd:GGG core on a YAG substrate with no cladding layer. The fundamental mode and 

first mode above fundamental are shown.
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Figure 3.3.3:  TE mode intensity plot of the fundamental mode and the first mode 
above fundamental for an asymmetric waveguide.
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3.3.3  Symmetric waveguides

The  waveguide  is  symmetric  when  the  cladding  layer  is  of  the  same  material  as  the 

substrate.  For symmetric  waveguide geometries  the  guidance conditions  for  TE and TM 

modes simplify to equations 3.3.25 and 3.3.26 respectively, and represent even modes. It can 

also be shown that there are odd modes with the guidance conditions for TE and TM modes 

shown as equations 3.3.27 and 3.3.28 respectively.

1 12 2 1 2 2 1

1 2 1 2

tan , tan
2 2

a d a a d am m
a a

µ επ π
µ ε

− −   
− = − =   

    (3.3.25, 3.3.26)

1 12 2 1 2 2 1

1 2 1 2

cot , cot
2 2

a d a a d am m
a a

µ επ π
µ ε

− −   
− = − =   

    (3.3.27, 3.3.28)

Figure 3.3.4 is  an  example  of  a  TE  mode  intensity  plot  for  a  symmetric  waveguide 

consisting of a 20 μm thick Nd:GGG core on a YAG substrate with a 10 μm thick YAG cap, 

the fundamental mode and first mode above fundamental are shown.
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Figure 3.3.4:  TE mode intensity plot of the fundamental mode and the first mode 
above fundamental for a symmetric waveguide.
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It is useful to derive a formula for the maximum number of modes supported by a symmetric 

waveguide geometry. For a guided mode solution a1 must be real and positive, meaning the 

cut-off  condition  for  modes  is  reached  when  a1 = 0.  By applying  this  condition  to  the 

guidance conditions for  even and odd TE modes we can deduce the condition shown as 

equation 3.3.29, where p is an integer whose maximum value will be the highest supported 

mode above the fundamental.

2a d pπ= (3.3.29)

We  can  eliminate  a2 from  equation 3.3.29 using  equation 3.3.30,  and  after  some 

rearrangement is performed we can arrive at the formula for the maximum number of modes 

above the fundamental supported by a waveguide, equation 3.3.31.

2 2 2 2
1 2 2 2 1 1a a µ ε ω µ ε ω+ = − (3.3.30)

2 NAdM
λ

≤
(3.3.31)

M = maximum number  of  modes above the  fundamental  supported  by a 
waveguide (the largest integer that satisfies the equation must be found), 

λ = wavelength of light being guided, NA = numerical aperture.

3.3.4  Multilayer waveguides

The use of basic multilayer planar waveguide structures analogous to high NA optical fibres 

[30;  31] allows waveguides with a larger NA to be produced.  Structures consisting of a 

substrate and superstrate (outer cladding), two more layers (inner cladding) and finally the 

core as shown in figure 3.3.5:A, allow the pump light to be coupled into the cladding and the 

core is then pumped as the pump radiation passes through it. In this configuration, a small 

core may not be able to lase because the absorption length may have been increased beyond 

the practical device length.
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Figure 3.3.5:  Multilayer planar waveguide structures.

Increasing the core size to avoid the problem of increased absorption length would normally 

lead to undesirable  multimode operation, however this can be circumvented by the careful 

choice of cladding thickness, and use of an inner core cladding of the same material as the 

core, but undoped. With an appropriate choice of core to cladding thickness ratio, the higher 

order modes of the core will extend into the cladding. Laser operation of the fundamental 

mode will  occur first,  and will  have a sufficient intensity to use enough of the available 

population inversion so that the operation of higher order modes is suppressed, making the 

device more analogous to LMA optical fibres [32; 33]. An example of the geometry of such 

a device is shown in figure 3.3.5:B. An example of a plot of the TE mode intensity profile 

for the fundamental  and first  mode above fundamental  for a simpler five-layer geometry 

where the pump cladding is index-matched to the core making a LMA device is shown as 

figure 3.3.6 (core = 10 μm  thick  Nd:GGG,  pump  cladding  layers = 5 μm  thick 

index-matched GGG, outer cladding = 10 μm thick YAG, substrate = YAG). Further details 

concerning the potential and dynamics of advanced multilayer structured planar waveguide 

lasers have been presented elsewhere [34; 221-223].
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Figure 3.3.6:  TE mode intensity plot of the fundamental mode and the first mode 
above fundamental for a symmetric multilayer waveguide.

3.3.5  Self-imaging

The interference of different modes in a multimode waveguide can produce imaging effects 

throughout  the  length  of  the  waveguide.  Equally  separated  multiple  images  occur 

periodically along a waveguide as a result of multimode interference (MMI), and this effect 

has been used extensively to make couplers and power splitters for the telecommunications 

industry [224; 225]. MMI also periodically causes the input profile to be fully reproduced, 

and this  is  known as self-imaging. The possibility  of  using the  effect  of  self-imaging in 

planar waveguides was first suggested in 1973 [226] and explained in more detail in 1975 

[227;  228].  The  effect  of  self-imaging  can  be  used  to  make  thick  multimode  planar 

waveguide amplifiers that reproduce the input-face modal properties of a signal laser at the 

output-face  [229;  230].  Thick  planar  waveguides  that  would  normally  have  limited 

applications because of their multimode nature can be utilised and full  advantage can be 

taken  of  high  power  diode  laser  arrays  that  are  excellently  suited  for  pumping  planar 

waveguides.  Equation 3.3.32 shows  the  length  over  which  self-imaging  will  occur  in  a 

symmetric planar waveguide.
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24nd
λ

Λ =
(3.3.32)

Λ = length  over  which  self-imaging  occurs,  n = refractive  index  of  the 
waveguide  core,  d = waveguide  thickness,  λ = wavelength  of  the  light 

being guided.

Self-imaging occurs periodically over a length of Λ, and also Λ/4 for the ideal case of a 

perfectly symmetric waveguide, an axially symmetric input profile and launching into the 

centre of the core along the optical axis of the waveguide. Light that is launched at an angle 

θ to the optical axis of the waveguide will  exit  at  an angle  -θ to the optical axis of the 

waveguide after a length Λ. Light launched with an offset of distance a from the optical axis 

of  the  waveguide  will  exit  with  an  offset  of  distance  -a from  the  optical  axis  of  the 

waveguide after  a length Λ. Figure 3.3.7 shows an example of  a mode intensity plot  for 

self-imaging of a laser beam with a wavelength of 1.06 μm and a spot size of 5 μm. The plot 

was  calculated  using  the  beam  propagation  method  software  Prometheus 

(by D. P. Shepherd,  ORC,  University  of  Southampton)  for  a  50 μm  thick  Nd:GGG 

symmetric waveguide with a YAG substrate and a 10 μm thick YAG capping layer.
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Figure 3.3.7:  Mode intensity plot for self-imaging in a waveguide.
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3.4  Laser theory

3.4.1  Three-level lasers

The  two  possible  energy  level  schemes  of  a  three-level  laser  system  are  shown  in 

figure 3.4.1 and described below.
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Figure 3.4.1:  Energy level diagrams for a three-level laser.

A. Pump radiation is absorbed by ground level electrons that are excited to the pump level 

and  then  undergo  rapid  non-radiative  decay  to  the  metastable  upper  laser  level. 

Electrons can then decay radiatively to the ground level by stimulated or spontaneous 

emission.  The  relatively  long  lifetime  of  the  upper  laser  level  allows  a  population 

inversion  to  occur  and  amplification  of  a  signal  beam can  occur  due to  stimulated 

emission.  This  type  of  three-level laser  system has  to  be  highly  pumped to  obtain 

population  inversion  because  the  ground level  is  naturally  highly populated.  Pulsed 

mode is usually used for this type of three-level laser system because the population 

inversion is difficult to sustain.

B. Pump radiation is absorbed by ground level electrons that are excited to the pump level 

which in this case is also the metastable upper laser level. Electrons can then decay 

radiatively  to  the  lower  laser  level  by  stimulated  or  spontaneous  emission,  and 

subsequently  back to  the  ground level  by rapid  non-radiative  decay.  It  is  generally 

easier to achieve population inversion in this three-level laser system because the lower 

laser level has a very low population at room temperature. This three-level laser system 
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can  be  operated  in  continuous-wave  (cw)  mode  because  population  inversion  is 

relatively easy to sustain. A potential problem with this system is that pumping with 

high power levels can lead to stimulated emission of upper laser level electrons back to 

the ground level.  This type of three-level laser system is sometimes referred to as a 

four-level  laser  because  it  essentially  has  the  same properties  as  a  four-level  laser 

system when the  lower  laser  level  has  a very low population  at  the  laser  operating 

temperature. 

3.4.2  Four-level lasers

The energy level scheme of a four-level laser system is shown in figure 3.4.2. The four-level 

laser system benefits from the best properties of the two three-level laser systems. The lower 

laser level has a very low population, allowing population inversion to be achieved easily, 

and the system can be pumped with very high powers without causing stimulated emission 

from the upper laser level to the ground level. Four-level laser systems have low thresholds, 

and as long as the  lifetime of the  upper  laser  level  is  longer than the  lower laser  level, 

operation  in  cw mode  is  relatively  easy  to  achieve  because  the  population  inversion  is 

sustainable.
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Figure 3.4.2:  Energy level diagram for a four-level laser.
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3.4.3  Quasi-three-level and quasi-four-level lasers

Quasi-three-level  and quasi-four-level  lasers  take advantage of  sub-levels;  in  the  case  of 

crystals, sub-levels arise due to Stark-splitting of the laser ion energy levels. The pump level 

and upper  laser  level can be Stark-split  sub-levels from the same manifold7 instead of a 

distinct pump level and an upper laser level, and/or the lower laser level and ground level 

can be Stark-split sub-levels from the same manifold instead of distinct levels. The possible 

energy level  schemes for  quasi-three-level  and quasi-four-level  lasers  are  summarised in 

figure 3.4.3.

quasi-three-level:

quasi-four-level:

laser output transition =

pump absorption transition =

splitting of a level into sub-levels =

energy

energy

Figure 3.4.3:  Summary of  possible  energy  level  schemes  for  quasi-three-level 
and quasi-four-level lasers.

In the case where the lower laser level and the ground level are part of the same manifold, 

reabsorption at the laser wavelength can become an issue because the lower laser level may 

have a high thermal population, meaning that the system has to be adequately cooled for 

laser operation to be possible, and this is also critical for efficient operation.

7 The term manifold is used to describe a group of sub-levels formed from a split energy level.
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3.4.4  Nd:GGG lasers

The Nd3+ ions replace Gd3+ ions in GGG and substitution of about 1% of the Gd3+ ions is 

optimal since higher doping concentrations lead to crystal strain because of the difference in 

ionic radii  of the two ions. The energy levels of a Nd3+ laser  system are Stark-split  into 

manifolds,  but  when the system is  operated as a four-level  laser  the  sub-levels  aren't  of 

significance and manifolds can be referred to as levels for simplicity. Figure 3.4.4 shows the 

energy level  diagram for a four-level  Nd:GGG laser  system. The optimal  wavelength of 

pump  radiation  is  808 nm  and  the  transition  4F3/2 → 4I11/2 results  in  laser  output  of 

wavelength 1.06 μm. The lower laser level  4I11/2 is not thermally populated so population 

inversion is relatively easy to achieve and maintain. The fluorescence lifetime of the upper 

laser level 4F3/2 is approximately 280 μs [231].
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Figure 3.4.4:  Energy level diagram of Nd:GGG.

3.4.4.1  Chromium co-doping

Co-doping of Cr3+ with Nd3+ can be performed to increase the pump absorption efficiency 

[232]. Energy is transferred from excited state Cr3+ ions to Nd3+ ions and since the Cr3+ ion 

has  a  broad  absorption  range  the  options  for  pumping  of  the  system  are  widened. 
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Unfortunately, co-doping of Nd:GGG (and Nd:YAG) doesn't lead to efficient use of the Cr3+ 

ion, but co-doping of GSGG has been very successful and transfer of 100% of the energy 

from excited state Cr3+ ions to Nd3+ ions has been observed [232].

3.4.5  Yb:YAG lasers

The Yb3+ ions replace Y3+ ions in YAG, and it is possible to make crystals with anything up 

to  100%  substitution  because  the  ionic  radii  of  Yb3+ and  Y3+ are  so  similar;  100% 

substitution only changes the unit cell size of YAG by 1.5% [38]. The laser transition for 

Yb3+ is 2F5/2 → 2F7/2 and is shown in figure 3.4.5.
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Figure 3.4.5:  Energy level diagram of Yb:YAG.

The  energy  levels  are  split  into  manifolds  so  that  laser  transitions  to  the  ground  level 

terminate in a sub-level that is above the lowest lying ground sub-level. The pump transition 

is from the lowest lying ground sub-level to a sub-level in the manifold containing the upper 

laser level, and can be directly to the sub-level being used as the upper laser level, or to a 

sub-level  above  it.  This  means  that  the  Yb3+ laser  can be  a  quasi-three-level  or 

quasi-four-level  laser  system,  depending  on  the  pump  wavelength.  A  possible 

quasi-four-level  scheme  (the  one  whose  operation  was  attempted)  has  an  optimal 

wavelength of pump radiation at around 942 nm and the laser output from such a scheme has 

a  wavelength  of  1.03 μm.  Population  of  the  sub-level  used  for  termination  of  the  laser 

transition  increases  with  temperature,  making  population  inversion  difficult  to  achieve 

without adequate cooling.  Reabsorption at the laser wavelength can also be a problem and 

the system needs to be pumped with high power densities to reduce this effect  [232]. The 
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fluorescence lifetime of the upper laser level  2F5/2 is approximately 1 ms for lower dopant 

concentrations and decreases to as low as 270 μs for YbAG (100% ytterbium substituted) 

[38].

3.4.6  Longitudinally pumped lasers

Longitudinal  modes  exist  because  standing  waves  can  be  created  in  the  cavity  with 

wavelengths  separated  by half-integer  numbers  of  the  laser  wavelength.  The  number  of 

operational longitudinal modes is dependent upon the cavity length and the spectral width of 

the  gain  region.  The  wavelength  separation  of  longitudinal  modes  can  be  found  from 

equation 3.4.1.

2

2nl
λλ∆ =

(3.4.1)

Δλ = longitudinal  mode  separation,  λ = laser  wavelength,  n = refractive 
index of the cavity, l = cavity length.

The  absorbed  pump  power  threshold  of  a  longitudinally  pumped  laser  is  given  by 

equation 3.4.2 [233; 234].
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Pth = absorbed pump power threshold, h = Planck's constant, νp = frequency 
of  the  pump laser  radiation,  LPL = round trip  propagation  loss  exponent, 
TOC = transmission  exponent  (of  output  and  feedback  mirrors), 
σe = emission  cross-section,  N1

0 = population  density  of  the  lower  laser 
level, l = cavity  length, αp = absorption  coefficient  of  the  pump  laser 
radiation,  z = direction of propagation,  ηq = fraction of absorbed photons 
that  lead  to  population  of  the  upper  laser  level  (quantum  efficiency), 
τfl = lifetime  of  the  upper  laser  level,  wl(z) and  wp(z) = spot  sizes  (as  a 

function of z) of the output and pump lasers respectively.

The  round  trip  propagation  loss  exponent8 and  transmission  exponent  are  defined  by 

equations 3.4.3 and 3.4.4 respectively.

( )2ln 2PLl
PL PLL e lα α= − = −

(3.4.3)
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( )1 2lnOCT R R= − (3.4.4)

αPL = propagation loss coefficient8, R1 and R2 = reflectivity of feedback and 
output coupling mirrors respectively.

The  absorbed  pump power  threshold  can  be  related  to  the  incident  power  threshold  by 

equation 3.4.5.

( )_ 1 pl
th p thP P e α−= −

(3.4.5)

Pp_th = incident pump power threshold.

The  slope  efficiency  of  a  longitudinally  pumped laser  is  given  by  equation 3.4.6 [234], 

where  dS/dF is  the  normalised  slope  efficiency  that  accounts  for  spatial  overlap  of  the 

output and pump lasers, and the efficiency of the conversion of absorbed pump photons (in 

excess of those required to reach threshold) into laser photons. The functions  S and F are 

variables proportional to the laser output power and the pumping power respectively.
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η = slope efficiency, νl = frequency of the laser output.

The normalised slope efficiency dS/dF can be approximated by equation 3.4.7 at low powers 

close  to  threshold  (S → 0) if  average spot  sizes  are  used for  the  output  and pump laser 

beams, and they are assumed to be fundamental Gaussian modes.
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wl,  and  wp = average  spot  sizes  of  the  output  and  pump  laser  beams 
respectively.

8 The convention that the propagation loss coefficient αPL is negative is used here and throughout this 
thesis (this convention also applies to the substrate propagation loss coefficient αSL used later).
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Low losses  and  good spatial  overlap  of  the  output  and  pump beam are  desired  for  the 

minimisation of threshold and maximisation of slope efficiency.

3.4.7  Waveguide lasers

In  the  case  of  waveguide  lasers,  the  calculation  of  longitudinal  mode  separation  must 

account  for  the  effective  refractive  index  of  the  laser  mode  by  exchanging  the  cavity 

refractive index, as found in equation 3.4.1, for the effective modal refractive index.

The waveguide lasers discussed in this thesis are all Nd:GGG so the case of a four-level 

waveguide laser will be presented here. The absence of  reabsorption losses in a four-level 

laser system and the special symmetry of a planar waveguide setup transform equation 3.4.2 

into equation 3.4.8 [235].
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(3.4.8)

wlx(z), wpx(z), wly(z) and wpy(z) = spot sizes (as a function of z) of output and 
pump lasers in x and y axis respectively.

If average spot sizes are used for the pump and laser beams, and the output and pump beams 

are  assumed  to  be  fundamental  Gaussian  modes,  we  can  arrive  at  equation 3.4.9.  The 

validity of these approximations depends on the properties of the waveguide being tested 

and  the  launch  conditions  of  the  pump  light;  they  are  generally  acceptable  for  thick 

waveguides where tight focusing of the pump light isn't used, but are not acceptable for the 

case of thin waveguides where tight focussing of the pump light is used.
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(3.4.9)

 wlx, wpx, wly and wpy = average spot sizes of output and pump laser beams in 
the x and y directions respectively.

Without  reabsorption  losses,  dS/dF becomes  a  pure  spatial  overlap  factor,  ηpl,  and 

equation 3.4.6 transforms to equation 3.4.10.
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ηpl = spatial overlap efficiency of output and pump laser beams.

For  low  powers  (4Pl « πwl
2Is,  where  Pl = laser  output  power,  Is = hνp / σeτfl = saturation 

intensity of the laser transition (when the gain is reduced to half the small signal gain)), the 

spatial overlap for waveguide lasers can be approximated by 3.4.11 if average spot sizes are 

used for the output and pump laser beams and the output and pump beams are assumed to be 

fundamental Gaussian modes. We must also assume there is no spatial hole burning.
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The spot sizes of the output and pump laser beams will be restricted in the guided plane, but 

will obey the equation for propagation of a Gaussian beam shown as equation 3.4.12 in the 

unguided plane (under the assumption that they are both fundamental Gaussian modes). The 

average spot size of a Gaussian beam can be calculated from equation 3.4.13.
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w(z) = spot size (as a function of z), wo = spot size at the focal point of the 
beam (zo),  λ = wavelength of the laser beam, z = direction of propagation, 
zo = value of  z at the focal point of the beam,  n = refractive index of the 

core, l = cavity length.

3.4.8  Thin-disk lasers

The thin-disk laser discussed in this thesis is Yb:YAG so reabsorption losses are accounted 

for here. Pumping of thin-disk lasers is generally performed through the face of the disk at 

an angle. For calculation of threshold power and slope efficiency, equation 3.4.2 and the 

normalised slope efficiency dS/dF must be generalised to account for the actual volume of 
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the  disk  that  is  pumped  [236].  If  the  output  and  pump laser  beams are  assumed to  be 

fundamental  Gaussian  modes,  and  negligible  diffraction  is  assumed inside  the  disk,  the 

transverse  coordinates  x and  y can  be replaced  by the  radial  coordinate  r and  the  laser 

threshold and normalised  slope efficiency dS/dF can be calculated from equations 3.4.14 

and 3.4.15 respectively [236].
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f1 and  f2 = fractional  population  in  the  lower  and  upper  laser  levels 
respectively.
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r = radial coordinate.
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lc = laser cavity length (as opposed to l which is the disk thickness in this 
case), n = refractive index of the disk.

( )( ) ( )1 22
1 e fl

l c
l OC

f f
S P l n l

nh T
σ τ

ν
+

= + −
(3.4.20)

Pl = laser output power.
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Pp = incident pump power.

3.5  Conclusions

● An overview of PLD theory has been presented and the nature of the complex 

problem of finding optimal growth conditions has been highlighted.

● Some problems that arise with PLD, such as particulates and target damage, have 

been discussed.

● An overview of  waveguide  theory  has  been  presented  and  the  advantages  of 

multilayer and self-imaging planar waveguide devices have been discussed.

● An overview of laser theory has been presented and some theory necessary for 

the analysis  of  results  from planar waveguide lasers and thin-disk lasers  have 

been highlighted.
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Chapter 4

Experimental and 
Analytical Techniques

4.1  Introduction

The experimental and analytical techniques used to produce, analyse and operate the devices 

reported in this thesis are presented here. The technique of PLD is presented and problems 

such as substrate temperature measurement and the consequences of thick film growth are 

discussed in more detail. An overview of the substrate cleaning procedure and techniques 

used  for  the  material  and  structural  characterisation  of  films  is  provided.  The  strict 

requirements for waveguide preparation are discussed along with techniques used for optical 

analysis and lasing of devices. The experimental setup for pumping and cavity formation of 

thin-disk lasers is also presented.

4.2  Pulsed laser deposition

The PLD apparatus,  which is  subject  to continual  upgrade as possible enhancements are 

discovered or needed, is shown in its current form in figure 4.2.1 (some components are not 

shown, for simplicity) and described below:
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Figure 4.2.1:  The PLD chamber apparatus.

● KrF  excimer  laser  (248 nm  wavelength,  ~ 20 ns  pulse  length,  capable  of 

1.0-4.0 Jcm-2 at  the target  surface when focussed,  1-20 Hz repetition rate)  and 

appropriate optics for beam transport and focussing.

● Vacuum chamber with several ports including windows suitable for 248 nm and 

10.6 µm wavelength radiation with minimal loss.

● Vacuum pumping system.

● Gas supply system with precise pressure control.

● Pressure gauge.

● Rotating target holder (stepper motor).
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● Ceramic substrate holder.

● CCD camera and monitor for viewing the substrate when the chamber is under 

vacuum.

● Substrate blocker with remote control.

● Metal pipes for shielding the laser windows from unwanted material deposition.

● CO2 laser (10.6 µm wavelength, up to 40 W cw output) and X-Y scanning optics 

with remote computer control.

The KrF excimer laser (Lambda Physik, Germany) was mainly used at a repetition rate of 

10 Hz  with  an  energy  density  of  1.5 Jcm-2 at  the  target  surface.  A  two-stage  vacuum 

pumping system consisting of a Leybold turbo molecular vacuum pump (Turbovac TW 300) 

backed by a Leybold rotary vane vacuum pump (Trivac D8B) was used with an oil trap to 

prevent back-streaming oil vapour and an exhaust filter to cut down on toxins released into 

the extract system. It was necessary to provide additional air cooling for the turbo molecular 

vacuum pump for operation at high chamber pressures with oxygen. The high pumping rate 

provided by using both vacuum pumps was found to lead to better films than were produced 

when only using the rotary pump. Metal pipes were introduced to the chamber to minimise 

the coating of laser port windows by stray deposit and lengthen their effective lifetime.

A rotating target holder was used to maximise target use between reconditioning and the 

direction of  rotation was changed every minute  to  help prevent  any directionally  biased 

target  damage from occurring.  A raster  scanned CO2 laser  (Synrad,  USA) was used  for 

substrate  heating  [22;  237]; this  method  is  preferred  because  it  provides  homogeneous 

substrate  heating  without  heating  the  chamber,  which  would  increase  desorption  of 

contaminants from the chamber walls.  A CCD camera and monitor  was used for remote 

monitoring of the substrate temperature distribution via the relative intensity of light emitted 

from the substrate surface; this was critical for enabling in-situ adjustments to be made to 

the substrate temperature distribution.  A remote controlled substrate blocker was used to 

allow  preconditioning  of  the  target  without  the  substrate  becoming  contaminated  and 

half-cylinder  ceramic  tubes  were  used  to  hold  the  substrate  in  place  with  minimal  heat 

sinking. Simple half-cylinder ceramic tubes were found to be sufficient for use with 0.5 mm 

thick substrates but had to be modified as shown in figure 4.2.2 to be used with 1 mm thick 

substrates so as to minimise heat sinking.
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Figure 4.2.2:  Modified  ceramic  tube  based  substrate  holder  to  minimise  heat 
sinking.

4.2.1  Substrate heating and temperature calibration

There are two types of methods for substrate heating; direct contact methods and indirect 

methods. Direct contact methods use a block of material that has good thermal conductance 

properties  (for  example  copper)  and  is  larger  than  the  substrate;  the  substrate  is  then 

attached to the block and heated by conduction. An example of a direct heating method that 

is successful for many deposition configurations where only low temperatures are required 

(< 400 °C) is the resistive wire technique [238]. High temperatures are increasingly difficult 

to obtain with this technique because the resistive wires are prone to oxidise and burn out, 

and there are also problems with out-gassing. The resistive wire technique has been used 

with PLD  [239], and the crystallinity of films grown using this heating method has been 

improved by post-annealing [62].

Radiation is used with indirect heating techniques, and filament bulb heating [238; 240] is 

an example of such a technique. Filament heating is very inefficient because most of the 

radiation misses the substrate and heats the chamber walls, increasing the rate of out-gassing 

of  contaminants  deposited  on  the  chamber  walls  in  previous  depositions.  The  filament 

method can be improved by enclosing the bulb in a 'black box' and using the box as in a 

direct contact technique [238; 241-243] and infra-red (IR) radiation coupled into a piece of 

black quartz attached to a substrate has also been used in this way [65].
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A far  more efficient  heat  source  is  a  laser  [244],  which  allows  substrates  to  be  heated 

without  the chamber heating up. Laser heating also allows more precise control over the 

heating  power  applied  to  the  substrate,  and  the  unloading  process  is  faster  because  a 

substrate cools far quicker than a large heating block. The two difficulties with laser heating 

are measuring the substrate temperature without changing the substrate temperature due to 

heat  sinking  to  the  probe  (discussed  later),  and  spreading  the  power  evenly  over  the 

substrate to produce a homogeneous temperature distribution. There are a few methods for 

overcoming the  problem of  spreading the  power  evenly,  such  as  use  of  an  intermediate 

quartz  plate  as  in  a  direct  contact  technique  [239],  beam homogeniser  pipes,  and  beam 

scanning [18; 22; 58; 60; 78; 237; 245]. The technique of substrate heating used for research 

discussed here was a raster scanned CO2 laser, and computer control of the delay time at 

each scanning point allowed continuous updating of the substrate temperature distribution, 

meaning in-situ temperature homogeneity control was possible. In particular, control of the 

delay time at scanning points located around the edge of the substrate allowed compensation 

of the local drop in temperature (due to extra emission because of the higher surface area to 

volume ratio).

Temperature can be measured either directly or remotely  [246], but in-situ direct contact 

temperature measurement of the substrate is not possible when a remote heating technique is 

used because the low thermal mass of the substrate would result in significant heat sinking 

to a direct contact probe, which would lead to an inhomogeneous temperature distribution. 

Direct  contact  temperature  measurement  also has  problems with repeatability  due to  the 

difficulties  of  recreating  a  good  contact.  It  is  critical  that  the  substrate  temperature 

distribution is homogeneous, otherwise film qualities such as stoichiometry, crystal phase, 

crystal orientation and surface topography could vary at different points on the substrate, 

leading to films with poor overall optical quality and possibly resulting in cracking. 

Indirect techniques of temperature measurement are difficult to calibrate and are generally 

more  complex  than  direct  contact  methods.  Two  examples  of  remote  temperature 

measurement that have been used with deposition techniques are pyrometry [246-248] and 

diffuse  reflectance spectroscopy (DRS)  [249-255]. Two pyrometers sensitive to different 

wavelength ranges of radiation can be used to detect the radiation emitted by the substrate, 

and comparison of the intensities measured by the pyrometers allows the temperature to be 

calculated without knowledge of the emissivity of the substrate (providing it is constant for 

both wavelength ranges). Two-colour pyrometry is less effective when the emissivity of the 

substrate is low and doesn't work when the emissivity varies as a function of wavelength and 
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temperature unless this variance is known precisely a priori. Care must also be taken when 

choosing the detection ranges of the pyrometers, so as to avoid the transparency windows of 

the substrate material in use.

DRS  takes  advantage  of  the  temperature  dependent  absorption  band-edge  that  some 

materials possess, making it ideal for use with semiconductors. A light source is directed at 

the substrate and the diffusely reflected light  is  collected so that  the temperature can be 

calculated from the spectrum. The diffuse reflectance spectrum is used more commonly than 

the diffuse transmission spectrum because it is easier to probe and sample from the same 

side  of  the  substrate.  In  deposition  techniques,  one  side  of  the  substrate  is  always 

unavailable  for  in-situ  probing  because  the  deposition  plume  would  interfere  with  the 

measurement. An extra advantage with DRS is its ability to measure film thickness [255]. A 

disadvantage of remote temperature methods is their dependence upon port windows, which 

gradually  get  coated  throughout  depositions,  making  the  use  of  absolute  intensity 

measurements impractical.

The limitations of in-situ temperature measurement techniques make them unsuitable for use 

with the PLD setup used to conduct the research reported in this thesis. An in-situ technique 

is  not strictly necessary with PLD anyway because the ideal  temperature can usually be 

found empirically. The power output of the CO2 laser is constant from day to day, allowing 

the substrate temperature to be calibrated to the output power setting of the CO2 laser. Once 

such a calibration has been made, a temperature can be 'dialled in' by using the output power 

setting of the CO2 laser.

An  approximate  calibration  of  substrate  temperature  to  CO2 laser  output  power  was 

provided  by  a  simple  experiment.  Some  small  samples  of  high  purity  metal  foil  were 

balanced on the substrate as it was heated, and the CO2 laser power required to melt them 

was recorded. The foil samples were cut to approximately 1 mm × 3 mm in size and only 

one was used at a time to minimise heat sinking. It was found that this experiment had good 

repeatability when a good contact had been made, however when a bad contact had been 

made the foil  samples melted at far higher temperatures (we believe due to the affect  of 

oxidation), so when it became obvious that a bad contact had been made, that result  was 

abandoned. Figure 4.2.3 shows the result of the calibration experiment. 

76



Chapter 4 Experimental and Analytical Techniques

y = 2.7129x + 216.65

0

200

400

600

800

1000

1200

0 50 100 150 200 250 300 350 400
CO2 laser output setting (divisions)

Y
A

G
 su

bs
tra

te
 te

m
pe

ra
tu

re
 in

fe
rr

ed
 fr

om
 m

el
tin

g 
po

in
ts

 (°
C

)

Al
M p  = 660 °C

Ag
M p  = 962 °C

Cu
M p  = 1083 °C

Figure 4.2.3:  The  results  of  the  carbon  dioxide  laser  power  and  substrate 
temperature calibration experiment.

Each data point is the average of the results from four experiments, and the error bars are 

representative of the repeatability of the measurements. The temperature increase appears to 

be roughly linear relative to the CO2 laser output power setting, within the range examined. 

The temperature of a grey-body material (a material with a constant emissivity) can be found 

from Stefan's law shown as equation 4.2.1.

4
E E S SP A Tε σ= (4.2.1)

PE = power  emitted,  T = temperature,  AS = surface  area,  εE = emissivity, 
σS = Stefan-Boltzmann constant,.

Under  the  assumption  that  heated  substrates  in  vacuum have  minimal  contact  with  the 

substrate holder and only lose heat via radiation, the incident CO2 laser power will match the 

power emitted from the substrate and the temperature will be stable. We would therefore 

expect the temperature of a grey-body to scale as PCO2
1/4 (PCO2 = output power of CO2 laser), 

but  since  garnet  crystals  are  not  grey-bodies  and  their  emissivity  is  wavelength  and 

temperature  dependent  it  is  difficult  to  predict  how the temperature  should  change with 

increasing incident CO2 laser power.
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4.2.2  Consequences of thick film growth

One of two things must be done for the growth of thick films to be possible;  either the 

deposition time or rate must be increased. An attempt was made at thick film growth by 

increasing the deposition rate (by increasing the repetition rate of the laser), but the quality 

of the films was found to be heavily reduced, so the use of longer deposition times was 

chosen instead. The side effects that arise due to the use of long deposition times have to be 

managed so that the quality of films is not significantly affected.

Long deposition times require the target position to be changed regularly or reconditioned 

(polished) to prevent loss in quality as a result of poor target surface condition. It was found 

that the quality of films deposited over a period of more than two hours using the same 

target position decreased significantly, so growth runs of no more than one and a half hours 

were used. When repositioning or reconditioning the target,  the chamber must be opened 

and care must be taken whilst  this procedure is carried out to prevent intermediate layer 

contamination or disturbance of the substrate. Figures 4.2.4 and 4.2.5 show SEM pictures of 

the surface of a YbAG target crystal used for 1.5 hours and 9 hours respectively.

Magnification = 55 × Magnification = 300 ×1 mm 100 m

Figure 4.2.4:  SEM  image  of  a  YbAG  crystal  target  that  has  been  used  for 
1.5 hours of deposition.
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Magnification = 55 × Magnification = 300 ×1 mm 100 m

Figure 4.2.5:  SEM image of a YbAG crystal target that has been used for 9 hours 
of deposition.

The difference in target damage can be seen clearly and the roughness that can be seen in 

figure 4.2.4 is known to increase the occurrence of particulates significantly. Degradation of 

the target surface quality means that rods (rotated so that the surface is ablated in a spiral 

pattern)  are  impractical  targets  because  it  is  difficult  to  recondition  the  target  surface. 

Another consequence of long deposition times is the gradual drift of deposition conditions, 

and it was found that deposition conditions must be constant over separate growth runs, or 

else the layers won't grow epitaxially. Evidence of non-epitaxial layers was observed under 

a microscope at the polishing stage of one sample in the form of a line separating the two 

layers. Figure 4.2.6 is an optical microscope image that shows an example of a film with a 

fault line separating two growth run layers. The film was deposited in eight growth runs, and 

from knowledge of the deposition rate, the fault  line appears to be between the fifth and 

sixth growth runs. Cracks thought to be due to thermal expansion mismatch (to be discussed 

later) can also be seen in figure 4.2.6.
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Figure 4.2.6:  Optical microscope image of a sample with a fault line separating 
non-epitaxial layers.

Laser  port  windows  can  get  coated,  changing  the  laser  power  that  enters  the  chamber 

throughout the depositions and causing a drift in film characteristics throughout thickness. 

Metal pipes were placed in the chamber to shield port windows and prevent this effect from 

becoming significant. The excimer laser gas mix gradually degrades over time and this can 

affect the beam shape, distribution and output power. The excimer gases must be changed 

regularly  to  avoid  this  causing  different  conditions  in  separate  growth  runs.  General 

cleanliness in and around the chamber is more important when performing multiple growth 

runs so that no localised layer deficiencies occur.

The maximum thickness of films that could be successfully refined into devices by polishing 

was  limited  by  cracking,  thought  to  be  due  to  thermal  expansion  mismatch.  Films  of 

thickness up to 135 μm were deposited in multiple growth runs, and they appeared to be 

stable  until  polishing  was  performed.  We  therefore  surmise  that  the  stresses  and/or 

vibrations involved in the polishing process are a catalyst for cracking. The thickest film 
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(grown  on  a  0.5 mm  thick  substrate)  to  survive  the  polishing  process  was  40 μm. 

Figure 4.2.7 is  an optical  microscope image of a sample (with a 0.5 mm thick substrate) 

where the substrate has several cracks and will completely fall apart if demounted.

Magnification = 5 ×
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Figure 4.2.7:  Optical microscope image of a sample with cracks in the substrate.

We changed from using 0.5 mm thick substrates to 1 mm thick substrates in an attempt at 

preventing the cracking from happening and this move was partially successful; the samples 

no longer shattered completely into pieces,  but  the film edges perpendicular  to the ones 

being polished did persist in cracking away and it wasn't possible to polish all four sides for 

side-pumping. It was possible however to polish two opposing parallel sides, allowing the 

waveguides  to  be  end-pumped.  Figure 4.2.8 is  an optical  microscope image of a sample 

(with a 1 mm thick substrate) where the edges perpendicular to the ones being polished have 

cracks running down them and will come apart from the sample if demounted.
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Figure 4.2.8:  Optical  microscope  image  of  a  sample  with  cracks  in  the  edge 
perpendicular to the one being polished.

4.2.3  Deposition conditions

The excimer laser was set to produce an output of about 200 mJ per pulse at 10 Hz, resulting 

in an energy density of approximately 1.5 Jcm-2 at the target surface. Single crystals were 

used as targets, and the target to substrate distance was set to 4 cm. Substrate temperatures 

estimated  to  be  between  650 °C  and  750 °C  were  used  and  an  oxygen  pressure  of 

2.0 ± 0.1 Pa was used for the chamber atmosphere.

4.3  Substrate cleaning procedure

Substrates are supplied with a high grade 'epitaxial' polish on one side so that the surface is 

ready for depositing on; the cleanliness of the as-supplied substrates however is not good 

enough for immediate use. Substrates are therefore put through a micro-cleaning process to 

remove contaminants before use, involving the sequential steps:

82



Chapter 4 Experimental and Analytical Techniques

A. Wiping  with  a  cotton  bud  soaked  in  acetone  to  initially  remove  any  large 

particles.

B. Immersion in a concentrated nitric acid solution for twenty minutes to remove 

any organic contaminants.

C. Rinsing with de-ionised water, transference into a beaker of de-ionised water and 

placement in an ultrasonic bath (at a temperature of 50 °C) for twenty minutes to 

remove any traces of acid.

D. Transference into a beaker of acetone and placement in an ultrasonic bath (at a 

temperature of 50 °C) for twenty minutes.

E. Rinsing  with  isopropanol,  transference  into  a  beaker  of  isopropanol  and 

placement in an ultrasonic bath (at a temperature of 50 °C) for twenty minutes.

F. Rinsing with de-ionised water, transference into a beaker of de-ionised water and 

placement in an ultrasonic bath (at a temperature of 50 °C) for twenty minutes.

G. Removal from the ultrasonic bath and drying firstly with a jet of nitrogen gas, 

and then further in an oven (set to 120 °C) for thirty minutes.

4.4  Visual, optical microscopy and scanning electron 

microscopy

Visual inspection of films is the easiest type of analysis available for the determination of 

ideal growth conditions. An opaque film can indicate that the film stoichiometry is wrong 

and an incorrect phase has been grown, a 'frosted' film surface can indicate poorly tuned 

substrate temperature and plume properties,  whilst  poor temperature homogeneity can be 

indicated  by  cracks,  lines  or  flaking  in  the  films.  Optical  microscopy  is  useful  for 

investigating surface defects in more detail and the location, frequency and relative sizes of 

particulates  can  be  determined.  The  optical  microscope  image  figure 4.4.1 shows  an 

example of flaky and 'frosted' growth.  The improved substrate holder design led to a more 

homogeneous substrate temperature distribution, but care still had to be taken to ensure that 

substrates were held with minimal contact  with the posts,  else  fault  lines  of bad growth 

would occur on the film surface as shown in figure 4.4.2.
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Magnification = 5 ×Magnification = 5 × 200 m 200 m

flaky growth 'frosted' film surface

Figure 4.4.1:  Optical microscope image of flaky and 'frosted' growth.

Magnification = 5 × 200 m

film step fault line of bad growth separating
two regions of different crystallinity scratches

Figure 4.4.2:  Optical  microscope  image  of  a  surface  defect  caused  by  an 
inhomogeneous temperature distribution due to contact with the substrate holder.
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SEM is used for an even closer look at the surface structure of films. SEM is a slightly 

destructive technique because to prevent electrical charging, films must be coated with gold, 

which can be difficult to remove after analysis without damaging the film surface. SEM can 

be used to determine if the surface structure is flat and smooth or made up of fine grains, 

and can also be used to explain the occurrence of differences in separate regions of the film 

surface.

4.5  Structural and compositional analysis

Determining the structural and compositional properties of films provides further feedback 

and  allows  the  growth  conditions  to  be  optimised  before  the  relatively  time  consuming 

process of optical testing is commenced. For high optical quality, single crystal films are 

desirable, and this makes the relatively fast technique of X-ray diffraction a critical test of 

film quality.

4.5.1  Surface height profiler

A Tencor Alpha-Step surface profiler was used for determining film thickness and profile. 

Film thickness  measurement  is  possible  because  of  the  occurrence  of  bald  areas  on the 

substrate where no film is deposited, due to the substrate holder configuration. The surface 

profiler consists of a highly sensitive cantilever with a fine stylus on one end that rests on 

the sample. As the sample is moved underneath the profiler, the vertical movement of the 

stylus tip is measured and displayed on a monitor. When growing thick and multilayer films, 

the film thickness was also verified using a micrometer (accurate to ± 1 μm) before and after 

deposition.

4.5.2  X-ray diffraction

The  planes  of  a  crystal  lattice  can  act  as  a  diffraction  grating  for  X-rays.  The  Bragg 

condition is shown below as equation 4.5.1.

2 sin iD nθ λ= (4.5.1)

D = crystal  plane  separation,  θ = grazing  angle  of  incident  X-rays, 
ni = integer, λ = X-ray wavelength.
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The X-ray diffraction apparatus consists of an X-ray source and detector, both capable of 

rotating around the sample, mounted in the centre of their circles of rotation, as shown in 

figure 4.5.1 below.

X-ray
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collimators

X-ray
detector

sample
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slits
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Figure 4.5.1:  Schematic of an X-ray diffractometer.

The source and detector are started at an angle of 0° and 180° respectively, the source is 

then rotated around the sample as the detector is rotated in the opposite direction at the same 

rate. This produces an X-ray spectrum of X-ray yield (counts) versus 2θ angle. For an angle 

of  incidence where constructive interference occurs,  a  significant  peak will  occur  in the 

X-ray spectrum and the plane separation can be calculated from the Bragg condition.

The full width half maxima (FWHM) of peaks can give an indication of the crystal quality, 

and since substrates are of high crystal quality, their peaks can be used as a benchmark. 

Broadening of peaks is an indication of non-uniformity in the lattice, which can be produced 

by strain  such  as  that  caused  by thermal  expansion  mismatch,  or  a  randomly occurring 

deficiency  in  the  film  stoichiometry.  The  plane  separation  value  can  be  compared  to 

database values [256] and the crystal phase and orientation can be inferred. Small shifts of 

peak positions  relative  to  their  expected  database  values  are  an indication  of  a  uniform 

difference in the lattice,  which can be produced by strain such as that  caused by lattice 

mismatch or thermal expansion mismatch, or a regular deficiency in the crystal structure that 

occurs  across  the whole  crystal.  The  same sample  holder  couldn't  always be used when 

performing XRD analysis, and this has caused some spectra to be slightly shifted; the YAG 
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substrate  peaks have been used to account  for  this  shift  by comparing their  positions  to 

database  values  and  applying  the  difference  to  other  peaks  to  produce  normalised  peak 

positions and hence normalised values of plane separation.

Figure 4.5.2 shows the crystal structure of a unit cell of garnet crystal with the oxygen sites 

removed so that the metal sites can be seen clearly. In this example the garnet crystal lattice 

sites are labelled A, B and C (from the formula for garnet, A3B2C3O12), and the two types of 

planes that exist are referred to hereafter as p-planes and q-planes.

Figure 4.5.2:  Crystal structure of a unit cell of garnet crystal.

Garnet crystal (800) planes alternate between two distinct types. In a unit cell sized square, a 

p-plane has  four  A lattice  sites,  four  B lattice  sites  and four  C lattices  sites,  whereas  a 

q-plane only has two A lattice sites and two C lattice sites. This means that a deficiency in 

stoichiometry will  affect  (800)  X-ray diffraction  differently  to  (400)  diffraction  because 

(400) X-ray diffraction compares the spacing of p-planes and/or the spacing of q-planes (and 

is likely to be dominated by the denser p-planes), whereas (800) diffraction compares the 

spacing of p-planes to q-planes. The difference between (400) and (800) X-ray diffraction is 

illustrated in figures 4.5.3 and  4.5.4.
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Figure 4.5.3:  (400)  X-ray  diffraction  from  the  spacings  of  p-planes  and/or 
q-planes.
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Figure 4.5.4:  (800) X-ray diffraction from the spacings of p-planes to q-planes.

4.5.3  Energy dispersive X-ray analysis

Energy dispersive X-ray (EDX) analysis is an alternative mode of operation of a scanning 

electron microscope.  The electron beam from the SEM is used to excite atoms within a 

small  impact  area  (usually  a  few  microns  in  diameter)  just  below  the  sample  surface, 

causing the atoms within the impact area to emit X-rays of a unique wavelength depending 

upon  their  identity.  A detector  counts  the  X-ray  yield  at  different  wavelengths/energies 

emitted from the sample and a histogram is formed. A data sheet can be used to identify 

what  elements  the  peaks  correspond  to,  and  software  packages  such  as  SEMQuant (the 

standard software package supplied with the SEM equipment) can be used to produce an 

estimate of the empirical formula for the sample. The EDX technique is subject to several 

problems detailed below:

● The detector window can absorb lower energy X-rays, making the detection of 

lighter elements such as oxygen inaccurate.

● Many X-rays are reabsorbed by the sample before they can reach the surface.
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● The sample surface topography affects the volume of the impact area.

● The size of the impact area limits EDX analysis to the sample surface and makes 

the analysis of thick films difficult.

● The origin of broad peaks can be difficult  to identify if the peak overlaps the 

energy values of more than one element.

● Samples must be coated with gold or carbon to prevent electrical charging.

4.5.4  Rutherford backscattering

Rutherford backscattering (RBS) analysis utilises the effect of Coulombic repulsion. An ion 

beam is directed at a sample and the scattered ions are detected at a constant angle. The ions 

undergo elastic scattering from the sample surface due to Coulombic repulsion from atomic 

nuclei within the sample. The energies of the scattered ions are dependent upon the masses 

of the atoms they were scattered from. Under the right conditions, RBS can be used to detect 

surface  contaminants,  measure  layer  thickness  and sample  stoichiometry,  and profile  the 

diffusion of a film element into the substrate.

To derive the stoichiometry of a sample material from RBS analysis, a comparison of the 

yield  heights  for  different  element  peaks  must  be  performed.  A RBS spectrum from an 

unsupported monolayer sample will consist of sharp peaks corresponding to the elements in 

the monolayer, whereas a RBS spectrum from a thick sample will consist of plateaus due to 

the broadening of ion energies  caused by scattering deeper  within the  sample.  For yield 

height comparison, it is important that the yield from identical incident ion energies is used, 

and since it  is  difficult  to identify the  sample depth that  different  parts  of  the spectrum 

originated  from,  yield  heights  are  usually  taken  at  the  plateau  edges,  which  are 

representative of scattering from the sample surface. Figure 4.5.5 shows an example of an 

RBS spectrum from a thick sample with the features described below:
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Figure 4.5.5:  Example of an RBS spectrum with features A-D described in the 
text.

A. Different plateaus produced by different elements in the sample.

B. Plateau edges produced by scattering from the surface.

C. Inner part of spectrum produced by scattering from varying depths.

D. Low energy yield drop  caused  by a layer of  different  material  to  the  surface 

(occurs when films with a thickness less than approximately half the penetration 

depth of ions are analysed).

The stoichiometry of a two-component compound AXBY can be found using equation 4.5.2. 

The stoichiometry formula factor fi can be calculated using equation 4.5.3 and the kinematic 

factor  for  an  atomic  species  i,  Ki, can  be  calculated  using  equation 4.5.4.  The  stopping 

power for an ion on path a, Sa, would usually have to be calculated by integrating over the 

path of the ion, but averages can be used instead, as is shown in equation 4.5.2.
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X = number of species A for every Y of species B, NA = number density of 
species  A,  NB = number  density  of  species  B,  HA = height  of  species  A 
plateau, HB = height of species B plateau, ZA = nuclear charge of species A, 
ZB = nuclear charge of species B, fA and fB can be found by replacing i with 
A or  B in  equation 4.5.3,  KA = kinematic  factor  for  species  A, 
KB = kinematic factor for species  B,  S1 = average stopping power for  the 
ingoing  path,  S2A = average  stopping  power  for  the  outgoing  path  after 
scattering from species  A,  S2B = average stopping power for the outgoing 

path after scattering from species B, θs = scattering angle of the ions.
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fi = stoichiometry formula factor  for  species  i, m1 = mass of  the incident 
ions, mi = mass of a sample atom of species i.

2
2 2

21

1 1

cos sini
i s s

i

mmK
m m m

θ θ
     = + −    +      (4.5.4)

The  mass  of  the  ions  used  with  RBS  determines  the  accuracy  of  stoichiometry 

measurements,  and  heavier  ions  are  good  at  resolving  heavy sample  atoms but  poor  at 

resolving lighter sample atoms, whereas light ions are good at resolving light sample atoms 

but poor at resolving heavy sample atoms.

4.6  Polishing

Samples must be polished to a high quality optical  finish before waveguiding and lasing 

analysis can be conducted. Samples were initially cut close to the desired dimensions using 

a slow speed circular saw, and were then mounted on a block with wax so that they could be 

attached to a jig. The jig holds the sample and allows the polishing pressure and angle to be 

controlled,  and  the  polishing  rate  monitored.  The  polishing  machine  apparatus  basically 

consists of a rotating flat circular plate, an arm that holds the jig on the plate and a drip 

supply, of grit mixed in de-ionised water, or polishing solution. Samples were polished in 

stages: firstly, lapping was performed with a relatively large sized grit (silicon carbide) to 

achieve rough flatness of the sample and packing layers, followed by further lapping with 

9 µm sized particles (calcined aluminium oxide) to remove grit  sized scratches, and then 

3 µm sized particles (calcined aluminium oxide) to remove the 9 µm sized scratches, and 

finally  polishing  using  a  Leybold  polishing  solution  (SF1 - alkaline  colloidal  silica)  to 

achieve a high quality optical finish. Care must be taken to ensure that faces are polished as 

close to perpendicular to the plane of the film and the adjacent faces as possible. For lasing 

experiments  to  be  successful  it  is  also  very important  to  make sure  opposing  faces  are 

polished parallel to each other.
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4.6.1  Face-polishing

Since the films are naturally domed, they must be face-polished before overgrowing new 

layers of a different material so that all of the layer interfaces are parallel to the substrate 

surface,  making ideal  planar  waveguide geometries.  A special  mounting block was used 

with faces that are known to be parallel to a very high precision. One face of the mounting 

block is partially reflective, allowing it to be used in an autocollimator to align the mounting 

block face parallel to the polishing jig base. Substrate faces were polished parallel using this 

technique  before  deposition  so  that  the  back  face  of  the  substrate  could  be  used  as  a 

reference after the films had been grown. Films were polished using this technique before 

overgrowing of further layers was performed, and the film thickness was measured between 

each stage.

4.6.2  End-polishing

A high degree of parallelism is required for films to be used as laser devices. The jig needs 

to  be  set  to  basic  flatness  and a  mounting block that  ensures  the  end being polished  is 

roughly perpendicular to the two adjacent sides must be used. When one end is polished, the 

sample can be rotated on the mount so that the polished end can be used as a reference for 

the autocollimator. A high degree of parallelism was obtained for samples polished using 

this technique (the primary and secondary reflections of a HeNe laser overlapped exactly 

over a distance of 2 m).

4.7  Waveguide laser techniques and analysis

4.7.1  Waveguide laser cavity

Waveguide laser cavities were formed by butt-coupling lightweight mirrors to opposite end 

faces, as shown in figure 4.7.1 below. The mirrors were attached to the waveguide by the 

surface tension of a small amount of fluorinert liquid. Care must be taken to ensure that the 

mirrors get a good contact on the end faces, else it will be difficult to achieve lasing in the 

waveguide.
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waveguide
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Figure 4.7.1:  Waveguide laser cavity (fluorinert thickness has been exaggerated).

4.7.2  Ti:sapphire launching

The output from a Ti:sapphire laser (pumped by an Ar+ laser) is well suited for waveguiding 

analysis  because  of  its  wide tunability  range (wavelength range used:  790-830 nm).  The 

modal  output  of  the  Ti:sapphire  laser  is  generally  stable  when the  pump power  is  kept 

constant at about 10 W, however the output power from the Ti:sapphire laser is higher than 

is  required in  this  state,  so a variable  attenuator  was used to  select  the  power  level  for 

launching.  The  FWHM  of  the  Ti:sapphire  laser  output  was  0.1 nm  when  tuned  to  a 

wavelength of 808 nm. An input coupling lens was used to focus the Ti:sapphire beam into 

the waveguide samples, and an XYZ stage was used to manipulate the waveguide samples 

into  the  exact  required  position.  The  experimental  arrangement  used  for  launching  the 

Ti:sapphire  laser  beam into waveguides,  and various  optical  analysis  is  shown below in 

figure 4.7.2.

93



Chapter 4 Experimental and Analytical Techniques

10× objective
output coupler

power meter computer CCD
camera

mirror

sampleXYZ
stage

variable
attenuater

input
coupling

lens

Ti:sapphire
laser

A. B.

C. D.

A, B, C or D

chopper

chopper
control

Ar   Laser+

detectoramplifieroscilloscopefiber optic
coupler

optical
fiber

optical
spectrum
analyser

125 mW

Figure 4.7.2:  Experimental arrangement for launching and optical waveguiding 
based analysis with Ti:sapphire pumping.

4.7.3  Diode launching

The experimental  arrangement used for launching diode laser  light  into waveguides,  and 

various optical analysis is shown below in figure 4.7.3.
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Figure 4.7.3:  Experimental arrangement for launching and optical waveguiding 
based analysis with diode pumping.

Diode laser arrays are good pump sources for planar waveguide lasers because the stripe 

output  profile  is  well  matched  to  the  end  face  of  the  waveguide.  A  diode  laser  array 

(stacked)  consisting  of  three  60 W diode  lasers  supplied  a  potential  of  180 W of  pump 

power in total, and a series of lenses were used to focus the output into the waveguide. The 

output from the array had a FWHM of 2 nm and could be tuned within a small wavelength 

range around 808 nm by changing the temperature of the cooling water (the peak intensity of 

the array output was 807 nm at 20 °C). Rough alignment was performed with the primary 

cylindrical  lens  and  doublet  before  the  pump  light  was  then  tightly  focused  into  the 

waveguide by a final cylindrical lens. 
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4.7.3.1  Launch efficiency

Focussing of diode laser array light efficiently into a waveguide is difficult and will directly 

affect  the  performance  of  a  waveguide  laser.  It  is  useful  therefore  to  be  able  to  make 

estimations of the launch efficiency from measurements of the diode power that is collected 

just after the waveguide (with no cavity mirrors in place). The power collected just after the 

waveguide will be made up of launched light that has not been absorbed, and light that has 

not  been  launched  but  has  gone  through  the  substrate  or  the  air  above  the  waveguide. 

Equation 4.7.1 can be used to estimate the launch efficiency if the following assumptions 

are made:

● All of the light not launched actually reaches the power meter.

● Launching is  symmetric  so that  half  of the light  not launched goes above the 

waveguide and half goes below.

● No light reaches the power meter by missing the sample and passing by its sides.
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P2 = power  after  the  waveguide  output  face,  P1 = power  before  the 
waveguide input face (P1 = Pp×Llenses,  Pp = pump power,  Llenses = loss factor 
for  lenses  before  the  waveguide  input  face),  Leff = Launch  efficiency, 
RG = GGG-air  Fresnel  reflectivity,  αp = pump  absorption  coefficient, 
αPL = propagation  loss  coefficient,  l = waveguide  length,  RY = YAG-air 

Fresnel reflectivity, αSL = substrate loss coefficient.

After rearrangement of equation 4.7.1 we can arrive at equation 4.7.2 shown below.
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4.7.4  Absorption spectra

The experimental arrangement shown in figure 4.7.2:A was used to measure the Ti:sapphire 

laser wavelength as it was tuned through a range of 790-830 nm and the Ti:sapphire laser 

power before and after a waveguide was measured at 0.5 nm intervals with the experimental 
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arrangement shown in figure 4.7.2:B. A reference power measurement straight through the 

substrate  was  used  to  make  an  approximation  of  the  waveguide  face  Fresnel  reflection 

losses, and a measurement of the power before and after other optical components was taken 

to  estimate  other  losses.  This  allowed  a  spectrum of  absorbed  power  as  a  function  of 

wavelength to be plotted.

4.7.5  Fluorescence spectra

The  experimental  arrangement  shown in  figure 4.7.2:A was  used  to  record  fluorescence 

spectra when the Ti:sapphire laser was tuned to a wavelength of 808 nm (the wavelength of 

optimal  absorption  for a  laser  wavelength of  1.06 µm in Nd:GGG) and used to pump a 

waveguide. The experimental arrangement shown in figure 4.7.3:A was used to record the 

fluorescence spectra when a waveguide was pumped with diodes.

4.7.6  Threshold power for lasing, lasing spectra and slope 

efficiencies

High reflectivity (HR) mirrors are coated for high transmission at the pumping wavelength, 

and high reflectivity at the laser wavelength, whereas output coupling mirrors are coated for 

high  reflectivity  at  the  pumping  wavelength  and  have  various  reflectivities  at  the  laser 

wavelength.  Several  different  output  coupling mirrors  were  used  to  investigate  the  laser 

properties of the waveguides. The mirror positions were optimised by reducing the pump 

power just below threshold and moving the mirrors to see if lasing could be made to occur at 

a lower pump power.

The experimental arrangement shown in figure 4.7.2:C or figure 4.7.3:C was used to detect 

threshold  lasing  of  waveguides  when  using  Ti:sapphire  pumping  or  diode  pumping 

respectively. The threshold power for lasing was recorded when the cavity mirror positions 

had been satisfactorily optimised. The experimental arrangement shown in figure 4.7.2:A or 

figure 4.7.3:A was used to record laser spectra when using Ti:sapphire pumping or diode 

pumping  respectively.  For  slope  efficiencies,  the  experimental  arrangement  shown  in 

figure 4.7.2:B or figure 4.7.3:B  was used to measure  the output  power of  waveguides  at 

various  different  pumping  powers  when  using  Ti:sapphire  pumping  or  diode  pumping 

respectively. To prevent filters from cracking due to overheating when pumping with the 

diodes, a glass wedge was used to reflect the laser output at an angle of 45° so that only a 
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small amount of the laser output and any stray pump light was incident on the power meter 

setup (the reflectance of the wedge was calibrated experimentally). Equation 4.7.3 was used 

to calculate absorbed power when plotting slope efficiencies.  The form of equation 4.7.3 

shown below was  used  for  calculation  of  absorbed  power  when  both  input  and  output 

coupling  mirrors  were  HT coated  for  the  pump wavelength,  but  had  to  be  modified  by 

changing l → 2l to approximate absorbed power when the output coupling mirror was HR 

coated for the pump wavelength.

( ) ( )1 1 pPL ll
abs p lenses eff MP P L L R e e αα −= − −

(4.7.3)

Pabs = absorbed power, RM = input mirror pump light reflectivity.

4.7.7  Beam profile measurements

The experimental arrangement shown in figure 4.7.2:D or figure 4.7.3:D was used to record 

pictures of the beam profile when waveguides were Ti:sapphire pumped or diode pumped 

respectively. The distance of the CCD camera from the waveguide output face must be taken 

into account when calculating the actual beam profile size.

4.7.8  Propagation losses

4.7.8.1  Findlay-Clay technique

The  Findlay-Clay  [257]  technique  of  propagation  loss  estimation  gives  a  'worst  case 

scenario' estimation and is suitable for the estimation of loss in a four-level laser system. A 

four-level laser  does not suffer  from significant depopulation of the ground level,  and if 

losses due to reabsorption are assumed to be negligible, the absorbed power threshold for 

lasing in a waveguide laser is then only dependent upon the propagation loss and level of 

output  coupling,  as  shown  in  equation 4.7.4.  The  value  of  the  constant  C  included  in 

equation 4.7.4 is found from equation 4.7.5.

( ) ( )( )1 22 lnth PL OC PLP C L T C l R Rα= + = − −
(4.7.4)

Pth = absorbed power threshold for  lasing,  C = a combined constant  (see 
equation 4.7.5),  LPL = round  trip  propagation  loss  exponent, 
TOC = transmission exponent, R1 = reflectivity of the input coupling mirror 

(feedback mirror), R2 = reflectivity of the output coupling mirror.
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( ) ( )1/ 2 1/ 22 2 2 2

4
p

px lx py ly
e q fl

h
C w w w w

π ν
σ η τ

= + +
(4.7.5)

h = Planck's constant, νp = pump laser frequency, wlx, wly, wpx, wpy = average 
spot  sizes  of  the  laser  and  pump modes  in  the  horizontal  and  vertical 
directions  respectively,  σe = emission  cross-section,  ηq = fraction  of 
absorbed  photons  that  lead  to  population  of  the  upper  laser  level, 

τfl = lifetime of the upper laser level.

The threshold power for lasing must be measured using output coupling mirrors with various 

different reflectivities. A graph of absorbed power threshold for lasing on the y-axis versus 

-ln(R1R2)/2l on the x-axis should then have a straight line trend, and since -ln(R1R2)/2l = αPL 

when  Pth = 0  in  equation 4.7.4,  the x-axis  intercept  of  the  best  fit  line  will  be  a  good 

approximation of the propagation loss coefficient αPL. A conversion calculation must then be 

made to achieve a value of loss in units of dBcm-1, as shown in equation 4.7.6.

( ) ( )-1
10Propagation Loss dBcm 10log PLeα= −

(4.7.6)

4.7.8.2  Loss derivation from slope efficiencies

The measurement  of  two different  slope  efficiencies  from two different  output  couplers 

(with different reflectivities) provides another means by which loss can be estimated in a 

four-level laser system. If the two output couplers are similar so that the pump powers used 

in each case are similar,  we can assume that  the spatial  overlap efficiency and quantum 

efficiency will be approximately the same in each case as shown in equation 4.7.7, which is 

derived from equation 3.4.10.

( )( )
( )

( )( )
( )

1 2 1 2

2 2

ln ln
ln ln

A PL B PLl l
A qA plA qB plB B

A p p B

R R L R R L
R R

ν νη η η η η η
ν ν

− + − +
= = =

− − (4.7.7)

ηA and  ηB = slope  efficiencies  for  the  output  coupling  mirrors  A and  B 
respectively,  R2A and  R2B = reflectivities of the output coupling mirrors  A 
and  B respectively,  ηqA and  ηqB = quantum efficiencies of the laser  using 
output coupling mirrors A and B respectively, ηplA and ηplB = spatial overlap 
efficiency of the pump and laser beams using output coupling mirrors  A 

and B respectively, νl = frequency of the laser radiation.

Equation 4.7.7 can be rearranged to find the propagation loss exponent LPL shown below in 

equation 4.7.8.
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( ) ( ) ( ) ( )
( ) ( )

2 1 2 2 1 2

2 2

ln ln ln ln
ln ln

A B A B A B
PL

A B B A

R R R R R R
L

R R
η η

η η
−

=
− (4.7.8)

4.8  Thin-disk laser techniques and analysis

4.8.1  Diode pumping and thin-disk laser cavities

An indium gallium arsenide  diode  laser  system was  used  to  pump the  YbAG film at  a 

wavelength of 940 nm with a potential total power of 50 W. Two lenses were used to focus 

the pump light into a small volume of the film, forming a gain region. Two types of laser 

cavity were formed around the gain region to see if the film would lase. Both cavities are 

simple for testing purposes but the pump radiation can be used more efficiently by passing it 

through  the  disk  several  times  as  has  been  reported  previously  elsewhere  [35].  The 

experimental arrangement used for pumping and optical analysis of the YbAG film is shown 

below in figure 4.8.1, and the two types of cavities attempted are shown in figure 4.8.2 and 

figure 4.8.3.
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cavity
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Figure 4.8.1:  Experimental arrangement for pumping and optical analysis of the 
YbAG film.
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Figure 4.8.2:  Coupled-cavity for a thin-disk laser.

The  coupled-cavity  arrangement  utilises  the  occurrence  of  etalon  cavities  between  the 

interfaces of the crystal. An external cavity is made using a flat mirror that transmits the 

pump wavelength but reflects the laser wavelength, and a curved mirror that reflects both 

the pump and laser wavelengths, but allows some of the laser wavelength to be transmitted 

as output. An advantage of such a cavity is that the pump light is passed through the device 

twice, but alignment is critical for it to overlap its  original path through the crystal,  and 

parallelism of the crystal interfaces is also critical for the etalon cavities to exist.
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Figure 4.8.3:  Brewster-angle-cavity for a thin-disk laser.

101



Chapter 4 Experimental and Analytical Techniques

The Brewster-angle-cavity takes advantage of the fact  that  light  polarised parallel  to the 

plane of incidence is transmitted without any Fresnel reflection at the Brewster angle. The 

cavity is  formed by two curved mirrors  that  must  be  set  very precisely for  lasing to  be 

successful.  A disadvantage  of  this  cavity  arrangement  is  that  as  the  device  thickness  is 

scaled downwards, it becomes increasingly difficult to align the cavity mirrors. With smaller 

thicknesses,  the  pump  light  must  be  focussed  more  tightly  for  it  to  still  be  absorbed 

efficiently, and the volume of the gain region is therefore reduced. For lasing to occur, the 

resonant path between the two cavity mirrors must be aligned with the gain region and this 

task is much more difficult as the volume of the gain region is made smaller.

4.8.2  Absorption spectra and film losses

The absorption spectrum of the YbAG film was measured using a spectrophotometer and a 

polished  blank  YAG  substrate  was  used  as  a  reference.  This  allowed  the  absorption 

coefficient and an upper limit for the film transmission loss to be estimated.

4.8.3  Threshold power for lasing

The experimental arrangement shown in figure 4.8.1:B was used to detect the occurrence of 

lasing from the YbAG film. HeNe laser alignment beams were used to try and make the 

pumped  volume  and  resonant  path  between  the  cavity  mirrors  coincide  as  closely  as 

possible, before further adjustments were made to the alignment of the cavity mirrors.

4.9  Conclusions

● The technique of PLD has been described and some of the challenges involved in 

the growth of thick films have been discussed in detail. An improved substrate 

holder design allowed substrates to be heated with a homogeneous temperature 

distribution, and deposition using multiple growth runs and target reconditioning 

was  found  to  be  a  route  to  thick  film  growth  without  the  occurrence  of 

particulates increasing significantly.
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● The techniques used for the characterisation and preparation of films have been 

described and a limit was found for the thickness of waveguiding films, due to 

cracking at the polishing stage of preparation. The use of 1 mm thick substrates 

allowed  thicker  films  to  be  polished  without  the  substrate  cracking,  but 

difficulties were still experienced with films cracking.

● The  experimental  setups  for  waveguide  and  thin-disk  laser  cavities,  and  the 

techniques used for their qualitative analysis have been described. Some theory 

necessary for the derivation of properties such as propagation loss and launch 

efficiency has been discussed.
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Chapter 5

Nd:GGG Film Results

5.1  Introduction

All of the results obtained from Nd:GGG films are presented in this chapter. Firstly, there is 

an overview of the results from basic material analysis that are the same or similar for each 

film. The lasing results from a 40 μm thick Nd:GGG film deposited in a single growth run 

and pumped with a Ti:sapphire  laser  are presented and discussed,  along with the results 

from a 50 μm thick Nd:GGG film deposited using multiple growth runs and pumped with a 

Ti:sapphire laser,  and subsequently with a laser  diode array. Finally, the results  obtained 

from self-imaging in a Nd:GGG film are presented and conclusions are drawn from all of 

the results.

5.2  General Nd:GGG film properties

5.2.1  Visual and optical microscopy comments

The deposition conditions were tuned sufficiently to allow perfectly clear films to be grown 

routinely.  With increased target  usage,  particulates  normally become large enough to be 

seen  easily  with  the  naked eye,  however,  restriction  of  growth  runs  to  < 1.5 hours,  and 
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reconditioning of the target surface allowed films to be grown without a significant amount 

of  visible  particulates  on the  film surface. The  improved design of  the  substrate  holder 

allowed the growth of high quality film across the whole substrate without any defect lines.

5.2.2  Structural and compositional results

5.2.2.1  Film thickness profiles

Figure 5.2.1 shows the thickness profile of a 135 μm thick film deposited in thirteen growth 

runs  (the thickest Nd:GGG film grown). Figure 5.2.2 shows an example of a 2D thickness 

profile of a thin film (the 2D profiler wasn't available for the 135 μm thick film).
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Figure 5.2.1:  1D thickness profile of a 135 µm thick Nd:GGG film.
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Figure 5.2.2:  2D thickness profile of a thin film.
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5.2.2.2  X-ray diffraction spectra

Figure 5.2.3 shows an XRD spectrum of a typical thin Nd:GGG film where the substrate 

peaks are in evidence, and figure 5.2.4 shows some expanded views of the peaks so that the 

FWHM can be seen clearly. The peaks found from the XRD analysis represent the Nd:GGG 

(400),  YAG (400),  Nd:GGG (800) and YAG (800) orientations,  and the absence of any 

other  peaks  confirms  that  the  thick  Nd:GGG films  are  highly  textured  crystal. Various 

properties of the spectrum are summarised in table 5.2.1 and the D-spacing values have been 

normalised using the positions of the YAG substrate peaks.
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Figure 5.2.3:  XRD spectrum of  a  typical  thin  Nd:GGG film where  the  YAG 
substrate peaks are in evidence.

Crystal 
(orientation)

2θ 
(degrees)

FWHM 
(degrees)

D-spacing 
(Å)

Normalised 
D-spacing (Å)

Database 
D-spacing (Å)

Nd:GGG (400) 28.578 0.11 3.121 3.126 3.0957 [50]
Nd:GGG (800) 59.063 0.23 1.563 1.562 1.5479 [50]
YAG substrate (400) 29.805 0.06 2.995 - 3.0015 [42]
YAG substrate (800) 61.798 0.08 1.500 - 1.5008 [42]

Table 5.2.1:  Summary  of  the  typical  thin  Nd:GGG  film  XRD  spectrum 
properties.
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Figure 5.2.4:  Expanded views of the XRD peaks of a typical thin Nd:GGG film 
where the substrate peaks are in evidence.

The normalised D-spacing values for the thin Nd:GGG film compare well to database values 

but  are  slightly  shifted  by  0.97%  and  0.90%  for  the  (400)  and  (800)  orientations 

respectively.  This  shift  is  attributed  to  the  effects  of  thermal  expansion  mismatch  and 

slightly deficient stoichiometry. As the sample is cooled after deposition is completed, the 

YAG substrate shrinks at a different rate to the Nd:GGG film. We can use equation 3.2.12 to 

produce  a  rough  value  for  the  stress  we  expect  to  be  produced  by  thermal  expansion 

mismatch. Using the thermal expansion coefficients for bulk crystals shown in table 1.4.1, a 

temperature  difference of -700 K and values  for  Young's modulus  and Poisson's  ratio  of 

300 GPa and 0.30 respectively (these values are actually for YAG because no data could be 

found for GGG, but the properties of GGG are expected to be similar and this substitution 

allows progress to be made with at least an order of magnitude estimate), a value of 0.3 GPa 

can be produced as an estimate for the stress induced by thermal expansion mismatch.

We  can  use  equation 3.2.13 to  produce  an  estimate  of  the  actual  stress  in  the  film  as 

measured by the shift in D-spacing values. Using values for Young's modulus and Poisson's 

ratio as above, a value of -5 GPa can be obtained for the actual stress in the film when the 

D-spacing  value  of  the  film is  shifted  by  about  1% compared  to  bulk  crystal.  This  is 

approximately an order of magnitude more than predicted by thermal expansion mismatch 
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and  is  also  the  opposite  type  of  stress  predicted  by  thermal  expansion  mismatch.  It  is 

difficult  to know for sure what the origin of this stress is without further analysis of the 

films,  but  if  the  stress  is  all  to  be  attributed  to  thermal  expansion  mismatch,  we  must 

conclude that the film does not have the same thermal expansion coefficient as bulk crystal. 

Otherwise we must conclude that another factor is involved with the occurrence of stress in 

the films, such as deficient stoichiometry to be discussed further in the next section.

The thin Nd:GGG (400) film peak FWHM compares well to the YAG (400) substrate but 

the Nd:GGG (800) peak FWHM is significantly worse. This is  thought to be due to the 

interception  of  defects  at  the  film-substrate  boundary,  and  the  garnet  crystal  structure; 

diffraction from the (800) planes is dependent on the  D-spacing of adjacent p-planes and 

q-planes,  whereas  diffraction  from  the  (400)  planes  is  dependent  on  the  D-spacing  of 

p-planes and q-planes separately.

Figure 5.2.5 shows  an  XRD spectrum of  a  typical  thick  Nd:GGG film and  figure 5.2.6 

shows some expanded views of the peaks so that the FWHM can be seen clearly.  Various 

properties of the spectrum are summarised in table 5.2.2 and the D-spacing values have been 

normalised using the positions of the YAG substrate peaks from a scan of a blank YAG 

substrate that was analysed under the same conditions as the thick Nd:GGG film.
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Figure 5.2.5:  XRD spectrum of a typical thick Nd:GGG film.
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Figure 5.2.6:  Expanded views of the XRD peaks of a typical thick Nd:GGG film.

Crystal 
(orientation)

2θ 
(degrees)

FWHM 
(degrees)

D-spacing 
(Å)

Normalised 
D-spacing (Å)

Database 
D-spacing (Å)

Nd:GGG (400) 28.318 0.08 3.149 3.150 3.0957 [50]
Nd:GGG (800) 58.582 0.21 1.574 1.573 1.5479 [50]
YAG substrate (400) 29.772 0.06 2.998 - 3.0015 [42]
YAG substrate (800) 61.776 0.07 1.501 - 1.5008 [42]

Table 5.2.2:  Summary of the thick Nd:GGG film XRD spectrum properties.

The thick Nd:GGG film was grown on a 1 mm thick YAG substrate, whereas the thin film 

discussed  previously was grown on a  0.5 mm thick YAG substrate.  This  seems to  have 

changed the stress in the film, as the normalised  D-spacing values for the thick Nd:GGG 

film are shifted by 1.7% and 1.6% for the (400) and (800) orientations respectively. The 

thick Nd:GGG film peak FWHM are  improved and  this  is  thought  to  be  due to  lattice 

relaxation and fewer defects away from the film-substrate boundary.

Figure 5.2.7 shows  an  XRD  spectrum  of  a  thick  Nd:GGG  film  with  a  YAG cap,  and 

figure 5.2.8 shows  some expanded  views  of  the  peaks  so  that  the  FWHM can be  seen 

clearly. Various properties of the spectrum are summarised in table 5.2.3 and the D-spacing 

values have been normalised using the positions of the YAG substrate peaks.
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Figure 5.2.7:  XRD spectrum of a YAG capped Nd:GGG film.
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Figure 5.2.8:  Expanded  views of  the  XRD peaks of  a  YAG capped Nd:GGG 
film.
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Crystal 
(orientation)

2θ 
(degrees)

FWHM 
(degrees)

D-spacing 
(Å)

Normalised 
D-spacing (Å)

Database 
D-spacing (Å)

Nd:GGG (400) 28.550 0.09 3.124 3.122 3.0957 [50]
Nd:GGG (800) 59.093 0.20 1.562 1.560 1.5479 [50]
YAG cap (400) 29.493 0.16 3.026 3.024 3.0015 [42]
YAG cap (800) 61.188 0.36 1.514 1.512 1.5008 [42]
YAG substrate (400) 29.740 0.06 3.002 - 3.0015 [42]
YAG substrate (800) 61.754 0.07 1.501 - 1.5008 [42]

Table 5.2.3:  Summary  of the  YAG  capped  Nd:GGG  film  XRD  spectrum 
properties.

The thick Nd:GGG film with a YAG cap was grown on a 0.5 mm thick YAG substrate and 

is  therefore  a good test  of the consistency of observations  made about  the previous  two 

films. The normalised  D-spacing values for the Nd:GGG layer are shifted by 0.84% and 

0.78% for the (400) and (800) orientations respectively, and this supports the proposition 

that the shifting of these values is dependent on the substrate thickness. The shift  of the 

Nd:GGG D-spacings is slightly less than for the thin Nd:GGG film grown on a 0.5 mm thick 

substrate, and this may be an indication that stress in the film is easing and the film lattice is 

relaxing away from the film-substrate boundary. The normalised  D-spacing values for the 

YAG layer are shifted by 0.73% for both the (400) and (800) orientations. The Nd:GGG 

layer peak FWHM are very similar to the previously discussed thick film, and this supports 

the  proposition  that  lattice  relaxation  and  fewer  defects  away  from  the  film-substrate 

boundary are being observed when thick films are analysed. The YAG layer peak FWHM 

are  significantly  worse  and  this  is  due  to  the  interception  of  defects  at  the  YAG 

cap-Nd:GGG layer boundary, and a deficient stoichiometry.

5.2.2.3  Energy dispersive X-ray analysis

Thin, thick and YAG capped Nd:GGG films were analysed using the EDX technique, and 

pieces of bulk crystal were analysed at the same time under the same conditions to allow the 

error in the technique to be estimated. Unfortunately, the results for oxygen content proved 

to be too inaccurate to be of use; this is understandable because there was only one peak at a 

relatively  low  energy  for  the  software  package  to  use  to  estimate  the  stoichiometry. 

Figures 5.2.9 and  5.2.10 show examples  of  typical  EDX spectra  of  Nd:GGG and YAG 

respectively. Some of the gadolinium peak positions overlap gallium peak positions.
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Figure 5.2.9:  EDX spectrum of Nd:GGG.
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Figure 5.2.10:  EDX spectrum of YAG.
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Each sample was analysed five times at different locations on the sample surface and an 

average was taken of the results. Since the oxygen content results were unreliable, only the 

ratios of the elements other than oxygen are presented below in table 5.2.4. The error was 

estimated from the results of the analysis of bulk crystals.

Sample analysed Ratio of elements other than oxygen
Thin Nd:GGG film Gd3Ga3.8 ± 0.2

Thick Nd:GGG film Gd3Ga3.9 ± 0.2

YAG capping layer Y3Al4.0 ± 0.2

Bulk Nd:GGG Gd3Ga4.8 ± 0.2

Bulk YAG Y3Al5.2 ± 0.2

Table 5.2.4:  EDX results for the Nd:GGG films.

The Nd:GGG films are both gallium deficient by a similar amount, and this shows that the 

deposition  of  thick  films  using  multiple  growth  runs  doesn't  appear  to  affect  the 

stoichiometry  significantly.  Also,  the  YAG  capping  layer  is  aluminium  deficient.  It  is 

thought that the deficiency in the stoichiometry of both the Nd:GGG and YAG causes the 

broadening of the peaks observed from XRD analysis,  and that  the deficient  lattice sites 

intrinsically affect diffraction from the (800) planes more than the (400) planes.

5.2.2.4  Rutherford backscattering analysis

Backscattering  analysis  was  performed  (by M. J. F. Healy,  Ion  Beam  Analysis  Facility, 

Cranfield  University)  on  a  wedge-polished  Nd:GGG film sample  that  was  deposited  in 

multiple growth runs, to determine the stoichiometry uniformity of the film throughout its 

thickness. Figure 5.2.11 shows the thickness profile of the sample used for RBS analysis.
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Figure 5.2.11:  Thickness profile of the sample used for RBS analysis.

Figures 5.2.12 and 5.2.13 respectively show the helium and proton backscattering spectra at 

seven  points  at  1 mm intervals  along  the  film.  The  three  leading  edges  in  the  spectra 

correspond to gadolinium, gallium and oxygen present at the surface, the edge heights give 

surface concentration, and the plateau height below the energy of each edge gives shallow 

depth information. Gd:Ga ratios were derived from the top 0.2 µm of the exposed surface 

whereas oxygen concentrations were derived over 3 µm, due to the greater range of protons. 

The slight  shift  in  energy of  the  front  edges with increased  thickness  is  consistent  with 

surface  charging  of  the  sample.  The  proton  yields  for  the  3 mm  and  4 mm  data  in 

figure 5.2.13 drop off at low energies, which is due to the substrate and is an indication that 

the protons' range is great enough that they reach the substrate at these points.
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Figure 5.2.12:  Helium  ion  backscattering  spectra  for  analysis  performed  at 
various  different  points  along  the  sample  which  correspond  to  different 

thicknesses.
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Figure 5.2.13:  Proton  backscattering spectra  for  analysis  performed at  various 
different points along the sample which correspond to different thicknesses.
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Figure 5.2.14 shows the Gd:Ga ratio and figure 5.2.15 shows the oxygen content in atomic 

percent calculated from the backscattering analysis as a function of distance along the film.
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Figure 5.2.14:  Gd:Ga ratios derived from the helium ion backscattering spectra.
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Figure 5.2.15:  Oxygen contents derived from the proton backscattering spectra.
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The Gd:Ga ratio and the oxygen content are both consistent throughout the film thickness 

and growth run layers. If X = 4.4 is taken as an average value of the X in Gd3:GaX and 60% 

is taken as an average value for the oxygen content in atomic percent, we can estimate an 

empirical formula of (Nd:)Gd3Ga4.4O11.1 for the thick Nd:GGG film. There appears to be a 

slight positive trend in the Gd:Ga ratio results which may indicate that the Nd:GGG film 

grows  gallium  deficient  close  to  the  YAG  substrate-Nd:GGG  film  boundary  to 

accommodate for the lattice mismatch and then the gallium content recovers as the lattice 

relaxes further away from the substrate.

Both EDX and RBS analysis  have shown that  the  films are gallium deficient,  yet XRD 

results suggest that the films have still grown as an A3B2C3O12 (where B = C) garnet phase. 

This could mean that some gadolinium ions are located in gallium lattice sites, making a 

stoichiometry such as Gd3.4Ga4.6O12. Gadolinium has a larger ionic radius than gallium, and 

such a stoichiometry would produce a large amount of  strain  in the  crystal.  This  would 

explain the discrepancy between the stress measured in the film and the stress expected due 

to thermal expansion mismatch. Another possibility is that there are vacancies in the crystal 

lattice where the missing gallium would have been located. It may be the case that vacancies 

are  tolerated  by the  crystal  more easily  than  gadolinium ions  in  alternative  lattice  sites. 

These  kinds  of  deficiencies  in  the  crystal  structure  mean  that  laser  ions  in  the  crystal 

experience slightly different crystal fields, and this leads to broadening of the spectroscopic 

properties of the films.

5.2.3  Optical properties

5.2.3.1  Absorption spectra

Figure 5.2.16 shows the absorption spectrum of a thick Nd:GGG film compared to that of 

bulk Nd:GGG for the wavelength region 790-830 nm; the absorption coefficient  αp can be 

read directly from the graph. The maximum of the absorption coefficient at a wavelength of 

808 nm has  been  found  to  be  typically  2.64 cm-1 for  the  thick  Nd:GGG films.  This  is 

significantly lower than the value of 4.53 cm-1 at a wavelength of 808 nm measured for the 

Nd:GGG target,  and therefore it  can be concluded that  the cross-section and/or the Nd3+ 

concentration of the thick Nd:GGG films is not the same as the Nd:GGG target. This can 

likely be attributed to imperfect  crystal  structure  and stoichiometry as already suggested 

from the results of the structural and compositional analysis. It is also likely that some Nd3+ 

may have been lost in the deposition process, an effect that has been observed for previous 
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depositions incorporating the dopants Nd3+ and Ti3+ [78]. Some of the thick Nd:GGG film 

absorption peaks are shifted relative to bulk. This is due to the slightly different crystal field 

seen by laser ions as a result of the deficient crystal structure and stoichiometry.
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Figure 5.2.16:  Absorption spectrum of a thick Nd:GGG film compared to that of 
bulk Nd:GGG crystal for the wavelength region 790-830 nm.

5.2.3.2  Fluorescence spectra

Figures 5.2.17 and  5.2.18 show typical  fluorescence  spectra  of  the  thick Nd:GGG films 

compared to a thin Nd:GGG film grown previously [18] and bulk Nd:GGG crystal for the 

wavelength  region  1045-1080 nm,  and  compared  to  bulk  Nd:GGG  crystal  for  the 

wavelength region 920-950 nm. The fluorescence spectra are normalised to have the same 

area under the curves so that the comparison is effectively based on the same number of 

laser ions in each case. The fluorescence spectra obtained from our thick Nd:GGG films 

appear slightly broadened and some peaks are shifted relative to bulk. This is due to the 

different crystal field present at different laser ion lattice sites caused by the deficient crystal 

structure and stoichiometry. Our thick Nd:GGG film fluorescence spectra however are much 

closer to bulk than the previously reported thin Nd:GGG film grown by PLD [18].
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Figure 5.2.17:  Typical  thick Nd:GGG film fluorescence spectrum compared to 
bulk Nd:GGG crystal and a previously reported thin Nd:GGG film  [18] for the 

wavelength region 1045-1080 nm.
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Figure 5.2.18:  Typical  thick Nd:GGG film fluorescence spectrum compared to 
bulk Nd:GGG crystal for the wavelength region 920-950 nm.
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5.2.4  Conclusions

● The deposition conditions have been tuned sufficiently for the growth of 'water 

clear' films to be routine.

● XRD analysis  has  found  that  the  crystal  lattice  relaxes  slightly  as  films  get 

thicker  and  X-rays  can  no  longer  penetrate  deep  enough  to  reach  the 

film-substrate boundary where the occurrence of defects is likely to be higher 

than elsewhere.

● The crystal lattice size of films has been found to be shifted depending on the 

thickness  of  the  substrate  used,  and this  is  thought  to be due to  the effect  of 

thermal  expansion  mismatch  and/or  stress  produced  by  the  deficient 

stoichiometry.

● EDX and RBS analysis  have found  the  composition  of  Nd:GGG films to  be 

slightly  gallium deficient  and  YAG capping  layers  to  be  slightly  aluminium 

deficient.

● Optical  analysis  has  found  the  film absorption  and  fluorescence  peaks  to  be 

broadened and sometimes shifted and this  is thought  to be due to the slightly 

deficient crystal structure and stoichiometry.

● The method of depositing thick films by multiple growth runs is now established 

and it has been shown by structural and compositional analysis that this method 

is not detrimental to film quality.

5.3  Ti:sapphire pumping

A 40 μm thick film made in a single growth run and a 50 μm thick film made in multiple 

growth runs were pumped by a Ti:sapphire laser and lasing was observed from both devices 

(laser  experiments  with  the  40 μm  thick  film  were  performed  in  collaboration  with 

C. Grivas, ORC, University of Southampton). The 40 μm thick film was end-polished (in 

collaboration with C. Grivas, ORC, University of Southampton) to allow launching of the 

Ti:sapphire laser beam, whereas the 50 μm thick film was end-polished and face-polished to 

create  an ideal  parallel  slab geometry. The 40 μm thick film was polished to 4.1 mm in 

length to make it optimal for end-pumping by the Ti:sapphire laser, whereas the 50 μm thick 
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film was polished to 7.0 mm in width to make it optimal for double side-pumping by diode 

laser arrays. Minimal polishing of the 50 μm thick film length was desirable to match the 

waveguide faces as closely as possible to the 1 mm wide diode laser array output, but while 

attempting to polish out several cracks the length was reduced to 7.1 mm and polishing of 

these third and fourth sides had to be abandoned because cracking could not be prevented.

5.3.1  Threshold power for lasing

Table 5.3.1 shows the absorbed pump power thresholds for lasing of the 40 μm thick device 

with different transmittance output coupling mirrors.

Output coupler transmittance 
(at the laser wavelength)

Absorbed power threshold 
for lasing (mW)

0.15% (HR) 17.8
1.90% 40.9
2.00% 36.1
4.75% 54.0
12.86% 134.0

Table 5.3.1:  Absorbed pump power thresholds for the 40 μm thick device with 
different transmittance output coupling mirrors and Ti:sapphire pumping.

The threshold obtained with a 1.90% transmittance output coupling mirror is higher than 

expected. Table 5.3.2 shows the absorbed pump power thresholds for lasing of the 50 μm 

thick device with different transmittance output coupling mirrors.

Output coupler transmittance 
(at the laser wavelength)

Absorbed power threshold 
for lasing (mW)

0.15% 27.4
1.90% 60.9
2.00% 52.8
4.75% 35.6
12.86% 64.3
21.80% 74.6
24.30% 98.8
29.30% 110.2
30.70% 104.5

Table 5.3.2:  Absorbed pump power thresholds for the 50 μm thick device with 
different transmittance output coupling mirrors and Ti:sapphire pumping.
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The  thresholds  obtained  with  1.90%,  2.00%  and  29.30%  transmittance  output  coupling 

mirrors are higher than expected. It is thought that higher thresholds than expected are due 

to poor mirror alignment, and lower thresholds would have eventually been observed if more 

attempts were made at lasing with these mirrors. The thresholds obtained with higher output 

coupling mirrors for the 50 μm thick film are lower than for the 40 μm thick film, whereas 

the thresholds for low output coupling mirrors are higher for the 50 μm thick film than for 

the 40 μm thick film. This is a further indication that an optimal alignment may not have 

been obtained with the low transmittance output coupling mirrors in the case of the 50 μm 

thick film, since the difference in the round-trip losses (discussed later) of the two devices is 

not  sufficient  enough  to  be  responsible  for  this  effect.  Also,  this  suggests  there  was  a 

significant difference in the material or modal properties of the devices.

5.3.2  Laser spectra

Figures 5.3.1 and 5.3.2 show typical laser spectra for a pump power close to threshold and 

pump powers well above threshold respectively.
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Figure 5.3.1:  Typical laser spectrum obtained from the thick Nd:GGG films at 
just above the threshold for lasing using Ti:sapphire pumping.

122



Chapter 5 Nd:GGG Film Results

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1058 1059 1060 1061 1062 1063
Wavelength (nm)

In
te

ns
ity

 (a
rb

itr
ar

y 
un

its
)

Laser spectrum 2
Laser spectrum 3

Figure 5.3.2:  Typical  laser  spectra  obtained from the thick Nd:GGG films for 
pump powers well above threshold using Ti:sapphire pumping.

Three distinct spectral gain regions can be observed. Lasing action has occurred centred at a 

wavelength of 1060.6 nm for pump powers close to threshold, and this central gain region is 

aligned with the centre of the peak fluorescence observed previously. At pump power levels 

well above threshold, lasing occurred centred at wavelengths of 1059.1 nm, 1060.6 nm and 

1061.8 nm,  and  the  existence  of  the  two  other  gain  regions  suggests  that  the  central 

fluorescence peak at a wavelength of 1060.6  is actually made up of three peaks as in the 

bulk  Nd:GGG  crystal  case,  but  this  finer  detail  wasn't  observed  in  the  fluorescence 

spectrum. Ripples can be observed in all of the laser spectra of periodicity 0.07 nm, which is 

consistent with the calculated expected longitudinal mode spacing of 0.0702 nm.

5.3.3  Slope efficiencies

Figures 5.3.3 and 5.3.4 show the slope efficiencies obtained with the 40 μm thick film and 

the 50 μm thick film respectively. Slope efficiencies of 12.5% and 17.5% were obtained for 

the 40 μm thick film with the 2.00%T and 4.75%T output coupling mirrors respectively, and 

slope efficiencies  of  14.6% and 32.0% were obtained for the  50 μm thick film with the 

4.75%T and 21.8%T output coupling mirrors respectively.
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Figure 5.3.3:  Slope efficiencies obtained with Ti:sapphire pumping of the 40 μm 
thick device.
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Figure 5.3.4:  Slope efficiencies obtained with Ti:sapphire pumping of the 50 μm 
thick device.
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The slope efficiencies obtained for the two devices with the 4.75%T output coupling mirror 

are different. We can therefore deduce (from equation 3.4.10) that one, some or all of the 

following  properties  must  be  different  in  the  two  devices:  propagation  loss,  quantum 

efficiency,  or  spatial  overlap  of  the  pump  and  laser  beam.  The  quantum  efficiency  is 

expected to be similar for the two devices since the same pump laser was used and the films 

were grown with similar deposition conditions which seems to agree with the results from 

laser thresholds; the modal properties therefore of lasing in the two devices must provide the 

reason for this difference.

5.3.4  Beam profiles

Figure 5.3.5 shows an image of the laser output beam profile from the 40 µm thick device, 

taken with the pump power well above threshold. The laser output is clearly multimode in 

the  guided  direction,  with  three  lobes  parallel  to  the  unguided  plane,  and  may also  be 

multimode in the unguided direction. The laser output has filled the thickness of the film 

and has a diameter of about 40 μm in the guided direction.

40 m

guided
direction

unguided
direction

Figure 5.3.5:  Laser output  beam profile obtained from the 40 μm thick device 
using Ti:sapphire pumping.

Figure 5.3.6 shows an image of the laser output beam profile from the 50 μm thick device, 

taken  with  the  pump  power  well  above  threshold.  The  laser  output  appears  to  be 

single-mode in both the guided and unguided directions, and has not filled the full thickness 

of the film, having a diameter of about 20 μm in the guided direction. The output could be 

made  to  convert  to  multimode  by  changing  the  launch  height  of  the  pump beam.  The 
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difference in the modal output is in agreement with the observations made from the results 

with threshold powers for lasing and slope efficiencies of the two devices. It is thought that 

single-mode  operation  was  possible  in  the  case  of  the  50 μm thick  device  because  the 

increased thickness and more ideal parallel interfaces allowed the pump beam to be guided 

without its modal properties becoming as distorted as in the case of the 40 μm thick device.

50 m

guided
direction

unguided
direction

Figure 5.3.6:  Laser output  beam profile obtained from the 50 μm thick device 
using Ti:sapphire pumping.

5.3.5  Propagation losses

Figures 5.3.7 and  5.3.8 show the  results  of  the  Findlay-Clay  loss  experiments  with  the 

40 μm thick and 50 μm thick films respectively.  The Findlay-Clay loss experiments yield 

estimations of 0.095 dBcm-1 and 0.37 dBcm-1 for the propagation losses of the 40 μm thick 

and 50 μm thick devices respectively.
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Figure 5.3.7:  Findlay-Clay loss  experiment  results  for  the  40 μm thick  device 
using Ti:sapphire pumping.
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Figure 5.3.8:  Findlay-Clay loss  experiment  results  for  the  50 μm thick  device 
using Ti:sapphire pumping.
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Since two different slope efficiencies were obtained for each device, the estimation of loss 

from slope efficiencies using equation 4.7.8 was possible. The slope efficiencies obtained 

for the 40 μm thick device produce an estimate of 0.094 dBcm-1, suggesting that the spatial 

overlap of the pump and laser beams was very similar when using the two different output 

coupling mirrors.  The slope efficiencies obtained for the 50 μm thick device produce an 

estimate of 0.31 dBcm-1, suggesting that the spatial  overlap of the pump and laser beams 

may have been slightly  different  using the  two different  output  coupling mirrors,  or  the 

Findlay-Clay loss estimation may have been an overestimate of the loss.

The values of loss obtained with the two devices approach the value of loss for bulk garnet 

crystals, which is reported to be ~ 0.03 dBcm-1 [258], and the loss of 0.094 dBcm-1 obtained 

with the 40 μm thick film is the lowest loss reported to date for a waveguide grown by PLD, 

to the best of our knowledge. It is unclear why the loss of the 50 μm thick film is higher than 

the 40 μm thick film. This may be because the films were deposited with slightly different 

growth conditions.

Using equation 4.7.7, the two values for slope efficiency can be combined to eliminate the 

loss and calculate the other unknowns, quantum and overlap efficiency. This calculation was 

performed and the combined quantum and overlap efficiency was found to be 32% and 59% 

for the 40 and 50 μm thick devices respectively. Since we expect the quantum efficiencies to 

be similar, this is in agreement with results discussed previously that suggested the spatial 

overlap of the pump and laser beams was very different for the two devices.

5.3.6  Conclusions

● Lasing  was  achieved  in  two  devices  using  Ti:sapphire  pumping;  minimum 

threshold pump powers of 17.8 mW and 27.4 mW were observed for the 40 μm 

thick and 50 μm thick devices respectively.

● Three distinct  spectral  gain regions  were  observed,  indicating that  the  central 

fluorescence peak at  a  wavelength of 1060.6 nm is  actually made up of three 

peaks as in the bulk Nd:GGG crystal case.

● Slope efficiencies of 12.5% and 17.5% were obtained for the 40 μm thick device, 

and 14.6% and 32.0% were obtained for the 50 μm thick device.

● Multimode  output  was  observed  from  the  40 μm  thick  device,  whereas 

single-mode output was observed from the 50 μm thick device.
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● Loss estimates of 0.095 dBcm-1 and 0.094 dBcm-1 were obtained for the 40 μm 

thick device, and 0.37 dBcm-1 and 0.31 dBcm-1 were obtained for the 50 μm thick 

device.

5.4  Diode pumping 

Problems with cracking only allowed one set of opposing sides of the 50 μm thick device to 

be polished. This meant that side-pumping could not be performed and instead, as an initial 

test  of  diode  launching,  the  device  was  end-pumped  using  a  diode  laser  array  (in 

collaboration with J. Wang, ORC, University of Southampton). Once lasing was achieved, 

the  wavelength  of  the  pump  source  was  tuned  to  optimise  the  threshold  for  lasing  by 

changing the temperature of the cooling water.

5.4.1  Threshold power for lasing

Table 5.4.1 shows the absorbed pump power thresholds for lasing of the 50 μm thick device 

with different transmittance output coupling mirrors.

Output coupler transmittance 
(at the laser wavelength)

Absorbed power threshold 
for lasing (W)

0.15% (HR) 12.2
2.00% 7.44
4.75% 7.97
12.86% 8.32
24.30% 11.8
46.07% 21.5

Table 5.4.1:  Absorbed pump power thresholds for the 50 μm thick device with 
different transmittance output coupling mirrors and a diode pumping.

It is likely that the threshold obtained with a HR mirror is higher than expected because an 

optimal alignment was not obtained. The threshold is expected to scale from the Ti:sapphire 

pumped case approximately with the increase in pumped area, neglecting the effects of the 

difference in the pumping geometry and spectral properties. If we use 0.001 mm2 (area of a 

35 μm diameter spot) and 0.35 mm2 (7 mm × 50 μm) as approximations of the pumped areas 

when pumping with  the  Ti:sapphire  laser  and  diode  laser  array  respectively,  we  would 

expect  the threshold to increase from 35.6 mW to 12.5 W when pumping with the diode 
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laser  array, and using the 4.75%T output  coupling mirror.  This estimate of the expected 

threshold  is  in  agreement  with  the  threshold  found  experimentally,  considering  the 

approximations made.

5.4.2  Laser spectra

Lasing has been observed centred at  wavelengths of 1060.6 nm and 1061.3 nm, and was 

spectrally unstable; the strongest output was always centred on a wavelength of 1060.6 nm. 

Lasing  in  distinct  bands  is  similar  to  the  behaviour  observed  when  pumping  with  the 

Ti:sapphire laser, but the bands are much narrower in this case. Figure 5.4.1 shows a typical 

laser  spectrum. The group of peaks centred at  a wavelength of 1060.6 nm are  separated 

consistently with an expected longitudinal  mode spacing of 0.0412 nm, though there is a 

peak missing between the strongest peak and the two weaker peaks.
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Figure 5.4.1:  Typical laser spectrum obtained from the 50 μm thick device using 
diode pumping.
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5.4.3  Slope efficiency

End-pumping through the laser cavity mirrors with the diode laser array was not ideal; at 

high pump powers the fluorinert fluid holding the mirrors was prone to boiling, causing the 

mirrors to slip or drop off. As a result of the complications introduced by end-pumping with 

high power levels, only one value of slope efficiency was obtained for diode pumping of the 

50 μm thick device. Figure 5.4.2 shows the slope efficiency plot obtained with a 12.86%T 

output coupling mirror. The laser output was dropping as the value of the last  point was 

taken, indicating that the mirror was in the process of slipping off and explaining why the 

point is not in line with others as expected. A slope efficiency of 11.2% was obtained with 

the 12.86%T output coupling mirror. From results with Ti:sapphire pumping, this value was 

expected  to  be  higher,  but  is  explainable  by  the  differences  in  pumping  geometry  and 

spectral properties. In particular, the spatial overlap of the pump and laser beams was quite 

good when pumping with the Ti:sapphire laser, whereas both the pump and laser beams are 

expected to be highly multimode in the case of diode pumping.
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Figure 5.4.2:  Slope efficiency obtained with diode pumping of the 50 μm thick 
device.
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5.4.4  Beam profile

Figure 5.4.3 shows a typical image of the  laser output beam profile recorded with a pump 

power level close to threshold (use of higher pump powers would have lead to saturation of 

the camera or overheating of filters). The laser output was highly multimode as expected, 

and filled the full thickness of the film in the guided direction. The beam profile was found 

to be unstable, and was also very sensitive to the launching position of the diode pump light.

50 m

guided
direction

unguided
direction

Figure 5.4.3:  Laser output  beam profile obtained from the 50 μm thick device 
using diode pumping.

5.4.5  Propagation losses

Figure 5.4.4 shows  the  results  of  the  Findlay-Clay  loss  experiment,  which  produces  an 

estimate of 0.79 dBcm-1 for the 50 μm thick device. This is twice the loss estimate obtained 

from Ti:sapphire pumping, and may indicate that the average loss of the entire film is higher 

than in some select areas. If only the last three points are used in the Findlay-Clay plot, an 
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estimate of 0.47 dBcm-1 is obtained for the loss, which is in much better agreement with the 

result obtained from Ti:sapphire pumping, and indicates that 0.79 dBcm-1 can be taken as an 

upper limit of the 50 μm thick device loss.
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Figure 5.4.4:  Findlay-Clay loss  experiment  results  for  the  50 μm thick  device 
using diode pumping.

5.4.6  Conclusions

● Unfortunately,  the  50 μm thick device  could  not  be double  side-pumped with 

diode laser arrays. However, the less ideal end-pumping geometry has been used 

and lasing has been observed with a minimum threshold of 7.44 W obtained with 

a 2.00% transmittance output coupling mirror.

● Lasing in distinct  spectral  regions occurred,  as was the case  with Ti:sapphire 

pumping.

● A slope efficiency of 11.2% was obtained with a 12.86% transmittance output 

coupling mirror.
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● The laser output was highly multimode and the spatial overlap of the pump and 

laser beams is expected to have been poor. Future work involving multilayered 

film geometries is expected to overcome this problem.

● An upper limit of 0.79 dBcm-1 was obtained for the average loss over the entire 

film.

5.5  Self-imaging

A  Nd:GGG  film  was  fabricated  with  a  YAG  capping  layer  to  observe  the  effect  of 

self-imaging in a symmetric  waveguide. The Nd:GGG film was face-polished at  a  slight 

angle before deposition of the YAG capping layer, to allow different thicknesses to be tested 

in one device; the film thickness was about 27 μm after polishing. Subsequent to deposition 

of the YAG capping layer, the sample end faces were polished at a slight angle to allow 

slightly different lengths to be tested in one device.

5.5.1  Beam profiles

A Ti:sapphire  laser  beam was used to  test  the  self-imaging properties  of  the  device  (in 

collaboration  with  J. Wang,  ORC,  University  of  Southampton);  the  beam was  focussed 

tightly  with  a  microscope  objective  lens  to  ensure  that  highly  multimode  propagation 

occurred.  The  launching  position  was  changed  so  that  propagation  occurred  through 

different thicknesses and across different lengths of the waveguide, and the wavelength of 

the Ti:sapphire laser was tuned. The output profile of the transmitted Ti:sapphire laser beam 

changed as these  three  parameters  were  adjusted.  Figure 5.5.1 shows an example output 

profile of the Ti:sapphire laser beam when the conditions were not suitable for self-imaging 

to occur, in this case the output was highly multimode in the guided direction. Figure 5.5.2 

shows an example  output  profile  of  the  Ti:sapphire  laser  beam when the  conditions  for 

self-imaging were met, in this case the output was single-mode in the guided direction and a 

launched spot size of 6 μm in diameter was reproduced (in terms of the self-imaged guided 

direction) at the output face.
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27 m

guided
direction

unguided
direction

Figure 5.5.1:  Beam profile of multimode propagation of a Ti:sapphire laser beam 
through the YAG capped device.

27 m

guided
direction
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direction

Figure 5.5.2:  Beam profile  of  self-imaged  propagation  of  a  Ti:sapphire  laser 
beam through the YAG capped device.

5.5.2  Conclusions

● The effect of self-imaging was observed in a YAG capped device.

● A device with the correct length and thickness for self-imaging at a wavelength 

of 1060.6 nm (for example, 8 mm in length and a thickness of 66 μm) may be 

used as an amplifier that can be pumped by high-power diode laser arrays and 

reproduce the modal properties of the signal beam at the output face.
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5.6  Conclusions summary

● A series of Nd:GGG films have been grown and successfully used as devices, 

proving the potential of garnet films deposited by PLD.

● Structural, compositional and optical analysis of the films have shown that they 

have qualities approaching bulk crystal.

● Lasing was achieved in two devices using Ti:sapphire pumping, and lasing was 

achieved in one of the devices that was subsequently pumped with a laser diode 

array.

● Both  laser  devices  displayed  very  low  propagation  losses,  among  the  lowest 

obtained to date for films fabricated using a deposition based technique.

● The effect of self-imaging was observed in a YAG capped device.
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Chapter 6

YbAG and other Garnet 
Film Results

6.1  Introduction

The growth of YbAG and several other garnets is discussed in this chapter. The YbAG film 

was grown to test the possibility of using highly doped thick garnet films as thin-disk lasers. 

A  material  analysis  of  the  YbAG  is  presented  along  with  the  results  from  laser  trial 

experiments.  A material  analysis  of  some other  garnet  films is  also  discussed  here;  the 

growth of other garnets (using the same deposition conditions as used for Nd:GGG) has 

proven the potential of the current setup and opens up possibilities for future work. Finally, 

the results from a first attempt at a four-layer geometry are presented and the conclusions 

that can be drawn from all of the films discussed in this chapter are summarised.

6.2  YbAG film results

The YbAG crystal target was too thin to risk polishing so the YbAG film was deposited in a 

single  6 hour  growth  run.  The  rate  and  size  of  particulate  deposition  could  be  seen  to 

increase significantly after about 3 hours of deposition. Unfortunately, the thick YbAG film 

cracked into two pieces halfway through deposition, but since it remained in the holder the 
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growth run was continued. The two pieces were at different temperatures for the second half 

of the growth run and are referred to hereafter as piece A and B (piece A was hotter than 

piece B  for  the  remainder  of  the  growth  run  after  cracking  occurred).  The  YbAG film 

thickness was 18 ± 2 μm after parallel polishing was performed.

6.2.1  X-ray diffraction spectra

Figures 6.2.1, 6.2.3 and 6.2.5 show XRD spectra of a thin YbAG film, piece A of the thick 

YbAG film and piece B of the thick YbAG film respectively. Figures 6.2.2 and 6.2.4 show 

some expanded views of the peaks from the XRD spectra of the thin YbAG film and piece A 

of the thick YbAG film respectively so that the FWHM can be seen clearly. Tables 6.2.1, 

6.2.2 and 6.2.3 summarise various properties of the spectra. In the case of the thick YbAG 

film  spectra,  D-spacing  values  have  been  normalised  using  the  positions  of  the  YAG 

substrate peaks from a scan of a blank YAG substrate that was analysed under the same 

conditions as the thick YbAG film.
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Figure 6.2.1:  XRD spectrum of a thin YbAG film.
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Figure 6.2.2:  Expanded views of the XRD peaks of a thin YbAG film.
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Figure 6.2.3:  XRD spectrum of a thick YbAG film (piece A).
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Figure 6.2.4:  Expanded  views  of  the  XRD  peaks  of  the  thick  YbAG  film 
(piece A).

  

In
te

ns
ity

 (c
ou

nt
s)

 

0 

1500 

2θ  (degrees) 

10 20 30 40 50 60 70 80 

YbAG (800) 

YbAG (400) 

Figure 6.2.5:  XRD spectrum of the thick YbAG film (piece B).
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Crystal 
(orientation)

2θ 
(degrees)

FWHM 
(degrees)

D-spacing 
(Å)

Normalised 
D-spacing (Å)

Database 
D-spacing (Å)

YbAG (400) 29.462 0.09 3.029 3.024 2.9847 [56]
YbAG (800) 61.202 0.27 1.513 1.511 1.4923 [56]
YAG substrate (400) 29.710 0.06 3.005 - 3.0015 [42]
YAG substrate (800) 61.718 0.07 1.502 - 1.5008 [42]

Table 6.2.1:  Summary of the thin YbAG film XRD spectrum properties.

Crystal 
(orientation)

2θ 
(degrees)

FWHM 
(degrees)

D-spacing 
(Å)

Normalised 
D-spacing (Å)

Database 
D-spacing (Å)

YbAG (400) 29.589 0.08 3.017 3.013 2.9847 [56]
YbAG (800) 61.388 0.10 1.509 1.507 1.4923 [56]
YAG substrate (400) 29.719 0.07 3.004 - 3.0015 [42]
YAG substrate (800) 61.743 0.08 1.501 - 1.5008 [42]

Table 6.2.2:  Summary  of the  thick  YbAG  film  (piece A)  XRD  spectrum 
properties.

Crystal (orientation) 2θ 
(degrees)

D-spacing 
(Å)

Normalised 
D-spacing (Å)

Database 
D-spacing (Å)

YbAG (400) 29.632 3.012 3.008 2.9847 [56]
YbAG (800) 61.413 1.508 1.507 1.4923 [56]
YAG substrate (400) 29.719 3.004 - 3.0015 [42]
YAG substrate (800) 61.743 1.501 - 1.5008 [42]

Table 6.2.3:  Summary  of  the  thick  YbAG  film  (piece B)  XRD  spectrum 
properties.

As in the case of the Nd:GGG films, the shift of the normalised D-spacings is attributed to 

the effects of deficient stoichiometry, and is significantly greater than would be expected 

from predictions using thermal expansion mismatch. The normalised  D-spacing values for 

the thin YbAG film are shifted by 1.3% for both the (400) and (800) orientations, whereas 

the values for piece A of the thick YbAG film are shifted by 0.94% and 1.0% for the (400) 

and  (800)  orientations  respectively.  This  difference  in  shift  between  the  thin  and  thick 

YbAG films is thought to be due to relaxation of the lattice away from the film-substrate 

boundary. The thin YbAG film (400) peak FWHM compares well  to the YAG substrate 

(400) peak but the thin YbAG film (800) peak FWHM is significantly worse. The (400) and 

(800) peak FWHM of piece A of the thick YbAG film however both compare very well to 

the blank YAG substrate peak FWHM. This strongly suggests that increasing film thickness 

allows the crystal lattice to relax, and also suggests that the stoichiometry is close to bulk for 

piece A of the thick YbAG film.
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The  significant  decrease  in  the  intensity  of  X-ray  diffraction  from piece B of  the  thick 

YbAG film compared to piece A indicates that the decrease in temperature in the second 

half of the growth run was enough to prevent good quality crystal growth. It is possible that 

the main peaks observed are due to diffraction from the layer of crystal grown before the 

sample cracked.

6.2.2  Energy dispersive X-ray analysis

A thin YbAG film was analysed using the EDX technique, and a piece of bulk crystal was 

analysed at the same time under the same conditions. Figure 6.2.6 shows an example of an 

EDX spectrum of a YbAG film.
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Figure 6.2.6:  EDX spectrum of YbAG.

It was not possible to analyse the thick YbAG film because the carbon coating would have 

affected its performance as a device. As was the case for EDX analysis of Nd:GGG and 

YAG, the  results  for  oxygen content  were  too inaccurate  to be of  use.  The sample  was 

analysed five times at different locations on the sample surface and an average was taken of 
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the results. Since the oxygen content results were unreliable, only the ratios of the elements 

ytterbium and aluminium are presented below in table 6.2.4. The error was estimated from 

the results of the analysis of bulk crystals.

Sample analysed Ratio of elements other than oxygen
Thin YbAG film Yb3Al4.6 ± 0.2

Bulk YbAG Yb3Al5.2 ± 0.2

Table 6.2.4:  EDX results for the thin YbAG film.

The ratio of ytterbium to aluminium in the thin YbAG film is very close to bulk crystal. If it 

is assumed that the stoichiometry of the film does not change significantly with thickness (as 

was the case for Nd:GGG films), this suggests that as film thickness is increased, the film 

(800) XRD peak only narrows to have a FWHM close to the substrate (800) peak if the 

stoichiometry is close to bulk (i.e. nearly all of the crystal lattice sites are occupied).

6.2.3  Absorption spectra

Both pieces of the thick YbAG film and the backs of the substrate were face-polished in 

preparation  for  lasing  experiments;  this  also  allowed  them  to  be  analysed  with  a 

spectrophotometer. Figure 6.2.7 shows the absorption spectra for the two pieces of YbAG 

film in the IR wavelength range, and figure 6.2.8 shows the absorption spectrum of the thick 

YbAG film in  the  visible  range  (which  was  the  same for  both  pieces).  The  absorption 

spectra are plotted so that the absorption coefficient can be read directly from the graph, 

however since it depends on the thickness measurement it carries the same error of ± 11%. 

A polished blank YAG substrate was also scanned to allow the Fresnel reflections and small 

absorption in the YAG substrate to be taken into account. Both spectra include a comparison 

to bulk YbAG crystal and the visible spectrum includes a comparison to bulk YbAG crystal 

with the ytterbium in the 2+ and 3+ valence states. The absorption spectra for bulk YbAG 

crystal have been taken from a report of a crystal that was grown by the Czochralski method 

[38]. It was found that annealing was required to change the valence state of the ytterbium in 

this crystal from the 2+ to the 3+ valence state.
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Figure 6.2.7:  IR wavelength range absorption spectrum of the two pieces of thick 
YbAG film compared to bulk YbAG crystal [38].
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None of the thick YbAG film IR absorption peaks appear to be shifted,  but  the relative 

height of the peaks is not the same as bulk. The height of the absorption peak for piece B of 

the thick YbAG film at 975.5 nm is significantly different from bulk. This is attributed to the 

incorrect  substrate  temperature  in  the  second  half  of  the  growth  run  after  cracking had 

occurred. The incorrect growth temperature has caused the crystal to grow differently so that 

the crystal field around the ytterbium ions is significantly different from bulk crystal and the 

spectroscopic properties have been altered.

The height of the absorption peak at 968.5 nm is also significantly higher than bulk for both 

pieces of thick YbAG film. The absorption peaks at 1030 nm and around 940 nm are all 

lower than bulk, and these are of particular significance because they represent the laser and 

pump  transitions  respectively  (for  the  laser  energy  level  scheme  whose  operation  was 

attempted). The difference in the heights of these peaks may be an indication that the film is 

ytterbium deficient, or some of the ytterbium may be in the 2+ valence state. Absorption in 

the visible wavelength range is higher than bulk and the small peak at 600 nm supports the 

proposition that some of the ytterbium ions may be in the 2+ valence state. The occurrence 

of ytterbium ions in the 2+ valence state could be caused by an oxygen deficiency in the 

film, and the spectroscopy of future YbAG films may be improved by increasing the oxygen 

pressure used when depositing.

6.2.4  Laser experiments

Laser trial experiments were performed (in collaboration with P. Wang, ORC, University of 

Southampton) with both pieces of the thick YbAG film. The parallelism of the interfaces of 

both  pieces  wasn't  good enough for  the  coupled-cavity  setup  to  be  effective.  Numerous 

attempts were made with the Brewster-angle-cavity setup but lasing was not achieved in 

either piece of the thick YbAG film. The possibilities for why lasing could not be achieved 

are summarised below. It is also worth noting at this point that it was not possible to obtain a 

fluorescence spectrum from either of the YbAG film pieces. This was partly due to limiting 

factors in the experimental setup (care had to be taken not to allow the intense pump light 

into the optical spectrum analyser), but may also be a symptom of a non-optimal setup.
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● The threshold for lasing may be above the level of pump power available. The 

threshold  was  estimated  (by P. Wang,  ORC,  University  of  Southampton)  and 

thought to be about 10 W of incident power, meaning there should have been 

enough power available. But, unknown properties of the film had to be replaced 

by bulk properties to get an estimate and this may make the estimate unreliable.

● Cooling  of  the  films  may  not  have  been  sufficient  to  prevent  significant 

reabsorption loss. The size of the films made them difficult to attach to heat sinks 

and the Brewster-angle-cavity setup meant that the films only had contact with 

the heat sink at the edges. This may have allowed a hot-spot to develop where the 

pump light was focussed into the films.

● Some of  the  ytterbium might  be  in  the  2+ valence  state  as  suggested  by the 

absorption spectra. Annealing has been shown to convert ytterbium ions to the 

3+ valence state [38], but annealing of films may lead to cracking.

● The alignment of the cavity mirrors may not have been good enough to allow 

lasing to occur. When focussing tightly into the film, producing a gain region 

about 20 μm in diameter, it is hard to align the cavity mirrors so that a resonant 

path crosses such a small area. Optimisation of a cavity is easiest to do when a 

sample is lasing because the threshold can be used as a measure of optimisation.

6.2.5  Conclusions

● A YbAG film with a thickness of 18 ± 2 μm was fabricated.

● The film displayed excellent quality crystallinity and the ratio of ytterbium to 

aluminium in a thin film grown with the same conditions was close to the ratio in 

bulk YbAG crystal.

● The absorption properties of the film differed from bulk YbAG crystal and this 

may be an indication that some of the ytterbium is not in the 3+ valence state.

● Lasing attempts were unsuccessful to date, and some of the possibilities for why 

lasing could not be achieved have been discussed.
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6.3  Other garnet film results

A selection of other garnet crystals were grown to prove the potential of the current setup 

and growth conditions. All of the films were deposited on 1 mm thick YAG substrates in 

single growth runs lasting 30 minutes each.

6.3.1  X-ray diffraction spectra

Figures 6.3.1, 6.3.3, 6.3.5 and 6.3.7 show XRD spectra of thin films of YGG, Nd,Cr:YSAG, 

Cr:GSAG and Nd,Cr:GSGG respectively,  and  figures 6.3.2,  6.3.4,  6.3.6 and  6.3.8 show 

some expanded views of the peaks from the spectra so that the FWHM can be seen clearly. 

Various properties of the spectra are summarised in table 6.3.1 and the  D-spacing values 

have been normalised using the positions of the YAG substrate peaks.
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Figure 6.3.1:  XRD spectrum of a thin YGG film.
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Figure 6.3.2:  Expanded views of the XRD peaks of a thin YGG film.
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Figure 6.3.3:  XRD spectrum of a thin Nd,Cr:YSAG film.
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Figure 6.3.4:  Expanded views of the XRD peaks of a thin Nd,Cr:YSAG film.
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Figure 6.3.5:  XRD spectrum of a thin Cr:GSAG film.
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Figure 6.3.6:  Expanded views of the XRD peaks of a thin Cr:GSAG film.
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Figure 6.3.7:  XRD spectrum of a thin Nd,Cr:GSGG film.
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Figure 6.3.8:  Expanded views of the XRD peaks of a thin Nd,Cr:GSGG film.

Crystal 
(orientation)

2θ 
(degrees)

FWHM 
(degrees)

D-spacing 
(Å)

Normalised 
D-spacing (Å)

Database 
D-spacing (Å)

YGG (400) 29.095 0.19 3.067 3.095 3.0682 [43]
YGG (800) 59.762 0.42 1.546 1.551 1.5341 [43]
YAG substrate (400) 30.036 0.06 2.973 - 3.0015 [42]
YAG substrate (800) 62.017 0.07 1.495 - 1.5008 [42]
Nd,Cr:YSAG (400) 29.031 0.07 3.073 3.069 3.0677 [44]
Nd,Cr:YSAG (800) 60.176 0.09 1.537 1.535 1.5339 [44]
YAG substrate (400) 29.720 0.07 3.004 - 3.0015 [42]
YAG substrate (800) 61.733 0.07 1.501 - 1.5008 [42]
Cr:GSAG (400) 28.378 0.07 3.143 3.136 3.0972 [53]9

Cr:GSAG (800) 58.730 0.12 1.571 1.569 1.5486 [53]9

YAG substrate (400) 29.700 0.06 3.006 - 3.0015 [42]
YAG substrate (800) 61.740 0.06 1.501 - 1.5008 [42]
Nd,Cr:GSGG (400) 28.014 0.07 3.183 3.178 3.1360 [54]
Nd,Cr:GSGG (800) 57.917 0.13 1.591 1.589 1.5680 [54]
YAG substrate (400) 29.716 0.06 3.004 - 3.0015 [42]
YAG substrate (800) 61.725 0.06 1.502 - 1.5008 [42]

Table 6.3.1:  Summary of the different thin garnet film XRD spectra properties.

9 The only crystallographic data available was for Gd2.91Sc1.80Al3.15O11.80 and this has been used as an 
approximation of GSAG.
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The shifts of the normalised D-spacings relative to database values for each film are shown 

in table 6.3.2. The shift of the Nd,Cr:YSAG D-spacings is the smallest shift seen for any 

film grown so far, and this makes sense because YSAG has the closest composition to YAG 

and is likely to have the smallest thermal expansion mismatch (no data was available for the 

thermal expansion coefficient of YSAG at the time of writing) and the highest compatibility 

with growth on YAG.

Crystal (orientation) Shift of normalised D-spacing 
relative to the database value

YGG (400) 0.88%
YGG (800) 1.1%
Nd,Cr:YSAG (400) 0.033%
Nd,Cr:YSAG (800) 0.065%
Cr:GSAG (400) 1.3%
Cr:GSAG (800) 1.3%
Nd,Cr:GSGG (400) 1.3%
Nd,Cr:GSGG (800) 1.3%

Table 6.3.2:  Summary  of  the  shifts  of  the  normalised  D-spacings  relative  to 
database values for the alternative garnet films.

The YGG XRD film peaks are significantly broadened and the (800) peak is worse affected. 

This indicates the stoichiometry is more deficient than previously discussed films and could 

also be due to the interception of defects at the film-substrate boundary. The Nd,Cr:YSAG 

peak FWHM are the smallest  observed for a film so far  and are very close to the YAG 

substrate peaks. This is an indication that the Nd,Cr:YSAG film is relatively free of defects 

at  the  film-substrate  boundary  and  has  a  stoichiometry  very  close  to  bulk  YSAG.  The 

Nd,Cr:GSAG and Nd,Cr:GSGG peak FWHM are close to the YAG substrate peaks, but the 

(800) peak FWHM are slightly worse than the (400) peak FWHM, indicating that the film 

stoichiometries are slightly deficient.

6.3.2  Energy dispersive X-ray analysis

EDX analysis was performed on all  of the films. Figures 6.3.9,  6.3.10,  6.3.11 and  6.3.12 

show  example  EDX  spectra  of  YGG,  Nd,Cr:YSAG,  Cr:GSAG  and  Nd,Cr:GSGG 

respectively.
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Figure 6.3.9:  EDX spectrum of YGG.
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Figure 6.3.10:  EDX spectrum of Nd,Cr:YSAG.
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Figure 6.3.11:  EDX spectrum of Cr:GSAG.
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Figure 6.3.12:  EDX spectrum of Nd,Cr:GSGG.
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As was the case for previously displayed EDX analysis, the results for oxygen content were 

too inaccurate to be of use. The samples were analysed five times at different locations on 

the sample surfaces and an average was taken of the results. Since the oxygen content results 

were unreliable, only the ratios of the elements other than oxygen are presented below in 

table 6.3.3. The error was estimated from the results of the analysis of bulk crystals.

Sample analysed Ratio of elements other than oxygen
YGG film Y3Ga3.1 ± 0.2

Bulk YGG Y3Ga3.4 ± 0.2

Nd,Cr:YSAG film Y3Sc1.1 ± 0.2Al3.4 ± 0.2

Bulk Nd,Cr:YSAG Y3Sc1.3 ± 0.2Al4.1 ± 0.2

Cr:GSAG film Gd3Sc1.9 ± 0.2Al2.9 ± 0.2

Bulk Cr:GSAG Gd3Sc2.0 ± 0.2Al3.3 ± 0.2

Nd,Cr:GSGG film Gd3Sc1.9 ± 0.2Ga2.2 ± 0.2

Bulk Nd,Cr:GSGG Gd3Sc2.1 ± 0.2Ga3.1 ± 0.2

Table 6.3.3:  EDX results for the thin YbAG film.

The YGG film is gallium deficient, but the bulk crystal also appears to be gallium deficient 

so the target is likely to be partly to blame. The YSAG target is scandium deficient, but it 

appears that the stoichiometry has been made up with extra aluminium instead so that the 

crystal still has a garnet stoichiometry. With this in mind, it appears that the Nd,Cr:YSAG 

film is slightly aluminium deficient.  The stoichiometry of elements other than oxygen in 

Cr:GSAG film is very close to bulk and in terms of composition, represents the best film 

grown so far. The Nd,Cr:GSGG film is slightly gallium deficient relative to the bulk crystal. 

The relative deficiencies in film stoichiometries fit  with the relative broadening of XRD 

peaks;  YGG was  the  worst  affected,  followed by GSGG, GSAG and YSAG. Scandium 

seems to be retained through the deposition process more than aluminium or gallium, and 

from all of the EDX analysis it appears that aluminium is retained more than gallium.

6.3.3  Conclusions

● The potential of the current setup and growth conditions has been proven by the 

growth of several different garnet crystal films.

● The films were all found to be highly textured crystal and had compositions close 

to bulk crystals (allowing for some deficient target crystals).
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● The results  from XRD and EDX analysis may suggest that  quaternary garnets 

grow with a higher quality than ternary garnets.

6.4  Multilayer film results

A four-layer  film geometry was  grown in  preparation  for  future  work.  The  layers  were 

deposited in single 20 minute growth runs, and the thickness of each layer varied as a result 

of  the  slightly  different  absorption  properties  of  the  garnets  deposited.  To  simulate  a 

cladding-pumped geometry, a core layer of Nd,Cr:GSGG was grown with YGG cladding 

layers and a YAG capping layer. Laser trial experiments have not been attempted yet.

6.4.1  Scanning electron microscopy

Figure 6.4.1 shows  a  SEM  image  of  the  multilayers  where  the  layers  can  be  clearly 

distinguished.  The  YGG  has  grown  with  a  slightly  higher  deposition  rate  than  the 

Nd,Cr:GSGG and YAG layers. The YGG layers are both about 2.1 μm thick whereas the 

Nd,Cr:GSGG and YAG layers are about 1.4 μm thick.

YGG

YAG

Nd,Cr:GSGG

YGG

film
layers{

YAG substrate

Magnification = 10,000 × 5 m

Figure 6.4.1:  SEM image of the multilayers.
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6.4.2  X-ray diffraction spectra

Figures 6.4.2 and  6.4.3 shows an XRD spectrum and  some expanded views of the peaks 

respectively of the multilayer film of YGG, Nd,Cr:GSGG and YAG.
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Figure 6.4.2:  XRD spectrum of  a  multilayer  film of  YGG,  Nd,Cr:GSGG and 
YAG.
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Figure 6.4.3:  Expanded views of the XRD peaks of a multilayer film of YGG, 
Nd,Cr:GSGG and YAG.

Various properties of the spectrum are summarised in table 6.4.1 and the D-spacing values 

have been normalised using the positions of the YAG substrate peaks.

Crystal 
(orientation)

2θ 
(degrees)

FWHM 
(degrees)

D-spacing 
(Å)

Normalised 
D-spacing (Å)

Database 
D-spacing (Å)

Nd,Cr:GSGG (400) 27.982 0.07 3.186 3.179 3.1360 [54]
Nd,Cr:GSGG (800) 57.894 0.14 1.592 1.589 1.5680 [54]
YGG cladding (400) 28.746 0.09 3.103 3.097 3.0682 [43]
YGG cladding (800) 59.573 0.17 1.551 1.548 1.5341 [43]
YAG cap (400) 29.382 0.08 3.037 3.031 3.0015 [42]
YAG cap (800) 60.968 0.21 1.518 1.516 1.5008 [42]
YAG substrate (400) 29.700 0.05 3.006 - 3.0015 [42]
YAG substrate (800) 61.723 0.06 1.502 - 1.5008 [42]

Table 6.4.1:  Summary of the multilayer film of YGG, Nd,Cr:GSGG and YAG 
XRD spectrum properties.

The shifts of the normalised D-spacings relative to database values for each layer are shown 

in table 6.4.2.
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Crystal (orientation) Shift of normalised D-spacing 
relative to the database value

Nd,Cr:GSGG (400) 1.4%
Nd,Cr:GSGG (800) 1.3%
YGG cladding (400) 0.95%
YGG cladding (800) 0.91%
YAG cap (400) 0.97%
YAG cap (800) 1.0%

Table 6.4.2:  Summary  of  the  shifts  of  the  normalised  D-spacings  relative  to 
database values for the multilayer film.

The shifts of the normalised D-spacings for each layer of the multilayer film are similar to 

the shifts observed for single-layer films of the same crystals. This indicates that the layers 

have grown similarly to the previous single-layer thin films. The areas under the peaks are 

representative of the total intensity of X-rays diffracted from each type of garnet and should 

be proportional to the thickness of each type of garnet and the depth below other layers. 

Each group of peaks fit this proposition; the YGG has caused the most intense diffraction 

because there  are  two layers  and they are both thicker  than the YAG and Nd,Cr:GSGG 

layers, whereas the YAG capping layer and the Nd,Cr:GSGG core layer have caused the 

next  highest  intensity  of  diffraction  and  finally  the  YAG substrate  has  caused  the  least 

intense diffraction because it is close to half the maximum penetration depth of X-rays.

The FWHM of the (400) peaks are all comparable to the YAG substrate peak but as has 

been observed for previous films the (800) peaks are broader than the YAG substrate peak. 

This is due to the interception of defects at the layer boundaries and also indicates that the 

layers  are  likely  to  have slightly  deficient  stoichiometries  as  was observed  for  previous 

single-layer thin films. The YGG layers appear to be of a higher quality than the previously 

grown single-layer  YGG thin  film,  this  may be  due  to  a  small  difference  in  the  target 

alignment between the depositions.

6.4.3  Energy dispersive X-ray analysis

The YAG capping layer was analysed and found to have the same ratio  of  ytterbium to 

aluminium as the previously analysed thick Nd:GGG film YAG capping layer, Y3Al4.0 ± 0.2. 

The resolution of the EDX apparatus was not fine enough to analyse the layers separately, 

but an alternative mode of operation, line-scan mode, allowed the layers to be analysed and 
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the relative occurrence of each element across the layers to be seen (though the line-scan is 

still resolution limited). Figure 6.4.4 shows the results from the EDX line-scan across the 

multilayers (perpendicular to the layer planes).
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Figure 6.4.4:  EDX line-scan perpendicular to the multilayer film planes.

The layer thicknesses appear to be slightly bigger than the SEM image of the multilayers 

suggested, this is due to a small amount of sample movement (caused by charging) which 

has stretched the line-scan data. Aluminium has been found in the YAG capping layer and 

the YAG substrate, and the response from the capping layer is less than from the substrate, 

in line with the slightly deficient stoichiometry of the capping layer. Yttrium has been found 

in  the  YAG capping  layer,  the  YGG cladding  layers  and  the  YAG substrate,  and  the 

response from the layers is slightly less than from the substrate, indicating that the layers 

may be slightly yttrium deficient.  Scandium and gadolinium has  only been found in the 

Nd,Cr:GSGG layer, as expected. Gallium has been found in the YGG cladding layers and 

the Nd,Cr:GSGG core layer, and the response is slightly less in the Nd,Cr:GSGG layer, as 

expected.
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6.4.4  Conclusions

● A four-layer garnet crystal geometry has been fabricated by PLD, the first to date 

to the best of our knowledge.

● The layers were all  found to be highly textured crystal  and had compositions 

close to bulk.

6.5  Conclusions summary

● The fabrication of a thick YbAG film, a four-layer garnet crystal geometry and a 

range  of  different  garnet  crystals  has  opened  up  the  potential  for  device 

applications from garnet films grown by PLD.

● The films were all found to be highly textured crystal and had stoichiometries (of 

elements other than oxygen) close to bulk crystals.

● It is thought that the difficulties with laser experiments with the thick YbAG film 

may be remedied by the growth of a thicker film (effectively desensitising the 

laser operation to alignment), the use of a dopant other than ytterbium, such as 

erbium, or operation in pulsed mode to reduce thermal effects.

● The results from XRD and EDX analysis may suggest that quaternary garnets are 

a brighter prospect than ternary garnets in terms of crystal quality.
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Chapter 7

Conclusions and Future 
Work

7.1  Introduction

A summary of the conclusions made throughout this thesis is presented here along with a 

discussion of future work that may be undertaken with garnet films fabricated by PLD, and 

the future directions of the PLD research group.

7.2  Conclusions summary

7.2.1  Conclusions from introductory chapters

In Chapter 2, an overview of the results obtained to date from optically waveguiding films 

grown by PLD was presented, and the benchmark for measuring the quality of current films 

was set in terms of film thickness, propagation loss and device capability. Also, a discussion 

of alternative fabrication techniques highlighted the advantages and disadvantages of using 

PLD, and set the benchmarks for measuring the quality of current films relative to some of 
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the best results obtained using other fabrication techniques. The main competitors to PLD, 

for the fabrication of thick garnet crystal films and multilayers, were found to be LPE and 

direct bonding.

In Chapter 3, an overview of the theoretical aspects of PLD, planar waveguides and lasers 

was presented. Some of the problems that must be overcome to realise high quality films 

from PLD, and the reasoning behind the various different device geometries reported in this 

thesis were discussed.

In Chapter 4, the experimental techniques required for PLD, the preparation of waveguides 

and subsequent laser experiments were presented. An improved substrate holder design was 

described, and deposition using multiple growth runs and target reconditioning was found to 

be  a  route  to  thick  film  growth  without  the  occurrence  of  particulates  increasing 

significantly.  The  use  of  1 mm thick  substrates  was  found  to  allow  thicker  films  to  be 

polished without the problems of substrate cracking.

7.2.2  Conclusions from results chapters

In  Chapter 5,  the  results  from a  series  of  Nd:GGG devices  were  presented.  Structural, 

compositional and optical analysis of the Nd:GGG films have shown that they have qualities 

approaching bulk crystal.  XRD analysis  has  found that  the  films are  all  highly textured 

crystal, and suggests that the crystal lattice relaxes slightly and the occurrence of defects 

decreases as films get thicker.  The (800) XRD peaks were found to be a more sensitive 

measure of crystal quality than the (400) XRD peaks. The crystal lattice size of films was 

found to be shifted depending on the thickness of the substrate used. This is thought to be 

due  to  stress  in  the  film  as  a  result  of  the  slightly  deficient  crystal  structure  and 

stoichiometry, and the effect  of thermal expansion mismatch may also be adding to this 

stress,  though the  stress  observed  in  the  films is  significantly  greater  than  predicted  by 

thermal  expansion  mismatch  alone.  Cracking  at  the  polishing  stage  of  waveguide 

preparation (thought  to be due to the stress in the films) was the limiting factor for the 

successful preparation of devices fabricated throughout the course of the project. EDX and 

RBS analysis have found the composition of Nd:GGG films to be slightly gallium deficient 

and EDX analysis  has  found the  composition  of  the  YAG capping layers  to  be  slightly 

aluminium deficient. The Nd:GGG film absorption and fluorescence peaks were broadened 

and sometimes shifted, and this is thought to be due to the slightly deficient crystal structure 

and stoichiometry.
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Lasing  was  achieved  in  40 μm thick  and  50 μm  thick  Nd:GGG films  using  Ti:sapphire 

pumping,  and  subsequently,  lasing  was  achieved  in  the  50 μm thick  film  when  it  was 

pumped by a diode laser array. The minimum threshold pump powers were 17.8 mW and 

27.4 mW for the 40 μm thick and 50 μm thick devices respectively, when using Ti:sapphire 

pumping, and a minimum threshold of 7.44 W was found for the 50 μm thick device pumped 

by the diode laser array. Slope efficiencies of 12.5% and 17.5% were obtained for the 40 μm 

thick device, and 14.6% and 32.0% were obtained for the 50 μm thick device when using 

Ti:sapphire pumping. A slope efficiency of 11.2% was obtained for the 50 μm thick device 

pumped by the diode laser array.

Multimode output  was observed  from the  40 μm thick device,  whereas  single-mode and 

multimode  output  was  observed  from  the  50 μm  thick  device  when  using  Ti:sapphire 

pumping and diode pumping respectively. Loss estimates of 0.095 dBcm-1 and 0.094 dBcm-1 

were obtained for the 40 μm thick device, and 0.37 dBcm-1 and 0.31 dBcm-1 were obtained 

for the 50 μm thick device, from the results with Ti:sapphire pumping.  An upper limit of 

0.79 dBcm-1 was obtained for the average loss over the entire film, from the results with 

diode  pumping.  Also,  a  YAG  capped  device  allowed  the  effect  of  self-imaging  to  be 

observed.  The  results  from  the  thick  Nd:GGG  films  have  shown  that  the  method  of 

fabricating  thick  films  by  multiple  growth  runs  is  capable  of  producing  devices  with 

properties approaching bulk crystal.

In Chapter 6, the results from a thick YbAG film, a four-layer garnet crystal geometry, and a 

range  of  different  garnet  crystals  were  discussed.  A  YbAG  film  with  a  thickness  of 

18 ± 2 μm was fabricated. The film displayed excellent quality crystallinity and the ratio of 

ytterbium to aluminium in a thin film grown with the same conditions was close to the ratio 

in bulk YbAG crystal. The absorption properties of the thick film differed from bulk YbAG 

crystal, and this may be an indication that some of the ytterbium is not in the 3+ valence 

state. Lasing attempts to date have been unsuccessful with the YbAG film, and some of the 

possibilities for why lasing could not be achieved were discussed.

All  of  the  alternative  garnet  crystals  were  found  to  be  highly  textured  crystal  and  had 

stoichiometries  (of  elements  other  than oxygen) close  to  bulk crystals.  The results  from 

XRD and EDX analysis may suggest that quaternary garnets grow with properties closer to 

bulk crystal than ternary garnets. Growth of all of the garnet films further to Nd:GGG have 

proven the potential of the current setup and deposition conditions, showing that PLD is a 

very attractive choice as a technique for the fabrication of thick and multilayer garnet crystal 

films.
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7.3  Future work with garnet crystal films

7.3.1  Multilayers and more ideal geometries

The structures of devices fabricated to date were not ideal geometries, and lasing was not 

attempted in the multilayer film; from a device point of view therefore, further work and 

optimisation is required before the full potential of garnet crystal films is realised. Due to 

the apparent limit in Nd:GGG film thickness imposed by cracking at the polishing stage of 

waveguide  preparation,  experiments  with  large  thicknesses  of  alternative  garnets  (with 

smaller  thermal expansion mismatches to YAG) need to be conducted. Alternatively, the 

deposition of buffer layers of alternative garnets before the growth of a thick Nd:GGG layer 

may allow the combination of YAG substrates and thick Nd:GGG films to still  be used. 

These experiments  are  essential  if  the  large film thicknesses  (60-70 μm) required for  an 

ideal  self-imaging  device  are  to  survive  the  polishing  process.  The  thin  four-layer  film 

reported here needs to undergo laser trial experiments, and multilayer structures with more 

ideal layer thicknesses are required to truly utilise the advantages presented by the use of 

diode laser arrays as pumps. A further step will be to go to six-layer geometries, but more 

experimentation will be required for this step if the desirable sapphire substrates are to be 

used.

7.3.2  Thick films used as thin-disk lasers

A first step for a possible improvement of the lasing capability of the thick YbAG film is to 

anneal it, though this may lead to complications with cracking. A set of YbAG films need to 

be grown at different temperatures and the absorption spectra compared to isolate what is 

happening with the valence state of the ytterbium ions. Other options are to attempt pulsed 

operation, which will suffer less from detrimental thermal effects, grow a thicker film with a 

lower  concentration  of  ytterbium,  making  lasing  less  sensitive  to  alignment,  or  attempt 

growth of an Er:YAG device, which may lase more easily because it can be operated as a 

four-level laser. The use of multilayers can also be applied to thin-disk lasers; a layer doped 

with a saturable absorber ion such as Cr4+ would allow Q-switching of a ytterbium based 

laser film [39].
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7.3.3  Novel doping structures and distributions

Rib waveguide lasers offer attractive advantages because light can be coupled to and from 

optical  fibres  with  relative  ease. Lasing  has  been  observed  in  buried  Ti:sapphire  rib 

waveguides  fabricated  on  films  grown  by  PLD  [28],  and  in  Nd:GGG  rib  waveguides 

fabricated  on  films  grown  by  LPE  [160].  It  should  be  possible  to  fabricate  buried  rib 

waveguide lasers from neodymium-doped garnet films. An investigation of other ways of 

creating useful doping structures and distributions, or variation of the dopant concentration 

with film thickness is  also a possibility.  For example, the use of a mask in front  of the 

substrate may allow ribs or sections of film with a saturable absorber dopant such as Cr4+ to 

be fabricated without  the need for post-deposition processing. In such an experiment the 

definition of the patterns of film deposited will depend on the distance of the mask from the 

substrate, making the experiment quite challenging.

7.4  Future work and directions for the pulsed laser 

deposition research group

7.4.1  New materials to be considered

The potential of glass coatings and films has not yet been fully realised due to problems 

with  the  quality  of  film growth.  Glass  could  be  used  as  a  coating  for  various  different 

applications such as capping layers, and with optimal growth conditions, PLD could be a 

good way of depositing glass layers quickly and with relative ease. Glass could also be used 

as a thin film material for planar waveguide devices such as amplifiers and lasers, and the 

isotropic properties of glass should make it an easy material to grow because of the absence 

of the constraints presented by crystal properties.

Growth  of  ferroelectric  films  on silicon  is  an  interesting  prospect,  and  may have  many 

applications if it can be perfected. Silicon has been widely used to fabricate MEMS devices. 

However, actuation of silicon based devices is not ideal because of the dependence on the 

Coulombic force. Coulomb's law has an inverse square dependence upon distance/radius, 

making very small actuating devices based on silicon difficult to control without crashing 

the devices and rendering them stuck. Actuating devices based upon a ferroelectric material, 
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such as lithium niobate, depend upon the piezoelectric effect, which is linear and hence far 

simpler to control. However, since lithium niobate has poor electrical conduction properties, 

electrical  circuitry  of  a  different  material  is  required  to  support  and  control  devices.  A 

combination  of  the  electrical  properties  of  silicon  with  the  vast  range  of  exploitable 

properties of lithium niobate may be perfect for the fabrication of MEMS devices, and the 

technique of PLD may be a suitable technique for the growth of the lithium niobate layers.

7.4.2  Femtosecond pulsed laser deposition

PLD using ultra-short  femtosecond pulses  is  thought  to be a route  to the  elimination of 

particulates that arise due to thermal effects because the absorption of ultra-short pulses is 

by multi-photon absorption [259]. Also, the dynamics of plasmas produced by femtosecond 

pulses may have favourable differences to plasmas generated by nanosecond pulses  [260], 

allowing  new  materials  to  be  grown  that  may  have  only  had  limited  success  with 

conventional excimer laser based PLD. To date, reports of films grown using femtosecond 

PLD have been limited to simple compounds such as nitrides [261], carbon [262], zinc oxide 

[263; 264], gallium arsenide (GaAs) [265] and barium titanate [266], and mixed success has 

been experienced. From the films reported so far, it is unclear if femtosecond PLD always 

leads to particulate free films, and it is not known if materials with complex stoichiometries 

can be grown with femtosecond PLD. The new femtosecond laser facility at the ORC will 

allow the PLD research group to investigate the advantages and disadvantages offered by 

femtosecond PLD, and compare the deposition of materials such as garnets, for which we 

have previously experienced success, using femtosecond and nanosecond pulses.
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