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Abstract

Abstract

Bilge Ileri, Lattice Matching of Epitazial Rare-Earth-doped Dielectric PLD-Films

The increasing demand of integrated optical devices requires the fabrication of high-
quality optically active thin films. This work focuses on lattice matched dielectric ox-
ide thin films. The investigated film materials include sesquioxides, orthovanadates and
aluminum garnets, which are promising materials as they are well-known hosts for rare-
earth-doped solid-state lasers with superior mechanical and thermal properties (e.g. low
phonon energies, large thermal conductivity).

Highly crystalline rare-earth-doped films of optical quality were grown by the pulsed
laser deposition (PLD) technique on single-crystal substrates of a-Al,O3, LiYFy, Y503,
ScLuO3z, YVOu, and Y3Al;015. Different possibilities of lattice matching were investi-
gated by heteroepitaxy of Al,O3—ScLuOjs, ScLuO3-Al,0O3 and LiYF,~LuyO3 substrate—
film systems and by homo- and quasi-homoepitaxy of YoO3-RE;O3, YVO,~REVO, and
Y3Al5015-RE3Al5;045 substrate—film systems. The lattice matching in the quasi-homo-
epitaxial systems was realized by admixing the (Gd, Lu)-amount to match the yttrium-
based substrate material. Lattice matching of up to 99.88% (heteroepitaxy) and 99.79%
(quasi-homoepitaxy) was realized.

The film growth was studied by in-situ reflection high-energy electron diffraction (RHEED).
Continuous layer-by-layer growth was observed for all three quasi-homoepitaxial substrate—
film systems. The crystal structure of the films was determined by ex-situ X-ray diffrac-
tion (XRD) analysis. These measurements reveal that the films are highly textured along
the default substrate direction. However, subplantation effects of high-energy plasma
species and subsequent particle interdiffusion into the substrate matrix are indicated in
heteroepitaxy at too high deposition temperatures.

Besides in-situ RHEED monitoring and ex-situ XRD analysis, the surface morphology of
the thin films was studied by atomic force microscopy (AFM). For better comparison and
in order to achieve an arranged atomically flat surface with terraces of monolayer step
height (2—5 A), the substrates were annealed prior to deposition. The annealing duration,
atmosphere and temperature differed according to the substrate material. In general, the
resulting film surface was very smooth. In some cases three-dimensional island formation
could be verified in good agreement with the corresponding RHEED measurements. A
multi-level surface morphology with monolayer step heights of 5A each (half the film
lattice constant) was observed for a 1pm two-dimensional layer-by-layer grown lattice
matched Nd:(Gd, Lu),03 film on (100) Y203 substrate.

Optical properties of the rare-earth-doped films were studied by spectroscopic measure-
ments in the (vacuum-) ultraviolet and visible spectral-range. The emission and excitation
spectra of the Eu®*-doped films look similar to those of the corresponding single-crystalline
bulk materials, i.e. the symmetry around the Eu3* ions is preserved. Depending on the
film matrix and its number of different lattice sites and symmetries available for the rare-
earth ions, the existence of additional ions in mixed (Gd,Lu)-films can in some cases
disturb the band structure (CTS and ES) of the film lattice.



Kurzfassung

Bilge Teri, Gitteranpassung von epitaktischen SE-dotierten dielektrischen PLD-Schichten

Das Interesse an neuen Bauteilen fiir die integrierte Optik erfordert zunehmend die Her-
stellung diinner, optisch aktiver Schichten. Da dielektrische Oxide wie Sesquioxide, Ortho-
vanadate und Aluminium-Granate aufgrund ihrer mechanischen und thermischen Eigen-
schaften fiir ein solches Aufgabengebiet sehr gut geeignet und bereits als Wirtsgitter fiir
die Seltenen Erden (SE) in Festkorperlasern im Einsatz sind, wird in dieser Arbeit die
Gitteranpassung diinner dielektrischer Oxidschichten untersucht.

Mit dem Pulsed Laser Deposition (PLD)-Verfahren konnten kristalline Selten-Erd-dotierte
Sesquioxid-, Orthovanadat-, und Aluminium Granatschichten von optischer Qualitat auf
a-Al;O3-, LiYFy-, Y503-, ScLuOs3-, YVOy4- und Y3Al5015-Substraten hergestellt werden.
Die verschiedenen Moglichkeiten der Gitteranpassung wurden bei Substrat—Schicht Sys-
temen in der Heteroepitaxie von AlyO3—ScLuO3, ScLuO3-Al,O3 und LiYF,~Luy,O3 sowie
der Homo- und Quasihomoepitaxie von Y503-RE;0O3, YVO,~REVO,; und Y3Al50:9—
RE3Al5045 untersucht. Durch Abmischung des (Gd, Lu)-Anteils wurde in quasihomoepi-
taktischen Systemen eine Gitteranpassung zu dem Yttrium-basierten Substratmaterial
erzielt. Gitteranpassungen von bis zu 99.88% (Heteroepitaxie) und 99.79% (Quasiho-
moepitaxie) konnten somit realisiert werden.

Durch Einsatz von in-situ Reflection High-Energy Electron Diffraction (RHEED) konnte
das Schichtwachstum untersucht werden. Kontinuierliches Frank-van-der-Merve-Wachs-
tum (layer-by-layer) konnte bei allen drei quasihomoepitaktischen Systemen beobachtet
werden. Mit Réntgenbeugung (XRD) wurde die Kristallstruktur der Schichten bestimmt
und ein hochtexturiertes Wachstum in die jeweilige, vom Substrat vorgegebene Richtung
festgestellt. In der Heteroepitaxie konnte in Zusammenhang mit zu hohen Substrattem-
peraturen Subplantation von hochenergetischen Teilchen aus dem Plasma mit anschlieen-
der Interdiffusion in die Substratmatrix zugeordnet werden.

Die Oberflichenbeschaffenheit der Schichten wurde mit Rasterkraftmikroskopie (AFM)
untersucht. Zum besseren Vergleich der Schichtoberfliche erfolgte eine thermische Vor-
behandlung der Substrate, mit der geordnete, atomar glatte Oberflachen erzielt wur-
den. Anhand einer Stufenbildung konnte die Aufteilung der jeweiligen Einheitszelle in
verschiedene Lagen (2-5A) beobachtet werden. Die Schichtoberflichen waren in der
Regel atomar glatt, wobei in ﬂbereinstimmung mit RHEED in einigen Fallen auch 3D-
Inselbildung beobachtet wurde. Fiir eine gitterangepasste, 1 pm dicke Nd:(Gd, Lu),Os3-
Schicht ergab sich eine Oberfliche mit Stufenbildung von jeweils 5 A, welches der Hélfte
einer Einheitszelle entspricht.

Die optischen Eigenschaften der Selten-Erd-dotierten Schichten wurden durch spektro-
skopische Messungen im (Vakuum-)Ultravioletten und sichtbaren Spektralbereich be-
stimmt. Dabei entsprechen die Emissions- und Anregungsspektren denen eines Volu-
menkristalls, d.h. die lokale Symmetrie der Eu®*-Ionen ist erhalten. In Abhingigkeit
von der Kristallmatrix und der Anzahl an verschiedenen Symmetrieplatzen im Gitter
fiihrte das Hinzufiigen eines zusétzlichen Ions in (Gd, Lu)-Schichten zu einer Stérung der
Bandstruktur (CTS und ES) in der kristallinen Schicht.

i
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1 Introduction

1.1 Motivation

In the last two decades computer-based processes and internet applications created an
exponentially growing data transfer. Since the information transmission rate of purely
electronic devices is limited due to fundamental physical reasons, this development led to
an increased use of optical fibres and advanced photonic technologies. As the operation of
these new devices incorporates optics and electronics as well, a mixed discipline was born
called integrated photonics. The basic difference in this discipline is the substitutionary
use of photons instead of electrons, whereas the integrated optical circuits are very similar
to those in conventional electronics and focus on fabrication and integration of several
photonic components on a common planar substrate.

In integrated photonics, optical signals propagate through non-conducting dielectric me-
dia and operate in highly transparent wavelength ranges of the used materials. As this
transparency window is generally located in the visible and near-infrared range of the
electromagnetic spectrum corresponding to light frequencies around 300 THz (10° times
higher compared to electrical transmission frequencies), the resultant bandwidth is very
large and allows the transport of huge amounts of information. Although a variety of op-
tical elements is required for integrated optics, the key element of all devices are optical
waveguides which provide guiding, coupling, switching, splitting, and (de-)multiplexing
of optical signals. Despite the increasing number of proposed, modelled and fabricated
integrated photonic devices, basic components still are the straight waveguide, the bend
waveguide and the power splitter. All optical components in integrated photonics are
composed of these three building blocks. An overview on several basic components can
be found in [Lif03].

The fabrication of high quality thin films constitutes the basic technology for these wave-
guides with diffusion and deposition techniques being the most widely used methods for
such thin film production. However, photolithographic processes can be used for the
integration of multiple functions on a planar circuit requiring structures with lateral di-
mensions of a few microns [Hai0l]. Suitable materials for the fabrication of functional
devices in integrated photonics can be found in semiconductors like indium phosphide
(InP) and gallium arsenide (GaAs) or in dielectrics like polymers, glasses or lithium nio-
bate (LiNbOj3). Another way of realizing the required integrated optics components is
developed in photonic crystals, as this class of materials allows the individual design of
its optical properties. In photonic crystals, the periodic arrangement of refractive index
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variation determines the photon flux through the crystal. Due to the defined multiple di-
rections in which the photons may escape, photonic crystal microcavities are more efficient
than conventional semiconductor diode lasers.

Dielectric Oxides

Besides the wide use of semiconductor compounds, crystalline oxide dielectrics are also
very promising materials for integrated optics because of their advantageous properties.
Dielectric oxides offer a wide transparency range from the ultraviolet to the mid-infrared
part of the electromagnetic spectrum and are well-known hosts for rare-earth doping. By
incorporating different rare-earth ions, the optical properties can be selectively influenced.
The refractive index of dielectric oxides is moderate compared to semiconductors. In case
of endfaces designed for light coupling in and out of the device, considerably reduced
fresnel reflections can be obtained, which is important as the reflections determine the
efficiency of the system. At normal incidence of near-infrared light the reflectivity of
dielectric oxides is less than 10%, whereas for semiconductors the reflectivity is around
30%. Responsible for this difference is the refractive index difference between the used
material and air, which is An < 1 for dielectric oxides and An = 2.5 for semiconductors.

Thus, the aim of this thesis is the preparation and characterization of lattice matched
dielectric oxide thin films, i.e. sesquioxides (e.g. Y203), orthovanadates (e.g. YVOy,),
and aluminum garnets (e.g. Y3Al;012). A diverse range of potential applications can
be envisioned for these materials. Y503 is an important material for semiconductors
and also for optical applications such as phosphors or waveguide lasers due to the possi-
bility of rare-earth doping with atoms like europium or neodymium. Its large bandgap
(5.8 e V) and dielectric constant (14-18) make the use of Y03 favorable in metal-insulator—
semiconductor (MIS) diodes, metal-oxide-semiconductor (MOS) capacitors, transistor
gates, and dynamic random access memory (DRAM) gate dielectrics. Moreover, high
power laser operation of sesquioxides Yb:LusO3z and Yb:ScyO3 in a thin-disk laser ge-
ometry has recently been realized by R. Peters et al. [Pet07]. Another application of
rare-earth-doped oxide films is the fabrication of planar waveguide structures including
passive elements and active waveguides (amplifiers and lasers), as these oxide materials
are well-known bulk hosts for laser ions. Waveguides of Nd:YAG [Bon00] and of Er:Y,03
[Hoe92, Kor01, Lec02] have already been fabricated.

These applications demand high quality crystalline materials. For film growth, this pre-
supposes very low densities of defects especially at the interface between substrate and
film, which is achievable by minimizing the lattice mismatch of the film in regard to the
substrate. In previous crystalline films fabricated by pulsed laser deposition, a lattice
matching of around 95% could be realized [Bur02, Bér04]. However, following the stan-
dards of ‘lattice matched’ film preparation in semiconductor physics, the mismatch should
only amount 0.1-1.0%. Therefore the preparation and characterization of substrate—film
systems which meet these requirements of lattice matching, high crystallinity, low defect
densities, and a refractive index variation well-suited for waveguide application are subject
of this work.



1.2 Structure of this Thesis

Advantages of Pulsed Laser Deposition

Apart from the pulsed laser deposition technique, many other technologies are available
for the fabrication of optical thin films. Various chemical and physical methods have
already been used for the synthesis of dielectric oxide film, e.g. chemical vapor deposi-
tion (CVD) [Sha93, McKO00], ion-assisted evaporation [Cho99], electron-beam evaporation
(EBV) [Fuk89, Rab04], and sol-gel techniques [Rao96, Lou01l] — to mention just a few.
Due to many reasons pulsed laser deposition (PLD) has proven to be a very attractive and
practical method for the fabrication of thin films. Although a detailed description of the
PLD process will be given in chapter 4, some advantages that explain the attractiveness
of this technique are anticipated in the following:

1. Film growth in which the target stoichiometry is preserved;

2. Accurate control of the film thickness by the number of pulses;

3. Possibility of exact growth monitoring by in-situ reflection high-energy electron
diffraction (RHEED);

4. Deposition in reactive gas environments in contrast to conventional evaporation in
which hot filaments or crucibles could oxidize;

5. Benefit from a high ionization degree of the plasma flux of up to 80%, which posi-
tively influences the film properties;

6. High-energies of the plasma species often ranging from 5 to > 100eV, which can
have positive effects on the film properties like good film adhesion at low substrate
temperatures;

7. Possibility to use small targets in contrast to large targets required for sputtering.
By using alternate-targets versatile thin film deposition can be realized [Ser99].

1.2 Structure of this Thesis

This introduction is followed by the description of the crystallographic and physical prop-
erties of the used substrate and film materials in chapter Electronic transitions and
optical characteristics of the lanthanide ions, which are incorporated in the thin films as
luminescent probes, are summarized in chapter (3!

The fundamental physical mechanisms involved in the pulsed laser deposition process and
experimental aspects of thin film fabrication by pulsed laser deposition are set forth in
chapter [4. An introduction of lattice matching with possible combinations of different
materials are given in chapter 5. Further, a detailed description of target and substrate
preparation, the used pulsed laser deposition setup as well as pre-deposition substrate
treatment and a brief introduction of the RHEED theory and setup are given in chapter 6.

The different analytical tools for examining the structural and optical properties of the
deposited films are described in chapter 7. These include X-ray diffraction (crystallinity),
reflectometry (film thickness) and atomic force microscopy (surface morphology) for the
structural characterization, and fluorescence measurements (including VUV excitation)
as well as lifetime measurements to determine the optical properties.
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In the following two chapters the deposited thin films are characterized, with heteroepi-
taxial film analysis being described in chapter [8 and (quasi-)homoepitaxial film analysis
detailed in chapter 9. Finally, chapter 10 presents the conclusions drawn from the exper-
imental results and gives an outlook on improvements as well as on future work.

Peculiarities

During the completion of this work, ‘progress’ and ‘change’ were the key words. Many
materials were prepared as films and different substrate—film combinations were investi-
gated. In addition, several setup improvements regarding the PLD device were undergone,
especially with regard to the substrate heating capabilities. Therefore, the deposition
parameters were varied and the attempt to obtain optimum parameters for each investi-
gated system was made. Crucial information on the pre-deposition treatment of the used
substrates together with the initial operation of a new reflection high-energy electron
diffraction (RHEED) device were introduced by T. Giin in early 2007 [Giin07].

Therefore, in different stages of this work the preparation of thin films differed according
to the current state of knowledge, which implies difficulties for the direct comparison
of films. For instance, a RHEED analysis could only be performed for the last twelve
fabricated films denoted with ‘SR’. Despite the steadily improved knowledge in pulsed
laser deposition and its different appliance in hetero- and (quasi-)homoepitaxy, further
parameter optimization is possible and required due to the diversity of the investigated
materials. A definite analysis of the prepared and characterized lattice matched films was
not always possible for the same reason. Future work will include deposition parameter
and film composition improvements as well as incorporation of additional characterization
methods like high resolution transmission electron microscopy (HRTEM) and surface X-
ray diffraction (SXRD).



2 Materials

In this chapter an overview of the materials used for thin film production by pulsed laser
deposition and their properties is given. This covers the materials used as substrates as
well as the ones utilized for thin film growth. As the achievement of lattice matched thin
films grown by pulsed laser deposition is the primary aim of this thesis, the spectroscopic
and structural properties of various materials, such as the sesquioxides, will be the main
field of investigation.

The sesquioxides yttria, scandia, lutetia, and gadolinia will be the starting point in the
first part, as — with the exception of the latter — they were the subject of prior scientific
work in this field. Some of these materials were also grown as bulk crystals and were
used as substrates in the current work. The description will focus on the key properties
relevant to this work. Additional data can be found in the theses of E. Mix, L. Fornasiero,
V. Peters and P. Burmester [Mix99, For99a, Pet01, Bur02]. The properties of corundum
as well as yttrium aluminum garnet, also chosen as substrate materials, are detailed in the
next two sections. Finally, this chapter deals with the properties of yttrium and gadolin-
ium orthovanadates as well as lithium yttrium fluoride, used as new substrate materials
in order to achieve better lattice matching.

2.1 Sesquioxides

The term sesquioxide denotes oxide materials with an anion to cation ratio of 3:2 (lat.
sesqui = one and a half). In the context of this thesis, however, when referring to sesquiox-
ides, only the oxides of the rare-earth elements, which are found in the third main group
of the periodic table (cp. figure 2.1), will be considered.

Even though the rare-earth elements readily oxidize, they do so with varying strength
[Hol92]. Cerium metal, in the presence of air, oxidizes completely to CeOs, whereas
praseodymium occurs naturally as PrgO;, showing a slightly oxygen deficient fluorite
structure. The rare-earth oxides from neodymium onward all occur naturally as sesquiox-
ides RE5QO 3, except for terbium naturally occurring as Th4O; and under positive oxygen
pressure transforming into ThOs. However, only cerium, praseodymium and terbium
form dioxidesﬂ.

I Though still unclear why dioxides exist only for Ce, Pr, and Tb, the favoring of this structure can be
explained by the less tightly bound felectrons in the lighter lanthanides, resulting in compounds that
display a larger oxygen coordination number. In terbium the extra electron on top of the half-filled
shell is less tightly bound, resulting in a valency larger than 3+.



2 Materials

Rare-earth sesquioxides are known to be excellent laser host materials due to high ther-
mal conductivities, low phonon energies, and high damage thresholds [Mor82]. Their
structural and optical properties have therefore been thoroughly studied for several years
resulting in the wide application of the europium-doped sesquioxide yttria as a red phos-
phor and the sesquioxides scandia and lutetia as possible laser host matrices [For99b].

Sesquioxides can be found in several crystallographic structures depending on the cation
radius, the temperature, and the pressure [Rot60, Hoe66]. Below 2000 °C, three different
structure types are adopted by the rare-earth sesquioxides.

1. Light rare-earth elements crystallize in the hexagonal A-type structure with space
group P3ml;

2. Middleweight rare-earth elements can be found either in the C-type structure (see
below) or in the B-type structure with space group C2/m (C3,), which is a mono-
clinic distortion of the C-type structure;

3. Heavy rare-earth elements crystallize in the cubic C-type bixbyite structure with
body centered space group Ia3 (1) .

Under specific temperature and pressure conditions, conversions between the different
structure types are induced. At room temperature, the sesquioxides of the rare-earth
elements ranging from lanthanum (LayO3) to terbium (ThyO3) form a thermodynamically
favored monoclinic structure, whereas the sesquioxides of dysprosium (Dy,03) to lutetium
(LugO3) as well as of yttrium (Y203) and scandium (ScyO3) crystallize in the cubic C-type
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Figure 2.1: Periodic table of elements. The rare-earths are highlighted.



2.1 Sesquioxides

bixbyite structure with body-centered space group a3 (7)) [Wyc86]. This structure, as
depicted in figure 2.2, remains stable up to the melting point with the exception of yttria,
which changes to a hexagonal high-temperature phase a little below the melting point
[For99a, Mix99]. Due to the lanthanide contraction there is a slight decrease in the lattice
constants of the sesquioxides ranging from Dy,03 to LusO3. A typical scaling, however,
is 10 A depending on the type of cation.

A unit cell of the bixbyite structure contains 16 formula units with a total of 80 atoms.
The 32 cations, each coordinated sixfold with oxygen, form two different symmetry sites:
24 sites with point group symmetry Cy (non-centrosymmetric), labelled RE1 below, and
8 sites with Cj3; symmetry (centrosymmetric), labelled RE2. The twofold axes of the Cs
sites are oriented parallel to the (100) directions, the threefold axes of the C3; sites are
parallel to (111) (cp. figure 2.2). Furthermore the crystals have a cleavage plane parallel
to the {111} - plane [Sch70].

In sesquioxides the chemical bonds between the metal and the oxygen ions are dominated
by ionic bonding character with an admixing of covalent bonding. The bond lengths for
the two cation sites in the different sesquioxide matrices are given in table 2.1 (page 15).
It is noticeable that three different pairs of RE1-O bonds with varying distances exist,
whereas all six RE2-O bonds have the same bonding length.

The geometric arrangement of the cation and its surrounding anions described above de-
termines the electronic structure of the sesquioxides. Because of the identical structure
and small variations concerning the ionic cation radii, it is possible to grow mixed ses-
quioxide crystals, such as (Scy_,Lu,)203. These crystals are well-suited for the tuning of
specific parameters as for example the lattice constant.

o
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O :

. © :
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Figure 2.2: Crystallographic structure of bixbyite: (a) unit cell with 24
sites with point group symmetry C (non-centrosymmetric) and 8 sites with
C symmetry (centrosymmetric), (b) the two different cation sites.
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When activated with luminescent ions, the structural and electronic properties of the
sesquioxides have important implications on the spectroscopic properties by determin-
ing the crystal field and thus defining the energetic positions of the electronic states. It
was found that, in general, trivalent rare-earth ions are randomly distributed in sesqui-
oxide RE,O3 single-crystals, occupying different symmetry sites [Man63]. As a result of
the differences between these two symmetry sites the spectroscopic characteristics of the
RE*"(Cy) and RE**(C}3;) ions differ from each other. The intraconfigurational f-f electric
dipole transitions are forbidden for centrosymmetric C's; sites and only magnetic dipole
transitions can occur, whereas the crystal field interaction with non-centrosymmetric Cs
sites introduces an opposite-parity part to the potential energy of the crystal levels, also
making possible the electric dipole transitions.

Compared with other dielectric oxide materials like YAIO3 or Y3Al5015, sesquioxides have
a considerably smaller phonon energy E,;, = hweg insuring good laser efficiency by min-
imizing energy loss due to non-radiative processes. The phonon energy, already low in
YAG with 700 cm ™!, is even weaker in rare-earth oxides with 420 cm™! for Gd,O5 and
377 cm~! for Y,03. With non-radiative processes suppressed, this class of materials is
interesting for upconversion processes. However, up to now, besides the interest in the
electronic properties of crystalline yttria, no further investigation of the electronic struc-
tures of scandia, lutetia or gadolinia are found in literature.

Growth of Sesquioxide Crystals

The main reason for sesquioxides not widely being used in industry is their complicated
growth. Unlike other materials of equal suitability as laser hosts, sesquioxide bulk crystals
or substrates are not commercially available up to now. Although sesquioxides, like yttria,
are well investigated and their optical properties are quite favorable for laser applications,
the extremely high melting point of approximately 2400 °C hinders the growth of large-
volume single-crystals that are free of stress and impurities.

Until the end of the nineties experiments with various crystal growth techniques have
been carried out, but none of them met the needs required for high-quality sesquioxides.
Though, with these crystals grown, most properties of sesquioxides could be investigated.
Then finally, much better results were obtained using a new growth method called heat
exchange method (HEM) derived from the Bridgeman technique.

This technique was employed in the course of this work to grow sesquioxide bulk crystals
which were then prepared as substrates for pulsed laser deposition and reference mea-
surements. More information on the developed HEM growth technique and various other
growth methods can be found in [Mix99, For99a, Pet01, Pet02a, Pet02b].

Yttrium-, Lutetium- and Scandiumoxide

Y>03 is an insulator with a bandgap energy of approximately 6.1eV [Abr78], meaning
that it is transparent up to the ultraviolet region of approximately 200 nm. Consequently,
the absorption rises steeply at wavelengths smaller than 220nm. The fundamental ab-
sorption starts off with a sharp maximum at 5.9 e V, which is considered an excitonic state
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[Abr78, Tom86]. As the short wavelength edge of the exciton band is superimposed by
the interband absorption, the binding energy of this exciton is considerably low (0.1eV)
[Abr78].

As self-consistent band structure calculations of YoO3 by Xu etal. [Xu97] have shown,
the upper valence band is mainly formed by 2p orbitals of oxygen electrons and some
admixing of yttrium 4d and 5p orbitals, whereas the lower conduction band states are
predominantly formed by yttrium 4d and 5p states. Based on the work of Ephraim and
Bloch [Eph26], who found that the values of the interelectronic repulsion parameters sep-
arating the multiplet terms of 49 (nephelauxetic effect, cp. page[18) are smaller in more
covalent compounds than in ionic compounds, and from the observed values of the inter-
electronical repulsion parameters between the metal ion and the oxygen ligands, Jgrgensen
et al. predicted that a substantial degree of covalency is mixed with the predominant ionic
bonding character between Y and O [Jor64]. The effective charges of Y1 and Y2 were
determined to be +2.08 and +2.10, while the effective charge of the oxygen ions is —1.39
[Xu97].

The sesquioxides Luy,O3 and ScyO3 are isostructural to YoO3. Consequently, the three
crystals are well comparable with regard to their optical properties. Lutetia shows a
reflectivity decrease related to interband transitions at an energy of 5.7 eV with a resulting
bandgap energy of 6.1eV. The excitonic state in lutetia is indicated via the sharp peak
in the reflectivity spectrum at 5.8eV [Kir03, Kuz03]. The valence band energy levels
in Y-based compounds are formed predominantly by oxygen 2p orbitals. However, in
lutetia crystals the top of the valence band is composed mainly by lutetium 4f orbitals
[Mo0i97]. Abramov et al. determined the bandgap energy of ScoO3 to be 6.3¢V [Abr83]
and performed additional calculations that indicated a predominance of the ionic bond
and a slightly greater contribution of covalency compared to Y203 (gse < qy)-

One interesting difference between these three sesquioxides is the lack of an exciton de-
tection for ScoO3, whereas in Y03 as well as in LuyO3 an excitonic state can be observed
|[Abr83]. However, due to the inconsistency of different literature values, uniformly mea-
sured bandgap energies will be considered in this work. E. Mix determined the bandgap
energies of ScyO3, Y503, and LusO3 to be 5.91eV, 5.64eV, and 5.51eV, respectively
[Mix99].

Gadoliniumoxide

The sesquioxide Gd,Oj5 differs from the others mentioned above. At room temperature it
crystallizes not in the C-type bixbyite structure but in the monoclinic B-type structure
with space group C2/m (C3,). This side-centered cell contains six fomula units with
lattice constants having the values a = 14.08 A, b = 3.567 A, ¢ = 8.743 A and § = 100°.
Lanthanide atoms are located in three non-equivalent sevenfold coordinated C's symmetry
sites. Although the bandgap energy of Gd,O3 was investigated by Petit et al. to be
5.3e¢V [Pet05], more detailed information on the electronic structure was not available up
to today.
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In the context of this thesis Gd,O3 is not used as an isolated crystal but primarily as
a compound of mixed sesquioxide (Gdj_xLuy)2O3 crystals. Therefore the structure is
considered cubic with the lattice constant value a = 10.813 A . This assumption is justified
by X-ray measurements of the grown composite films (cp. section [9.1).

2.2 Corundum

Depending on the conditions, aluminum oxide crystallizes in many different structures of
which the a-form (corundum) is the best known. This crystal is commercially available
in epitaxial high-quality with regard to crystal purity, precise orientation and surface pol-
ishing. It is used as substrate material for pulsed laser deposition [Bur02, Bér04, Kuz06).
Although the matrix itself is colorless, natural corundum often contains impurities caus-
ing coloration. Pure a-Al,O3 is sometimes referred to as sapphire, despite the fact that
the expression sapphire is more precisely defining Al,Os doped with Fe?* and Ti** re-
sulting in blue colored crystals. With Cr3T as dopant the crystal appears red and is
commonly known as ruby. It is probably due to the vari-
ous forms of Al,O3 in nature that the mineralogical term
sapphire is widely used as a synonym for colorless pure
a-Aly O3, alongside the term corundum.

Figure 2.3 shows the unit cell of a-AlyO3. It contains
two Al,O3 units, as a-Al;O3 crystallizes in a ditrigonal-
scalenohedral structure with space group R3c(D3;). A
hexagonal close-packed structure (hep) is formed by the
oxygen ions with the AI** ions located in the octahedrally
coordinated interstices. Every aluminum ion is surrounded
by six oxygen ligands and has each three bonds in the
length of 1.969 A and 2.278 A.

C

A simple hexagonal Bravais lattice, built by stacking two-
dimensional triangular nets directly on top of each other, is
underlying the hcp structure. This stacking occurs in the
direction of the c-axis of the crystal, whereas the triangular — pigure 2.3: Unit cell of a-
lattice in the z-y-plane is generated by the lattice constants  4jumina

a and b [Ash76].

Corundum is an insulator with a bandgap energy of 9.5e V (130 nm), which is about 3.5e V
higher than that of yttria. However, the fundamental absorption edge is overlapped by
an absorption of an excitonic state. Absorption into a charge-transfer state was observed
below the bandgap of a-AlyO3 [Fre90], which is due to the always present Cr3* impurities.
More details regarding the electronic structure of aluminum oxide are given in [Bat82]
and [Xu91].

10
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2.3 Yttrium Aluminum Garnet

Favorable spectroscopic properties, high thermal conductivity, mechanical stability, and
high optical damage threshold were some of the features that made yttrium aluminum
garnet one of the most important host materials for laser application. Many commercially
produced solid-state lasers are based on this material, referred to as YAG. Up to now,
well-known laser performances have been obtained by rare-earth-doped YAG crystals,

such as Nd:YAG and Yb:YAG.

It was Menzer who in 1928 pioneered the investigating of this new material class, later
named garnets [Men28]. The crystals categorized in this class belong to the cubic, body-
centered space group la3d (O,Y).

A unit cell of the garnet structure contains 160 atoms in eight identical C3A5D301,
units, with C, A and D denoting crystallographic sites (cp. figure 2.4). Depending on
their symmetry site, the 64 cations are either coordinated eightfold, sixfold or fourfold
with oxygen, each forming an oxygen polyhedron in the crystal. There are 24 eightfold
oxygen-coordinated C-sites with point group symmetry D,, 12 sixfold oxygen-coordinated
A-sites with point group symmetry C3; and 24 fourfold oxygen coordinated D-sites with
point group symmetry Sy.

An octant in the garnet structure of YAG is denoted Y3Al;Al3015, as the C-site is oc-
cupied with trivalent yttrium ions and the A- and D-sites with trivalent aluminum ions.
The three oxygen polyhedrons in the YAG crystal are slightly distorted and therefore
cannot obtain a regular geometry. This distortion causes the loss of inversion symmetry
in the dodecahedral C-site, whereas the octahedral A-site remains inversion-symmetrical.
Optical transitions are influenced by the inversion symmetry of crystallographic sites.

O C (dodecahedral site, Y and dopant ion Eu™)
® A (octahedral site, Al'")
0 D (tetrahedral site, Al*)

Figure 2.4: Unit cell of garnet crystals [Win81]

11
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YAG is an insulator with a bandgap energy of 6.5 eV. Calculations of its electronic
structure were performed recently by Xu and Ching [Xu99, Chi99].

One can also consider YAG as a congruent mixture of two oxides — Y503 and Al;,Os.
Other congruent compositions of the same compounds are YAIO3 (YAP) with a perovskite
orthorhombic lattice and Y,Al,O9 (YAM) with a monoclinic structure. Although YAP is
sometimes utilized as a host for rare-earth dopants, both, YAP and YAM, are not widely
used.

2.4 Orthovanadates of Yttrium and Gadolinium

Both materials, yttrium vanadate and gadolinium vanadate, belong to the group of ox-
ide compounds crystallizing in the ZrSiOy4 zircon structure with tetragonal space group
141 /ama (D})). The undistinguishable a and b axes are perpendicular to the crystallo-
graphic ¢ axis with fourfold symmetry. As the crystals YVO, and GdVOy are isostruc-
tural, the description below is valid for both.

A unit cell of yttrium vanadate contains four YVO, molecules with a total of 24 atoms.
The trivalent rare-earth ion is coordinated eightfold with oxygen and has the point group
symmetry Dog4. It is arranged at the center of a tetrahedron formed by four oxygen ions.

This tetrahedron is shorter along the ¢ axis than the corresponding dimensions perpendic-
ular to the ¢ axis and thus irregular, causing the reduction to Dy symmetry. In addition,
it is surrounded by four yttrium ions and their oxygen tetrahedra, located in duplicate
below and above the site in question (cp. figure 2.5). With this site at the center, a
larger irregular tetrahedron is formed by the mentioned four Y-O tetrahedra. This large
tetrahedron is rotated 90° from the orientation of the Y-O tetrahedron at its center. In
the first approximation, the vanadium ions are not seen by the yttrium ions since each

| c=6.289 A Y“ '
%x i | I z A)/ - C B

l 1
—_ ,'4'__-_/,[/ 71
| = a=7.120 A 2

vanadium o yttrium © oxygen

Figure 2.5: A unit cell of YVO, — isostructural to GAVOy — according to (a)
[Yan76] and (b) [And94]. The oxygen ions forming an irregular tetrahedron
are labelled with A to D.
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vanadium ion, due to its small size of 0.59 A | is completely shielded by a tetrahedron of
oxygen ions [Yan76].

The lattice constants of YVO, have the values a = 7.120 A and ¢ = 6.289 A . In com-
parison, replacing trivalent yttrium ions by larger gadolinium ions increases the distances
between dodecahedral lattice sites, causing a decrease of ion-ion interaction between neigh-

boring ions and also making the segregation coefficient closer to unity. The lattice pa-
rameters of GAVO, are a = 7.211 A and ¢ = 6.350 A .

2.5 Lithium Yttrium Fluoride

Fluoride crystals are favorable laser materials due to some
physical properties. Being non-hygroscopic, their low
phonon energies recommend them for upconversion lasers.

The lithium yttrium fluoride crystal is uniaxial and crystal-
lizes in the tetragonal scheelite structure of CaWO, with
space group 14/, (C%). Figure [2.6 shows a tetragonal
unit cell which contains four stoichiometric LiYF, units
with eight trivalent cations and sixteen anions. The rare-
earth ions occupy the eightfold dodecahedrally coordinated
lattice site with point group symmetry Sy, which is non-
inversion symmetrical. The lithium ions occupy the four-
fold tetrahedrally coordinated lattice site, with the corre-
sponding polyhedrons being distorted.

LiYF, has a melting point of approximately 840° C and

a Mohs hardness of 4-5. Lattice constants are a = 5.16 A ¢ ]
and ¢ = 10.75 A | the low phonon energy being in the range (‘; Li
of 442-460 cm . 2 O:

a

Figure 2.6: Unit cell of
LiYF, [Win81]
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Material properties

Some important parameters and properties of the substrate and film materials are sum-
marized in the table below. Appendix B summarizes the associated Sellmeier equations.

80203 Y203 LUQ03 Gd203
Crystal structure cubic cubic cubic monoclinic?
Symmetry Ia3 (T]) | Ia3 (I7) Ia3 (T]) | C2/m (C3)
a=9.844 | a =10.603 | a =10.391 a = 14.08
Lattice constants (A) b = 3.567
c=8.743
Density (25) 3.847 5.03 9.42 7.100
Hardness (Mohs) 6.8 6.8 R 6.9
Melting temperature (K) ~ 2703 2703 ~ 2723 2693
Thermal conductivity x (%) @ 300K 17 14 13 ~ 13
Thermal expansion a (1076 K1) 9.6 8.6 7.9 8.2
Phonon energy fiwmax (cm™1) 672 597 618 604
Possible dopant RE RE RE RE
Site symmetry (coordination number) C>(6) C>(6) C(6) Cs(7)
C3;(6) Cs;(6) Cs(6)
Transparency range (pm) 0.21...8 0.21...8 0.22...8 0.22...8
Refractive index n @1 pm 1.967 1.890 1.911 1.950
an (1075K~1) @589 nm 1.0
Bandgap energy (e V) 5.9 5.6 5.5 5.3

2 Though Gd»O3 crystallizes in monoclinic structure at room temperature, the cubic form is of interest
in this thesis. As it is used in mixed sesquioxide compositions with lutetia, it also crystallizes in cubic
Ia3(T}) structure with lattice a = b = ¢ = 10.813 A.
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a-Al5 O3 Y3Al5019 YVOy4 GdVO4 LiYE,
hexagonal cubic tetragonal tetragonal tetragonal
R3c (D3)) Ia3d (0}9) I4;/amd (D)) I4;/amd (DL)) I41/a (C%)
a=4.762 a=12.01 a="7.120 a="7.211 a=>5.16
c=12.995 c=6.289 c=6.350 c=10.75
3.987 4.5 4.22 5.47 3.95
9 8.5 5 5 4-5
2313 2223 2083 ~ 2083 1098
35 11 5 6
5.3 (|| ¢ 6.9 4.43 (|| ) 83 (|| ¢
45 (L ¢) 11.37 (L ¢) 13.3 (L ¢)
950 857 850 450
™ RE, TM RE RE RE
Ds(8)
On(6) C5i(6) Doy(8) D24(8) S4(8)
Sa(4)
0.14...6.5 0.24...6 04...5 0.18...6.7
n, = 1.756 1.816 n, = 1.960 ne = 1.988 ne = 1.448
ne = 1.747 ne = 2.169 ne = 2.202 ne = 1.471
wren | T St
9.5 6.5 3.7 10.3

Table 2.1: Material properties of ScoO3, Y203, LusOs, GdsQs;, «a-alumina,
Y3Al5012, YVO4, GdVO4 and LiYF, [Bar57, Ber74, Con69, For99a, Mix99,
Sam82, Web82, Cze02, Zyc02, Win07]

15




2 Materials

16



3 Lanthanide Dopants

In order to study the properties of thin films, lanthanide ions are used as luminescent
probes. This is due to the sensitivity of their emission characteristics to the crystallo-
graphic environment. Electronic transitions and characteristic optical properties of rare-
earth ions, reviewed in this chapter, are required to interpret the optical data of the
presented systems. When introduced by substitution of another non-luminescent unit, it
is essential that the probe perturbs the investigated material as little as possible.

The elements used for doping can be found in the third main group of the periodic table
(cp. figure [2.1). First introduced in this work in section 2.1, the term rare-earth (RE)
usually refers to the elements lanthanum (atomic no. 57) through lutetium (atomic no. 71)
also known as lanthanides, and the chemically similar elements scandium (atomic no. 21)
and yttrium (atomic no.39) [Gre87|. However, the following discussion will only address
the lanthanides.

As also known from other element groups in the periodic table, the lanthanides of in-
creasing atomic number show a periodic behavior with regard to some of their properties,
like density, melting and boiling points, while other properties, like ionic radii, change
aperiodically. This aperiodic phenomenon is referred to as lanthanide contraction.

The similarity in chemical properties stems from the electron configuration of rare-earth
atoms, denoted! [Xe] (4f)"(5d)*(6s)* with x = 1 in the case of lanthanum (n = 0), gadolin-
ium (n = 7), lutetium (n = 14) and x = 0 with n = 2 through n = 14 for cerium through
ytterbium. Although the incorporation of the rare-earth ions into a crystal matrix uses the
stable trivalent form with the electron configuration [Xe] (“f)"™~1 divalent rare-earths
can appear in crystals with divalent lattice sites. Another occasion for divalent rare-earth
ions is local charge compensation provided either by crystal defects, such as color centers
in sesquioxides and garnets, or by the presence of quadrivalent co-dopants in the crystal
matrix [Kap62, Loh69].

1 [Xe] represents the electron configuration of the noble gas xenon.
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The spectroscopic properties of the trivalent rare-earth atoms are dominated by intra-
configurational 4f-4f transitions and interconfigurational 4f-5d transitions. Because the 5s
and 5p shells are completely filled in the [Xe] configuration, the 4f shell electrons are effec-
tively shielded from influences of the chemical environment, e.g. the surrounding crystal
field. Therefore, only low variations of the 4f states can be observed in different local
environments [Bur62, Ray63]. This insensitivity to the surrounding offers the advantage
of easily determining the energy levels by adding the influence of the crystal field as a
perturbation to the free ion energy level terms. In case of the investigated 4f-4f electric
dipole transitions, this results in narrow transition line-widths, compared to those ob-
served in transition metals, in divalent rare-earths, and between RE*" 5d states [Hen89).
The strength of the shielding decreases with increasing atomic numbers [Ste66, Erd72].

Due to the influence of the crystal matrix, the peak positions of the 4f-4f transitions
perform a little shift. This behavior is known as the nephelauxetic effect (Greek: cloud
expanding). As interelectronic repulsion and spin-orbit coupling primarily determine the
energies of the excited levels, a shift of the peak positions towards lower energy with
increasing covalency of the surrounding media is expected. This behavior recommends
the rare-earths as suitable probe ions, which is also due to the crystallographic properties
of their lattice sites. A detailed discussion of the nephelauxetic effect is given in [Sin66].

Aside from europium, which can be used as a red light emitter in phosphors and is utilized
as the main probe ion within the context of this thesis, there are also other rare-earths
that are very promising as dopant ions for sesquioxides. Neodymium doping in scandia
for operation at 1486 nm is recommendable for the telecommunications industry while
erbium in lutetia may prove to be suitable for high power operation at 2.7 pm in medical
applications [Pet01]. Besides, high power laser operation was recently demonstrated with
Yb:LuyO3 and Yb:ScoO3 in a thin-disk laser geometry [Pet07].

3.1 The Free lon

In order to calculate the electronic states together with their energies, the Hamiltonian
must be determined and the Schrodinger equation solved. For a free ion with a nucleus
of charge Ze and N electrons of mass m, the Hamiltonian is

N 2

N
h? Ze? e

— _ A, — ) 3.1

H ;( 2m, " 47r50n-) +i<JZ:1 dmegri; (3:1)

The kinetic energy of the electrons —(h?A,,/2m.) as well as their Coulomb interaction
—(Ze? [Amegr;) with the nucleus is described in the first summation. The distance between
the electron ¢ and the nucleus is denoted r;. Represented in the second summation is
the electrostatic repulsion between the electrons which are separated by the distance
ri; = |r; —r;|. Obviously, a separation of the Schrédinger equation in N one-particle-
problems is not possible because of this two-particle-operator, and hence no analytical
solution can be found.
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3.1 The Free Ion

The system has to be reduced to a radial, effective central field without electron-electron
interaction. In this central field approximation, where each electron moves in an effective
spherically symmetric potential V(r) created by the nucleus and the remaining (N — 1)
electrons, the Hamiltonian is given by

Hy = i (_h—ZAm + V(ri)) . (3.2)

2m
i=1 €

The Hamiltonian is now separable and the time-independent Schrodinger equation can be
obtained with the energy eigenvalues Fj

HoWo = Eglg . (3.3)

The solution ¥ is the product of the eigenstates of the single-electron wavefunctions
[nlimym)

N
\IJO = H |nilimlms> s (34)
i=1

with n; denoting the principal quantum number and [; the orbital angular momentum of
the electron 7. The wavefunction ¥ has to be completely anti-symmetric, since according
to the Pauli exclusion principle two electrons cannot share the same single-particle-state.
Consequently, W is built up as a Slater determinant out of one-electron spin orbitals.
The energy eigenvalues of these eigenstates are only dependent on the quantum numbers
n and [ and are degenerated with respect to m; and ms.

It is possible to iteratively determine a self-consistent central-potential by the Hartree-
Fock method. Once started with a chosen potential, the calculated potentials converge by
successive iteration with the Hartree-Fock equations towards the self-consistent potential
V(r) of the system.

Two corrections have to be considered in the central field approximation: First, the
non-spheric and non-symmetric part of the Coulomb repulsion interaction between the
electrons

He. = ii—i ~ 2 v (3.5)
“ ; 47T€0 Tij i1 477'80 T ! ’ ’

<j=1

that results in a splitting of the 4f states into 2*!L states, in which the total orbital
angular momentum is L = |L| with L = ) .1, and S = [S] is the total spin with S = ) __s;.
The resulting wavefunctions are described by the quantum numbers L, S, M, and Mg.
Typically, the energy splitting of the LS-terms is of the order of 10* cm™!.
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The second correction due to the spin-orbit interaction is given by

N

Hso = — Z 5 ! 7 1 dVir) (si- L), (3.6)

2 , .
— 2m’cy 1 dr;

with s; the spin-vector of the i*® electron and 1; the orbital angular momentum vector of
the i*" electron. ¢ is the speed of light in vacuum. With the two perturbations considered,
the Hamiltonian for the free ion can now be written as

H =Ho+ Hee + Hso - (3.7)

The further energy level splitting is depending on the coupling of the electrons. To gain a
better understanding of how the perturbation terms are effecting the central field, three
different cases are compared:

1. In the case of very heavy elements, Hgo is the dominating part. Consequently,
the spin and the orbital angular momentum of each electron couple to the angular
momentum j; = s; + 1; resulting in the total angular momentum J = ). j;. This
case is termed jj- coupling.

2. If in the opposite case Hee is the dominating term, the individual spins couple to
the total spin S = )_.s; , and the individual orbital angular momentums couple
to the total orbital angular momentum L = > 1;. This coupling mechanism, in
which the influence of the spin-orbit interaction effects a splitting of the LS-terms
in J-multiplets, is termed LS-coupling or Russell-Saunders-coupling.

3. Taking to account the influence of the perturbation terms in lanthanide ions, both
correction terms are of comparable magnitude resulting in an intermediate coupling
scheme. The eigenstates are linear combinations of several LS states of the same
total angular momentum J, named according to the state with the strongest influ-
ence. Though the total angular momentum J remains a non-degenerate quantum
number, different 21 manifolds may energetically overlap with regard to the .J-
components. The eigenstates are designed by the quantum numbers L, S, and J.
Because the 2911 states are (2J + 1)-fold degenerated in regard to M; [Hen89],
it is common to label the energy eigenstates following the Russell-Saunders approx-
imation (***1L;). A detailed discussion of the intermediate coupling can be found
in the books of Sobelman [Sob79] as well as Condon and Shortley [Conb1]. The
energetic splitting of the 211 is typically in the range of 10% cm™!.

Several orders of magnitude smaller than the observed interactions are additional pertur-
bations, such as spin-spin interactions or orbit-orbit interactions as well as hypersensitive
interactions, and can therefore be neglected. Of more importance is the influence of the
crystal field and its effect on the positions of energy levels of rare earth ions. This will be
discussed in the following section.
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3.2 The Lanthanide Ion in a Crystal Matrix
3.2 The Lanthanide lon in a Crystal Matrix

When an ion is incorporated into a crystal lattice — any other chemical environment like
glass or solution will also do —, it is subject to the electrostatic field of the neighboring
ions, also called ligands. By the interaction of the 4f electrons of a lanthanide ion with
the mentioned electrostatic field of the ligands, the spherical symmetry of the free ion is
destroyed. This is referred to as Stark effect. The influence of the local electric field E
introduced as an additional perturbation term is represented by the Hamiltonian

N
Hstark = —eZE(rk) Ty . (3.8)
k=1

The crystal field has two effects on the energy level structure of the free ion.

1. It induces a red shift on the free ion levels that can be explained by a reduction of
the free ion parameters [Jor77] referred to as nephelauxetic effect (cp. page 18).

2. It causes a Stark splitting of the 2°*!L; manifolds of the free ion and thus repeals
the degeneracy with respect to M;. For lanthanide ions having an odd number of
electrons, the Kramers theorem asserts a splitting in (2J + 1)/2 twofold degener-
ated Stark levels. This Kramers degeneration is a consequence of the time-reversal
invariance. lons with an even number of electrons are split into (2J + 1) levels
[Mes90].

The Hamiltonian for a rare-earth ion arranged in a crystal field is concludingly given by

H = HO + Hee + HSO + HStark ) (39)

with the influence of the perturbation Hgiapc being one order of magnitude smaller than
the contributions of Hgo and H,., as the 4f electrons are shielded from the crystal field by
the 5s and 5p electrons. As the interaction with the ligand field or with vibrational states
mixes electronic states of different parity into the 4f~-wavefunctions, the regularly forbidden
electric dipole transitions within the 4f shell are now partially allowed (cp. section [3.2.1).
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3.2.1 Intraconfigurational 4f-4f Transitions

The excitation of an ion via an electron transition from the ground state to a higher energy
level can be initiated by an oscillating electromagnetic field of appropriate frequency. As
higher order transitions like electric or magnetic quadrupole processes can generally be
neglected due to reduced transition probabilities [Die68, Pea75], the transitions between
two energy levels may be categorized in having either electric dipole or magnetic dipole
character.

In expressing the electric field in terms of a multipole expansion, the first terms of order
n of this expansion are denoted monopole (n = 0), dipole (n = 1), quadrupole (n = 3),
and octupole (n = 4). The Laporte selection rules for electric multipole transitions of
order n in a symmetric central field are:

1. For n =0,2,4,... only transitions between states of the same parity are allowed.
2. Forn=1,3,5,... only transitions between states of different parity are allowed.

As electric dipole transitions require a change of parity of the electron wavefunction,
they are forbidden within the 4f shell, due to the Laporte selection rules above, and only
magnetic dipole transitions are expected [Hen89]. Usually these transitions are weaker
than electric dipole transitions by a factor of 10°.

However, under the influence of crystal fields without inversion symmetry, a configura-
tional mixing of opposite-parity states — like 4f%%5d — into the 4f" states can occur partly
allowing electron dipole transitions in the 4f states and retensioning the Laporte rules.
In the case of crystallographic sites with inversion symmetry the Laporte selection rule
is weakened by rare-earth ions occupying acentric sites in the matrix, reintroducing in-
traconfigurational 4f-4f transitions observed as forced electric dipole transitions. Though,
the weakening of inversion symmetrical sites is considerably smaller than of non-inversion
sites. The selection rules for these forced electric dipole transitions between 4™ states are

[Hen89, Kam90)]
1. Al = 41 3. AL = 21=6

2. AS =0 4. AJ = 21=6

In the case of rare-earth ions with an even number of electrons some additional selection

rules apply as follows
1. J=0 « J' =0 forbidden

2. J=0 < J =246,... strong

3. J=0 < J =1,3,5,... weak.
Intensive investigation on the admixing of states with opposite parity to the 4f states was
done by Judd and Ofelt [Jud62, Ofe62].

As mentioned earlier, two different lattice sites with symmetry C5 and symmetry Cj;
are provided by the matrix of the sesquioxides (cp. chapter 2.1). As the C3;-sites show
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3.2 The Lanthanide Ion in a Crystal Matrix

inversion symmetry, the effect of admixing is considerably smaller compared to the Cj-
sites, due to the lack of a center symmetry. Thus, the Laporte selection rule is stronger for
ions occupying the Cl;-site, resulting in a reduced transition probability compared with
transitions of ions in the Cs-site.

After having described the intraconfigurational, parity forbidden 4f-4f-transitions (weak)
and the applying selection rules, we will now focus on the parity allowed transitions of the
lanthanide ions (strong), which appear as broad bands in optical spectra. These parity
allowed transitions are the interconfigurational 4f® — 4f"~'5d and the charge transfer
(CT) transitions.

3.2.2 Interconfigurational 4f-5d Transitions

The outer electrons situated in the 5d-orbitals are not shielded by other electrons as the
ones in the 4flevels and therefore energetically very sensitive to the environment. Thus,
the crystal field is the primary influence of these 5d-orbitals, being more relevant than
the Stark effect or the Coulomb interaction [Loh73]. The position of the energy levels and
the splitting due to the crystal field with respect to the site symmetry [Sch67] is given by
the ligand-field theory.

This model contributes an extension to the crystal field theory to allow covalent interac-
tions and is valid for electrons in non-completely filled shells. The bonding is generally
explained by molecular orbital theory [Sch67, Sch73, Bal62].

Assumptions regarding the ligand field theory are that the motion of the electrons occurs
in the potential of the metal ion core as well as in the electrostatic potential of the ligands.
The interaction among the electrons of the central ion and the electrons of the ligands
can be neglected, as the ligands are regarded as point charges. The energy splitting is
therefore explained as a consequence of this electrostatic interaction, with the premise of
purely ionic bonding between the metal ion and the ligands having no covalent admixture.

The orientation of the d-orbital wavefunctions either increases or decreases the electron
energy depending on the orbital extended into a region of high or low electron density.
This results in a splitting of energy levels.

Applying this electrostatic model for example to an octahedrally coordinated d'! electron
which is — due to the angular part of the crystal field potential — degenerated twofold in
an E, state and threefold in a Ty, state, the energy difference of the splitting is given by

q(r?)

10Daok = 55 -

(3.10)

The total energy splitting 10 Dq is named crystal field stabilization energy, with (r) being
the radial probability density of the electron and R the metal-ligand internuclear distance.
Because of the destabilizing effect of the center symmetrical part of the ligand field, an
energetic increase €y o is induced on the d! electron levels, with the resulting influence
of the ligand field on a single d* electron of
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+6 Dqut fOI' Eg

Acokt = €o,0kt + : (3.11)
—4Dqpy, for Ty

It has to be mentioned though, that the excitation of an 4f electron into a 5d orbital
presents a 4f® — 4f"715d transition and thus cannot be described as a one-particle-
problem. All electrons, 4f and 5d orbitals have to be taken into account in order to obtain
an exact calculation of the energy levels.

In general, a large crystal field splitting energy is provided by ligands with high negative
charge and small radius and by metal cations with large oxidation number. In section|3.2.4
a more illustrative description of the 4f-5d transitions is given, as the single configurational
coordinate model is introduced.

3.2.3 Charge Transfer Transitions

Interconfigurational transitions which involve a ligand-to-metal charge transfer transition
and the reverse process, a metal-to-ligand charge transfer transition, are referred to as
charge transfer transitions. An electronic state in which a large fraction of the electronic
charge is transferred from one molecular entity (electron donor) to another (electron
acceptor) is generally defined as charge transfer state (CTS) [McN97]. The charge center
between the central ion and the ligands is considerably shifted with respect to the ground
state. This is due to the displacement of electronic charge across a typical interatomic
distance. The shifted charge center produces a large transition dipole moment and a
concomitant large oscillator strength.

An often given description of a ligand-to-metal charge transfer process is the transfer of an
electron from the ligands to the central metal ion (M**L™~ — M®=D+[,@m=D=) resulting
in an excitation of an electronic state, which is called charge transfer state [Pie01]. This
model then interprets a charge transfer state as a hole which is transferred from the RE3"
ion to the ligands, moving around the RE?** core in a potential field produced by the
lattice because of the effective negative charge [Hos77].

The energy of a charge transfer band F¢r is dependent on the donor ionization energy, the
acceptor electron affinity and on the extent of the charge displacement. As the CT band
energy correlates well with the Pauling scale of electronegativities, Jorgensen introduced
the concept of optical electronegativity [Jor70]. According to this model, the energy Ecr
can be estimated by the optical electronegativity of the anion x.pt(L) and of the central
metal ion xopt (M) as follows:

Ecr = [Xopt (L) = Xopt(M)] x 30000 cm ™" . (3.12)

For the corresponding values yopt(Eu®") = 1.8 and xopt(O*7) = 3.2 of the investigated
Eu' ion in an oxide host matrix, the average CT band position equals 42000 cm™!,
being anti-proportional to the Eu-O distance. The band shifts to lower energies with

increasing bond length [Hoe75].
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/ The involvement of a charge transfer state in

either absorption or emission processes can

be observed. However, luminescence from a

charge transfer state is only possible if this

state is lower in energy than the lowest en-

y ergy level of an excited 4" '5d state. More-

———~— over, no 4f energy levels are allowed to be

W °D, present at energies comparable to the charge

i transfer state, because of the resulting fast

! intersystem crossing to the lower energy 4f™"

i states and 4™ — 4f" emission. In figure (3.1

| this mechanism is shown for Eu?*:Y,05 and
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. : place from the charge transfer state, because

) crs) 0 of the relaxation to the lower 4f levels in the

) o) °D; manifold. Instead, luminescence from
the 5Dy state of Eu®™ occurs [Nak79).

energy E

Figure 3.1: CT excitation of Eu*:Y,03

3.2.4 Vibrations of the Host Lattice

Host lattice vibrations have significant influence on the optical transitions of the rare-
earth ions. Again, it is necessary to expand the Hamiltonian operator of two additional
terms in order to describe the electron-phonon interactions. The first considers the kinetic
energy of all ions and the second takes into account the interionic potential energy due
to the movements off the equilibrium positions.

In comparison, the electron-phonon coupling of the 5d electrons is significantly stronger
than the one of the 4f electrons because of the wider ranging radial expansion and un-
shielded interaction of the 5d orbitals. While the 4f-4f transitions are quite narrow banded,
the electron-phonon interaction leads to a strong broadening of the interconfigurational
transitions.

A more illustrative description of these phenomenons is given by the single-configurational
coordinate model [Bar74, Hen89]. In this model radiative and non-radiative transitions,
the shape of an optical transition (narrow or broad lines), as well as the Stokes’ Law are
explained. It is based on the Born-Oppenheimer approximation [Bor27], separating the
motion of the electrons from the one of the nuclei (lattice vibrations). The eigenvalues
o(r;, Ry) of the electron-phonon coupling can be written be

o(ri, Ba) = ¥(ri)x(R) (3.13)

with the position of the I"* ion R;, the electronic part ¥ (r;) describing the eigenvalues of
the Hamilton operator in a static lattice and x(R;) describing the dynamics of the lattice.
Further, this model introduces symmetrical stretching mode (or breathing mode) which

lth
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preserves the symmetry of the ligands around the metal ion and represents all vibrational
modes of the lattice (phonons).

[lustrated in the corresponding configurational coordinate diagram (cp. figure 13.2)) are
the potential energy curves of a 4f ground state, a 4f excited state, and a 5d excited
state of a localized lanthanide ion as a function of the configurational coordinate (). This
coordinate describes the average distance between the central ion and the ligands.

The vibrational motion being of harmonic nature is displayed in the diagram by parabolic
curves with the well-known quadratic dependence of the potential energy Vo on @

Voot = 2k (Q — Qo)” . (3.14)

The restoring force constant of the vibrational motion is represented by the factor k.
The horizontal lines in the diagram refer to the discrete, vibrational levels of energy
E,=(m+ %)hwm which are yielded by the quantum mechanical solution of this equation.

The strength of the electron-phonon coupling is symbolized by the slope of the parabola.
Parabola with wider aperture have smaller electron-phonon coupling and vice versa. This
effect is shown for the 4f and 5d states in a lanthanide ion in the aforementioned figure 3.2.
More influenced by lattice vibrations are the 5d states, with their restoring forces being
therefore larger than those of the 4f states, i.e. k(5d) > k(4f).

Each active ion configuration has a certain spatial dimension because of different radial
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Figure 3.2: Configurational coordinate diagram of the 4f and 5d states in a
lanthanide ion

26



3.2 The Lanthanide Ion in a Crystal Matrix

probability densities, resulting in a characteristic equilibrium configurational coordinate
(o, which denotes the shifting of parabolas due to different equilibrium configurations.
This emphasizes that the minimum of the excited state energy may deviate in position
from the one of the ground state energy.

Treating the transitions between electronic energy levels according to the Born-Oppenhei-
mer approximation, the Franck-Condon principle [Con28] must be considered, stressing
that electronic transitions occur much faster than nuclei can respond to their new equi-
librium positions. A transition from the m'™ into the n'" vibrational level of two different
electronic states |a) and |b) has the transition probability

Piany—jomy = Py [(m|n)|? , (3.15)

with the purely electronic transition probability denoted by P¢. The Franck-Condon-
principle is considered in the configurational coordinate diagram by drawing radiative
transitions as vertical lines, i.e. ) remains constant during the transition.

Also illustrated in figure |3.2/is the broadening of the interconfigurational transitions and
their huge Stokes shift compared to the intraconfigurational transitions. The figure shows
a displacement of the parabolas involved in interconfigurational transitions. Therefore,
the absorption from state |n) does not occur into the minimum, but into the side wing
of parabola 5d, occupying the vibrational state |m), which can relax non-radiatively into
the minimum of parabola 5d (cp. figure 3.2). In intraconfigurational transitions the equi-
librium positions Qg are identical and thus very sharp absorption and emission bands are
displayed.

The vibrational states |n) and |m) are occupied thermally at temperatures 7' > 0, with
non-radiative transitions being possible despite the broadening of the transition bands.
It can occur through an intercrossing if a relaxed excited electronic state intersects the
parabola of a less energetic excited electronic state or the electronic ground state. A non-
radiative return to a less energetic excited state or the ground state is possible as well by
the process of a multi-phonon relaxation. The energy difference between two levels must
not exceed more than five times the vibrational frequency of the host (effective phonon
energy) in order to excite vibrations of the host through multi-phonon decay.

27



3 Lanthanide Dopants

3.3 Europium as Probe lon

The Eu" ion was chosen for use as a structural probe for the sites occupied by the RE3* in
the given materials. The reasons for this choice were its high emission quantum yield and
its relatively simple energy level scheme [Biin89]. Although the structural investigation
of thin films often requires complex analytical tools, the local crystal structure is more
easily determined by the luminescence spectrum of a dopant or probe ion.

Because of the advantages mentioned above and the fact that the transitions are mainly
in the visible spectrum and thus easy to detect, throughout this thesis Eu3* is used as
dopant ion for the introduced materials (cp. chapter[2) in order to investigate and compare
the spectroscopic properties.

Depending on the material, Eu®* substitutes for rare-earth ions in the lattice — like Y3+,
Sc3t, Lu?t, or Gd3*. Comparable ionic radii are very useful but not obligatory, as the
rare-earth ions are of similar kind. The spectroscopic properties depend on the populated
crystallographic sites and their symmetries, which vary in different materials. For better
comparison, the ionic radii contingent on the oxygen coordination of the used element
compounds and four dopants are shown in table 3.1.

The Eu®* spectrum shows the transitions between energy levels of the 4f electrons. The
influence of the dopant on the regular crystal lattice should be as small as possible,
i.e. the ionic radii of Y3+ and Eu?* do not differ much. Therefore, the Eu®* ions in
Y>03 populate the two sites of different symmetry with equal probability [Heb70]. The
surrounding crystal field strongly influences the position and intensity of these transitions

(cp. section [3.2).

It is particularly the site symmetry of the dopant ion that will be seen in the fluorescence
spectrum. The symmetry of the local crystal field results in a splitting of the Eu* energy
levels in a set of (2J + 1) sublevels, while the host lattice does not affect the global
electronic structure of Eu?™.

Coordination Element Dopant
Number A%t St Y3 Lt Ga3t Cr’t  Na*t Eu*t  Yb3t
[4] 0.39 — — — — — — — —
[6] 0.54 0.75  0.92 0.86 0.94 0.62 0.98 0.95 0.87
8] — 0.87  1.02 0.98 1.06 — 1.11 1.06 0.99

Table 3.1: Tonic radii (A) of the used trivalent rare-earths, aluminum, and
common dopants dependent on their oxygen coordination [Kam90, Sha76]
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intensity (arb. u.)
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Figure 3.3: Emission spectrum of Eu(1%):Y2O3 bulk crystal (Aex = 243 nim,
spectral resolution 0.08 nm). The symbols indicate the emission from the two
symmetry sites C2(A) and Cs;(+).
transition Di  range (nm) [ comments
Dy — Fy ED 577-581 vw forbidden, non-degenerate; J-mixing gains intensity
Dy — F; MD 585-600 s allowed; intensity independent from environment
°Dg — Fy, ED  610-625 s-vs hypersensitive (A.J = 2); absent on inversion center
Dy — F3 ED  640-655 vw forbidden; J-mixing adds allowed MD character
°Dp— Fy ED 680-710 m-s sensitive to the Eu-environment (AJ = 4)
Dy — Fs ED 740-770 vw forbidden, seldom observed
Dy — Fs ED 810-840 vw seldom observed

Table 3.2: Europium °Dy — Fj transitions; Di indicates the dipole character, range
gives the approximate wavelength range of the transition, I gives the intensity of the
transition (vw — very weak, m — medium, s — strong, vs — very strong).
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As the most intense transitions originate from the excited °Dy state, which is not split
into sublevels due to the crystal field, the characteristic emission spectrum of the Eu3*
ion is easily analyzed. As an example of the used materials, the energy level scheme

for Eu:Y503 is depicted in figure [3.4. Energy level schemes of
trivalent europium in the other used materials are similar to
the addressed one. The spectroscopic peculiarities of each film
material will be discussed in chapters |8 and (9.

When the Eu?' ion is excited into the charge transfer band,
the electrons are promoted into the °D; manifold due to non-
radiative processes (cp. figure 3.4). It is the 4f — 4f electronic
relaxation to the “F; ground state manifold that leads to the
characteristic emission. Although the excitation mechanism in
the charge transfer band is the same for all investigated Eu-
doped materials, the center wavelength may slightly differ. For
instance, the charge transfer band of Eu*" in YAG is located
around 228 nm [Zho03] in comparison to 243 nm in Y50s.

A typical emission spectrum regarding Eu®" in a crystalline
Y503 matrix is depicted in figure 3.3. The intense, narrow peak
at 611 nm, arising from the hypersensitive Dy — 7F, transition
of Eu?t in the Cy-site, is characteristic. Almost insensitive to
the environment due to its purely magnetic dipole character is
the 5Dy — "F} transition of Eu®*, occupying both the C5 and
Cs;-sites, whereas in contrast the intensities of the Dy — "Fy 1
transitions are quite weak and respond very sensitively to the
Eu-environment. An overview of the °Dy — “F; transitions is

given in table
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Figure 3.4: Energy level
scheme of Eu?T in Y503

As the energy gap between °Dy and “Fy in Eu: Y503 is about 11 500 cm ™! large, the proba-
bility of a depopulation of the excited °Dy state by a non-radiative multiphonon process is
very small. Consequently, 30 phonons with an energy of 400 cm ™! each would be involved
in these processes, while a non-radiative deexcitation of the °D; state to the luminescent
Dy state would only require 4 phonons due to the energy difference of only 1700 cm™?.
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Apart from the material and the substrate, the utilized fabrication method significantly
determines the properties of a thin film. As there is a vast variety of film fabrication
methods one distinguishes different categories according to the phase of the deposited
material. Waveguide fabrication methods based on modification of the substrate material
can be regarded as a separate group. The following table|4.1 presents an overview of these
techniques. More detailed information can be obtained in the theses of [Bur02, Rab04,
Kuz06]. The pulsed laser deposition (PLD) technique has been the standard method
for this work and will be described in detail in this chapter. It can be categorized as
re-sublimation method, meaning that the film growth occurs in the gas phase.

Category Fabrication Method
Solid Direct Bondlng.;

Thermal Bonding
Liquid Liquid Phase Epitaxy (LPE)

Sol-Gel Process

Gas / Plasma

Chemical Vapor Deposition (CVD)

Molecular Beam Epitaxy (MBE)

Pulsed Laser Deposition (PLD)

Sputtering

Thermal Evaporation: Resistive Heating
Electron Beam Evaporation (EBV)
Ion Assisted Deposition (IAD)

Modification of Material

Indiffusion

Ton Exchange

Ton Implantation
Direct Laser Writing
Reactive Ion Etching

Table 4.1: Film fabrication methods and waveguide structuring techniques.
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The history of pulsed laser deposition (PLD) began in 1965 when Smith and Turner
demonstrated the deposition of thin films by ablating material with a pulsed ruby laser
[Smi65]. Not long before, in 1962, Breech and Cross had shown that material could be
ablated by laser radiation [Bre62] — laying the foundation for the development soon to
come in 1965. In the first PLD experiment, Smith and Turner were able to produce
‘optically satisfactory’ films of different sorts, like Sby,S3, ZnTe, and PbCls.

However, it was not before 1987 that stronger attention was drawn to PLD when Dijkamp
et al. applied this technique to fabricate thin films of YBayCu3O,_s (YBCO), which was
at that time considered a promising new high-temperature superconductor [Dij87]. The
newly risen attraction was due to the successful demonstration of depositing a complex
material like YBCO and because the degree of stoichiometric control in PLD was superior
to the one achieved by evaporation or sputtering techniques. Today, pulsed laser deposi-
tion is not only employed to produce crystalline films of epitaxial quality but also to create
nanostructures at atomic scale, combining for instance conductor and isolator materials.
Also strong efforts are made to achieve improving waveguide materials by PLD.

The principle of PLD is quite simple as the technique is based on physical processes that
arise from the impact of high-power pulsed laser radiation on solid targets, leading to the
removal of partially ionized material from the impact zone (plasma). In short, the pulsed
laser beam is focused on solid target material that is evaporated due to the deposited
energy. The evaporated material expands from the target surface and is deposited on
a substrate which is placed on the opposite side (cp. figure [4.1). Vacuum condition or
reduced ambient atmosphere is required for the ablation process, since the ablated material
can not reach the substrate under atmospheric pressure. The PLD process takes place
far away from equilibrium and involves a large number of complex physical and chemical
mechanisms with lots of variables. It should be emphasized that, in spite of the simplicity
of the general idea and its realization, the processes taking place during ablation and
deposition are complex and not fully understood up to now. Most of the research in this
area is empirical due to the fact that analytical descriptions of the processes involved are
extremely difficult.

A brief introduction to these mechanisms is given in this section, also referring to a variety
of published articles and books analyzing this technique in more detail, e.g. [B&au00,
Chr94]. Two review articles dealing with the processes of pulsed laser deposition by K. L.
Saenger are worth noticing [Sae93a, Sae93b]. Therein, a precise overview of the history
of PLD is given as well as the physical mechanisms.

The deposition process can be subdivided into four stages:
1. Interaction of laser radiation with the target leading to ablation;
2. Spatial expansion of the ablation products (plasma) —
including interaction and chemical reaction within the plasma;
3. Interaction of the ablation products with the substrate;
4. Nucleation and growth of thin film on the substrate surface.

A simplified scheme of these four stages is shown in figure 4.1. The different processes will
be described in the following sections, as the properties like crystallinity, stoichiometry,
and surface roughness of the obtained films are influenced by each stage.
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Figure 4.1: Illustration of ablation and deposition processes [Bau00, Sae93a]

4.1 Laser-Target Interactions

The mechanisms of laser-induced material removal are almost entirely dependent on the
target properties and laser parameters of wavelength, power density, and pulse duration.
They can be identified in the limits of a continuum between ‘thermal” and ‘non-thermal’.
In a simple thermal process the absorbed laser photons generate heat, which results in
the vaporization of material. A removal of non-thermal kind can occur by several mech-
anisms, like the emission of atoms, molecules, and / or ions resulting from bond-breaking
due to photon excitation of specific bonds. Sometimes these processes are categorized as
‘desorption induced by electronic transitions’ [Mat89]. It is also possible that materials
nominally transparent to low power irradiation at a specific wavelength may be vaporized
at higher power densities due to the presence of non-linear absorption mechanisms or
laser-generated absorbing defect sites. Less useful for PLD are other mechanisms for ma-
terial removal including ‘hydrodynamic sputtering’ and ‘fracto-emission’. Target surface
melt by laser energy and droplet ejection induced by transient shock or pressure waves
are mechanisms referred to as hydrodynamic sputtering [Kel85]. If light particles, atomic
particles, and sometimes macroscopic particulates are emitted from surfaces freshly frac-
tured by thermal or mechanical stresses, fracto-emission takes place [Don88]. Exfoliation
can be regarded as a variant of fracto-emission, in which macroscopic flakes of material
detach as a result of repeated thermal shocks.

Laser-induced Breakdown

The laser radiation into a target of weak absorbing material such as dielectrics may lead
to its destruction due to the energy transfer. This is known as laser-induced breakdown,
describing the increase of the electron density in the conduction band N, due to the
laser irradiation [Blo74]. Consequently a larger number of electron-phonon interactions
takes place leading finally to the destruction of the material if the critical value NS* is
exceeded. Depending on the material is the duration of the energy transfer between the
excited electron system and the lattice 7._pp, being of the order of 1100 ps.
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4 Pulsed Laser Deposition

The above described effect is based on ‘free’ electrons in the conduction band. These
are present only in small numbers of 108~ 10'° cm™3 in dielectrics [Blo74] and can be ob-
tained in two ways when using high radiation intensities in the range of 101~ 10 W /cm?:

1. By non-linear multi-phonon absorption leading to ionization (MPA),

2. By absorption of the laser radiation by present electrons in the conduction
band (free-carrier-absorption) and subsequent avalanche ionization (AI).

In the latter case, the large electric field of the radiation accelerates the free electrons in
the conduction band. The surrounding atoms are ionized by these high-energy electrons
creating new free electrons that are also accelerated. The result is an avalanche-like
production of electrons.

The following rate equation describes the time dependence of the electron density N, in
the conduction band in the near-surface region during the presence of a laser pulse with
intensity /(t) [Stu96]

d N,
= €av L(t) No(t) +ym I™(t) , (4.1)
dt —— S——
Al MPA

with e,, denoting the avalanche coefficient, ~,, being the multi-phonon absorption coef-
ficient for the absorption of m photons, and m being the minimum number of photons
for a transition between valence band and conduction band. An important experimen-
tal parameter is the threshold intensity Iy, for which the critical electron density N¢' is
reached. Because the laser fluence ® is defined as the total energy per unit area per pulse

o — / "Iyt (4.2)

it is obvious with regard to equation 4.1 that the threshold fluence is independent of the
pulse duration 7, thus having a constant value if only considering the avalanche ionization;

By (7) = ——In (Ngr) | (4.3)

Eav NO

Though assuming a square-wave pulse, in the case of pure m-photon absorption the thresh-
old fluence scales with 7" . This underlines the importance and the gain of an experi-
mental determination of ®y,, in order to obtain a more detailed insight into the physical
mechanisms leading to damage in dielectrics.

In case of long pulse durations with a laser-target interaction being in the range of nano-
second pulses, the heating of the lattice during the pulse has to be considered (7 >> To_pn).
Changed plasma properties are the result because of the expanding plasma interacting
with the incoming laser beam (shielding effect) and this leading to a reduced energy
transfer into the target.

Under the premise of nanosecond pulses with 7 > 7._, being valid, the material removal
caused by heat will be briefly investigated in the following.
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Heat-induced Material Removal

Through electron-phonon coupling the deposited energy leads to the heating of the target
material. By assuming that the laser irradiance I on the target has a constant power
density per unit area during the pulse duration 7, one can investigate the maximum surface
temperature and the volume of the heated region. These two quantities are indicators
of probability and amount of target vaporization and depend on the optical properties
of the target, namely the reflectivity R(A) and the absorption coefficient a()\), and on
the thermal properties of the target, namely the specific heat C, the vaporization energy
AH,, and the thermal conductivity K.

The heating mechanism is characterized
by the thermal diffusion length L), of the
% % % % % % target which is related to the thermal dif-
f

fusivity Dy, = K/oCy by

K
Lth = \/ 2Dth7— = 2 T (44)

0C,

and describes the spatial extension of the
heat influenced zone, in which the temper-
ature is reduced by a factor of e~'/? with
co respect to the maximum value [Sae93b].

Q

The target surface peak temperature re-
sponsible for evaporation and thus abla-
tion of material can be estimated by the
two limiting cases of very strong and very
weak absorption (cp. figure/4.2).

a) Ly>a’ b) Lp<a’

Figure 4.2: Scheme of radiation absorption and
target heating. The deposited heat at the end
of the laser pulse is confined approximately to
the region within the dotted lines. Considering the first case (a), the optical
penetration depth a~! is small compared to the thermal diffusion length, i.e. ay/2Dg7 >
1. Since the laser wavelength for PLD is often chosen to coincide with strong target
absorption, this case covers many of the materials deposited by PLD. As this strong
absorption occurs in the UV region for most of these materials, excimer lasers at either
248 nm (KrF) or 193nm (ArF) are favored for the ablation process.

The thermal diffusion length for a 20ns pulse are typically of the order of 1-2pum for
silicium as well as for many metals, while the o' values for visible wavelength are usually
a factor of 10% lower. Thus, for Ly, > a~! the fluence absorbed during the laser pulse,
(1 — R)IT, is used to heat a layer of thickness Ly,. The average temperature rise in this
layer, with o Cy being the heat capacity per unit volume, is given by [Sae93b|

(1-RIr  (1-R)r

AT ~ = .
0C\ Ly 0Co2D T

(4.5)

Regarding for example the sesquioxides described in this thesis, the thermal diffusion
length can be calculated using equation 4.4 with the material parameters in table[2.1 and

35



4 Pulsed Laser Deposition

a pulse duration of 7 = 151ns. As no values are available for C, C,, is used instead and
since C, < Cﬁ , the lower limit of Ly, is determined to be

2K T 2Kt
Ly, = > ~ 30 )
" Vec T\ oG pm

The optical absorption depth a~! for the KrF-laser can be estimated by an absorption
spectrum (o' < 10 pm) [Mix99], whereas the values of n and k are calculated by [Pal85].
The relation between « and k is [Bor75]

_ank

=, (4.6)

«

resulting in o' ~ 46 nm at A\ = 248 nm and k = 0.427.

The optical absorption length o~ in the other case (b) is larger than the thermal diffusion
length, i.e. an/2Dy, 7 < 1. An exponential temperature profile along the depth z is created
by the absorption of radiation that corresponds to the absorption profile, i.e. [Sae93b]

(1-R)ale **1

AT(z) = 0

(4.7)

As described by this equation, the heat is rapidly transported away from the ablation area.
This leads to melting and, in some cases, to the evaporation of the target material, both
preventing the desired congruent evaporation. At very high fluences even the superheating
of a large volume due to large absorption depths is possible. This heating results in molten
droplets or particulates as the heated volume will be transformed into the melting phase
and ejected from the surface due to rapid expansion.

However, in both cases (a) and (b) macroscopic material removal by vaporization is ex-
pected if the heat absorbed per unit volume exceeds the energy density corresponding to
the latent heat of vaporization, o AH,. In the first case (a) the condition yields that a
threshold fluence of

(4.8)

has to be reached before material vaporization to a depth Ly, is initiated. Though, the
experimentally observed threshold values might be lower than the calculated ones, due to
the non-perfect target morphology. Non-homogeneous evaporation mechanisms (ablation
of clusters or particles, multiple pulse effects) also affects the threshold fluence and is
responsible for differing experimentally observed values ®yy,,.

As a direct consequence of one-dimensional heat flow for pulse durations > 7._p, the
equations and show that the threshold fluence ®y,, defined in equation 4.2 is
proportional to /7 for vaporization. It becomes obvious in this relation that in using
very short pulse-lasers with pico- or femtosecond pulses instead of nanosecond pulses
either the same material vaporization should be possible at lower laser fluences or higher

1 ¢y equals C}, solely for T'=0
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4.1 Laser-Target Interactions

vaporization rates should be accessed for identical fluence. Nevertheless an implication of
fs-lasers being more suitable for the ablation of material would be wrong because, as it is
shown in the following, the interaction of the laser pulse with the developing plasma can
also have beneficial effects on the plume species.

Influence of Target Morphology

The material removal is affected by the target surface and its morphology in various ways.
The expanding vapor plume has a preferred direction being perpendicular to the target
surface, as section [4.2 will show in detail. A rough surface will cause the direction of
the plume to change during the ablation process, resulting in non-uniform films on the
substrate. Another problematic occurrence is the change of the target morphology after
irradiation with many laser pulses due to recrystallization or development of macroscopic
features such as craters. A bending of the plasma plume towards the incident laser beam
is caused by structures like this, which again will lead to non-uniform material deposition
[B&u00].

Thermal properties are additionally influencing the ablation process. Though being of the
same material, the thermal diffusion length may vary regarding a sintered target versus
a single-crystal. Bulk materials as single-crystals or amorphous materials are usually
applied as targets in order to reduce the generation of particulates. Nevertheless, if the
corresponding bulk material is transparent to the laser length, a compressed and sintered
powder target may be preferred. The absorption of the target will then be enhanced by
scattering effects [San85].

Stoichiometry of Removed Material

In pulsed laser deposition the material flux from the target usually matches the target
stoichiometry. This ‘congruent’ vaporization, pertinent to targets which incorporate mul-
tiple components like Eu:(Gd, Lu)3AL;0;2, is a very important benefit of the pulsed laser
deposition technique. It is explained by the pulsed laser heating, which is a highly non-
equilibrium process. A very high heating rate (10® K/s) of the surface is caused by the
pulsed ns-laser irradiation due to the large optical absorption coefficient and, in the case
of sintered material, due to the poor thermal conductivity [Bec88]. Thus, qualitatively ex-
plaining, material removal occurs before the individual components of the target material
can segregate into low and high vapor pressure components [Che88|.

Particulate Generation

The deposition of particulates which are produced together with the vapor during the
ablation process is one of the major drawbacks of PLD. These particulates, ranging
from several hundred nanometers to a few tens of micrometers in size, are responsible
for poor film quality because of their adverse effect on the growth of the subsequent
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layers. There are various reasons
for the appearance of particulates
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Some mechanisms for particulate
production are illustrated schemat-

ically in figure [4.3.
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e The recoil pressure mechanism (b) for particle production resembles splashing. Va-
porized material that leaves the target surface acts like a piston, forcing the liquid
droplets to be ejected from the periphery of the molten ‘lake’ produced by the laser

irradiation [Sae93b.

e In the case of target outgassing (c), an expansion of encapsulated gas leads to the
ejection of particles from the sintered target, whereas the emission of particles from
microcracks in the target is referred to as fracto-emission (d). Both effects can be
minimized if single-crystal targets are used instead of sintered ceramics.

Figure 4.3: Mechanisms for particulate production:
(a) splashing, (b) recoil pressure, (c) target outgassing
and (d) fracto-emission [Sae93b].

Koren et al. investigated a strong dependence between the size / content of the particulates
and the wavelength used for ablating the material [Kor89|. For shorter laser wavelengths,
a reduction of the particulates in size and density can be observed. This wavelength-
dependent effect can be explained by the reduced energy deposition depth. Consequently,
a thinner layer at the surface reaches the ablation threshold and a hotter plume of finer
species develops.

There is a necessity in irradiating different parts of the target surface with each laser
shot in order to avoid problems associated with changes in the composition of the target
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4.2 The Plasma Plume

surface [Auc88, Coh91] or with crater formation in the target, which results in a skewed
plume direction and a higher concentration of particulates [Bec88]. Different techniques
have been developed to achieve this, like rotating the target while keeping the laser spot in
a fixed position slightly displaced from the rotation axis resulting in ring-shaped ablation
tracks. Another option can be found in scanning the laser beam over the target surface
by using mirrors to control this laser scan while keeping the target in a fixed position.

As this brief overview made clear, there is a variety of processes involved in particulate
generation. This implies even more complexity due to the fact that these processes may be
operative at the same time [Ugl77]. Thus, no ‘simple’ correlation between film particulate
content and target thermal properties could be found [Dup89]. However, a good possibility
to eliminate particulates is given by a high-speed velocity filter due to the velocities of

particulates being one order of magnitude smaller than those of atoms and ions [Dup89,
Bar69].

4.2 The Plasma Plume

The previous section described the absorption of the incident laser radiation by the target
leading to the evaporation of material. Initially, this hot and dense vapor is confined to
a very small volume near the target surface that may contain many species as atoms,
molecules, ions, free electrons, and in some cases also large particulates. Once the content
of charged particles in this vapor exceeds a critical value, it is called plasma, being of
quasi-neutral manner in general with as many positive charges as negative ones.

Applying the Boltzmann distribution in order to derive the degree of ionization in thermal
equilibrium, i.e. the ratio of the density of ions n; and the density of neutral atoms ny,
the Eggert—Saha equation can be obtained [Eggl9, Sah21]

3/2
nine 5 9i 2mm kT / o~ Wi/ksT (4.9)
o B g0 h? ' '

In this equation n. denotes the electron number density, m. the electron mass, kg is the
Boltzmann constant, h is Planck’s constant, and g; as well as gy are the statistical weights
for the electron-ion pair and the neutral atom, respectively. W, is the ionization potential,
i.e. the energy necessary to remove an electron from an atom.

The equation 4.9 of Eggert—Saha is derived on the premise of isolated and non-interacting
atoms. Thus, its applicability does not include high plasma densities, in which the effective
ionization energy is lowered by the overlap of the neighboring ion potentials. Consequently
the degree of ionization is higher than predicted by equation(4.9. Another limitation of the
Eggert—Saha equation is the counter case of having low densities, in which the condition
of a thermodynamic equilibrium may not be fulfilled.

Although there is no thermodynamic transition defined between the gas phase and the
plasma phase in general, equation [4.9 reveals that at temperatures of several 1000 K the
degree of ionization increases from nearly 0 to 1. Assuming typical values of W; ~ 10eV
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4 Pulsed Laser Deposition

and T ~ 10000 K, the plasma is initially characterized by neutral particle densities of
10 — 10?° cm =3 and electron densities of 10" — 10%° cm ™3 [Sae93b].

Laser-Plume Interactions

The interaction between the expanding plasma and the incoming radiation has to be
considered at laser pulse durations of the order of nanoseconds. This may have negative
as well as positive effects on the film growth process.

It has already been mentioned in section 4.1 that the fraction of laser fluence reaching
the target can be attenuated by these laser-plume interactions. This should be taken
into consideration when using laser fluences high above the threshold fluence, whereas
at fluences near the threshold value the plasma plume size is very small and the plasma
localizes at the substrate surface. An increasing of the fluence leads to a larger ablation
volume and consequently results in an enlarged and denser plume, which interacts strongly
with the incident laser radiation before reaching the target. If sub-picosecond pulses are
used, these interactions are ignorable due to plasma velocities of < 105 cm/s [Bau00].

Nevertheless, it is also possible that these interactions have a positive influence on the
deposition process in modifying the composition of the plume species. As the dissociation,
ionization and/or electronic excitation of the atoms and molecules in the plume is possible
due to the absorption of one or more laser photons, the relative amount of ions increases
with respect to neutral molecules and atoms. Free electrons in the plume can also be
heated by the inverse bremsstrahlung? in which the absorption of a laser photon increases
the electrons’ kinetic energy in a collision process.

Plasma Expansion

Investigating the plasma expansion, its general dynamic behavior is comparable with
the dynamics of a free-jet adiabatic expansion [Kel92, Zhe89]. A highly forward-peaked
material flux and an average particle speed many times higher than the mean random
thermal speed characterize both expansions. It is the kinetic energy of the arriving plume
species that is regarded as one of the key parameters of film growth on the substrate. In
thermodynamic gas theory this can be described by temperature. The local temperature

2 The term ‘bremsstrahlung’ refers to emitted radiation by charged particles under decelerations when
passing through the field of atomic nuclei. With m denoting the rest mass of the particle, the energy
emitted by an accelerated particle is proportional to 1/m?, which is the reason why bremsstrahlung
plays an influential role for light particles such as electrons. Thus, scattering of two electrons results
in emission of radiation (1) and the inverse process termed ‘inverse bremsstrahlung’ can occur using
intense radiation (2)

e +e —e +e —AEu,+hr (1)
hv+e +e —e +e + AFkn (2).

In the latter case, a photon is absorbed and the kinetic energy of the electrons is increased corre-
spondingly.
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T'(z) and density n(z) are related to

T(z) _ {n(z)}”‘l |

Ty o

(4.10)

when assuming the adiabatic expansion of a high-pressure gas and the one-dimensional
character of the expansion. Therein, T and ny are the initial temperature and density,
and v = Cy/C, is the ratio of constant volume and constant pressure specific heats. It
is estimated that in laser-produced plasmas with temperatures up to 10°K ~ is about
1.2 - 1.3 [Sin90, Sae93b]. A fall-off regarding the temperature as well as the density of
the plume can be observed during the spatial plasma expansion, the latter as the inverse
cube of the distance from the target, i.e. n(z)/ng oc d=3, in a simplified spherical model
[Sin90].

Thus, the collision rate of the plume species decreases and the random kinetic energy of
the particles is converted to a directed motion away from the target. This behavior is not
valid for effusive sources, e.g. in EBV processes. It can only be applied to supersonic
sources, such as laser-produced plasmas.

Effects of the Background Gas

The expansion of the plume is not completely described by the considerations made in
the last section, as the expansion strongly depends on the presence of a background
gas often used during the deposition process. Any type of background gas significantly
influences the plume transport and its appearance. The scattering of the plume species,
for example, reduces the velocity and amount of material reaching the substrate. Another
example are chemical reactions that change the initial composition of species, result in
different optical emission characteristics and finally change the shape of the plume due to
physical confinement.

Reactive oxygen has been used as background gas for all depositions presented in this
thesis. Consequently, when growing a sesquioxide such as Y503, the formation of Y*
and YO* takes place with the asterisk indicating electronic excitation [Dye91]. The lat-
ter byproduct YO* is not an effect of the ablation process, but directly related to the
exothermic Y + Oy plasma-background gas reaction. These transformations all have an
effect on the growth mechanism of the substrate-film. Having very low oxygen pressure
or even an inert atmosphere during the deposition of oxides like Y503, the grown films are
in general not matching the correct stoichiometric composition inter alia due to oxygen
deficiencies.

After the plume-dynamics have been successfully described by K. L. Sdnger using the
similarity to adiabatic supersonic expansion of gaseous jets and giving an explanation
of the plume angular distribution [Sae89], Bulgakov and Bulgakova have developed a
simplified model for the plume expansion in an ambient gas [Bul98]. It is based on the
theory of a supersonic jet that is formed when a high-pressure gas streams through a
nozzle into a low-pressure gas, thus being also termed ‘underexpanded jet’.
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Figure 4.4: Different stages of plasma expansion in a background gas envi-
ronment. (1)-(4) indicate the consecutive positions of the plume; (a) denotes
the vortical motion arising at the plume periphery; broken line (b) shows the
motion of the plume boundary point farthest from the plume axis z; (c) are
the regions with the pressure increase in the front part of the plume and (d)
is the shock wave ahead of the plume [Bul98].

There are two physical regimes which the gas-dynamic behavior of the plume can be
divided into and which can be observed during the ablation process: first a nearly spherical
plume expansion and second a mainly forward directed plume. Thus, the flow of the
ablated particles is aligned with the plume axis. The two expansion regimes are both
directly connected to the chosen experimental conditions. Short laser pulses with < 20ns
and large spot radii of 2 1 mm characterized the deposition setup which was used in the
experiments. In this case the forward directed plasma is the result, with the initial form
of the plume being like a thin disc under these conditions. The expansion of the plasma
is illustrated in figure 4.4.

A broadening of the disc-like cloud along the disc axis is observed when moving away from
the target. This is due to the velocity distribution of the particles and perpendicular to
the axis because of the plasma underexpansion (position 1 in figure 4.4). The plasma cloud
slightly overexpands after passing the region in which the cloud pressure becomes equal to
the one of the background gas (position 2). Now the plume size decreases (position 3) and
the plasma passes the pressure equilibrium once more. Its pressure exceeds the pressure of
the background gas, and the plume re-expands (position4) with the same velocity as the
background gas in the shock front, illustrated by line (d) in figure 4.4. Being generated by
the rapid plume expansion at the beginning, the shock front can be described analogously
to the Mach disk observed in supersonic® molecular beams. The increasing interaction

3 The ratio of the flow velocity u to the local speed of sound a is known as the Mach number
M =% = y(2L)~1/2 Expansions with M > 1 are termed supersonic.
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with the background gas finally stops the plume expansion with

LB\
Riupax ~ (mi) (4.11)
T PoPb

giving the maximum propagation length of the plume from the target R... in a back-
ground gas of mass density p, and at pressure p, [Bul95]. In this formula, mg, is the
ejected mass and E the absorbed laser energy. The deposition will proceed by diffusion
resulting in low deposition rates, if the final propagation length of the plume is shorter
than the target-substrate distance.

The regions (c) in figure 4.4 show that the particle flow is decelerated during the expansion
process by the background gas leading to an increased pressure in the front part of the
plume. It can be assumed that at this stage a mixing of the cloud material with the
ambient gas takes place [Ani83] resulting in the strong red YO* chemiluminescence, which
can be observed in experiments dealing with yttrium compounds [Fri93].

Plume Angular Distribution

Usually, the plume is oriented along the surface normal of the target, as depicted in the
model of the plume expansion in an ambient gas. Since the irradiated surface of a perfectly
planar, isotropic target has no ‘memory’ of the direction from which the absorbed photons
originated, this is also valid for non-normal incident laser radiation. Because real targets
are not perfectly planar in most cases, the plume tilting cannot be avoided in practice.
One has to take into account too that the laser beam intensity profile may be asymmetric
or non-uniform. A good illustration is a hot spot at the center of the laser beam profile,
introducing asymmetries in target irradiance due to the shadowing effects of the denser
plasma above the corresponding hot spot on the target [Sae93b].

Different contributions to the plasma distribution with distinct physical origins can be
related besides these experimental deviations of the plume direction. It is possible to
treat the source of the evaporation, i.e. the irradiated spot on the target, as a small area
effusive source. It is defined by the ratio d/h < 1 with d representing the diameter of the
source (approximately the laser spot size) and h denoting the target-substrate distance.
The emission distribution of such source is described by a cos 6 law [Mai83].

As the single cosine fit holds only for the broad structure seen in the plume angular
distribution, the enhanced forward peaking of the plume is commonly approximated by
a cos” f function. Therein, the values for the exponent range between 1 < n < 200. In
application, a superposition of a cosine and a cos™ function in the following form is used
to fit the angular distribution:

acos(¢p —e) +beos" (¢ —¢) . (4.12)

It is this two-component structure usually being applied to all species, neutral atoms and
ions, in the plasma plume though A.Thum-Jager and K.Rohr [Thu99] found out that
the angular profiles depend on the degree of ionization and that for ions with a charge
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g > 2 the emission can be well described by a single cos™ fit. For species of different mass
the shape of the distribution varies, observing a relative enrichment of the lower mass
elements near 6 = 0.

As a possibility the narrow angular distribution of the ejected plume towards the substrate
may lead to high deposition rates, preventing extensive chamber contamination. However,
this can result in non-uniform film thickness and inhomogeneous stoichiometries over large
deposition areas, which are major drawbacks of pulsed laser deposition.
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Thin films can show a different behavior in comparison to bulk crystals of the same
chemical composition. This would indicate a different inner structure. Film growth
on a substrate can be of epitaxial, polycrystalline or amorphous kind. The structures
arising during this process may be homogenous, pillar-like or porous. These structures
do not absorb light as they measure some tens of nanometers [Flo04]. However, they may
strongly influence the optical properties of the grown film. The mechanical properties and
the long-term stability are also of influence.

The fabrication of epitaxially grown crystalline dielectric oxide films is of great tech-
nological interest as these materials may be used as active waveguide devices, compact
microlasers [Gri04], and as crystalline coatings in a thin-disk laser setup [Kuz06]. For all
these applications high-quality thin films are required. Film quality is mainly determined
by the interface between the substrate and the grown film. Thus, lattice matching in film
growth and its requirements will be thoroughly explained in the following sections.

Another objective in film growth is that the refractive index difference of substrate and film
should be preferably high. Even though a great difference between the refractive indexes
is advantageous for waveguide usage [Bur02, Bér04, Kuz06], this usually presupposes the
epitaxy of different materials with varying lattice constants and structures. In turn, non-
epitaxial growth is induced, including stress in the film and point defects, especially at the
interface between the substrate and the grown film. In the case of perfect lattice matched
films no interface defects are expected and thus high-quality crystalline growth can be
obtained, which is beneficial for waveguide materials as well as for crystalline coatings.

As it is the aim of this thesis to investigate crystalline film growth using various lat-
tice matched systems, this chapter first deals with growth mechanisms and particularly
with epitaxial growth in section 5.1, In section [5.2 different crystal structures are pre-
sented with the possibilities of combining them. Thereby, different ways to achieve lattice
matching are shown. Section[5.3 presents the investigated substrate—film systems.
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5.1 Growth Mechanisms

The term epitaxy (Greek; epi ‘above’ and taxis ‘in ordered manner’) describes an ordered
crystalline growth on a monocrystalline substrate. Therein, the substrate can be regarded
as seed crystal and its lattice structure and orientation are continued by the deposited
film. Three forms of epitaxial growth are distinguishedE in the course of this work:

i) Homoepitaxy: Epitaxial growth performed with only one material. Here, a crys-
talline film is grown on a crystalline substrate or film of the same material, for
instance Eu:Y,03 grown on Y>Os3. It is evident that the dopant is not considered
since its concentration is very low.

ii) Quasi-Homoepitaxy: Epitaxial growth performed with materials of the same
class, in which only one component is replaced by another or, in order to achieve
perfect lattice matching, by two species. However, these changes do not affect
the material properties significantly as all the replaced species belong to the same
chemical group, e.g. Eu:LuyO3 or also Eu:(Sc;_,Lu,)203 grown on Y50s3.

iii) Heteroepitaxy: Epitaxial growth performed with materials that are different from
each other. In this case, a crystalline film is grown on a crystalline substrate or film
of another material class, for instance Eu:YoO3 grown on a-Al,Os3.

When the pulsed laser deposition technique (cp. chapter 4) is employed in film growth, the
kinetic adsorption and diffusion processes of the plume species on the substrate surface
result in thin-film formation. Nucleation, coalescence, and subsequent thickness growth
are intermediate states of this thin-film formation and can all be influenced by the deposi-
tion parameters. The mechanisms underlying nucleation and film growth are summarized
in this section. More detailed descriptions can be found in [Kai02, Met94].

High degrees of supersaturation (10 J/mole) and ionization as well as a high kinetic energy
of the plume species characterize the vapor in pulsed laser deposition, which is responsible
for film growth on the substrate. Initially, these energies range from 10 to several 10* eV,
depending on the laser parameters and the used background gas. When these high-
energy species hit the surface they affect the film growth. They can either improve
or deteriorate the overall morphology, stoichiometry, and microstructure of the growing
film. In the worst case, the occurrence of bond-breaking generates subsurface vacancies
and displacement or removal of atoms. However, at energies which are usually achieved
during the deposition process, the kinetic energy of the species enhances the surface
diffusion of adsorbed atoms; the adatom diffuses through several atomic distances on the
substrate until it sticks to a stable position within the forming film. If the bonding forces
between the atoms do not suffice, the atoms are abandoned from the surface. Referred to
as desorption effect, it depends on the substrate surface condition but also on the atom
character. It can be concluded that the surface morphology during the growth process is

! Despite varying definitions in literature, the subdivisions of epitaxy chosen in this thesis are beneficial
due to structural consideration.
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5.1 Growth Mechanisms

determined by interaction of deposition, diffusion, and desorption. Figure 5.1 illustrates
the various atomic processes which may occur during film growth. The morphology of
the grown film is determined by these interactions.

When a background gas is used during the deposition process, the plume species undergo
collisions not only within the plasma but also with the ambient gas. These collisions
reduce the ion fraction as well as the kinetic energy of the evaporated target material.
Thus, it is possible that the energy of the species is reduced to thermal levels when
reaching the substrate and the adatoms lack sufficient mobility to migrate to the correct
lattice site. For the right crystalline structure to emerge, substrate heating is required in
order to increase the adatom mobility at the substrate surface (cp. chapter )
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Figure 5.1: Possible mechanisms during film growth

Taking the ratio of the substrate temperature Ty,, and the melting temperature of the
material 7}, as an indicator, different ranges of Ty, /Ty, can be distinguished with different
basic processes being dominant. This concept has been extended to the structure zone
model that expects the real structure to be made up of three zones [Kai02]. The first
zone is characterized by lower substrate temperatures, i.e. Ty, /T < 0.3. Consequently,
the adatoms have only low mobility and stick to the substrate in which they impact on
the surface. A fine-grained porous structure is the result in this case. The temperature
region 0.3 < Tyu/Tm < 0.5 corresponds to activation energies of 0.1 — 0.3 eV, which leads
to surface diffusion and finally a columnar structure. The growth of large crystalline
grains is facilitated by bulk diffusion at high substrate temperatures Tyu,/T,,, > 0.5.
Continuative considerations are made in chapter (6.1 based on equation|6.3. However high
temperatures Ty, in combination with large film thicknesses may result in the process of
recrystallization, completely changing the crystal orientation, or in a phase transition.

Better crystal structures are in general obtained by higher substrate temperatures. This is
regarded valid until reaching a point in which re-evaporation of the more volatile elements
in the film will result in non-stoichiometric growth. However, the formation of the nuclei
and their growth does not only depend on the substrate temperature but mainly on the
interaction energies of substrate and film atoms. Since flat surfaces without defects do
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5 Lattice Matched Thin Films

not exist in nature, defects, e. g. dislocations, kinks, vacancies, and ledges, act as favored
nucleation sites [Ven00]. Therefore, the initial stage of film growth is determined by the
adatom bond strength to the substrate compared to the bond strength between its sur-
rounding neighbors. Young’s equation described the relation between the surface energy of
the substrate yg and the surface energy of the growing

film ya Ta

B =7"+7yacosy, (5.1)
with v* denoting the film—substrate interface energy - %,
and ¢ the wetting angle of a nucleus on the substrate ///

(cp. figure 5.2). Different modes of film formation
(cp. figure [5.3) can be distinguished depending on

; ) C Figure 5.2: Wetting angle ¢ of a
these interaction energies [Bau58|:

liquid nucleus on a substrate

a) Layer-by-layer growth (Frank-van-der-Merwe mode): The interaction be-
tween substrate and film atoms is greater than between adjacent film atoms (yg >
va +7*) and the layers grow one on top of the other. The nucleation on the mono-
layer of order (n+ 1) only takes place, if the monolayer of order n is entirely closed.

b) Step-flow growth: This is an alternative monolayer growth mode, which occurs if
the diffusion energy is sufficiently high for the surface atoms to quickly move to the
atomic step edges and perform step-bonding. This presupposes thermal substrate
treatment (chapter [6.1]) prior to deposition and requires the diffusion length to be
greater than the atomic terrace widths (Ip > L).

c¢) Island growth (Volmer-Weber mode): The interaction between film atoms is
greater than between adjacent film and substrate atoms (vg < 7y + 7*). Conse-
quently, separate three-dimensional islands are formed on the substrate.

d) Layer-plus-island growth (Stranski-Krastanov mode): In this hybrid form
of the above mentioned growth modes (a) and (c), one or two monolayers form first,
followed by individual islands due to the increase of the interface energy with film
thickness; typically the layer on top of the substrate is strained to fit the substrate’s
lattice constant.

Intensive research in the field of active opto-electronic elements consisting of island films
has been carried out in recent years. The Stranski-Krastanov layer-plus-island growth

(a) (b) (c) (d)

Figure 5.3: Different modes of film formation: (a) layer-by-layer growth,
(b) step-flow growth, (c) island growth, and (d) layer-plus-island growth.
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5.1 Growth Mechanisms

of Ge-islands upon Si-substrates for the production of self-assembled quantum dots may
serve as an example of optically active molecules [Vin00].

The quality of epitaxially grown films is strongly influenced by the substrate, and in
general, single-crystalline growth is only possible on substrates with a similar lattice
spacing. The definition of the lattice mismatch f between film and substrate is given by

Qo — AQs
fo= 2L 08 (5.2)
Qo f

bl

with ay denoting the lattice spacing and subscripts ‘f” and ‘s’ refer to the film and sub-
strate, respectively. The crystal lattice of the substrate is continued in the growing film
in cases of homoepitaxy and quasi-homoepitaxy and no dislocations and stress due to
lattice mismatch are expected. A low rate of growth defects at the interface is necessary
especially for waveguides, thus homoepitaxy or quasi-homoepitaxy is favored. With ho-
moepitaxy, however, only a small difference in the refractive indices is achieved by the
dopant, which is a major disadvantage for waveguides. As this alteration is of the order
of An = 3 x 10™* per percent of doping [Iva75], the growth of quasi-homoepitaxial films
may offer a solution for this problem and enable higher refractive index deviations.

By heteroepitaxy an even higher An can be obtained (cp. table [5.1). Epitaxy between
materials with different chemical character and lattice constant is possible, as Frank and
van der Merwe have shown [Fra59]. In this growth process, which is termed pseudomorph,
the lattice parameters of the growing film fit to the substrate lattice constant by elastic
deformations in the potential field of the substrate. Different types of stress can be
distinguished, depending on the lattice constant of the deposit compared to that of the
substrate: compressive stress (agf > aos) and tensile stress (apr < agg).

Usually in the case of small lattice mismatch and small film thickness elastic deformation
occurs. The stress in thin films of a few monolayers can accommodate lattice mismatches
of up to 7% depending on the used materials and their properties. However, with increas-
ing mismatch and film thickness the formation of a substrate-film interface due to point
defects and dislocations becomes energetically favorable in order to relax stress. If the
film cannot compensate the stress by elastic deformations, it relaxes partly or completely
(cp. figure [5.4). As these plastic deformations are often of irreversible kind and lead to
the Stranski-Krastanov growth mode, this results in polycrystalline film growth or the
growth of small ‘micro-crystallites” [Tan98|.

|:| completely stress-relaxed unit cell of the film material
[[] completely stress-relaxed unit cell of the substrate material

pseudomorph partly stress-relaxed completely stress-relaxed

Figure 5.4: Schematic illustration of elastic (pseudomorph) and plastic de-
formations (stress-relaxed) during the initial states of film growth.
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5 Lattice Matched Thin Films

It has been observed that in some systems the orientation of the substrate for the growth
of a certain crystalline phase is not of primary importance. In these cases polycrystalline
growth [Che01] or even single-crystalline growth [Hu96] may be possible on completely
amorphous substrates if enough adatom mobility is provided. This growth mode, ob-
served in yttria films on silica [Pon02, Zha98], can be regarded as an exception which
only occurs if a certain growth direction is energetically heavily favorable compared to
elastic and plastic deformation [Seo02]. Regarding this unusual growth behavior one can
conclude that there is no general rule to predict the film growth based solely on the value
of the lattice mismatch. Besides the lattice parameters, many variables such as the me-
chanical properties of substrate and film material as well as the formation energies of
different dislocations, have considerable influence and play an important role in the film
growing process.

5.2 Combination of Different Lattices

Different lattices can epitaxially combine in various ways. The lattice constant and crystal
structure of the materials determine the lattice matching in terms of matching symme-
tries. Beginning with ‘natural’ combinations? , the most prevalent ways of lattice matching
with gradually increasing intricacy are introduced in the following .

Direct

The direct lattice constant matching of ay and as can be regarded as the most basic epi-
taxial growth. It requires nearly equal lattice constants and includes cases of cubic-cubic,
hexagonal-hexagonal and tetragonal-tetragonal symmetries as well as mixtures thereof,
e.g. cubic-tetragonal (cp. table[5.1). No change of crystal orientation takes place. The el-
emental and simplistic lattice matching, which perpetuates the given crystal lattice with a
minimum variation between substrate and grown film, is beneficial. Therefore the amount
of growth defects and dislocations is expected to be very low, stress in the grown film can
be neglected [Glin07]. Of course, the advantages diminish with increasing lattice constant
deviation of the used materials.

An example of direct lattice matching is given by the hexagonal materials SnO, and a-
Al,O3. The data in table 5.1 emphasize that the lattice constants deviate very little and
that this epitaxy would be well-suited for coating applications due to the obvious refrac-
tive index variation. Symmetry matching of cubic and tetragonal lattices is exemplified
by HfO; and LiYF, with an even greater difference in refraction.

Integer Multiples

Epitaxy of materials which achieve lattice matching by integer multiples of each other can
be denoted by a; &~ n X as. n is of integer value, with either the substrate material having

2 The term ‘natural’ refers to the substrate material that defines the norm. It is used to quantify the
extent in which the grown film deviates from the substrate material with regard to structure and
orientation.
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5.2 Combination of Different Lattices

Material Crystal Lattice Lattice Refraction
Structure Constant (A) | Matching | Index @ 1 ym

SnO, hexagonal — Dj ap, = 4.740 ap, N ap, n = 2.00
a-Al; O3 hexagonal D3, ap, = 4.762 f=04% n = 1.76
YVOy tetragonal Dig ay, = 7.123 ag, R ay, n = 1.96
SiOq cristobalite | tetragonal OZ ag, = 7.130 f=01% n = 1.49
HfO, cubic o; a. = 5.125 ar A Qe n~ 2.2
LiYF, tetragonal ~ C%, a; = 5.160 f=0.68% n =145
ZrO9 cubic 0,5; ac, = 95.08 ey 20, n =~ 2.2
YScO3 cubic Ty ac, = 10.20 f=039% n~1.89
YAG cubic O | a, =11.930 28, ~ ag, n = 1.82
PbF, cubic o; ac, = 5.939 f=044% —
GGG cubic O | a, =12.376 28, & G, n =197
BaF, cubic o; ac, = 6.196 f=013% n = 147
YN cubic o; ae, = 4.877 ey X 2ac, —
Scp03 cubic Ty ac, = 9.844 f=1.06% n = 1.87
LaN cubic o; ac, = H.295 Acy N 20, —
Y203 cubic Ty ac, = 10.603 [=012% n = 1.89
C diamond cubic o] ac = 3.567 ar ~ 2ac n = 2.42
YVOy tetragonal D) ar = 7.123 f=015% n = 1.96
YVOy tetragonal Diz a; = 7.123 ae ~ V2 ay n = 1.96
ScLuOs3 cubic Ty a. = 10.098 [=024% n ~ 1.91
ZrO9 cubic 02 a. = 5.080 V2a; ~2a, n~ 22
YVO4 tetragonal D) ar = 7.123 f=085% n = 1.96
GGG cubic o}0 a. = 12.376 V3ar = a, n =1.97
YVOy tetragonal  D}) a; = 7.123 f=031% n = 1.96
YVOyq tetragonal Dig ar = 7.123 2a. ~V3a; n = 1.96
BaF, cubic o; ac = 6.196 f=044% n =147
C diamond cubic OZ a. = 3.567 ap ~ V2 a, n = 2.42
SiOq tridymite | hexagonal D, ap = 5.030 f=029% n = 1.47
Y203 cubic Ty a. = 10.603 | 3ap~v2a, n=1.89
GeOo hexagonal  Dj ap = 4.972 f=0.53% n=17

Table 5.1: Possible systems to be combined as substrate and film materials [Hub04].
The table is structured according to the subdivision in section|5.2.
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5 Lattice Matched Thin Films

a lattice n-times smaller than the grown film or vice versa (cp. table 5.1). In special cases
n may also denote a fraction of two integer values, e.g. n = 2/3. Symmetry combinations
are cubic-cubic, tetragonal-tetragonal as well as cubic-tetragonal. Regarding this category
of lattice matching one can conclude that although some changes in structure take place
at the interface during the initial film growth, the crystal orientation remains the same
and no rotation of the film planes has to take place. This is an advantage in comparison
to lattice matching of non-integer multiples.

For instance, symmetry matching in integer multiples can be obtained by using ZrO, and
YScOg, both having cubic structure. In this case, the lattice of ZrO, is about two times
smaller than the one of YScOj3, indicating a lattice matching according to aysco, ~ 2 azo,.
A combination of varying symmetries may be obtained by using diamond C and YVOy.
Therein, the cubic lattice of C is about two times smaller than the tetragonal lattice
of YVO,, presumably resulting in a symmetry matching in the way of ayyo, ~ 2ac.
In both examples the refractive indices of substrate and film would be quite different,
recommending the application as waveguide devices or coatings.

Non-Integer Multiples

Combining the lattices of two different materials by non-integer multiples of each other
is another way of lattice matched growth. This class presents the highest complexity
in combining different materials and can be described by y/ma; ~ n X a, with m and
n being integer values. It includes different symmetry combinations as well and can be
subdivided in two categories (cp. table 5.1):

i) When combining cubic-cubic, cubic-tetragonal or tetragonal-tetragonal symmetries,
only an in-plane rotation of the film-lattice is required in order to match the sub-
strate (cp. figure(5.5).

(@) (b)

Figure 5.5: Symmetry matching of non-integer multiples by in-plane rota-
tion. Both cases incorporate cubic-cubic, cubic-tetragonal and tetragonal-
tetragonal symmetries. The lattice constants have the relation (a) as ~ V2as
and (b) a; ~ \/3as.
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5.3 Investigated Systems

ii) When combining cubic-hexagonal symmetries, a change of crystal orientation is in-
volved as the cubic lattice offers a hexagonal structure in the cubic {111}-planes.
Lattice matching is thus achieved due to different crystallographic orientations

(cp. figure 5.6).

The non-integer multiple symmetry match-
ing with in-plane rotation can be seen by
tetragonal YVO, combined with cubic GGG,
whereas cubic and hexagonal lattice match-
ing is exemplified using Y>,O3 with cubic
structure and GeQOs consisting of a hexago-
nal matrix. As depicted in figure 5.6, the cu-
bic lattice of the sesquioxides offers a hexag-
onal structure in the cubic {111}-planes. For

this System one gets the relation 3 x AGeOy N Figure 5.6: Illustration ofsymmetry match-
V2 av,0,- ing with hexagonal (a) and cubic (b) lattices.

In summary, it can be said that with increasing deviation from the substrate lattice, the
film growth becomes more and more energetically unfavorable. Thus, lattice matching
which requires the combination of different crystallographic orientation is more likely to
result in crystal defects.

5.3 Investigated Systems

Due to the fact that this work is a continuation of previous research on thin films fabricated
by pulsed laser deposition at the Institute of Laser-Physics, a short retrospection shall
both give insight into the experience and knowledge obtained in this scientific field but also
retrace the objective of this thesis and comprehend the materials selected for investigation.
Table gives an overview of the investigated PLD-films.

Retrospection

A thorough investigation of Y203 grown on a-Al;O3 with respect to structure and spec-
troscopy was done by [Bur02, Bar04]. The film dopant was europium and the lattice
mismatch was about 4.73%. Other sesquioxides like scandia and lutetia have also been
tried and investigated as film materials grown on sapphire in the works of [Bar04, Kuz06].
Using sesquioxide films grown on a-SiO, was subject in the master thesis of [Ehl05]. In
general, although the grown films offered a high degree of crystallinity, grain boundaries
and defects in the grown matrices were a hindrance to growing thicker films for wave-
guide application or coatings. Although the films were stress relaxed due to the relatively
small grain boundaries (cp. page[49), no monocrystalline films of higher thickness can be
obtained. In addition, quartz turned out to be unsuited as substrate material in high-
temperature pulsed laser deposition due to the phase transition of a-quartz into G-quartz
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5 Lattice Matched Thin Films

at 573°C [Ehl05, Kuz06]. The change in lattice symmetry and structure, i. e. from hexag-
onal quartz to tetragonal cristobalite and vice versa (cp. table[5.2), negatively affects the
grown film during the decrease in temperature after deposition.

One reason for the difficulties can be found in the lattice mismatch which leads to elastic
deformations at first. Whether these result in plastic deformations depends on the ability
of the growing film to compensate the stress that arises at the substrate interface and
propagates further in the grown film material. In macroscopic view, two- and three-
dimensional island growth can be observed.

Current Work

In order to realize high-quality thick films the lattice matching of substrate and film
material needs to be improved. Guided by this objective, various lattice matched systems
have been investigated. Thin films with thicknesses usually in the range of 5 to 100 nm
have been grown and analyzed in order to study the lattice matching mechanisms in
different materials.

Continuing  the  work Y,0, —— Y,0, Y,ALO, GdVO,
based on the heteroepi- ALO, Y,0, ALO, ALO,
taxial YQOg*AlQOg Sys-

tem, the lattice mismatch @ @ @ @
of 4.7% can be reduced

by customizing the lat- Sc,0, Lu,0, LuO,  Y.ALO,  GdvVO,
tice constant of the ses- ALO, Y,0, —= LiYF, Y.ALO, YVoO,
quioxide compound. This

is achieved by mixing @ @ @ @
the sesquioxides accord-

ing to (Se1_sLuty)o05 and | g 1) 6 (Gq w0, (Gd,Lu),ALO,, (Gd,Lu)VO,
thus shifting the lattice ALO, Y.0, Y.ALO, YVO,
constant to match the

substrate value of a = Sapphire  Sesquioxide  Fluoride Garnet Vanadate

10.102A. The technique
of admixing ions in a crys- Figure 5.7: ‘Map’ of studied materials with the substrate below
tal matrix is well-known and the grown film above. No dopants are considered here.
from the growth of laser
crystals according to certain requirements [11604]. The mixed crystals can be described as
solid solutions, in which the substituent distribution in the matrix is completely statisti-
cal. However, each substituent occupies the correct lattice site. The full solid-solubility
of materials used in this thesis was confirmed by fusion experiments with a regular crys-
tal growth setup. As sesquioxides behave similar in chemical and physical terms, most of
their properties remain unchanged in a mixed system. The lattice constant in such binary
solutions like (Scy_;Lu,)90Os3 is a linear function of 2 and the new lattice constant a’ is cal-
culated from the Vegard law [Veg21] using the lattice constants of the pure single-crystals
a, and a9

d=za1+(1—12)ay. (5.3)
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5.3 Investigated Systems

Material Crystal Lattice Lattice Refraction
Structure Constant (A) | Matching | Index @ Iym
Y203 cubic Ty a. = 10.603 | 3ay ~V2a, n = 1.89
a-Al,O3 hexagonal D3, ap = 4.762 f=473% n=1.76
Y203 cubic Ty ac = 10.603 | 3ap ~V2a. n=1.89
a-Si0y quartz hexagonal Dg’ﬁ ap = 4.91 f=177% n = 1.54
ScyO3 cubic T}Z a. = 9.844 2a; ~ a. n = 1.87
SiOs cristobalite | tetragonal OZL a; = 4.96 f=0.64% n = 1.49
: 7 _ ~
(Sc, Lu)203 cubic Th5 a. = 10.102 S, ~ V2 a. n ~ 1.91
a-AlyOg hexagonal D3, ap = 4.762 n =1.76
LuyO3 cubic Ty a. = 10.391 2a¢ & a, n = 1.95
LiYF4 tetragonal ~ C%, ar = 5.16 f=0.68% n = 1.45
. 7 : ~
(Gd,Lu)203 cuch Th7 o = 10.603 dlrec't n =~ 1.96
Y503 cubic T matching n = 1.89
(Gd,Lu)3Al5012 | cubic o0 o — 11.03 direct n ~ 1.86
Y3Al5019 cubic O}LO ¢ ' matching n = 1.823
GdVOy4 tetragonal ~ D}) a, = 7.211 ar, & Ay n = 2.20
YVO, tetragonal ~ D}) ag, = 7.123 f=122% n = 1.96
(Gd,Lu)VO4 tetragonal ~ D}) n — 7193 direct n = 2.10
YVOy tetragonal Diz ! ' matching n = 1.96

Table 5.2: Lattice matching of investigated systems in previous research (first subdi-
vision) and in this thesis (second subdivision).

This equation delivers the value z = 0.459 for (Sc;_,Lu,)203 approving the lattice
matched composition (Sco 41 Lo 459)203.

By changing the substrate material from AlyO3 to Y203 (cp. figure[5.7) a homoepitaxial
system is achieved. With only the dopant disturbing the Y503 film lattice, good matching
is expected. A higher refractive index variation is obtained with Lu,O3 as film material,
although one has to take into account a lattice mismatch increase. This can be diminished
by using a dopant with a higher ionic radius than Y3*, for instance Eu*. Perfect lattice
matching is obtained using a (Gd;_,Lu,)203 film on Y50s3.

In addition, the heteroepitaxial growth of LusO3 on LiYF, offers a high refractive index
variation for applications like Bragg mirrors, antireflex coatings as well as waveguides
with a good lattice matching at the same time. The combination of fluorides and oxides
is interesting to study but may also incorporate its difficulties due to the possibility of
oxyfluoride formation.
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5 Lattice Matched Thin Films

Other homo- and quasi-homoepitaxial films based on garnet- and vanadate-materials have
been fabricated and characterized. Each of them has been fabricated non-lattice matched
by the growth on sapphire in order to estimate the film deposition rate (cp. appendix/A).
Then the lattice mismatch has gradually been decreased, first by moving to homoepitaxial
growth and then to a quasi-homoepitaxial lattice matched film. The last step has always
been achieved by admixing gadolinium and lutetium to match the equivalent yttrium-
based substrate material (cp. figure 5.7).
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6 Thin Film Preparation

A detailed description of the preparation of thin films using the pulsed laser deposition
technique is given in this chapter. The films prepared in the course of this work have been
deposited at the Institute of Laser-Physics, University of Hamburg.

In the previous chapter it has been shown that thin film preparation by pulsed laser depo-
sition involves different physical and chemical processes. Thus, a variety of experimental
setup parameters influence the quality and characteristics of the grown films that are
enlisted in table 6.1.

Target and Substrate Preparation

Either sintered powders or bulk crystals have been used as targets for ablation. The
preparation of sintered targets started with the source materials in powder form (purity
> 99.99 %) weighed out in the correct proportion and then cold-pressed into a pellet
of 2.3cm in diameter. The pellet density after applying a pressure of 600 bar using a
hydraulic press is about 50 % of the density of the corresponding single-crystal. Of course,
this strongly depends on the used powder material properties. In general, higher target
densities should result in improved laser evaporation characteristics leading to films with
superior properties [Sin92]H. Thus, in order to increase the density, the pellets were
sintered in air for 72h at a temperature of 1700°C and then slowly cooled down to
room temperature. These sintered pellets of now 2.0 cm in diameter have an estimated
density of approximately 90 % of the corresponding single-crystals, again depending on
the properties of the powder compounds. In addition, targets of crystalline density have
been used in comparison for some PLD-films. Using rhenium crucibles, these targets were
prepared by heating up the powder mixtures at temperatures of over 2400 °C and thereby
obtaining a homogeneous melt. After cooling down, the melt delivered the polycrystalline
target material, processed into the same dimension as the sintered pellets with polished
surfaces.

All targets were ‘cleaned’ prior to deposition by ablation with 500 excimer laser pulses
under the same conditions as the subsequent deposition to ensure a homogeneous surface
morphology.

The a-Al;O3 and YAG substrates, supplied by CrRYsTEC Kristalltechnologie (Berlin,
Germany), had a size of 10mm x 10mm x 0.5 mm and were single-side polished with an

I However, it is still disputed whether or not the use of crystalline, high density targets reduce the
amount of particulates, or in how far this parameter is decisive in that quest.
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6 Thin Film Preparation

Parameter Value

laser wavelength, Ag,w 248 nm

laser pulse energy, E, 0.4-1.2J/pulse
pulse duration, Tk, 20 ns

laser repetition rate, vrep 1-50Hz

type of background gas Ns, Oo

background gas pressure, p 1078 — 1 mbar
target material property (density and morphology) crystalline, sintered
target-substrate distance, d 7.5-11.5cm
substrate temperature?, Ty, 20-1100°C

Table 6.1: Important deposition parameters and their technically possible values.

RMS-roughness of < 0.4nm. a-Al,O3 substrates were (0001)-oriented to provide good
lattice matching with sesquioxides (cp. section [5.2) whereas the YAG substrates were
oriented in (100) and (111) direction in order to investigate the film growth behavior in
dependence of the crystal orientation.

As sesquioxides are not commercially available, they have been grown at the Institute of
Laser-Physics using the HEM technique. Y203 substrates have been used for film growth
in (100) and (111) direction, whereas mixed sesquioxide substrates (ScgsLugs)203 had
(100) -orientation. The LiYF, substrates were also obtained by crystals grown at the
Institute of Laser-Physics by the Czochralsky technique. They were oriented in (100)
direction. As orthovanadate single-crystals are difficult to grow [Kra05], the YVO, sub-
strates were obtained by a Nd-doped crystal grown at the Institut fiir Kristallziichtung in
Berlin. The dopant concentration was 0.63 at.% and the crystal has been oriented in (100)
direction. The non-commercial crystals Y203, (Scg5Lug5)203, YVOyu, and LiYF, were ori-
ented, cut and single-side polished with epitaxial quality by CRYSTEC Kristalltechnologie.
No influence of the Nd-doping in the YVO, substrates was observed in preparation and
characterization of the thin films.

All the substrates were cleaned with purified air in order to remove dust particles before
being loaded into the air-lock chamber. For deposition, the substrates were placed in
front of the target holder. The target-substrate distance was varied from 8.0 cm to 9.5 cm
depending on other parameters and the film material.

Experimental PLD-Setup

The PLD-machine that has been used throughout this work was built by PINK Vaku-
umtechnik and is schematically illustrated in figure [6.1. It is constructed as two jointed
vacuum chambers that can be isolated by a vacuum valve. As the deposition process takes
place in the main chamber, the second chamber is constructed as an air-lock in order to

2 The maximum substrate temperature has been improved during the course of this work. Different
heating techniques were applied.
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Figure 6.1: Schematic illustration of the pulsed laser deposition setup.

transfer substrates and targets without flooding the main chamber with air. Thus, the
main chamber is maintained under ultra-high vacuum conditions, also contributing to its
purity. With the integrated turbo-molecular pump the pressure in the deposition chamber
is in the range of 107® to 10~ mbar. Mounted in unified metal frames, the substrates and
targets are transported from the air-lock chamber into a magazine in the main chamber.
From there the frames are transferred by a manipulator arm either to the substrate or the
target holder prepared for the deposition process. During the course of this work different
heating techniques have been applied. The first one was a resistive heater (SizN-ceramic)
mounted behind the substrate holder with no direct thermal contact. By this means, the
effective substrate temperature reached its maximum at 700750 °C, though the heater
temperature itself was capable of 1000 °C. As an upgrade in order to reach higher tem-
peratures a laser-based heating was installed. Therein, a heat-spreader (SiC and later
SizNy) is mounted beneath the substrate so that the laser spot covers the heat-spreader
from behind, thus indirectly heating the substrate. Temperatures of 900 °C could be es-
tablished using an array of 5x20 W diode lasers. Further improvements were obtained by
extending this heater setup to an array of 7x20W diode lasers. With this last modifica-
tion the deposition at substrate temperatures of up to 1000 °C was possible. A one-color
pyrometer was used to measure the temperature of the substrate. Due to possible ther-
mal problems in the substrate and the grown films, the temperature was increased and
decreased with different rates in different temperature regimes. The heating cycle of a
substrate if illustrated in figure [6.2. Faster heating rates of 10 °C/min were used up to a
temperature of 400 °C, setting the rate to 5°C/min from then onwards to avoid thermal
stress in the substrate. After constant temperature was kept during the deposition, the
cooling process was carefully started using a ramp of 5°C/min and later increasing to
10°C/min. These low cooling ramps were due to the different thermal expansion coeffi-
cients of film and substrate in the depositions. Neither film cracks nor partly flaked-off
films have been observed. The temperature processes were all computer-controlled.
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Figure 6.2: The heating cycle of a substrate. Ty, max = 700 °C is taken as an
example used for the deposition of Eu : GAV Oy films on YV Oy substrates.

A full-range gauge and, in addition, a baratron (capacitance pressure detector) control the
gas pressure of the main chamber, the latter one designed for more precise measurements in
the range of 10~* to 1 mbar. However, during various deposition experiments the baratron
showed a nonlinear behavior in the < 1072 mbar range. As the utilized background gas
pressure during deposition had typical values of 1073 to 10~2mbar, the baratron was of
no further use, employing the full-range detector instead. Gas flow controllers pour in the
selected background gas with the necessary pressure achieved dynamically by balancing
the gas inflow and the pumping strength. The entire PLD-machine with the two vacuum
chambers, detectors, pumps, motors, and controllers is computer-controlled.

The ablation was carried out by an KrF excimer laser of type LAMBDA PHYSIK LPX 305
operating at a wavelength of Ag,p = 248 nm, a pulse duration of 7k,r =20ns (FWHM)
and delivering a laser pulse energy E, < 1.2J/pulse at repetition rates of 14, < 50Hz.
Due to the strongly varying intensity at the laser beam edges, an aperture was used to
cut these off and thereby obtain a more homogenous energy distribution in the laser spot
on the target. Thus, only the central part of the beam was used for ablation. In order to
prevent erratic material removal and crater formation on the target surface (cp. section 4,
page 137 et seq.), the laser beam is scanned over the target surface. This also ensures a
homogenous film thickness over the entire substrate surface area, since the plasma plume
is strongly directed (cp. chapter4.2). Finally, the beam was focused on the target using a
lens (f=400nm) that was placed in front of the vacuum chamber window. Anti-reflection
coatings of lens and window were engineered for wavelength of 248 nm.

The laser beam was originally scanned by a piezoelectric that moved the scanning mirrors.
However, this construction had some disadvantages: it was designed for high scanning fre-
quencies and was not able to hold heavy mirrors but only small mirrors with 10 mm in
diameter. Thus, a very small aperture was reached for the excimer laser beam. Having a
cross section of &~ 15 x 30 mm, the beam size had to be reduced by a x 2.5 telescope. Due
to these circumstances only about 7% of the laser energy were transmitted into the cham-
ber. Aberrations caused by the telescope lens and the poor quality of the excimer laser
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beam resulted in an asymmetrical dash-like spot a)
on the target (cp. figure [6.3) The laser fluence
was varied by tuning the energy emitted by the
excimer laser while the focusing was kept con-
stant. With this setup an ablation spot size of
1.5mm? was measured. As the laser was typi-
cally operating at 700 mJ /pulse, of which 49mJ
(7%) are transmitted into the chamber, a laser
fluence of 3.3 J/cm? is obtained [Ehl05, Kuz06].

Later, the piezoelectric beam scanner was re-
placed by a deflection unit with two galvanome-
ter scanners bearing larger mirrors resulting in
an aperture of 20 mm in diameter. Therefore,
and as the telescope was not needed anymore,
the laser spot on the target had rectangular
form determined by the aperture, its size be-
ing variable by the focusing lens position. With  Figure 6.3: Ablation spots: (a) after ex-
this modification a 20% increase in the laser en-  ecution of 10 pulses with ® = 3.3.J/cm?
ergy transmitted into the deposition chamber using the piezoelectric beam setup on a
was achieved. When operating at 800 mJ /pulse, sintered Y;03 target, (b) after execution
160mJ are transmitting into the chamber, re- ©f 50 pulses with & = 2.6 J/'cm2 using the
sulting in a laser fluence of 2.5J/cm? on the galvanometer setup on a sintered Sc;Os
target. The upper limit for the threshold flu- target.

ence has been determined for each material, e.g. being 1.5J/cm? for the sesquioxides.
This is also consistent with literature [Kei97, Kuz06]. In order to avoid particulates, it
is recommended to use fluences slightly above the threshold, which has been done in this
work.

During the deposition process a reflectometer controlled the thickness of the growing film.
It will be discussed below in more detail. Another modification made on the PLD-machine
in the latter period of this work was the installing of RHEED? equipment, including a
detecting screen and an electron gun with a double differential pumping stage for operation
at high chamber pressures. This facility has been used for the final deposited films.

Film Thickness Control

The film thickness and growth rate of the deposited films were determined in-situ by a
reflectometry device, which consisted of a laser diode (A=659nm) and a photo diode
(cp. figure6.1]).

For this purpose, the desired films were first grown at room temperature on a substrate
with a great refractive index difference with respect to the film. Either silicon or sapphire
substrates were used due to the high contrast in the reflectivity signal (cp. figure 6.4). As
neither the change of substrate nor the change of substrate temperature have a significant

3 RHEED stands for ‘Reflection High-Energy Electron Diffraction Measurements’ (cp. section [6.2).
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influence on the growth rate, the results were then applied to the desired lattice matched
system. The estimated growth rates do not vary for similar targets (material and density).

In the main chamber, the intensity of the He-Ne laser beam is reflected from the sample
and measured by the photo diode, amplified with a DC-amplifier and recorded with a
computer during deposition. The real-time control of the film thickness is achieved by
means of a special software program that records and instantly analyzes the reflectometer
signal. A generic algorithm model is used to fit the signal [Kuz06].

The increasing film thickness during deposition leads to a change in the phase shift be-
tween the reflected light from the front film surface and the reflected light from the film-
substrate interface. Due to the interference of these reflected beams the detected signal
varies in intensity. An infinite number of reflections has to be considered (cp. section 7.2).
Ruling out film absorption or scattering, the reflectometer signal can be described by
equation [7.14. It can also be written as periodical function of the film thickness d

A
2n¢ cos(fy)

2T df

f

R = xcos ( ) and Py = (6.1)

with P; denoting the period of the function being calculated. Therein, the values for
the reflectometer laser wavelength A, the incident angle 6 and the refractive index n¢ of

film thickness (nm)
8 0 100 200 300 400 500 600 700
T T T T T T T T T T T T T T T
je e measured reflectivity
calculated reflectivity

reflectometry (arb. units)
»
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Figure 6.4: Simulated and measured reflection behavior of a growing
Eu:(Gd, Lu)yOs film on sapphire. The growth rate was determined to be
0.076 A per pulse at a laser fluence of ® = 3.3 J/cm?.
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the film must be known. During film deposition the reflectometer signal is recorded as a
function of the excimer laser pulse number I(N,) and the measured signal is fitted using
the relation

(6.2)

27 Z.N,
I =c+aRcos (M)

P

with R being the reflectometer signal (cp. equation [7.14, page 81), ¢ denoting a constant
shift that can result from the amplifier or an incoherent reflection from the substrate
backside, a being the amplitude scaling factor, and Z, representing the deposition rate.
By using equation 6.2, the deposition rate Z, and thus the film thickness df = Z, N, can
be obtained by the measured signal.

An example of simulated and measured reflection behavior is presented in figure 6.4. The
intensity decay of the measured signal is due to the increasing film growth causing the
reflected beam to slightly drift off the photo diode, whose detection area is only about
1-2mm in diameter.

Optimization of the Pulsed Laser Deposition Process Parameters

A big advantage of the pulsed laser deposition is the flexibility of the process that en-
ables various different materials to be adapted for deposition. Apart from this beneficial
flexibility, the PLD is a quite complex process with many parameters that need to be
optimized for every material in order to achieve the desired high film quality. However,
systematic investigations concerning the influence of PLD process parameters are rare up
to now.

Research on the fabrication of Y,Oj3 films is found in Lancock [Lan04] as well as in the
theses of Burmester [Bur02] and Bér [Bar04]. Investigations on the deposition of gadolin-
ium gallium garnet (GGG) and Ti-doped sapphire films can be found in the theses of
Barrington [Bar01] and Anderson [And98|, whereas the film growth parameters of YAG,
ScoO3 and Luy O3 are determined in the thesis of Kuzminykh [Kuz06]. Information on
the deposition of RE-doped GdVOy films on YVO, is given in [Bar05]. In addition, gen-
eral information on deposition behavior in dependence on the process parameters can be
found here. However, being a complex process, the deposition success will never depend
on the ‘correct’ setup of one parameter alone, but is an interplay of all crucial deposition
parameters enlisted in table 6.1. As the possibilities of lattice matching are investigated
using different substrate and film materials, a systematic analysis of the deposition pro-
cess parameters was performed for materials that have not been investigated for PLD
application yet. If possible, the available information has been adapted and adjusted to
materials of similar kinds.

The possibilities of lattice matching were primarily investigated by films having a max-
imum thickness of 100nm. Thus, although the target density is assumed to influence
the amount of particulates and droplets, this effect should only play a negligible role
due to the relatively thin film thicknesses. Nevertheless, high density targets (90—100%
compared to crystal density) have been used. Crystalline targets are claimed to reduce
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droplet production [Yos94, Lan05]. All of the used targets had a polished surface leading
to a homogeneous plasma plume and thus to a well-distributed film growth behavior.

Larger ablation spots also minimize the droplet density [Yos94]; consequently the ablation
laser spot was adjusted to ~ 6 mm?. As mentioned before, the ablation should be carried
out using a laser fluence ® slightly above the threshold value [Die92, Kei97]. Therefore
the thin-films have mainly been deposited at a laser fluence of about ® =1.5J/mm?.

Higher background pressures during the deposition prevent lattice expansion (cp. fig-
ure [5.4) due to the continuous kinetic energy reduction of the atoms before being de-
posited on the substrate material [Tar96, Che04]. Droplets can primarily be avoided by
proper adjustment of the background pressure and the target—substrate distance, as these
two parameters mainly define the atom velocity in the plasma plume [Geo95, Tyu98|.
Although high background pressures during deposition are favorable in order to achieve
epitaxial film growth, the remaining kinetic energy of the atoms is not sufficient to diffuse
on the substrate surface in case of too high pressures. Thus, no textured film growth
is possible. Predominantly, the target—substrate distance in the course of this work has
been dis=9...9.5cm with oxygen pressures between 8.8 x 1072 and 1 x 1072 mbar.

The substrate temperature belongs to the most important process parameters during
deposition. In the Einstein diffusion law the influence of substrate temperature T, acti-
vation energy Ey, distance a of two neighboring positions on the substrate surface, and
the statistic process frequency v on the diffusion length [p is given [Hen91]

Ib =V2Dr with D =wva2e Bo/ksT (6.3)

The average diffusion constant D increases with the temperature resulting in higher mo-
bility of the deposited atoms. In addition to the diffusion constant, the average diffusion

Substrate Film E, Vrep PO, dis Tsub

(J/pulse)  (Hz) (mbar) (cm) (°C)
Y203 Eu: Y203 0.8 1-3 9x 1073 9.5 900
Y503 Eu: Luy O3 0.8 1-3 9x1073 9.5 900
Y203 Eu: (Gd, Lu)203 0.8 1-3 9x 1073 9.5 900
a-Al,03 Eu: (Sc, Lu)203 0.7 1-3 6x 1073 9.5 900
ScLuO3 Cr: Al O3 0.7 1-3 6 x 1073 9.5 700
YAG Eu: YAG 0.8 1-3 1 x 1072 9.5 900
YAG Eu: (Gd, Lu)AG 0.8 1-3 1x 1072 9.5 900
Nd: YVO Eu: GAVO 0.7 1-3 8x 1073 9.5 800
Nd: YVO Eu: (Gd, Lu)VO 0.7 1-3 8 x 1073 9.5 800
LiYF Eu: LupO3 0.4 1-3 4x1073 9.5 550

Table 6.2: Optimized deposition parameters for the investigated films.

64



6.1 Pre-Deposition Substrate Treatment

length [p is also influenced by the diffusion time 7 being related to the repetition rate of
the excimer laser. For higher repetition rates less diffusion time per pulse is available for
the atoms leading to smaller values of 7 and therefore of Ip. Thus, it can be concluded
that single-crystalline film growth requires high temperatures and small laser repetition
rates.

A list with all grown films and the corresponding deposition parameters can be found
in appendix [A. In this context the investigated film materials and their optimized pa-
rameters are presented in table 6.2. It is emphasized that these parameters are partly
obtained in retrospective. Different parameters have been tried during this work, as seen
in appendix A.

6.1 Pre-Deposition Substrate Treatment

Basic requirements for successful RHEED measurements are related to the substrate
surface and its quality. In order to achieve epitaxial film growth the substrate surface
has to be crystalline and atomically flat. No contaminations should occupy the surface
[Bar95, Yos95]. As it is mechanically impossible to cut and polish alongside a single
atomic plane, a miscut is introduced [Hen76]. The miscut angle (3 describes the deviation
of the surface plane to the atomic crystal planes and should be small for substrates of
good quality.

Under normal conditions at room temperature the substrate surface is atomically disor-
dered. After annealing at high temperatures, atomic steps of monolayer height can be
measured with atomic force microscopy (figure [6.5, cp. chapter [7.3) alongside the sub-
strate orientation. The monolayer height depends on the material and the crystal surface
orientation. For the materials in this work the step height is typically 2—5 A. The width
L of these atomic terraces depends on the miscut angle 3 as well as on the annealing
time and the temperature. An accurate analysis of the growth process is based on the
formation of these atomic steps [Mae97].

The formation of atomic steps after annealing is explained by the Einstein diffusion law
(cp. equation , as the range of the diffusion atoms is depending not only on time 7,
but also on the diffusion constant D determined by the Boltzmann distribution. Thus,
it becomes obvious that the scope of the surface atoms is determined by the annealing
temperature T and its endurance 7. With sufficient time, the surface atoms moving by
statistic processes diffuse until an energetically favorable state is achieved through step-
bonding.

Experimental Procedure

Due to the described requirements for RHEED and in agreement with the results ob-
tained by [Gun07], the final thin films fabricated in the framework of this thesis were
annealed prior to the deposition process. In addition to the possibility of RHEED analy-
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Figure 6.5: AFM images of (0001) sapphire substrates: (a) as-supplied (1x1 pm?), (b)
annealed at 1000°C for 1 h (1 x 1 pm?), and (c) annealed at 1400°C for 1 h (3 x 3 pm?).
The vertical profile was taken along the line indicated in the image. [Yos95]

sis, this thermal treatment and the subsequent surface characterization with atomic force
microscopy provided additional information regarding the source material condition.

Two devices have been used for thermal substrate treatment. Annealing at temperatures
of T'< 1000°C was done in a pipe furnace, whereas for annealing at higher temperatures
a programmable furnace by AGNI GmbH was employed. To prevent any surface con-
tamination, the single-side polished substrates were enclosed in a aluminum-ceramic case.
After annealing, the substrates were characterized with AFM to determine the atomic
step orientation together with the miscut angle. During deposition, the incident electron
beam of the RHEED system was oriented parallel to the atomic steps of the substrates.
Although film growth monitor with the incident electron beam oriented perpendicular to
the atomic steps is possible, better monitoring was achieved in parallel settings |[Giin07].
In substrates with high miscut angles step-bunching is likely to occur [Joy88, Giin07],
which can result in three-dimensional island growth. Thus, substrates with high miscut
angles can affect the growth mode of the deposited film [Rij04].

In dependence of the miscut angle and the incorporated trivalent ion, the sesquioxides
require annealing at 800—1200°C. Surface arrangement of scandia requires higher tem-
peratures compared to the one of yttria |Giin07|. Temperatures of 900°C were used for
the thermal treatment of [111] and [100] Y,O3 substrates. A relatively high miscut of
3 > 0.15° was observed for composite (Sc, Lu)2O3 substrates. Therefore, lower annealing
temperatures of 700—-800°C were used. Sapphire and YAG substrate were annealed at
1000°C, YVO, substrates were annealed at 800°C, and LiYF, substrates were annealed at
500°C. In order to prevent a reaction with oxygen, the thermal treatment of the fluoride
substrates took place in argon atmosphere. In all cases the annealing time was 1 h.
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6.2 Reflection High-Energy Electron Diffraction

Since de Broglie first presupposed the wave nature of electrons in his doctoral thesis in
1922 and since his theory was verified by different experiments [Dav21, Dav27, Tho2§]
the interest in electron diffraction analysis of crystalline materials steadily increased.
Besides low-energy electron diffraction (LEED), reflection high-energy electron diffraction
(RHEED) is the most established one for surface layer analysis. A thorough account on
RHEED and its applications is found in [Lar88, Bra99, Mah90).

A RHEED system consists of an electron source and a photoluminescent detector screen.
The generated electron beam has very small incident angles of typically 0.1° <6 < 3° in
regard to the sample surface. This results in a high surface sensitivity and makes RHEED
an appropriate in-situ method for film growth analysis. Constructive interference occurs
at specific angles according to the crystal structure as incident electrons diffract from
atoms at the surface of the sample forming regular patterns on the detector screen. Be-
cause of the fact that the electrons interfere according to the position of atoms on the
sample surface, the diffraction pattern at the detector is a function of the sample sur-
face. Two types of diffraction contribute to this pattern, further referred to as kinematic
diffraction and dynamic diffraction. The first one refers to electrons that are scattered
elastically and only once at the crystal surface, while the second denotes electrons that
undergo multiple diffraction events in the crystal surface and thereby lose some of their
energy. Non-qualitative data, such as the high-intensity spots or rings common to RHEED
patterns, are obtained by the kinematically diffracted electrons, whereas qualitative in-
formation is gathered by the dynamically diffracted electrons.

Brief Introduction in RHEED Theory

In agreement with the two diffraction types that form the RHEED patterns, the undergird-
ing RHEED theory is subdivided into kinematic and dynamic scattering theory. Both of
them are based on the time-independent Schrédinger equation (cp. equations|3.2 and|3.3),
assuming that electrons with the relativistic mass m., the kinetic energy i, = h%k2/2m.
and the potential energy in the crystal V(r) are scattered. Thus, the Schrodinger equation
is modified to

2me
(A -5 V(r)+ kg) U(r)=0, (6.4)
with V(r) describing the Coulomb interaction of the atoms with the incident electron
wave (elastic scattering). Therein, the absorption (inelastic fraction) can be taken into
account by adding an imaginary potential [Bee88|.

Apparently, the kinematic theory only considers single scattering processes. A significant
quintessence of the kinematic theory is the possibility to determine the crystal lattice
in real-space if the scattering amplitude A is known. Regarding the relation I(k) o
|A(k)|? [Kit86], it becomes obvious that no phase information can be obtained by intensity
measurements. This is referred to as ‘phase problem’.
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Different types of information on the sample are provided by the dynamic theory de-
scribing inelastic and multiple scattering events. Intensity of diffraction points is related
to dynamic scattering. Inelastically scattered electrons that have already penetrated
the surface and subsequently fulfill the Bragg condition yield diffraction patterns called
Kikuchi lines [Kik28, BoI88]. Not only are these lines useful for estimating the diffraction
conditions. They contain additional information on the surface quality and the crystal
orientation of the sample. Narrow Kikuchi lines of distinct intensity suggest high surface
quality, as the electrons are scattered at multiple parallel atomic planes and have the same
angle when escaping the crystal. However, the Kikuchi lines sometimes interfere with the
diffraction points, especially while monitoring film growth, and modify the RHEED im-
age. It is thus commendable to measure diffraction points in an area with no influence of
Kikuchi lines.

In the dynamic theory the Schrodinger equation is solved by approximation. Three solv-
ing methods are known in literature [Bra99]: the Bethe-Bloch wave method, the parallel-
slicing method, and the multiple-slicing formalism. By applying the periodicity of the
crystal potential with varying boundary conditions, all methods deliver good results that
are strongly related to experimental data. As a detailed and satisfying theoretical de-
scription would go beyond the scope of this thesis reference is made to the diversity of
literature that provides insight into these RHEED fundamentals [Bra99, Lar8§].

Geometrical Considerations

In order to obtain the crystallographic
properties of the sample surface, an Ewald
sphere is constructed [Her83], indicat-
ing the allowed diffraction conditions for
kinematically scattered electrons. Thus,
knowing the incident electron energy and
the distance between detector and sam-
ple, the reciprocal sample lattice can be
estimated by a diffraction pattern that is
related to the constructed Ewald sphere.
This is shown schematically in figure 6.6.

(a ) side view

Incident high-energy electrons with wave

vector ko that strike the sample surface (b) top view
with the grazing angle 6 are scattered
and exit with wave vector k;. In the
kinematic theory, the scattered electrons
are describes by the Laue condition G =
k; — ko, with G denoting the recipro-
cal lattice vector [Kit86]. An equivalent Figure 6.6: Schematic illustration of (a) the

description is given by the Bragg condi-  Ewald construction and (b) the projection to the
tion? 2dpi sin @ = n).. Since the electrons  parallel surface plane. [Her83]

e 0

4 The Bragg diffraction law as well as the Miller indices h, k and [ are explained in chapter 7.1
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strike the sample surface at very small angles and are scattered at the upper atom layers,
they interact with a virtually two-dimensional lattice. The reciprocal lattice forms lattice
rods (hk) of infinite length and fineness, which are perpendicular to the ideally assumed
surface. Thus, projecting the intersections of the Ewald sphere with radius kg = 27/,
and the reciprocal lattice rods, a diffraction pattern emerges. The intersections are situ-
ated on concentric circles called Laue circles with center H and radius L,, (cp. figure/6.6).

The diffraction reflexes are indicated with (n, k) in accordance with the lattice rod indices
(hk). For instance, the zero-order diffraction resulting from the intersection of the (0 k)-
rod with the Ewald sphere on the zeroth Laue circle of radius Ly is denoted (0, k)-reflex.
A special reference is made to the (0, 0)-reflex that emerges from the (00)-rod intersection
with the Laue circle of zeroth order called specular reflection. Also important for RHEED
analysis is the (0, 0, 0)-reflex in the diffraction patterns, which is formed by electrons which
are directly detected at the zeroth Laue circle without being scattered at the sample
surface.

The incident beam has a very short wavelength due to the high electron energy. Compared
to the reciprocal lattice rod spacingﬁ , the Ewald sphere radius is much larger. Thus, the
Ewald sphere is intersected by rows of reciprocal lattice rods forming an approximate
plane, as identical rows of parallel reciprocal lattice rods sit directly in front of and
behind the single row. These are identified in the diffraction patterns as side maximum
resultant from (0, k)-reflexes for k # 0.

The reciprocal lattice vector magnitude g parallel and perpendicular to the beam direction
(cp. figurel6.6) follows by geometric considerations for n € N and nt < L to [Her83, Bra99]

]{?0 1 nt
n g = kgcost — and ng, =k ~ kog— .
9| 0 (Ln/L)2—|—1 g1 0 (L/nt)2+1 OL

(6.5)

By estimation of the reciprocal lattice g, which is based on the (00)-rod diffraction, not
only the lattice constants of the used sample materials can be verified, but the beam direc-
tion relative to the crystallographic orientation ¢ and the grazing angle 6 (cp. figure|6.6)
are determined as well. However, as the kinematic theory is applied, these results are
not entirely accurate. They help to interpret the diffraction patterns, but may differ in
certain degree from experimental data as the strong electron interaction with the surface
potential is not taken into account.

Static Surface Structures

When applying the basic principles of ideal conditions with real surfaces, modifications
in the diffraction patterns are observed. In general, a broadening of the diffraction re-
flex takes place because of non-ideal surfaces and non-perfect electron sources. As all

® According to the relativistic equation |k;| = |ko| = ko = \/2moE + (E/c)?/h, electrons of 25 keV have
a wave number of ~80 A~1. In the case of sesquioxide and YAG samples with lattice constants of 10—
12 A resulting in reciprocal lattice constants of 0.5-0.6 A=, the electron wave number is considerably
larger in comparison to the reciprocal sample unit cells.
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(@) (b) (©

Figure 6.7: RHEED images with varying incident electron beam orientation to the
atomic steps on the sample surface: (a) YVO, substrate (parallel), (b) an YVO,
substrate (perpendicular), and (c) a 15nm thin Eu:(Sc, Lu)2 O3 film (parallel).

wave fractions are incoherent, the experimental intensity I is algebraically derived from
convolution of the real sample intensity I5(k) (ideal electron source) with the instrument
response function Tj(k) of the electron gun [Hen91

Lox = Ls(k) * Ti(k) - (6.6)

The autocorrelation function ¢(r), which describes the probability to find two surface
atoms at distance r, and the transfer function ¢(r) are obtained by Fourier transformation
F of both components

L(k)=F¢(r) and Ti(k)=Fi(r). (6.7)

Apart from this, inelastically scattered electrons cause another broadening. The finite
electron expansion modifies the diffraction points to ellipses, as the correlated theoretical
model (e. g. intersection with lattice rods of infinite fineness) are corrected. Thus, RHEED
diffraction points often have an elliptic form as shown in figure 6.7 (¢) and their degree
of circularity gives evidence to the quality of the sample surface.

When reconsidering the atomic surface steps, the electron beam alignment relative to these
steps brings forth varying diffraction images in the so-called off-Bragg condition (also
referred to as out-of-phase condition). Parallel alignment results in ordinary patterns
as seen in figure [6.7 (a), whereas perpendicular alignment leads to a splitting of the
diffraction reflexes as observed in figure (b). Based on the kinematic theory and
the constraining assumption that electron scattering occurs on the outermost surface
atoms only, an autocorrelation function for a two-level system is derived. It describes the
stepped surface with step height d and surface coverage © € [0, 1], the latter being defined
as the ratio of occupied to available adsorption sites [Atk87]. With subsequent Fourier
transformation the intensity is given by [Len84, Puk88|

I(k) = [0+ (1 — ©)* +20(1 — ©) cos(k.d)] 2mé(k,) + 2¢};(k,) [L — cos(k.d)] . (6.8)
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6.2 Reflection High-Energy Electron Diffraction

Therein, ¢}, is the Fourier transform of the reduced autocorrelation function between

atoms of the same level and depends on the step distribution [Coh86]. Thus, the intensity
is an overlay of a delta distribution and a broadened distribution around k, = 0. Based on
intensity relation, the different cases of surface coverage must be distinguished to interpret
the diffraction reflections correctly.

a) ® =0, d = 0: In the case of atomically flat surfaces without two-dimensional island
formations, the delta distribution defines the intensity. Thus, the diffraction point
can be regarded as delta peak.

b) © # 0 in-phase: Fulfilling the Bragg condition k.d = 2n7, all delta distributions
deliver a RHEED reflex. This is similar to the case with atomically flat surfaces.
The steps are not recognized by the electrons.

c) © # 0 out-of-phase: Fulfilling the off-Bragg condition k.d = (2n + 1), the in-
tensity is highly sensitive to the surface coverage ©. The steps are visible in the
diffraction pattern, as for k.d values the delta peak and the broadened peak super-
impose.

Apparently, the off-Bragg condition is ideally suited to detect surface derangements. Al-
though the diffraction peak splitting in the off-Bragg condition (perpendicular incident
beam) can be used to determine the miscut angle 5 [Coh86, Puk88], it may disturb the
in-situ growth monitoring. Thus, the electron beam was applied in parallel orientation
relative to the atomic steps on the surface, and the miscut was determined by AFM.
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6 Thin Film Preparation

Gradual Surface Derangement

Since the described effects presupposed high quality substrates being adequately prepared
(cp. section 6.1), no strong deviation from the ideal diffraction patterns is expected. The
surface arrangements and structures which arise during deposition have an influence on
the progress of the film growth. The resulting diffraction patterns with the corresponding
reciprocal space are illustrated in figure 6.8 and are well-understood by means of the
Ewald construction. Intersections of the reciprocal lattice rods with the Ewald sphere
generate the different diffraction images. Case (a) describes the reciprocal lattice and
the corresponding diffraction points on the Laue circles for an ideal surface, (b) shows
two-dimensional island growth® in which the diffraction pattern shows parallel rods due
to the island-like though flat surface. In an intermediate state between (a) and (b) with
a weaker step structure than in (b) the diffraction points shown in (a) would turn into
ellipses on the Laue ring (cp. figure [6.7¢). In (c) high three-dimensional islands cause
a quasi transmission high-electron diffraction (THEED) image, in which the Laue rings
positioned on the Laue circles in (d) symbolize a polycrystalline surface [And96, Lit99].

These are the required fundamentals to interpret the diffraction images that alter during
the growth process. The surface roughness is estimated by the root mean square value
Rrus = (1/N 2V 22)1/2 which gives information on the deviation of the measured data
z; relative to an approximated zero level (cp. section [7.3).

__— Ewald sphere

l reciprocal
| space

. . « — (0,0,0) reflex o
(a) (b) (c) (d)

Figure 6.8: Diffraction pattern and corresponding reciprocal lattice illustration
for (a) an ideal surface, (b) a surface with 2D-islands, (c) a surface with 3D-islands,
and (d) a polycrystalline surface (not illustrated as reciprocal lattice).

[ ]
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[ ]
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[ ]
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6 This describes also the case of atomic planes that are slightly tilted to each other (mosaic structure).
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6.2 Reflection High-Energy Electron Diffraction

RHEED Oscillations

In film growth the morphology of the surface changes during the deposition process result-
ing in changing diffraction images as well. An oscillation of the (0, 0)-reflex, also referred
to as specularly reflected beam, is observed in the layer-by-layer growth mode. A simple
explanation is given by the kinematic theory: According to equation |6.8] the maximum
intensity in the off-Bragg condition is obtained for completely covered layers (© = 0) and
the minimum intensity for half-covered surfaces (© = 0.5).

The oscillation amplitude is very sensitive to the repetition rate. Higher repetition rates
result in stronger damping of the amplitude, as an increase in surface roughness is ex-
pectable due to the shorter diffusion time 7 and the consequently shorter diffusion length
Ip of the deposited atoms. Often a strong decrease in diffraction intensity is observed,
which emphasizes the very smooth surface of the sample because of the pre-deposition
annealing.

These considerations provide a basic understanding of the
RHEED oscillations, but fail to deliver an entire explana-
tion [Bee88, Kaw88]. An enhancement for the inaccuracies
of the kinematic model is the step density model. Therein,
the phase dependence of the electrons’ incident angle is
considered. An intensity minimum deviation from © = 0.5
as well as oscillations in the in-phase condition, which ac-
cording to the kinematic theory should not occur, can also
be explained. Electrons which are diffusely scattered at Figure 6.9: Schematic il-
step edges are takes into account by the step density model.  j.ctration of the contribu-
Therefore, the electron beam intensity decreases for higher  tjon to the step density pro-
sample step densities as to the increasing amount of dif-  jected onto the electron beam
fusely scattered electrons. This is illustrated in figure [Shi92].

Applying this model to layer-by-layer growth mode delivers

the step density L [Sto88]

L(t) = 2/7Ny(1 — ©)y/—In(1 — ) . (6.9)

In this equation, Ny gives the amount of initial nucleation and is a function of the diffusion
constant D and the deposition rate v. As the step density and its maximum depend on
the initial nucleation Ny, values of © # 0.5 are included. The damping of the oscillation
amplitude can be explained by expanding this equation for multi-layer systems [Sto88].
At certain incident angles it is observed that the intensity reaches its maximum for half
covered layers © = (0.5 or that an oscillation with doubled frequency occurs. These effects
are explained within the dynamic theory [Joy88].
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6 Thin Film Preparation

Experimental Setup

The RHEED setup consists of a STAIB EK-2035-R electron gun, a double-differential
pumping system, and a fluorescence screen. In order to filter out light sources other than
the high-energy electrons, e.g. the plasma plume or slow electrons, the screen is coated
with a thin aluminum film. More information on the used setup is given by [Giin07].

The deposition of oxide materials requires oxygen pressures of 1072 < p < 10~2mbar or
more. In comparison to the standard application area of RHEED systems, e. g. in molec-
ular beam epitaxy of semiconductor films at p~ 107 mbar, the pressure during PLD is
considerably high. Taking additionally into account the distance between the electron
gun and the fluorescence screen (cp. figure 6.1) as well as the intensity attenuation of the
electron beam resulting from electron scattering with oxygen molecules in the deposition
atmosphere, double-differential pumping is required.

The electron gun is installed at a deposition chamber flange using electrons accelerated
with 25keV. Scattering losses alongside the tube can be neglected as to the differential
pumping system, that ensures a pressure of less than 10" mbar near the filament and
10~* < p<10~3mbar in the chamber inside the tube. The substrate holder in the PLD
setup allows in-plane rotations ¢ of the substrate and rotations 6 relative to the elec-
tron beam as well. Outside the chamber, the emerging diffraction image is recorded with
a charge-coupled device camera (CCD) of type HitacHl KP-M2E/K and digitally pro-
cesses. It has proved useful to adjust the specularly reflected beam to maximum intensity
prior to deposition. All RHEED patterns during the film growth were in direction with
the incident electron beam.

fluorescence
screen

aperture (0,0,0) - reflex

electron gun

<107 mbar

vacuum
chamber

10°-10" mbar

double differential
pumping system

(0,0) - reflex

Figure 6.10: Schematic illustration of the used RHEED setup.
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{ Analytical Techniques

A variety of measuring methods is required to characterize thin crystalline films regard-
ing their structural and optical properties. In this chapter the analytical methods and
experimental setups which have been employed throughout this work are described. The
characterization process of the films can be subdivided into two parts, namely

i) in-situ techniques: The characterization methods in this category include reflec-
tometry (film thickness) and RHEED (surface structure and growth mode analysis;
cp. chapter|6.2)), both applied during the pulsed laser deposition process of the film.

ii) ex-situ techniques: Included therein are analytical tools for examining the struc-
ture of the films, such as X-ray diffraction (crystallinity), ellipsometry (refractive
index), and atomic force microscopy (surface morphology). The optical properties
of the rare-earth-doped films are examined by fluorescence and excitation measure-
ments (including VUV excitation measurements) as well as lifetime measurements.

7.1 X-Ray Diffraction

A non-destructive technique for examining the crystalline structure of the sample material
can be found in the X-ray diffraction (XRD) method. It is based on the analysis of the
angular intensity distribution of a monochromatic X-ray beam of wavelength A\ that is
reflected from the sample.

Any given crystal lattice, e.g. cubic, rhombic et cetera, consists of a regular three-
dimensional spatial distribution of periodically arranged atoms which form a series of
parallel planes separated from each other by a distance d. X-rays propagating through
a crystal show a detectable pattern by the varying intensity of the scattered rays. This
derives from the interference of the individual X-ray waves scattered at each atom, i.e.
at the electrons of the inner atomic shells (Thomson scattering). Two opposite cases can
be distinguished.

1. Amorphous material: The atoms are randomly arranged in the material, thus the
scattered X-rays are incoherent and the resulting intensity is proportional to the
total number of scattering centers N.
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7 Analytical Techniques

2. Crystalline material: The atoms are arranged in a periodic structure. The optical
retardation between the scattered X-rays and the individual atoms is a multitude
of the wavelength A\, and positive interference of the scattered X-rays occurs as
depicted in figure[7.1. In this case the resulting intensity is proportional to N2.

Since N is the large amount of atoms, the coherently diffracted X-rays are easily detected
in the background of the incoherently scattered X-rays. Thus, the effect of coherency is
pronounced. These conditions are summarized in the Bragg diffraction law [Ash76]

thkl sinf = n\ s (71)

in which X is the X-ray wavelength, n the order of diffraction, 8 the incident angle equal to
the reflected one, and dp; the distance between the atomic planes using the Miller indices.
The Miller indices' are a symbolic vector rep-

resentation of the orientation of an atomic

plane in a crystal lattice. They are defined as .

the reciprocals of the fractional intercepts of ™

the atomic planes with the crystallographic ) MPGDJ/

axes. A set of three integer numbers h, k, and o= S r © =

[ is the result. The indices find their usage P OQ & o o d
in four different vector notations: (hkl) de- o—6—6—6—6 \:;\Z 6
noting a crystal plane, {hkl} denoting equiv- NN
alent planes, [hkl] denoting a crystal direc- substrate \

tion, and (hkl) denoting equivalent direc-
tions. Atomic plane distances in crystal sys- Figure 7.1: X-ray diffraction
tems are estimated by

e O O O R e

Therein, the first equation applies to orthogonal and the second to hexagonal systems
[Kit86]. For cubic crystals with lattice constant a, as in the case of the investigated
sesquioxides and garnets, the interplanar spacing simplifies to dpi = a/vh? + k? +[2. In
combination with equation|7.1 the scattering angle of a certain plane in the first diffraction
order can be calculated from

A
ind = V2T R+ 2. .
sin 5 + k2 + (7.3)

Two kinds of diffraction measurements have been carried out in the course of this work.
In 0 — 260 scans the detector is moved twice the angle compared to the sample movement
0 (cp. figure [7.2). Thus, only atomic planes oriented parallel to the incoming rays at
0 =w =0 fulfill the Bragg condition of equation When applying w-scans (rocking-
curve measurements), the 26 angle is kept constant and the 6 angle is scanned. In doing
so, the distribution of crystallite orientations is investigated.

! In the case of hexagonal and rhombohedral lattices it is possible to use the Bravais-Miller index, which
uses four integer numbers (hkil). Therein, i = —h — k and h, k, and [ are the Miller indices.
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7.1 X-Ray Diffraction

Many properties of the investigated crystal structures can be derived from the analysis
of these diffraction measurements. First of all, a crystalline structure is indicated by
the existence of discrete peaks. The peak positions give insight into the directly related
atomic planes via the Bragg law 7.1. Moreover, samples of known chemical compositions
may easily be examined on phase purity. Having information on the crystal system and
the atomic planes, the lattice constants can be calculated using equation 7.2.

Information about the sample texture is contained in the intensity of the diffraction
peaks, using the term ‘texture’ as a synonym for non-random or preferred crystallographic
orientation in a polycrystalline material. The more the crystallites are oriented in the same
direction, the higher is the detected intensity. One can obtain the texture of a film by
comparing the intensities of the corresponding powder diffraction pattern. The intensity
I(h, k,l) of a diffraction peak is determined by the distribution of the electrons in the unit
cell. It is proportional to the squared absolute value of the structure factor F'(h, k,1)

I(h, k1) o< |F(h, k1)) = ZT [, eZmilhurthortlwn) (7.4)
In this equation f, is the atomic form factor, repre-
senting the Fourier transform of the charge density detector
of the r*' atom, and wu,, v,, and w, are the coordi-
nates of the ™ atom of the basis. Bragg condition is only

L . . ) fulfilled for atomic planes
Apart from peak position and intensity, the width  oriented parallel to the

of the diffraction maximum also contains addi-  substrate surface
tional information on the crystal system. The re-

lation between the size L of the coherently scat-

tered domains in a sample and the resulting peak —>
width b; defined as the full width at half maxi-

mum (FWHM) is given by the Scherrer equation
[Cul78]

KA Figure 7.2: X-ray diffraction measure-
- Lcos(@) ’ (7'5) ment: § — 260 scan

with K ~ 0.9...1 being a factor depending on the form of the crystallites, whose size
is roughly equal to the ones of the domains. Due to various effects (e.g. stress in the
crystal) the observed diffraction peaks are broadened. Assuming that the grown films
show no stress, the lower limit of the crystallite size can be estimated by exchanging by,
with the total width of the peaks by

br

K\

L=
by cos(0)

(7.6)

In addition, the used apparatus also causes a broadening of the peak width due to non-
perfect monochromatic radiation and the divergence of the X-rays. The measured peak
width b, is thus a function of the total peak width b; and of the width b, (instrumental
resolution). Consequently the relation for b, is [Cul78]

by = by — by . (7.7)
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7 Analytical Techniques

Assuming that both the diffraction peaks as well as the instrumental broadening have a
Gaussian profile, the total peak widths are determined by [Bro95]

by = /b2, — B2 . (7.8)

Though the diffraction lines actually have a form that is described by the Pseudo-Voigt
function, which is a mixture of a Gaussian and Lorentzian profile, the line profiles do not
deviate much from the Gaussian form and therefore justify the use of this approximation.

The crystallite size of a sample can now be estimated using these two corrections in
combination with equation [7.6. For example, when setting K = 1, diffraction peaks
resulting from X-ray wavelengths of Acy_x,, = 1.5406 A deliver the equation

. 8.827
by~ cos(0)

Although the X-ray measurement technique is mainly used to characterize samples in
powder form, it can also be employed for thin film characterization taking into account
two limitations:

1. The films need to have a minimum thickness, which grants a certain amount of
atomic planes available for diffraction. It is necessary that the intensity of the
diffracted X-rays is high enough to be detected.

2. If the film under investigation has no atomic planes parallel to the sample surface,
no signal is detected, not even in the case of good crystal quality. It could also be
possible that such films are mistaken as amorphous. This worst case is related to
films of one predominant crystallite growth direction, especially to single-crystalline
samples.

Experimental Setup

As no in-house systems were available, the X-ray diffraction measurements were carried
out at the Technische Universitat Hamburg-Harburg using a powder X-ray diffraction
machine with parallel beam optics of type D8 ADVANCE by the company BRUKER AXS.

A copper cathode with monochromatic X-ray radiation of wavelength A\¢,_k,, =1.5406 A
is used as X-ray source. Behind the cathode, a Gobel-mirror generates a parallel beam
of rays. The samples are arranged on perspex holders and mounted with plasticine. A
block of parallel metal plates called Soller-block is located in front of the detector, its
geometry defining a tolerance angle. Only rays with a divergence angle smaller than the
tolerance angle can pass the Soller-block. Thereby, the fluorescence excited by the X-ray
radiation is effectively suppressed without the usage of additional filters. The experimental
parameters used in the measurements are 40 kV and 40 mA for the acceleration radiation
and the anode current, respectively. The instrumental resolution depends on the selected
slit set and is estimated to be b, = 0.084° for regular scans.
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7.1 X-Ray Diffraction

Additional measurements were performed at the Fachhochschule Wedel using a SIEMENS
KRISTALLOFLEX 810 diffractometer, which is also supplied with a copper X-ray source
operating at 40kV and 20mA. This setup provides non-monochromatic X-ray radiation
with a removable Ni-screen to filter out the Ac,—x, emission. Therefore multiple Cu-
lines are present in the diffraction spectra: K,1, Kq2, and a residue of the Kz line. The
X-ray radiation occurs at wavelengths of Acy-_x,, = 1.5406 A | ACu—K,p = 1.5444 A | and
Acu-k, = 1.3922 A. However, the Cu-K,; and Cu-K,5 lines are not always resolved because
of the reflection broadening.

Overview measurements were performed with the slit set that provided a nominal reso-
lution of 0.15°. High resolution # — 26 scans, which were used in order to determine the
diffraction peak width, and also rocking-curve measurements were done using slit sets
with the nominal resolution of 0.05° or 0.018°. An instrumental resolution b, of 0.04°
was determined for the high resolution scans. As the diffraction peaks of lattice matched
quasi-homoepitaxial substrate—film materials are closely united in the spectra, it some-
times proved useful to remove the Ni-filter and perform high resolution scans using the
Cu-Kjp line for analysis.
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7 Analytical Techniques
7.2 Ellipsometry and Reflectometry

The analysis of light reflected from the sample surface is the basis of ellipsometry as well
as reflectometry. Both methods are non-destructive measurements and can be performed
remotely, especially in situations in which the application of other techniques might be
problematic.

Having a thin layer material between two dielectric media, coherent laser light is reflected
with an infinite number of reflections to be considered regarding the interference effects.
The reflection coefficient of the field amplitude 7 is defined as

Fo el g e (7.10)

€inc

with &, being the complex amplitude for the electric field of the incident light and £,
being the one of the reflected light. For the case presented in figure 7.3, 7 is given by the
infinite progression

F =71+ tiaraztor € 20 4ty T35 721 to1 e 4 (7.11)

in which r,;, and t,;, are the Fresnel reflection and transmission coefficients for the electric
field amplitude at the boundary between two dielectric media. The first index denotes
the media on the incident side of the
boundary, whereas the second index
denotes the media on the other side.
Variables with ‘tilde’ emphasize the
complex values, containing phase in-
formation in addition to the ampli-
tude. The phase shift 3 between the

light being directly reflected from :
the front surface of the film and the \\\\ \\

light being reflected from the film-
substrate boundary are written as Figure 7.3: Light reflection from a layered structure

m

8= 27Tn2/\d2 cos(bs) (7.12)

with the refractive index of the film material nq, the film thickness d;, the wavelength of
the light A, and the light incidence angle inside the film 6.

An adaption of equation 7.11/for more complicated cases with more than one layer being
present can be done. Considering the case of a single layer between two half-infinite media,
i.e. a film on a substrate, the infinite progression of the multiple reflections converges
into ‘
o _ 11 " e
L4 roy"e®s

(7.13)

Here, o and 7 denote alternative versions of the same equation for o- and m-polarizations.
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Reflectometry

By reflectometry measurements, the intensity of the reflected light is measured. This is
done by determining the intensity reflection coefficient without any phase information.
Thus, the intensity reflection coefficient using equation [7.13 can be written as

(70?4 (157 4+ 20557 cos(26)
L+ 07 G507+ 215 cos(20)

RO™ =|f77? = (7.14)

As intensity measurements have not very high accuracy and contain only little informa-
tion, single reflection coefficient measurements are rarely used. Instead, the reflection (or
transmission) of the sample is measured over a certain wavelength region in order to fit
the measured curve with a calculated one. More precise values can be obtained using this
systematic for the thickness or refractive index of the film.

It is also possible to continuously monitor the reflection coefficient during the deposition
of the film. That was the way in which the reflectometry was used in the context of
this thesis: to control the thickness of the deposited films in-situ. Knowing the refractive
indices of film and substrate, the absolute intensity is redundant as the form of the signal
gives enough information to determine the film thickness. The experimental implementa-
tion of this method and the data analysis was already described in chapter 6

Ellipsometry

The ellipsometry technique is based on the comparison of
the polarization states of the incident and reflected light of

the sample. Usually the polarization state of the light is 0- Ori.en.taj[ion i ;
named according to the imaginary shape outlined by the ¢ - ellipticity

end of the electric field vector when looking in the light

propagating direction. Knowing linear and circular polar- 0 )i

izations as special cases of the polarization states, elliptical
polarization is the most general one. Each of these states is .
described by the ellipticity € and the orientation 6 defining
the form of the ellipse as it can be seen in figure [7.4.

The ellipsometry considers the ratio of the reflection coef-

ficients for o- and m-polarization Figure 7.4: The polarization
state of light described by ori-

entation and ellipticity

p= 7:— = tan(¥) ™ . (7.15)
7/10'

This complex ratio is more often expressed by two real quantities ¥ and A which can be
determined by solving the matrix equation
1
, (7.16)
XSOUI‘

1 1 0
Xdet a1 tan(V) 2
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with Xget, sour being expressed by experimentally measured Oges, sour and Edet, sour i1

tan edet, sour T ¢ tan €det, sour

Xdet,sour = (717)

1 —1 tan edet,sour tan €det, sour .
The ratio of intensities is determined by ellipsometry. In comparison to reflectometry,
ellipsometry is the more precise technique, since the experimentally obtained angles ¢
and 0 can be measured with higher accuracy than the intensity. Ellipsometry is thus a
more sensitive technique, which maintains the phase value as well. Wavelength-dependent
measurements can be used to obtain the dispersion of the material. In conclusion, more
information about the sample is gained in such a measurement. A more detailed infor-
mation about the principles of ellipsometry can be found in [Bas95, R6s90]

Coming to the experimental ellipsometry setup, the commercial -ellipsometer
EL X-02¢C of the company DRE was used in the performance of the measurements. It is
designed in the rotating analyzer configuration as schematically presented in figure 7.5.
A He-Ne laser of wavelength A =632.8 nm makes up the ‘left arm’” and serves as the light
source. No additional polarizer is needed since the laser emission is linearly polarized.
With respect to the sample, the laser alignment grants nearly equal light intensities in o-
and m-polarization. The detector and analyzer located in the ‘right arm’ are rotated by a
high-precision step motor with a specified accuracy of 0.002°.

Measurements are performed at dif-
ferent light incidence angles adjust- He-Ne laser
ing the position of both arms manu-
ally. The reference measurement of
the light source is performed by set-
ting both arms horizontally, directly
guiding the laser beam into the de- —— ]
tector. Controlled by a computer, sample

the ellipsometer data is acquired and
analyzed via the supplied software.

detector

rotating
analyzer

Figure 7.5: Principle ellipsometer setup

As mentioned above, ellipsometry is a very sensitive technique. It is therefore possible
to examine silica films of several nanometers grown on silicon. However, ellipsometric
measurements are not that simple to analyze. As the analysis of the acquired data is based
on the comparison of the experimentally obtained values with the ones derived from the
simulation, a unique interpretation of the measurements might not be possible. This could
be the case if the model parameters deviate substantially from the real ones. Scattering in
the investigated samples and substantial deviations of the refractive index can affect the
correct analysis of the measurements. Ellipsometry is thus an appropriate technique for
precise investigation of the samples with known thickness, refractive indices and extinction
coefficients of the film and the substrate. It is not suitable if the parameters are completely
unknown or inaccurate. However, reliable data in good consistence with theoretical values
can be obtained for the investigated substrates and films. More information on simulation
modelling can be found in [Ber66, Rab04].
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7.3 Atomic Force Microscopy

With regard to optical properties the surface of substrates and thin films is also of sig-
nificant importance. If for instance the film interfaces in optical waveguides are of rough
nature, the resulting scattering losses may suppress possible waveguiding effects.

By the atomic force microscopy (AFM) technique the film surface can be characterized.
This technique applies a probe consisting of a sharp tip with a radius of around 10 nm
integrated onto the end of a cantilever, which is raster-scanned across the sample surface
using piezoelectric scanners to measure attractive or repulsive forces between the tip and
the sample [Bin86]. The AFM technique is thus able to analyze the topography of films,
several physical and chemical properties with high lateral and vertical resolution in the
nm-range. Detailed information on the AFM technique, its different scanning modes and
their theory can be found in the literature [Klu98, Sas00, Mor02, Hof03].

Figure 7.6 illustrates the principle AFM setup.
The AFM has three imaging modes to produce
topographic images of sample surfaces: con-
tact mode (ionic repulsion forces), non-contact
mode (Van der Waals, electrostatic, magnetic
or capillary forces), and tapping mode. In all cantilever
three modes the cantilever is a) bent by the
tip-sample force interaction and b) torsionally -
deflected by the lateral forces acting between 141

4-quadrant
photo diode

laser
diode

piezo for
lateral modulation

piezo for

tip and sample. By applying the light pointer x :
. . . . 1 modulat
principle, in which a laser beam is reflected off nofmatmocuiation
the cantilever and onto a segmented photodi- Figure 7.6: Principle AFM setup

ode, both movements are detected.

A particular operating parameter is maintained at a constant level during the scanning
process, e. g. the force between tip and sample surface. Through a feedback loop between
the optical detection system and the piezoelectric scanners, images are generated. Used
for the samples in this work were the contact and non-contact modes. In the contact
mode the probe is dragged across the sample surface maintaining a constant bend in
the cantilever. A constant deflection is kept through the z-scanner moving the relative
position of the sample with respect to the tip as the topography of the sample changes.
Under the assumption that the motion of the z-scanner directly corresponds to the sam-
ple topography, the feedback mechanism is used to map the topography of the sample
during the scan. When applying the contact mode, the sensing of the local mechanical
properties of the sample surface, such as the resistance to deformations or frictional forces
acting between tip and surface, is also possible. In the non-contact mode the probe is
hovering in distances of 10-100 nm to the sample surface. The long-range forces cause the
cantilever vibrations as the topography of the sample changes. It can be useful to have
a characteristic parameter of the surface roughness in addition to the information on the
surface topography. This parameter is generally called root-mean-square roughness Rgrs
[DINT78] and can be determined by discrete points of the measured surface topography
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2(xk, y;). It can be written using the number of data points in 2- and y-direction N, and
N, which are identified by the different indices k£ and [.

Nz Ny

1
Rpus = NN ZZ |z (zk, yi) — 2| (7.18)

T2 k=1 1=1

The value z describes a levelled plane with the smallest deviations from the data points
(least square fit) [Bra92].

Hard crystalline films, which allow high scanning rates and very sensitive regulation of the
tip-surface distance, recommend the contact mode. However, for thin-film layers with flat
structures in the atomic scale the non-contact mode leads to better results [Sas00, Gun07].

7.4 Optical Spectroscopy

Employing optical techniques enables the analysis of local structure modifications, which
are undetectable with methods based on X-ray diffraction. In the course of this work
emission and excitation spectroscopy as well as lifetime measurements were carried out
for thin film characterization. The following sections will give an introduction to the
employed techniques and the experimental setups.

Absorption spectra of the europium probe ion could not be obtained due to the consid-
erably small film thickness. Absorption cross-sections for interconfigurational transitions
are typically in the range of o, ~ 102! cm?. As the produced films have dopant concen-
trations of a few atomic percents, the density of the optically active ions is approximately
102 cm™3. This results in an absorption length of some millimeters. Therefore, it is not be
possible to detect any absorption of the film with thicknesses in the range of 10—500 nm.
Moreover, as the substrate is five orders of magnitude thicker than the grown films, it
may heavily influence and overlie any film absorption. Impurities in the substrate, even
of minimum size, would be sufficient to dominate the absorption measurements.

Due to these reasons no absolute absorption cross-sections could be determined, and
consequently, it was not possible to obtain absolute emission cross-sections by using the
reciprocity method as well. Therefore, all the spectra measured in this work only show
the spectral photon flux in units of the utilized detector’s counting rate.
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7.4 Optical Spectroscopy

7.4.1 Fluorescence and Excitation Measurements

A modular fluorescence spectrometer of type Yobin Yvon FL 321 FLUOROLOG-3 was
used to carry out fluorescence and excitation measurements of the thin films at room
temperature in the ultraviolet and visible spectral region.

In this setup, a high pressure Xenon lamp provides excitation wavelengths between
250nm and 600nm, and a double monochromator with a reciprocal linear dispersion
of AN/Az = 2.18 nm per mm slit width selects the desired wavelengths. Another double
monochromator resolves the fluorescence light, this time with a reciprocal linear disper-
sion of AN/Ax = 2.64. Depending on the intensity of the fluorescent light, there are
three possibilities of light detection: either by a photomultiplier (Hamamatsu R 928P),
by a photoncounter (Hamamatsu R 649) or by a CCD camera (Yobin Yvon Spectrum-1
G93). Different band edge filters are used in front of the detection monochromator in
order to separate the emitted light from the excitation light. The principle experimental
setup is shown in figure 7.7.

The fluorescence spectra are measured at a fixed excitation wavelength. By using the de-
tection monochromator and one of the described detection units, a wavelength-dependent
collection of the fluorescence light is achieved. The recorded signal S is corrected by the
spectral transmission of the detection monochromator and the spectral sensitivity of the
detection units. Excitation spectra are obtained by detecting the spectral photon flux
of a particular emission band with respect to the variation of the excitation wavelength.
Besides the fluorescence signal S, the signal of the excitation is recorded by a reference
diode resulting in a signal R which represents the signal of excitation including the spec-
tral distribution of the lamp and the spectral sensitivity of the monochromator. Thus,
the corrected signal of the fluorescence is Seorr = S/R.

photomultiplier
o) 0
L !
computer ? © -
J
detection
monochromator
reference A band edge

diode = | filter
. %
> —— thin film
excitation i
®+% monochromator

Xe lamp

Figure 7.7: Schematic setup of the FLUOROLOG spectrometer
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7.4.2 Lifetime Measurements

An excited state ¢ of an optically active ion in a bulk crystal has the lifetime

Vi L
T (i) = ) (7.19)

with &Y (i) denoting the entire transition probability of all radiative and non-radiative
transitions from state ¢ into various destination states. Due to point defects and especially
surface effects the lifetime in thin films can be reduced according to

1
() = . 7.20
@ kY (i) + 22, k?(i) (7:20)

Therein, ka(z) is the transition probability from the excited state ¢ due to an additional
decay channel j, which does not exist in the bulk crystal. A lengthening of the fluorescence
lifetime may occur in thin films whose thickness is smaller than the wavelength of the
fluorescence light. In this case, the refractive index n¢ of the film is influenced by the
refractive indices of the neighboring media (ny — neg). Consequently, the lifetime of an
electric dipole transition meets the following proportionality [Mel99]:

1 A2
T~N——. 7.21
D T2
In this equation, f denotes the oscillator strength of the transition, whereas the second
term is referred to as Lorentz correction. This term describes the increase of lifetime for
decreasing refractive indices. Therefore, ultra-thin films surrounded by lower refracting
materials, such as air, have a higher fluorescence lifetime in comparison to bulk material.

Experimental Setup

Lifetime measurements of thin films at room temperature were carried out at the Institute
of Physical and Theoretical Chemistry, University of Tﬁbingenﬁ , employing a fluorescence
spectrophotometer of type Varian CARY ECLIPSE. The setup is very similar to the one
used for fluorescence and excitation measurements (cp. figure [7.7). Instead of a cw-lamp
a Xenon flashlamp (~ 1 ms FWHM) serves as excitation source here.

In order to prevent an interference with the decaying flash lamp pulse, the lifetime mea-
surements were performed using a delay time of 0.4ms. A gate time of 0.01 ms and a
total decay time of 6 ms were used. The Eu?" lifetimes are measured by excitation into
the charge transfer band and detection of the hypersensitive °Dy — “F; transition. Only
for aluminum garnet films the stronger °Dy — F} transition is used.

2The measurements were performed by Dr. Sebastian Bér and Dr. Dmitry Khoptyar.
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7.4.3 VUV Measurements

With excitation wavelengths between 58 nm and 330 nm being available, additional ex-
citation measurements in the vacuum ultraviolet spectral region (VUV) were performed
at the SUPERLUMI station. Synchrotron radiation of the electron-positron storage ring
DORIS at DESY — Hamburg, Germany, serves as source for this wavelength region. A
simplified setup of this complex platform is drawn in figure |7.8. Detailed descriptions are
found in [Giir83, Kam89, Klo89, M6186, Var94|. A primary monochromator with a spec-
tral resolution of 0.3nm spectrically separates the synchrotron radiation. A secondary
monochromator is used to analyze the fluorescent light of the excited sample, which is
detected either with a photomultiplier (excitation measurements) or with a CCD camera
(emission measurements). Liquid helium is used to cool the sample holder down to 10 K.

DORIS
storage ring ) primary |_| thin film
) monochromator |_|
@) LiF-window
(optional)
I band edge filter
=T— (optional)
O
secondary
monochromator
O
computer O~ 0O
photomultiplier

Figure 7.8: Schematic setup of the SUPERLUMI station for VUV excitation
measurements
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8 Characterization of
Heteroepitaxial Thin Films

This chapter deals with the characterization of lattice matched heteroepitaxial thin film
systems. In accordance with the possibilities of lattice matching presented in section 5.2
the different lattices of substrate and film material are combined in non-integer multiples
(sections/8.1land(8.2) or integer multiples (section 8.3) of the lattice constants. In addition,
some measuring characteristics which are also valid in chapter (9] are introduced in this
chapter.

8.1 Composite Sesquioxide Films on Sapphire

Burmester and Bar investigated yttria layers on alumina substrates with a lattice mis-
match of 4.73 % [Bur02, Bar04]. An approach for a lattice mismatch reduction has been
done by Rabisch with a mixture of scandia and lutetia (Scq s541.u9.46)203 as layer material
[Rab04]. These thin films were grown using the EBV technique. However, different va-
por pressure coefficients of scandia and lutetia caused a composition shift of the grown
‘lattice matched’ films. Consisting of (Scgg1Liug.19)203, the films had a lattice constant of
a = 9.948 A with a lattice mismatch of -1.51 % to the substrate. A major drawback of
the EBV technique is that the stoichiometrical transfer depends on the boiling points and
vapor pressures of the individual components used as starting material. This system was
again investigated using the advantages of the PLD technique, in which the stoichiometry
of the target material is preserved in the deposited film.

8.1.1 Lattice Matching

a-Y>03 has a lattice constant of ay,o, = 10.603 A. The lattice mismatch of a-Y;04 grown in
(111) direction on the (0001) surface of an a-Al,O3 substrate amounts to 4.73 %. Perfect
lattice matching is accomplished with the lattice constant a;=10.102 A. However, as
there is no sesquioxide to meet this requirement, composite systems like (Y;_,Sc,)203 and
(Scy L, )9O3 offer a solution. It has already been set forth that these mixed sesquioxides
are of the same structure as the single-component sesquioxides of scandium, yttrium, and
lutetium [Bar04, Rab04]. They also crystallize in the cubic bixbyite structure, whereby the
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8 Characterization of Heteroepitaxial Thin Films

cation sites in the lattice are occupied statistically (cp. sections|2.1land[5.3). The lattices
of substrate and film combine according to the relation 3 x as = v/2a¢ (cp. section[5.2).

The lattice constants of these composite crystals are calculated from the Vegard law in
equation5.3. A film lattice constant of a; =10.102 A can be achieved by the compositions
(Yo0.3315¢C0.660)203 and (Sco 541110 450)203. From these two sesquioxide configurations the
latter is preferable because of the more balanced composition between the two ionic com-
ponents with = being closer to the value 0.5. The negative effect of clustering, in which
domains of purely one compound are formed, is more likely to occur in (Y 3315¢0.669)203
as the amount of scandium is twice as high as the one of yttrium.

Taking additionally into account the low-concentration doping with Eu?*, which is nec-
essary for spectroscopic analysis, the lattice matching has to be slightly adjusted. Some
sesquioxides like EuyO3 do not normally crystallize in the bixbyite structure. As these
cubic lattice constants are

experimentally unknown, an 11.2 e
ionic radii estimation has been _| Nd* |
used. According to chapter 2, 1 O—_ 7
the rare-earth ions are sixfold 4 Fu -
coordinated in sesquioxides, —~ - Gd ]
but eightfold coordinated in L 10.8 ]
orthovanadates (chapter 19.2) = — Y —
and aluminum garnets (chap- Z’ 10.6— - ]
ter 9.3).  Figure 8.1 illus- 8 7 Yb 7
trates the dependency between 8 - Lu =
the sesquioxide lattice con- E@ 10.47 -
stant and ionic radius of the in- ] ]
corporated trivalent rare-earth ﬁ 10.2— —
ions. _] _]
First films have been de- 10.0— Sc —]
posited using a mixture of _ _
<Eu0'02SCO'53LuO'4S)ZO3’ which 9.8 LI IO B

will be referred to as compo-
sition [1]. In the progress of
this work, this initial mixture
was modified to (Eug g2Scq 5473
Lug.4327)203, referred to as
composition [2].

0.70 0.75 0.80 0.85 090 095 1.00
RE" [6] ionic radius (A)

Figure 8.1: Ionic radii of trivalent lanthanides in depen-
dence of the lattice constants [Kam90]. The unknown lattice
constants indicated with ‘*’ are linearly extrapolated.

8.1.2 Structural Characterization

The crystal structure of the deposited films has been examined with X-ray diffraction
measurements. Average crystallite sizes L, perpendicular to the substrate surface have
been estimated by the full width at half maximum (FWHM) of the film peaks using the
Scherrer formula (equation 7.6)). Lattice constants a; have been determined by the peak
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8.1 Composite Sesquioxide Films on Sapphire

positions (cp. chapter(7.1). A list of deposited films with the entire set of deposition pa-
rameters is given in appendix|/A. Due to the continuous improvement of the pulsed laser
deposition setup during this work, the films are tagged in order to distinguish their fabri-
cation characteristics. A resistive heater with no direct thermal contact to the substrate
and a maximum effective temperature of 750°C has been used for films < S080. Films
> S080 have been deposited using a laser-based heater with the substrates mounted on SiC
or SigNy heat-spreader. In accordance with the insights gained by the work of [Giin07],
pre-deposition substrate treatment in combination with atomic force microscopy has been
performed in the last stage of this work as an additional preparation step for the in-situ
reflection high-energy electron diffraction measurements during the deposition process.
These films are tagged ‘SR’.

In X-ray diffraction polarization effects, divergence, and non-perfect monochromatic radi-
ation lead to an intensity attenuation at higher diffraction angles [Kri90, Bur02]. Because
of this behavior only crystal-planes of lower diffraction order are often detected with
sufficient intensity in thin films. To a certain extent the intensity at higher angles also
depends on the employed X-ray device as in newer apparatuses it is boosted. The low
resolution of higher-order crystal-planes in some measurements has two reasons: First,
the device used at the Fachhochschule Wedel is of older age. Second, the film intensity
maximum in the diffraction spectra measured with up-to-date devices at the Technische
Universitdt Hamburg-Harburg is determined by the highest diffraction peak. All other
diffraction peaks have an intensity resolution relative to this maximum, which in general
belongs to the substrate. An exclusion of the substrate peak in the diffraction spectra
has been avoided, as a variation in absolute measuring positions is only obtained with
reference to the substrate reflections. This information is essential in order to estimate
the lattice matching correctly. In agreement with this fact, the diffraction measurement
analysis focuses on crystal-planes of lower order, in this case the {222} reflection.

Although thickness series with ultra-thin films of some nanometers thickness were also
fabricated in the course of this work (cp. appendix |A), emphasis is laid on films with
50 nm < dgp, < 100 nm. This is due to the fact that Burmester, Bar, and Rabisch already
reported film growth effects in very thin films and assessed that crystalline bulk-like
properties require film thicknesses of at least 20nm [Bur02, Bar04, Rab04]. In addition,
the analysis of lattice matching is based on pronounced and distinct reflection peaks,
which necessitate a certain film thickness.

Figure 8.2 contains X-ray spectra of Eu-doped (Sc,Lu),03 films with (a), (b), and (c)
belonging to a thickness series fabricated at identical deposition conditions from a sintered
(Sc, Lu)203 target of composition [1]. Therein, a substrate temperature of 7' = 700°C,
a constant oxygen pressure of p,, = 7.9 x 1073 mbar, and a repetition rate of v = 10 Hz
were used. The collected data are summarized in table 8.1.
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8 Characterization of Heteroepitaxial Thin Films

Besides the {0006} reflection of the a-alumina substrate at 41.75° the diffraction spectra
(a) to (c) show the {222} and — in cases (a) and (b) — also the {444} film peak. The {222}
reflection gains intensity with increasing film thickness, as does the {444} reflection. No
diffraction peaks from atomic planes other than in (111) direction are present, which
gives evidence to a highly textured film growth in this crystal orientation. Although, an
initial shift of the {222} peak position to smaller angles with increasing film thickness
is observed, the degree of crystallinity of the composite sesquioxide films is assumed
to be relatively high with regard to the X-ray diffraction analysis. In comparison, the
{222} reflection for the 50nm thick film (c) resides at 30.259° leading to a film lattice
constant of a; = 10.224 A with a lattice mismatch f = 1.19% whereas for the 200 nm
thick film (b) it resides at 30.155° leading to a film lattice constant of a; = 10.258 A
with a lattice mismatch f = 1.52%. No substantial change in peak position takes place
comparing the 200 nm with the 500 nm film; a deviation of 0.01° in the 260 position can
also stem from a random measuring shift [Kuz06]. Thus, the composition [1], estimated to
achieve lattice matched Eu(2%):(Sc, Lu),O3 films on sapphire, seems to be off-lattice with
f<1.19%. The initial lattice mismatch, observed in (c) after 50 nm, may result in strain
due to defects. These are compensated by elastic deformations at first. However, with
increasing film thickness the stress-relaxation mechanisms result in plastic deformations
and the lattice constant shift observed in (b) reflects the film lattice expansion due to non-
compensable stress (cp. figure[5.4). When estimating the crystallite size L, it becomes
apparent that the ratio of crystallite size to film thickness rapidly decreases with growing
film. The size of L, = 21.2nm for the 50 nm thick film S013 increases only little for film
thicknesses up to 500nm. With this film composition and these deposition parameters
the crystallite size seems to approach a limit of &~ 25nm.

In addition to the 6-26-scans, the out-of-plane orientation of the crystallites corresponding
to atomic planes not parallel to the surface is investigated by rocking curve measurements
(w-scans), which explains the oddity of underperforming crystallite sizes with increasing
film thickness. It can be seen in figure [8.3, that the (111) crystal axes of the 200 nm
thick film are aligned along the film normal direction within 4.48° of FWHM. A strong
broadening is observed due to relatively small (111) crystallites in the film, as the substrate
peak has a width of 0.32° in comparison.

Deposition Reflection Film Properties Tag

dgim (nm) T (°C) peak  260(deg) b(deg) Li(nm) ai(A)  f(%)
1] 500 700 {222}  30.162 0.380 24.2 10.256  1.50 S011
[1] 200 700 {222}  30.155 0.391 23.5 10.258  1.52 S012
[1] 50 700 {222}  30.259 0.434 21.2 10.224 1.19 S013
2] 100 975 {222}  30.439 0.258 35.9 10.165  0.62 S084
2] 50 1050 {222} 30.571 0.225 41.3 10.122  0.12 SR06

Table 8.1: Calculation of the crystallite size and the lattice constant of (Sc,Lu)203 films
determined by X-ray diffraction. Measured peak positions 26 and peak widths b,, are fitted
by a Gaussian profile. For L | the instrumental resolution b, is considered. The different
film compositions are indicated by [1] and [2].
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intensity (logarithmic, arb. units)

8.1 Composite Sesquioxide Films on Sapphire
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Figure 8.2: X-ray measurements of Eu-doped (Sc, Lu)yOs films of various
thickness grown on a-Aly,Os. Diffraction peaks indicated with ‘*’ result from
the residual Cu-Kg emission.
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The spectra (d) and (e) belong to thin films de- ) L B B B
posited by using the modified film composition [2]. 1 26=30.16°
The lattice mismatch in both cases is reduced no-
tably, as the 100 nm thick film S084 has a lattice
constant of a; = 10.165A with a mismatch of
f = 0.62% and the 50 nm thick film SRO06 one of
a; = 10.122 A with a mismatch of f = 0.12%. For
these films, the substrate temperature was raised
to /= 1000°C. S084 has been deposited with an oxy- 0+
gen pressure of p,, = 1 x 1072 mbar from a crys- 3 15 17 19 21 23 25
talline target, SR06 has been deposited with an o (degree)

oxygen pressure of p,, = 9 x 1072 mbar from a sin-

tered target. The repetition rate was v = 1 Hz for Figure 8.3: Rocking curve fit of the
both films. Apart from the lattice matching in-  S012 {222} reflection peak.

crease due to the modified composition [2], bigger

crystallite sizes could be obtained. In S084 the crystallites (L, = 35.9nm) constitute more
than one-third of the film thickness whereas the crystallite size L | = 41.3nm of SR06
is nearly the film thickness. However, in contrast to the previous spectra the diffraction
patterns of (d) and (e) indicate polycrystalline film character, as an additional reflection
is seen. Being roughly one order of magnitude smaller for the 100 nm film (d), it almost
reaches the same intensity as the characteristic {222} peak in the 50 nm film.

intensity (arb. u.)

Although Zhang et al. attributed the shift in YoO3 from (111) to (100) orientation with
increasing oxygen gas pressure to a change in oxygen vacancies [Zha98]|, the rise of this
additional peak at 35.45° — temporarily referred to as (Sc, Lu)2O3 {400} reflection — may
also be due to subplantation effects of high-energy plasma species which hit the substrate
surface. These effects have already been observed by S. Bar for pulsed laser deposi-
tion of Y503 films on a-AlyO3 [Bar04]. A second phase in the films could be identified
as orthorhombic YAIOj (cp. chapter 2.3), which had been initially interpreted as {400}
reflection of Y503. This phase resulted from subplantation of yttrium particles. Or-
thorhombic LuAlO4 has the lattice constants @ = 5.11 A, b =5.33 A, and ¢ = 7.33 A and
its {200} reflection would result in 26 = 35.1°. No ScAlOj exists due to the comparably
small ionic radius of Sc*™, however a mixture of (Sc,Lu)AlO3 may be possible due to the
compensating influence of Lu*T on the lattice. The formation of a second phase with
(Sc,Lu)AlO3 due to subplantation and interdiffusion is a possible explanation of the addi-
tional diffraction peak and would match the {200} reflection of this orthorhombic lattice.
Mixtures of Lu,(RE);_,AlO3 are known in literature and have been characterized by J.
Chval et. al. [Chv00].

Deposition from the crystalline target in comparison to a sintered target did not prove
to be of advantage. Although (d) and (e) show similarities, and although better results
regarding crystallinity and lattice mismatch have been obtained from a sintered target,
this is seen in no context of the target material density. No improvements are achieved by
increasing the target density from about 90 % to 100 % (cp. chapter|6). The smaller mis-
match and the higher degree of crystallinity in the 50 nm film are ascribed to the substrate
treatment prior to deposition (cp. chapter 6.1) and the higher deposition temperature.
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8.1 Composite Sesquioxide Films on Sapphire

Further insights are obtained by rocking curve T - r - r - T r
measurements shown in figure [8.4. For the 50 nm { 26,=30.53°

thin film SRO6 both crystal axes (111) of the 292:35'450 ]
sesquioxide phase and (100) of the assumed per-
ovskite phase are aligned along the film normal
direction within 0.72° FWHM peak width for the
{222} and 0.74° for the assumed (Sc,Lu)AlO;
{200} reflection. In addition, these peaks super-
impose two much narrower peaks, each having a .
FWHM width of ~0.07°. The two contributions 1 ' 1'5 ' 1|6 1'7 " 19
for each peak can be related to a two layer struc- o (degree)

ture within the film. Most probably an interface

layer between substrate and film with a high den-  Figure 8.4: Rocking curve fit of the
sity of structural defects has been formed at the SRpg {222} and {400} reflection peak.
initial growth state, which contributes to the broad

peak. The extremely narrow contribution results from the above grown region with much
better structural quality. However, the existence of two different phases within the grown
film is not completely understood and has to be further investigated.

intensity (arb. u.)

Comparing the deposited crystalline composite films to crystalline Y203 films also grown
on sapphire [Bur02, Bar04], the properties appear to be of similar kind. As these films had
a lattice mismatch of 4.7% no statements can be made on peak positions. S. Bar obtained
a FWHM peak width of 0.193° from a 100 nm film and one of 0.57° from a 20 nm film.
The rocking curve of a 500 nm film was estimated to be 0.74°. These films were deposited
at v = 10 Hz using substrate temperatures of 700°C at oxygen pressures of 5x 1072 mbar
[Bar04]. P. Burmester characterized a 22nm film which had a peak width of 0.45° and
was deposited at 850°C with 3 Hz and 1072 mbar of oxygen atmosphere [Bur02].

The 100nm film peak width 0.193° of Béar is comparable with the 100nm S084 film,
although the yttria film indicates a higher crystallinity than the composite film. The
diffraction spectra of Bar also reveal additional reflections due to subplantation. By
gradually decreasing the used pulse energies, subplantation effects should be prevented
while keeping the high temperatures required for high degrees of crystallinity.

8.1.3 Surface Structure and Topography

Correlated analysis of the surface structure by RHEED measurements and surface to-
pography by atomic force microscopy enable a better understanding of the film growth.
The analysis of the X-ray diffraction measurements are strengthened by evaluation of
diffraction patterns and oscillations obtained by in-situ RHEED.

Figure 8.5/ shows the RHEED intensity and patterns during the growth of film SR06. In
(111) oriented sesquioxide films with cubic structure the step height z of one monolayer
(ML) is calculated from z = a/2v/3 (z = 2.92A for a = 10.102 A). The required number
of pulses for one monolayer growth of [111] (Sc,Lu),O3 has been estimated to be 43.
No change in symmetry or spacing of the RHEED pattern occurs during the continuous
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Figure 8.5: RHEED intensity during continuous pulsed laser deposition of
film SRO6. Diffraction patterns after (a) 0.29 nm (43 pulses /1 ML), (b) 10 nm
(300 pulses), and (c) 50 nm are shown in the insets.

growth at 1 Hz of the first 4—5 monolayers (around
180s). The corresponding RHEED intensity de-
creases and almost vanishes, which indicates amor-
phous film growth. After the growth of around
four monolayers crystallization is observed due to
the constantly recovering intensity. Considering
the initial diffraction pattern, the stripes shown
in inset (a) indicates two-dimensional growth in
the default (111) direction. During the following
deposition of up to 10nm a transition from two-
dimensional growth to three-dimensional growth is
indicated by the RHEED pattern in inset (b). This
becomes more pronounced in the RHEED image in
inset (c) at the end of deposition.

A detailed analysis of the specularly reflected elec-
tron beam during the initial growth reveals that
despite the strong intensity decrease, which indi-
cates amorphous growth, the relaxation after each
pulse (magnification in figure [8.5) is ascribed to
pseudomorphically grown crystalline regimes. An-
other reason for this assumption is the occasional
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Figure 8.6: AFM image of the 50 nm
thin film SRO6.

moderate rise of the RHEED intensity, first after 43 pulses as this corresponds to the
growth of one monolayer (black arrow). Although this is in good agreement with the
X-ray diffraction analysis, it is still not clear if the crystallization after growth of four
monolayers is due to the subplantation with subsequent (Sc, Lu)AlO3 formation. Other-
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wise, the observed crystallization can also be interpreted as film growth of (Sc,Lu)203
in the preferred (111) direction, after an interface with much higher defect density was
formed due to stress compensating reasons. As the existence of another highly crys-
talline phase in the film is known by evaluation of the XRD data, it is possible that the
crystallization observed after four monolayer by the continuous intensity rise has two con-
tributions and thus includes the growth of [111] (Sc, Lu)2O3 as well as [100] (Sc, Lu)AlOs.
In conclusion, the formation of an amorphous interface as seen by RHEED and XRD
measurements, prevents a sustaining layer-by-layer growth on a-Al;Os3.

Figure 8.6 shows the surface topography analyzed ex-situ by atomic force microscopy
(AFM). In analogy to the RHEED data three-dimensional islands dominate the film
surface, having an height of around 6 A. An RMS value of 1.62 A describes the average
surface roughness of the scanned area of 1 x 1 pm?. Because of the pre-deposition substrate
treatment the surface is still atomically flat. However, the ordered step structure has
changed to a more or less disarranged island structure. The RMS value is extremely low
in comparison to known literature values, which are often several nanometers high. No
droplet formation could be identified over an area of 10 x 10 pm?.

8.1.4 Spectroscopic Analysis

Optical properties of the grown composite films were investigated by luminescence mea-
surements (excitation and emission), VUV measurements, and lifetime measurements. In
addition, the refractive indices of films were determined by ellipsometry.

Fluorescence and Excitation Measurements

In order to analyze the local crystal structure in the grown film, the luminescence prop-
erties of the deposited composite sesquioxide films have been investigated using the FLU-
OROLOG spectrometer. Important for an efficient excitation mechanism is the charge
transfer band (cp. chapter 3.3, which originates from Eu®" and O? interaction ranging
from 200nm to 265nm. The interaction process consists of an electron transfer from
the oxygen ligands to the europium ion O(2p?)Eu(4f°%) — O(2p')Eu(4/7). The emission
spectra are measured by excitation with Ay = 255 nm into this band. Emphasis is placed
on the question, whether solid solutions used for film deposition cause a peak broadening,
which indicates a symmetry distortion in the local crystal structure.

A polycrystalline sample served as reference for the spectroscopic properties of Eu3*t-
doped a-(Sc, Lu),03 films. This reference sample was obtained by fusing powder of 5N
purity with molar composition [2] EusO3 / LuyO3 / ScaO3 = 0.002 / 0.4327 / 0.5473 in
a regular Czochralski crystal growth setup. Prior to characterizing the crystalline films,
this polycrystalline composite sample is compared to single-component YoO3. The targets
in spectra (b) to (e) are all obtained by the fusion method described above and can be
regarded as polycrystalline.

The emission spectra of a single-crystal Y2O3 (a) with narrow transition linewidths is
shown in figure 8.7, The strong °Dy — "F, transition at 611 nm appears very sharp and
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8 Characterization of Heteroepitaxial Thin Films

narrow, as does the comparably tiny °Dy — 7F} transition at 580 nm. These are the char-
acteristics of a perfect local symmetry given in a single-crystal. The peaks in emission
spectra (b) of an Y03 target shows a slight broadening. A minor shift of the peak po-
sitions to shorter wavelengths is observed, due to the lower degree of crystallinity in the
sample. However, all distinct features shown in (a) are present, as the local symmetry
of the europium ion is not distorted. When comparing the emission spectrum of Y503
(b) with the ones of LuyO3 (c) and ScyO3 (d) a continuous shift of the peak positions to
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Figure 8.7: Comparison of different Eu-doped target emission spectra.

98



8.1 Composite Sesquioxide Films on Sapphire

larger wavelengths is recognized. The right shoulder of the strong emission at 611 nm in
Y203 is less pronounced in LusOjz (c) and nearly disappears in the spectrum of ScyOs.
These peculiarities are explained by the different ionic radii which result in crystal fields
of varying strength. The emission spectrum (e) of the composite sesquioxide is basically a
combination of the spectra (c¢) and (d). As to the slightly different transition wavelengths
in lutetia and scandia, all emission peaks are broadened. This is best noticed regarding
the peak at 633 nm: the wavelength in lutetia is smaller (630 nm) whereas the one in scan-
dia is bigger (635nm). Due to the same reason, the characteristic transition at 611 nm
is broadened. The linewidth for this transition is 1.31 nm in Y203 (b), 1.25nm in LuyOj
(c), 1.28 nm in ScpO3 (d), 1.86 nm in (Sc, Lu)20;3 (e), and 1.72nm in (Gd, Lu),0; (f).
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Figure 8.8: Emission spectra of Eu(2%):(Sc, Lu)2Os films grown on a-AlyOs.

Figure [8.8 contains emission spectra of Eu(2%):(Sc, Lu),O3 films of different thickness:
500 nm film SO11 (a) and 100nm film S084. Ultra-thin films have been excluded as the
change of luminescence properties in such films below 50 nm are already investigated in
literature [Bur(2, Béar04, RabO4]B. The crystalline films in (a) and (b) show spectra which
are of similar shape to the reference bulk spectrum (figure 8.7¢). Both spectra are domi-
nated by the characteristic °Dy — “F transition at 611 nm (cp. chapter(3.3) and are similar
to the corresponding reference emission spectrum. When comparing the linewidth of the
Dy — "Fy transition, it becomes evident that the 500 nm film has a slightly broadened
structure, whereas the 100nm film has a narrower structure. This indicates a higher
degree of crystallinity and is in good agreement with the results obtained by XRD and
RHEED measurements. Apart from the varying degree of crystallinity in both films, the
local symmetry structure of the Eu* ion is not affected by any kind of film stress.

I This change is due to electronic transitions of the sevenfold coordinated Eu3t in A, B, and C sites
that is found in the monoclinic S-form of the sesquioxides.
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Figure 8.9: Excitation (left) and emission spectra (right) of a 50 nm thin
Eu(2%):(Sc, Lu)2 O3 film in comparison to an Eu(1%):Y>Os3 bulk crystal.

The 50 nm thin composite sesquioxide film is compared to a bulk crystal of YoO3. The
excitation spectrum (b) in the left part of figure(8.9 deviates little from the bulk excitation
spectrum. Only the transition into the °D; level shows a significant intensity deviation in
the 50 nm film, whereas the remaining transitions are developed in a sharp and distinct
manner. Apart from the small peak position shifting due to the different sesquioxide
compounds, no broadening in linewidth can be observed. If the emission spectrum (b)
in the right part of figure(8.9 is considered, observations are similar. The emission peaks
are resolved equally well in the 50nm film compared to the bulk crystal. The less pro-
nounced shoulder of the transition at 611 nm has been explained before. The composite
thin film shows only a slightly broadened linewidth, which is astonishing for two reasons:
Firstly, it is known, that films of thickness lower than 100nm do not show the distinct
and sharp peaks of bulk materials. Reduction of film thickness below this value is usually
accompanied by changing luminescence behavior. Secondly, the peak broadening effect of
composite materials should be amplified in thinner films. This is again in good agreement
with the results obtained by XRD and RHEED measurements. The high degree of crys-
tallinity in the 50 nm thin film SR06 which effects the local symmetry of the dopant ion
in a positive way, can be ascribed to the pre-treatment of the substrate. The efficiency of
4f-4f transitions is similar to the single-component bulk material.

VUV Measurements
At SupeErRLUMI (cp chapter [7.4.3) additional excitation measurements have been per-

formed to collect further information about the spectroscopic behavior of the composite
films. Therefore, the measured spectra of a composite film are compared to the ones of
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8.1 Composite Sesquioxide Films on Sapphire

an yttria film, also deposited by PLD. These measurements were performed in the VUV
spectral range at 10 K with wavelengths from 58 nm to 350 nm.

As the previous luminescence spectra revealed, the local symmetry in the composite film
is well-preserved as can be seen in the emission spectrum of figure 8.10 (b). Similar to the
comparison of emission spectra measured at room temperature for the 50 nm composite
film (cp. figure 8.9), the 200nm composite film is equally well-resolved as the 100 nm
yttria film in (a). In the excitation spectrum (b) a lower intensity (signal to noise ratio) is
apparent. The charge transfer state (CTS) which is around 240 nm (5.17 e V) is broadened
in the composite film and has almost vanished. It is only indicated by a little intensity
increase starting at 250 nm and continuing until the excitonic state (ES) edge around
210 nm is reached. The strong peak of the yttria spectrum (a) at 204 nm (6.08 e V), which
corresponds to the ES, has much less intensity in the composite film (b). Excitation of the
ES at 201 nm (6.17eV) in the composite film (b) leads to the already known Eu:RE;O3
emission spectrum because of an energy transfer from the ES to the ®D; states of the
Eu?T ion. The interband transitions of Y,03 (a) subsequent to the ES at around 180 nm
and 150 nm vanish almost completely in the composite film (b). Only a weakly indicated
structure around 190 nm (6.53 e V) is observed, which is not pronounced due to the lower
intensity.

A possible explanation for the intensity loss of the ES can be found in the translation
symmetry, which is ideal in a single-component system like yttria. In this case, the exciton
migration is high. However, in composite films the ideal exciton migration is disturbed.
This is due to the different ionic radii, in this case of the scandium and lutetium ions,

excitation (Aey,= 611 nm) emission (Aex =204 nm /201 nm)
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Figure 8.10: VUV excitation (left) and emission spectra (right) of (a)
Eu(4%): Y205 [Bar04] and (b) Eu:(2%):(Sc, Lu)2 O3 films.
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8 Characterization of Heteroepitaxial Thin Films

causing a distortion of the crystal structure. As this irregularity in the lattice can function
as an exciton trap, there is a higher probability for composite systems, that the created
excitons do not reach the europium ions. Thus, the exciton efficiency is lower, which is
indicated by the intensity loss of the ES in (b). If this causal chain is continued, the
presence of the structure defects distorts the translation symmetry of the lattice, which
in turn disturbs the energy band structure. In this way, the structure of the excitation
spectrum (b) of the europium emission in the composite film is also affected. No distinctly
resolved bands are observed.

These observations have not been made in the previous structure analysis, as by the X-ray
diffraction only the average lattice structure is investigated. Therefore the VUV excita-
tion measurements at the SUPERLUMI offer an important analysis method to investigate
the local lattice environment of thin films.

Lifetime and Refractive Index Measurements

Lifetimes of the °Dy — F, fluorescence have been determined in order to obtain additional
information on the local symmetry of the Eu®" centers in the deposited films?. Rabisch
measured the lifetime of a Eu:(Sc, Lu)20O3 bulk crystal to be 7 = 0.90 ms [Rab04], which is
almost equal to yttria (7 = 0.91ms). In general, there is a tendency to increasing lifetime
with decreasing film thickness. This is explained by the reduced effective refractive index
in the grown thin film due to the influence of the substrate and the surrounding air, which
both have lower refractive indices (Lorentz correction, cp. equation [7.21). The refractive
index of the waveguiding film can be preserved by growing a cover /surface layer on top
of the waveguiding film.

The measured films had thicknesses of (a) 1000nm, (b)
200 nm, and (c¢) 100 nm, with the first two being deposited
with composition [1] and the latter with composition [2].
In figure 8.11 an increase in lifetime can the observed,
with the 1000nm film having a bulk-like lifetime. The
crystallite size L | determined by the XRD measurements
seems to have little influence on the local symmetry of
the Eu®* ions as for the 100 nm film with improved crys-
tallinity the lifetime increase does not stop. The lumi-
nescence measurements reveal, that the local symmetry
of the considered films is not disturbed. Thus, the in-
crease of the lifetimes can be attributed to the film thick-

ness. Corresponding refractive index measurements were 0' o '1' o '2" o '3' o 4"' o 5
done with ellipsometry. The refractive index for a ScLuO3 t (ms)
single-crystal at 632.8 nm has been determined by ellipso-

metry to be n = 1.963. It was proven, that the effective ~ Figure 8.11: Fluorescence life-
refractive indices of the measured films is time of (Sc, Lu)2 Oy films.
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2 All lifetime measurements have been done at the Institute of Physical and Theoretical Chemistry,
University of Tiibingen by Dr. Sebastian Bar and Dr. Dmitry Khoptyar.
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8.2 Sapphire Films on Composite Sesquioxide

reduced, as predicted by the theory. The 1000nm Eu:(Sc.Lu),O3 film had a refractive
index of n = 1.957, which is almost the bulk value, whereas the 200 nm and 100 nm films
show reduced refractive indices of n = 1.955 and n = 1.942, respectively. The resulting
An = 0.2 for this substrate—film system is suited for waveguide applications.

8.2 Sapphire Films on Composite Sesquioxide

In this section the growth of sapphire films on a composite sesquioxide substrate is investi-
gated. It is the reverse experiment of section 8.1. Although the analysis of the composite
sesquioxide films in the previous section showed highly textured crystalline growth in the
preferred {111} direction, it was not possible to achieve continuous layer-by-layer growth.
Consequently this section investigates whether layer-by-layer film growth can be obtained
using a composite sesquioxide material as substrate with a single-component film.

Due to the ionic radii difference between aluminum and europium (cp. table[3.1), with the
europium ion having almost twice the radius of aluminum in sixfold coordination, it is not
possible to use a Eu-doping in this case. Thus, in order to investigate the luminescence
properties of the grown films, chromium is used as dopant ion. Consequently, the film
layer consists of Al,O3 doped with Cr3* whereas the substrate material is ScLuO5 with
equal amount of each sesquioxide component. The mixed sesquioxide substrates were
prepared from a bulk crystal grown at the Institute of Laser Physics by the HEM growth
technique (cp. page 8) and have a (111) orientation of the surface.

8.2.1 Lattice Matching and Structural Characterization

In this case the sesquioxide solid solution offers a threefold symmetry axis (hexagonal
structure) in the cubic {111}-planes. The Al;Oj film can grow in vertical direction forming
a (0001) surface. Similar to section 8.1 the lattices of substrate and film combine according
to the relation 3x a; = v/2 as (cp. section/5.2). By using equation[5.3 the lattice constant of
the (Scgs5Lug5)203 substrate is determined to be ageu0, = 10.124 A. With a Cr3*-doping
of 0.5% the lattice constant® of the (Crp.05Alp.95)205 film is estimated to be acpal,0, =
4.772 A and CerAlLos = 13.024 A. This leads to a theoretical lattice mismatch of f=
—0.01 % relative to the substrate, which is considerably small.

Figure(8.12 shows the diffraction measurements for two 100 nm thin Cr(0.5%):Al503 films
deposited under different conditions. Primarily, the temperature of the substrate was
varied from 700°C (a) to 950°C (b), whereas the oxygen pressure was almost identical
with 8.5x10 3 mbar in the first deposition and 1x10~2mbar in the second one. The
deposition was carried out with 3Hz (a) and 1Hz (b). Table 8.2 summarizes the data
obtained by the diffraction measurements.

Besides the {222} reflection of the sesquioxide substrate at 30.55°, a distinct {0006}
reflection at 41.805° can be seen in (a). The intensity of this film reflection is not as high

3 The lattice constants of hexagonal a-CryO3 are a = 4.953 A and ¢ = 13.578 A [Bel03].
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Figure 8.12: X-ray diffraction patterns of 100 nm Cr:Aly O3 films deposited
at different temperatures. The insets show additional high resolution scans.
A residual Cu-Kp diffraction peak is indicated with “*’.

the reflection of the substrate, but is one order of magnitude smaller. However, the

film reflection shows no broadening effect. With a high resolution scan (first inset), in
which even the K,; and K, lines are resolved, the peak width of this (0006) reflection is
determined to be 0.044°. In comparison, the {222} reflection of the ScLuOj3 substrate has
a peak width of 0.055°, whereas single-crystals of lutetia and scandia have peak widths

of

0.042° each. For these very narrow diffraction peaks the Scherrer equation does no

longer deliver correct crystallite sizes, as it is only valid for crystallite sizes of up to
150nm [Schl18]. Thus, the estimated value L, = 210.1nm is more than twice as high

Deposition Reflection Film Properties Tag
dgim(nm) Ty, (°C) peak  20(deg) b(deg) Li(nm) ci(A)  f(%)

100 700 {0006}  41.805 0.044 210.1 12.954 —0.54 S059

100 950 — — — — — — SRO7

Table 8.2: Calculation of the crystallite size and the lattice constant of AlsOj3 films deter-
mined by X-ray diffraction. Measured peak positions 26 and peak widths b,, are fitted by
a Gaussian profile. For L the instrumental resolution b, is considered.
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8.2 Sapphire Films on Composite Sesquioxide

as the grown film thickness. Due to the very distinct shape of the (0006) reflection, its
linewidth, and no indication of broadening, it can be assumed that the deposited Cr:Al,O3
film is entirely crystalline. Estimating the lattice constant in c-axis of the film delivers
¢ =12.954 A which is —0.54% smaller than the substrate value.

Unfortunately, no (0006) reflection is seen in the spectrum (b). This is contrary to what
was expected, as the deposition parameters thought to be optimal with regard to the
repetition rate and the temperature. A temperature of 950°C should be preferable due
to the higher mobility of the deposited atoms. The lower repetition rate increases the
diffusion length. Both changes should effect the film growth in a positive way. How-
ever, despite pre-deposition annealing of the substrate no atomically ordered surface with
terraces of atomic height could be obtained, which may indicate poor substrate quality
(high miscut). The left inset in figure(8.12 (b) reveals an additional peak to the usual K,
Kao-line splitting in the {222} reflection at around 20 = 30.5°. Even better observable
in the {444} reflection (right inset), an additional film reflection is seen at 20 = 63.37°.
Considering the results of the reverse substrate-film system in the previous section 8.1,
the probability of subplantation leading to the same (Sc,Lu)AlO3 perovskite phase is
given. This reflection has a FWHM peak width of 0.33° and could correspond to the
{222} reflection of (Sc, Lu)AlO3 with a lattice constant of asc, Luyai0, = 5.085 A. LuAlO;
has an orthorhombic crystal structure with a lattice constant of apyai0, = 5.11 A and
a # b # c. As the incorporation of scandium particles would result in a smaller lat-
tice constant this interpretation seems quite possible. Due to the very high substrate
temperatures subplantation and interdiffusion of AlyOj3 into the ScLuO3 matrix is likely
to occur. In addition, solid solutions like ScLuOj3 have reduced material hardness and
melting points. This is caused by modification of the bonding forces. Apart from sub-
plantation effects, solid-state reactions may occur at half the melting temperature. Due
to these reasons, temperatures of around 700°C seem appropriate for mixed sesquioxide
substrates. Further research should be invested in this system with better composite sub-
strates using lower deposition temperatures.

8.2.2 Surface Structure and Topography

The RHEED measurements in figure |8.13(a) reveal similar yet different growth behavior
compared with composite sesquioxide films on sapphire (cp section [8.1.3). Typical char-
acteristics are the intensity fall during initial growth (amorphous interface), relaxation
after each pulse (pseudomorphically grown crystalline regimes), and occasional moderate
intensity rise (monolayer completion). For the Al,O3 film material the growth of one
monolayer (2.2A) requires 48 pulses (black arrow). However, no crystallization is ob-
served as the intensity does not recover. The pulse relaxation seen at initial deposition
also vanishes together with the overall intensity and is less pronounced in contrast to
the Eu:(Sc,Lu)203 RHEED oscillations for the initial deposition (cp. figure 8.5). The
resulting diffraction pattern after deposition (right inset, figure [8.13) is vague and not
clearly associable to the known RHEED patterns. The distinct diffraction points seen in
the initial RHEED image (left inset, figure[8.13a) have almost vanished.

The post-deposition surface topography has been determined to be very smooth and
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Figure 8.13: (a) RHEED oscillations during deposition of 90 pulses at 1 Hz and
corresponding diffraction patterns before (inset, left) and after deposition (inset,
right). (b) Corresponding post-deposition surface topography measured by AFM.

atomically flat (figure 8.13b). No islands or droplets are observed. The RMS roughness
is estimated to be 0.6 A, which is extremely low. The vague diffraction image after de-
position as well as the intensity decrease during deposition are in agreement with the
previously evaluated X-ray measurements, which did not show any film reflection. De-
spite the good surface properties it is concluded, that no crystalline film could be grown
in this case. Unfortunately, for the monocrystalline film S059 no RHEED measurements
could be done as no RHEED setup was available at that time.

8.2.3 Spectroscopic Analysis

A brief investigation of luminescence properties was done for this system. Besides the
expected Cr®* emission at 697 nm figure 8.14/ reveals many rare-earth impurities in the
(Sc, Lu)203 substrate. This was verified by lumi-

nescence measurements carried out using an unde- ' I ' I ' I i
d =100 nm Aex =285 nm

Er’t

posited substrate. In order to reduce this prob-
lem, powders of higher purity have to be used
for the HEM growth of the substrate material.
The linewidth of the spin-forbidden Cr®* transi-
tion 2F — %4, at 297nm is 1.5nm at FWHM. The
transition intensity is smaller than the substrate
impurities, due to spin-forbiddance and low dop- . | . | . |
ing concentration (0.25%). This may also corre- 400 500 600 700
spond to the low degree of crystallinity in the film, wavelength A (nm)

as already shown by X-ray and RHEED analysis.

W
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Figure 8.14: Emission spectrum of
Cr(0.25%):Alx O3 thin film SRO7.
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8.3 Lutetia Films on Lithium Yttrium Fluoride

In this section the growth of lutetia films on (100) oriented LiYF, substrates is investi-
gated. At the same time, general characteristics of oxidic layer growth on fluoride material
by pulsed laser deposition are studied. Of special interest in this system is the refractive in-
dex difference with An ~ 0.5 (cp. table[5.2), which is advantageous for many applications.

8.3.1 Lattice Matching and Structural Characterization

LiYF, has a lattice constant of ap;yr, = 5.16 A. Therefore, the lattices of LiYF, and
LusO3 combine in integer multiples of each other according to the relation 2 x ag= as
(cp. chapter [5.2). Different dopant concentrations of Eu™ have been used for the lutetia
films. For 8% doping the lattice constant would result in 10.428 A, with a mismatch f of
0.77% and for 2% doping in 10.400 A with a mismatch f of 1.04%, both with respect to
the substrate.

Figure8.15 and table /8.3 contain the diffraction spectra and the corresponding data of the
grown Eu:LuyO3 films. The f value indicated with “*’ is calculated by deriving film and
substrate lattice constant from the diffraction spectra, as the diffraction measurements
may shift +0.05° in absolute positions. Although this does not affect the measuring
accuracy, the values of a; may not reflect the real mismatch parameter f. The films S033
and S034 have been deposited at 600°C with an oxygen pressure of 1072 mbar using a
repetition rate of 3 Hz, whereas for film SR09 repetition rate, temperature and oxygen
atmosphere have been reduced to 1Hz, 550°C and 5.5x 1072 mbar, respectively. Besides
the {200} reflection of the LiYF, substrate at 34.74° the diffraction spectra (a) and (b)
show the {400} film peak of LusO3 at ~34°. In measurement (c¢) this {400} reflection is
weaker compared to the spectra (a) and (b), but still has distinct shape (inset).

However, in all spectra a secondary film reflection arises at 32.7°, which in spectrum (c)
has higher intensity than the {400} peak. Initially, it is not clear which atomic plane
causes this reflection. LuyO3 features a {312} reflection at 32.207° of very weak intensity.
This is not very likely for various reasons. First, the considered lattice constants all shift to
greater values, which indicates a certain degree of lattice expansion [Bal67]. The lattice
mismatch of f>2%, exceeds the theoretically estimated value. Because of the strong
lattice expansion influence, even the different dopant concentrations show negligible effects

Deposition Reflection Film Properties Tag

dgim(nm) Ty, (°C) peak  260(deg) b(deg) Li(nm) ai(A)  f(%)
Eu(8%) 100 600 {400} 34.018 0.379 24.5 10.533  2.02 S033
Eu(2%) 100 600 {400} 34.011 0.378 24.6 10.535  2.04 S034
Eu(2%) 70 550 {400} 33.920 0.334 27.9 10.563  2.13* SR09

Table 8.3: Calculation of the crystallite size and the lattice constant of LusOg3 films de-
termined by X-ray diffraction. Peak positions 260 and measured peak widths b, are fitted
by a Gaussian profile. For L the instrumental resolution b, is considered.
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Figure 8.15: X-ray diffraction patterns of Eu:Luy O3 films grown on LiYFy:
(a) 8% Eu-doped 100 nm thin film, (b) 2% Eu-doped 100 nm thin film, and (c)
8% Eu-doped 70nm thin film. The inset shows an additional high resolution
scan. Residual Cu-Kg diffraction peak is indicated with .

on the resulting lattice constant. Therefore a shift of +0.5° which would result in smaller
lattice constants in contrast to the observed expansion tendency of the lattice is unlikely
to occur. Second, the films grow highly textured in (100) direction, because no diffraction
peaks of atomic planes other than in the default orientation are present in the spectra.
Therefore the formation of a single {312} reflection is possible, though not very likely.
However, most probably subplantation effects are responsible for this reflection at 32.7°.
In the a-AlyO3-Euw:Y;03 system investigated by [Béar04] subplantation effects could be
observed. LiYF, has a relatively low Mohs hardness of 4-5 (cp. table 2.1). Thus, particle
subplantation into the substrate could have taken place, due to the high deposition energy
of 0.8 J/pulse. The comparison of film diffraction spectra with the one of LiLuF, powder
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(grey spectra in figure 8.15) gives evidence to the
assumption that a subplantation of the target par-
ticles resulted in a secondary phase formation of
LiLuF, or Li(Y,Lu)F,. This interpretation deliv-
ers a probable explanation of the additional reflec-
tion at 32.7°.

In figure 8.16 additional rocking curve measure-
ments are shown, which reveal that the (100) crys-
tal axes of LuyO3 in the films are aligned along
the film normal direction within 1.74° and 1.80°
for the films S033 and S034, respectively. The
broadened peak shape can be ascribed to the rela-
tively small grain sizes of L >30nm. Apart from
the additional LiL.uF, phase, highly textured crys-
talline growth in (100) direction is indicated by
these measurements, as no out-of-plane oriented
crystallites can be observed.
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Figure 8.16: Rocking curve scans of
{400} reflection peak for films S033
(left) and S034 (right).

8.3.2 Surface Structure and Topography

Further information on the heteroepitaxy of Eu:LuyOj films grown on LiYF, has been
obtained by atomic force microscopy. Besides the increased surface roughness in compari-
son with the Eu:(Sc, Lu)203 and Cr:Al,O3 films, the film topography in figure 8.17/shows
distinct structures. In the overview scan of 3x3pum? these structures have a maximum
height of 1 nm. When performing a higher resolution scan of 0.5x0.5 pm? the film surface

length (um)
length (um)

—_
S

e
=

—_
[\
S
N
(=]

e
o

T T 1.0

‘.O
W
.

l l
00 01 02 03 04 05
length (pum)

height (nm)
> o 1
(==} (e}
[
%
height (nm)
[\ w
o o
[
§

T I T I T I T I T I T
00 05 1.0 15 20 25 3.0
length (um)

Figure 8.17: AFM images of the 100 nm thin film SR09.
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8 Characterization of Heteroepitaxial Thin Films

reveals grain boundaries which have average dimensions of 100x100nm?. According to

the X-ray analysis these grains are oriented along the (100) direction. The assumption can
be made, that the shown film is completely stress-relaxed due to this boundary formation.

8.3.3 Spectroscopic Analysis

The optical properties of the heteroepitaxially grown Eu:LusOj films on LiYF, were in-
vestigated by luminescence measurements (excitation and emission), VUV measurements,
and lifetime measurements. The refractive indices of the films were measured by ellipso-
metry. No Eu-impurities were detected in the undeposited substrates.

Fluorescence and Excitation Measurements

Figure [8.18 shows the excitation and emission spectra of an Eu(1%):Y203 bulk single-
crystal (a) and of a 100 nm thin Eu(8%):LuyO3 film (b) grown on LiYF,. The onset of
the charge transfer transition which starts at around 300 nm and peaks at around 240 nm
is more pronounced in the grown film. As already observed for the composite sesquioxide
films grown on sapphire in section 8.1.4 the emission and excitation spectra of the Lu,O3
film are very similar to the bulk ones. The excitation spectrum (b) allows the assignment
of each transition seen in the bulk spectrum (a). A deviation is seen in the intensity
distribution in the spectra, as the excitation spectrum of the bulk is dominated by the
Iy —®°D, transition. In contrast, the excitation spectrum of the film is dominated by

excitation (Aeyy= 611nm) emission (Aey = 255nm)
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Figure 8.18: Excitation (left) and emission spectra (right) of (a) an Eu(1%): Y2 O3
bulk single-crystal in comparison with (b) an Eu(8%):LusOs thin film.
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8.3 Lutetia Films on Lithium Yttrium Fluoride

the "Fy — L¢ transition. This change in transition intensities has already been observed
similarly in section 8.1.4.

The emission peaks in the right part of figure 8.18(b) are resolved equally well in com-
parison to the bulk spectrum (a). At 622 nm of the characteristic Dy — F, transition the
film spectrum shows an additional peak, which can be ascribed to the different properties
of Y3 and Lu®" occupying the rare-earth lattice sites Cy and Cs; (cp. figure . In the
Lu, O3 lattice the europium emission at 622nm from the C3; symmetry site is stronger
than in Y50s5.

When summarizing the luminescence properties of the heteroepitaxial Eu:Lu,Og3 films at
room temperature, the excitation and emission spectra have bulk-like character. This
indicates a preserved local crystal structure of the Eut ions with no symmetry distor-
tions. The observed linewidths and transition intensities correlate to the known Eu-doped
sesquioxide bulk data.

VUV Measurements

The SuPERLUMI VUV measurements performed at 10 K are compared to the already
evaluated VUV measurements of Eu:Y203 and composite Eu:(Sc, Lu)20O3 in section [8.1.4

(figure[8.10).

It can be seen in the well-resolved emission spectrum in figure(8.19, that the local symme-
try in the Eu:LuyO3 film of 100 nm thickness is not disturbed. This is in good agreement
with the luminescence measurements made room temperature (cp. figure [8.18), as all
transitions can be identified and the linewidths and peak intensities are consistent with
the known values. In contrast to the emission measurements at room temperature, the
emission at 622 nm resulting from the Cj5; symmetry site is less intense at 10 K.

The excitation spectrum has a better signal to noise ratio compared to the 200 nm com-
posite (Sc,Lu)203 film. The charge transfer state (CTS) around 240nm (5.17eV) is
pronounced, although still broadened in comparison to the yttria film. Similar to the

excitation (Aey,= 611 nm) emission (Aex =210 nm)

d =100 nm

S033
ES

CTS

intensity (arb. u.)
IIIIIIIIIIIIIIIII

T T T T T T T T T T T T T T T T T T T
50 100 150 200 250 300 560 600 640 680 720
wavelength A (nm)

Figure 8.19: VUV excitation and emission spectra of Eu(8%):LuzOs thin film.
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8 Characterization of Heteroepitaxial Thin Films

yttria spectrum, the excitonic state (ES) edge resides at around 220nm, with the ES
being of higher intensity compared to the composite film. A marginal spectral shift is
also observed for the ES at around 210nm (5.91 e V). The interband transitions are better
pronounced than in the composite film and can be allocated at around 75nm (16.54eV),
100nm (12.41eV) and 180nm (6.89¢V).

Lifetime and Refractive Index Measurements

The lifetime of the Dy — “F}, fluorescence has

been estimated to obtain additional informa- S B L B B
tion on the local symmetry of the Eut centers 73 3 (@) d=100nm 73
in the deposited films (cp. figure 8.20). _g S033
The lifetime of a crystalline Eu(8%):LuyO3 ref- é E %WWW
erence sample is estimated to be 7=1ms. For & ] 1=1.38ms
a film of 100nm thickness the measured life- §D% () d= 4nm |
time is 38% higher than the reference value, <& 3 5038
whereas for a ultrathin film of 4 nm thickness é‘
the lifetime increase is 63%. Both values arein = § |

E 3 1=1.63ms

good agreement with the theory, as thin films

with no cover layer show higher lifetimes ac- R L L L IR

cording to the Lorentz correction. 0 ! 2 t (ms)3 4 >

At 632.8nm the refractive index of single-
crystalline LusO3 is n = 1.930. A reduced
effective refractive index is observed by ellip-
sometric measurements for both grown films,
with n = 1.912 for the 100 nm film and n = 1.885 for the 4 nm film. These values corre-
spond to the measured lifetimes. The measured refractive index difference is An = 0.45.

Figure 8.20: Fluorescence lifetime of
Eu:Lus O3 films with different thicknesses.

8.4 Summary and Discussion

Three heteroepitaxial systems fabricated by pulsed laser deposition have been investigated
in this chapter. In general, a high degree of crystallinity with bulk-like luminescence prop-
erties and good lattice matching could be obtained. However, temperature-dependent sub-
plantation probably occurred in every substrate—film system and is thus a major concern
in pulsed laser deposition. Most probably, the upper limit for the substrate temperature
of each material is half the melting point. Apart from solid-state reactions, which can
take place at these temperatures, subplantation and interdiffusion of target particles into
the substrate crystal matrix were always observed at substrate temperatures of roughly
half the melting point. No evidence of subplantation was observed in the spectroscopic
characterization, which is due to the average thickness (100 nm) of the investigated lat-
tice matched films. Subplantation and interdiffusion effects are usually observed at film
thicknesses of 20nm and below [Bur02, Béar04].
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8.4 Summary and Discussion

Composite Sesquioxide Films on Sapphire

The growth on sapphire substrates requires high temperatures. Although highly tex-
tured crystalline films can be obtained at temperatures of 700°C, better film properties
are achievable at higher deposition temperatures. An indicator thereof is the crystallite
size which almost reaches the estimated film thickness for temperatures above 1000°C.
For lower deposition temperatures the distribution of [111] oriented, but relatively small
crystallites result in broad rocking curves as seen in figure |8.3. However, at tempera-
tures above 800°C the deposited films reveal subplantation effects, which most probably
resulted in the formation of a second perovskite phase as already observed for the Al,O3—
EwY;0;3 films by S. Béar [Bar04]. Despite the high Mohs hardness of a-Al;O3, the high
reactivity of AI** might contribute to the formation of new phases by subplantation. The
additional diffraction peaks have been interpreted as [100] (Sc, Lu)AlO3. These subplan-
tation effects at higher temperatures have to be suppressed by the deposition parameters,
e.g. by gradually reducing the pulse energy in a series of films to estimate a possible
compromise between pulse energies required for single-crystalline deposition and pulse
energies resulting in undesired subplantation effects.

Additional RHEED analysis revealed the formation of an amorphous interface at initial
growth, which prevents a sustaining layer-by-layer growth on a-Al;O3. This has also
been observed in the pulsed laser deposition of AlyO3-SceO3 films [Giin07]. Thus, further
deposition attempts on sapphire substrates should include a buffer layer in order to prevent
the initial growth of an amorphous interface and thereby realize layer-by-layer grown films.

By pre-deposition substrate treatment the surface roughness of the grown films is strongly
reduced in comparison to untreated substrates [Bar04, Han07]. Further investigations
regarding the in-plane characteristics of the film lattice are to be done by surface X-ray
diffraction measurements.

A lattice matching of up to 99.88% could be obtained by composition [2] with luminescence
properties similar to bulk single-crystals. It is difficult to assess whether the mismatch of
0.12% is caused by lattice expansion in the grown film. Otherwise, composition [2] can be
improved by shifting the two-component mixture more to scandium while reducing the
lutetia amount. However, the used compositions fit the estimation quite well and only
fine-tuning has to be done. For laser applications the Eu* dopant could be replaced by
Yb3*+ or Er?* ions, which would also result in a more homogenous lattice as the ionic radii
of both laser ions are closer to the ones of Sc3* and Lu?*. The measured refractive index
difference of An = 0.2 at wavelengths of 632.8 nm recommend this system for waveguiding
applications.

Sapphire Films on Composite Sesquioxide

A major issue of the growth on composite sesquioxides is the substrate quality. The (111)
oriented ScLuQOgs substrates contained various rare-earth impurities such as holmium,
praseodymium, and erbium, which appeared in the luminescence measurements. This
problem is a well-known characteristic of lanthanides, which can only be separated and
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8 Characterization of Heteroepitaxial Thin Films

isolated to a certain degree. In the case of two lanthanide compounds as seed mate-
rials the lanthanide impurity amount is almost doubled. However, the combination of
Cr(0.5%):Al,03 with ScLuOj resulting in a theoretical lattice matching of 99.99% is a
well-suited heteroepitaxial system for PLD.

Similar to the reverse substrate-film system, subplantation was observed at substrate
temperatures of 950°C. As solid solutions have reduced melting points due to bonding
force modifications in the crystal matrix, 950°C was probably above half the melting
temperature of (Sc,Lu);03. In addition, the material hardness of solid solutions is also
likely to be reduced in comparison to the corresponding single-component material. Due
to these factors, most probably [111] (Sc,Lu)AlO3; was formed by subplantation and
interdiffusion of Al,Oj3 into the (Sc, Lu);O3 matrix.

Apart from these difficulties, a highly crystalline film could be deposited at 700°C with a
crystallite size which goes beyond the Scherrer equation limits. The FWHM peak width
of the (0006) film reflection was similar to the substrate values, indicating monocrystalline
epitaxial film growth. With this film a lattice matching of 99.46% was achieved. Further
growth of this promising systems will be performed at optimum temperatures around
700°C. As for this substrate—film system the lower refractive index is on the film-side, it
would be well-suited for application as Bragg mirrors and antireflex coatings.

Lutetia Films on Lithium Yttrium Fluoride

The combination of oxide and fluoride materials incorporates some difficulties. As de-
scribed before, a certain oxygen pressure is required for the pulsed laser deposition of
oxidic materials. Due to this basic oxygen atmosphere, there is the danger of undesired
oxyfluoride formation during deposition, e. g. an amorphous oxyfluoride interface between
film and substrate. Pre-deposition substrate treatment has to be done in argon or nitrogen
atmosphere to prevent oxidation. However, it has not been possible to obtain atomically
flat terraces by this treatment.

The subplantation and interdiffusion of LusOg3 into the LiYF, matrix probably cause a
Li(Y,Lu)F, phase in the deposited thin film. This is understood due to the relatively
low Mohs hardness of fluoride materials. Therefore, the deposition energy has to be
reduced in further experiments in order to prevent subplantation and interdiffusion of
target particles. Other parameter changes have to be considered regarding the substrate
temperature and the oxygen pressure. In review, less optimal deposition parameters were
used for this substrate—film system, as only few information on the pulsed laser deposition
of fluorides was available. Further research in this field has to be done in future.

Despite these complications, crystalline (100) oriented Eu:Lu,O3 films with bulk-like lu-
minescence properties were obtained. The obtained lattice matching of 97.98% has an
observable degree of lattice expansion, as a shift to greater lattice constants than theoreti-
cally calculated took place. This system is highly suited for optical applications regarding
the comparably high refractive index difference of An = 0.45, provided that the growth
difficulties can be resolved in future.
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Quasi-Homoepitaxial Thin Films

The characterization of lattice matched homo- and quasi-homoepitaxial thin film sys-
tems is subject of this chapter. Investigated materials are sesquioxides, orthovanadates,
and aluminum garnets. In contrast to the heteroepitaxial systems, the lattices of sub-
strate and film are very similar in homo- and quasi-homoepitaxy and combine directly
(cp. chapter(5.2). Therefore, the epitaxy is energetically more favorable and better results
are expected in regard of the film growth process and the resulting film quality.

In addition, heteroepitaxy with pulsed laser deposition may lead to subplantation effects,
which disturb the growth process. In homo- and quasi-homoepitaxy the formation of
additional phases due to subplantation, as observed in the previous chapter 8 for the
deposition of sesquioxides on a-Al,O3 and LiYF, substrates, is unlikely to occur.

9.1 Sesquioxide Films on Yttria

In this section the properties of different sesquioxide films on yttria are studied. While in
heteroepitaxy on sapphire only one growth direction could be investigated, the homo- and
quasi-homoepitaxy will consider [111] and [100] sesquioxide films. In Eu:Y503 films the
ionic radius of Eu®" is bigger than that of Y3, thus the cation site in yttria is enlarged.
This results in a slight lattice constant increase. The properties of these homoepitaxial
films are compared to those of Eu:LuyO3 films. The Lu*t and Eu" ions effect the yttria
lattice in compensating manner, as rp s+ < rys+ <7rgg+ (cp. table 9.1). At last, lattice
matching on yttria is achieved by the composite system Eu:(Gd, Lu),0s.

9.1.1 Lattice Matching

In the above described cases of Eu:RE;O3 deposited on yttria the lattices combine directly
as~ag (cp. chapter [5.2). Apart from the growth of homoepitaxial Eu:Y203 and quasi-
homoepitaxial Eu:LusO3 films, both introducing a small lattice mismatch to yttria, it is
of special interest to investigate a composite sesquioxide film to fit the substrate lattice
constant ay,o, = 10.603 A perfectly and obtain a higher refractive index difference as well.

As already done similarly for Eu:(Sc, Lu),O3 films, a composition with 2% Eu-doping is
determined by the Vegard law (equation [5.3) to be (Fug2Gdgs34Lluig446)203 [1]. This
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9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

composition was derived from the RE3* ionic radii due to the reasons mentioned in
chapter [8.1.10 It is the initial (Eu, Gd, Lu)-mixture that is used likewise in the lattice
matched vanadate and garnet films (section [9.2 and 9.3). Later, the composition was
slightly modified to (Fug2Gdgas Lugs0)203 [2]. No clustering is expected in any of the
two compositions as the material amount of Lu,O3 and Gd,O3 is well balanced.

The refractive index difference be-
tween substrate and film in this lattice
matched quasi-homoepitaxial system is
well-suited for waveguiding. Using a
linear approximation, which only deliv-
ers a tendency, the deposited thin films

haYe & refractl.ve index n¢ = 1?23 at Ipm Table 9.1: Ionic radius RE** [6], lattice constant,
which results in An =4 > 107 (cp. ta- and refractive index at 1pm of sesquioxide single-
ble @ crystals. A theoretical value is indicated with ‘*’.

Y,03 Luy03 Gdy03 Eu,03
r(A) 092 086 0.94 0.95
a(A) 10603 10.391 10.813 10.859*
n 1.890  1.911  1.950  1.983

0.1.2 Structural Characterization

The growth behavior and the lattice matching of these different sesquioxide films have
been investigated on (111) and (100) oriented yttria substrates. Different sesquioxide films
are compared in X-ray diffraction spectra, which are grouped according to the substrate
orientation. Thus, figure(9.2/features the growth on (111) oriented yttria and figure 9.4 the
growth on (100) oriented yttria. The preferred growth direction of sesquioxides is the (111)
orientation, as crystallization in this direction occurs even on amorphous glass [Ehl05].
The pulsed laser deposition process does not take place in thermodynamic equilibrium
and thus a possibly preferred growth direction may differ from regular crystal growth.

For a film composition of Eu(1.5%):Y203 the theoretically expected lattice constant is
a = 10.607 A, whereas for Eu(8.0%):LuyOs and Eu(2.0%):LuyOs it is 10.428 A and
10.400 A, respectively. As these values are very close to the yttria lattice constant the
diffraction patterns of substrate and film are not resolved distinctly and have to be ap-
proximated by superimposing Gaussian fits. Thus, the estimated values may incorporate
a certain systematic error. Of course, this applies also to the composite systems and is
valid in the following sections 9.2 and [9.3] as well.

Yttria Films

The above mentioned theoretically estimated lattice constant for homoepitaxial growth
of Eu(1.5%):Y>03 films is almost achieved by the 120nm thin film S003. Some of the
properties and deposition parameters are collected in table 9.2. This film was deposited
at 668°C and 8.8 x 1073 mbar oxygen atmosphere using a repetition rate of 10 Hz. Although
the diffraction spectrum does not reveal any distinct film peak (figure 9.2a), the shoulder in
the high resolution spectrum (inset) can be ascribed to the film growth. By superimposing
Gaussian fits, the peak width and position, lattice constant, and crystallite size have been
calculated from this {222} reflection (cp. table(9.2). Despite the strong peak broadening
the crystallites have nearly half the film thickness. The lattice mismatch was estimated to
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9.1 Sesquioxide Films on Yttria

be 0.07%. No reflections of other atomic planes L B B B B
are visible in the diffraction pattern. In order 1 20=29.1° '

to investigate the out-of-plane orientation of the
crystallites which are not parallel to the surface,
an w-scan was done. Figure 9.1 reveals, that the
(111) crystal axes of the 120nm thin film S003
are aligned along the film normal direction within
0.066°, which is similar to single-crystal bulk val-
ues of sesquioxides. However, due to the knowl-
edge that deposition temperatures below 700°C are
insufficient for crystalline sesquioxide film growth
[Bur02, Bér04] and because the calculated film val-
ues are based only on approximation of the film re-  Figure 9.1: Rocking curve fit of the
flex, it can be questioned whether single-crystalline  S003 {222} reflection peak.

growth has taken place. As no distinct film reflec-

tion was observed, the measured rocking curve most probably belongs to the substrate.

intensity (arb. u.)

T T | T
14.4 14.5 14.6 14.7

o (degree)

Regardless of the almost doubled crystallite size and the narrow {400} peak width of
0.081°, the 100 nm film S008 of the same material grown on (100) oriented yttria has a
mismatch of 0.72% to the substrate lattice (table 9.2). L, = 102nm was estimated from
the Cu-Kg emission of the {400} reflection, which is roughly the estimated film thickness.
The value for L is slightly higher than the film thickness dg,, which is well within the
scope of measuring accuracy. The reflex intensity appears to be very low in the inset of
figure (a). This is explained by the very small measuring slit set of only 0.018°, which
is normally used for single-crystal bulk material only. The mismatch f of 0.72% indicates
a lattice expansion in the film, which accordingly shifts to greater lattice constants. A
lattice expansion is always the result of lattice defects. However, a variety of lattice
defects are distinguished. Lattice expansion due to different kinds of crystal defects are
well-known in literature [Bal67] and will briefly be discussed in section [9.4.1.

Again, no additional reflections deriving from atomic planes other than in (100) direction
can be seen, indicating a highly textured film growth. The parameters were identical to
the previous film S003, except for the higher deposition temperature T'=700°C.

Deposition Reflection Film Properties Tag

dgim (nm) Ty (°C) peak  26(deg) bm(deg) Ly(mm) ai(A)  f(%)
Ka1 120 668 {222}  29.131 0.173 54.2 10.610  0.07 S003
Kgs 100 700 {400}  30.224 0.081 102.0 10.680  0.72 S008

Table 9.2: Calculation of the crystallite size and the lattice constant of YoO3 films grown
on [111] and [100] yttria determined by X-ray diffraction. Measured peak positions 26 and
peak widths b, are fitted by a Gaussian profile. For L the instrumental resolution b, is
considered.
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Lutetia Films

Different dopant concentrations of Eu®™ have been applied in order to investigate the
compensational influence on the lutetia lattice which is smaller than the lattice of yttria
(cp. table[9.1). For 8% doping the lattice constant should result in 10.428 A and for 2%
doping in 10.400 A. The calculated lattice mismatch f is —1.68% for Eu(8%) and —1.95%
for Eu(2%), both with respect to the substrate.

Obviously, the lattice constants achieved with 1 22 . | ]
Eu(8%)-films have greater values and thus smaller i
mismatch parameters f (cp. table 9.3). For the
50nm thin film deposited with 3Hz at 697°C
on (111) oriented yttria the lattice constant is
10.496 A with a mismatch of —1.01%. The right-
sided shoulder of the {222} reflection shown in
figure 9.3 is ascribed to the grown film. The es-
timated peak width results in a crystallite size e :
of 16.5nm. Again, the comparatively small crys- 28 29 30 31
tallinity stands in relation to the substrate temper- 20 (degree)

ature during deposition. This is demonstrated by

the 50 nm thin Eu(2%)-film, which was deposited Figure 9.3: High resolution 0-20-scan
at identical conditions — the oxygen atmosphere of the S055 {222} reflection peak.

was 1072 mbar for all lutetia films — except for higher temperature of 900°C. Now the
crystallite size is more than twice as high with 39.2nm, which is nearly the film thick-
ness. The same behavior is observed for the growth on (100) oriented yttria: In this case
the lattice constant a, =10.509 A of the film deposited at 700°C (cp. figure [9.4b) is even
closer to the substrate resulting in a mismatch of —0.89%. The lattice expansion can be
estimated by comparison of the resultant lattice constant with the theoretically expected
value (equation5.2)). It amounts 0.77%, which must be attributed to lattice defects again.
However, the crystallite size L} =19.3nm of this 100 nm thin Eu(8%)-film is only about
one fifth of the overall film thickness. Raising the temperature to 897°C at identical
deposition parameters delivers a crystallite size of 40.9nm in the 100 nm Eu(2%)-film,
indicating that the epitaxy of LuyO3 requires even higher temperatures.

intensity (arb. u.)

Deposition Reflection Film Properties Tag
daim(nm)  Teu,("C)  peak  20(deg)  bp(deg) Li(nm) ayi(A)  f(%)
Eu(2%) 50 697 {222} 29.457 0.554 16.5 10.496 —1.01 S055
Eu(8%) 50 900 {222} 29.833 0.248 39.5 10.366 —2.24 S099
Eu(2%) 100 700 {400}  34.099 0.481 19.3 10.509 —0.89 S049
Eu(8%) 100 897 {400} 34.730 0.241 40.9 10.324 —2.63 S093

Table 9.3: Calculation of the crystallite size and the lattice constant of LusOg films grown
on [111] and [100] yttria determined by X-ray diffraction. Measured peak positions 26 and
peak widths b, are fitted by a Gaussian profile. For L the instrumental resolution b, is
considered.
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Figure 9.2: X-ray diffraction patterns of sesquioxide films grown on
(111) oriented Y2Os: (a) 120nm Eu(1.5%):Y2O3, (b) 50nm Eu(2%):LusOs,
(¢) 100nm Eu(2%):(Gd,Lu);03 of composition [1], and (d) 100nm
Fu(2%):(Gd, Lu)2 O3 of composition [2]. The insets show additional high
resolution scans. Diffraction peaks indicated with ‘*’ result from the residual
Cu-Kpg emission.
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Regarding the expected lattice constant for Eu(2%) doping, in both orientations the ex-
perimental values match very well within the measuring accuracy. Due to the higher
temperature in both depositions, the crystallinity and peak width of both films are com-
parable in value. As no additional reflections from atomic planes other than in the default
substrate direction are visible in the diffraction spectra, both films indicate highly tex-
tured crystalline growth in the substrate orientation: the 50 nm thin film in (111) direction
(cp. figure 9.2b) and the 100nm thin film in (100) direction (cp. figure 9.4c¢). The fact,
that the film lattice constants match well with the theoretically calculated values can have
different reasons. First, the lower Eu* doping in both films results in a better compen-
sation in the lutetia lattice. It is possible, that a concentration of 2% does not disturb
the lutetia lattice in a way, which would cause a lattice expansion. If the main part of
the atomic plane distances diffracted by X-rays originate from undoped material due to
statistically distributed europium ions throughout the lattice, a local lattice disturbance
due to a single dopant ion will be of no consequence for the averaged diffraction pattern.
Another explanation takes into account the higher deposition temperature for both lower
doped films. A higher substrate temperature which increases the mobility of the deposited
atoms can thereby amplify the ability of the lutetia lattice to compensate lower dopant
concentrations without a lattice expansion. However, in both films S093 and S099 the
Gaussian fit of the film reflection matches the diffraction pattern accurately and gives no
evidence of a peak broadening.

No preferred film growth direction can be derived from the analyzed films. Although the
measured lattice constants of the films grown in (111) direction are closer to the calculated
values, this also can be ascribed to the film thickness. It was observed that the diffraction
peaks of films with thicknesses of < 50 nm shift to smaller angles (greater lattice constants)
with further increasing thickness. Therefore, the reflection peaks of these thinner films
may not be entirely pronounced and change their 20-position to smaller angles at higher
thickness [Bur02, Bar04]. This behavior would relativize the above mentioned observation.

Composite Sesquioxide Films

Four composite sesquioxide films are compared, each of 100 nm thickness. Apart from
the film S060, all films have been deposited at high substrate temperatures 7" > 900°C
and an oxygen atmosphere of 8.9-9.0x1073 mbar using a repetition rate of 1Hz. Only
for the film SR11 the oxygen atmosphere had to be reduced to 4.6x1073mbar as the
obtained RHEED diffraction images were too weak. As summarized in table (9.4 the film
of composition [1] achieves a lattice constant of a, = 10.818 A which misses the substrate
lattice constant by f = 1.99% (cp. figure 9.2¢). It was deposited at 702°C and the
estimated crystallite size L, =26.8 nm is roughly one fourth of the film thickness. Peak
broadening is observed due to lattice expansion which is also caused by the mismatch f.

Despite the identical composition [2] and the similar deposition parameters a certain
mismatch with respect to the substrate remains for all films. The f values in table 9.4
indicated with “*’ are calculated by deriving film and substrate lattice constant from
the diffraction spectra, as these diffraction measurements show a variation of +0.05°
in absolute positions. Therefore the values of a; may not reflect the real mismatch
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Figure 9.4: X-ray diffraction patterns of sesquioxide films grown on (100)
oriented Y203: (a) 100nm Eu(1.5%):Y203, (b) 100nm Eu(8%):LuyOs3, (c)
100nm Eu(2%):Lus O3, and (d) 100nm Eu(2%):(Gd, Lu)2 O3 of composition
[2].  The insets show additional high resolution scans. Diffraction peaks
indicated with “*’ result from the residual Cu-Kg emission.
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9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

parameter f. Within the measuring accuracy, the T T T T T T T T
lattice constants of the composite films grown on 1 1222}
(111) oriented yttria substrates do not show great
deviation. Apparently, the oxygen pressure reduc-
tion for film SR11 had negligible influence on the
film growth. It is questionable if the slightly better

\‘ K
values for L and a, are due to the lower oxygen . K, 03
pressure, as they can be ascribed to differences in  .g8 ] \
the substrate surface quality as well. The compos- /\/
ite film grown on (100) oriented yttria matches the ———T——T— —
substrate lattice best, with a mismatch of 0.46% 28.8 29.0 30.2
(cp. figure(9.4). In comparison, the films SR04 and 26 (degree)
SR11 had lattice mismatches of 0.71% and 0.67%, . . .
respectively (cp. figures 9.2d and 9.5). The crys- Figure 9.5: High reso]ut{on 0—260-scan
tallite size exceeds the estimated thickness for the of the SR11 {222} reflection peak.
films of composition [2]. In the case of SR03 the difference can be explained by measur-
ing inaccuracy. In general, film growth monitoring by in-situ reflectometry delivers only
a thickness approximation based on the knowledge of the refractive indices of substrate
and film. Especially for composite films the refractive index can differ from the assumed
value resulting in a wrong film thickness. On the other hand the Scherrer equation only
gives an estimation of the grain size L, within the given boundary conditions and the
measuring accuracy. As the validity of the Scherrer equation has its limit at maximum

grain sizes of about 150 nm [Sch18], it is concluded that the grown composite films are
entirely crystalline and highly textured in the default substrate orientation.

film

intensity (arb. u.)

In the following, the out-of-plane orientation of the crystallites corresponding to the planes
not parallel to the surface are investigated by rocking curve measurements for the films
SR03 and SR11. These are shown in figure [9.6. Beginning with the film grown in (111)
direction the rocking curve (a) reveals multiple peaks of varying intensity. All reflections
have narrow peak widths of <0.15° at FWHM. This gives evidence to a high degree
of crystallinity, as polycrystalline reflections usually have much wider peaks. Rocking
curves with multiple peaks indicate domain structures in the investigated film. Thus, it is

Deposition Reflection Film Properties Tag

dim(nm)  Tour(°C)  peak  20(deg)  bpn(deg) Li(num) ai(A)  f(%)
[1] Ko1 100 702 {222} 28.560 0.350 26.8 10.818 1.99 S060
[2] Ka1 100 910 {222} 28.923 0.047 194.0  10.685  0.71* SR04
[2] Ka1 100 900 {222} 28.886 0.044 207.2  10.699  0.67* SR11
2] Kg 100 900 {400}  30.306 0.071 116.4  10.652  0.46* SR03

Table 9.4: Calculation of the crystallite size and the lattice constant of (Gd, Lu)20O3 films
grown on [111] and [100] yttria determined by X-ray diffraction. Measured peak positions
260 and peak widths b, are fitted by a Gaussian profile. For L | the instrumental resolution
b, is considered. The different film compositions are distinguished by [1] and [2].
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9.1 Sesquioxide Films on Yttria
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Figure 9.6: Rocking curve measurements of (a) the SR11 {222} reflection
peak and of (b) the SR03 {400} reflection peak.

possible that lateral domains exist in the films. In agreement with the X-ray patterns and
the small FWHM values of the w-scans, these domains are monocrystalline and oriented
slightly tilted to the default substrate direction in order to compensate the residual lattice
mismatch while maintaining collateral cross-linking (cp. figure 9.7).

In comparison to the already discussed rocking curves, e. g. of a (Sc, Lu)2O3 film shown in
figure 9.1, a broad rocking curve reveals relatively small but highly textured crystallites.
Due to the large amounts and small sizes the X-ray diffraction (w-scan) does not resolve
every single-crystallite. Instead, a broad structure is observed. In contrast, the rocking
curve of films SR11 and SR03 do not indicate many small crystallites but only few and
large ones. As known from the 6—20-scans the crystallite size in both films correspond
to the film thickness of 100 nm. Thus, columnar film growth is indicated with collateral
cross-linked crystallites. According to the threefold symmetry axis of the [111] grown
film SR11, six different crystallite types with well-defined tilting angle are observed in
figure 9.6 (a). Only two main reflections are revealed in fig-
ure(9.6 (b) for the [100] grown film SR03, which have narrow }fl
ilm
} substrate

FWHM widths of <0.093°. In comparison, single-crystals
of Scs0O3 and LuyO3 have w-scan peak widths of 0.082° and a a
0.15° at FWHM, respectively [Kuz06]. Most probably, both <~ ¢ © o °
films have a ‘mosaic structure’ due to the residual lattice ©—¢—©¢—©¢—=©
mismatch of 0.67% (SR11) and 0.46% (SR03). By gradual
reduction of this residual mismatch, the multiple peaks are
assumed to gradually converge until a single reflection of
Gaussian shape is left (monocrystalline).

Figure 9.7: Tilted film
lattice with residual lattice
mismatch agcosa = ag.

Despite of this possible interpretation, further investigation on the film structure has to
be done. The surface X-ray diffraction (SXRD) and the transmission electron microscopy
(TEM) are well-suited measuring techniques for this task. It has to be discussed whether
this ‘mosaic structure’ is actually caused by the remaining lattice mismatch. Otherwise
it could result from an inhomogeneous (Gd, Lu)203 solid solution. Crystal growth experi-
ments using mixed sesquioxides of varying crystal structure incorporated some difficulties.

123



9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

As GdyO3 preferably crystallizes in monoclinic structure at room temperature it is possi-
ble that the ionic radius of Gd3* is too large for the bixbyite structure and is responsible
for the observed tilting. In the worst case a partial phase transition of Gd;O3 from cu-
bic to monoclinic structure may take place, as the monoclinic structure is energetically
favorable at room temperature (cp. footnote on page 14).

9.1.3 Surface Structure and Topography

The analysis of the developing surface structure during deposition by in-situ RHEED
measurements and after deposition by AFM measurements delivers additional information
on the film properties.

Figure 9.8 shows the in-situ RHEED analysis of the composite Eu(2%):(Gd, Lu),03 film
SR03 deposited at 1Hz. The step height x of one monolayer (100) oriented sesquioxide
film with cubic structure is half the lattice constant a (z = 5.3 A for @ = 10.603 A). 108
pulses are required for one monolayer growth of [100] (Gd, Lu)20O3. During the continuous
growth of the first 910 monolayers, no change in symmetry or spacing of the RHEED
pattern is observed. Obviously, the intensity oscillation of the specularly reflected elec-
tron beam indicates two-dimensional layer-by-layer growth. The diffraction image after
around 50 A (left inset) reveals a very smooth surface, which is also confirmed by the
relatively small intensity decrease at initial deposition. In comparison, figure [8.5 shows a
steep intensity fall at initial deposition of heteroepitaxial Eu:(Sc, Lu)2O3. However, with
continuous deposition an increase of surface roughness is indicated by the slowly decreas-
ing oscillation amplitude. Usually, one monolayer growth is indicated by one RHEED
intensity oscillation period. In this case two subsequent oscillations indicate the growth
of one monolayer, with the first oscillation amplitude being strong and the second one

SR03

1 ML

intensity (arb. u.)
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0 100 200 300 400 500 600 700 800 900 1000
time (s)

Figure 9.8: RHEED oscillations and corresponding pattern (inset, left) dur-
ing continuous deposition of around 50 A Eu:(Gd.Lu),Os in (100) direction.
The right inset shows the RHEED image after deposition of 100 nm.
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9.1 Sesquioxide Films on Yttria

relatively weak. This phenomena occurs at certain incident angles and is well-known in
RHEED analysis (cp. page [73). It is described by the dynamic theory. However, this
different oscillation pattern does not contain additional growth information and thus no
further explanation will be given here, as it would go beyond the scope of this thesis. A
detailed description of this monolayer growth monitored by two oscillations is given in
Joy88]. The right inset of figure 9.8 shows the diffraction image after 100 nm film growth,
for which the intensity oscillations continued until the end of deposition. According to the
final diffraction image and the continuous intensity oscillations, two-dimensional layer-by-
layer growth of 100 nm monocrystalline film was achieved with an atomically flat surface
(RMS roughness of 1.2 A) Although this is in agreement with the previous results of
the X-ray analysis, the rocking curve measurements revealed a ‘mosaic structure’ for this
film. This is explained in reference to the footnote remark on page 72| as the growth
of slightly tilted atomic planes is not distinguishable by RHEED analysis from regular
two-dimensional layer-by-layer growth without tilting.

Apart from continuous pulsed laser deposition, another way of growing monocrystalline
films is the pulsed laser interval deposition (PLiD). With this technique the exact ma-
terial amount which is required for the completion of a single monolayer is deposited
at once. Thereby nucleation on subsequent layers is prevented. After deposition of the
required material, a relaxation time is taken before the next layer is deposited. The
RHEED intensity oscillation for this deposition variation is shown in figure [9.9] (a). The
amount of 108 pulses, known from continuous deposition of the same substrate-film sys-
tem, was deposited at the high repetition rate of 50 Hz. Thereafter a total relaxation
of the RHEED intensity within 150s is observed. If the deposited amount of material
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Figure 9.9: (a) RHEED oscillations and corresponding pattern (inset, left)
for pulsed laser interval deposition of Eu:(Gd.Lu)2 O3 in (100) direction. The
right inset shows the RHEED image after deposition end at 100nm. (b)
Surface topography measured by AFM.
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(a)

o o

intensity (arb. u.)

0 200 400 1200 1600 2000 0.0 02 04 0.6 0.8 1.0
time (s) length (um)

Figure 9.10: (a) RHEED oscillations and corresponding pattern (inset, left)
for continuous pulsed laser deposition of 109 A (35 ML) Eu:(Gd.Lu),Os in
(111) direction. The right inset shows the RHEED image after deposition
end at 100nm. (b) Surface topography measured by AFM.

is not sufficient in order to complete a monolayer, the RHEED intensity will not regain
its maximum value [Giin07]. Again, the final diffraction image (inset) after deposition of
100 nm which corresponds to the enduring RHEED intensity oscillations gives evidence to
the monocrystalline two-dimensional layer-by-layer growth. After deposition, the surface
topography was determined to be atomically flat with very low RMS roughness values of
2A (cp. figure(9.9b).

Similar results could be obtained in (111) direction as well. Figure [9.10 (a) shows the
RHEED intensity oscillations for the continuous deposition at 1Hz of the composite
(Gd, Lu)203 film SR04 on [111] yttria. For cubic sesquioxides the step height x in [100] and
[111] films is a/2 and a/2+/3, respectively. Therefore, for the lattice constant a = 10.6 A
a [111] monolayer of 3.1 A is completed after only 54 pulses whereas a [100] monolayer of
5.3 A, requires 108 pulses. It is noticed that for increasing surface roughness, the intensity
amplitude decreases. After the initial deposition of seven monolayers (21.4 A) it remains
relatively constant until the end of deposition at 100 nm film thickness. For the growth on
[111] yttria the final diffraction image indicates an almost ideal surface. In comparison,
the diffraction points have less tendency to form stripes. This could be an evidence of
a preferred (111) growth direction, similar to ScOj films [Gun07]. The surface shown
in figure 9.10 (b) is again atomically flat (RMS roughness of 3 A). In conclusion, 100 nm
monocrystalline composite sesquioxide film was grown in two-dimensional layer-by-layer
growth mode, which is in good agreement with the X-ray analysis results.
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9.1 Sesquioxide Films on Yttria

9.1.4 Spectroscopic Analysis

The optical properties of the grown composite films were investigated by luminescence
measurements (excitation and emission), VUV measurements, and lifetime measurements.
The refractive indices of the films were determined by ellipsometry. No Eu-impurities were
detected in the undeposited substrates.

The luminescence properties of Eu-doped YoO3; and Lu,O, films fabricated by pulsed
laser deposition have already been investigated by [Bur02, B&ar04]. Thus, emphasis is
put on the spectroscopic analysis of composite sesquioxide films and a comparison to
single-component sesquioxides. Although a complete spectroscopic analysis was done for
[111] and [100] grown thin films, no substantial differences exist in the optical properties.
Therefore, as the optical properties of composite films grown on [111] and [100] yttria are
similar and independent of the growth direction, the following spectroscopic analysis will
not separately address different growth orientations.

Fluorescence and Excitation Measurements

Excitation and emission spectra of a composite (Gd, Lu)2O3 thin film (b) are compared
to single-component Y03 bulk single-crystal (a) in figure It is apparent, that the
thin film has bulk-like luminescence properties. The linewidths and transition intensities
are preserved in the composite thin film and very similar to the YoO3 single-crystal.

excitation (Aey= 611nm) emission (Aex = 255nm)
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Figure 9.11: Excitation (left) and emission spectra (right) of (a) an Eu(1%):Y2 O3
bulk crystal in comparison to (b) an Eu(2%):(Gd, Lu)2Os thin film.

127



9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

In detail, the emission spectrum (b) of the composite thin film shows the characteristic
europium transitions with all transitions being resolved properly. The spectrum is dom-
inated by the 5Dy — “Fy transition at 611nm (cp. chapter 3.3), which has a linewidth
of 1.56 nm at FWHM. In comparison, the transition linewidth is 1.31nm in the Y503
bulk spectrum. This marginal linewidth difference of 0.25nm can be ascribed to the
difference between a single-component material like yttria and a composite material like
(Gd, Lu)203. In good agreement with the spectroscopic analysis of (Sc,Lu),O3 films in
chapter8.1.4, a small degree of broadening takes place when mixing different sesquioxides.
As illustrated in figure 8.7, the small spectral shift and the marginal linewidth difference
are due to the change in the crystal field. Interestingly, this figure also reveals that the
broadening effect in (Gd, Lu)9O3 is smaller than in (Sc,Lu),O3. However, the spectral
shift of composite (Gd, Lu)2O3 to Y203 is negligible. The excitation spectrum of the thin
film (b) shows similar fingerprints as the already evaluated sesquioxide excitation spectra
in chapters 8.1.4 and [8.3.3. In short, the characteristic transitions are all well-resolved,
with small intensity deviation regarding the transitions to the °Lg and the °D; levels. This
was already explained in the above mentioned sections.

VUV Measurements

Again, additional VUV excitation and emission measurements have been performed at
10 K. Figure 9.12 shows the typical Eu-spectra, similar to the ones analyzed in chap-
ters 8.1.4 and 8.3.3. In can be seen in the well-resolved emission spectrum in figure 9.12,

excitation (Aep,= 611 nm) emission (Aex =218 nm)
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Figure 9.12: VUV measurements of an Eu(2%):(Gd, Lu)2Os thin film.

that the local symmetry in the composite Eu:(Gd,Lu)2O3 film of 100 nm thickness is
not disturbed. Because all transitions can be identified and the linewidths and peak in-
tensities are consistent with the known values, this is in good agreement with the room
temperature luminescence measurements (cp. figure [9.11). The excitation spectrum has
a good signal to noise ratio, especially when compared with the composite (Sc, Lu)203
film (cp. figure 8.10). As already observed in the composite (Sc,Lu)9O3 film, the CTS
around 240 nm (5.17eV) is broadened and has almost vanished. It is still indicated by an
intensity increase starting at 250 nm and continuing until the ES edge around 230 nm is
reached. The ES at 218 nm (5.69 e V) is of relatively small intensity when compared to the
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9.1 Sesquioxide Films on Yttria

single-component yttria ES peak at
204nm. Interband transitions are ob- CTS ES

served around 100nm (12.4eV), 75nm (nm) (V) (nm) (V)
(16.54e V), and 60nm (20.684e V). Ta- Y05 240 517 204 6.08
ble 9.5 compares the optical transitions Luz0s 240* 5'17* 210 5.91
of the investigated sesquioxide materi- (S¢, Lu);03 240 5.17% 201 6.18
als. The most probable explanation for (Gd,Lu)205 240" 517% 212 5.85

the Wegkly Structu.red excitation spec- Table 9.5: Comparison of optical transitions.
trum with the less intense ES and CTS Values indicated with ‘*’ are estimated (see text).

peaks is the disturbance of the band

structure due to different ionic radii of the gadolinium and lutetium ions. Because of
the similarities to composite (Sc,Lu)203 films it is referred to section 8.1.4 for detailed
explanation. However, in comparison to (Sc, Lu)2O3 the better signal to noise ratio for
the (Gd, Lu),03 films indicates slightly less disturbed lattices.
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Figure 9.13: VUV measurements of an Eu(2%):(Gd, Lu)2Os thin film.

In order to better investigate the CTS and ES further VUV measurements have been done
using a different emission wavelength of A\, = 470 nm which corresponds to a broadband
CT fluorescence. Figure 9.13/shows the resulting spectra, this time with very pronounced
CTS at 255 nm and ES at 212nm (5.85eV). Apart from the used lower resolution in order
to resolve the broad CT band at 470 nm, the emission spectrum is similar to the one in
figure9.12.

Lifetime and Refractive Index Measurements

Additional ellipsometry and lifetime measurements have been performed to further in-
vestigate the local crystal structure. The fluorescence lifetimes of composite (Gd, Lu)203
films with thicknesses of 100 nm and 10 nm are shown in figure'9.14. The lifetimes 7 of the
Dy — I, fluorescence have been determined by an exponential fit of the decay curve. The
polycrystalline fused sample of identical composition (cp. section 8.1.4, page 97) served
as reference and had the lifetime 7 = 0.83 ms.
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9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

Lifetimes 7 of 0.75 ms and 1.05 ms were measured for the 100 nm and the 10 nm thin film,
respectively. The lifetime of the 100 nm thin film exceeds the reference sample lifetime.
Besides the explanation that this indicates a higher

optical quality than the polycrystalline reference 73 3 L B I I
probe it is also possible that the reason for the & 1 (2) d=100nm 3
shorter lifetime is quenching. Caused by non- 3 | 5060 |
radiative decay processes, quenching occurs due to g 4 12075 ms _
non-perfect films. The last interpretation would be & 7 3
in good agreement with the reduced quality in films gﬁ 1 (b) d= 12(;22 1
S060 and S063. In the 10 nm thin film the lifetime is i | % 1
increased because of the Lorentz correction (cp. sec- E E =105 ms MWW
: 5 1 .

tion 7.4.2). £ S
The corresponding refractive indices n have been es- 0 1 2 3 4 5
timated by ellipsometric measurements to be 1.945 t (ms)

and 1.918 for the 100 nm and the 10 nm film, respec-
tively. With the resulting refractive index difference
of An = 0.05 waveguiding was recently achieved.

Figure 9.14: Fluorescence lifetime of
Eu:(Gd, Lu)yOs films.

9.2 Orthovanadate Films on YVO,

This section focuses on the characterization of rare-earth vanadate films on (100) oriented
YVO,. For Eu:GdVO, films the ionic radii of Eu?* and Gd3* are both bigger than the one
of Y3* in the substrate lattice (cp. table|3.1). Therefore the deposited film has a greater
lattice constant in comparison. This system as well as the solid solution Eu:(Gd, Lu)VOy,
which is lattice matched with respect to the YVO, substrate, are investigated.

9.2.1 Lattice Matching and Structural Characterization

The lattices of Eu:REVOy films deposited on YVO4 combine directly according to as ~ a¢
(cp. chapter [5.2). Similar to the composite sesquioxides in the previous section 9.1, two
lattice matched compositions have been tried in this work: (Eugg2Gdgs34lit0.446)VOy
[1] and (Eugg2Gdgas Lugs0)2VOy [2]. The ionic radii estimation of these compositions
was explained in section [9.1.1. Again, the obtained refractive index difference between
substrate and film is expected to be higher for the composite system.

The growth behavior and the lattice matching of these rare-earth vanadate films have been
investigated on (100) oriented YVO, substrates. For a film composition of Eu(1.5%):GdVO,
the theoretically expected lattice constant! is a = 7.215 A, which would result in a lattice
mismatch of 1.31% with regard to the YVO, substrate lattice.

In chapter|8.1.2 it has been set forth that due to the decrease in the scattering amplitude
the diffraction analysis should focus on crystal-planes of lower order. However, sometimes

! The lattice constant of tetragonal EuVOy is a = 7.236 A and ¢ = 6.362 A [Mul96].
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9.2 Orthovanadate Films on YVOy

a strong overlap of substrate and film reflections prevents a differentiated diffraction
analysis. This is especially the case in homo- and quasi-homoepitaxial films. Therefore,
as the diffraction spectra are widened with increasing 260 angle, crystal-planes of higher
order are analyzed in these exceptions. The f values in tables (9.6 and 9.7 indicated with
“* are calculated by deriving film and substrate lattice constants from the diffraction
spectra, as the diffraction measurements may vary =+ 0.05° in absolute positions. Thus,
the values of a; do not reflect the real mismatch parameter f.

Gadolinium Vanadate Films

In figure 9.15] two diffraction spectra of Eu-doped GdVO, films are compared and the
acquired film properties summarized in table 9.6. Despite having the same film composi-
tion, different degrees of lattice matching are achieved with mismatch values f of 1.72%
and 0.92% for films S020 and S080. This is understood with regard to the deposition
parameters. Although both films were deposited under the same oxygen atmosphere of
10~2 mbar, the repetition rate was varied from 11 Hz (S020) to 3 Hz (S080).

Especially the higher deposition temperature of 850°C for film S080 has strong influence
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Figure 9.15: X-ray diffraction patterns of Eu(1.5%):GdVO, films grown on (100)
oriented YVOy: (a) 125nm thin film and (b) 100nm thin film. The insets show
additional high resolution scans. Diffraction peaks indicated with ‘*’ result from the
residual Cu-Kjg emission.

131



9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

on the surface mobility of the deposited atoms. L L L B
The mismatch of 0.92% for the film S080 is even 1 20=244°

smaller than the theoretically expected one, which
can partly be ascribed to the higher temperature.
Most probably, a certain degree of film stress,
which is caused by the lattice mismatch, is com-
pensated by elastic deformations. In contrast,
the mismatch of 1.72% in the film S020, which ™ 1
lies above the estimated mismatch value of 1.31%, .

gives evidence to lattice expansion in this film. 10 112 114 116 118 120
The film stress is not compensable by elastic defor- o (degree)

mations due to the relatively low temperature and

the reduced diffusion time (repetition rate 11 Hz) Figure 9.16: Rocking curve fit of the
during deposition of the film S020. As the ability 5020 {200} reflection peak.

of elastic stress-compensation during film growth is reduced, structural defects like dislo-
cations and grain boundaries compensate the evolving stress and are responsible for the
higher lattice constant [Kle89].

intensity (arb. u.)

The comparison of these two films of identical composition strongly emphasizes the in-
fluence of the deposition temperature and the repetition rate. However, the grain size of
both films is almost half the film thickness with L ;| =46 nm in average. As no additional
reflections? from atomic planes other than in (100) orientation are seen, it is concluded
that the films are grown highly textured in (100) orientation.

An additional rocking curve measurement shown in figure 9.16 proves that the (100)
crystal axes of the 100nm thin film S020 are aligned along the film normal direction
within 0.20°. The asymmetric broadening indicates strong lattice deformation [Hag01] due
to the high mismatch. Probably, initial layers have a higher dislocation density (left-sided
shoulder) in order to compensate the lattice mismatch, whereas with continuing growth
the stress-relaxed film layers have less structural defects (right-sided sharp decline). The
formation of an interface layer as seen in the heteroepitaxy of Eu:(Sc, Lu)2O3 is not evident
and unlikely in regard of the comparably small FWHM of 0.2°.

Deposition Reflection Film Properties Tag
dgim(nm) Ty (°C) peak  26(deg) bn(deg) Li(nm) ai(A)  f(%)

125 730 {200} 24.416 0.209 47.2 7.285 1.72* S020

100 850 {200} 24.845 0.216 45.4 7.162  0.92* S080

Table 9.6: Calculation of the crystallite size and the lattice constant of GdV Oy films
determined by X-ray diffraction. Measured peak positions 20 and peak widths b, are
fitted by a Gaussian profile. For L, the instrumental resolution b, is considered.

2 The reflection in figure[9.15, (b) at 28.44° results from the substrate. Substrate peaks are resolved
with varying intensity due to the different X-ray devices used for (a) and (b).

132



9.2 Orthovanadate Films on YVQOy

Composite Vanadate Films

Different deposition parameters have been used for the film growth of four compared lat-
tice matched films. An oxygen pressure of 1072 mbar with a repetition rate of 11 Hz (S072,
figure 9.17a) and 3 Hz (S082, figure 9.17b) have been used for the films of composition
[1]. Substrate heating of 730°C (S072) and 800°C (S082) has been applied. The films
of composition [2] have been fabricated in oxygen atmospheres of 7.7—8.3x 1072 mbar at
1 Hz. The lattice mismatch of all films is below 1%, ranging from 0.95% for the film S072
of composition [1] to 0.21% for the film SR12 of composition [2]. It was observed that
within both compositions one of the two film growths resulted in a larger lattice mismatch.
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Figure 9.17: X-ray diffraction patterns of Eu(2%):(Gd, Lu) VO films of 100 nm thick-
ness grown on (100) oriented YVOy: (a) S072, (b) S082, and (c) SR08. The insets
show additional high resolution scans. Diffraction peaks indicated with ‘*’ result from
the residual Cu-Kg emission.
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9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

Although in case of composition [1] this can be ex-
plained to some extent by the deposition temper-
ature, the influence of the substrate quality will
be discussed after the X-ray analysis. When com-
paring the better matched film of each composi-
tion, it is obvious that an improvement in lattice
matching is achieved by composition [2]. The lat-
tice mismatch of film SRO8 (figure[9.17¢) is com-
parable with the one of S082, although different
film compositions were used. A high degree of
crystallinity is noticed for substrate temperatures
around 730-800°C as the grain size L, is 68.7nm
for S072 and 76.3nm for S082 which is 69- 76% of
the overall film. The distinctly smaller crystallite
values for films deposited at higher temperatures
using a lower repetition rate may have different
reasons. Probably, temperatures of 900°C are too
high for vanadate materials. This hypothesis is
further investigated by RHEED analysis in the fol-
lowing subsection. Moreover, it is possible that an
evaluation of the higher order reflection {400} re-
sulted in a systematical error for these films. The
decreased scattering amplitude for these higher-
order crystal-planes may result in modified peak
shapes, which cause the altered grain sizes. The
diffraction analysis focuses on the {400} reflection
because of the strong overlap between film and
substrate reflection for highly lattice matched film
growth.
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Figure 9.18: High resolution 6-26-
scan of the SR12 {400} reflection peak.

{ 1200} substrate
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25.0

T I
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206 (degree)

Figure 9.19: High resolution 0-20-
scan of the SR12 {200} reflection peak.

Figure9.18 depicts the {400} reflection, which was used to estimate the crystallite size of
the film SR12. In order to prove the assumption of a systematic error, the {200} reflection

Deposition Reflection Film Properties Tag

dgim(nm) Ty, (°C) peak  20(deg) b(deg) Ly(nm) ai(A) f(%)
1] Kg 100 730 {200} 22.315 0.125 68.7 7.195 0.95* S072
[1] Ko 100 800 {200} 24.914 0.125 76.3 7.142  0.58* 5082
[2] Ka1 100 900 {400}  50.858 0.457 21.5 7.176  0.60%* SRO08
[2] Ko 100 900 {400}  51.037 0.435 22.6 7.152  0.21* SR12

Table 9.7: Calculation of the crystallite size and the lattice constant of (Gd, Lu)VOy
films determined by X-ray diffraction. Measured peak positions 260 and peak widths b,,
are fitted by a Gaussian profile. For L | the instrumental resolution b, is considered.
The different film compositions are distinguished by [1] and [2].
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9.2 Orthovanadate Films on YVOy

of film SR12 (figure9.19) is evaluated with regard to the crystallite size. A Gaussian fit
estimates the {200} peak position and width to 24.688° and 0.150°, respectively. By using
these values, the grain size for SR12 is determined to be 62.5nm. Although this grain
size is indeed nearly three times higher than the one estimated by the {400} reflection, it
is still smaller than the one for the films deposited at lower temperatures. By this means
it is again indicated that the initial deposition parameters with temperatures of around
800°C are better suited for vanadate films. Higher temperatures seem to correspond to a
reduction of the grain sizes, as observed in the films SR08 and SR12.

The out-of-plane orientation of crystallites which correspond to atomic planes not parallel
to the surface are investigated by a rocking curve measurement of the {200} reflection. It is
observed that the (100) crystal axes of the 100 nm thin film are aligned along the film nor-
mal direction with a peak width of 0.165°. The spectrum in figure 9.20/ can be understood
by considering the residual lattice mismatch of only 0.21%. Similar to the sesquioxide films
SR11 and SRO3 in section (9.1, the crystalline do-

mains are oriented slightly tilted to the default L B B L A
substrate orientation to compensate the small mis- 1 20=24.69°

match (cp. figure9.7). However, as the remaining
mismatch is smaller than the one of the sesqui-
oxide films SR11 and SRO03, the two reflections
have nearly converged into a single peak of Gaus-
sian form. By subtracting the estimated FWHM
width 0.091° of the narrow peak from the overall
width 0.165°, it can be assumed that the two ob-
served reflections in the (100) film normal direction T T T T T T T ]
have widths of 0.074° and 0.091°. This is similar i . 14
to the [100] sesquioxide film SRO3 rocking curve @ (degree)

shown in figure 9.6 (b), which also had two main Figure 9.20: Rocking curve fit of the
reflections of FWHM widths 0.085° and 0.093°. SR12 {200} reflection peak.

intensity (arb. u.)

9.2.2 Surface Structure and Topography

Figure [9.21 (a) shows the in-situ RHEED analysis for the continuous deposition of the
composite (Gd,Lu)VOy film SR0O8 at 1Hz. The step height = of one monolayer in (100)
oriented orthovanadate films with tetragonal structure is determined by = = a/2, which
results in z = 3.6 A for a = 7.12A. An amount of 118 pulses completes the growth of
one monolayer [100] (Gd, Lu)VO, with 3.6 A step height. The symmetry and spacing of
the RHEED pattern changes within the continuous growth of the first five monolayers.
While the pattern in inset (i) corresponds to an ideal surface with very good properties,
the pattern in inset (ii) already indicates a transition from two-dimensional to three-
dimensional growth after deposition of 5 A. The diffraction points turn into stripes, which
is a typical characteristic of this transition. The arrangement of the pronounced diffraction
points in inset (iii) is comparable to figure [6.8] (c) and indicates three-dimensional island
formation. The development of the RHEED intensity confirms this interpretation as
the oscillation amplitude decreases almost exponentially during the growth of these five
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9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

monolayers. Besides indicating a fast increase in surface roughness at the initial deposition
of around 50 pulses, the fast damping of the oscillations can be related to a growth
mode change. In accordance, figure 9.21] (b) shows three-dimensional grains identified
by AFM measurements. The RMS roughness is determined to be 2nm. However, the
smooth intensity oscillations, which indicate two-dimensional layer-by-layer growth at the
deposition begin, are promising as they prove that epitaxial growth can be realized by
this substrate—film system.

These results are in good agreement with the correlated X-ray analysis, especially with
the moderate crystallite size of the film SR08. In conclusion, substrate temperatures
of 900°C were too high for the epitaxy of orthovanadate films. This is probably due
to different reasons: Although in general a high temperature is of advantage for pulsed
laser deposition, this is no rule of infinite appliance. Too high substrate temperatures
result in further and further increasing particle energies which consequently interact with
the substrate. The high pulse energy of 0.8 J/cm? may have benefited the growth mode
change as vanadates have comparably lower Mohs hardness. These interactions, e.g.
subplantation (cp. chapter [8.3), are to be avoided in PLD. If the substrate temperature
reaches half the melting temperature of the substrate material, solid-state reactions can
occur. In these cases the film growth is negatively affected. The fast increase of surface
roughness after only 5A may be a reference to solid-state reactions of the vanadate
substrate due to well-known instabilities of the V>T ion at high temperatures [Kri05].

However, for the grown (Gd, Lu)VO, films the ratio between crystallite size and estimated
film thickness reaches a maximum for substrate temperatures of 800°C (cp. table 9.7) with
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Figure 9.21: (a) RHEED oscillations during continuous deposition of 18 A
Eu:(Gd, Lu)VOy. The insets show the RHEED patterns before deposition
(i), after growth of 5A (ii), and after deposition at 100nm (iii). (b) Surface
topography measured by AFM.
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9.2 Orthovanadate Films on YVQOy

76%. By this means, the temperature window for homoepitaxial pulsed laser deposition
of vanadates is assumed to be around 800°C. Further growth attempts will be done in
order to sustain the layer-by-layer growth mode.

Substrate Quality

YVO, substrates of the same charge and obtained by the same bulk single-crystal were
used for the deposition of orthovanadate films. Figure(9.22 shows the surface morphology
of thermally treated YVO, substrates used for the deposition of the films SR08 and SR12.
These substrates were annealed for 1h at temperatures of 800°C prior to deposition. By
simple geometric consideration, the miscut of the used substrates was estimated to be
around ($=0.41°. This is quite high in comparison to epitaxial grade polished commer-
cially available substrates, which have miscut angles of 0.005°, e.g. the [0001] a-Al;03
substrate in figure [6.5. With increasing miscut angle, the substrate surface features dif-
ferent step heights, which consist of multiple monolayers. These are caused as the energy
of the surface atoms exceed the potential barrier of a monolayer step. Due to the addi-
tional Schwoebel barrier [Bar95], a drop back is not possible for these atoms. A further
increasing miscut angle leads to step-bunching and then to uneven areas on the surface
similar to ‘hills’ and ‘valleys’ due to surface tension.

The surfaces of the investigated YVO, substrates after thermal treatment are shown in
figure [9.22. Therein, step-bunching (a) can be noticed as well as surface tension which
results in ‘hill’ and ‘valley’ formation (b). Apart from these deficiencies, the existence
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Figure 9.22: Surface morphology of annealed [100] YVOy substrates.
The white arrows mark (a) step-bunching and (b) indicated surface ten-
sion with a lattice defect.
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9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

of lattice defects is indicated (b). By this means, the high miscut angles and possible
lattice defects of the substrate may affect the film growth due to the comparably high
step density on the substrate and the indicated surface tension [Joy88, Giin07]. Step-
bunching usually causes three-dimensional island growth during the deposition process
[Rij04], which would be in agreement with the growth behavior of the film SRO8 observed
by RHEED.

Therefore, two reasons may probably be responsible for the transition from two-dimensional
to three-dimensional growth: the poor substrate quality (high miscut, step-bunching, lat-

tice defects) and the too high substrate temperature during deposition. A correlation of

both factors is possible.

9.2.3 Spectroscopic Analysis

The optical properties of the grown composite films were investigated by luminescence
measurements (excitation and emission), VUV measurements, and lifetime measurements.
In addition, the refractive indices of the films were determined by ellipsometry. No Eu-
impurities were detected in the undeposited substrates.

Fluorescence and Excitation Measurements

Composite orthovanadate films are compared to single-component Eu:GdVO, as bulk
crystal and as thin film. The charge transfer band for the investigated orthovanadates
has its maximum at around 270 nm. In figure9.23 it is apparent that the emission spectra
are once again dominated by the °Dy — “F} transition at 619 nm with narrow linewidths
of 1.2nm at FWHM in the GdVO, bulk crystal (a), of 1.5nm in the GdVO, film (b),
and of 1.26 nm in the mixed (Gd,Lu)VOy, film (c). For the emission measurements, the
linewidth and transition intensities are preserved in the composite thin films and are very
similar to the single-component bulk. Equally well-resolved excitation spectra (b) and (c)
were measured for the thin films. Only the °D; level at around 530 nm is less pronounced
in the thin films than in the bulk crystal. Therefore, the local crystal structure of the
Eu?' ions is assumed to be without disturbance.

VUV Measurements

Figurel9.24 shows the VUV excitation and emission spectra which have been carried out at
the SUPERLUMI station at 10 K. Therein, a single-component orthovanadate Eu:GdVOy,
thin film (a) is compared with a composite system Eu:(Gd, Lu)VOy thin film (b). The
films are of comparable thickness with 125nm for GdVO, and 100 nm for (Gd, Lu)VO,.
No bulk crystal was available for comparison purposes.

Basic differences are observed when comparing the excitation measurements. The band
structure of Eu:GdVO, (a) reveals the charge transfer state (CTS) peaking at 265 nm
(4.68eV). No excitonic state (ES) is existent in the band structure, however at 204 nm
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Figure 9.23: Excitation (left) and emission spectra (right) of (a) an
Fu(1%):GdVOy bulk crystal, (b) an Eu(2%):GdVO, thin 125nm film, and
an (c) Eu(2%):(Gd, Lu)VOy thin 100 nm film.
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Figure 9.24: VUV excitation and emission spectra of (a) an Eu(2%):GdVOy
and (b) an Eu(2%):(Gd, Lu)VOy thin film.
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9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

(6.08eV) a local maximum is shown, which may be an interband transition. At 319nm
(3.89eV) a little structural rise begins, which continues until reaching the CTS edge
at 300nm. As the band edge of YVO, is known to be at 337nm (3.67¢V) having a
bandgap of 3.5eV, no strong deviation is expected for isostructural GdAVO,4. Much of the
structured band form is diminished in the spectrum (b) of the composite Eu:(Gd, Lu)VOy,.
The highest intensity is recognized at around 300 nm (4.14 e V) which corresponds to the
little structural rise in (a) at almost the same wavelength. Much of the CTS intensity
has vanished with the remaining maximum peaking at 267nm (4.65e V). This spectral
shift can be due to different bandgaps in the investigated films, which is expected to be
smaller in the single-component film. At 119nm (10.43eV) the structure has its narrow
maximum. A possible explanation for the less structured (Gd, Lu)VO, spectrum is that
the crystal symmetry in the composite film is disturbed by the additional ion. The
argumentation is similar to the one in chapters 8.1.4 and[9.1.4, although this time no ES
is observed in the band structure. However, even without ES a distortion in the crystal
structure affects the overall intensity and can be responsible for less distinct CTS. For a
better understanding of the band structure (b) further VUV measurements are required.

Due to the varying band structure observed in the excitation measurements of (a) and
(b), different excitation wavelength A\.x have been used for the emission measurements
of 265nm and 86 nm for (a) and (b), respectively. It is apparent, that in both emission
spectra (a) and (b) the linewidths and transition intensities are well-resolved in the films.
There is no strong broadening observed. These indications give evidence to the assumption
that the local crystal symmetry of the Eu®* ions is preserved with no disturbance. The
spectra are dominated by the characteristic Dy — “F, transition. As rare-earth ions in
orthovanadates occupy the lattice site Do, this transition has its maximum at 615nm
and 620 nm. However, an additional peak arises in the GdVO, emission spectrum (a) at
618 nm. Most probably, this is due to a lattice defect in the GdAVO, film which forms
a different symmetry site at 10 K. No additional peak is seen in the corresponding room
temperature measurements. Interestingly, the “Fy level in (b) is not as structured as for
the GAVOy thin film. Also the peak intensity at 615nm is higher than at 620 nm for
the spectrum (b). Further VUV measurements are required in order to gain a better
comprehension, especially in regard of the composite films.

In summary, the VUV emission measurements indicate a preserved local crystal structure
in both grown films without disturbance. Similar to the VUV excitation of (Sc,Lu)203
shown in figure 8.10/and of (Gd, Lu)2O3 shown in figure[9.12, the existence of an additional
ion in the (Gd, Lu)VOy lattice may be responsible for the structure and intensity loss in
the excitation behavior of the spectrum (b).
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9.2 Orthovanadate Films on YVOy

Lifetime and Refractive Index Measurements

Additional ellipsometry and lifetime measurements have been performed to further inves-
tigate the local crystal structure. Figure [9.25 depicts the lifetime curves. Therein, the
europium fluorescence lifetimes of single-component GAVO, thin films (a) are compared
to the ones of composite (Gd, Lu)VO, thin films (b). The lifetime 7 of the °Dy — "F}, fluo-
rescence was determined by an exponential fit of the decay curve. Polycrystalline samples
of GAVO, and (Gd,Lu)VOy,, which were obtained by fusion (cp. section 8.1.4) and had
the same composition as the films, served as reference in both cases.
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Figure 9.25: Lifetime 7 of the Dy — "F» fluorescence in (a) Eu:GdVO, and
(b) Eu:(Gd, Lu)VO4 bulk and film material.

The lifetimes of both grown films are similar to the corresponding bulk samples. For
GdVOy (a) the lifetimes 7 of bulk and film are 0.61 ms and 0.56 ms, respectively, whereas
(Gd,Lu)VOy4 (b) bulk and film have the lifetimes 0.56 ms and 0.53 ms, respectively. In
agreement with the results obtained by X-ray measurements this gives evidence to the fact
that the 100 nm films are of highly crystalline character and have good optical properties.
No Lorentz correction is observed at 100 nm thickness.

The corresponding refractive indices n, have been estimated by ellipsometric measure-
ments to be 2.059 and 2.322 at 632.8 nm for the GAVO, and the (Gd, Lu)VOy, film, re-
spectively. As the refractive index of YVOy is n, = 1.993 at 632.8 nm (cp. appendix B) a
refractive index difference of An = 0.34 is obtained in regard to the composite (Gd Lu)VO,
film. In conclusion, this substrate—film system is very promising for waveguide applica-
tions.
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9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films
9.3 Garnet Films on YAG

In this section the properties of different garnet films on Y3Al;012 (YAG) are studied. Due
to the same reasons set forth in section 9.1, the lattice constant of Eu:YAG is slightly
increased with regard to the pure YAG lattice. The properties of this homoepitaxial sys-
tem are compared with the ones of the lattice matched solid solution Eu:(Gd, Lu)3Al;O01s.

9.3.1 Lattice Matching and Structural Characterization

The lattices of Eu:RE3Al5;015 deposited on YAG substrates combine directly accord-
ing to as~as (cp. chapter [5.2). As previously for the sesquioxides (section [9.1) and
vanadates (section 9.2), two lattice matched compositions have been tried in this work:
(EU0.0QGd0.534LUO.446)3A15012 [1] and (EUO.OQGd0.48LUQ_50)3A15012 [2] The Corresponding
ionic radii approximation was described in section [9.1.1. Again, the obtained refractive
index difference between substrate and film is expected to be higher for the composite
system, referred to as (Gd, Lu)AG in short.

The growth behavior and the lattice matching have been investigated on (111) and (100)
oriented YAG substrates. Different garnet films are compared in X-ray diffraction spectra,
which are grouped according to the substrate orientation. Thus, figure [9.26 features the
growth on (111) oriented YAG and figure 9.27 the growth on (100) oriented YAG. The
preferred growth direction of YAG is the (111) orientation. As the pulsed laser deposition
process does not take place in thermodynamic equilibrium, a possibly preferred growth
direction may differ from regular crystal growth. Again, in some cases the f values are
indicated with “*’ (cp. explanation in section [9.2).

For the film composition of Eu(2%):Y3Al;012 the theoretically expected lattice constant is
a = 12.006 A which would result in a theoretical lattice mismatch of only 0.05% on YAG.
In this calculation, the lattice constant of EugAl;0q, is approximately agaaq = 12.142 A.

YAG Films

The deposition of garnet films requires temperatures of > 800°C. Previous depositions at
lower temperatures did not result in crystalline film growth (cp. appendix A). For the
presented Eu:YAG films temperatures of 890°C and 860°C have been used with an oxygen

Deposition Reflection Film Properties Tag
dgim (nm) T (°C) peak  260(deg) bm(deg) L, (nm) GJ_(A) f(%)

100 890 {444} 52.061 0.104 107.1 12.161 1.37 S087

100 860 {800}  60.945 0.100 118.9 12.152  1.25 S091

Table 9.8: Calculation of the crystallite size and the lattice constant of YAG films deter-
mined by X-ray diffraction. Measured peak positions 26 and peak widths b,, are fitted by
a Gaussian profile. For L the instrumental resolution b, is considered.
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Figure 9.26: X-ray diffraction patterns of garnet films with 100 nm thick-
ness grown on (111) oriented Y3Al;012: (a) Eu(1.5%):Y3Al;O12, (b) and
(c) Eu(2%):(Gd, Lu)3Al;O12 films. The insets show high resolution scans.
Diffraction peaks indicated with ‘*’ result from the residual Cu-Kg emission.

pressure of 1072mbar and a repetition rate of 3 Hz. Table 9.8 summarizes the collected
data. The lattice constants obtained by the diffraction spectra in figures 9.26/ (a) and9.27
(a) are 1.37% and 1.25% for the (111) and (100) grown film, respectively. None of the
films reaches the predicted lattice mismatch value of 0.05% and both deposited films de-
viate from this value in almost equal degree. As the determined lattice constant shifts to
greater values in both cases, this indicates lattice expansion due to crystal defects, which
will be discussed after evaluation of the X-ray analysis for the composite garnet films.
However, the (100) film has slightly better properties in regard to the lattice matching
and also to the crystallite size. Despite the relatively high mismatch index f, the grain
sizes indicate a high degree of crystallinity. The estimated values L exceed the estimated
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9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

film thicknesses of 100 nm, but are well within the measuring accuracy. As no diffraction
peaks of other orientations are seen, a single-crystalline growth of the Eu-doped garnet
films is concluded.

Composite Garnet Films

Table 9.9 reviews the data for the composite garnet films grown on (111) and (100)
YAG. Two compositions have been used for the deposition of composite garnet films
as detailed in chapter [9.1.1. However, as no film of composition [1] has been grown in
(111) orientation, a comparison is not possible in this orientation. A higher deposition
temperature has been used for films of composition [2] as the laser heating system was
upgraded. All films have been deposited by using v = 1Hz with a minor variation in
the oxygen atmosphere (from 1072 mbar for film S095 to 8.8—8.9x1073 mbar). A strong
substrate—film peak splitting for the films SR02, SR05, and SRO1 is apparent in the
overview 6—26-scans shown in figures 9.26 and 9.27. The lattice mismatch is larger in
films of composition [2], and the best matching index f = 1.07% is achieved with the
film S095 of composition [1]. Apart from the film composition, a dependency between the
lattice mismatch and the temperature can be recognized, which will be discussed after
evaluating the RHEED analysis.

Despite the usage of particularly mixed compositions in order to fit the substrate lattice,
the resulting mismatch of 1.07 < f < 2.76% is comparably high in garnets. Due to the
fact that relatively high mismatch values were observed in the homoepitaxial Eu:YAG film
as well, the reasons are most probably material related. Considering an estimated lattice
expansion of 1.2% for Ew:YAG films (lattice mismatch 1.25—1.37%, whereas 0.05% was
predicted), ‘alternative’ lattice mismatches for the films SR02, SR05, S095, and SRO1 are
1.56%, 0.09%, —0.13% and 1.24%, respectively. In this case, best lattice matching would
have been achieved with the [111] grown film SR05 of composition [2]. This confirms
that apart from the unpredicted lattice expansion, composition [2] would match the YAG
lattice very well.

Different from the sesquioxide and orthovanadate matrix, an additional crystal defect
type occurs in garnet crystals of structure C3A3;D3019, which is referred to as antisite

Deposition Reflection Film Properties Tag

dfitm (nm) T, (*C) peak  26(deg) bp(deg) Ly(mm) ai(A) f(%)
2] 100 1000 {444}  51.244 0.137 74.7 12.341 2.76* SR0O2
[2] 100 986 {444}  51.986 0.267 37.2 12.177  1.29* SR05
[1] 100 895 {400}  29.472 0.179 53.4 12.113  1.07* S095
[2] 100 1000 {400}  29.303 0.127 75.7 12.315 2.44* SRO1

Table 9.9: Calculation of the crystallite size and the lattice constant of (Gd,Lu)AG films
determined by X-ray diffraction. Measured peak positions 26 and peak widths b,, are fitted
by a Gaussian profile. For L | the instrumental resolution b, is considered. The different
film compositions are distinguished by [1] and [2].
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Figure 9.27: X-ray diffraction patterns of garnet films with 100 nm thick-
ness grown on (100) oriented Y3Al;012: (a) Eu(2%):Y3Al;012, (b) and (c)
Fu(2%):(Gd, Lu)3Al; 012 films of composition [1] and [2], respectively. The
insets show high resolution scans. Diffraction peaks indicated with ‘*’ result
from the residual Cu-Kg emission.

defect [Bab05]. This defect type refers to a site exchange between C and A cations. In
case that an Y3* (C-site) exchanges with an AI*" (A-site), the antisite defect is denoted
as ‘Yzj’;{’. By using an extended X-ray absorbtion fine structure (EXAFS) spectroscopy
technique Dong et al. estimated that in several garnet crystals about two C cations
exchange with two A cations per unit cell [Don91]|. They further proposed that such a
site exchange leads to the structural distortion from cubic Ia3d to trigonal R3. The site
exchanges between C and A cations are accompanied by unavoidable displacements of
cationic positions due to the difference in their cationic radii. In pure YAG single-crystals
significant displacements of Y%F cations along the [111] direction occur due to the large
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9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

difference in cationic radii of eightfold coordinated Y3+ (1.02 A) and sixfold coordinated
AP+ (0.54 A) [She03]. This large difference in cationic radii is reduced by the formation
of antisite defects, as sixfold coordinated Y** has a smaller cationic radius (0.92 A).
The Y?;{ antisite defect concentration in undoped YAG is estimated to be several tenth
percent [Nik05]. A higher antisite defect concentration is observed in Eu-doped crystals
[She03], as Eu®* has an even larger cationic radius (1.06 A) and thus Y3 antisite defects
become energetically more favorable. Y3 antisite defects compensate the already smaller
octahedral lattice site A, as the dodecahedral lattice site C in YAG is further enlarged
by the Eu®t ions. Interestingly, antisite defects are temperature- and energy-dependent
[Kuk00, Nik05]. In YAG they occur due to high preparation temperatures of 2000°C and
reach higher concentrations with increasing growth temperature (e.g. for LuAG).

Although the substrate temperature in the pulsed laser deposition process does not reach
2000°C by far, very high particle energies are used in combination with relatively high
temperatures of nearly 1000°C. In agreement with the calculated formation energies of an-
tisite defects [Kuk00], the observed lattice expansion in the homo- and quasi-homoepitaxy
of garnet films is attributed to high antisite defect concentrations in the grown films. Most
probably, these are responsible for the comparably high mismatch values despite the at-
tempt of growing ‘lattice matched’ films. For the homoepitaxial Eu:YAG films S087 and
S091 the substrate temperature was below 900°C (cp. table[9.8) and the larger Eu®* ions
contributed only 2% to the C-site. Probably, a slightly increased Y3} antisite defect con-
centration due to the Eu-doping resulted in the lattice expansion of around 1.2%. Despite
this mismatch, the films are considered to be monocrystalline.

For quasi-homoepitaxial Eu:(Gd, Lu)AG films the antisite defect concentration is assumed
to be higher due to the substitution of Y3* with Gd3* and Lu®". This is for different
reasons: First, the C-site is strongly enlarged by the Gd3* (1.06 A) cations. Second,
the already too small A-site must be compensated. Third, the smaller misfit between
the Lu®*t and AI** cation radii benefits the Lu] antisite defect formation. Fourth, the
misfit between the Gd** and Lu®* cation radii also benefits the Lu}! antisite defect
formation. Probably, the high temperatures of 1000°C for the films SR02 and SRO1
in combination with pulse energies of 0.8 J/cm? were responsible for the almost doubled
mismatch values in these films. Considering the two compositions [1] and [2], it is possible
that the varied Lu-amount from 45% to 50% contributed to the Lu’l antisite defect
formation as well. Further investigation by microprobe analysis has to reveal the exact
amount of Lu?];f antisite defects. Similar to the optimization of melting compositions in
regular crystal growth [ﬂe04], this information will then be applied in a further lattice
matched composition.

An additional effect has to be regarded for pulsed laser
deposition of garnet materials, which is related to antisite
defect formation. Figure|2.4|illustrated a unit cell of struc-
ture C3A5D3015. In (100) direction the surface plane is
flat with no bonds ‘standing out’. However, in (111) direc-
tion the cations which occupy the A-site do stand out as
illustrated in figure 9.28. Thus, the octahedral AI* jons Figure 9.28: Unit cell of
occupying the A-site in (111) oriented growth are most YAG in different orientations
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9.3 (GGarnet Films on YAG

likely to form Lu‘jjjr antisite defects, as high-energy particles which hit the substrate sur-
face will most probably ‘blast’ the A-sites. This may explain the slightly increased lattice
mismatch of [111] oriented garnet films compared to [100] grown films of similar substrate
temperature and composition, e. g. S087 and S091, SR02 and SRO1. Despite the relatively
high lattice mismatch, comparable crystallite sizes L | ~ 75nm were achieved for films
SR02 and SRO1, indicating a high degree of crystallinity.

The out-of-plane orientation in the film SR05
was investigated by a corresponding rocking curve L B L L L B
measurement of the {444} diffraction peak. Al- 1 20=52.0°

though figure [9.29 shows excellent ordering along
the (111) direction within a FWHM of 0.06°, the
curve shows a broadening and thus deviates from
the Gaussian form. The line shape can be fitted
by assuming two contributions, one with a sharp
peak of high crystallinity and another one with a
broader structure indicating defects. A very small
degree of asymmetry has to be noticed in the re- e L ;
sultant line shape, as the maximum peak position 24 25 26 27
of the assumed interface is shifted marginally to ® (degree)

smaller angles.

intensity (arb. u.)

Figure 9.29: Rocking curve of the

A similar out-of-plane characteristic can be ob- SR05 {444} reflection peak.

served in figure(9.30 for the {400} reflection of film —
SRO1. Again a perfect ordering is apparent, this 1 20=28.99° i §
time along the default (100) direction within 0.06° |
at FWHM. However, the rocking curve with its
maximum at 14.5° features an asymmetric broad-
ening. The line shape complies with the Gaus-
sian form for angles w > 14.5°, whereas for angles
w < 14.5° it deviates from the Gaussian form due
to a left-sided shoulder. Again the line shape can

be fitted by assuming two contributions. —
. _ _ 132 13.6 140 144 148 152
Possible explanations of the rocking curve broad- o (degree)

ening and asymmetry will be considered after eval-
uating the RHEED analysis for the garnet films in ~ Figure 9.30: Rocking curve of the
(111) and (100) direction. SRO1 {400} reflection peak.

intensity (arb. u.)

9.3.2 Surface Structure and Topography

The RHEED analysis of the grown composite films gives further insights into the growth
process. According to previous research, which was confirmed by AFM measurements for
the pre-deposition substrate treatment, a unit cell of [100] YAG with the lattice constant
a = 12 A subdivides into four monolayers with a step height of 3 A each [Giin07]. In
(111) orientation the step height is calculated from z = a/4+/3, which results in 1.73 A.
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9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

Figure[9.31 (a) shows the intensity oscillations of the specularly reflected electron beam
for the [111] garnet film SR02 deposited at 1 Hz. The required number of pulses for the
growth of one monolayer has been estimated to be 44 pulses. The RHEED pattern does
not change in symmetry or spacing during the entire growth process. Only a transition
of the diffraction points to stripes is observed, as seen in the inset of figure [9.31 (a). A
fast increase in surface roughness is indicated, as the intensity shows a steep fall within
the first 10 pulses. After this initial intensity drop, the intensity oscillations remain at a
relatively constant level and indicate two-dimensional layer-by-layer growth. This growth
mode is sustained until the end of deposition at 100 nm film thickness, in accordance which
the diffraction image and the intensity oscillations. A certain fluctuation in the intensity
oscillations is apparent, when comparing these oscillations with the ‘smooth’ ones for (100)
oriented growth in figure 9.32/ (a). These peculiarities will be explained after analysis of
the [100] growth of the same material. Figure 9.31/ (b) shows the corresponding AFM
image for the deposited film SR02. A structured atomically flat surface topography with
indicated [111] crystallite orientation (RMS roughness of 3.4 A) can be seen. Thus, the
film normal direction is assumed to be perpendicular to the (111) direction.

Figure[9.32/ (a) depicts the intensity oscillations of the specularly reflected electron beam
for the growth of [100] (Gd, Lu)AG film SRO1. An amount of 77 pulses is required for the
monolayer growth in (100) direction with 3 A step height. Similar to the [111] film, no
change in symmetry or spacing of the RHEED pattern takes place during the entire growth
process. As apparent in the left and right inset of figure 9.32/ (a) only a transition of the
diffraction points to stripes is observed. The intensity decrease during initial deposition
of the first 10 pulses is comparably small. Two-dimensional layer-by-layer growth is
indicated by the RHEED intensity oscillations. Although the intensity amplitude of the
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Figure 9.31: (a) RHEED oscillations during continuous deposition of around 14 A
(8 ML) Eu:(Gd.Lu)AG in (111) direction. The inset shows the RHEED image after
deposition of 100nm. (b) Corresponding surface topography measured by AFM.

148



oscillations slowly decreases, continuous oscilla-
tions at an almost constant intensity level remain.
Pulsed laser interval deposition (PLiD) has been
performed for the film SRO1 after continuous depo-
sition of thirteen monolayers. PLiD was applied in
order to ensure layer-by-layer nucleation and pre-
vent nucleation on subsequent layers with proceed-
ing growth. Confirmed by the previous continuous
deposition, the exact amount of pulses for com-
plete growth of one monolayer is deposited at the
high repetition rate of 50 Hz. After deposition of
these 77 pulses a total relaxation of the RHEED
intensity within 50s is observed and shown in fig-
ure 9.33. The AFM analysis, shown in figure [9.32
(b), confirms the RHEED analysis as it reveals an

9.3 Garnet Films on YAG
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Figure 9.33: RHEED oscillations
for pulsed laser interval deposition of
Eu:(Gd.Lu)AG in (100) direction.

atomically flat surface topography. A surface structure with a height of roughly 3 A is
recognized in the AFM image and correlates to one monolayer. The film has a very

smooth surface as well (RMS roughness of 1.7 A).

When comparing the [111] and [100] film growth of composite (Gd,Lu)AG it is recog-
nized that after deposition, the diffraction patterns in the inset of figures [9.31 (a) and
9.32 (a) corresponds to an almost ideal surface. In both cases two-dimensional layer-by-
layer growth is indicated by the diffraction stripes neighboring the elliptic (0,0)-reflex.
In agreement with the X-ray diffraction analysis both films SR02 and SRO1 indicate
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Figure 9.32: (a) RHEED oscillations during continuous deposition of around
24 A (8 ML) Eu:(Gd.Lu)AG in (100) direction. The insets show the RHEED
image before (left) and after deposition of 100 nm (right). (b) Corresponding

surface topography measured by AFM.
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9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

monocrystalline character. No additional reflections from atomic planes other than in the
default substrate orientation are observed in the #—20-scan. The w-scans reveal excel-
lent alignment of the crystallites along the default substrate direction. Only the lattice
mismatch due to a high antisite defect density reduced the overall film quality.

The influence of antisite defects on the film growth is indicated in various details. The
initial intensity drop within the first 10 pulses for the growth of the [111] film SR02
(cp. figure9.31a) can be attributed to the above mentioned A-site ‘blasting’ due to the
(111) orientation of the substrate. Fluctuations in the intensity oscillations indicate high
diffusion energies of the surface atoms ‘searching’ for energetically favorable positions.
This may as well include site exchanging. The broadening of the rocking curves is most
probably caused by these initial dislocations in the film lattice. Composition [2] does
not deliver the necessary lattice constant because of the high Lu3} antisite defect con-
centration which further develops during the film growth. This is surely compensated
by compressive stress, dislocations, and grain boundary formation (reduced crystallite
size compared to the overall film thickness). Asymmetric rocking curves are often due to
lattice deformation and compressive strain [Hag01]. Thus, the degree of asymmetry may
be attributed to the overall lattice mismatch mainly caused by antisite defects. This is
in good agreement with the rocking curves of SR05 (1.29% mismatch) and SR01 (2.44%
mismatch).

In addition, it should be emphasized that the RHEED intensity oscillations do indicate
epitaxial layer-by-layer growth. This would not be possible with an initial lattice mis-
match between substrate and film material. For instance, it was not possible to achieve
continuous RHEED oscillations for the deposition of YAG-LuAG or Y>03-LusO3. In
these substrate—film systems, the initial lattice mismatch prevents an epitaxial growth. It
is thus assumed, that the observed lattice mismatch of up to 2.76% evolves continuously
during with the film growth process.

9.3.3 Spectroscopic Analysis

In order to obtain information on the local crystal structure, the optical properties of the
grown composite films were investigated by luminescence measurements (excitation and
emission), VUV measurements, and lifetime measurements. In addition, the refractive
indices of the films were determined by ellipsometry. No Eu-impurities were detected in
the undeposited substrates. Emphasis is put on the spectroscopic analysis of composite
garnet films and a comparison to the single-component YAG crystal. Although a complete
spectroscopic analysis has been done for [111] and [100] grown thin films, no substantial
differences exist in the optical properties. Since the optical properties of composite films
grown on [111] and [100] garnet films are similar and independent of the growth direction,
the spectroscopic analysis did not separately address different growth orientations.

Fluorescence and Excitation Measurements

Figure 9.34 compares the excitation and emission spectra of Eu-doped YAG bulk crystal
(a) with a 100 nm lattice matched composite film (Gd, Lu)AG (b). Regarding the emission
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9.3 (GGarnet Films on YAG

spectra (right) the linewidths and transition intensities of the composite thin film (b) are
similar to the bulk (a). Both emission spectra are dominated by the °Dy — “F} transition
at 590nm. A small broadening is observed for this transition, as the linewidth is 1.5 nm
and 2.5 nm for the YAG bulk (a) and the (Gd, Lu)AG film, respectively. The broadening
is understood because of the different ionic radii of Gd*T and Lu®*, which lead to crystal
fields of different strength (cp. chapter8.1.4). At 696 nm a transition arises which can not
be ascribed to the known Eu-transitions. It can be identified as the 2E — %4, transition of
Cr®* on the AI¥* site. Cr-impurities in Al-materials are always existent in certain degrees.
This can be explained by chromium impurities in the YAG substrate. In the excitation
spectrum (b), the broad band structure peaking at around 458 nm screens the relatively
weak °Dy level at 465nm, which is resolved in spectrum (a). This broad band reveals
another defect type in the composite garnet film. Most probably, the broad band can be
attributed to color centers. Color centers in YAG are well-known and occur at similar
wavelengths as the observed broad band. Except for this broad structure, the excitation
spectrum of the (Gd, Lu)AG film (a) looks similar to the bulk spectrum of YAG (b).

In summary, with the above mentioned exceptions of the slightly broadened “F} level and
the chromium impurities, the composite thin film shows bulk-like luminescence properties.
No distortions of the local symmetry of the Eu?" ions are indicated.

VUV Measurements

Additional VUV excitation and emission measurements have been performed for the
(Gd, Lu)AG thin films. In figure 9.35/the luminescence properties of [111] and [100] films
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Figure 9.34: Excitation (left) and emission spectra (right) of (a) an
FEu(2%):YAG bulk and (b) an Eu(2%):(Gd,Lu)AG film of 100 nm thickness.

151



9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

are compared at 10 K. Apart from the already known and well-resolved emission spectra
(right), which correspond to the luminescence room temperature measurements shown
in figure 9.34) the band structure is considered. The VUV measurements of Eu:YAG
single-crystals are known from literature [Pie00, Zor04, Bab05].

Both excitation spectra show a weakly pronounced charge transfer state (CTS) at around
225nm (5.51eV) and a strong interband transition at around 175nm (7.09e V). Besides
these similarities, the CTS of the [111] film is less pronounced and broader in comparison
to the [100] film. Also, the interband has different positions of 168nm (738eV) in the
[111] film and 175nm (eV) in the [100] film.

Garnet crystals such as YAG or LuAG already comes with a trapped excitonic state, due
to the regular occurrence of antisite defects [Zor04]. The band edge slightly differs in
YAG and LuAG from 188nm (6.6eV) to 180nm (6.89eV) [Zor05]. In these crystals the
exciton is already trapped near the Lu}l or Y31 antisite defects [Zor06]. In Eu:YAG the
antisite defects lead to slightly different interband positions [Pie00]. Thus, the different
position of the interband in [111] and [100] composite garnet is probably related to varying
Lu?Xlr antisite defect concentrations. With increasing defect density a shift to shorter
wavelengths should be observed. Under this assumption, the antisite defect concentration
is higher in the [111] grown film SR02. This would be in good agreement with the previous
X-ray and RHEED analysis. The [100] film SRO1 has the lower amount of defects, which
resulting in a comparably lower lattice mismatch. Another indication can be found in
the RHEED intensity oscillations, with no initial intensity drop and ‘smooth’ oscillations

(cp. figure9.32).
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Figure 9.35: VUV excitation and emission spectra of Eu(2%):(Gd, Lu)AG
thin films (a) SR02 and (b) SRO1 with different growth directions.
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However, it has to be noticed that of all investigated (Gd, Lu)-admixed systems, the band
structure of the mixed garnet films suffer least from the additional ion in the lattice. No
change in crystal symmetry is indicated by the excitation measurements. This has already
been explained by the unavoidable antisite defects in the garnet matrix.

Lifetime and Refractive Index Measurements

Additional ellipsometry and lifetime measurements have been performed to further inves-
tigate the local crystal structure. Figure[9.36 depicts the lifetime curves. Therein, the
europium fluorescence lifetimes of single-component YAG thin films (a) are compared to
the ones of composite (Gd, Lu)AG thin films (b). Both films were grown in (100) direction.
The lifetime 7 of the Dy — “F} fluorescence has been determined by an exponential fit of
the decay curve. Polycrystalline samples of YAG and (Gd, Lu)AG which were obtained
by fusion (cp. section 8.1.4, page 97) and had the same composition as the films, served
as reference in both cases.

For YAG (a) the lifetimes 7 of bulk and film are 1.56 ms and 0.95 ms, respectively, whereas
(Gd,Lu)AG (b) bulk and film have the values 1.58 ms and 1.21 ms, respectively. In both
cases the lifetime of the 100 nm thin films is shorter than the bulk lifetime. Apart from the
possibility of quenching due to non-perfect film growth, the shorter lifetime in the films
may indicate better optical properties compared to the polycrystalline bulk samples. This
would be in good agreement with the X-ray measurements as the estimated crystallite
size for the film S091 is almost twice as high as for the film S095. Thus, in comparison
with the composite garnet film S095, the Eu:YAG thin film S091 has the shorter lifetime.

An estimation of the film refractive indices was done by ellipsometric analysis at 632.8 nm
and compared to nyag = 1.829. The refractive indices n were determined to be 1.838 for
the Ew:YAG film S091 and 1.852 for the Eu:(Gd,Lu)AG film S095. A refractive index
difference of An = 0.023 is realized with the composite film grown on YAG. Apart from
probably being sufficient for waveguiding applications, this refractive index difference is
relatively small.
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Figure 9.36: Lifetime 7 of the Dy — "Iy fluorescence in (a) Eu:YAG and
(b) Eu:(Gd, Lu)AG bulk and film material.
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9.4 Summary and Discussion

Lattice matching of homo- and quasi-homoepitaxial films grown on Y503, YVO,, and
Y3Al;0;5 substrate materials has been investigated by using the pulsed laser deposition
technique. The film growth behavior in the different crystal orientations (111) and (100)
has been considered for sesquioxides and garnets. Except for the composite garnet films,
the ionic radii approximation delivered good lattice matching of >99.5%.

Sesquioxide Films on Yttria

High substrate temperatures of 900 — 1000°C are required in order to realize lattice matched
sesquioxide films of high crystallinity. Considering the estimated crystallite sizes in rela-
tion to the deposition temperature, Lu,O3 films require even higher temperatures than
mixed (Gd,Lu)yO3 films. By using the solid solution (Gd,Lu);03 of composition [2],
lattice matching of 99.54% has been achieved.

In general, the optical properties of the mixed sesquioxide films have bulk-like character.
Only a marginal broadening of transition linewidths is observed for (Gd,Lu),O; films
compared to single-component Y203 bulk crystals. However, a certain disturbance of the
crystal structure was recognized by VUV excitation measurements. This is due to the
additional ion, which also occupies the Cy and Cj5; sites in the sesquioxide matrix and
results in less structured ES and CTS in the VUV excitation spectra.

Slightly tilted, highly crystalline film growth is indicated by X-ray rocking curve analysis.
Probably, the tilting occurs in order to compensate stress while preserving the lateral
cross-linking of the film lattice. The stress may arise because of the residual lattice mis-
match. Further investigation of the in-plane lattice properties (collateral cross-linking,
lattice constant a|, and crystallite size L)) by surface X-ray diffraction (SXRD) are re-
quired. The exact distribution of the Gd-, Lu-, and Eu-atoms could be investigated by
high-resolution transmission electron microscopy (HRTEM). The exact determination of
film stress by these techniques is crucial in order to discern whether the remaining lattice
mismatch is due to lattice expansion. Otherwise, the (Gd, Lu)-mixing has to be further
improved.

Another influential factor is the miscut angle of the sesquioxide substrates, as it may
be responsible for varying lattice matching success at identical conditions [Joy88, Rij04,
Giin07]. For instance, the miscut angles 3 for the Y203 [100] substrates of SR03, SR04,
and SR10 have been 3 > 1.5° each. These are comparably high miscut values, as epitaxial
grade polished commercial a-Al,O3 and YAG substrates had much smaller miscut angles.
In comparison, the miscut of the a-Al,O3 substrate shown in figure[6.5 (b) is determined
to be §=0.005°. Step-bunching and uneven surfaces (tension) have been observed for
these substrates, potentially affecting the growth process.

Although slightly better lattice matching has been obtained by [100] grown films, no def-
inite preference in growth direction could be investigated. A reason can be found in the
varying substrate quality, which levels out a better growth behavior. With better oriented
substrates, this analysis can be done by investigating the RHEED intensity oscillation de-

154



9.4 Summary and Discussion

velopment for increasing deposition rates [Giin07].
Orthovanadate Films on YVO,

The substrate temperature for orthovanadates has to be kept below 900°C. Probably, the
proper temperature window for this material class lies between 730°C < T < 800°C. For
films deposited within these temperatures a high degree of crystallinity of around 76%
has been achieved. For higher temperatures, three-dimensional island growth is observed,
forming grains of 20—60nm. The AFM analysis gave evidence to this fact, as island-like
clusters are observed in figure 9.21/(b). Deposition at slightly reduced pulse energies may
be beneficial as well, in agreement with the lower Mohs hardness of these materials.

A correlation between the strong RHEED oscillation damping with subsequent transition
to a three-dimensional growth mode and comparably low substrate quality is assumed.
After thermal substrate treatment, the miscut was determined to be 0.41°. Indications of
lattice defects as well as step-bunching and surface tension were observed by AFM mea-
surements. The initial layer-by-layer growth according to the RHEED analysis promises
even better results for substrates of higher quality. Despite these complications, lattice
matching of 99.79% could be realized by solid solutions (Gd, Lu)VO, of composition [2].

Besides the bulk-like luminescence properties of these mixed orthovanadate films, a dis-
turbed crystal structure was recognized by VUV excitation measurements, which was
more significant than in the solid solution sesquioxide films. Again, a possible expla-
nation can be given by the additional ion in the orthovanadate film matrix, which also
occupies the Doy sites and is responsible for less pronounced band structures in the VUV
excitation spectra.

Garnet Films on YAG

Of all investigated materials, the garnet crystal has the most sophisticated structure
C3A5D301, with 160 atoms per unit cell and three different lattice sites. Garnet films
showed large lattice mismatch even for homoepitaxial growth. Although the homoepitaxy
of Eu(2%):YAG film should theoretically result in a lattice mismatch of marginal 0.05%,
the estimated values of 1.25—1.37% were much higher. Accordingly, for the deposition of
mixed garnet films (Gd, Lu)3Al;019, the best lattice matching of 98.93% has been achieved
by composition [1], which was contrary to what was theoretically expected. These results
indicate a strong, material-dependent lattice expansion in garnets. Most probably, high
antisite defect concentrations of Y3 (homoepitaxy) and Lu3} (quasi-homoepitaxy) are
responsible for the high mismatch.

The band structure (VUV excitation at 10 K) of the mixed garnet films did not show any
difference to the well-known YAG crystal. Contrary to the solid solutions of sesquioxides
and orthovanadates, the exciton migration in pure YAG single-crystals is already trapped
by Y3 antisite defects. Therefore no change occurs for the additional ions. The slightly
different positions of the interband transitions in dependence of the growth orientation
give evidence to the assumption that the antisite defect concentration is marginally higher
for [111] films. At room temperature, bulk-like luminescence properties were observed for
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9 Characterization of Homo- and Quasi-Homoepitaxial Thin Films

the mixed garnet films. Further research is necessary to resolve the difficulties of lattice
matching in garnets. By microprobe analysis the exact lattice site distributions need to be
investigated, which is done similarly for bulk single-crystals [ile04]. This allows a garnet-
specific (Eu, Gd, Lu) composition, in which the antisite defects are already considered.
By adjusting the parameters of pulse energy and substrate temperature the formation
energies of antisite defects should not be reached during deposition. This presupposes
a compromise between substrate temperatures required for highly crystalline films and
substrate temperatures beneficial for antisite defect formation.

9.4.1 Lattice Defects and Lattice Expansion

Lattice expansion was observed in many of the deposited films. This has been attributed
to possible lattice defects. As various defect types are known in literature, it is difficult
to define the exact defect type and concentration in the grown films. Crystal defect
categories are point defects (vacancies, antisite defects), line defects (different types of
dislocations), planar defects (grain boundaries, antiphase boundaries), and bulk defects
(voids, impurities) [Kle89]. Thereof, point defects are the most likely ones to occur during
pulsed laser deposition.

These are defects which are not extended spatially in any dimension. Although no defined
size limitation is given for point defects, the term is typically used for defects involving
extra or missing atoms. In contrast to larger defects in an ordered structure (dislocations),
the defective positions have no ordered structure. For historical reasons, various point
defects are called ‘centers’; e. g. a vacancy in ionic solids is termed ‘F-center’ (color center).
Figure9.37 illustrates some typical point defect types. Bal et al. investigated the influence
of various point defects on the crystal lattice in KCl [Bal67]. Vacancies and interstitial
ions resulted in lattice expansion. It was observed that F-centers (vacancies, also called
Schottky defects) in additively colored KCI caused a lattice expansion of Av/v = 0.58
per F-center. F-centers in X-irradiated KCl with the corresponding atoms displaced to
interstitial lattice sites (Frenkel pairs) caused a lattice expansion of Av/v = 1.15 per
F-center. The increasing lattice constant is calculated from Aa/a = —cot6 - Af. The
investigated increase for KCl was Aa/a=3-5x107°.

Except for the garnet films with additional antisite defects, the lattice constant deviation
Aa/a for the lattice matched films was usually between 0.002—-0.01. Therefore, the defect
concentration of vacancies and intersti-

tial ions in the grown lattice matched substitutional larger atom

films would be two orders of magni- Frenkel pair \ vieaney

tude higher. Most likely, other defect SO N 0/ ©ceee
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purposes.
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Figure 9.37: Different point defects in a
monatomic solid.
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10 Conclusions

10.1 Summary of Results

The subject of this thesis was the preparation and characterization of lattice matched
crystalline rare-earth-doped oxide films for application as active or passive waveguides
and optical coatings. A summary of the presented work is given in this chapter.

Lattice Matched Substrate—Film Systems

Sesquioxide, orthovanadate and aluminum garnet films were prepared because each mate-
rial class offers a number of advantageous mechanical and thermal properties (high melting
point, high Mohs hardness, low phonon energy, high thermal conductivity), which makes
them appropriate and recommendable for integrated optical devices. Sesquioxides, ortho-
vanadates and aluminum garnets are well-known hosts for rare-earth-doped luminescence
materials (e. g. Eu:Y203 as red phosphor) and solid-state lasers (e. g. Yb:LusOg, Yb:YVOy,
Nd:YAG). An exception was the preparation of AlyOj films doped with chromium instead.
Cr:Al; O3 is known to be the first solid-state laser material [Mai60].

Proper substrates for lattice matching were found in a-Al,O3, sesquioxide materials
(Y203 and ScLuOs3), YVOy, YAG, and LiYF,. Different possibilities of lattice matching
were investigated by heteroepitaxy of Al;O3—ScLuO3 and LiYF;~LuyO3 and by (quasi-)
homoepitaxy of Yo03-RE5O3, YVO,~REVO,; and YAG-REAG substrate—film systems.
The lattice matching in the quasi-homoepitaxial systems was realized by mixing the
(Eu, Gd, Lu)-amount to match the yttrium-based substrate material. Besides the lattice
matching purpose this also delivered a higher refractive index difference to the substrate.
In the heteroepitaxial systems the achievable refractive index difference (0.15 < An < 0.5
at 1pm) is still higher compared to (quasi-)homoepitaxial systems (An < 0.04 at 1lpum).
The film growth on Y,03 and YAG was investigated in (111) and (100) direction.

Preparation

All films were fabricated by the pulsed laser deposition technique. Either pressed and
sintered high purity powders or polycrystalline bulk materials obtained by fusion were
used as targets in the ablation experiments. The density of the sintered targets was about
90% of the single-crystal density and no difference in the deposited films was noticed
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in dependence of the used target type (sintered or crystalline). In the latter stage of
this thesis, pre-deposition substrate annealing was performed to allow proper RHEED
measurements and obtain additional information on the substrates. By this treatment,
reconstructed atomically flat surfaces were obtained, with visible terraces by which the
monolayer step height could be determined. Varying miscut angles of f < 2.58° were
determined.

An KrF excimer laser of 248 nm wavelength and 20 ns pulse duration was used for target
ablation with material dependent laser fluences of 1.1-2.5J/cm?. This resulted in ma-
terial related growth rates of 0.002—0.01 A per pulse. The material-dependent threshold
fluence was determined for ablation from sintered and crystalline targets. In order to
reduce a possible droplet formation, a large ablation spot of 5—7mm? was used. With
material dependent optimized deposition parameters crystalline film growth was achieved.

Structural Characterization

A number of analytical techniques were applied for a thorough characterization of the thin
films. The structural analysis includes in-situ reflection high-energy electron diffraction
(RHEED), ex-situ X-ray diffraction (XRD) and ex-situ atomic force microscopy (AFM).

Two-dimensional layer-by-layer growth was observed by RHEED intensity oscillations for
the quasi-homoepitaxial (Gd, Lu)-admixed sesquioxide, orthovanadate and garnet sys-
tems. For these systems, the degree of lattice matching varied between 98.93—99.79%.
The films were highly textured in the default substrate direction and had a high degree of
crystallinity resulting in crystallite sizes L of 66—100% of the film thickness. After de-
position, the film surface usually had a low roughness with RMS values of 0.12—2.0 nm.
These results are promising as smooth surfaces are important for optical applications.
However, for composite sesquioxide films the out-of-plane characterization revealed mul-
tiple peaks, which indicated a ‘mosaic structure’ in the films. A correlation to high miscut
angles of the used substrates can be assumed.

By heteroepitaxy, a highly textured and crystalline Cr:Al;O3 film was deposited on
ScLuO3 with good lattice matching of 99.46%. Unfortunately, no RHEED setup was avail-
able at that time and thus no growth monitoring had been done. The newer attempts
of in-situ RHEED analysis of this system did not show a layer-by-layer growth due to
poor substrate quality and too high substrate temperatures. No continuous layer-by-layer
growth could be achieved with the other heteroepitaxial substrate—film systems either. In-
stead, for temperatures exceeding half the melting heat of the substrate, subplantation was
observed in all three heteroepitaxial systems. In Al;O3—(Sc, Lu);O3 and ScLuO3-Al;03
the target particles most probably reacted with the substrate and formed a (Sc, Lu)AlO3
phase, which was identified in the XRD measurements. By subplantation and interdif-
fusion the lutetium particles of the LiYF,~LuyO3 system probably formed a Li(Y, Lu)F,
phase. In heteroepitaxy, the danger of subplantation with subsequent substrate—particle
reaction is a serious problem of the PLD technique. Moreover, it was not possible to
obtain continuous RHEED oscillations with the substrate—film systems YoO3—LusOg3 or
YAG-LuAG. In spite of the residual mismatch in the lattice matched films, this under-
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lines the importance of lattice matched film compositions. Initial substrate—film lattice
constant deviations most probably prevent layer-by-layer growth.

Additional energy dispersive X-ray (EDX) measurements proved that the target stoi-
chiometry in the solid solution PLD-films of Eu:(Sc, Lu)2O3, Eu:(Gd, Lu),03, Eu:(Gd, Lu)
VOyu, and Eu:(Gd, Lu)3Al;02 were preserved. As expected, the amount of each material
in the films corresponded to the target composition within the measuring accuracy.

Spectroscopic Analysis

Information on the local crystal structure of the rare-earth-doped films were obtained by
spectroscopic analysis. This included luminescence measurements (excitation and emis-
sion) at room temperature, SUPERLUMI VUV excitation measurements at 10K, and
lifetime measurements. The refractive indices of the films were estimated by ellipsometric
analysis. As europium is a good luminescent probe emitting in the visible spectrum, and
because of the main fluorescence level Dy, which is highly sensitive to the surrounding
crystal field, the spectroscopic investigation focused on the Eu®* ion.

A strong dependence exists between the luminescence characteristics of the dopants and
the crystallinity of the host matrix. High degrees of crystallinity require high deposi-
tion temperatures. With almost no exception, the deposited films in hetero- and (quasi-)
homoepitaxy had bulk-like luminescence properties when considering the linewidths and
transition intensities. This was maintained down to thicknesses of < 50nm, which is
an improvement to previous deposited films. For the two-component films a marginal
broadening was observed in the transition linewidth. Interesting differences are revealed
in VUV excitation measurements at helium temperature. Depending on the film ma-
trix, the additional ion in (Gd,Lu)- or (Sc,Lu)-solid solutions can be responsible for a
distortion in the crystal lattice. It can be assumed, that the degree of distortion is de-
pendent on the number of different lattice sites and point group symmetries available for
different ions. Therefore, the (Gd, Lu)VO, composite films are most affected whereas the
(Gd, Lu)3Al5012 composite films are affected much less.

Very promising refractive index differences An of 0.2—0.5 in heteroepitaxy and 0.02-0.3
in quasi-homoepitaxy were obtained by the investigated substrate—film systems.

10.2 Résumé

The aim of the research detailed in this thesis was the investigation and epitaxy of lat-
tice matched dielectric films for optical applications (coatings, Bragg mirrors, active and
passive waveguides) by using the advantages of the pulsed laser deposition technique.
The presented results demonstrate the epitaxy of high crystalline lattice matched films
by PLD with correct stoichiometry and smooth surfaces. Further, it shows the possibil-
ities of in-situ RHEED monitoring of the growth process in order to sustain controlled
layer-by-layer growth.
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Apparently, the lattice matched thin films investigated in this thesis have deficiencies and
are by no means perfect due to drawbacks such as subplantation, tilting, antisite defects,
and lattice expansion. However, it is likely that further work on lattice matching and on
material specific deposition process parameters can resolve the presented problems.

10.3 Outlook and Future Work

Different analysis techniques are required in order to investigate additional film prop-
erties, such as a ‘mosaic structure’ or in-plane orientation of the atomic planes. The
lateral crystallite sizes and the lateral lattice constants of the lattice matched films can
be determined by the surface X-ray diffraction (SXRD) technique. With high resolution
transmission electron microscopy (HRTEM) measurements a direct view of the atomic
positions at the interface and an identification of the different components is possible.
Both techniques will give further insight on the lattice matching of the films.

Another interesting idea which has not been realized in the cause of this thesis is the gradi-
ent layer film growth with gradually decreasing lattice matching. Similar to semiconductor
film layers [HagO1], a highly lattice matched layer is grown initially on the substrate and
serves as buffer layer. After a number of layers have continued the seed lattice of the
substrate, the lattice matching is decreased, introducing a slightly different composition
and leading over to the desired material. With such gradient film growth, high refractive
index differences could be achieved while ensuring low crystal defect concentrations in the
film. Gradient growth could also enable a layer-by-layer growth of heteroepitaxial systems
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Figure 10.1: (a) RHEED oscillations during continuous deposition of
Nd:(Gd.Lu)2 03 in (100) direction on Y»Os. The insets show the RHEED
image before (left) and after deposition end at 1pm (right). (b) Surface
topography measured by AFM.
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Figure 10.2: (a) X-ray diffraction pattern of a Nd(0.5%):(Gd, Lu)2Os film
of 1 pm thickness grown on (100) oriented yttria. (b) High resolution scan of
the {600} reflection.

by introducing several buffer layers until finally reaching the desired film material.

The lattice matched growth of films with higher thickness and substitution of the Eu3*
probe ion by a laser-active ion, such as Yb?**, Er*™ or Nd?' has already been real-
ized in our laboratory. In collaboration with T. Giin and A. Kahn a lattice matched
Nd(0.5%):(Gds1 595Lt147.905)203 film of 1pm thickness was deposited on [100] yttria. In-
situ RHEED monitoring was applied during the film growth. The RHEED intensity os-
cillations shown in figure[10.1 (a) give evidence to two-dimensional layer-by-layer growth.
Towards the designated deposition end at 1jum the RHEED intensity oscillations indi-
cated a change of the growth mode from layer-by-layer to step-flow (figure 10.3). The
assumption of two-dimensional layer-by-layer

growth is strengthened by the RHEED image af- S L B L B B B
ter deposition, which is shown in the right inset 1 66 hours after deposition start

of figure 10.1. Correspondingly, the AFM image
in figure 10.3 (b) measured by T. Giin reveals a
smooth atomically flat multi-level surface, in which
monolayer terraces of 5 A step height are recog-
nized. Figure 10.2/shows the X-ray analysis mea-
sured by A. Kahn. By the 260 positions, the lattice ] ]
constants of substrate and film are determined to

as = 10.696 A and ar = 10.599 A, respectively, 0 S |5 - 'llol I '1|5' I '20
resulting in a lattice matching of 99.09%. The time (s)

FWHM width of the {600} reflection was around

0.03° for the substrate and the film, indicating Figure 10.3: Step flow growth of
monocrystalline film growth. Nd:(Gd, Lu); O3 in (100) direction.

intensity (arb. u.)

These last results emphasize that all three quasi-homoepitaxial lattice matched systems
presented in this thesis are regarded as very promising laser host materials.
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A List of Fabricated Films

The following table summarizes the process parameters of all films that were deposited

and characterized in the course of this work.

Name Substrate Film and Dopant Tsub PO, dis E, Vrep hgim
(in mol.%) (°C)  (mbar) (cm) (J/pulse) (Hz) (nm)
S001  Sce0s3 Er(1.0): ScaO3 700 8.8 x 107% 9.0 0.8 10
5002 SiO9 Eu(1.5): Y203 700 8.8 x 107% 9.0 0.8 10 234.74
S003 Y203 (111) Eu(1.5): Y203 668 8.8 x 1073 9.0 0.8 10 120
S004 Y203 (111) Eu(1.5): Y203 668 8.8 x 1073 9.0 0.8 10 50
S005 Y203 (111) Eu(1.5): Y203 668 8.8 x 1073 9.0 0.8 10 20
S006 Y203 (111) Eu(1.5): Y203 668 8.8 x 1073 9.0 0.8 10 5
S007 Y203 (111) Eu(1.5): Y203-Y203 668 8.8 x 1073 9.0 0.8 10 20-5
S008 Y203 (100) Eu(1.5): Y203 700 8.8 x 107% 9.0 0.8 10 100
S009 Y203 (111) Er(2.0): LusOs 705 8.8 x 1073 9.2 0.8 10 100
S010  «a-AlxO3  Eu(2.0): ScLuOs 700 7.9 x 1073 9.2 0.8 15 1000
S011  «a-AlkO3  Eu(2.0): ScLuOs 700 7.9 x 1073 9.2 0.8 10 500
S012  «a-AlbO3  Eu(2.0): ScLuOs 700 7.9 x 1073 9.2 0.8 10 200
S013  a-Al,O3  Eu(2.0): ScLuOs 700 7.9 x 1073 9.2 0.8 10 50
S014  «a-Al,O3  Eu(2.0): ScLuOs 700 7.9 x 1073 9.2 0.8 10 10
S015  a-AlbO3  Eu(2.0): ScLuOs 700 7.9 x 1073 9.2 0.8 10 5
S016  a-Al,O3  Eu(2.0): ScLuOs 700 7.9 x 1073 9.2 0.8 10 50
S017  a-AlkO3  Eu(2.0): ScLuOs 700 7.9 x 1073 9.2 0.8 10 5
S018  a-AlyO3  Nd(0.5): ScLuO3-ScLuO3 700 7.9 x 1073 9.2 0.8 16 8000-3500
S019  «a-AlbO3  Eu(2.0): Y203 20 7.9x107% 9.0 0.8 31 100
5020  YVOq4 Eu(1.5): GAVO4 730 1x107% 9.0 0.8 11 124.66
5021 YVOqu Eu(1.5): GAVO4 730 1x1072 9.0 0.8 11 62.33
S022  «a-Al,O3  Eu(1.5): GAVO, 730 1x107%2 9.0 0.8 11 581
S023  a-Al,O3  Nd(0.5):ScLuO3-Al,O3 730 1x 1072 9.0 0.8 16 10000-5000
5024  YVOq4 Eu(1.5): GAVO4 730 1x1072 9.0 0.8 16 20
5025  YVOqu Eu(1.5): GAVO4 730 1x107% 9.0 0.8 11 8
S026  YVOyu Eu(1.5): GAVOy 730 1x107% 9.0 0.8 11 4
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Name Substrate Film and Dopant Tsub PO, dis E, Vrep  Pgim
(in mol.%) (°C)  (mbar) (cm) (J/pulse) (Hz) (nm)
S027  YVOu Eu(1.5): GAVO, 730 1x1072 9.0 0.8 3 2
S028  YVOy Eu(1.5): GAVOy 730 0 9.0 0.8 1 2
S029  YVOu Eu(1.5): GAVOy 730 1x1072 9.0 0.8 1 2
S030  YVOy Eu(1.5): GdVO,-Alb,O3 730 1x1072 9.0 0.8 3 4-32
S031  YVOy Eu(1.5): GAVOy 730 1x 1072 9.0 0.8 3 20
S032  LiYFy Eu(8.0): LuyO3 600 1x1072 9.0 0.8 3[7|1 240
S033  LiYFy Eu(8.0): LuyO3 600 1x1072 9.0 0.8 3 100
S034  LiYFy Eu(2.0): LuyO3 600 1x1072 9.0 0.8 3 100
S035 LiYFy Eu(2.0): LuyO3 600 1x1072 9.0 0.8 3 50
S036 LiYF, Eu(2.0): LupO3 600 9.5 x 1073 9.0 0.8 3 20
S037 LiYFy Eu(2.0): LupO3 600 9.5 x 1073 9.0 0.8 1 8
S038  LiYFy Eu(2.0): LupO3 600 9.5 x 1073 9.0 0.8 1 4
S039  LiYFy Eu(2.0): LupO3 600 9.5 x 1073 9.0 0.8 1 2
S040 LiYFy — — — — — — —
S041  YVOu Eu(2.0): GAVOy buried 700 1x 1072 9.0 0.8 3 20-2-20
S042  YAG Eu(2.0): YAG 700 1x1072 9.0 0.8 3 100
S043  a-AlyO3 Eu(2.0): YAG 700 1x1072 9.0 0.8 15 340
S044  YAG (111)  Eu(2.0): YAG 700 1x1072 9.0 0.8 3 50
S045 YAG (111)  Eu(2.0): YAG 700 1x1072 9.0 0.8 3 20
S046  YAG (111)  Eu(2.0): YAG 700 1x1072 9.0 0.8 3 8
S047  YAG (111)  Eu(2.0): YAG 700 1x1072 8.0 0.8 3 4
S048
S049 Y503 (100)  Eu(8.0): LugO3 700 1x1072 9.0 0.8 3 100
S050  YoO3 (100)  Eu(8.0): LugO3 700 1x1072 9.0 0.8 3 50
S051  Yo03 (100)  Eu(8.0): LupO3 700 1x 1072 9.0 0.8 3 20
S052  Y,03 (100)  Eu(8.0): LupO3 700 1x 1072 9.0 0.7 3 8
S053  Yo03 (100)  Eu(8.0): LupO3 700 1x1072 9.0 0.7 3 4
S054  Y»03 (100)  Eu(8.0): LupO3 700 1x1072 9.0 0.8 3 2
S055  Y»03 (111)  Eu(8.0): LupO3 697 1x1072 9.0 0.8 3 50
S056  YoO3 (111)  Eu(8.0): LugO3 697 1x1072 9.0 0.8 28 20
S057  ScLuOjz (111) Cr(0.5): AlyO3 700 1x1072 9.0 0.8 3 50
S058  ScLuOjz (111) Cr(0.5): AlyO3 700 1x 1072 9.0 0.8 3 20
S059  ScLuOjz (111) Cr(0.5): Al,O3 700 1x 1072 9.0 0.8 3 100
S060  Yo03 (111)  Eu(2.0): (Gd, Lu)203 702 1x 1072 9.0 0.8 3 100
S061  Yo03 (111)  Eu(2.0): (Gd, Lu)203 705 1x1072 9.0 0.7 3 50
S062  Y.03 (111)  Eu(2.0): (Gd, Lu)203 705 1x1072 9.0 0.7 3 25
S063  Yo03 (111)  Eu(2.0): (Gd, Lu)203 705 1x 1072 9.0 0.8 3 10
S064  Yo03 (111)  Eu(2.0): (Gd, Lu)203 705 1x1072 9.0 0.8 3 5
S065 YAG (100)  Eu(2.0): (Gd,Lu)AG 645 1x1072 9.0 0.8 3 100
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Name Substrate Film and Dopant Tsub PO, dis E, Vrep Rfilm

(in mol.%) (°C)  (mbar) (cm) (J/pulse) (Hz) (nm)
S066  YAG (100) Eu(2.0): (Gd,Lu)AG 666 1x 1072 9.0 0.8 3 50
S067  YAG (100) Eu(2.0):(Gd,Lu)AG 659 1x1072 9.0 0.8 3 25
S068  YAG (100) Eu(2.0):(Gd,Lu)AG 665 1x1072 9.0 0.8 3 10
S069 a-Al,O3  Eu(2.0): (Gd,Lu)AG 715 1x1072 9.0  0.75 11 498
S070  a-Al,O3  Eu(2.0): (Gd, Lu)203 750 1x1072 9.5  0.75 11 738
S071  a-AlbO3  Eu(2.0): (Gd, Lu)VOy 730 1x1072 9.0  0.75 11 334
S072  YVO, Eu(2.0): (Gd, Lu)VOy 730 1x1072 9.0  0.75 11 100
S073  YVOy Eu(2.0): (Gd, Lu)VOy 730 1x1072 9.0  0.75 11 50
S074  YVO, Eu(2.0): (Gd, Lu)VOy, 730 1x1072 9.0  0.75 11 25
S075  YVO, Eu(2.0): (Gd, Lu)VOy 730 1x1072 9.0  0.75 3 10
S076  YVOy Eu(2.0): (Gd, Lu)VOy 730 1x1072 9.0  0.75 3 25
S077  LiYFy Eu(8.0): Lus O3 600 9.2 x 1073 9.0 0.4 11 100
S078  LiYFy Eu(8.0): Luy O3 600 1x1072 9.0 0.4 3 100
S079  LiYFy Eu(8.0): LuyO3 600 1x1072 8.0 0.4 3 100
S080  YVO, Eu(2.0): GAVOy, cryst 850 1x1072 9.5 0.8 3 100
S081  YVO, Eu(2.0): GAVOy, cryst 800 1x1072 9.5 0.8 3 5
S082  YVOy Eu(2.0): (Gd, Lu)VOy, cryst 800 1 x 1072 9.5 0.8 3 100
S083  YVO, Eu(2.0): (Gd, Lu)VOy, cryst 800 1 x 1072 9.5 0.8 3 5
S084  a-Al,O3  Eu(2.0):ScLuOs, cryst 975 1x1072 9.5 08 1|3 100
S085  a-AlsO3  Eu(2.0):ScLuOs, ¢ryst 940 1x1072 9.5 0.8 1 5
S086  LiYFy Eu(2.0): Lug O3, eryst 600 1x1072 95 0.8 3 100
S087  YAG (111) Eu(2.0): YAG, ¢ryst 890 1x1072 95 0.8 3 100
S088  YAG (111) Eu(2.0): YAG, cryst 875 1x1072 9.5 0.8 1 5
S089  YAG (100) Eu(2.0): YAG, cryst 865 1x1072 9.5 0.8 1 5
S090  YAG (100) Eu(2.0): YAG, cryst 885 1x1072 9.5 0.8 1 50
S091  YAG (100) Eu(2.0): YAG, cryst 860 1x1072 9.5 0.8 3 100
S092 Y203 (100) Eu(2.0): LugOs, cryst 900 1x1072 95 0.8 3 10
S093 Y203 (100) Eu(2.0): LugOs, cryst 898 1x1072 95 0.8 3 100
S094  Yo03 (100) Eu(2.0): LupO3 905 1x1072 9.5 0.8 3 10
S095  YAG (100) Eu(2.0): (Gd, Lu)AG, ¢ryst 895 1x1072 9.5 0.8 1 100
S096  YAG (100) Eu(2.0): (Gd, Lu)AG, sryst 895 1x1072 9.5 0.8 1 5
S097  YAG (111) Eu(2.0): (Gd, Lu)AG, ¢ryst 870 1x 1072 9.5 0.8 1 5
S098 Y203 (111) Eu(2.0): (Gd, Lu)2O3, cryst 900 1x 1072 9.5 0.8 1 5
S099 Y203 (111) Eu(2.0): LugOs, cryst 900 1x1072 9.5 08 1|3 50
S100 Y203 (111) Eu(2.0): Y203, cryst 900 1x1072 9.5 0.8 1 20
E101  Y»03 (111) Eu(2.0): (Gd, Lu)203 470 4x107°  — — — 100
E102  Y>03 (100) Eu(2.0): (Gd, Lu),03 470 4x107°  — — — 100
E103 Y203 (100) Eu(2.0): (Gd, Lu),03 470 4x107°  — — — 100
E104 YVO, Eu(2.0): (Gd, Lu)VOy 470 4x107°  — — — 100
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Name Substrate Film and Dopant Ty PO, dis E, Vrep hfilm

(in mol.%) (°C)  (mbar) (cm) (J/pulse) (Hz) (nm)
E105 YAG (100)  Eu(2.0):(Gd,Lu)AG 430 4x107° — — — 150
E106 YAG (100)  Eu(2.0): (Gd,Lu)AG 430 4x107° — — — 150
E107  YAG (100)  Eu(2.0):(Gd,Lu)AG 430 4x107° — — — 150
E108 YAG (111)  Eu(2.0): (Gd,Lu)AG 430 4x107°> — — — 150
SROI YAG (100)  Eu(2.0):(Gd,Lu)AG 1000 8.8 x 1073 9.7 0.8 1 100
SR02 YAG (111)  Eu(2.0):(Gd,Lu)AG 1000 8.9 x 1073 9.7 0.8 1 100
SR03 Y203 (100)  Eu(2.0): (Gd, Lu)203 900 8.9 x 1073 9.7 0.8 1 100
SR04 Y,03 (111)  Eu(2.0): (Gd, Lu);03 910 8.9 x 1073 9.7 0.8 1 100
SR05 YAG (111)  Eu(2.0): (Gd,Lu)AG 986 8.9 x 1073 9.7 0.8 1 100
SR06 a-AlyO3 Eu(2.0): (Sc, Lu),03 1050 9 x 1073 9.7 0.8 1 50
SRO7  ScLuOj3 (111) Cr(0.25): Al,O3 950 8.5x 1073 9.7 0.8 1 100
SR08  YVO, Eu(2.0): (Gd, Lu)VO4 900 8.3 x 1073 9.7 0.8 1 100
SR09 LiYF, Eu(2.0): LupO3 550 5.5 x 1073 9.7 0.8 1 70
SR10 Y203 (100)  Eu(2.0): (Gd, Lu)203 920 9x 1073 9.7 0.8 1 100
SR11 Y03 (111)  Eu(2.0): (Gd, Lu)203 905 4.6 x 1073 9.7 08 1|05 100
SR12 YVO, Eu(2.0): (Gd, Lu)VO, 900 7.7 x 1073 9.7 0.8 1 100
K047 Y503 (100)  Nd(0.5): (Gd, Lu)203 900 8.8 x 1073 9.6 0.8 1 103

Table A.1: List of fabricated films. A resistive heater with no direct thermal con-
tact was used for films < S080. Films > S080 were deposited using a laser-based heater
with the substrates mounted on a SiC or Sis Ny heat-spreader. Pre-deposition substrate
treatment in combination with atomic force microscopy were performed as a prepara-
tion for the in-situ reflection high-energy electron diffraction measurements during the
deposition process for films SRO1—-SR12. In addition to films denoted with ‘SR’, the
film K047 was manufactured in the same manner in collaboration with T. Giin and A.
Kahn. Further results regarding this film will soon be published. Films which were
fabricated by D. Barlosius using the EBV technique are tagged ‘E’.
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Sellmeier Equations

Material Refractive Index Reference
(X in pm)
Scy03 n= \/3.83252 + % — 0.014094)2 [Mix99]
Y504 n= \/ 3.5387 + % — 0.00914896)2 [Mix99]
LusOs n= \/ 3.62004 + % — 0.0086344)2 [Mix99]
Gd20s "= \/1 + 0.364402A2Ai 0.0075356 [Liu07]
a-Al Oy Mo = \/ 15586 + 53 323%513;7 + )\523—6%?5)\626 [Kuz06]
ne= (175100 + O 4 430000
YAG ne 1+ B - U [2e198]
— Ny = \/3.77834 + % — 0.0108133)2 (Bi07]
Ne = \/4.59905 + 008 — 0.0122676)2
VO, Ny = \/3.8987165 + % 003N | o
Ne = \/4.734369 O~ 0.0130272
LiYF, Mo = \/ 138757 + AQ'ZO()?.%@; et 85%%337241 [Bro07]

_ 0.84903)2 0.53607\
e = \/1‘31021 N2 000876 A2 — 134.9566

Table B.1: Sellmeier equations of the used materials. The equations for the

sesquioxides apply to the cubic bixbyite structure.
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