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Abstract

The use of molecular beam epitaxy as a method for producing solid
state host crystals for planar waveguide lasers has been investigated.
Single crystal yttrium sesquioxide with a very high degree of structural
order has been grown on R-plane sapphire substrates.

The (011̄2) Al2O3 substrates were annealed in air at 1150
◦C to

generate atomically smooth surfaces with parallel atomic steps. This
process was important for maximizing structural quality and minimiz-
ing surface roughness of the grown Y2O3 film. A critical-thickness-like
phenomenon was discovered, where the Y2O3 would grow in re-
gions with near structural perfection at the beginning of growth. In
thicker films, the x-ray diffraction peaks became wider, indicating less
crystalline uniformity. The maximum equivalent “critical thickness”
achieved was 7 nm for a film grown at 800

◦C with a growth rate of
20 nm/hr. The highly ordered material may be present in one uniform
layer or distributed in smaller regions throughout the thin film.

Y2O3 films on Al2O3 were annealed in air at temperatures up to
1400

◦C to study interdiffusion. By analyzing x-ray diffraction mea-
surements, we found that Al migrated from the substrate into the
Y2O3 film with an approximate activation energy for bulk diffusion
of 3.0 eV. Diffusion on the Y2O3 surface was estimated to have an
activation energy of (0.5± 0.3) eV from atomic force microscopy im-
ages. After annealing, the presence of Y4Al2O9, YAlO3, and Y3Al5O12
phases was confirmed using x-ray diffraction and photoluminescence
measurements.

Attempts were made to use molecular hydrogen gas and gallium as
surfactants during growth to improve film properties. No conclusive
benefit was observed.

Y2O3 film surface roughness was observed to increase roughly pro-
portionally to the square root of film thickness. A 600 nm thick waveg-
uide layer grown under optimal conditions had a root-mean-square
roughness of 5.8 nm. This level of roughness could cause scattering
loss at the waveguide core-cladding interface that is problematic for
practical applications.
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1 Introduction

Research in epitaxial growth of oxides is typically divided into several
categories, including oxide semiconductors such as zinc oxide;[1–3]
correlated-electron oxides such as high-Tc superconductors;[4] and
high-κ dielectrics such as hafnium oxide.[5] This work focuses on an-
other category—that of oxide “solid state” laser host materials.[6] Solid
state laser materials typically include oxides and fluorides that serve
as hosts for lanthanide or transition metal ions. The laser transitions
are between electron energy levels of the ions. Interest in solid state
laser materials has increased recently, as there is a trend to replace
many other types of lasers with diode-pumped solid state devices.
Inexpensive diode pumps and improvements in solid state technology
have made these light sources more attractive. Epitaxial growth is
suitable for creating solid state materials in a planar waveguide config-
uration. Waveguide lasers benefit from low thresholds and high gain
due to reduced mode volume, as well as improved thermal properties
resulting from a higher surface area–to-volume ratio.[7]

This chapter proceeds with a discussion of oxide materials in gen-
eral and continues with an introduction to our crystal growth tech-
nique of choice: molecular beam epitaxy (mbe). After a review of
mbe growth of oxides, we focus on Y2O3, our chosen host crystal. We
then introduce several important materials characterization techniques
used to analyze our samples and finally present the hypotheses and
goals of the project.

1.1 oxides

Oxides are extremely common compounds, composing over 99% of
the earth’s crust, with about half being SiO2 and the other half metal
oxides.[8] Oxygen’s high electronegativity, second only to fluorine,
leads to reactivity and is partially responsible for the ubiquity of
oxides. Bonding in oxides varies and can be ionic, as in MgO, for
example; covalent, as in SiO2; metallic, as in ReO3; or a combination
of the above. In some layered structures van der Waals forces are
also important. Nevertheless, the traditional ionic model of bonding
may be the most useful, at least as a starting point; most metal oxide
structures consist of metal cations surrounded by oxygen anions.[9]

1



1.1 oxides

Formula Coordination Name Symmetry Example

M2O 2: linear cuprite cubic Cu2O
MO 6: octahedral rock salt cubic MgO

4: tetrahedral wurtzite hexagonal ZnO
M2O3 6: octahedral corundum trigonal Al2O3

6: distorted bixbyite cubic Y2O3
MO2 8: cubic fluorite cubic ZrO2

6: octahedral rutile tetragonal TiO2
AMO3 M: 6, A: 12 perovskite cubic SrTiO3

Table 1: Some example metal oxide structures. M represents a metal element.
Table inspired by Henrich and Cox.[9]

If we view oxides as traditional ionic compounds, then there will be
little orbital overlap between the ions, giving a high effective mass for
charge carriers. This leads to slow charge motion, and coupling to
local effects of the lattice. The polarizability of the O2− ion decreases
screening lengths, further emphasizing local properties.[10]

Oxides crystallize in many different structures, including rock salt,
wurtzite, fluorite, rutile, corundum, and perovskite. Associated with
these structures are a variety of coordination arrangements. The most
common is octahedral, where each metal ion is surrounded by six
oxygen ions at the vertices of an imaginary octahedron. Table 1 shows
details about some example oxide structures.

Oxides have a wide variety of electronic, magnetic, optical, thermal,
and structural properties. The properties of many oxides can also
change dramatically in the presence of crystalline defects or devia-
tions from their stoichiometric compositions. Interest in transition
metal oxides has been very high in recent years amongst both theorists
and experimentalists, owing to correlated-electron effects. Under-
standing the properties of these materials requires taking into account
the interactions between electrons, making them difficult to model.
These properties include such things as electrical conductivity but
also exotic phenomena like high-Tc superconductivity and colossal
magnetoresistance. A vast effort has been made to study these ma-
terials with much success, but a full understanding is still out of
reach.

2



1.2 molecular beam epitaxy

Figure 1: Schematic diagram of an mbe system. Thermal effusion cells for
yttrium and neodymium are shown, along with a plasma source for oxygen.
An electron gun and fluorescent screen for rheed are also shown.

1.2 molecular beam epitaxy

Mbe is essentially a refined version of vacuum evaporation. Typically,
thermal beams of atoms or molecules land on a heated substrate
under high- or ultra-high-vacuum conditions, with pressures less than
1× 10

−5 torr. The beams are created by heating materials in a crucible
or otherwise releasing the substances into the chamber. When the
substrate is crystalline, and the deposited atoms arrange themselves
into a crystalline arrangement influenced by the substrate, the growth
is said to be epitaxial. The high-vacuum environment helps to keep
the crystals “clean” and allows the molecular beams to travel without
colliding with background gas molecules. The heated substrate allows
deposited atoms to diffuse to crystal lattice sites. Figure 1 shows a
schematic diagram of an mbe system.

Growth by mbe is slow, usually at rates below 10 µm/h, with 0.1–
1 µm/h being typical. While this brings practical limitations on film
thickness, it leads to excellent control over the growth process, includ-
ing the ability to create sharp interfaces in multilayer structures. By
opening and closing shutters that block the molecular beams, abrupt

3



1.3 oxide mbe

changes can be made in crystal composition. The slow growth rate
is also ideal for in situ monitoring. Reflection high energy electron
diffraction (rheed) is used to provide real-time information about the
crystal structure of the film surface. Light scattering and reflectome-
try can give information about surface roughness and film thickness.
Optical monitoring is discussed further in section 2.4.1.

Mbe was developed mostly for semiconductor growth, especially
III-V semiconductors, such as GaAs. The primary use of mbe is in
research, as it is relatively expensive. It does see commercial applica-
tion, however, in cases where there is no viable alternative, such as for
producing GaAs-based transistors for wireless communication.[11]

Joyce[12] and Arthur[13] have written review papers on the subject
of molecular beam epitaxy. Kaiser provides a brief but more general
review of thin film growth.[14] The study of the actual physics of the
crystal growth process is an entire research field unto itself. Pimpinelli
and Villain’s work provides a good introduction.[15]

1.3 oxide mbe

As the mbe technique became more refined, interest spread from
semiconductors to other materials systems, including oxides. The
number of publications related to oxide mbe started to rise in the
1980s, increased drastically throughout the 1990s, and has been high
to the present. Crystalline oxides can possess almost every possible
property in solid state physics, including magnetism, colossal magneto-
resistance, ferroelectricity, and superconductivity. It was interest in the
latter, high-Tc superconductivity, that drove a large part of the devel-
opment of oxide mbe. Oxygen sublattices shared between numerous
oxides point towards epitaxy as a method of producing these materials,
and the purity and control possible with mbe is very appealing for the
study of many phenomena.[16]

Mbe is additionally enticing because of its ability to generate sharp
interfaces. While bulk oxides can exhibit the fascinating properties
listed above, even further opportunity exists in the study of oxide
interfaces. Oxide heterostructures can be more difficult to grow than
their semiconductor counterparts because some of the components can
be difficult to oxidize, and the epitaxy can rely on surfaces terminated
at specific ionic planes. When these difficulties are overcome, there
exists opportunity to investigate new and unexplored physics.[10]
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1.3.1 Technical considerations

The main equipment change required to prepare a semiconductor mbe

system for oxide growth is the addition of an oxygen source. The
simplest solution is to introduce O2 gas to the chamber through a
controlled leak valve. This is an effective method for some materials
systems; however, in many cases O2 is not reactive enough to fully
oxidize the crystal components. There are several options for increas-
ing the reactivity of oxygen, including using a thermal cracker source,
an ozone source, or a plasma source. The infrastructure required for
ozone systems is more substantial than the other two options and it
is thus an unpopular choice. Plasma sources are more prevalent than
thermal crackers because they can handle higher oxygen flow rates
and therefore provide more flexibility. The plasma source operates
by using a radio-frequency signal or piezoelectric sparker to ignite a
plasma, ionizing the molecules and accelerating the resulting charged
particles to sustain the effect. This produces more reactive excited
oxygen species such as O+

2 and atomic oxygen, O.
Another issue with oxide mbe is the presence of oxygen in the

chamber along with hot filaments—e.g. in the substrate heater, ion
gauges, thermal cells, rheed gun, and residual gas analyzer (rga).
Oxygen gas could crack on these hot surfaces and cause damage,
reducing filament lifetimes. While oxygen-resistant materials and
components are now becoming more readily available, it appears
from our experience that at reasonable O2 pressures, below about
1× 10

−5 torr, for instance, oxygen damage is not a major concern.
While some components may fail more quickly than in oxygen-free
environments, major changes to maintenance schedules are not likely
required for research systems. Some rheed guns are also equipped
with differential pumping ports to lower the pressure near the filament.

The oxygen gas used during growth could lead to additional chal-
lenges in terms of maintaining chamber vacuum integrity. Cryopumps
are effective at pumping oxygen but can become loaded quickly. Ad-
ditional pumping may be required depending on the application. If
liquid nitrogen is used to cool cryopanels in the chamber, pressure
bursts may occur subsequent to growth as condensed gasses evaporate
if the panels are not continually kept cold.

5
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1.3.2 Previous work

In this section we will review some recent publications related to oxide
mbe. In addition to the papers by Mannhart[10] and Reiner[16] cited
above, Schlom et al. have written a review paper about engineering
oxide films using mbe.[17] Below are details of work on more specific
materials systems.

In the field of oxide semiconductors, Chambers has written a thor-
ough review of the mbe technique.[18] Look[1] and Özgür et al.[2]
provide reviews of ZnO materials and devices. ZnO is arguably the
most important oxide semiconductor being studied, with interest
spurred by several factors, including a 60 meV exciton binding energy
that is attractive for optical devices. Thermal fluctuations are unable to
depopulate the exciton state because the binding energy is much larger
than kT at room temperature. Reliable p-type doping remains elusive
but would be a major development for optoelectronics. Many groups
are using mbe to grow ZnO films.[19–22] Another interesting oxide
semiconductor is EuO. Its ferromagnetic properties make it appealing
for possible use as an electron injector in spintronic devices. EuO also
exhibits colossal magnetoresistance.[23, 24]

In 1987, Webb et al. published an important paper on the mbe

growth of high-Tc superconductors using DyBa2Cu3O7−x on SrTiO3 as
an example system.[25] Several subsequent papers from related groups
were also published.[26, 27] Mbe has become a standard technique for
high-Tc superconductor research. In a similar vein, Ingle et al. have
published an investigation into the role of epitaxy in the growth of the
correlated oxide SrCu2O3.[4] Tokura and Nagaosa published a review
of orbital physics in transition metal oxides that is relevant to much of
the work in correlated-electron physics.[28]

Rispens and Noheda wrote about the use of mbe to grow ferro-
electric PbTiO3 on SrTiO3.[29] Beyond ferroelectricity is the study of
multiferroics, materials that exhibit at least two ferroic properties,
including ferroelectricity, ferromagnetism, and ferroelasticity. Mbe

allows new avenues of exploration into these properties through the
growth of high-quality heterostructures.[30]

James Speck’s research group at the University of California at Santa
Barbara has described the mbe growth of the transparent conducting
oxides SnO2, In2O3, and Ga2O3.[31–33] Víllora has also written about
mbe-grown Ga2O3.[34]

Finally, Mackenzie, and Grivas and Eason, have published reviews
of oxide films as media for waveguide lasers.[7, 35] This class of
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materials would serve as a motivation for our investigation of Y2O3,
described below.

1.4 yttrium sesquioxide

Yttrium sesquioxide, also known as yttria, with chemical formula
Y2O3, is a common refractory ceramic. It is used as a phosphor, as a
source of yttrium in the preparation of other compounds, as a sintering
aid, and also in optical components.[36] Y2O3 has the cubic bixbyite
structure shown in figure 2, with a lattice constant of 10.604 Å. The unit
cell has 48 oxygen atoms and 32 yttrium atoms, with 8 yttrium atoms
at one type of site and 24 at another.[37] The structure is “fluoritelike,”
with Y on the Ca site and O on the F site, except that only 75% of the F
sites are occupied. Another way to consider the structure is as follows:
Imagine that the unit cell is broken up into 64 smaller cubes in a 4 × 4

× 4 arrangement. There are yttrium atoms at the centre of half of these
cubes. The oxygen atoms sit at six of the eight cube vertices, giving an
approximately octahedral coordination. The difference between the
two yttrium sites lies in which vertices the oxygen atoms occupy. The
bond lengths for the eight yttrium atoms on the first type of site are all
2.261 Å, while the bond lengths for the other yttrium site differ, and
there are two bonds each with lengths of 2.249, 2.278, and 2.336 Å.[36]
Figure 3 shows diagrams of the two different sites.

Xu et al. performed density functional theory calculations using the
local density approximation and estimated a band gap for Y2O3 of
4.54 eV.[36] This is likely an underestimate;[38] Bordun states that the
band gap is 5.65 eV at room temperature.[39] Xu et al. show that Y2O3
is partially covalent with equivalent charges of 2.09 and −1.39 for the
yttrium and oxygen ions, respectively.

Y2O3 has a melting point of 2430
◦C, a thermal conductivity of

0.27 W cm−1 K−1, and a coefficient of linear thermal expansion of
7× 10

−6 K−1. The thermal conductivity is double that of yttrium alu-
minum garnet (yag), while the expansion coefficient is the same.[40]
Y2O3 has a low-frequency dielectric constant of 18 and an index of
refraction of 1.9 at a wavelength of 1 µm.[41, 42]

1.4.1 Y2O3 crystal growth

Y2O3 crystals are difficult to grow from a melt because of their high
melting point. The most popular techniques for producing Y2O3 films
are the sol-gel method[43–47] and pulsed laser deposition (pld).[48–54]
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(a)

(b)

Figure 2: The Y2O3 crystal structure. The large cyan atoms are yttrium,
and the smaller red atoms are oxygen. Subfigure (a) shows a view directly
towards one of the cube faces; (b) shows a projected view with oxygen
polyhedra.
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Figure 3: The two types of yttrium site in the Y2O3 crystal structure, with
yttrium represented by the large cyan atoms and oxygen by the small red
atoms. There are eight yttrium atoms with the upper configuration, which
has equal bond lengths, and 24 of the bottom configuration with unequal
bond lengths. If Y2O3 had the fluorite crystal structure, there would be only
one type of Y site, with oxygen atoms at all eight corners of the cube.

The films grown by pld are generally single crystal, while the sol-gel
films are usually polycrystalline. Y2O3 crystals have also been grown
from nanopowders,[55] using the micro-pulling-down method,[56] via
a solvothermal process,[57] by sputtering,[58] and by a vapour-phase
atomic layer deposition technique.[59]

Much of the above prior work is focused on optical properties, often
including information regarding rare-earth doping. Many authors also
include structural characterization data, and some analyze dielectric
properties. Pld has proven a reliable technique for rare-earth-doped
Y2O3 deposition on Si. Other substrates have also been used, including
Al2O3,[53] LaAlO3,[49] and MgO.[50] While optical emission and
waveguided modes have been demonstrated, no lasing action has been
shown in thin films.

1.4.1.1 Y2O3 mbe

Several groups have grown Y2O3 by molecular beam epitaxy or very
similar methods. Their studies have mostly focused on structural and
dielectric properties, in hopes of using Y2O3 as a dielectric on Si. In
1989, Fukumoto et al. grew {111}-oriented Y2O3 on Si (100) and Si
(111) at 800

◦C.[60] They used an electron-beam (e-beam) source with
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a Y2O3 charge and released O2 gas into their chamber to provide
additional oxygen. They performed basic structural analysis and also
reported that they could grow {100} Y2O3 on Si (100) if they used a
thin yttria-stabilized zirconia buffer layer. About a decade later, Kwo
et al. grew Y2O3 and Gd2O3 films on Si (100) for dielectric purposes
and reported that their Y2O3 had {110} orientation.[61, 62] They also
used an e-beam Y2O3 source but provided no additional source of
oxygen. Their substrate temperature was 550

◦C, and they showed that
the use of an intentionally miscut substrate could suppress twinning
in the Y2O3 film.

Cho et al. were similarly interested in using Y2O3 as an insulator
on silicon and grew high-quality layers of {111} Y2O3 on Si (111) at
500

◦C.[63, 64] They used an e-beam source loaded with yttrium metal
and molecular oxygen gas, and reported very sharp spikes in x-ray
diffraction ω scans. Apostolopoulos et al. reported {110} Y2O3 growth
on Si (100) around the same time.[65]

More recently, Nieh et al. published results on high-quality Y2O3
films similar to those grown earlier by Cho, as well as Si (111)/Y2O3
(111)/Si (111) heterostructures.[66, 67] They used a relatively high
substrate temperature of 780

◦C, similar to that used by Fukumoto.
Borschel et al. also reported Si/Y2O3/Si structures but at a lower
substrate temperature of 625

◦C.[68]
Tsuchiya et al. reviewed the status of epitaxial Y2O3 growth and

wrote about their success in depositing {111} Y2O3 on Al2O3 (0001).[69]
They used a high-temperature conventional effusion cell loaded with
yttrium metal and molecular oxygen gas as material sources and con-
ducted extensive transmission electron microscopy analysis. Their
interest was more general than previous authors; they were explor-
ing the possibilities of Y2O3 in oxide heterostructures. Chang et al.
reported that they were able to stabilize a monoclinic phase of Y2O3
by growing on GaN.[70] The monoclinic phase usually appears only
at high pressures above 10 GPa.

Our research group has also published several studies on mbe-
grown Y2O3.[41, 71, 72] Most of the work performed by the other
groups above has focussed on the use of Y2O3 as a dielectric. My work
instead concentrates on the basics of Y2O3 crystal growth, hopefully
providing information that will be useful for a variety of applications.
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1.5 material characterization techniques

1.5.1 Atomic force microscopy

Atomic force microscopy (afm) is a surface imaging technique that
measures the force between the sample and a probe to generate a view
of the topography of the surface. A cantilever probe with a sharp tip
on the end is caused to oscillate at a fixed frequency and then brought
near the sample. As the tip gets very close to the sample, the amplitude
of the cantilever vibration changes. This change is measured by a laser
reflecting off the top of the probe. The probe is then scanned across
the sample in a grid pattern and a feedback control system moves
the sample up and down to maintain a constant cantilever oscillation
amplitude. The sample-probe motion is performed by piezoelectric
elements, allowing very fine control and sub-nanometre resolution.
This type of imaging is called tapping mode, in contrast with contact
mode, where the probe tip is continuously in “contact” with the surface.
Figure 4 shows a schematic diagram of an afm system. Figure 9 shows
some example afm images.

1.5.2 Photoluminescence

Photoluminescence (pl) is the phenomenon of a material emitting
light as a result of the absorption of other light. For materials char-
acterization purposes one usually directs a laser beam onto a sample
and then measures any light emitted as a result with a spectrometer.
By filtering out the wavelength of the pump laser, a clean emission
spectrum can be recorded, giving information about the sample. The
pump wavelength is often chosen to cause a certain excitation in the
material. In the context of solid state laser materials, we are interested
in exciting rare-earth dopant electron energy levels. The emission
spectrum gives us information about those levels and the effects of the
host material. In particular, crystalline host materials will exhibit sharp
emission lines at specific wavelengths, while disordered materials lead
to more continuous spectra. The strength of the lines will be roughly
proportional to the amount of rare earth present, up until a limit, at
which point interactions between the atoms reduce pl efficiency. Dif-
ferent crystal structures shift the pure atomic line positions in different
ways, allowing pl to be used to identify which materials are present
in a sample. Figure 46 shows some example pl data.
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Figure 4: A schematic of an atomic force microscope system. Forces between
the tip and sample cause deflection of the cantilever, which is measured by
monitoring the deflection of a laser beam. This allows the generation of a
surface topography image when the sample is moved sequentially by the
piezoelectric scanner.
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Figure 5: A schematic of an x-ray diffraction system. ω is the angle between
the sample stage surface and the incident x-ray beam. 2θ is the angle between
the x-ray beam and the detector. Adjusting ω and 2θ and therefore rotating
the sample and moving the detector allows different measurements to be
made. In this configuration, with the angle of the incident beam (with respect
to the sample surface) equal to the angle of the diffracted beam, diffraction
can occur from atomic planes parallel to the sample surface.

1.5.3 X-ray diffraction

X-rays are electromagnetic radiation with wavelengths between about
0.01 and 10 nm. By using x-rays with wavelengths on the same or-
der as interatomic spacings in a crystal, around 0.1 nm, diffraction
experiments can be performed, probing the periodic nature of the
crystal lattice. Constructive interference of elastic scattering of x-rays
by electrons in the crystal leads to strong diffraction under conditions
given by Bragg’s law:

nλ = 2d sin θ, (1.1)

where n is a positive integer, λ is the x-ray wavelength, d is the spacing
of crystal planes, and θ is the angle between the crystal planes and the
x-rays.[73] This relation forms the basis of materials characterization
studies using x-ray diffraction. By using a fixed-wavelength x-ray
source and mounting the sample on a goniometer, we can adjust θ
to gather information about the crystal planes present in the sample.
Figure 5 shows a schematic diagram of an x-ray diffraction experiment.

The simplest type of measurement is to vary the θ angle system-
atically while recording the diffracted intensity. This allows you to
determine at what plane spacings, d, you satisfy the diffraction con-
dition in equation 1.1. Performing this type of scan requires rotating
the sample stage, i.e. the angle ω, while simultaneously moving the
detector, 2θ. Referring to figure 5, we see that 2θ will have to increase
at twice the rate of ω due to the geometry of the apparatus. This
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type of x-ray measurement is called an ω–2θ scan. The sample stage
angle ω can differ from the diffraction angle θ because in practice the
diffracting planes are not parallel to the sample stage. This can be due
to a small misalignment related to the mounting procedure, or because
measurements are intentionally being made on atomic planes that are
not parallel to the sample surface. Another type of x-ray scan is the ω
scan, sometimes called a rocking curve. Here the 2θ detector position
is fixed, meaning that diffraction is being probed at a fixed plane
spacing. The ω angle of the sample is varied, allowing measurement
of how planes with the selected spacing are oriented with respect to
the surface.

A useful concept for the analysis of x-ray diffraction is the reciprocal
lattice. The reciprocal lattice is the Fourier transform of the crystal
lattice. Extended periodic crystal planes in real space are transformed
to discrete points in reciprocal space. A geometric representation
called the Ewald construction can be used to examine diffraction in
terms of reciprocal space.[73] Figure 6 shows an example of the Ewald
representation. We draw a vector ki, representing the incident x-ray
beam, with length 1/λ, at an angle to the horizontal axis corresponding
to the angle between the beam and crystal surface, ω, and place the
tip at the origin of reciprocal space. Now we draw a circle centred at
the tail of this vector with radius 1/λ. Any reciprocal lattice point that
lies on this so-called Ewald circle will cause a diffracted beam, kd, to
be emitted in the direction between the centre of the circle and the
reciprocal lattice point. The strength of the emitted beam is dependent
on a number of factors, including the structure factor, which takes into
account the atomic scattering cross-section and the geometry of the
crystal. The true Ewald construction should be in three dimensions
with an analogous Ewald sphere, but the two-dimensional picture is
easier to visualize.

The right side of figure 6 shows the motion in reciprocal space
corresponding to the ω–2θ and ω scans described above. An ω–2θ
scan varies the length of the scattering vector ∆k, which is equal to
1/d, and therefore detects diffraction at varying plane spacings d. An
ω scan changes the angle of the scattering vector with respect to the
sample surface, detecting the orientation of the planes with respect to
that surface. This allows the measurement of how much the crystal
plane tilt varies throughout the sample. The reciprocal lattice points
corresponding to crystal planes that are parallel to the sample surface
lie along the kz axis in reciprocal space.
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Figure 6: The Ewald construction of diffraction in the reciprocal lattice. ki
and kd are the wave vectors of the incident and diffracted beams, respectively,
and ∆k is the scattering vector. Diffraction occurs when a reciprocal lattice
point lies on the circumference of the Ewald circle, which has a radius
inversely proportional to the x-ray wavelength. The image at right depicts
the motion of ω–2θ and ω x-ray scans (described in the text) in reciprocal
space.

1.5.3.1 Reciprocal space maps

The types of scans mentioned above, ω–2θ and ω, result in a plot
of diffracted intensity versus angle. They are essentially measuring
a single line through reciprocal space (as shown in figure 6). To
maximize signal strength, usually only a relatively large slit, on the
order of 1°, is placed in front of the detector. This means that the “line”
through reciprocal space is somewhat wide and the measured intensity
is actually an average over a range of diffraction conditions. In order
to get a more accurate view of the reciprocal space picture, a technique
called reciprocal space mapping can be employed. The slit in front of the
detector is replaced with a high-angular-resolution analyzer crystal
system that samples only a very small point in reciprocal space. Then
a series of scans is performed, tracing out a two-dimensional grid
in reciprocal space. After the data is collected, a contour plot or
image map can be made to display the results. This can give a much
clearer view of the reciprocal space representation, but the tradeoff is
that the measurements are very long, up to days, depending on the
circumstances. Figure 7 shows a schematic reciprocal space view of
the individual scans involved in creating a reciprocal space map. This
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example depicts the usual choice of a series of ω–2θ scans, as used
throughout this thesis, but theoretically other choices could be made,
depending on the software used to control the x-ray diffractometer.
Figure 31 shows a reciprocal space map plotted directly with real-
space angular axes. This clearly shows how the diffractometer was
oriented during the collection of each data point. Figure 56 shows a
more typical reciprocal space map with reciprocal space axes, where
the diffractometer angles have been converted to reciprocal lattice
units using the following equations, which are based on the geometry
shown in figure 6.

−kx =
1

λ

(
cosω− cos(2θ−ω)

)
(1.2)

kz =
1

λ

(
sinω+ sin(2θ−ω)

)
(1.3)

In the case where the diffracting planes are parallel to the sample
surface, and any tilt due to sample mounting has been accounted for,
we have ω = 2θ

2 and therefore

kx = 0 (1.4)

kz =
2 sinω
λ

, (1.5)

which can be recognized as an rearrangement of Bragg’s law, equa-
tion 1.1, with kz = 1/d.

1.5.3.2 X-ray reflectivity

A related characterization technique is x-ray reflectivity. In this case,
rather than diffracting the x-ray beams off the crystal planes, much
shallower, grazing incidence angles are used, resulting in an optical-
like reflection. The scattering vector is smaller, and therefore the
real-space length scale probed is larger. Most substances have indices
of refraction slightly less than 1 in the x-ray wavelength regime. This
means that total external reflection will occur below some critical angle.
A typical critical angle would be around 0.3°, corresponding to an
index of refraction around 0.99999. Measuring this critical angle with
x-ray reflectivity allows one to estimate the density of the sample.[74]

For a sample with multiple distinct layers, such as an epitaxial film
on a substrate, interference oscillations can be seen in the reflectivity
beyond the critical angle. The period of these oscillations is related to
the layer thicknesses and can be calculated using a standard optical
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Figure 7: A depiction of the reciprocal space mapping procedure. A series
of scans, shown here as arrows, are performed to record the intensity of
diffraction over a region of reciprocal space. In this example a series of ω–2θ

scans are shown. Each scan started with the same 2θ value, but a different
ω sample tilt. During the scans both ω and 2θ axes were moved as usual,
resulting in straight lines pointing away from the origin of reciprocal space.
The greyscale shape represents an unusual reciprocal lattice point (in contrast
with the simple circles in figure 6) that was being studied in more detail. In
reality the scans would have to be much closer together to fully capture the
fine structure of the spot.

multilayer analysis. The oscillations will be damped out at higher
angles by substrate-epilayer interfacial roughness, and the overall
reflectivity will drop more quickly as the angle is increased if the
epilayer is rough.[74] Figure 53 shows an x-ray reflectivity scan. X-
ray reflectivity curves can be modelled using computer software. By
comparing the experimental measurement to a theoretical prediction,
estimates of sample properties can be made, including, as mentioned
above, densities, thicknesses, and roughnesses.

1.5.4 Transmission electron microscopy

Transmission electron microscopy (tem) is another useful characteriza-
tion technique. Tem can provide information about crystal structures
from electron diffraction patterns, and can also be used to produce
images with far greater than optical resolution. Unfortunately the
hardnesses of Y2O3 and sapphire increase the difficulty of tem sample
preparation. My colleague Shawn Penson has performed some tem

measurements on Y2O3 films grown in our lab, but they were unavail-
able for inclusion in this thesis. When the results are published they
will likely provide more insight into the Y2O3 crystal growth process.
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1.6 hypotheses and goals

A fundamental question addressed by this thesis is as follows: “Is mbe

a suitable technique for growing optically active Y2O3 waveguides?”
We start with a number of hypotheses. We will find that suitable
Y2O3 crystals can be grown by mbe and that the structure and surface
properties of the crystal can be influenced by a number of factors.
These factors include the starting substrate surface, growth conditions,
use of a surfactant, and post-growth annealing. We will also find that
rare-earth dopants, specifically Nd, can be incorporated successfully,
i.e. in such a way that they radiate efficiently, in the mbe-grown film.
We will show that the properties of the crystals can be understood
and modelled with theory, such that informed decisions can be made
regarding adjustment of the growth procedure.

In light of the above, we have the following goals: to grow high-
structural-quality single-crystal Nd:Y2O3 films with smooth surfaces
as a model system for solid state planar waveguide lasers and to
understand the process of the crystal formation and learn how to
reproducibly create the films by controlling the growth process. As the
work progressed, some modifications to, and excursions from, these
goals also occurred, and these will be discussed.

1.7 outline of thesis

Following this introduction, we present four additional chapters with
primary content. Chapter 2 covers substrate preparation and some
details of the growth apparatus. Chapter 3 provides results on post-
growth annealing of Y2O3 films. Chapter 4 discusses the use of x-ray
diffraction to analyze the Y2O3 films. Finally, chapter 5 contains the
results of our use of surfactants during sample growth. After a brief
conclusion and bibliography, the appendices provide additional details
of aspects of the above and describe subsidiary topics, including our
attempts to grow Al2O3 and Ga2O3 on Al2O3 substrates.
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2 Substrate preparation and

molecular beam epitaxy

techniques

The starting crystal surface can play a crucial role in epitaxial growth.
In this chapter we will discuss our substrate preparation methods and
also some specialized growth techniques used in our experiments.

2.1 substrate annealing

Sapphire was the primary substrate material used for our crystal
growths. Sapphire is the corundum phase of aluminum oxide and is
often written as α-Al2O3. The corundum structure has a three-fold
symmetric rotational axis and is part of the trigonal crystal system
and rhombohedral lattice system. Usually an equivalent hexagonal
lattice is used to describe the sapphire structure for convenience. The
hexagonal unit cell has three times the volume and three times as
many atoms as the rhombohedral cell. Sapphire substrates are gener-
ally available in four orientations. In hexagonal four-index notation
they are: A (112̄0), C (0001), M (101̄0), and R (011̄2). These primary
orientations are depicted in figure 8.

The substrates were annealed because experiments showed that
annealing yielded several benefits. Rheed patterns from annealed
substrates, and from Y2O3 films grown on those substrates, were
significantly easier to see on the fluorescent screen in the mbe, afm

measured surface morphology was smoother, and x-ray diffraction
film peak widths were narrower, indicating superior crystal quality.
For instance, in one comparison of two 1000 nm thick Y2O3 films on
annealed and unannealed R-plane sapphire with otherwise similar
growth conditions, the film grown on the annealed substrate had
an ω–2θ x-ray peak width of 0.014° compared with 0.049° for the
unannealed sample; an ω x-ray peak width of 0.75° compared with
1.1°; and an afm-measured root-mean-square (rms) surface roughness
of 8 nm compared with 20 nm. These differences represent significant
improvements.

Sapphire substrates were obtained from several vendors and on
receipt were annealed at 1150

◦C for 9 hours in air. The wafers were
placed in an alumina box before being loaded into a Lindbergh box
furnace. Annealing sapphire is known to produce atomic steps on
the surface.[75] Figure 9a shows a typical as-received sapphire wafer
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Figure 8: Commonly available orientations of sapphire substrates: A (112̄0),
C (0001), M (101̄0), and R (011̄2). In this diagram the equivalent planes (01̄10)
for M and (2̄110) for A are shown for clarity. The a lattice parameter is
4.758 Å and the c lattice parameter is 12.99 Å.
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surface imaged by a Digital Instruments Nanoscope III afm. Figure 9b
shows a substrate surface after annealing, with obvious atomic steps.
The spacing between atomic steps corresponds to the miscut of the
wafer. The miscut is defined as the deviation of the normal of the
polished surface from the ideal normal to the desired crystal plane.
All of the wafers used were nominally flat and most had miscuts of
less than 0.1°.

Since our starting sapphire substrates were finely polished, the
surfaces after annealing consisted of uniform parallel steps. When
a less perfectly polished yag substrate was annealed, the result was
numerous islands, as shown in figure 10.

To further investigate the surface changes during annealing, several
sapphire substrate pieces were intentionally scratched with 15 µm
polycrystalline diamond particles. The surfaces were then imaged
with an afm. Subsequently the samples were annealed and re-imaged.
To enable successful scanning of the same spot on the sample before
and after the annealing step, a diamond scribe was used to scratch an
“X” into the surface of the sapphire. Careful positioning of the sample
in the afm allowed the end of one of the legs of the “X” to be found.

A series of scratched and unscratched C- and R-plane sapphire
substrates were measured before and after annealing for 48 hours at
1500

◦C. All samples had previously undergone the standard nine-
hour, 1150

◦C anneal and were annealed again for two hours at 1150
◦C

immediately after the scratching process. This helped to clean the sur-
face and therefore improved the quality of the images of the scratches
taken before the 1500

◦C anneal.
The unscratched C-plane substrate exhibited step bunching, as seen

in figure 11, where individual atomic steps, each one sixth of the
c-axis lattice constant high, merge into taller steps with heights that
are integer multiples of the single-step height. This has been reported
previously in the literature.[75, 76] The amount of step bunching is
much higher after the anneal at 1500

◦C, with steps up to 12 units high
(2.6 nm) visible in figure 11b. In contrast, the unscratched R-plane
sample seen in figure 13 showed little change, though there did appear
to be some concentration of material at the step edges. This has not
been reported previously for sapphire. Material building up at step
edges has been seen on other surfaces, such as iridium, and could be
caused by a potential well on the upper side of the step.[77] Figure 12

shows section lines from the afm images in figure 11 that illustrate the
step bunching effect.
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(a) On receipt

(b) After annealing

Figure 9: Afm images of sapphire substrates. (a) On receipt from the manu-
facturer. The horizontal striations are imaging artifacts. Very little detail is
visible on the finely polished surface. (b) After annealing in air at 1150

◦C for
9 hours. Atomic steps are plainly visible.
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Figure 10: An afm image of a yag substrate surface after annealing for nine
hours at 1150

◦C in air. Scratches present on the surface before annealing are
responsible for the patterning. Image courtesy Miriam Gantert.

Step bunching could be indicative of a positive Ehrlich-Schwoebel
barrier,[15] the energy required for an adatom to move over a step
edge in the “downhill” direction. If the sapphire was evaporating,
then more atoms would leave from wider steps, and this potential
barrier would make it preferential for those atoms to detach from
the uphill side of a terrace because detaching from the downhill step
edge would require overcoming the barrier.[15] This would cause
wider steps to become wider still, and eventually all the steps could
bunch together in pairs. Then the process could repeat, leading to
quadruple-height steps, and so on. Van et al. confirm the preference
for steps that are even-multiples of the minimum step height and also
discuss other possible rationales for step bunching. They calculate an
activation energy for diffusion of 2 eV and by comparing with other
literature conclude that surface diffusion is the most likely transport
mechanism.[75] Our temperature of 1500

◦C could be high enough for
evaporation, though the vapour pressures in the Al-O system depend
on the environment.[78] Deformation of the alumina box holding the
samples in the furnace was noted after our annealing process.

Since the step edges were still quite straight after the long high-
temperature treatment, we can assume that the annealing temperature
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2.1 substrate annealing

(a) Before

(b) After

Figure 11: Afm images of an unscratched C-plane sapphire substrate (a) after
annealing at 1150

◦C for nine hours and (b) after annealing at 1500
◦C for

48 hours. Individual atomic steps have coalesced into taller multiple-height
steps through a process known as step bunching. The lines indicate the
positions of the section profiles shown in figure 12.
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Figure 12: Section profiles from the afm images of the unscratched C-Al2O3
substrates shown in figure 11. Significant step bunching is present in the
sample annealed at 1500

◦C (dashed, red).

was below the roughening transition temperature. This is the tem-
perature at which the line tension of a step edge vanishes. At higher
temperatures extra energy is required to maintain straight steps; the
natural result is roughening. This allows us to put a very rough lower
limit on the step edge energy of 0.11 eV, using the relationship from
Pimpinelli and Villain:[15]

TR ≈
Estep

kb ln 2
, (2.1)

where TR is the roughening transition temperature, Estep is the step
edge energy, and kb is the Boltzmann constant. This approximation
comes from finding the temperature at which the Helmholtz free
energy, F = U− TS, is zero, using a simple expression for the step
edge entropy per unit length, S = ln 2.[15] Our value for the step edge
energy is approximately the same as the upper limit derived from
the results of Park et al., who reported that 1620

◦C was above the
roughening transition for alumina powder.[79]

The changes in the scratched samples after high-temperature an-
nealing were more dramatic. Figures 14 and 16 show standard afm

images of the results. Figures 15 and 17 show the same results, but
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2.1 substrate annealing

(a) Before

(b) After

Figure 13: Afm images of an unscratched R-plane sapphire substrate (a) after
annealing at 1150

◦C for nine hours and (b) after annealing at 1500
◦C for

48 hours. Material appears to have gathered at the step edges. Unlike in
figure 11, these images are displayed without the atomic step faces parallel
to the page to emphasize small differences using the colour scale.
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2.2 substrate cleaning

now the raw amplitude of the afm cantilever is displayed. This is
essentially the derivative of the standard surface height image and
serves to highlight the step edges. The scratches are filled in to varying
degrees after the 1500

◦C anneal and significant rounding of the ter-
races has taken place. On the R-plane sample, material concentrated
itself on the step edges, in the same way as for the unscratched R-plane
substrate.

Understanding how the sapphire surfaces change during annealing
is helpful for finding optimal substrate preparation procedures. In
our case we found that an anneal at 1150

◦C was sufficient to generate
atomically stepped surfaces without excessive step bunching on C-
plane substrates. Annealing at higher temperatures may be beneficial if
scratches are present on the starting surface. With less drastic scratches
than our test samples it may be possible to completely smooth the
substrate with an end result of straight step edges.

2.2 substrate cleaning

The 50 mm diameter sapphire wafers were processed prior to being
diced with a diamond saw into 1 cm by 1 cm squares. The processing
included the annealing described in section 2.1 and also coating the
back side of the substrate with chromium and molybdenum to aid
with substrate heating as discussed in section 2.4.2. During dicing the
top growth surface of the substrate was covered with sticky wafer-
handling film. This protected the surface from most contamination
during dicing. After removal of the film the surface appeared clean
to the unaided eye, but afm imaging proved impossible, likely due to
remnant contamination from the sticky film.

Epitaxial growth depends on the “communication” between the
substrate and epilayer, and for this reason having a clean starting
surface to prevent any interference in this “conversation” is a logical
desire. For our experiments a variety of cleaning protocols were
evaluated.

The initial method was to place the substrates in a wafer carrier
and then into a beaker containing acetone, which was subsequently
placed on a hotplate. The acetone was heated and the substrate kept in
the beaker for five minutes after it came to a boil. Then the substrates
were transferred to a room-temperature methanol bath in a different
beaker for five minutes before finally being rinsed in de-ionized water
and blown off with dry nitrogen gas. The acetone was intended to
remove organic material, and the methanol rinse was used to remove
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2.2 substrate cleaning

(a) Before

(b) After

Figure 14: Afm images of a scratched C-plane sapphire substrate (a) after
annealing at 1150

◦C for 11 hours and (b) after annealing at 1500
◦C for 48

hours. Step edges have become rounded and the scratches have filled in to
varying degrees.
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2.2 substrate cleaning

(a) Before

(b) After

Figure 15: Amplitude afm images of the scratched C-plane sapphire substrate
shown in figure 14 (a) after annealing at 1150

◦C for 11 hours and (b) after
annealing at 1500

◦C for 48 hours. Step edges have become rounded and the
scratches have filled in to varying degrees.

29



2.2 substrate cleaning

(a) Before

(b) After

Figure 16: Afm images of a scratched R-plane sapphire substrate (a) after
annealing at 1150

◦C for 11 hours and (b) after annealing at 1500
◦C for 48

hours. Significant step edge rounding and scratch filling has occurred, along
with material concentration at the step edges, as seen in the unscratched
sample in figure 13b.
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(a) Before

(b) After

Figure 17: Amplitude afm images of the scratched R-plane sapphire substrate
shown in figure 16 (a) after annealing at 1150

◦C for 11 hours and (b) after
annealing at 1500

◦C for 48 hours. Significant step edge rounding and scratch
filling has occurred, along with material concentration at the step edges, as
seen in the unscratched sample in figure 13b.
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2.2 substrate cleaning

acetone residues as it was thought to be a less contaminated solvent.
Unfortunately afm images of samples cleaned with this method would
often show numerous spots left behind on the substrate. Figure 18a
shows an example of a substrate cleaned with this method. The spots
are smaller than a typical dust particle that is occasionally seen in afm.

A variation on the above method was to add the use of an ultrasonic
cleaner and/or micro organic soap. The soap, from Allied High
Tech Products, was intended to help remove general contamination
and the ultrasonic to provide a stronger cleaning action. Results
were inconclusive; occasionally the afm images would show cleaner
surfaces, but other times no change was seen. On one occasion there
appeared to be a reaction between the soap and one of the solvents
that caused excessive contamination on the surface in the form of a
white translucent film, but this could have also been from some other
unknown source.

Ozone cleaning was also investigated. Here ultraviolet light is
used to generate ozone inside a box containing the substrate. The
ozone reacts with contaminants on the surface, disassociating them
into molecules such as CO2, H2O, and N2.[80] As shown in figure 18b,
this treatment resulted in a great improvement in the cleanliness of
the substrate surface.

Wet etching can also be used for sapphire substrate preparation.
A substrate was dipped in a solution of H3PO4:H2SO4 1:3 heated to
150

◦C for 10 minutes and then rinsed in de-ionized water and blown
dry with N2. Figure 19a shows an afm image of a substrate that
was etched as described. This surface is similarly clean to the ozone-
treated sample. Substrates etched at lower temperatures did not turn
out clean. Unfortunately the etching process dissolves the back surface
metallization used for heating purposes, so this technique is not ideal.
Metallization after etching is possible but increases total processing
time, since it is slightly more difficult to coat many small substrate
squares than it is to coat one large wafer, and further processing after
cleaning is not optimal from a general cleanliness perspective. Ideally
the substrates would be loaded into the mbe chamber immediately
after cleaning.

While various epitaxial samples showed characteristic “spots” or
“spikes” on the surface that were thought to possibly originate from
surface contamination, no correlation could be made between cleaning
method and the presence, or lack, of these features in the grown
films. This led us to believe that the act of heating the substrate in
the mbe growth chamber could be removing the dirt and rendering
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2.2 substrate cleaning

(a) Solvent cleaned

(b) Ozone cleaned

Figure 18: Afm images of annealed sapphire substrates after cleaning. (a)
Cleaned with acetone and methanol. The bright white spots are residual
dirt left behind after cleaning. (b) Cleaned with ozone treatment. The small
“islands” on the steps appear to be a feature of the substrate itself.
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2.2 substrate cleaning

(a) Acid etched

(b) Heat cleaned

Figure 19: Afm images of annealed sapphire substrates after cleaning. (a)
Wet etched in a 1:3 solution of H3PO4:H2SO4 for 10 minutes at 150

◦C. (b)
Cleaned solely by heating in the mbe to around 800

◦C for 15 minutes.
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2.3 substrate structural characterization

cleaning unnecessary. Therefore, a sample was loaded into the mbe in
an unclean state and heated to approximately 800

◦C and left for 15

minutes. Figure 19b shows an afm image of the substrate after this
treatment. This partially clean result may indicate that heating does
help with substrate preparation. The presence of oxygen before the
growth begins may be additionally beneficial. It is also possible that
the oxide growths we have performed are not particularly sensitive
to surface cleanliness or that the level of contamination present after
heat cleaning is low enough to have a negligible effect.

The ideal cleaning strategy remains perhaps somewhat elusive.
Ozone cleaning seems to show the most promise, but subsequent
measurement with the afm provides the most certainty that the sub-
strate is truly clean. This adds time to the processing workflow but
may be beneficial in ruling out surface contamination as a problem.
Pre-growth afm images can be useful in other instances as well, for
comparing atomic steps before and after growth, for example. Regard-
less of the cleaning method, or lack thereof, care must be taken to
avoid accidentally adding contamination during the procedure.

2.3 substrate structural characterization

This section describes techniques used to analyze the physical structure
of the substrates before growth. The same methods can also be used
to perform analysis on the sample after the epitaxial film is grown.

2.3.1 AFM step height measurements

When dealing with surfaces made up of atomic steps, such as one of
our annealed substrates, it is natural to want to measure the height
of those steps. While this may seem to be a quantity that is easy to
extract from afm images, it turns out that it isn’t quite that simple, as
described below. In this section we present practical information to
aid in the step height measurement process.

2.3.1.1 Basic image processing

Usually the captured afm image is not very ideal and needs to be
processed. Often this includes median correction, where the median
value of each row in the image is set to be the equal, and x/y polyno-
mial correction, where a curved surface is fit to, and subtracted from,
the data in order to flatten the image. It is also usually advantageous
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2.3 substrate structural characterization

to rotate the image so that step edges run along the y-axis. In fact,
it is advantageous if the sample is scanned in this orientation, with
the fast-axis motion perpendicular to steps, since it makes the tip
transition between steps more abrupt. Finally the data is tilted so that
the steps are flat, creating a staircase profile.

2.3.1.2 Step height extraction

Once the image has been processed, the most obvious way to find
step heights is to extract a section line running perpendicular to the
step edges from the data. Unfortunately the result is often very noisy,
making it difficult to determine the true z-position, and therefore
height, of each step surface. Additionally, small tilts remaining in the
data result in incorrect step heights. Figure 12 shows two example
section profiles. In the top profile it is difficult to distinguish between
the many steps and they do not appear to be flat. Even in the bottom
profile that shows significant step bunching and well defined steps,
the differences in height between the terraces do not exactly match the
expected integer multiples of atomic units, suggesting errors in image
acquisition or processing.

An alternative method to determine step height is to create a his-
togram of z-values in the image. For an ideal surface the histogram
would consist of a series of spikes at the heights of each step. For less
ideal surfaces the spikes would be broadened into a series of peaks.
The separation of these peaks would give the step height. Unfortu-
nately both the section-line and histogram methods are quite sensitive
to undetected image tilt. That is, if the image appears to be level, with
all the atomic steps flat, but is in reality slightly tilted, it is quite easy
to think that everything is fine and proceed to determine an inaccurate
step height. Looking at the two-dimensional image is not a good way
to determine flatness and, as mentioned above, section lines are often
noisy.

To further analyze this issue, a Matlab program was written to
create height histograms for various image tilts. The results were
plotted in a colour-intensity map, with the histograms running along
the x-axis and the different tilts along the y-axis. At the “correct” tilt,
the histogram will be maximally sharp, and as you move away from
that point, the histogram will broaden and the peak positions will
shift.

Figure 20 shows both a simulated ideal stepped surface and a real
annealed R-plane sapphire surface. Figure 21 shows the tilt-histogram
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2.3 substrate structural characterization

maps corresponding to the surfaces in figure 20. As mentioned above,
each row in the maps is a height histogram of the surface for the
corresponding y-axis tilt value. The colour represents the histogram
value. In figure 21a the histogram is maximally sharp at zero tilt, as
expected. On this row, the distance between the peaks in the histogram
give the correct step height of 1 Å. The distance between the optimal
tilt, zero in this case, and the “neck” in the upper part of the figure is
the wafer miscut. Here it matches the expected 0.06°. Figure 21b shows
the tilt-histogram plot corresponding to the real surface in figure 20b.
The maximally sharp histogram appears to be slightly below the zero
mark on the y, or tilt, axis but it is hard to tell, illustrating the pitfall
of this method.

As can be seen from the real histogram results in figure 21b, it can
be difficult to tell when the image is properly tilted, since there is not a
major visible difference between the shape of the histogram for a range
of tilts near the ideal value. This could lead to an incorrect step-height
determination because the resultant step height value does vary in
this range. It is quite normal to see a good-looking histogram with
strong peaks even when the sample data is tilted and the histogram
peak separation is misleading.

There is no particularly easy solution to this problem, but under-
standing it helps in avoiding errors. In particular the section profiles
should always be double checked to be truly flat. Afm software often
provides a method for highlighting data of a certain height. By chang-
ing the selected height systematically, it may be possible to tell if the
steps are flat. This is described further below, in section 2.3.1.3.

Suzuki et al. have published a reference on step-height measurement
and afm standards.[81] A fairly robust procedure for preparing the
sample data is described, though it may not be possible to duplicate
exactly with all afm software. Their paper describes the use of a silicon
surface with steps to calibrate the afm z-axis. An alternative reference
standard is an 8 nm step sample available from VLSI Standards Inc.
(model no. SHS-80QC) for approximately $3000.

2.3.1.3 Recommended protocol

The recommended best practice is to use the Gwyddion software
package, available for free at http://gwyddion.net, and, after doing
the basic image clean-up described in section 2.3.1.1, add a mask to as
large an area of a step as is possible. Then fit a plane to the masked
area on that step and apply the correction to the image; a choice must
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(a) Simulated

(b) Real

Figure 20: Atomically terraced surfaces. (a) An ideal simulated surface.
Each step is assigned a height of 1 Å, and the image width is 1 µm. This
corresponds to a simulated wafer miscut of about 0.06°. (b) An afm image of
a real sample surface with atomic steps. The steps are about 3.5 Å tall and
the image width is 3.5 µm. The wafer miscut is also 0.06°.
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Figure 21: Tilt-histogram maps generated from the surfaces in figure 20.
See the text for a description. (a) The map generated from the simulated
surface in figure 20a. The histogram at zero tilt is a series of sharp spikes,
as expected. (b) The map generated from the real afm-measured surface
shown in figure 20b. In this case it is difficult to tell where the histogram is
maximally sharp, as there is little variation over a relatively wide range of
tilts. The colour scales are linear.
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be made between plane subtraction and image rotation, but this is
unlikely to make much difference in this case. This is an improvement
over another technique of fitting a plane to three points, or three small
averaged circles, using the three-point tool, because it generally allows
averaging over a larger area. The levelling can be checked in two ways:
by using the profile extraction tool, taking advantage of the ability to
average over a thick line; and by using the “mark grains by threshold”
tool. This tool allows you to highlight regions of the image above or
below a certain threshold. By changing the height threshold, you can
see how the steps “fill” in as you change the level. The entire step
should change colour at the same time when adjusting the threshold.

After the image is levelled, the step height can be extracted using
the histogram or by using the section tool and averaging the trace
over as wide a line thickness as possible. If the steps have been
rotated such that the edges lie parallel to the y-axis, then using the
“row/column statistics” tool can effectively average over a section
line as wide as the entire image. Choosing the median mode, rather
than mean, helps eliminate the effect of particles etc. on the surface.
Gwyddion also provides a “critical dimension” tool that enables fitting
the step heights with a curve-fitting algorithm. The numerous step-
height values collected by these methods can then be averaged and
the standard deviation can provide an estimate of the statistical error,
but it must be kept in mind that the effect of any remaining sample
tilt will not be averaged out.

2.3.1.4 Sapphire step-height results

Afm images of annealed sapphire surfaces have been analyzed many
times. Unfortunately, as mentioned above, the data-processing steps
influence the results, making it difficult to be sure of the true step-
height values and increasing error estimates. A more thorough study
would be possible, but all indications are that the step heights for R-
and C-plane sapphire are consistent with the expected values from
literature of 3.5 Å for R-plane, the R-plane spacing, and 2.2 Å for C-
plane, the c-axis lattice constant divided by six. When reporting step
heights from afm images, an error estimate of at least 0.5 Å is likely
warranted.
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2.3.2 X-ray miscut and tilt measurements

The miscut of a wafer can be measured by afm, but, as described
in section 2.3.1, this procedure can be inexact. Another way to mea-
sure the miscut is to use an x-ray diffractometer. This method also
allows determination of the tilt of an epitaxial film with respect to the
substrate.

The general procedure is to measure the angular position, ω, of a
diffraction peak several times, rotating the sample about the surface
normal, i.e. the φ axis, between each measurement. Unfortunately any
misalignment in the positioning of the sample in the diffractometer
will affect the results. This problem can be overcome by “zeroing”
the sample before each measurement by measuring a specular x-ray
reflection at a very low incident angle, around about 0.3°, and adjusting
the axis zero positions as necessary. Once this is done, the angular
position of the diffraction peak from the sample will vary sinusoidally
with rotation. The miscut of the wafer is equal to the amplitude of the
sinusoid.

By measuring both a substrate and a film diffraction peak at each
rotational step, the film tilt can also be measured. Figure 22 shows a
schematic diagram of the film and substrate lattices. Figure 23 shows
tilt/miscut measurements from a Y2O3 film grown on a sapphire
substrate. The two curves are in phase, indicating that the film is
tilted along the same direction as the substrate miscut. The film tilt
is simply the difference between the sine wave amplitudes. Since the
film curve has less amplitude, the tilt is towards the surface normal.
This direction is expected from a simple stress minimization argument:
the film tilts towards the “empty space” at each step edge. More
rigorous analysis of shear stress and resulting dislocations is possible
but somewhat complicated.[82]

The miscut determined from the fit to the substrate data in figure 23

was (0.0580± 0.0007)°. For comparison, consider an afm image with a
step height of (3.5± 0.5)Å and 346 nm wide steps. This would lead to
a miscut of (0.058± 0.008)°, with more than 10 times the uncertainty
of the x-ray measurement. The film tilt determined from the x-ray data
is (0.005± 0.004)°. The error is large because of the wide film x-ray
peaks.
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Figure 22: Schematic diagram of a film crystal lattice on a substrate. The
substrate shows atomic steps due to miscut, and the film is tilted towards
the surface normal.
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Figure 23: X-ray diffraction measurement of substrate miscut and film tilt
for a Y2O3 film grown on an R-plane sapphire substrate. The miscut is
the amplitude of the substrate sine wave, and the film tilt is the difference
between the two amplitudes. The solid lines are fits to the data points.

2.4 growth techniques

Samples were grown in a VG V80H mbe system designed for semi-
conductor growth but modified for oxide growth with the addition
of a high-throughput turbomolecular pump with a pumping speed
of 2300 L/s, although this was diminished somewhat by tubulation.
The turbopump was used to augment the stock cryopump. A serpen-
tine SiC substrate heater purchased from Morgan Advanced Ceramics
was also installed. Effusion cells loaded with elemental charges were
used, including a high-temperature cell capable of operation at 2000

◦C
for yttrium. An in-house-designed 200 W variable-frequency plasma
source was used for oxygen and hydrogen, but it was not usually
energized.[83] Sample growth was performed with liquid nitrogen in
the growth chamber shroud, but subsequent experiments have shown
this to be unnecessary, as switching the coolant to water caused no
noticeable change in sample characteristics.
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2.4.1 Light scattering

The system was equipped with a Staib rheed system as well as a
light-scattering sample-monitoring system. The 457.9 nm line of an
argon-ion laser was used in the light-scattering apparatus. Thin-film
interference oscillations in the specular reflection signal provide a
convenient measure of the film thickness, while the diffuse signal can
be used to glean information about surface roughness. The specular
signal will oscillate with a period, Λ, given by

Λ =
λ

2n cosα
, (2.2)

where α is the angle with respect to the normal of the beam inside
the film, n is the film index, and λ is the free-space laser wavelength.
Substituting with Snell’s law, we find

Λ =
λ

2n cos(arcsin( sinθ
n ))

, (2.3)

where θ is the angle of incidence of the laser beam on the film (with
respect to the normal). For our system, with λ =457.9 nm, θ =36.5°,
and n = 1.9 we find Λ =127 nm. Figure 24 shows example specular
reflectivity data from a Y2O3 film showing thickness oscillations.

2.4.2 Substrate temperature measurement

As the growth of refractory materials such as Y2O3 requires high
temperatures, some extra attention to the issue of substrate heating is
warranted. Figure 25 shows a schematic of the heating system used
in the sample growths. The substrates are held onto a molybdenum
holder by tantalum wires; a schematic of the holder is shown in ap-
pendix D. The substrate is positioned above a square hole in the holder,
allowing direct exposure of the back to radiation from the heater. Out-
side the substrate location, the 90 mm diameter holder is covered by
a spot-welded tantalum heat shield to reduce power consumption
and chamber heating. A thermocouple mounted between the heater
filament and substrate holder allows temperature feedback control.
The thermocouple reading is not an accurate indicator of the sub-
strate temperature, as it measures a higher temperature intermediate
between that of the heater and that of the sample.

The substrate temperature was calibrated by measuring the spec-
trum of the thermal radiation emitted out the front of the substrate.
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Figure 24: Specular reflectivity at 457.9 nm of a Y2O3 sample grown on
sapphire. Each oscillation corresponds to 127 nm of film growth. In this case
the approximately 4.25 oscillations give a film thickness of about 540 nm,
grown at a rate of around 180 nm/hr.

Since sapphire has low absorption in the wavelength range of interest,
it transmits the heater radiation. Metallizing the substrate prevents
the heater radiation from being transmitted through the substrate and
interfering with the substrate temperature measurement. Therefore,
the back surface of the sapphire substrate was coated with 200 nm
of chromium for adhesion followed by 200 nm of molybdenum. The
coatings were deposited in an electron beam evaporator system from
elemental sources, at rates around 1 Å/s.

Figure 26 shows radiation data collected from a substrate at three
different temperatures. A double-side polished substrate was used for
this work to simplify the modelling. The temperature was determined
by fitting the data to a graybody expression given by

I(λ, T) =
Aε(λ)

λ4(e
hc
λkbT − 1)

, (2.4)

where I is the thermal radiation intensity, λ is the wavelength, T is the
temperature, A is a fitting parameter, ε is the wavelength dependent
spectral emissivity, h is Planck’s constant, c is the speed of light, and
kb is the Boltzmann constant. The spectral emissivity values were
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Figure 25: A schematic of the system used to heat substrates in the mbe. The
estimated emissivities, ε, of the front and back surfaces of the metallized
sapphire substrate are indicated. The rough rear surface of a single-side
polished substrate is depicted here. TC stands for thermocouple. The lens
and fibre were placed outside the mbe and used to capture data for pyrometry
(see text).
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calculated for a chromium-coated sapphire multilayer using data from
Weaver et al.[84] Using Fresnel’s equations, the emissivity of the front
of the substrate, εf, was found to be

εf = 1− Rf with (2.5)

Rf = |rf|
2, (2.6)

rf =
r01 + r12
1+ r01r12

, (2.7)

r01 =
1−nAl2O3
1+nAl2O3

, and (2.8)

r12 =
nAl2O3 −nCr

nAl2O3 +nCr
. (2.9)

(2.10)

nAl2O3 and nCr are the indices of refraction for sapphire and chromium.
The actual temperatures of the substrate for thermocouple readings of
1200, 1120, and 1080

◦C were determined to be 985, 905, and 850
◦C, re-

spectively. The heater temperature was determined by measuring the
spectrum of the radiation transmitted through an unmetallized sub-
strate. With a thermocouple reading of 1200

◦C the heater temperature
was found to be 1350

◦C.
To better understand the factors that control the substrate temper-

ature, we derived a relationship between the substrate and heater
temperatures using Stefan’s law for the emitted and absorbed radia-
tion. We assume that the heater and substrate are parallel plates, that
the system is in thermal equilibrium, that there are infinitely many
bounces of radiation between the heater and substrate, and that there
is no conductive or convective heat transfer. We find that

Tsubstrate = Theater 4
√

εbεh
(εb + εf)εh + (1− εh)εfεb

, (2.11)

where εh, εf and εb are the emissivities of the heater, front, and back
of the substrate, respectively. Using emissivity values at 2 µm (close
to the radiation peak) of εf=0.36 and εh=0.8 [84, 86] as well as the
measured substrate and heater temperatures of 985 and 1350

◦C, we
can estimate the back surface emissivity to be 0.20, which is larger than
the theoretical value of 0.04 for molybdenum. This is consistent with
our observation that the back surface becomes less reflective after heat
treatment, owing to high-temperature oxidation, surface roughening,
or evaporation of SiC heater material onto the substrate.
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Figure 26: Wavelength dependence of the thermal radiation from a metal-
lized, double-side polished, sapphire substrate. Points indicate measured
data while lines correspond to fits of equation 2.4. For the spectra with
temperature fits yielding 985, 905, and 850

◦C the thermocouple temperature
sensor reading was 1200, 1120, and 1080

◦C, respectively. Figure courtesy
Raveen Kumaran.[85]

The assumption of infinite bounces of radiation between the heater
and the back of the substrate is not strictly correct. Some of the radia-
tion will be absorbed by the substrate holder or lost to the chamber.
Additionally, the substrate holder itself will be radiating. A proper
treatment of these effects is much more complicated and not consid-
ered here. We believe that our assumption is reasonable because the
substrate and heater are in close proximity. An alternative simple
assumption to make would be to assume that all reflected radiation is
lost. In that case the terms in the heat balance are simply the radiation
absorbed by the substrate from the heater directly, the radiation out the
back of the substrate, and the radiation out the front of the substrate.
Using the same values as above, this method leads to a calculated back
surface emissivity of 0.30. However, this alternative method is not a
good candidate for the “opposite extreme” assumption. The subtleties
present in the interaction between the heater, substrate, and substrate
holder are difficult to predict.

An integrating sphere was also used to measure the emissivity of
various materials for consideration in our heating scheme. The sample
to be measured was inserted into one port of the sphere and a silicon
photodiode was inserted into another. 1047 nm light from a Nd:LiYF4
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laser was introduced through a third port and bounced off the sample,
with any specular reflection subsequently hitting the sphere material.
By varying the laser power and monitoring the photodiode response
we can measure a reflectivity curve. Comparison with an aluminum
mirror as a known standard allowed the elimination of experimental
errors arising from the sphere. The emissivity was taken to be one
minus reflectivity, and the measured values are shown in figure 27.
Unfortunately the wavelength of the laser was not the same as the
desired wavelength of around 2 µm for use in the heater setup, and
very slight variations in surface properties, including those that occur
during heating, can cause large changes in emissivity. The substrate
measured in the integrating sphere was single-side polished and there-
fore can not be directly compared to the double-side polished sample
used in the analysis above. As shown in figure 27, the measured
values for the front and back surface emissivities of the metal-coated,
single-side-polished substrate were 0.67 and 0.53, compared with the
values of 0.36 and 0.20 discussed above. These discrepancies are large,
but could be accounted for given the differences between the two situ-
ations. In particular we would expect the fact that the substrate in the
integrating sphere had a rough back surface to increase the emissivity,
as measured, but that the non-heat-treated metal would result in a
lower emissivity. It is difficult to predict the net result without further
experimentation. Despite some of these practical considerations, the
integrating sphere method can allow for good comparisons between
different material options.

2.5 summary

In this chapter we have reviewed a number of techniques that are
important for our crystal growth experiments. Producing atomic steps
on sapphire substrates by annealing provides an extremely uniform
surface for epitaxial growth. Substrate cleaning procedures then en-
sure that this surface is not contaminated. Sapphire is an important
substrate material for oxides as well as other materials such as GaN, so
these techniques are widely applicable. Our structural characterization
methods allow us to quantify properties such as atomic step width and
height that may be important to the growth process, and are useful
for a wide variety of materials. Finally, the use of light scattering and
optical temperature monitoring during growth allow us to properly
control the process in a repeatable manner. Absolute temperature
measurement is a challenge associated with wide-bandgap substrates
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Figure 27: Reflectivity (and therefore emissivity) measurements for a variety
of substances. The vertical axis is the signal proportional to reflectivity. The
emissivity values are shown in the legend. “Front” and “back” refer to sides
of a single-side polished sapphire substrate and “metal” and “no-metal” refer
to whether the back side of that substrate was coated in the standard 200 nm
Cr and 200 nm Mo. In all cases the relationships are linear, as expected.
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for which bandgap thermometry is not possible. Our analysis of this
problem should prove helpful to others using these materials.
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3 Annealing of Y2O3 films on

sapphire

In the previous chapter we described the annealing of sapphire sub-
strates before the growth process. Here we investigate the annealing
of the grown films to see if we can improve them and to determine
how we can influence their properties in general. We may be able to
improve the film surface morphology as in the case of the substrates,
for instance. Additional possible changes include increasing film den-
sity to bulk levels and removing oxygen vacancies by further oxidizing
the film in air. We may also be able to learn about interdiffusion
between the film and substrate, and the stability of rare-earth dopant
distributions at high temperature.

Most of the yttrium oxide films were grown on annealed sapphire
substrates, for reasons discussed in section 2.1, but some early films
were grown on (100) oriented silicon and unannealed sapphire. The
growths on silicon are not reported on here, but we will review the
results of growths on unannealed and annealed sapphire before dis-
cussing the film annealing experiments.

3.1 unannealed sapphire substrates

A series of 12 growths were performed on unannealed sapphire of all
four standard orientations shown in figure 8, with three thicknesses
per orientation of around 80, 500, and 1000 nm. The substrate temper-
atures were 1000

◦C with yttrium fluxes of 2.6× 10
−7 torr and oxygen

fluxes of 2.6× 10
−6 torr. The growth rates were around 350 nm/hr.

Further details on growth conditions can be found in chapter 4. Sam-
ples grown on R-plane (011̄2) substrates showed the lowest surface
roughness overall as measured by afm, as well as the smallest peak
widths measured by x-ray diffraction. Table 2 shows the roughness and
x-ray results. On A-, C-, and M-plane substrates the thin films showed
unusual linear features of unknown origin on the film surface, as seen
in figure 28a. Films on all substrate orientations eventually devel-
oped characteristic pyramidal structures with sufficient film thickness.
Figure 28b shows a 1000 nm thick Y2O3 sample grown on M-plane sap-
phire. X-ray ω–2θ scans from films grown on A-, C-, and M-sapphire
showed primarily {111}-oriented Y2O3 but also some peaks from other
Y2O3 orientations. These subsidiary peaks were not seen in growths
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3.1 unannealed sapphire substrates

A C M R

afm rms roughness (nm) 22 19 28 17

X-ray ω–2θ fwhm (°) 0.133 0.137 0.138 0.129

X-ray ω fwhm (°) 1.27 1.66 5.97 1.26

Table 2: Data from unannealed 1 µm thick Y2O3 films on varying orientations
of unannealed sapphire. The x-ray widths are from the Y2O3 (222) peaks.

on annealed R-plane sapphire substrates, further increasing R-plane’s
status as the “best” orientation for sapphire.

3.1.1 Refractive index

Several Y2O3 films were analyzed with an ellipsometer from J.A. Wool-
lam Co. generously provided by A. Macfarlane. This spectroscopic
ellipsometer measures how the polarization of light is changed on
reflection from the sample at a variety of wavelengths. Data analysis
allows determination of the wavelength-dependent index of refraction
of the film, film thickness, and surface roughness.

The ellipsometry was performed near the Brewster angle for Y2O3
because this maximizes sensitivity. Near the Brewster angle the differ-
ence between reflection of s- and p-polarized light is maximized, and
the phase shift is rapidly varying.[87] A Cauchy material model was
found to provide the best results for modelling the Y2O3 layer. The
model used for the wavelength-dependent index of refraction was

n(λ) = A+
B

λ2
+
C

λ4
, (3.1)

where A, B, and C are fitting parameters. A surface roughness layer
consisting of a mix of 50% Y2O3 and 50% air was used along with
index of refraction data for sapphire from the literature.

As shown in figure 29 our Y2O3 had an index of refraction of 1.85 at
the most common Nd:yag wavelength of 1064 nm, similar to literature
values that are around 1.90 for bulk yttria and lower for thin films.[42]
The index was nearly constant for greater wavelengths. The fact that
the real index was lower than the bulk value likely indicates that our
film was not 100% dense. The measured imaginary, absorptive, part
of the index was low, less than 10

−5 above 900 nm. The thickness of
this film was found to be 1073 nm with a 16 nm interfacial roughness
layer. This thickness value is consistent with data from specular light
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3.1 unannealed sapphire substrates

(a) 80 nm on A-Al2O3

(b) 1000 nm on M-Al2O3

Figure 28: Afm images of unannealed Y2O3 films grown on unannealed
sapphire substrates. (a) An 80 nm thick film on A-plane sapphire with linear
features seen in yttria films grown on A-, C-, and M-plane sapphire substrates.
(b) A 1000 nm film on M-plane sapphire with pyramidal structures that were
very common for thick yttria films.
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Figure 29: Real index of refraction, n, for an approximately 1 µm thick
Y2O3 film (solid, red), bulk Y2O3 (dash-dot, black) and a sapphire substrate
(dashed, blue). Our thin film yttria results are shown as a fit to equation 3.1
and the bulk data is from a Sellmeier fit.[42] The substrate data has increased
noise due to imperfect modelling of reflections from the rear substrate surface,
but matches literature data well.[88]

scattering collected during growth, as described in section 2.4.1, which
predicted 1080 nm. The roughness layer thickness was the same as the
rms roughness value measured with afm.

3.2 annealed sapphire substrates

Because a motivating factor for this research was the growth of laser
materials that need to be suitably thick for waveguiding purposes,
numerous “thick” samples were grown on annealed R-plane sapphire
after the study on unannealed substrates was concluded. The thickness
needs to be on the order of the lasing wavelength, so a thickness of
approximately 1 µm was chosen. R-plane was selected, as it showed
the most promise in the unannealed trials. Growths on annealed
C-plane sapphire did not show the same improvements noted when
moving to annealed R-plane substrates.

Figure 30 shows an afm image of an unannealed ∼1 µm Y2O3 film
on annealed R-plane sapphire. In contrast to figure 28b the surface is
mostly very smooth with some larger pyramidal structures. Figure 31
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3.3 post -growth film annealing

Figure 30: Afm image of an unannealed 1 µm thick Y2O3 film grown on
annealed R-plane sapphire. Some of the characteristic pyramids seen in
figure 28b are visible on a much smoother background.

shows an x-ray reciprocal space map of the Y2O3 (222) peak from the
same film pictured in figure 30. The peak is narrow in the out-of-plane
ω–2θ direction, indicating very homogeneous plane spacings, but
wide in the in-plane ω direction, indicating that a variety of “tilts” are
present in different regions of the film. This film had Y2O3 (222) peak
widths in the ω–2θ and ω directions of 0.0144° and 0.751° respectively,
compared with the values in table 2 of 0.129° and 1.26° for a film
grown on an unannealed R-plane substrate.

3.3 post -growth film annealing

Annealing is a common process for both metallurgy and thin-film
studies where heat is used to alter material properties. For thin-film
semiconductors a brief period at high temperature seems to allow
atoms to move to optimal positions, eliminating some defects created
during growth.[89] An example treatment for III-V semiconductors
would be 1 minute at 800

◦C. We annealed our films in air to study
how they changed and to see if certain properties could be improved.
Higher temperatures and longer annealing times than for semiconduc-
tors were used, as described below, which was reasonable, given the
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Figure 31: Reciprocal space map of an unannealed 1 µm thick Y2O3 film
grown on annealed R-plane sapphire. This map is plotted with axes in
degrees rather than reciprocal lattice units. The vertical direction is the out-
of-plane direction, perpendicular to the sample surface, and the axis shows
the 2θ position during the ω–2θ scan. The horizontal direction is in-plane,
with the axis showing the ω tilt used during the ω–2θ scan. See section 1.5.3.1
for a more detailed description. Logarithmic contours are used.

much higher bond energies present in Y2O3 compared with typical
semiconductors. ∆H is around 1900 kJ/mol for Y2O3 but only about
70 kJ/mol for GaAs.[90, 91]

Three “thin” films, 20, 66, and 69 nm, and one “thick” 600 nm film,
of Y2O3 grown on annealed R-plane sapphire were annealed under
various conditions. X-ray diffraction results as well as afm measure-
ments of surface features were compared from before annealing to
after each annealing step. The thick film was doped with around
1% Nd, and for this film photoluminescence measurements were also
tracked.

3.3.1 Initial annealing trial

The first experiments involved annealing two films at 1150
◦C for nine

hours in air. This regimen was selected, somewhat arbitrarily, as it
was the same as that used for the pre-growth anneal of the substrates.
A long duration was desired to ensure changes in the films were likely
to be noticed. Before annealing, the metal coatings on the back of
the substrate were removed to eliminate contamination of the oven
and film. The film was attached to a glass slide with Crystalbond
version 509 from SPI Supplies and the metal coating removed with
wet sandpaper. The Crystalbond was then removed by heating in
acetone. Figure 32a shows the surface of a 69 nm thick film before
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3.3 post -growth film annealing

annealing. Any organic remnants from the Crystalbond process would
be removed during the annealing process by the high temperatures.

After the long anneal the surface was re-imaged with afm, as
shown in figure 32b. The difference is striking. The atomic steps
have changed into “blobs” with much higher amplitude. Material has
diffused around on the surface and it appears that this new structure is
energetically preferred. Figure 33 shows a before and after comparison
of ω–2θ x-ray diffraction scans from the 69 nm thick Y2O3 sample. The
primary changes are the apparent shift of the Y2O3 (222) peak to higher
angle, indicating a smaller lattice spacing, and the appearance of a
subsidiary peak at slightly higher angle still, which may correspond to
the yttrium aluminum monoclinic (yam) phase, Y4Al2O9, (023) peak.
Another small peak that may correspond to the yttrium aluminum
perovskite (yap), YAlO3, (004) peak is also present.

A second Y2O3 film was annealed under the same conditions as
above. This film was 20 nm thick. Before annealing the surface looked
very similar to that of the 69 nm sample depicted in figure 32a; figure
34 shows afm images from this sample taken after annealing. Figure
35 shows x-ray diffraction results. The afm results are similar to the
69 nm sample, with what appear to be atomic steps visible on the
“blobs.” The x-ray results are somewhat different, though the main
Y2O3 (222) peak shift appears to be similar.

Perhaps unfortunately, the changes seen here from annealing do not
appear to be beneficial. The surface is rougher, and pendellösung finite
thickness fringes visible on the initial Y2O3 (222) peak in figure 35

are absent in the annealed spectrum. The single-phase Y2O3 film
has become a mixture of different Y-Al oxide phases and orientations.
Nevertheless, the desired outcome of witnessing film changes after
annealing was achieved, and understanding the evolution of film
properties under annealing could prove interesting in its own right.

3.3.2 Detailed step-wise annealing experiments

3.3.2.1 66 nm thick Y2O3 film

After determining that annealing can certainly affect the nature of the
Y2O3 film, further experiments were performed to gain more insight
into the process. Another thin film, 66 nm thick, was annealed, but
this time in a series of smaller steps. The sample was first annealed
at 800

◦C for four hours, then at 900
◦C for another four hours, and

so on, increasing 100
◦C in each step. The final anneal temperature
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3.3 post -growth film annealing

(a) Before

(b) After

Figure 32: Afm images of a 69 nm thick Y2O3 film grown on annealed R-
plane sapphire. (a) Before annealing. The steps are more difficult to see than
usual and the surface is more contaminated because of Crystalbond on the
surface (see text). (b) After annealing at 1150

◦C for nine hours.
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Figure 33: ω–2θ x-ray diffraction scans from a 69 nm thick Y2O3 film grown
on annealed R-plane sapphire, before and after annealing at 1150

◦C for nine
hours. Vertical black lines indicate expected positions of x-ray peaks from
the literature. The tall clipped peaks are from the substrate, and the other
prominent peaks in the “before” spectrum are Y2O3 {111}.

was 1400
◦C. Figures 36–39 show the sequence of afm images from

this annealing experiment. The surface morphology changes seen
here are not overtly similar to the results from the previous annealing
experiments. After the first anneal the stepped appearance is gone,
replaced with small “blobs” that are much smaller than with the
previous anneals. After the 1000

◦C anneal the blobs appear to be
coalescing, but the image from the 1100

◦C stage is quite similar to
the 900

◦C image. It is possible that some inhomogeneity across the
sample is present here, with different areas being accidentally imaged
in the different steps. The 1200

◦C image shows clear coalescence,
followed again by smaller features at 1300

◦C. The 1400
◦C image

shows interesting rectangular features with atomic steps, in clear
contrast with previous images in this series, though perhaps similar to
those seen in figure 34b.

Figure 40 shows x-ray diffraction scans from each stage of the
annealing process for the 66 nm thick film. At 1000

◦C new peaks
appear at 14.8 and 15.3°, to the right of the Y2O3 (222) peak position.
In this scan a shoulder is visible on the low-angle side of the 14.8°
peak. It is possible that the shoulder is all that remains of the (222)
peak. At 1100

◦C the shoulder is gone. As the annealing temperature
is further increased, the two new peaks disappear and are replaced
with others at higher angle. These subsequently also start to fade away.
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(a) 5 µm×5 µm scan

(b) Close-up 1 µm×1 µm scan

Figure 34: Afm scans of a 20 nm thick Y2O3 film after annealing at 1150
◦C

for nine hours. Atomic steps are visible in the close-up scan (b).
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Figure 35: ω–2θ x-ray diffraction scans from a 20 nm thick Y2O3 film grown
on annealed R-plane sapphire, before and after annealing at 1150

◦C for nine
hours. Vertical black lines indicate expected positions of x-ray peaks from
the literature. The tall clipped peaks are from the substrate, and the other
prominent peaks in the “before” spectrum are Y2O3 {111}.

There was no difference between the 1300
◦C scan and the 1400

◦C scan
(not shown), but there was a problem with the oven during this final
stage, and the temperature setpoint may not have been reached. A
difference was present in afm measurements, as seen in figure 39b, so
there is ambiguity regarding this final anneal step.

Since the x-ray diffraction peaks from the film are mostly gone after
the final anneal, it is logical to ask whether or not the film still remains
on the sample in any form or whether it has evaporated entirely. By
visually inspecting the sample, we can see that “shadows” left by
the substrate hold-down wires during the deposition process are still
present. The complicated structure in the afm image in figure 39b is
also not very suggestive of only the substrate’s being left behind. It is
possible that the crystal structure of the film has changed such that it
has become polycrystalline with random alignment of the individual
crystal grains. If this has occurred, one would still expect to see x-ray
diffraction peaks as in a powder x-ray scan, but the intensities could
be diminished to such a degree that they are not discernible in the
measurements we performed.

62



3.3 post -growth film annealing

(a) Before

(b) 800
◦C

Figure 36: Afm scans of a 66 nm thick Y2O3 film (a) before annealing and (b)
after annealing for four hours at 800

◦C. The atomic steps are replaced by a
more granular surface structure after annealing.
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(a) 900
◦C

(b) 1000
◦C

Figure 37: Afm scans of a 66 nm thick Y2O3 film after annealing for an
additional four hours at (a) 900

◦C and (b) 1000
◦C. The surface features have

become larger and have more distinct angular structures after the 1000
◦C

anneal.
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(a) 1100
◦C

(b) 1200
◦C

Figure 38: Afm scans of a 66 nm thick Y2O3 film after annealing for an
additional four hours at (a) 1100

◦C and (b) 1200
◦C. The angular structures

in figure 37b disappeared after the 1100
◦C anneal, but have been replaced

with even larger features subsequent to the 1200
◦C step.
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(a) 1300
◦C

(b) 1400
◦C

Figure 39: Afm scans of a 66 nm thick Y2O3 film after annealing for an
additional four hours at (a) 1300

◦C and (b) 1400
◦C. After the final 1400

◦C
anneal the surface is covered with stepped rectangular features.
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Figure 40: ω–2θ x-ray diffraction scans from a 66 nm thick Y2O3 film grown
on annealed R-plane sapphire. The same film was annealed several times for
four hours at each of the indicated temperatures. The tallest peak is from
the substrate. In the unannealed scan only the substrate and Y2O3 peak are
present. After annealing additional peaks appear, indicating the presence of
new crystal phases.

3.3.2.2 600 nm thick Y2O3 film

A thicker 600 nm Y2O3 film doped with around 1% Nd was annealed
in a similar fashion to the 66 nm film, except this time the four hour
anneals in 100

◦C steps started at 600
◦C. Figures 41–44 show afm

image results for each step starting at 800
◦C, where changes were first

noticeable. No noticeable change was seen in the 1400
◦C step (not

shown) unlike in the thinner film, though, as mentioned above, there
was a technical problem with the furnace during this final step. Initial
triangular mounds likely related to the triangular {111} symmetry
coalesce and form higher-amplitude blobs with some voids visible in
the final image. Rms surface roughness wanders about through the
series but seems to finally trend upwards, reaching 20 nm after the
final anneal.

Figure 45 shows the x-ray diffraction spectra from this thicker
600 nm film. Changes were first detected after the 1000

◦C anneal step.
The Y2O3 (222) peak at 14.5° is joined by another peak around 14.8°.
An additional new peak appears at around 15.3°. Looking again at the
data in figure 40 it seems likely that the “shoulder” discussed above in
the 66 nm thick film scans is in fact the Y2O3 (222) peak fading away
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(a) Before

(b) 800
◦C

Figure 41: Afm scans of a 600 nm thick Nd:Y2O3 film (a) before annealing
and (b) after annealing for four hours at 800

◦C. The rms roughness in both
cases was 4 nm. Surface features appear to have coalesced after the anneal.
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(a) 900
◦C

(b) 1000
◦C

Figure 42: Afm scans of a 600 nm thick Nd:Y2O3 film after annealing for an
additional four hours at (a) 900

◦C (rms roughness 10 nm) and (b) 1000
◦C

(rms roughness 7 nm). The surfaces appear to be less interconnected than in
figure 41b.
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(a) 1100
◦C

(b) 1200
◦C

Figure 43: Afm scans of a 600 nm thick Nd:Y2O3 film after annealing for an
additional four hours at (a) 1100

◦C (rms roughness 5 nm) and (b) 1200
◦C

(rms roughness 7 nm). A definitive trend in the evolution of the surface
morphology with annealing is not clear from these images.
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Figure 44: Afm scan of a 600 nm thick Nd:Y2O3 film after annealing for an
additional four hours at 1300

◦C (rms roughness 20 nm). This image from
after the final anneal step shows some larger voids or deep pits on the surface.

and that the peak at 14.8° is new, and not a higher angle version of the
Y2O3 peak. This would also apply to the results from the initial trial
annealing experiment, where it now seems likely that the Y2O3 (222)
peak was eliminated by the anneal at 1150

◦C for nine hours. This
thicker sample also shows higher-angle peaks around 17° seen in the
previous samples.

It is difficult to positively identify x-ray diffraction peaks like these
from data tables because of the many different possibilities, but a cur-
sory inspection of strong peaks from standard powder diffraction data
may provide some insight. The Inorganic Crystal Structure Database
maintained by the FIZ Karlsruhe Leibniz Institute for Information
Infrastructure[92] was consulted, and peaks with strengths > 20% of
the maximum were considered. The yag, Y3Al5O12, (400) peak is lo-
cated at 14.87° and could be the origin of the peak near 14.8°. Another
possibility for this peak is the unusual garnet phase of YAlO3, which
has a peak at 14.73°.[93] Yam, Y4Al2O9, has two peaks near 15.3°: (023)
at 15.27° and (032) at 15.28°. The yam (221̄) peak is at 14.66°, which
is very near the Y2O3 (222) peak and could be contributing to some
confusion. Yap, the more common perovskite phase of YAlO3, has
three strong peaks near 17°: (020) at 16.81°, (112) at 17.13°, and (200)
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Figure 45: ω–2θ x-ray diffraction scans from a 600 nm thick Nd:Y2O3 film
grown on annealed R-plane sapphire. The same film was annealed several
times for four hours at each of the indicated temperatures. The tallest peak is
from the substrate. As in figure 40, the only peaks present before annealing
were from the substrate and Y2O3 film. New peaks from other crystal phases
appear after annealing and persist throughout the process.

at 17.31°. Despite some imperfect position matches, this peak data
provides some additional evidence for the yttria film transformations
into mixed Y-Al oxide phases.

A prism-coupling laser system was used to investigate waveguiding
in the thick sample.[71] Two guided modes were supported for 523 nm
light, allowing us to separate the effects of index and thickness changes.
We determined that the thickness stayed constant during the anneal
and the index dropped from about 1.93 before any annealing to 1.91

after the final annealing step, a significant decrease. The thickness
might be expected to increase as Al diffuses into the film from the
substrate, but if the initial film was slightly porous, the porosity could
be declining during annealing. Yag has a lower index than Y2O3,
while the index of yap is higher. There is little data for yam. This may
not lead to an easy conclusion for the expected change of the index,
but in general the addition of oxygen could be expected to decrease
the index if the film was previously oxygen deficient, by making it less
metallic.

Figure 46 shows room-temperature photoluminescence spectra col-
lected from the 600 nm thick Nd:Y2O3 sample throughout the anneal-
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Figure 46: Photoluminescence measurements from a 600 nm thick Nd:Y2O3
film grown on annealed R-plane sapphire. The same film was annealed
several times for four hours at each of the indicated temperatures. The peaks
are due to excited states of the neodymium. The changes in the spectra
are due to changes in the crystal host. Sharp spectra indicate crystalline
material. The labelled peaks were used to estimate the phase fractions shown
in figure 48.

ing process. The pump source was an 800 nm laser diode operated at a
power of 500 mW. There was no visible difference until the 1000

◦C an-
neal step, as in the x-ray diffraction measurements. The initial spectra
corresponded to typical Nd:Y2O3 spectra seen in literature.[94] After
the 1000

◦C step some small changes are seen in intensity; however,
it is difficult to precisely control intensity variation from run to run
in the photoluminescence measurement setup, so these changes may
not be real. After the 1100

◦C step new peaks begin to appear, which
become stronger after subsequent annealing steps.

For comparison with figure 46, figure 47 shows photoluminescence
spectra from a variety of other Y-Al oxide phases. By noticing the
presence of unique peaks from the various phases, we can gain insight
into what transformations the Y2O3 film may be undergoing during
the annealing process. It appears from the lack of peaks at 1096 nm
and 1136 nm that no significant amount of Nd:Al2O3 is present. There
may be a small amount of yam present due to the increase of peak
height at 1055 nm, but this drops down at higher temperatures. Yap

peaks, e.g. at 1057, 1064, 1072, 1090, and 1098 nm, appear around the
1100

◦C anneal step and remain throughout the process. Yag peaks,
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3.3 post -growth film annealing

Figure 47: Photoluminescence spectra from Nd:Y2O3, Nd:Al2O3, and the
three Y-Al ternary phases, yam, yap, and yag. The different spectra arise from
the different structures of the host crystal lattices surrounding the Nd3+ ions.
Figure courtesy Raveen Kumaran.

e.g. at 1061 nm, and a group near 1115 nm, appear after the 1300
◦C

step and remain. The Y2O3 peaks appear to be decreasing in intensity
after the anneals. This would make sense if the finite amount of Y2O3
present is being converted into other phases.

By tracking intensity changes of the Y2O3 peak at 1103 nm, the
yam peak at 1055 nm, the yap peak at 1098 nm, and the yag peak at
1061 nm, we can make a rough quantitative estimate of the phase
fractions of the Y-Al oxides present in the thick film at the various
annealing temperatures. The influence of the overlapping yttria peak
was subtracted from the yam peak heights. Figure 48 shows a plot of
the results. This figure is intended as only a guideline, as the absolute
intensities of these different lines are not expected to be the same. For
each temperature the four characteristic peak heights were taken to
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Figure 48: A rough estimate (based on photoluminescence measurements) of
the fractions of the various Y-Al phases present in a thick Nd:Y2O3 film after
annealing at various temperatures.

sum to 100%, and the phase fractions were determined by comparing
the height of their unique peak with the 100% sum.

As seen in figure 48, yam starts to appear after the 1000
◦C step,

yap at 1100
◦C, and yag at 1300

◦C. However, in the x-ray diffraction
data in figure 45, yag and yam seemed to form at 1000

◦C and yap

at 1100
◦C. The inconsistency in the yag formation temperature may

mean that the yag peak has been misidentified in the x-ray spectrum
or that it takes extra time for the Nd atoms to integrate into the yag

structure and start producing photoluminescence.

3.3.3 Discussion of interdiffusion

It is logical for yam and yap to appear first when annealing Y2O3 on
Al2O3, since they have high yttrium-to-aluminum ratios of 2:1 for yam

and 1:1 for yap. As aluminum diffuses from the substrate into the
Y2O3 film, these lower Al fraction compounds would be likely to form
first. Yag, with its 3:5 Y:Al ratio forms later, as more Al diffuses into
the film. As this occurs, the amount of Y2O3 decreases. Figure 49

shows a schematic diagram of how the some of the stages of annealing
could progress.
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Figure 49: Schematic of some possible steps in the annealing process of Y2O3
on Al2O3. First, yam, the mixed Y-Al oxide with the highest Y:Al ratio
appears, followed by yap and yag. As this happens, the amount of Y2O3
decreases. Eventually all that would be left is some amount of yag, the most
stable of these ternary oxides.

Figure 50: An alternate schematic view of how the annealing process of Y2O3
on Al2O3 could proceed. Aluminum could propagate up “channels” that
surround Y2O3 crystallites.
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3.3 post -growth film annealing

We can attempt to obtain quantitative information about the diffu-
sion that is occurring by analyzing the x-ray and afm results above.
First we assume that only Al diffuses into the Y2O3 and not Y into
the Al2O3 substrate. This could be a reasonable assumption, since
Y is a larger atom than Al. Nd is also much larger than Al and was
not observed to diffuse into the Al2O3 in photoluminescence measure-
ments. Porosity in the films is another potential rationale for increased
diffusion compared to the substrate. From Fick’s laws of diffusion,
after time t, at temperature T , Al will diffuse a distance approximately√
Dt into the Y2O3 film, where D, the diffusion constant is given by

D = D0e
−Ea/kbT , (3.2)

with D0 being an infinite-temperature diffusion constant, Ea the acti-
vation energy for the diffusion, and kb the Boltzmann constant.

As diffusion occurs, Y2O3 is converted into the Y-Al oxide phases
YAM, YAP, and YAG. The x-ray diffraction peaks from these phases
increase and decrease in height in proportion to the amount of each
phase present. The Y2O3 x-ray peak decreases in intensity as material
is converted to the other phases. This is most obvious in figure 40. Here
we see that the Y2O3 (222) peak at approximately 14.5° has diminished
to about 15% of its original intensity after the 1000

◦C annealing step.
We interpret this to mean that Al has diffused through 85% of the film
in the four-hour annealing time. This allows us to calculate a diffusion
constant by equating 85% of the 66 nm film thickness (i.e. 56 nm) to a
diffusion length,

√
Dt, and then solving for D. We arrive at a value of

D1000
◦C =2.2× 10

−15 cm 2/s.
We can proceed further and extract an activation energy using

equation 3.2 by estimating a value for D0 as follows. We assume that
the infinite-temperature diffusion constant, D0, is approximately equal
to the mean free path of the atoms, lMFP, multiplied by the average
velocity of the atoms, v̄. We can estimate the average velocity as the
product of the mean free path and a thermal attempt frequency, ν0,
similar to the Debye frequency, which we take to be about 10

12 s−1.[95]
We can further estimate the mean free path to be equal to the ionic
diameter of the oxygens (rion ≈ 0.14 nm), assuming that they are the
primary impediment to diffusion. So we have:

D0 ≈ lMFPv̄ ≈ l2MFPν0 ≈ 4r2ionν0 = 7.8× 10
−4 cm 2/s. (3.3)

Using the above values for D and D0 we find an activation energy
for Al diffusion in Y2O3 of 3.0 eV. We compare our results with litera-
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Al in Y2O3 (this work) Y in Al2O3 Y in Y2O3 Al in Al2O3

D1000
◦C (cm2/s) 2.2× 10

−15
9.3× 10

−19
1.6× 10

−17
2.3× 10

−22

log10D1000
◦C (cm2/s) −14.7 −18.0 −16.8 −21.7

log10D1200
◦C (cm2/s) −13.1 −16.4 −15.1 −18.8

log10D0 (cm2/s) −3.1 −5.9 −4.5 −0.66

Ea (eV) 3.0 3.1 3.1 5.3

Table 3: Diffusion constants and activation energies for Al and Y diffusing in
Y2O3 and Al2O3. Y in Al2O3 data from E.G. Moya et al.,[96] Y in Y2O3 data
from R.J. Gaboriaud,[97] and Al in Al2O3 from M. Legall et al.[98]

ture values for Y diffusion in single-crystal sapphire,[96] Y diffusion in
single-crystal Y2O3,[97] and Al diffusion in single-crystal sapphire[98]
in table 3. Our activation energy is very similar to the values for Y
diffusion in Al2O3 and Y2O3. Our calculated diffusion constant for Al
is higher than the reported value for Y in Al2O3, which is consistent
with our assumptions. It is impractical to calculate meaningful error
estimates from our limited data.

3.3.4 Effect of annealing on surface roughness

We can attempt to learn about surface diffusion, in contrast with bulk
diffusion discussed above, by studying the afm results. Power spectral
density (psd) curves were calculated for each of the afm images cap-
tured from the two films that were annealed in stages (figures 36-39

and 41-44). Figure 51a shows example psd measurements from the
600 nm thick Nd:Y2O3 sample after annealing at 800 and 1300

◦C. The
psd gives a measure of which length scales are present on the sample
surface and is equal to the Fourier transform of the autocorrelation
of the image in one direction, averaged over the other direction. For
our samples the typical result was a flat horizontal line at low spatial
frequency, which rolled off and dropped linearly on a log-log plot
at higher frequency. By fitting straight lines to the low- and high-
frequency sections and finding their intersection, we can determine a
characteristic spatial frequency and therefore a characteristic length,
the inverse, for the surface. This procedure is illustrated in figure 51a.
Two psd data sets are shown, with characteristic spatial frequencies
of 3× 10

6 m−1 and 1× 10
7 m−1, giving lengths around 300 nm and

100 nm, respectively. While the dynamic range of the presented data
somewhat exceeds that of the afm, owing to the finite size of the
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imaged area and pixels, the highest- and lowest-spatial-frequency
points can be ignored with minimal impact on the calculation of our
characteristic length.

Now, similarly to above, we can assume that this length is pro-
portional to the diffusion length and therefore the square root of the
diffusion constant. With data from the anneals at various tempera-
tures in figure 51b we extract an activation energy using equation 3.2.
For our Y2O3 films we find an activation energy for surface diffu-
sion of (0.5± 0.3) eV. This is somewhat less, but not incredibly so,
than the value of 1.3 eV reported for surface diffusion of single crystal
Al2O3[99] and lower than the 3.6 eV reported for surface diffusion
in polycrystalline Y2O3.[100] Our value of 0.5 eV will be discussed
further in section 4.1.

3.4 summary

Post-growth annealing of Y2O3 oxide films grown on sapphire tends
to roughen the surface and convert the Y2O3 to other mixed Y-Al
phases including yam, yap and yag. This is not directly helpful for the
creation of waveguide laser devices, but the ability to convert material
between these phases could be useful if a single phase end result was
possible. The diffusion constants estimated for Al migration in Y2O3
and for Y2O3 surface diffusion are useful for comparison with other
materials systems.
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Figure 51: (a) Power spectral density data from the surface of a thick Nd:Y2O3
film after annealing for four hours at 800

◦C (blue) and 1300
◦C (red). The

intersection of the dashed trend lines is taken as an inverse characteristic
length of the surface. (b) Characteristic lengths, L, determined from psd

data, were plotted as a function of temperature to determine an activation
energy for surface diffusion. The blue circles are from the 600 nm film and
the red squares are from the 66 nm film. The black line is a fit to the data
representing a 0.5 eV activation energy. The square of the characteristic length
is plotted on the vertical axis because the diffusion constant is proportional
to the square of the diffusion length. By plotting the data in this fashion the
exponential activation energy in equation 3.2 appears as a straight line.
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4 X-ray structural analysis

X-ray diffraction is a powerful characterization tool that can be used
to provide detailed information about the structural properties of crys-
talline films. Typically one performs an experimental measurement
and then compares with theory to interpret the data. A simple exam-
ple would be to use the diffraction angle of an x-ray peak with respect
to the film surface to calculate the lattice spacing of the crystal. In this
chapter we explore the results from x-ray diffraction experiments and
calculations as they apply to thin oxide films.

4.1 critical thickness

A series of relatively thin Y2O3 films, 5 to 70 nm thick, were grown to
investigate the initial stages of growth. Understanding the beginning
of the growth process may allow us to better control the growth of
thicker films that are suitable for waveguide structures. Our analysis
revealed that the thin films started growing with a very high degree
of structural order, but that eventually the growth mode changed such
that the film was more disordered. This type of growth suggests a
“critical thickness” phenomenon, where the film structure drastically
changes at a certain thickness.

R-plane sapphire substrates that had been annealed in air for nine
hours at 1150

◦C were used as substrates. Annealing the substrates
causes distinct atomic steps to form on the surface, leading to im-
proved structural quality and lower surface roughness for the films
(see sections 2.1 and 3.2). During film growth the substrates were
heated to between 400 and 1000

◦C. The yttrium effusion cell was
operated between approximately 1400 and 1800

◦C, allowing control of
the growth rate between 10 and 240 nm/hr. The yttrium beam equiv-
alent pressure was measured with an ion gauge, calibrated for N2,
placed in front of the substrate, and found to be between 1× 10

−8 torr
and 3× 10

−7 torr. Oxygen gas was introduced to the growth chamber
through the plasma source but the source was not energized. Typical
oxygen background pressures were 3× 10

−6 torr, giving an oxygen-to-
yttrium flux ratio of between approximately 10:1 and 300:1.

Figure 52 shows a typical streaky rheed pattern observed during
growth, indicating good crystalline quality and a smooth film. These
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4.1 critical thickness

Figure 52: rheed image from Y2O3 growing on R-plane sapphire. The beam
is oriented along the Y2O3 [11̄0] direction. The streaks indicate a smooth
surface. Sharper spots can appear when the electron beam is transmitted
through material on rougher films. The horizontal spacing between the
streaks corresponds to the inverse of the in-plane lattice spacing of the
crystal.

patterns persisted throughout the growth. Rheed provides a measure
of the in-plane orientation of the film with respect to the substrate.
By loading the substrate in a known orientation and analyzing the
streak spacing in the substrate rheed pattern before growth, we deter-
mined that the beam was oriented along the Al2O3 [21̄1̄0] direction.
Analysis of the film streak spacing after growth, combined with x-ray
diffraction data, showed that the corresponding direction in the Y2O3
crystal was [11̄0]. Growth oscillations were not observed in the rheed

measurements.
Figure 53 shows x-ray reflectivity from the same sample as in

figure 52. By fitting the oscillations in the x-ray reflectivity with a
model using the PANalytical X’Pert Reflectivity software,[101, 102]
we determined that the film was 21 nm thick. This corresponds to a
growth rate of 11 nm/hr. We saw no change in growth rate for varying
substrate temperatures. This is an indication that all of the yttrium
sticks to the substrate and does not re-evaporate. The critical angle
found in the reflectivity fit confirms that the film had the expected
density of 5.01 g/cm3, as for bulk Y2O3. X-ray reflectivity also pro-
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4.1 critical thickness

vides a measure of film and interface roughness. For this sample the
substrate/film interface and surface roughness were 0.6 and 0.7 nm, re-
spectively, from reflectivity, and the rms surface roughness was 0.2 nm
from afm. The reflectivity values are based on a density-change in-
terface width and could reflect deeper structures than the afm can
image.

The right side of figure 54 shows an afm image of the sample
discussed above, with atomic steps clearly visible. The left side of
figure 54 shows a typical starting R-Al2O3 surface with atomically
flat terraces. Since the step edges remained straight during growth,
we concluded that the steps were a conformal replication of the steps
present on the initial substrate surface and were not an indication of
step flow growth. The mottled pattern on the surface with a charac-
teristic feature size of about 20 nm was typical of the Y2O3 films. The
straight step edges and mottling in excess of the substrate roughness
are evidence for low diffusion during growth. Larger adatom diffusion
lengths would likely lead to step-edge roughening and increased Y2O3
island size.

The inset of figure 53 shows the dependence of the afm measured
roughness on film thickness for a variety of Y2O3 samples with thick-
nesses from 6 to 1200 nm, including films grown in this study and
those mentioned in chapter 3. For a random deposition process with
no diffusion, the expected relationship is:

w ∼ t0.5, (4.1)

where w is the rms roughness and t is the film thickness.[103] This re-
lationship is shown on the log-log plot as a straight line with slope 0.5
and is consistent with the afm data. This type of deposition process is
also known as ballistic aggregation. While some diffusion is required
for epitaxial growth, this is another indication that only short-range
surface diffusion occurs. The films represented by the data points
were grown under the range of conditions described above, so some
deviations are expected and this plot is intended only to indicate a
general trend. Additionally, some large crystallites present on the sur-
face of the thicker films were ignored in the roughness determination
in an effort to compare only the small-scale local roughness.

Additional structural characterization was performed by x-ray
diffraction. Figure 55a shows a portion of an ω–2θ scan for the same
21 nm thick Y2O3 film on R-Al2O3 as in figure 54. The substrate peak
and film peak are shown with clear pendellösung fringes visible for
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Figure 53: X-ray reflectivity scan from a Y2O3 sample. The excellent fit (red
dashed line) to the data (black) indicates that the thickness of the film is
21 nm and that it has the bulk Y2O3 density of 5.01 g/cm3. Film and interface
layer roughness are also included in the model. Inset: rms roughness as
determined by afm for Y2O3 samples with a variety of thicknesses. The error
in the afm measurements is represented by the data point size.
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4.1 critical thickness

Figure 54: Afm images of a typical annealed R-Al2O3 substrate (left) and
Y2O3 sample (right). Clear atomic steps are visible on the substrate. These
steps persist through the growth, with the film developing a clear mottled
texture not present on the starting surface. The small black dot in the
lower right indicates the average crystallite size of 15 nm determined using
equation 4.9, matching the mottled pattern. The step spacing is different in
the two images due to varying miscut between wafers. The linear full colour
scale is 1.6 nm.
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4.1 critical thickness

the film, indicating sharp interfaces and a high-quality epitaxial film.
The film peak was identified as Y2O3 (222), indicating that the film
grew with {111} out-of-plane orientation. This was consistent for all
growths on sapphire, independent of the substrate orientation. The
film peak is relatively broad because the film is quite thin. The peak
width matches the minimum width expected for this film thickness
estimated using the Scherrer formula:

B =
0.9λ
t cos θ

, (4.2)

where B is the full-width at half-maximum (fwhm) of the x-ray peak,
λ is the x-ray wavelength, t is the film thickness or grain size, and θ
is the diffraction angle.[73] Only Y2O3 {111} and substrate reflections
were seen in broader ω–2θ scans.

The region of reciprocal space surrounding the peaks in figure 55a
was examined further by collecting an x-ray reciprocal space map with
a triple-bounce Ge analyzer crystal. The analyzer crystal is necessary
to ensure that only single points in reciprocal space are measured
for each data point. The usual slits on the detector actually sample a
small arc of reciprocal space, which greatly increases intensity but is
inappropriate for creating a space map. The large ω–2θ width of the
film peak is visible as the vertical stripe in the map shown in figure 56.
Broadening of the film peak in the in-plane direction is visible as a
broad horizontal background.

The in-plane film peak broadening was investigated to further quan-
tify the structural quality of the films by recording ω scans for several
samples. ω scans consist of rocking the sample while holding the
detector fixed. This corresponds to measuring along kx in reciprocal
space. Figure 55b shows results from three films. Two of the films
have broad mosaic backgrounds topped by sharp peaks. The thinnest
6 nm film shows only a sharp peak. The sharp peaks are extremely
narrow, around 7 arcseconds, when measured with the detector ana-
lyzer crystal. This is approximately the resolution of the diffractometer,
indicating a high degree of structural order.

The fact that the thinnest film had no broad background suggests
that the crystal growth may start out essentially perfectly, with greater
disorder occurring with increased thickness. This type of growth often
occurs for semiconductors, where the film grows strained to match
the lattice constant of the substrate up to a certain point, then relaxes
by dislocation nucleation and propagation. The film thickness that
can be reached before relaxation is called the critical thickness, and
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Figure 55: (a) ω–2θ x-ray scan of a 21 nm {111}-oriented Y2O3 film on R-
Al2O3. The fringes indicate sharp interfaces and a high degree of film
uniformity. (b) ω x-ray scans of the film peaks from various Y2O3 samples
(thickness and growth rate are indicated). The sharp central peak is from
highly ordered material that grows initially while the broad background is
from subsequent lower-structural-order material.
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Figure 56: X-ray reciprocal space map from Y2O3 on R-Al2O3. The peak at
the bottom of the image is the substrate peak and the streak in the upper
part is the film peak, broadened vertically by its small thickness. The broad
horizontal background on the film peak is due to structural imperfections.
The abrupt colour changes in the film peak are due to the very sharp features
seen in figure 55b. A logarithmic colour scale is used.
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4.1 critical thickness

is determined by the mismatch between the substrate and film lattice
constants. An expression for this critical thickness was derived by
Matthews and Blakeslee.[104] Our case of a (111) cubic lattice on the
(011̄2) face of a hexagonal crystal is somewhat complicated, but the
mismatch between the best-aligned planes of atoms is approximately
10% along the [2̄110]Al2O3/[11̄0]Y2O3 direction and about 5% in the
perpendicular direction ([01̄11]/[112̄]). With such a mismatch the
expected Matthews-Blakeslee critical thickness would be less than a
monolayer. Our measurements, described below, indicate that the
volume of highly ordered material in our films is much greater than
this minimal amount. Additionally, we do not see a large peak posi-
tion shift due to strain in our x-ray diffraction results. Therefore we
conclude that our layers are not strained to match the substrate, and
that a somewhat different process is occurring in our experiments.

To investigate this concept in more depth, we choose to take the
ratio of the ω-scan sharp peak area to total ω-scan area as a metric
for evaluating film quality. We propose that the sharp peak signal
is from highly ordered material while the broad peak signal is due
to lower-quality portions of the film. As mentioned above, a simple
way to envision the growth is to imagine that the film grows nearly
perfectly up to a certain critical thickness, but then the growth changes
and lower-quality material is deposited beyond the critical thickness.
We can quantify this critical thickness by multiplying the ratio of sharp
peak area to total area by the film thickness:

tc =
Asharp

Atotal
t, (4.3)

where tc is the critical thickness, Asharp is the area of the sharp peak
in the ω scan, Atotal is the total scan area, and t is the total film
thickness. Note that this case would be different from the concept of
critical thickness for semiconductors described above. In that case the
highly ordered part of the crystal is “destroyed” by dislocations that
propagate throughout the full thickness of the film. In our case the
“perfect” part of the film appears to remain intact regardless of total
film thickness.

Note that equation 4.3 would provide an appropriate quantitative
measure of film quality even if all of the highly ordered material was
not present in a uniform initial layer. If the high-quality material was
distributed throughout the film then we could take the same peak area
ratio and multiply it by the film volume to find the fractional volume
of ordered material. Since all of our films have the same surface area,
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4.1 critical thickness

multiplying by the film thickness has the same effect, and equation 4.3
is valid for comparing our samples.

The two-component ω-scan line shape with both sharp and broad
components has been seen before by others, though interpretation in
the literature varies. Some interpret the lineshape as being due to a
traditional critical thickness phenomenon, with initial high quality
growth, followed by lower quality relaxed material.[23, 66, 105] One
group suggests that the high quality material may be present on top of
the film, “floating” on a relaxed layer.[106] Zaitsev et al. conclude that
the highly ordered material is distributed throughout the thickness of
the film.[107] They argue that the finite thickness determined from the
spacing of pendellösung fringes in ω–2θ scans is the same as the full
thickness of the film, and therefore that the ordered material is not
restricted to either the top or bottom of the layer. Boulle et al. show
reciprocal space maps very similar to our figure 56.[108, 109] They
state that the sharp feature is due to coherently diffracting crystallites
which extend throughout the thickness of the film. The peak can
be sharp in the in-plane direction because the lateral extent of the
crystallites is greater than the film thickness. They state that while
the sharp coherent peak only depends on the size and shape of the
crystallites, the broad diffuse peak also depends on disorder and can
therefore be wider in the in-plane direction. Boulle also presents
simulations that match the experimental data that take into account
the shape of the crystallites and the distribution of their sizes in the
film.

Several additional groups have attempted to explain these results
theoretically. Miceli and Palmstrøm present a scattering model which
reproduces the two-component ω-scan lineshape.[110] They attribute
the broad peak to rotational displacements within the crystal with
short correlation lengths. They state that the sharp peak is due to
uncorrelated displacements that are “bounded in magnitude by the
substrate.” The idea is that the relatively small film thicknesses and the
inherent connection with the substrate in epitaxy lead to a limitation
on the amount of disorder possible. This allows the sharp peak
to persist even when the film is not fully ordered. They note that
there is experimental evidence that this phenomenon is linked to the
“adhesion” between the film and substrate, explaining the fact that it
is only observed in certain materials systems.

Barabash et al. provide expressions for the intensity of the broad
and sharp components of the ω-scan based on scattering theory for
bulk crystals.[111] They include the effects of misfit dislocations. They
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4.1 critical thickness

find that the presence and strength of the sharp peak is controlled by
the magnitude of the Debye-Waller factor (dwf) for the situation in
question. The dwf is an exponential term that decreases the intensity
of elastic x-ray scattering based on the displacement of atoms from
their ideal lattice positions. It can be used to account for thermal
vibrations as well as displacements due to disorder. Barabash show
that the exponent in the dwf scales with film thickness, i.e. dwf ∝ e−t,
for layers less than 150 nm thick.

Kaganer et al. present perhaps the most complete investigation
of the dual-lineshape phenomenon.[112, 113] They state that misfit
dislocations are responsible for the two-component lineshape and that
academic agreement has been reached on this point. They perform
Monte Carlo calculations reproducing the lineshape and show that
it is far more likely to observe the sharp peak component when the
misfit dislocations are correlated in position. Uncorrelated dislocations
reduce the strength of the sharp peak by two orders of magnitude.
Kaganer additionally argues similarly to Barabash that the dwf for
the coherent peak remains finite, i.e. non-zero, for epitaxial films. He
also shows that the dimensionless parameter ρt controls the type of
diffraction from the crystal, where ρ is the linear dislocation density
and t is the film thickness. Low values of ρt lead to stronger coherent
peaks. This result is again similar to that of Barabash in that it makes a
connection between the strength of the sharp peak and film thickness.

Figure 57 shows the dependence of the sharp peak signal in our ω x-
ray scans on film thickness. As with the authors mentioned above, we
see a clear trend towards smaller coherent peaks as the films get thicker.
We would not expect to see a perfectly linear relationship in the plot
because the films in our experiments were not grown under identical
conditions. The decreased intensity of the sharp peak signal with film
thickness fits with the traditional critical thickness picture, but also
seems to be consistent with the other interpretations discussed above.
Similarly to Zaitsev et al.[107] the spacing of pendellösung fringes in
our ω–2θ scans matches what is expected from the full thickness of our
films, implying that the highly ordered material is present throughout.

Our films may be growing in a columnar fashion, with many
vertically oriented columns originating at the substrate interface. There
would be disorder at the boundaries between columns, and as the film
grew thicker, the connection with the substrate would be lessened.
Eventually there could start to be “interference” between columns
and the “perfect” vertical orientation could be lost. This columnar
interpretation would fit with the mottled surfaces seen in our afm
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Figure 57: Variation of the sharp peak signal in ω x-ray scans with film
thickness. The peak signal generally decreases with increasing film thickness.
The vertical axis is plotted logarithmically for comparison with Barabash
et al.’s result that the exponential dwf scales with film thickness.[111]

images, such as in figure 54. The spots on the surface could be the
tops of columns of Y2O3.

Turning to the concept of misfit dislocations originating at the sub-
strate film interface, the fact we see evidence of very low diffusion
during growth may argue against the idea of dislocations propagating
through previously deposited material. It could take too much energy
to rearrange all of the atoms in the necessary fashion. Additionally,
preliminary plan-view and cross-sectional transmission electron mi-
croscope images taken by our collaborator Shawn Penson lack the
characteristic straight lines usually seen from misfit dislocations.

It is interesting that despite the variety of materials systems and
conditions under which this sharp and broad scattering pattern can
be observed, and with the range of possible interpretations, that the
experimental results are very similar. The phenomenon appears to
be “universal” and even with possibly different specific details of the
defects present in the materials, the underlying physics appears to
be the same. With this in mind, we will proceed with our analysis
based on equation 4.3. Regardless of the distribution of the highly
ordered material in the film, the “critical thickness” value is useful for
comparison of the relative quality of our samples.
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4.1 critical thickness

Figure 58a shows a plot of our “critical thickness” as a function of
growth rate for nine samples deposited at 800

◦C. Films grown at a
lower rate had less broad peak signal, signifying a higher quality and
larger critical thickness. The relationship was determined to be

tc ∼ F
−0.6 (4.4)

where F is the flux of material landing on the substrate, which is
proportional to the growth rate. Figure 58b shows the effect of tem-
perature on critical thickness for six samples grown at similar rates,
between 11 and 15 nm/hr. Growing at a higher temperature increased
quality up to 800

◦C, beyond which crystallinity decreased. The ex-
tremely low critical thicknesses for the films grown at the very low and
high temperatures of 400 and 1000

◦C likely indicate the presence of
only small areas in the crystal with structural perfection. An activation
energy of 0.3 eV was determined from an Arrhenius fit to the data up
to the optimal temperature. This value is much lower than the bond
energy but could indicate that a lower-energy structural relaxation is
involved in the film growth.

It is not surprising that a low growth rate can improve film quality,
as the incoming atoms will have more time to arrange themselves
correctly, but the growth rates with the best results here of around
10 nm/hr are two orders of magnitude lower than typical values for
semiconductor growth. Unfortunately, for solid state laser applications
relatively thick films are desired, up to many microns. If extreme
crystalline quality is desired, a new method may need to be devised
to increase the growth rate. The relatively low optimal growth tem-
perature of 800

◦C is consistent with the usual rule of thumb for mbe

that the growth temperature be half the bulk melting temperature,
which in this case is 2430

◦C. Nieh et al. reported a similar growth
temperature of 780

◦C.[66]
We can use the data in figure 58 to estimate an activation energy

for the surface diffusion that occurs during growth. We expect growth
phenomena including the critical thickness to vary with

(
F
D

)γ where
F is the incident atomic flux, D is the diffusion constant, and γ is a
variable parameter depending on the size of atomic clusters taking
part in the diffusion.[15] From figure 58a we can equate the growth
rate with the flux, F, and determine that γ is about −0.6. Now, the
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Figure 58: (a) Variation of Y2O3 critical thickness with growth rate, as de-
termined from an analysis of ω x-ray scans such as those in figure 55b (see
text). (b) Variation of Y2O3 critical thickness with growth temperature. Only
values from samples grown with similar growth rates (around 15 nm/hr) are
shown in this plot, limiting the number of data points. Results from samples
grown at higher rates are consistent with this trend.
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temperature dependent process we examined in figure 58b, with
activation energy 0.3 eV, can be analyzed as follows:

tc ∝ e
− 0.3
kbT ∝

( 1
D

)γ ∝ (
1

e
− Ea
kbT

)γ
∝ (e

Ea
kbT )γ, (4.5)

where tc is the critical thickness, as before. With γ = −0.6, the ac-
tivation energy, Ea, in equation 4.5 for the surface diffusion during
growth is 0.5 eV. This agrees with the value we determined during the
annealing experiments in section 3.3.4. This activation energy is very
small, but the amount of diffusion could also be small, as indicated
above, if the D0 prefactor for the diffusion constant (see equation 3.2)
was small as well. This could result from a complex reorganization of
Y2O3 molecules being required for diffusion. The value for γ of −0.6
could also indicate that several Y2O3 clusters take part in the diffusion
process, because for some physical regimes the magnitude of γ scales
with the number of participating atomic clusters.[15]

Following the method of Herres et al.,[114] ω scans of the Y2O3
(222), (444), and (666) peaks were measured in order to determine
the origin of the broad background. Broadening due to mosaicity, i.e.
crystallite tilt, will not vary with the Bragg angle (and therefore peak
order), but broadening due to a finite-size effect from small in-plane
crystallites will decrease for higher-order peaks. This allows the two
effects to be separated. The two broadening terms are given by

∆kmosaic = ∆mosaick⊥ (4.6)

∆ksize =
1

< t‖ >
, (4.7)

where the ∆k terms are the in-plane reciprocal peak broadenings,
∆mosaic is the average crystallite tilt, k⊥ is the out-of-plane reciprocal
coordinate of the peak, and < t‖ > is the average crystallite size
in the in-plane direction. Assuming the broadenings are normally
distributed and uncorrelated, they will sum in quadrature, and we can
write

∆k2‖ = ∆k
2
mosaic +∆k

2
size (4.8)

= (∆mosaick⊥)
2 +

1

< t‖ >2
. (4.9)
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Figure 59: Reciprocal space broadening analysis for a selection of Y2O3 films.
The slope and intercept from each linear fit gives the indicated mosaic tilt
and mean crystallite size (see text).

Now we can plot ∆k2‖ against k2⊥ and extract the broadenings from the
slope and intercept of a linear fit. Figure 59 shows some examples of
this type of analysis.

For our samples the mosaicity and crystallite size did not vary
significantly with growth rate or temperature. The mosaic tilt was
between 0.6° and 1.9° and crystallite size was between 8 and 24 nm,
as determined from equation 4.9. At these levels both effects make a
significant contribution to the background in the ω scans. The crys-
tallite size matches the length scale of the small bumps that make up
the mottled pattern visible in afm images; see, for example, figure 54,
where the average crystallite size is indicated with a black circle. The
crystallite size determined here could be a measure of the diameter of
columns of material as discussed above. It is not entirely clear how
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this size would affect the in-plane width of the sharp vertical streak in
the reciprocal space maps, e.g. figure 56. Boulle et al.[109] state that the
thin streak is possible because their “columns” are much wider than
the film thickness (127 nm wide and 17 nm thick in their simulations),
but our in-plane sizes are much closer to the film thicknesses. Our
much simpler analysis of only the diffuse peak signal may be less
appropriate for interpreting the two-component peak shapes.

4.2 high -resolution x -ray reciprocal space maps

Many x-ray reciprocal space maps recorded from thin Y2O3 films
showed very sharp features in the in-plane kx direction, as discussed
above. Figure 56 shows this thin vertical streak, which is indicative of
the near-perfect crystal layer discussed in section 4.1. To investigate
this further, we collected even higher-x-axis-resolution, space maps
and discovered a number of related phenomena of interest.

Figure 60 shows a space map from a 20 nm thick Y2O3 film on
R-Al2O3, which has approximately 10 times the x-axis resolution as
figure 56. We see subpeaks in the vertical stripe, which can also be seen
in ω–2θ scans as pendellösung finite-thickness fringes. We notice two
satellite peaks in the horizontal stripe of the film peak. These peaks
were also visible in space maps from other samples. To investigate the
origin of these peaks, we changed the alignment of the x-ray beam
with respect to that of the atomic step edges on the sample surface by
rotating the sample in the diffractometer. The satellite peak spacing
varied predictably with the projection of the atomic step spacing and
we were therefore able to determine that the satellite peaks are caused
by the atomic steps and have a spacing given by the miscut of the
wafer. In this case, for instance, the peak spacing of 0.1° matches the
miscut of the substrate. Since the Y2O3 film is conformal, the atomic
step spacing is the same as before growth. Higher order side peaks
were also visible in some ω scans.

We expect from the convolution theorem that the reciprocal/Fourier
space representation of the multiplication of two real-space patterns
will be equal to the convolution of the Fourier transforms of the in-
dividual patterns. Here the patterns are the periodic crystal, with a
characteristic spatial frequency of 2πa , where a is the plane spacing,
and the atomic steps, with a spatial frequency of 2πL , where L is the step
width. With the step edges running perpendicular to the scattering
plane, the result, in our two-dimensional reciprocal space representa-
tion, will be a series of subpeaks in the horizontal direction on each
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Figure 60: X-ray reciprocal space map from Y2O3 on R-Al2O3. Finite-
thickness satellite peaks are visible on the film peak in the vertical stripe.
The satellite peaks in the horizontal film peak stripe are due to the atomic
steps on the sample surface and have an angular spacing equal to the wafer
miscut. The horizontal offset between the film and substrate peaks is caused
by a combination of film tilt and sample misalignment in the diffractometer.
A logarithmic colour scale is used.
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reciprocal lattice point. A change in scattering amplitude is required to
generate this pattern. The difference in phase between scattered waves
from different crystal planes is 2π and gives constructive interference,
the origin of Bragg diffraction. In our case of a 20 nm thick film,
variations in film thickness at step edges on the order of a unit-cell
dimension of around 1 nm would lead to an amplitude modulation of
about 5%. Similarly, the unit-cell sized disruption at a step edge would
be about 1% of the step width of around 150 nm. It is reasonable to
believe that phenomena of these scales could be observable by x-ray
diffraction, which has many orders of magnitude of dynamic range. In
figure 60 the subpeaks have intensities approximately 1% of the main
film diffraction spot, the same as the 1% disruption mentioned above.
Geometrically, the angular separation of the subpeak will be given by

∆ω = tan−1

(
2π

L

a

2π

)
= tan−1 a

L
, (4.10)

which is simply the miscut of the wafer, in agreement with our mea-
surements.

An alternate explanation for the satellite peaks is given by Kaganer
et al. in one of their papers about correlated misfit dislocations dis-
cussed above.[113] They generate satellite peaks in their Monte Carlo
simulations with spacings equal to the inverse dislocation density. The
satellite peaks are only visible in situations where the correlation is
strong, meaning that the dislocation spacing is very uniform. This is
very similar to our case of atomic steps. We presented some arguments
against propagating misfit dislocations in section 4.1. Nevertheless,
it could be that we have misfit dislocations originating from the step
edges at our substrate-film interface. This would be a logical place for
dislocations to form because the crystal is disrupted by the step edge.
However, these satellite peaks could be an example of another uni-
versal type of phenomenon with similar experimental manifestations
resulting from different physical origins.

The thin vertical stripe in figure 60 still does not appear to be fully
resolved, so space maps were recorded with a further factor of 10

refinement in the x-axis. Figure 61 shows an example map, this time
on the same 21 nm thick Y2O3 sample used in figure 56. The finite-
thickness fringes are now resolved as round peaks. Interestingly, these
peaks are not arranged in a perfectly straight line, but instead they
weave back and forth in a “zig-zag” pattern. The angle from vertical
of the overall line between the substrate and film peaks is exaggerated
by the very fine horizontal scale and is due to a slight misorientation,
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Figure 61: X-ray reciprocal space map from Y2O3 on R-Al2O3. This is a
much closer look, with a finer x-scale, at the vertical stripe from figure 56.
As before, the peak at the bottom of the image is the substrate peak, and
the streak in the upper part is the film peak. The “zig-zag” pattern was
commonly seen from high-quality thin Y2O3 films. A logarithmic colour
scale is used.

or tilt, of the sample with respect to the x-ray stage. While it may be
logical to associate the zig-zag with the stepped surface of the film,
analysis of the length scales and angles involved were inconclusive,
and we did not determine the origin of this phenomenon.

4.3 dynamical diffraction

Often epitaxial growth can provide very-high-quality crystal layers,
and the flexibility of this technique allows the production of com-
plicated multilayer structures. These types of samples can produce
quite complicated x-ray diffraction patterns, including some effects
that are not predicted by traditional kinematic theory. In these cases
it is desirable to use so-called dynamical diffraction theory, which
takes into account the wave nature of the x-rays and provides a proper
model for even the most problematic systems.

Dynamical diffraction theory was developed before the rise of
modern epitaxial techniques as a way of modelling curved crystals
by considering them to be a series of separate layers. Takagi[115] and
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Taupin[116] developed similar theories independently in the 1960s.
Interest in the theory surged after the advent of multilayer epitaxial
growth. Dynamical diffraction theory correctly predicts such effects as
pendellösung finite-thickness fringes and small-film-thickness Bragg
peak shifts.

Implementing a custom software simulation package allows us to
model a variety of crystal structures that are not present in commercial
software, such as yttrium oxide, all orientations of sapphire, and
various mixed oxide layers. Our implementation follows the method
of Bartels et al.[117] A recursive method is used to solve the Taupin
differential equation for the amplitude ratio of the incoming, D0, and
outgoing, DH, x-ray beams, where D is the electric displacement.
Assuming the x-ray source is of constant intensity, the ratio |DH/D0|

2

is the simulated x-ray signal. The recursion is over the layers of the
sample. We start at the top of the substrate, which is assumed to be
infinitely thick, and then calculate the new intensity at the top of every
successive layer.

The derivation of the Taupin equation is complicated, but it begins
with Maxwell’s equations:

~D = ε0(1+ χ)~E, (4.11)
~B = µ0~H, (4.12)

∇ · ~D = 0, (4.13)

∇ · ~B = 0, (4.14)

∇× ~E = −
∂~B

∂t
, (4.15)

∇× ~H =
∂~D

∂t
, (4.16)

which are then arranged, assuming the periodic susceptibility of the
crystal χ is small, to yield:

∇×∇× (1− χ)~D =
4π2

λ2
~D. (4.17)

Now, using a periodic Bloch form for D and with much manipulation
and approximation, the differential equation of a slightly modified
x-ray amplitude ratio called X can be written as[116, 117]

−i
dX
dT

= X2 − 2ηX+ 1, (4.18)
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where X, η and T are complex quantities given by

X = (
FH̄
FH

)
1
2 |
γH
γ0

|
1
2
DH
D0

, (4.19)

η =
−b(θ− θB) sin 2θB − 1

2ΓF0(1− b)

|b|
1
2CΓ(FHFH̄)

1
2

, (4.20)

T =
πCΓ(FHFH̄)

1
2 t

λ|γ0γH|
1
2

, (4.21)

with

Γ =
reλ

2

πV
, (4.22)

re =
e2

4πε0mc2
, (4.23)

b =
γ0
γH

. (4.24)

We quote from Bartels for explanations of the terms:[117]

T is determined by the crystal thickness t and the structure
factor FH of the reflection. The departure from the Bragg
angle θB determines the deviation parameter η. The second
part of the numerator of η corresponds to the refraction and
absorption of the X-rays. In the Bragg case the direction
cosines γ0 and γH of the incident and the diffracted beam
with respect to the surface normal are opposite in sign
so that the asymmetry factor b is negative. The classical
electron radius re is equal to 2.818× 10

−5 Å, λ is the X-ray
wavelength and V is the volume of the unit cell. C = 1

for perpendicular (σ) polarization and C = | cos 2θB| for
parallel (π) polarization of the incident beam.

The structure factor FH is a complex-valued unitless measure of
the strength of scattering from the material, incorporating both the
scattering factors for the atoms as well as the geometry of the crystal.
It is given by:

FH =
∑
j

fje
2π∆~k·~rj . (4.25)

where the sum runs over all the atoms in the unit cell, fj is the
scattering factor of the atom, ∆~k is the scattering vector, and ~rj is
the fractional position vector of the atom in the unit cell.[73] As an
example, consider the term in the sum for the arsenic atom at the
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X-ray peak Structure factor

Y2O3 (222) −963 − 58.7i
Al2O3 (006) −11.2 + 1.66i
Al2O3 (102) −47.9 − 0.893i
Al2O3 (110) 62.7 + 2.65i
GaAs (004) 153 + 6.75i

Table 4: Example structure factors calculated with the dynamical diffraction
software.

(14 , 14 , 14) position in the zincblende GaAs structure. For the (004)
diffraction peak we simply have ∆~k = (0, 0, 4) and~r = (14 , 14 , 14) so in this
case e2π∆~k·~r = 1. Note that the structure factor is complex both because
the atomic scattering factors are complex and because the spatial
part can itself be complex. Some further discussion can be found
in appendix C and in the work of Cole and Stemple.[118] They also
describe a related method for computing the quantities (FHFH̄)

1
2 and

|FH/FH̄|. The latter ratio is unity in our usual simple case, as described
below. Note that with FH = F∆~k = F(h,k,l), FH̄ = F−∆~k = F(−h,−k,−l).
Table 4 shows some structure factors calculated with our software.

The recursive solution to equation 4.18 found by Bartels for multi-
layered structures is as follows. For a given x-ray amplitude ratio at
the bottom of a layer, X0, the amplitude ratio at the top of that layer is

Xt = η+ (η2 − 1)
1
2

[
S1 + S2
S1 − S2

]
, (4.26)

where

S1 = [X0 − η+ (η2 − 1)
1
2 ]e−iT(η

2−1)
1
2 , (4.27)

S2 = [X0 − η− (η2 − 1)
1
2 ]eiT(η

2−1)
1
2 . (4.28)

For the initial starting value at the top of the infinitely thick substrate
we can use the Darwin formula, modified by Prins for absorption, for
the rocking curve of a perfect crystal:[119]

X∞ = η± (η2 − 1)
1
2 , (4.29)

where the sign is chosen to be the opposite of Re(η). Each individual
calculation gives the x-ray intensity for a single diffraction angle, θ−θB.
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Thankfully the computer can easily compute values for any angular
range and resolution.

For symmetric reflections, such as our usual case of Bragg peaks
for crystal planes parallel to the film surface, γ0 and γH are equal in
magnitude and opposite in sign, making b = −1. FH and FH̄ are also
equal in magnitude, and equations 4.19 and 4.20 simplify to:

X =
DH
D0

, (4.30)

η =
(θ− θB) sin 2θB − ΓF0

CΓ(FHFH̄)
1
2

, (4.31)

with the diffracted x-ray intensity just given by |X|2.
The software package takes information about the substrate and

epilayer as inputs, including the crystal structures and film thickness.
In particular, the lattice constants of the layers are used directly. This
means that if stress and strain are to be taken into account, then those
calculations will have to be done in advance and the resulting lattice
constants used. See section 4.4 below for a discussion of stress and
strain calculations. Appendix C contains an example input file.

Figure 62 shows a comparison of the measured x-ray (112̄0) ω–2θ
Bragg reflection from an A-plane sapphire substrate with a simula-
tion from our software. Once the simulation is convolved with a 14”
fwhm gaussian, the approximate resolution of the diffractometer, the
agreement is excellent. A more useful simulation is the case of Y2O3
on R-Al2O3. Figure 63a shows a simulation of the x-ray data from fig-
ure 55a, showing that finite-thickness fringes are properly reproduced.
The simulated thickness used is 21 nm, the same as that measured by
x-ray reflectivity.

As described above, part of the calculation required to simulate
diffraction spectra is the determination of the structure factor, which
requires knowledge of the atomic scattering factors for the atoms in
the crystal, along with their positions in the unit cell. Figure 63b shows
how the choice of atoms and therefore scattering factors influences
the simulation results. A 20 nm thick Ga2O3 film on A-plane sapphire
is simulated in three ways: using the correct atomic composition, by
replacing all Ga atoms with Al, and by replacing all Ga atoms with
Nd. Regardless of the data scaling used, the simulation using the Ga
atoms provides the best fit to the data.
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Figure 62: Comparison of a simulated sapphire (112̄0) ω–2θ Bragg reflection
with experimental data. The blue line is the simulation result after convolu-
tion with a 14” fwhm gaussian, which is approximately the diffractometer
resolution.

4.4 stress and strain

An important refinement to x-ray diffraction simulations of epitaxial
systems is the incorporation of stress and strain effects. In epitaxial
growth the deposited layer is influenced by the underlying substrate
lattice. The ideal situation is for the in-plane lattice constants of the
epilayer to expand or contract to perfectly match the substrate. When
this happens the lattice in the out-of-plane direction also changes in a
way predicted by elasticity theory.

Stress, σ, and strain, ε, are related by a fourth-rank tensor, either
the stiffness cijkl or compliance sijkl, with [c] = [s]−1:

σij = cijklεkl, (4.32)

εij = sijklσkl, (4.33)

where the Einstein summation convention over repeated indices is
implied.1 Many of the terms in the stiffness/compliance tensors are
indistinguishable—c1112 and c1121, for instance. For convenience, it is

1 For example, σ24 =
∑3
k=1

∑3
l=1 c24klεkl.
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4.4 stress and strain
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Figure 63: (a) Simulation of ω–2θ finite-thickness fringes from a 21 nm thick
Y2O3 film on R-Al2O3. The film thickness determined from the dynamical
x-ray simulation is the same 21 nm determined from x-ray reflectivity mea-
surements. (b) ω–2θ simulation for a 20 nm thick Ga2O3 film on A-plane
sapphire. The three simulated curves are assuming the film has the indicated
composition. While the curves could be rescaled, the “correct” Ga2O3 com-
position gives the best fit to the data. Experimental data courtesy Raveen
Kumaran.
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4.4 stress and strain

standard to adopt a two-suffix notation, with the following transfor-
mations:

11→ 1, 22→ 2, 33→ 3, 23→ 4, 13→ 5, 12→ 6.

With the equivalence of 23=32, 13=31, and 12=21, equations 4.32 and
4.33 now become:

σi = cijεj (4.34)

εi = sijσj. (4.35)

The stiffness, and less frequently compliance, values using this conven-
tion can be found in the literature for various materials. Now, given a
set of conditions, we can determine how materials deform.

One of the most obvious starting points would be to apply a set
of known stresses to an object and then use equation 4.35 and the
compliance values to calculate all of the strains. A slightly more
complicated case occurs for typical epitaxial growth. Here we generally
assume that the grown material is pseudomorphic, i.e. it matches the
lattice constant of the substrate, in the in-plane directions, but is free to
expand or contract in the out-of-plane direction. The latter condition
is equivalent to having zero stress in the out-of-plane direction. If the
in-plane directions are x and y (1 and 2) and the out-of-plane direction
is z (3), then we can calculate ε1 and ε2 from the lattice mismatch,
and we know that σ3 = σ4 = σ5 = σ6 = 0. This results in a set of six
equations with six unknowns, so we can now solve for the out-of-plane
strain or the other quantities. For a non-triclinic crystal many of the
stiffness elements will be zero, which often greatly simplifies the form
of the equations. Symmetry considerations also reduce the number of
independent coefficients.

For an isotropic material in our epitaxial example above, we find
that

ε3 = −
2c12ε1
c11

. (4.36)

For another more specific example, consider the case of growing on
an A-plane (112̄0) sapphire substrate. Assuming hexagonal symmetry
and designating the out-of-plane direction with the 2 subscript, we
find that

ε2 = −
c12ε1 + c13ε3

c11
. (4.37)
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4.5 summary

However, the symmetry of sapphire is actually trigonal, and there is a
non-zero c14 term. With this term included the out-of-plane strain is
given by the slightly more complicated

ε2 =
(c12 +

c214
c44

)ε1 + c13ε3
c214
c44

− c11
. (4.38)

In the case of sapphire the difference between equations 4.37 and 4.38

turns out to be small, around 2%.
Figure 64a shows a comparison of our simulation software with the

commercial X’Pert Epitaxy package from PANalytical and the GID_sl
software from the Argonne National Laboratory. The simulated system
is a 20 nm thick pseudomorphic AlAs film on (001) GaAs. The AlAs
lattice is distorted into a tetragonal geometry by the approximately
0.5% lattice mismatch with GaAs. All three results are very similar,
validating the performance of our code. The reasons for non-perfect
agreement are some small assumptions and the choice of materials
constants used, such as the atomic scattering factors and lattice con-
stants. Assumptions are discussed in the comments accompanying the
code in appendix C.

Figure 64b shows a simulated ω–2θ spectrum for a 110 nm thick
mixed Al-Ga oxide film compared with experimental data. In this case
the position of the diffraction peak can be used to determine the out-
of-plane lattice constant. Assuming pseudomorphic growth, and using
elastic constants for sapphire, we can calculate the composition of
the film. Here we found a composition of Al1.38Ga0.62O3, which was
somewhat different than the x-ray photoelectron spectroscopy (xps)
result of Al1.22Ga0.78O3. The lack of agreement could be explained
by non-pseudomorphic growth or significant variation of the elastic
constants from the assumed values. The experimental film peak does
not exhibit finite-thickness fringes, likely indicating imperfections in
the crystal, such as non-uniformities in thickness or composition.

4.5 summary

We have shown that we can grow thin Y2O3 films of very high struc-
tural quality on annealed R-Al2O3. The determination of an optimal
growth temperature of 800

◦C should be useful for growing thicker
Y2O3 layers. Similarly, our observation that high growth rates dimin-
ish crystal quality is relevant to the production of thick waveguides,
where growth time becomes a limiting factor at low rates. Our dynam-
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Figure 64: (a) ω–2θ x-ray simulation comparison using the model system of
20 nm AlAs on (001) GaAs. The results from our software are extremely simi-
lar to other offerings from PANalytical and the Argonne National Laboratory.
(b) ω–2θ experimental data and dynamical diffraction simulation from a
110 nm thick mixed Al-Ga oxide on A-plane sapphire. The composition used
in the simulation, assuming pseudomorphic growth, was Al1.38Ga0.62O3,
somewhat lower than the xps-measured result of Al1.22Ga0.78O3. Experimen-
tal data courtesy Raveen Kumaran.
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4.5 summary

ical diffraction package is applicable to a wide variety of materials,
unlike most commercial offerings.
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5 The search for a surfactant

In the context of molecular beam epitaxy, a surfactant is a substance
that is deposited on the substrate during growth along with the desired
crystal components. Ideally the surfactant “floats” on the surface of
the growing epilayer and does not incorporate; its presence should
positively impact one or more properties of the grown crystal film.

Surfactants can be an effective way to improve the quality of group
IV[120] and III-V[121] semiconductor materials grown by mbe. Surfac-
tants stay on the substrate, lowering surface energy and encouraging
surface adatom diffusion.[122] Often large atoms are used, as their size
prevents them from easily incorporating. Recently Suzuki et al.[20]
published a paper on the use of atomic hydrogen as a surfactant dur-
ing mbe ZnO growth. In similar fashion to the semiconductor studies,
they were able to reduce surface roughness and improve crystal qual-
ity and photoluminescence. They also found that they could grow
high-quality material at lower temperatures with a surfactant than
without. This could have advantages such as aiding incorporation
of a dopant. Suzuki’s work suggests that surfactants may be able to
make a large contribution to epitaxial oxide growth. Reducing surface
roughness is particularly attractive for the waveguide applications
because rough interfaces will cause light scattering.

5.1 hydrogen

Our mbe system was able to introduce molecular hydrogen gas through
the same source port as the oxygen: through the plasma source, which
was usually not energized. We attempted to use a hydrogen flux
during the growth of Y2O3 to influence film properties. Hydrogen
should act as a bond terminator and could replace bridging oxygen
atoms with OH groups. Changing the reactivity of the surface in this
manner could lead to surfactant effects.

Four pairs of samples were grown on R-plane sapphire with a
substrate temperature of 800

◦C. At this temperature some hydrogen
dissociation on the substrate surface may be possible. One sample
from each pair was grown with H2 and the other without. The pairs
of films were 25, 30, 50, and 60 nm thick. The growth rates for these
pairs were 15, 220, 100, and 160 nm/hr, respectively. In all cases, the
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5.2 gallium

hydrogen pressure in the chamber was measured with an ion gauge
before the oxygen was introduced and found to be about 3× 10

−6 torr.
There was minimal difference between the pressure measured with
the flux gauge in front of the substrate and the background pressure
elsewhere in the chamber.

Using our critical thickness analysis described in section 4.1, we
determined that the samples grown with hydrogen were superior
for the 50 nm and 30 nm pairs but not for the others. The critical
thicknesses increased from 1.7 to 1.9 nm and from 0.78 to 2.1 nm,
respectively. For the 25 nm thick pair the critical thickness decreased
from 6.7 to 5.8 nm and for the 60 nm thick pair the decrease was
from 1.5 to 1.0 nm. The afm measurements were similar in all cases
and showed no conclusive change in overall roughness or surface
morphology.

Two ways that the hydrogen flux could be modified in an attempt to
cause more noticeable film changes would be to energize the plasma
source or to increase the flow rate. However, a trial run with the
plasma source turned on did not show any obvious differences, and
the chamber pressure was already reaching the upper limit for our
equipment during these growths.

5.2 gallium

A conventional effusion cell loaded with Ga metal was added to
the mbe growth chamber to allow the attempted use of gallium as
a surfactant for Y2O3 growth. Ga deposition and subsequent re-
evaporation after the cell shutter was closed was observed in tests on
sapphire substrates. This lack of reactivity suggests the possibility of
success as a surfactant. Additionally, the Ga2O suboxide is volatile
and can act as an etchant. This could increase oxygen mobility, and
the interplay between deposition and etching could lead to improved
crystallinity if ordered areas are preferentially retained.

Two sets of Y2O3 comparison samples with and without gallium
flux were grown to evaluate any surfactant effect. One set consisted
of approximately 70 nm thick films and the other consisted of 20 nm
samples. All samples in this experiment were grown at a substrate
temperature of 800

◦C on R-plane sapphire. The yttrium flux was
approximately 5× 10

−8 torr and the gallium flux was approximately
1× 10

−7 torr.
The films grown with and without Ga in the 70 nm thick set were

practically indistinguishable in afm and x-ray measurements, indicat-
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5.3 cesium

ing that the Ga flux had little or no effect. The 20 nm thick films had
very similar afm results, with the sample grown without Ga having
a 0.16 nm rms roughness compared with 0.18 nm for the film grown
with surfactant. The difference in x-ray results was more dramatic,
with the no-gallium sample having a higher critical thickness based on
our analysis discussed in section 4.1. The critical thickness was 4.6 nm
for the sample grown without Ga and 2.8 nm for the film grown with
a Ga flux.

It is possible that a much higher Ga flux would have a greater
effect, since at a substrate temperature of 800

◦C, all the gallium will
evaporate quickly with little to no buildup on the surface. However,
the effects that were seen in the thinnest test films seemed to be
undesirable, as usually smoother films and sharper x-ray peaks are
preferable.

5.3 cesium

Cesium is a large atom and would not be expected to easily incorporate
in our films. Similarly to hydrogen, it could act as a bond terminator,
creating non-directional ionic bonds that could favour surface mobility
and therefore influence the growth process.

Since cesium has such a low melting point of 29
◦C and a high

vapour pressure of over 1× 10
−4 torr at the melting point, a simple

in-house thermal source was constructed to introduce Cs to the growth
chamber. The design was based on similar sources depicted in the
literature.[123, 124] Figure 65 shows a schematic of the Cs source. A
sealed glass ampoule containing 1 g of Cs under argon was loaded into
a small Conflat nipple with a blank flange on one end and a Swagelok
valve on the other. The valve was connected to a standard 4.5” source
port on the mbe growth chamber with several adapters. The ampoule
was shaped like a test tube, with the lower end sealed and separated
from the upper end by a thin glass membrane. The upper end con-
tained a steel slug, allowing the use of a magnet outside the source
to crack the membrane and release the cesium. The entire source
was wrapped with a Watlow rod heater bent into a generally helical
shape to conform to the source. The heater power was modulated by a
temperature controller using feedback from an internal thermocouple
in the heater. The source was wrapped in an insulating blanket, and an
auxiliary thermocouple was attached to the valve body with a screw.
While there was no line of sight through the valve when open, the
high Cs vapour pressure and literature examples gave confidence that
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5.3 cesium

Figure 65: Schematic of the Cs surfactant source. A sealed glass ampoule
containing cesium under argon gas was loaded into a Conflat nipple and
attached to the mbe chamber via a Swagelok valve and several adapters. The
ampoule was broken open by using a magnet to manipulate an iron slug
inside the source. The entire source was wrapped in a heating element and
insulation.

with sufficient temperature the Cs would evaporate out of the source
and onto the substrate.

The source was attached to the mbe with the valve open so that
it would be evacuated when the system was pumped down. Later
the valve was closed and the steel slug manipulated with a magnet to
crack open the ampoule. The valve was then very carefully opened
to prevent any pressure burst from the small amount of Ar that had
been released. There were no noticeable problems in terms of vac-
uum integrity. Unfortunately, when the source was heated to several
hundred degrees Celsius, no flux could be measured with the flux
gauge and no Cs or Cs compounds were found in the residual gas
analyzer (rga) spectrum. After the system was vented, the source was
disassembled in an N2 purged glovebag, and we found that the orifice
in the ampoule membrane was exceedingly small and clogged. The
hole was enlarged to 3 mm in diameter and the ampoule and source
were reattached to the mbe.

In an effort to maximize the temperature of the valve and surround-
ing fittings with small orifices, additional heating tape and insulation
was added to this section of the source. This enabled heating the valve
up to 310

◦C, just below the rated service limit of 315
◦C, with the

heater internal temperature reading 465
◦C. Despite this high temper-

ature relative to the Cs melting point and expected vapour pressure,
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5.3 cesium

no flux was measured with the flux gauge. The rga did show a very
small peak just above the noise floor at the expected cesium mass of
133 amu. This peak disappeared when the source was cooled, so it
does appear that some cesium exited the source, but not nearly enough
to have any surfactant effect.

When the source was later disassembled it was quite clean and not
filled with debris or any apparently cesium residue inside. It appeared
that almost all of the Cs charge had stayed within the ampoule. It
seems that the ampoule opening was easily clogged, likely with a
more stable cesium oxide, preventing cesium escape. The main pool
of cesium metal was likely also covered in a thin oxide layer, similarly
inhibiting evaporation. It seems that using a standard effusion cell
for cesium may be possible, though there are material handling con-
cerns due to the extreme reactivity and possibility for spontaneous
combustion.
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6 Conclusion

Yttrium sesquioxide is a material of technological interest, both as a
potential high-κ dielectric for semiconductor devices and as a solid
state laser host material. The latter topic has been examined in this
thesis. Y2O3 and related Y-Al oxides are suitable core layers in planar
waveguide lasers when doped with rare-earth ions. Their high index
of refraction and thermal properties are attractive for this application.

Molecular beam epitaxy is ideally suited to growing layered struc-
tures due to its fine control over growth rates and ability to form sharp
interfaces. We have demonstrated that mbe is a feasible technique for
deposition of Y2O3 on Al2O3, which is a satisfactory cladding layer
for planar waveguides. The preparation of the Al2O3 substrates was
shown to be important for controlling the structural properties of the
Y2O3 epilayers. Annealing the substrates at 1150

◦C for nine hours
in air has proved a reliable method of generating atomically smooth
surfaces, with parallel atomic steps easily visible in afm measurements.
Keeping the Al2O3 surface free of particles and contamination during
post-annealing processing was somewhat difficult, though impact on
the grown films appears to have been minimal. Ozone cleaning shows
promise for the removal of residue generated in the wafer dicing pro-
cess. X-ray diffraction and afm characterization allow the condition of
the substrate to be properly evaluated before growth.

Traditional mbe techniques, including the use of solid source effu-
sion cells, rheed, and light scattering, are practical and effective for the
growth of oxides such as Y2O3. The optical properties of Al2O3 and
Y2O3 make accurate growth-temperature measurement challenging,
but stable conditions can be maintained with thermocouple feedback
control and an SiC heater. No special oxygen source was required for
Y2O3 growth, with molecular O2 gas being sufficient to achieve full
yttrium oxidation.

We have shown that using annealed R-plane Al2O3 substrates, mod-
erate growth temperatures around 800

◦C, and slow deposition rates
under 100 nm/hr, allows the growth of thin {111}-oriented Y2O3 crys-
tals with a very high degree of structural order. X-ray diffraction mea-
surements including detailed reciprocal space maps show very sharp
features in the in-plane direction and clear finite-thickness fringes in
the out-of-plane direction. An activation energy for surface diffusion
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conclusion

of 0.5 eV was estimated. A critical-thickness-like phenomenon was
observed, and the maximum “perfect” layer thickness achieved was
7 nm. Our analysis does not conclusively show that the very highly
ordered material is present in a uniform layer at the bottom of the
film, but the methods are applicable even if the ordered regions are
distributed throughout the layer. In this case the 7 nm value would be
an equivalent thickness of the distributed material.

The motivation for the thin-film experiments described above was
to gain understanding of the growth process such that optimal thick
films could be grown. A film thickness of at least 1 µm is required
for a technologically feasible waveguide. A 0.6 µm thick Nd-doped
Y2O3 film grown at the optimal temperature of 800

◦C had a surface
roughness of 5.8 nm rms. Even at this insufficient thickness, the
roughness had grown to a level that leads to an unacceptable level of
scattering loss, exceeding 1 dB/cm.[71] The surface roughness needs
to be below 4 nm and preferably significantly less than that. Surface
roughness was shown to increase roughly proportionally with the
square root of thickness.

The annealing of a Y2O3 film on a Al2O3 substrate presents an
opportunity to study the interdiffusion of Al and Y in these crystals.
We observed significant diffusion after annealing in air at temperatures
above 800

◦C and conclude that Al diffusion into the Y2O3 film is
occurring without Y diffusion into the substrate. This means that
post-growth annealing is not suitable for improving the properties
of the Y2O3 films because new phases appear, consisting of other
compounds in the Y-Al-O ternary system. We find an approximate
activation energy for bulk diffusion of Al in Y2O3 of 3.0 eV. The
surface of annealed Y2O3 films is observed to undergo drastic changes,
generally becoming more rough. We estimate from afm data that the
activation energy for surface diffusion is (0.5± 0.3) eV, in agreement
with the value found in our thin-film structural experiments mentioned
above.

Our efforts to find an effective surfactant for Y2O3 growth were
unsuccessful. Neither hydrogen nor gallium provided a consistent
benefit to either structural quality or surface morphology. It is possible
that the strong reactivity of yttrium and oxygen limited the influence of
surfactant atoms on the crystal surface. Technical difficulties prevented
the evaluation of cesium as another surfactant option. There is much
room for further work in this area in particular, as is discussed in
section 6.1.
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6.1 future work

Mbe has proven to be capable of growing high-structural-quality
Nd-doped Y2O3 films with strong luminescence on R-Al2O3. The
optimal growth temperature was found to be approximately 800

◦C.
Lower growth rates were found to improve structural quality down
to as low as 10 nm/hr. Surface roughness remains an issue to be
addressed in terms of film suitability for planar waveguide laser
devices.

6.1 future work

There are many possibilities for continuing this work, both from a basic
research point of view and for technological applications. Creating
a laser device is an obvious goal and requires the application of an
upper cladding layer, the polishing of end facets, and the creation of a
pumping system. An epitaxial cladding layer would seem ideal and
could feasibly be deposited by mbe. We note that our collaborator Wei
Li has deposited polymethyl methacrylate cladding layers ex situ for
testing purposes.[71] Because the sapphire substrates are physically
very hard, polishing the facets requires the use of diamond and can be
difficult to accomplish without damaging the film-substrate interface.
Once the raw waveguides are fabricated, a variety of pumping schemes
should be possible, including simple edge butt-coupling of a laser
diode bar.

The use of surfactants in oxide epitaxy is a research area deserving
of more attention. Our experiments with gallium could be continued
with a higher gallium flux and lower growth temperatures. A stan-
dard or low-temperature effusion cell could be suitable for cesium
deposition. Bismuth has been used successfully as a surfactant in III-V
semiconductor growth and could be appropriate for oxides as well.

Finally, there are a variety of other related materials systems beyond
Y2O3 that can be investigated. In our own research group, Raveen
Kumaran has worked on Al2O3 homoepitaxy[125] as well as yag,
yap,[85] yam, and Ga2O3[126] growth on Al2O3. YVO4, GdVO4, and
LuVO4 are other solid state laser hosts that could be explored using
our techniques.
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A Aluminum oxide

Sapphire, or Al2O3, is a commonly used substrate material and useful
for many purposes. Homoepitaxy is a logical goal for mbe. I grew sev-
eral Al2O3 films on C-plane sapphire substrates. Al2O3 proved to be
more difficult to grow epitaxially than Y2O3. Films were successfully
deposited with substrate temperatures between 600

◦C and 1000
◦C.

X-ray results from these samples are difficult to analyze because
there is no difference between “perfect” growth and no growth at all;
these results, therefore, were inconclusive. However, films were de-
posited as evidenced by changes seen in rheed and afm measurements,
and by visual inspection. Rheed images showed rings, indicating poly-
crystalline growth. The films were likely porous, as they appeared
cloudy. Subsequent to this work, Raveen Kumaran was able to grow
high-quality single-crystal Al2O3 films. See reference [125] for details.

Al2O3 films were also deposited using the electron-beam evapora-
tor system. Crystalline Al2O3 granules were heated using the electron
beam and evaporated onto unheated glass substrates. Initial films
had a brown tint. Annealing in air at temperatures around 1150

◦C or
introducing O2 at pressures around 1× 10

−6 torr into the evaporation
chamber during deposition caused the film to become clear. The films
had an rms roughness of 4 nm which increased to 16 nm after anneal-
ing, despite the afm image appearing to be qualitatively smoother.
Figure 66 shows afm images of a film taken after e-beam deposition
and after annealing.
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(a) Before

(b) After

Figure 66: Afm images of an electron-beam-deposited Al2O3 film (a) before
and (b) after annealing at 1150

◦C for several hours.
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B Gallium oxide

Gallium oxide is a material with a wide range of potential uses, in-
cluding in optics and as both a dielectric and transparent conductor,
depending on sample preparation.[34, 127] Attempts were made to
grow gallium oxide on C- and R-plane sapphire. Afm results con-
firmed the presence of a film. Growth temperatures of 600

◦C or lower
were required for a film to “stick.” The use of the plasma source with
oxygen and hydrogen also seemed to aid in film formation. After it
proved difficult to achieve a high quality image with an afm, mea-
surements were made using a Hitachi S-4700 field-emission scanning
electron microscope (sem). The images showed nanowire structures
as seen in figure 67. Nanowires are difficult to view properly with
afm because of their sharp features. β-Ga2O3 nanowires have been
reported previously.[128–130] Rheed spots from our samples indicated
a least some crystallinity, but x-ray diffraction measurements were in-
conclusive, with some films showing small peaks and others exhibiting
no signs of crystallinity.
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Figure 67: Sem image of a gallium oxide film showing nanowire structures.
The wires appear to be tens of nanometres wide and up to several hundred
nanometres long.
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C Dynamical diffraction code

The source code for the computer program described in section 4.3
is reproduced below. The program was compiled using Python 2.5.
The simulation is run by preparing a file containing input parameters
and then specifying that file on the command line when invoking the
program. An example parameter file follows the main program code.
The code comments in green text provide additional specific details of
the implementation of the algorithm.
#! /usr/bin/python
#
# This program performs dynamical x-ray simulations.
# It was written so that we could simulate oxide materials.
# Some inspiration from code (bartels.cpp)
# received from James Gupta at NRC on Oct. 28, 2009
#
# References:
# Bartels, W.J. et al., Acta Cryst. A42, p539 (1986).
# Wormington, M. et al., Phil. Trans. R. Soc. Lond. A, 357, p2827 (1999).
# Taupin, D., Bull. Soc. Franc. Miner. Crist., 87, p469 (1964).
#
# Scott Webster
# September 12, 2011
#
# Supply sample data file as first command line argument
# see sample.py for an example file, eg.:
# ./dynamical.py sample.py > output.txt

# Import required things, use complex math functions
from __future__ import division
from __future__ import with_statement
from math import *
from cmath import *
import sys

# Trivial class to create a crystal layer data type
class crystal:

pass

substrate = crystal()
epi = crystal()

# Import simulation parameters from command line specified file
# See example.py for instructions
with open(sys.argv[1], 'r') as inputs:

exec inputs

# Function to calculate the atomic scattering factor for a specific angle,
# wavelength and ion using Cromer and Mann fit, see ref below
def cromermann(theta, wavel, ff):

f0 = 0
for i in range(4):

f0 += ff[2*i]*exp(-ff[2*i+1]*(sin(theta)/wavel)**2)
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f0 += ff[8]
return f0

# Cromer-Mann coefficients (Acta Cryst A24 321) and anomalous
# scattering factors from
# http://skuld.bmsc.washington.edu/scatter/AS_form.html
# Anomalous values only for Cu Ka1!
# Assumed "O1-" data from paper was typo and should be "O2-
# Bi and In from http://www.ruppweb.org/Xray/comp/scatfac.htm
# Format:
# A1, B1, A2, B2, A3, B3, A4, B4, C, f', f''
# Note that the atomic form factor f = f0 + f' + jf''
formfactors = {

'Y' : [[19.0567, 1.24615, 6.50783, 9.68019, 4.81524,
18.8903, 2.84786, 121.353, 5.76121], -0.326, 1.948],

'Y3+' : [[18.4202, 1.34457, 9.75213, 12.0631, 1.05270,
25.1684, -33.4755, -0.01023, 40.2513], -0.326, 1.948],

'O' : [[2.95648, 13.8964, 2.45240, 5.91765, 1.50510,
0.34537, 0.78135, 34.0811, 0.30413], 0.04915, 0.03176],

'O2-' : [[3.22563, 18.4991, 3.01717, 6.65680, 1.42553,
0.40589, 0.90525, 61.1889, 0.42362], 0.04915, 0.03176],

'Al' : [[5.35047, 3.48665, 2.92451, 1.20535, 2.27309,
42.6051, 1.16531, 107.170, 1.28489], 0.2106, 0.2438],

'Al3+' : [[4.17448, 1.93816, 3.38760, 4.13553, 1.20296,
0.22875, 0.52814, 8.28524, 0.70679], 0.2106, 0.2438],

'Ga' : [[15.3412, 3.63868, 5.74150, 0.65640, 3.10733,
16.0719, 2.52764, 70.7609, 4.26842], -1.340, 0.7272],

'As' : [[15.4043, 3.07517, 6.13723, 0.74113, 3.74679,
21.0014, 3.01390, 57.7446, 4.69149], -0.9891, 0.9613],

'Bi' : [[33.369, 0.704, 12.951, 2.924, 16.588,
8.794, 6.469, 48.009, 13.578], -4.062, 8.755],

'In' : [[19.162, 0.548, 18.560, 6.378, 4.295,
25.850, 2.040, 92.803, 4.939], 0.01226, 5.005],

'Nd3+' : [[49.4292, 0.05936, 23.6116, 2.48611, 11.6190,
14.9366, 1.68986, 28.4515, -29.3493], -3.378, 10.66]}

# Functions to calculate cubic and hexagonal d-spacings and cell volumes
def cubicspacing(a,hkl):

return sqrt(a**2/(hkl[0]**2+hkl[1]**2+hkl[2]**2))
def hexspacing(a,c,hkl):

return sqrt(1/(4/3*((hkl[0]**2+hkl[0]*hkl[1]+hkl[1]**2)/a**2)
+hkl[2]**2/c**2))

def tetspacing(a,c,hkl):
return sqrt(1/(((hkl[0]**2+hkl[1]**2)/a**2)+hkl[2]**2/c**2))

def rhomspacing(a,alphadeg,hkl):
alpha = radians(alphadeg)
return sqrt(1/(((hkl[0]**2+hkl[1]**2+hkl[2]**2)*sin(alpha)**2

+2*(hkl[0]*hkl[1]+hkl[1]*hkl[2]+hkl[0]*hkl[2])

*(cos(alpha)**2-cos(alpha)))
/(a**2*(1-3*cos(alpha)**2+2*cos(alpha)**3))))

def cubicvolume(a):
return a**3

def hexvolume(a,c):
return 0.866*c*a**2

def tetvolume(a,c):
return a*a*c

def rhomvolume(a,alphadeg):
alpha = radians(alphadeg)
return (a**3)*sqrt(1-3*cos(alpha)**2+2*cos(alpha)**3)

# Functions to calculate various structure factors
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# These functions look up the scattering factors based on the atom specified
# in the uvw file. If you want to use the ion values, specify the ion in the
# uvw file. This is unlikely to make a large difference however.
# Note that the bragg angle of the _layer_ is used for this calculation
# and that this value is used for all data points regardless of actual angle
# Does this make sense?
# Note that we define the structure factor as follows:
# F = F' + jF''
# Note that F' and F'' are both complex. F' is calculated by ignoring the
# imaginary part of the anomalous scattering (f'' = 0) and F'' is calculated
# using by ignoring the real parts of the scattering factor (normal and
# anomalous (so f0 = f' = 0).
# See Bartels, and their reference, Cole and Stemple.
# F0 is just the number of electrons in the unit cell plus the anomalous
# scattering factor (real and imaginary). This is equivalent to setting the
# plane to [0,0,0] and the angle to 0.
# F0 has to do with refraction and absorption (Bartels).

# This first function calculates F' the "real" part of the structure factor.
def structfreal(wavel, layer):

with open(layer.uvwfile, 'r') as f:
uvw = f.readlines()

# remove header lines
del uvw[0]
del uvw[0]
sf = 0
# Loop over lines in data file, one atom per line
for line in uvw:

atom = line.split()
phase = 2*pi*(layer.plane[0]*(float(atom[1]))

+layer.plane[1]*(float(atom[2]))
+layer.plane[2]*(float(atom[3])))

# Note that we don't add the imaginary part of the anomalous scattering
if layer == epi and epi.weighted == 'true' and atom[0] == epi.subatom:

sf += ((1-epi.otherweight)*\
(cromermann(layer.bragg, wavel, formfactors[atom[0]][0])\
+formfactors[atom[0]][1])\
+epi.otherweight*\
(cromermann(layer.bragg, wavel,\

formfactors[epi.otheratom][0])\
+formfactors[epi.otheratom][1]))*exp(1j*phase)

else:
sf += (cromermann(layer.bragg, wavel, formfactors[atom[0]][0])

+formfactors[atom[0]][1])*exp(1j*phase)
return sf

# This second function calculates F'' the "imaginary" part
def structfcomplex(wavel, layer):

with open(layer.uvwfile, 'r') as f:
uvw = f.readlines()

# remove header lines
del uvw[0]
del uvw[0]
sf = 0
# Loop over lines in data file, one atom per line
for line in uvw:

atom = line.split()
phase = 2*pi*(layer.plane[0]*(float(atom[1]))

+layer.plane[1]*(float(atom[2]))
+layer.plane[2]*(float(atom[3])))

# Now we ONLY have the imaginary part of the anomalous scattering
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# Note that f'' (a real value) is NOT multiplied by j here
# since, as stated above, F = F' + jF''
if layer == epi and epi.weighted == 'true' and atom[0] == epi.subatom:

sf += ((1-epi.otherweight)*(formfactors[atom[0]][2])\
+epi.otherweight*(formfactors[epi.otheratom][2]))\

*exp(1j*phase)
else:

sf += (formfactors[atom[0]][2])*exp(1j*phase)
return sf

# This third function calculates F0 (see above)
def structfzero(wavel, layer):

with open(layer.uvwfile, 'r') as f:
uvw = f.readlines()

# remove header lines
del uvw[0]
del uvw[0]
sf = 0
# Loop over lines in data file, one atom per line
for line in uvw:

atom = line.split()
# Now the phase factor is 0 so the exp term in the structure
# factor is just 1, so we don't have to multiply by it
# Note that now f'' IS being multiplied by j since F0 is
# never broken up into "real" and "imaginary" parts.
if layer == epi and epi.weighted == 'true' and atom[0] == epi.subatom:

sf += (1-epi.otherweight)\

*(cromermann(0, wavel, formfactors[atom[0]][0])\
+formfactors[atom[0]][1]+1j*formfactors[atom[0]][2])\

+epi.otherweight\

*(cromermann(0, wavel, formfactors[epi.otheratom][0])\
+formfactors[epi.otheratom][1]+1j*formfactors[epi.otheratom][2])

else:
sf += cromermann(0, wavel, formfactors[atom[0]][0])\

+formfactors[atom[0]][1]+1j*formfactors[atom[0]][2]
return sf

# X-ray wavelength in angstroms
wavel = 1.540562
# Classical electron radius in angstroms
radius = 2.818e-5
# Beam polarization, sigma = perp, pi = parallel, doesn't really do much
# random polarization is arithmetic average of both ((sigcase + picase)/2)
pol = 'sigma'
#pol = 'pi'
# symmetry of reflection b = gamma_0/gamma_H
# gammas are cosines of beam angle wrt surface normal
# so -1 for a symmetric reflection
symm = -1

# Calculate some more required parameters based on input file
if substrate.type =='cubic':

substrate.volume = cubicvolume(substrate.a)
substrate.dspacing = cubicspacing(substrate.a, substrate.plane)

elif substrate.type == 'hexagonal':
substrate.volume = hexvolume(substrate.a, substrate.c)
substrate.dspacing = hexspacing(substrate.a, substrate.c, substrate.plane)

elif substrate.type == 'tetragonal':
substrate.volume = tetvolume(substrate.a, substrate.c)
substrate.dspacing = tetspacing(substrate.a, substrate.c, substrate.plane)

elif substrate.type == 'rhombohedral':
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substrate.volume = rhomvolume(substrate.a, substrate.alpha)
substrate.dspacing = rhomspacing(substrate.a, substrate.alpha,

substrate.plane)

if epi.type == 'cubic':
epi.volume = cubicvolume(epi.a)
epi.dspacing = cubicspacing(epi.a, epi.plane)

elif epi.type == 'hexagonal':
epi.volume = hexvolume(epi.a, epi.c)
epi.dspacing = hexspacing(epi.a, epi.c, epi.plane)

elif epi.type == 'tetragonal':
epi.volume = tetvolume(epi.a, epi.c)
epi.dspacing = tetspacing(epi.a, epi.c, epi.plane)

elif epi.type == 'rhombohedral':
epi.volume = rhomvolume(epi.a, epi.alpha)
epi.dspacing = rhomspacing(epi.a, epi.alpha, epi.plane)

# gamma is a factor defined in the Bartels paper
substrate.gamma = radius*wavel**2/pi/substrate.volume
substrate.bragg = asin(wavel/2/substrate.dspacing)
# Bragg angles
epi.gamma = radius*wavel**2/pi/epi.volume
epi.bragg = asin(wavel/2/epi.dspacing)

# Calculate the structure factors for the layers
# As explained in the comment above, these don't vary with angle,
# so we only need to calculate them once.
# F0 factors for substrate and epilayer (s and e)
F0s = structfzero(wavel, substrate)
F0e = structfzero(wavel, epi)
# Structure factors for substrate actual diffracting plane, p for prime (')
FHsp = structfreal(wavel,substrate)
FHspp = structfcomplex(wavel, substrate)
FHep = structfreal(wavel, epi)
FHepp = structfcomplex(wavel, epi)

# Define kappa for subs and epilayer
kappas = abs(FHspp/FHsp)
kappae = abs(FHepp/FHep)

# In Bartels, (FHFHbar)^(1/2) has a special meaning, defined later in the paper
# In the case of a centrosymmetric reflection we have, for subs and epi:
FHFHbarroots = abs(FHsp)*(1+1j*kappas)
FHFHbarroote = abs(FHep)*(1+1j*kappae)

# Loop over all angles in the simulation
# Each time we output one data point: angle, intensity
angles = [starttheta+stepsize*i for i in range(numsteps)]
for theta in angles:

# SUBSTRATE

# determine polarization factor C
if pol == 'sigma':

C = 1
else:

C = abs(cos(2*substrate.bragg))

# Refraction correction, quite small
deltatheta0 = (0.5*substrate.gamma*F0s.real/sin(2*substrate.bragg)

*(1+abs(1/symm)))
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# Calculate eta value, defined in Bartels paper
eta = ((-symm*(theta-substrate.bragg-deltatheta0)*sin(2*substrate.bragg)

-0.5*substrate.gamma*F0s*(1-symm))
/(sqrt(abs(symm))*C*substrate.gamma*FHFHbarroots))

# Use eqn. 9 from Bartels for the initial substrate X value,
# sign is opposite of eta.real
# assumes infinitely thick substrate
if eta.real < 0:

X = eta + sqrt(eta**2-1)
else:

X = eta - sqrt(eta**2-1)

# EPILAYER

# determine polarization factor C
if pol == 'sigma':

C = 1
else:

C = abs(cos(2*epi.bragg))

# Refraction correction
deltatheta0 = 0.5*epi.gamma*F0e.real/sin(2*epi.bragg)*(1+abs(1/symm))

# Calculate eta and other values defined in paper for epilayer, using
# substrate X
# Note use of epilayer Bragg angle in eta and T...
eta = ((-symm*(theta-epi.bragg-deltatheta0)*sin(2*epi.bragg)

-0.5*epi.gamma*F0e*(1-symm))
/(sqrt(abs(symm))*C*epi.gamma*FHFHbarroote))

T = (pi*C*epi.gamma*FHFHbarroote*epi.thickness/
(wavel*sqrt(sin(epi.bragg)*sin(epi.bragg))))

S1 = (X-eta+sqrt(eta**2-1))*exp(-1j*T*sqrt(eta**2-1))
S2 = (X-eta-sqrt(eta**2-1))*exp(1j*T*sqrt(eta**2-1))

# Now calculate X for this layer using the recursion relation
# If we had another layer this would be the input X value instead of the
# substrate
X = eta+sqrt(eta**2-1)*((S1+S2)/(S1-S2))

# Write x-ray intensity to stdout, for centrosymmetric reflections
# this is just the magnitude of X squared
print degrees(theta), abs(X)**2

Example input file follows.
# This is an example input file for dynamical.py
# Scott Webster, October 12, 2011
# The following variables can be defined for the simulation...
# choose the appropriate ones...

substrate.type = 'cubic'
substrate.type = 'tetragonal'
substrate.type = 'hexagonal'
substrate.type = 'rhombohedral'
# (applicable) lattice parameters in angstroms or degrees for angles
# angle required for rhombohedral lattices
substrate.a = 1.234
substrate.c = 1.234
substrate.alpha = 12.345
substrate.plane = [0, 1, 2]
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# uvw file containing atom positions, expects 2 header lines
# then lines containing: Atom_Symbol uvw
substrate.uvwfile = 'al2o3-hex.uvw'

epi.type = 'cubic'
epi.type = 'tetragonal'
epi.type = 'hexagonal'
epi.type = 'rhombohedral'
epi.a = 1.234
epi.c = 1.234
epi.alpha = 12.345
epi.plane = [2, 2, 2]
epi.uvwfile = 'y2o3.uvw'
# epilayer thickness in angstroms
epi.thickness = 210
# epilayer form factor weighting, subatom is the one from the uvw file to replace
# otheratom is what to replace it with, and otherweight is the fraction of the otheratom
# (so 1-otherweight is the fraction of the original specified atom)
# So in this example the form factor used for the cation will be a weighted average of
# the form factors for Y and Al, with 87% weighting for Y and 13% weighting for Al
epi.weighted = 'true'
epi.subatom = 'Y'
epi.otheratom= 'Al'
epi.otherweight = 0.13

# Set up the simulation size, as you can see, the angles are in radians
starttheta = 11.0/180*3.14159
stepsize = 0.001/180*3.14159
numsteps = 5000
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D Substrate holder

Figures 68 and 69 show drawings of the substrate holder used for the
film growths in this thesis. The holder is designed for (10.0± 0.2)mm
square substrates. The substrate is attached to the holder by passing
a length of Ta or W wire through each pair of holes at the corners
and twisting the ends of the wire together underneath. The raised
platform the substrate sits on is designed to decrease the chance of the
rheed beam being blocked by the holder. A Ta heat shield can be spot
welded to the surface as shown in figure 25. This will reduce heater
power consumption by approximately 10% at a substrate temperature
of 800

◦C. The back of the holder will likely need to be thinned at the
spot weld locations for successful attachment.
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Figure 68: Drawing of the substrate holder. See figure 69 for the detail
portion.
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Figure 69: Detail for the substrate holder drawing in figure 68.

141


	Abstract
	Preface
	Table of Contents
	List of Tables
	List of Figures
	Acknowledgements
	Dedication
	1 Introduction
	1.1 Oxides
	1.2 Molecular beam epitaxy
	1.3 Oxide MBE
	1.3.1 Technical considerations
	1.3.2 Previous work

	1.4 Yttrium sesquioxide
	1.4.1 Y2O3 crystal growth

	1.5 Material characterization techniques
	1.5.1 Atomic force microscopy
	1.5.2 Photoluminescence
	1.5.3 X-ray diffraction
	1.5.4 Transmission electron microscopy

	1.6 Hypotheses and goals
	1.7 Outline of thesis

	2 Substrate preparation and molecular beam epitaxy techniques
	2.1 Substrate annealing
	2.2 Substrate cleaning
	2.3 Substrate structural characterization
	2.3.1 AFM step height measurements
	2.3.2 X-ray miscut and tilt measurements

	2.4 Growth techniques
	2.4.1 Light scattering
	2.4.2 Substrate temperature measurement

	2.5 Summary

	3 Annealing of Y2O3 films on sapphire
	3.1 Unannealed sapphire substrates
	3.1.1 Refractive index

	3.2 Annealed sapphire substrates
	3.3 Post-growth film annealing
	3.3.1 Initial annealing trial
	3.3.2 Detailed step-wise annealing experiments
	3.3.3 Discussion of interdiffusion
	3.3.4 Effect of annealing on surface roughness

	3.4 Summary

	4 X-ray structural analysis
	4.1 Critical thickness
	4.2 High-resolution x-ray reciprocal space maps
	4.3 Dynamical diffraction
	4.4 Stress and strain
	4.5 Summary

	5 The search for a surfactant
	5.1 Hydrogen
	5.2 Gallium
	5.3 Cesium

	6 Conclusion
	6.1 Future work

	Bibliography
	A Aluminum oxide
	B Gallium oxide
	C Dynamical diffraction code
	D Substrate holder

