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Abstract
Abstract

Sebastian Bar, Crystalline rare-earth-doped sesquioxide PLD-films on a-alumina

The development of integrated optical devices demands the fabrication of high-quality op-
tically active thin films. This work focuses on thin sesquioxide films, which are promising
because the sesquioxides are well-known hosts for rare-earth-ions, leading to luminescent
materials and solid-state lasers with superior mechanical and thermal properties (e. g. low
phonon energies, large thermal conductivity).

Optical quality crystalline thin films of rare-earth-doped sesquioxides (yttria, lutetia, and
scandia) have been grown by the pulsed laser deposition (PLD) technique on single-crystal
(0001) a-alumina substrates. Alumina substrates offer a lattice constant that matches
that of cubic Y203 in the (111) direction very well. Using LusO3 and ScyO3, the mismatch
of 4.8% related to YoO3 on alumina substrates can be considerably reduced leading to the
production of films with less dislocations.

The crystal structure of these films (thicknesses from 1nm to 500 nm) was determined by
X-ray diffraction (XRD) and surface X-ray diffraction (SXRD) analysis. These measure-
ments show that the films were textured along the (111) direction, however with a small
polycrystalline component, which is negligible in thick films. Using Rutherford backscat-
tering analysis (RBS), the correct stoichiometric composition of the films could be proved.
At optimum growth conditions, epitaxial growth of YoO3 along the (111) direction on the
[0001] a-Al;O3 was experimentally verified by the observation of channelling in the RBS
experiments.

The surface morphology of the thin films has been studied using atomic force microscopy
(AFM). While amorphous films have no defined surface structure, crystalline films show
a triangular surface morphology, which is attributed to the (111) growth direction. The
same structure is observed along the {111} cleavage of an yttria bulk crystal. Thin films
with a mean thickness of 5 nm have no completely covered surface, but show island growth,
where the shape of the single crystallites, having angles of 60° or 120°, indicates the (111)
growth direction during the early stages of film growth.

To study the optical properties of the rare-earth-doped films, spectroscopic measurements
in the (vacuum-) ultraviolet and visible spectral-range have been carried out. The emission
and excitation spectra of the Eu*-doped films look similar to those of the corresponding
crystalline bulk material down to a film thickness of 100 nm, i.e. the symmetry around
the Eu®t-ions is preserved, whereas films with a thickness < 20nm show a completely
different emission behavior. This change can be explained by subplantation effects of
high-energy plasma species hitting the substrate surface, leading to mixed compounds
like Y3Al;015. In addition, surface effects due to a large surface-to-volume ratio of the
observed islands have a significant impact on the film’ properties.

For possible applications in integrated optics, waveguide experiments have been performed
in the system Y,03-Al;0O3. Single-mode guiding of the fundamental mode was demon-
strated in the 1pm thick yttria layer.



Kurzfassung

Sebastian Béar, Kristalline, Selten-Erd-dotierte Sesquiozid-PLD-Schichten auf a-Als Og

Die Entwicklung neuer Bauteile fiir die integrierte Optik erfordert in zunehmendem Mafle
die Herstellung von diinnen, optisch aktiven Schichten. Aufgrund ihrer mechanischen und
thermischen Eigenschaften sind die Sesquioxide interessant fiir ein solches Aufgabengebiet,
zumal sie mit Seltenen Erden (SE) dotiert in Leuchtstoffen oder Festkorperlasern bereits
im Einsatz sind.

Mit der Technik der Pulsed Laser Deposition (PLD) konnten kristalline Schichten aus
Selten-Erd-dotierten Sesquioxiden (Y503, LusO3 und ScyO3) auf (0001)-Korundsubstraten
in optischer Qualitat hergestellt werden.

Die Kristallstruktur dieser Schichten mit Dicken zwischen 1 nm und 500 nm wurde mit-
tels Rontgenbeugung (XRD) und Oberflachenréntgenbeugung (SXRD) bestimmt und ein
bevorzugtes Wachstum in (111)-Richtung festgestellt. Neben der korrekten Stéchiometrie
lieferte die RBS-Analyse auch Hinweise auf epitaktisches Wachstum der Schichten (Chan-
neling).

Die Oberflachenbeschaffenheit der Schichten wurde mit der Rasterkraftmikroskopie un-
tersucht. Waéhrend bei amorphen Schichten keine definierte Struktur vorliegt, zeigen
die Aufnahmen von kristallinen Schichten eine dreieckige Oberflaichenstruktur, die der
(111)-Richtung zugeschrieben wird. Eine dhnliche Struktur wurde entlang einer {111}-
Spaltflache in einem Y;03-Volumenkristall beobachtet. Bei sehr geringen Schichtdicken
(< 5nm) ist die Substratoberfliche dagegen nicht komplett von einem Y,O3-Film bedeckt.
Stattdessen wurde kristallines Inselwachstum beobachtet, wobei die Form der einzelnen
Kristallite scharfkantige Strukturen mit Winkeln von 60° oder 120° aufweist, was ebenfalls
ein Hinweis auf die (111)-Wachstumsrichtung in dieser frithen Phase der Filmbildung ist.

Die Emissions- und die Anregungsspektren der Eu-dotierten Schichten mit Dicken >
100nm entsprechen denen eines Volumenkristalls. Schichten mit einer Dicke < 20nm
zeigen dagegen ein stark verdndertes Emissionsverhalten. Diese Veranderungen ergeben
sich durch die Subplantation von hochenergetischen Teilchen aus dem Plasma, so dafl es
zu einem Mischsystem Al,Oz — Y503 kommt, in dem sich dann Y3Al;045 bildet. Desweit-
eren hat das an der Oberflache beobachtete Inselwachstum auch einen erheblichen Einflufl
auf die optischen Eigenschaften. Denn durch ein vegroflertes Verhaltnis von Oberflache
zu Volumen treten oberflachenbedingte Effekte deutlich starker hervor.

Um moglichen Anwendungen im Bereich der integrierten Optik gerecht zu werden, wurden
erste Wellenleiter-Experimente am Schichtsystem Y,O3 — AlyO3 durchgefiithrt. Dabei
konnte in einer ein Mikrometer dicken Yttriumoxidschicht Single-Mode-Fiihrung bei einer
Wellenlange von 632nm bzw. 488 nm erzielt werden.
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€0 vacuum permittivity

an Bohr radius

Co speed of light in vacuum
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h Planck constant
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k Boltzmann constant
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1 Introduction

1.1 Motivation

In recent years the data transfer created by computer-based business processes and inter-
net applications has been growing exponentially. This development requires an increasing
transmission capacity at lower cost, which can only be met by increased use of optical fibre
and associated advanced photonic technologies. The operation of these new devices must
be described in terms of optics as well as of electronics, giving birth to a mixed discipline
called (integrated) photonics. The basic idea behind integrated photonics is the use of
photons instead of electrons, creating integrated optical circuits similar to those in con-
ventional electronics, i.e. the fabrication and integration of several photonic components
on a common planar substrate.

The replacement of electronic by photonic devices is forced by fundamental physical rea-
sons that limit the information transmission rate using purely electronic devices: as the
frequency of an electrical signal propagating through a conductor increases, the impedance
of the conductor also increases, thus the propagation characteristics of the electrical in-
terconnection become less favorable. In contrast, optical signals propagate through non-
conducting dielectric media, operating in the wavelength range where these materials are
highly transparent. In general, this transparent window falls in the visible and near-
infrared range of the electromagnetic spectrum, which corresponds to light frequencies
around 300 THz, 10° times the frequency used in electrical transmission, which allows a
very large bandwidth for transporting a huge amount of information.

The optical elements present in integrated photonic devices should include basic compo-
nents for generating, focusing, splitting, junction, coupling, isolating, polarization con-
trolling, switching, modulating, filtering and detecting of light. The key element of these
devices are optical waveguides, that provide not only guiding, but also coupling, switching,
splitting, multiplexing, and demultiplexing of optical signals.

Although nowadays a long list of integrated photonic devices has been proposed, modelled,
and fabricated, and their number is quickly increasing, the basic components remain
almost unchanged. All the optical components in integrated photonics are constructed
from three building blocks. These are the straight waveguide, the bend waveguide and
the power splitter (Y-branch). Using these building blocks, several basic components
have been developed to perform basic optical functions. A good overview on the specific
clements is given in [Lif03].
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The basic technology for these waveguides is
the fabrication of high quality thin films. The
methods most widely used for the production
of such thin films are diffusion techniques (e. g.
titanium indiffusion in lithium niobate) and
deposition techniques (such as chemical vapor
deposition used for silica). The integration of
multiple functions within a planar optical cir- mode

microdisc
resonator

waveguides

cuit requires structures with lateral dimensions microdisc
of a few microns, which can be achieved by resonator 7
photolithographic processes [Hai0Ol]. For the y

fabrication of functional devices different ma-
terials are used. Apart from semiconductors
such as indium phosphide (InP), gallium ar-
senide (GaAs) — an example is depicted in fig-
ure 1.1 or even silicon (Si), also dielectrics such
as polymers, glasses, silica on silicon (SiOy/Si),
or lithium niobate (LiNbOj) are suitable for
the use in integrated photonics.

Figure 1.1: InGasP ring resonator [Tis99].

Photonic Crystals

Aside from this 'classical” way of realizing the necessary components for integrated optics,
a new class of materials, termed photonic crystals, with optical properties that can be
designed individually has been developed. In a photonic crystal, the periodic arrangement
of refractive index variation controls how photons are able to move through the crystal.
Similar to the periodic arrangement of ions in a lattice, which gives rise to the energy band
structure e. g. in semiconductors, the refractive index contrast results in a photonic band
structure characterized by a photonic band gap. Breaking the periodicity introduces new
energy levels within the photonic band gap. This defect mode or microcavity formed by
breaking the periodicity of the crystal amplifies only those wavelengths of light that are
able to pass freely through the crystal. Photonic crystal microcavities are more efficient
than conventional semiconductor diode lasers since there are few directions in the which
the photons can escape. Two examples of photonic crystal structures are shown in below.

defect region

Figure 1.2: Photonic crystal structures: (a) microcavity formed by a ’point
defect’ [Vah03|, (b) Add-drop filter [Nod00]
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Dielectric Oxides

The materials used for integrated optics are mainly compounds of semiconductors as they
are the most promising materials for monolithic integration of the components.This means
that the highest level of integration (whether serial or parallel) can be achieved, where
all the optical elements including light sources, light control, electronics, and detectors
are incorporated in a single substrate. In certain cases, the hybrid integration technology
might be favorable. Hybrid technology means that different elements are built on different
substrates and then directly attached to each other or interconnected by optical fibres.

Compared with the highly developed standard fabricating and structuring techniques for
semiconductor devices, the techniques for structuring crystalline oxide dielectrics are not
well known, even if the processes are basically the same. Since this class of materials offers
a range of advantageous properties, however, the aim of this thesis is the preparation and
characterization of thin sesquioxide films, i.e. yttria Y503, lutetia LuyOs, and scandia

SC203.

An advantage of the dielectric oxides is their wide transparency range from the ultraviolet
to the mid-infrared part of the electromagnetic spectrum. Due to the possibility of dop-
ing the oxides with rare-earth-ions, the optical properties can be influenced selectively.
Compared with semiconductors, the refractive index of these oxides is moderate resulting
in considerably reduced fresnel reflections at the endfaces designed for coupling light in
and out of the device. This is an important point since these reflections determine the
efficiency of the system. For example, at normal incidence of near-infrared light, the in-
dex difference between semiconductors and air is of the order of An ~ 2.5 resulting in a
reflectivity of ~ 30%. Under the same conditions, the reflectivity of dielectric oxides is
less than 10% because the index difference is smaller (An < 1).

The growing interest in the fabrication and characterization of Y503 films over the last
few years is related to the diverse range of potential applications that can be envisioned.
Y503 is an important material for semiconductor applications as well as for optical appli-
cations such as phosphors or waveguide lasers because of its ability to be a host material
for rare-earth atoms like europium or thulium [Pol97, Jon97, Hui00]. Especially in the
semiconductor industry, the use of Y203 in metal-insulator-semiconductor (MIS) diodes,
transistor gates, metal-oxide-semiconductor (MOS) capacitors, and dynamic random ac-
cess memory (DRAM) gate dielectrics is favorable due to its large bandgap (5.8eV) and
large dielectric constant (14-18) [Jon97, Ras92, Zha98].

Eu-doped Y;03 is a well-known red phosphor [Jon97] and still used — as a powder —
in electroluminescent displays (ELDs), fluorescent lamps, and cathodoluminescent (CL)
displays. However, thin film phosphors have several advantages over powders, such as
higher lateral resolution from smaller grains, better thermal stability, reduced outgassing,
and better adhesion to the solid surface [Hir97]. Seeing these advantages, there is a
significant interest in the development of Eu:Y,0O3 thin film phosphors for the use in field
emission display (FED) technology replacing the Eu:Y>0,S system which is used in the
traditional cathode ray tube (CRT).

Resulting from its high melting point of 2410°C, Y503 is also widely used for high temper-
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ature corrosion protection. In combination with the efficient transmission of infrared (IR)
radiation, this robustness makes yttria films a very promising material for protective and
antireflective coatings for IR detectors, e. g. HgTe and HgCdTe photovoltaic IR detectors.

Although Y503 has a lot of beneficial properties as shown above, lutetia and scandia offer
additional positive properties for thin film production. The lattice constants of LuyO3
and ScyO3 are 10.39 A and 9.86 A, respectively, and thus, these values match better the
lattice constant of sapphire, a common substrate for yttria, leading to the production of
films with fewer dislocations. Additionally, both materials have a higher refractive index
than Y503, which might be interesting for waveguide applications and for the fabrication
of photonic crystals, where a high index contrast is advantageous.

Up to now, however, only little attention has been paid to LusO3 and ScyO3. Scandia,
for example, might be suitable for reducing surface states on AlGaN/GaN high elec-
tron mobility transistors (HEMT) and, in addition, exhibit promise as gate dielectrics in
GaN [Luo02]. Since LuyO3 has the largest bandgap among the rare-earth oxides, it is
also considered for high-dielectric constant (high-k) gate insulator applications [Ohm02].
Additionally, LuyO3 can be used as an efficient scintillator material because of its high
absorption coefficient for ionizing radiation. Because of the high Z-number an incoming
gamma or X-ray particle can be preferentially stopped at a single position. Therefore,
higher resolution images in medical diagnosis can be envisioned [Zyc02].

Another application for rare-earth-doped sesquioxide films is the fabrication of planar
waveguide structures. These include passive elements as well as active waveguides (am-
plifiers and lasers), because these materials are well known bulk hosts for laser ions (e. g.
Nd:Y503, Yb:Y503) [For99, For00]. One of the first steps towards these devices is to be
able to produce planar optical waveguides in very good quality. There is no question
about the predominant role of optical fibres in long distance data transmission, but for
active processes crystalline optical waveguides offer substantial advantages: The larger
emission and absorption cross sections available in crystalline matrices become accessi-
ble, and the confinement of light inside the waveguide generates a larger intensity-length
product. Since nonlinear processes, like upconversion or frequency conversion, depend
strongly on the intensity, the realization of these processes is much easier to achieve in
waveguides. Additionally, the guiding of the pump mode as well as the signal mode leads
to an excellent overlap of the modes resulting in lower laser thresholds.

Thus, lasing can be achieved on transitions that possess an impractically high lasing
threshold in bulk materials [Han93|. Apart from waveguides of Nd:YAG [Bon00], Nd:GGG
[And98, Bar01], and Ti:Al,O3 [And98], also first yttria waveguides have been fabricated,
for example Er:Y,03 [Hoe92, Kor01, Lec02].

Why Pulsed Laser Deposition?

There are many technologies existing for the fabrication of optical thin films and apart
from the pulsed laser deposition technique, a variety of other physical and chemical meth-
ods have been used in the past to synthesize dielectric Y503 films, e.g. chemical vapor
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deposition (CVD) [Sha93, McKO00], RF magnetron sputtering [Gur87], ion-assisted evap-
oration [Cho99], anodization [Gol68], electron-beam evaporation (EBV) [Fuk89], sol-gel
techniques [Ra096, Lou01], and reactive synthesis [And94].

In recent years, however, pulsed laser deposition (PLD) has proven to be a very attractive
and practical method not only for the growth of high-quality doped [Cho98, Gao99] and
undoped [Zha98] Y>0; films (pure or doped Y203 sintered targets were used) but also for
a variety of other materials. There are many reasons why this method has become that
attractive for the fabrication of thin films, namely the possibility

e to generate films that match the stoichiometry of the target due to an extremely
high heating rate of the target (10® K/s) leading to congruent evaporation (whereas
conventional thermal evaporation or sputtering can lead to non-stoichiometric de-
posits).

e to use small targets (in contrast to the large targets required for sputtering)

e to deposit in reactive gas environments (in contrast to conventional evaporation,
where hot filaments and /or crucibles could be oxidized).

e to benefit from high energies of the plasma species (often 5 to >100eV) that can
have beneficial effects on the film properties, e.g. good film adhesion at low substrate
temperatures

e to benefit from a high ionization degree of the plasma flux (up to 80%), positively
influencing the film properties

e to accurately control of the film thickness by controlling the number of laser pulses

A more detailed description of the PLD process will be given in chapter 3. Apart from
sintered targets of Y,Oj3, there have also been attempts to use a pure metal ablation target
[Kor00]. In combination with alternate-target PLD, it is possible to have a precise control
of dopant concentration levels and in-depth separation [Ser99).

For crystalline film growth, an appropriate substrate material is very important, because
epitaxial film growth depends strongly on the lattice matching between film and substrate.
Besides crystallinity, the desired application determines the substrate. In fact, thin films
of yttria have been grown on various substrates, e.g. Si, SiOy, MgO, Al,O3, LaAlO3 and
yttrium-stabilized zirconia (YSZ) [Cho98, Cho00, Dik03, Fuk89, Gao99, Gab02]. Gener-
ally, these films were highly textured along the (111) or (100) crystallographic axis.

Nanostructures

The capability of PLD to produce films’ with thicknesses smaller than a monolayer makes
this technique interesting for structures in the sub-nanometer range, which is like ” playing
LEGO at the atomic scale” [Bla04].
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In addition to possible applications already mentioned it is then also interesting to inves-
tigate fundamental aspects of interface and surface physics. For these nanostructures, the
definition of a 'bulk’ material property loses its relevance because a large fraction of the
device actually constitutes the interfaces between film and substrate or between films of
different materials. Due to the large surface-to-volume ratio, the probability for localized
surface defects, such as unsaturated bonds and dislocations, is increased, leading to a
considerably modified luminescence behavior.

Changes in structure, composition, and bonding that occur only a few atoms away from
the interface can now have significant impact on the overall properties of the device.
Additionally, defects, such as dislocations and grain boundaries, play a more important
role because they can also be responsible for the failing of devices.

Of particular interest are quantum confinement effects and enhanced luminescence ef-
ficiency, when the particle dimensions become comparable to Bohr radii of the atomic
wave functions. Since the density of states for photons as well as the polarizability of the
medium surrounding the radiative source is changed in nanostructures, the coupling of
the lanthanide ion to the modes of the radiation field can be modified. Thus, it is possible
to change the decay rates by controlling the particle size, resulting in an enhancement of
the luminescent properties with respect to the bulk crystal.

It is also interesting to consider the effect of a dielectric boundary on a rare-earth-ion
embedded in a particle with dimensions much smaller than the transition wavelength.
Having different refractive indices, interference effects can be observed which are related
to the direction of propagation and the polarization. Using two parallel boundaries, which
are designed to reflect light of the emitted wavelength, the linewidth of this transition
can be reduced and the decay rates can be considerably modified. In these microcavities
laser action without a threshold can be achieved.

The final step in miniaturization is the preparation of a single active ion in a crystalline
matrix (in comparison to the ensemble in a bulk material and the investigations of single
ions in traps), known as quantum confined atom (QCA). Barnes etal. observed for the
first time the fluorescence of single rare-earth-ions in metal oxide nanoparticles, i.e. single
Eu?t-ions in Y;03 nanoparticles with a size ranging from 5nm to 15nm. The single ion
luminescence was detected by observing the phenomenon of ’on—off blinking’, a charac-
teristic feature of almost all single quantum systems that show luminescence behavior
[Bar00]. Since multiple bright states in the luminescence behavior have been identified by
'blinking’ on a variable time scale, the possibility for nanoscale optical logic applications
can be envisioned using isolated nanoparticles as individually addressable information
storage units.
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1.2 Structure of this Thesis

This introduction is followed by a description of the crystallographic and physical proper-
ties of the sesquioxides and a-alumina, which serves as substrate material. Additionally,
the electronic transitions and optical properties of the rare-earth-ions are summarized in
chapter 2. These lanthanide ions are incorporated in the thin films as luminescent probes.

Chapter 3 describes the fundamental physical mechanisms involved in the PLD process
as well as some experimental aspects of thin film fabrication by PLD. After these general
remarks, chapter 4 covers the production of different sesquioxide films by PLD in more
detail. This includes the target and substrate preparation, a description of the PLD setup
and the parameters used during the ablation process.

The experimental characterization of the fabricated thin films is then described in chap-
ter 5. Although films of all three sesquioxides — yttria, lutetia and scandia — have been
prepared, the main emphasis is put on the Y503 films.

The analytical tools for examining the structure of the films are X-ray diffraction and
surface X-ray diffraction (crystallinity), Rutherford backscattering (quantitative elemental
analysis), and atomic force microscopy (surface morphology). These techniques and the
results of their application are described in sections 5.1 - 5.3, while the results of the
determination of the optical properties of the rare-earth-doped sesquioxide films, studied
by fluorescence and excitation measurements (including VUV excitation measurements),
are discussed in section 5.4.

One aspect of this thesis was the development of waveguide structures based on a RE;O3—
Al;O3 system. After a short introduction to waveguide theory, the preparation and char-
acterization of a planar yttria waveguide is presented in chapter 6.

Finally, chapter 7 presents the conclusion drawn from the experimental results and gives
an outlook on possible improvements.
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This chapter gives an overview about the materials used for thin film production by pulsed
laser deposition. In the first part, the sesquioxides yttria, lutetia and scandia are described
and their key properties relevant to this work are presented. Additional data can be found
in the theses of E. Mix, L. Fornasiero, and V. Peters [For99, Mix99, Pet01]. Section 2.2
deals with the properties of corundum, which was chosen as substrate material for the
thin sesquioxide films. In the third part of this chapter (section 2.3), an overview of the
lanthanides and their optical properties is given. This includes a theoretical treatment
of the position of their energy levels, intraconfigurational 4f-4f, interconfigurational 4f-
5d, and charge transfer transitions (sections 2.3.1t02.3.4). Additionally, the influence
of the host material phonons on the luminescence behavior is explained by the single
configurational coordinate model (section 2.3.5). Finally, the europium ion, which was
used as a probe ion in the sesquioxide matrices, is introduced (section 2.3.6).

2.1 Sesquioxides

The structural and optical properties of rare-earth sesquioxides (LnyOjz) have been ex-
tensively studied for several years, because these oxides are known to be excellent laser
host materials due to a high thermal conductivity, a low phonon energy, and a high dam-
age threshold [Mor82]. The term sesquioxide refers to the ratio between the anions and
cations (lat. sesqui=one and a half).

Depending on the cation radius, the temperature, and pressure, the sesquioxides can be
found in several crystallographic structures [Rot60, Hoe66]. At room temperature, the
sesquioxides of yttrium (Y2O3), lutetium (LuyOs), and scandium (ScOg3) crystallize in
the cubic C-type bixbyite structure with body centered space group a3 (T}) [Wyc86].
This structure is stable up to the melting point except for yttria, which changes to a
hexagonal high-temperature phase slightly below the melting point. Due to the lanthanide
contraction, the lattice constants of the sesquioxides decrease slightly from Dy,0O3 to
LusO3. A typical scaling, however, is 10 A depending on the type of cation.

The unit cell contains 16 formula units (80 atoms), and the oxygen atoms are arranged
at six of the eight corners of a distorted cube around each metal ion. Thus, the 32 sixfold
oxygen coordinated trivalent cations are accomodated in two different symmetry sites:
24 sites with point group symmetry C5 (non-centrosymmetric), in the following labelled
RE1, and 8 sites with C3; symmetry (centrosymmetric), labelled RE2. The two-fold axes
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of the Oy sites are oriented parallel to the (100) directions, the three-fold axes of the Cj;
sites are parallel to (111) (see figure 2.1).

Figure 2.1: The two different cation sites in the sesquioxide matrix.

The bonding between the metal ions and the oxygen ions in sesquioxides is dominated by
ionic bonding character with an admixing of covalent bonding. The bonding lengths be-
tween the metal ion and the oxygen ion for the two cation sites in the different sesquioxide
matrices are given in table 2.1 (page 13). It should be noted that there are three different
pairs of RE1-O bonds with varying distances, whereas all six RE2-O bonds have the
same bonding length.

This geometric arrangement of the cation and its surrounding anions determines the
electronic structure of the sesquioxides. However, up to now the interest in the electronic
properties was mainly focused on crystalline yttria and only little attention has been paid
to the sesquioxides lutetia and scandia.

Yttriumoxide

Y>03 is an insulator with a bandgap energy of approximately 6.1eV [Abr78]. Conse-
quently, the absorption rises steeply at wavelengths < 220nm, and the fundamental

absorption begins with a sharp maximum at 5.9eV, which is considered as an excitonic
state [Abr78, Tom86].

The binding energy of this exciton (0.1eV) is considerablky low because the short-
wavelength edge of the exciton band is superimposed by the interband absorption [Abr78].

Self-consistent band-structure calculations of Y,03 by Xu etal. [Xu97] showed that the
upper valence band is mainly formed by the 2p orbitals of oxygen electrons and some
admixing of the yttrium 4d and 5p orbitals, whereas the lower conduction band states
are predominantly formed by Y 4d and 5p states.

From the observed values of the interelectronic repulsion parameters between the metal ion
and the oxygen ligands, Jorgensen et al. predicted that a substantial degree of covalency
is mixed with the predominant ionic bonding character between Y and O [Jgr64]. This

10
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prediction is based on the work of Ephraim and Bloch [Eph26], who found that the
values of the interelectronic repulsion parameters separating the multiplet terms of 4f¢
(nephelauxetic effect, see page 14) are smaller in more covalent compounds than in ionic
compounds. The effective charges of Y1 and Y2 have been determined to +2.08 and
+2.10, respectively, while the effective charge of the oxygen ions is —1.39 [Xu97].

Lutetiumoxide and Scandiumoxide

The sesquioxides Luy,O3 and ScyO3 are isostructural to Y03, and all three crystals show
a similar behavior in the spectra of their optical functions.

For Lu,O3, a steep decrease in the reflectivity related to interband transitions, is observed
at an energy of 5.7e¢V with a maximum at 6.1eV, which is the bandgap energy. The
sharp peak in the reflectivity spectrum at 5.8 eV indicates the excitonic state in LuyO3
[Kir03, Kuz03].

The valence band energy levels in Y-based compounds are predominantly formed by
oxygen 2p orbitals. In Lu crystals, however, the top of the valence band is composed
mainly by Lu 4f orbitals [Moi97].

The band gap energy of ScoO3 was determined by Abramov etal. to be 6.3eV [Abr83].
Additionally, their calculations indicate for ScoO3 a predominance of the ionic binding
and a slightly greater contribution of covalency compared with Y503 (gsc < gy).

The most interesting difference between these three sesquioxides is the fact that in Y03
as well as in LuyO3 an excitonic state can be observed, while for ScoO3 no exciton was
detected [Abr83].

As the described structural and electronic properties of the sesquioxides determine the
crystal field, and thus, the energetic positions of the electronic states, they have important
implications on the spectroscopic properties when activated with luminescent ions. In
general, trivalent rare-earth-ions have been found to be distributed randomly in both
sites in sesquioxide RE,Oj3 single crystals [Man63]. Due to these two different symmetry
sites, the spectroscopic characteristics of RE1>* and RE23* ions will differ from each
other. While for centrosymmetric C; sites, the intraconfigurational f-f electric dipole
transitions are forbidden and only magnetic dipole transitions can occur, the crystal field
interaction with non-centrosymmetric C sites introduces an opposite-parity part to the
potential energy of the crystal levels, which makes electric dipole transitions also possible.

Compared to other oxide materials, i.e. YAIO3z or Y3Al;01s, the sesquioxides have a
considerably smaller phonon energy, E,, = hweg. This property makes this class of
materials interesting for optical upconversion processes, where non-radiative processes
due to phonon relaxation should minimized.

11
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2.2 Corundum

The sesquioxide films were grown on aluminum oxide substrates. Aluminum oxide crys-
tallizes in many different structures. The form of aluminum oxide used as substrate in
this thesis is the « form, a-Al;O3, termed corundum. Sometimes, the expression sapphire
is used synonymously for this colorless crystal. In a more precise way, sapphire is Al,O3
doped with Fe?* and Ti** resulting in blue colored crystals. Using Cr3* as dopant, the
crystal appears red and is commonly known as ruby.

a-Aly O3 crystallizes in a ditrigonal-scalenohedral structure
with space group R3c, in which the unit cell contains two
Al,O3 units (see figure 2.2).

The oxygen ions form a hexagonal close-packed structure
(hep) where the A3 ions are located in the octahedrally
coordinated interstices. Therefore, each aluminum ion is
surrounded by six oxygen ligands having each three bonds

lengths of 1.969 A and 2.278 A.

Underlying the hcp structure is a simple hexagonal Bra-
vais lattice, given by stacking two-dimensional triangular
nets directly on top each other. The direction of stacking
is known as the c-axis of the crystal, whereas the lattice
constants a and b generate the triangular lattice in the x-

y-plane [Ash76].

For the selection of a substrate for the growth of thin films

with optical quality several requirements must be consid- Figu're 2.2: Unit cell of a-
ered: good transmission in a wide range of wavelengths, a ~alumina

refractive index lower than that of the growing film, low

cost, and a good thermal and lattice match with the chosen film. As all these conditions
are widely fulfilled, sapphire is an attractive substrate candidate for the growth of Y503
films. The considerable small lattice mismatch, required for growing epitaxial films, com-
pared to the crystal structure of yttria is the main reason for choosing alumina substrates.
For (111) grown Y203 on (0001) a-Aly;O3 this mismatch is 4.8%. The influence of lattice
mismatch on film growth will be discussed in more detail in the context of thin film growth
in section 3.3. Another advantage of an alumina substrate is the thermal conductivity
which is of the same order as that of the sesquioxides.

The difference in the refractive indices between the sesquioxides and aluminumoxide is
large enough to allow effective waveguiding in a sesquioxide layer. Additionally, the
refractive indices of both materials are small enough to avoid significant losses due to
fresnel reflections when coupling light in and out of the waveguide. The waveguiding
mechanism in a system of RE;O3 — Al,O3 is discussed in chapter 6.

Alumina is also an insulator having a bandgap energy of 9.5eV (130 nm), which is about
3.5eV higher than that of yttria. A good overview of the electronic structure of aluminum
oxide is given in [Bat82] and [Xu91].

12
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Materials parameter

The most important parameters and properties of the substrate and the film materials
are summarized in the table below.

a-Aly 05 Y505 Lus O3 Scy03
Crystal structure hexagonal cubic cubic cubic
Lattice constants (A) a= 4.759 || a=10.603 | a =10.391 | a = 9.844
¢ =12.989
Bond length RE1-O (A) 2.331 2.183 2.163
2.274 2.239 2.093
2.243 2.282 2.079
Bond length RE2-0 (A) 2.284 2.247 2.122
Density (;25) 3.99 5.03 9.42 3.847
Density of cations (10?2 cm™3) 4.70 2.69 2.85 3.35
Melting temperature (K) 2319 2703 ~ 2723 ~ 2703
Heat of melting (J/cm?) 4400 2220
Evaporation temperature (K) 3253 4603 4258
Heat of evaporation (J/cm?) 18912 43499
Thermal Conductivity & (%) @ 300K 0.46 > 12.8 > 12.2 > 15.5
Thermal Expansion o (1076 K1) 5.3 (]| ¢ 8.6 7.9 9.6
45 (L ¢
Hardness (Mohs) 9 6.8 ~ T <6.8
Young’s Modulus E (GPa) 400 180 180 230
Poisson ratio 0.22 0.29 0.29
Phonon energy hweg (cm™1) < 870 406 < 430 420
Transparency range (jm) 0.14...6.5 0.22...8 0.22...7 0.22...8
Refractive index n @ 1 um ne = 1.7545 1.89 1.911 1.967
ne = 1.7460
22 (107K~') @589 nm 13.6 (n,) 1.0
14.7 (ne)
Dielectric Constant 11.5 (]| ¢ 11-13 ~ 12 14

Table 2.1: Material properties of a-Al,O3 and the sesquioxides Y203, Lu2Os,

and Sco0s [Bar57, Ber74, Con69, For99, Mix99, Sam82, Web82, Zyc02].
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2.3 Rare-Earth Dopants

In order to study the properties of thin films the lanthanide ions can be used as lumi-
nescent probes because their emission characteristics are sensitive to the crystallographic
environment. Therefore, electronic transitions and characteristic optical properties of rare
earth ions, which are required to interpret the optical data of the present systems, are
summarized in this section. Of course, it is essential that the probe perturbs the in-
vestigated sample as little as possible when it is introduced by substitution of another
non-luminescent unit, usually a metal ion.

The elements used for doping belong to the third main group of the periodic table, termed
lanthanides or rare-earths, containing the elements lanthanum (atomic no. 57) to lutetium
(atomic no. 71). With increasing atomic number, the lanthanides show a periodic behavior
of some of their properties (density, melting and boiling points), while other properties
(e.g. ionic radii) change aperiodically. This aperiodic phenomenon is called lanthanide
contraction.

The electron configuration of rare-earth atoms, responsible for the similarity in their
chemical properties, is [Xe|(4f)"(5d)*(6s)* with x = 1 in the case of lanthanum (n = 0),
gadolinium (n = 7), and lutetium (n = 14) and x = 0 and n = 2 through n = 14 for
cerium through ytterbium. In general, the incorporation of rare-earth ions into a crystal
matrix uses the trivalent form with an electron configuration of [Xe](4f)"™1.

The spectroscopic properties of trivalent rare-earths are characterized by intraconfigura-
tional 4f-4f transitions and interconfigurational 4f-5d transitions. Due to the completely
filled 5s and 5p shells of the [Xe| configuration, the electrons of the 4f shell are effectively
shielded from influences of the chemical environment, e.g. the surrounding crystal field,
leading to low variations of the 4fstates in different local environments [Bur62, Ray63].
Consequently, this insensitive character to the surrounding offers the advantage that the
energy levels can be easily formed from those of free ions, and the influence of the crystal
field is added as a small perturbation. In case of the investigated 4f-4f electric dipole
transitions, this results in narrow transition line-widths compared to those observed in
transition metals, divalent rare-earths, and between RE*" 5d-states [Hen89).

As a result of the influence of the matrix, a slight shift of peak positions of 4f-4f transitions
can be observed. This behavior is known as the nephelauxetic effect (greek: cloud ex-
panding). As the energies of the excited levels are primarily determined by interelectronic
repulsion and spin-orbit coupling (see following section), a shift of the peak positions to-
wards lower energy with increasing covalency of the surrounding media is expected. This
fact makes the rare-earths suitable as probe ions for the crystallographic properties of their
lattice sites. A detailed discussion of the nephelauxetic effect can be found in [Sin66].

Aside from europium, which can be used as a probe ion or as a red light emitter in phor-
phors, there are other rare-earths that are very promising dopant-ions for the sesquioxides.
Most notable here are neodymium in scandia for operation at 1486 nm (telecommunica-
tions industry) and erbium in lutetia which is promising for high power operation at
2.7pm for medical applications [Pet01].
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2.3.1 Energy Levels of Free lons

To calculate the electron states and their energies, the Hamiltonian must be determined
and the Schrodinger equation has to be solved. The Hamiltonian for a free ion with a
nucleus of charge Ze and N electrons of mass m, is

N N
h? Ze? e?
_ A, - . 2.1
H Z ( 2me ! 47T€0Ti) + Z 47'('807”1‘3‘ ( )

i<j=1

The first summation describes the kinetic energy of the electrons as well as their Coulomb
interaction with the nucleus, where r; denotes the distance between the electron i and
the nucleus. The second summation represents the electrostatic repulsion between the
electrons which are seperarated by the distance r;; = |r; — r;|. Because of this two-
particle-operator, a separation of the Schrodinger equation in N one-particle-problems is
not possible and hence no analytical solution can be found.

Using the 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

Ho = i (— LN V(r,-)) . (2.2)

. 2me
=1
The resulting energy eigenvalue equation
HO\IJO - EQ\IJO (23)

is separable, and considering the Pauli exclusion principle, the solution is

N
\Ijo = H |nilimlms) s (24)
i=1

where the wavefunction Wy is built up as a Slater determinant out of one-electron spin
orbitals. The energy eigenvalues of these eigenstates only depend on the quantum numbers
n and [ and are degenerated with respect to m; and my.

In the central field approximation, two corrections have to be made: The non-spheric and
non-symmetric part of the Coulomb repulsion interaction between the electrons

H ZN: - XN: Ze V(r;) (2.5)
ee — T . T ) :
i< 47 €0 Tij i1 47 EoTy

<j=1

results in a splitting of the 4f states in 2°*'L states. The correction due to the spin-orbit

Interaction is
N

Moo= —3° 11 dV(ry) (si-1) | (2.6)

— 2micg vy dry
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with s; and 1; being the spin-vector of the i*" electron and the orbital angular momentum
vector of the i" electron, respectively. ¢ is the speed of light in vacuum. The Hamiltonian
for the free ion can now be written as

H="Hy+ Hee + Hso . (2.7)

If Hgo is the dominating part, 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 = >.ji. This case is termed jj- coupling. In the opposite case, where H,. 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 is termed LS-coupling or Russel-Saunders-coupling.

In lanthanide ions both correction terms tend to be of about equal magnitude resulting in
an intermediate coupling scheme. It is common to label the energy eigenstates following
the Russler-Saunders approximation (**1L ;).

Additional perturbations, like spin-spin interactions or orbit-orbit-interactions as well
as hypersensitive interactions, can be neglected as they are several orders of magnitude
smaller than the observed interactions. A more important effect on the positions of energy
levels of rare earth ions arises from the influence of the crystal field, which will be discussed
in the following section.

2.3.2 Crystal Field Splitting

In a chemical environment (crystal, glass, solution), the spherical symmetry of the free ion
is destroyed by the interaction of the 4f-electrons of a lanthanide ion with the electrostatic
field of the ligands (Stark effect). The influence of the local electric field E, represented
by the Hamiltonian

N
Hspare = —€ Y _B(ry) -1y, (2.8)
k=1

results in a Stark splitting of the 2*!'L; terms of a free ion, and the degeneracy with
respect to M is repealed. For lanthanide ions having an odd number of electrons, the
theorem of Kramers asserts a splitting in (2J + 1)/2 twofold degenerated Stark levels
(Kramers degeneration). Rare-earth ions with an even number of electrons experience a
(2J + 1)-fold Stark splitting.

As the 4f-electrons are shielded from the crystal field by the 5s and 5p electrons, the in-
fluence of the pertubation Hsggai is one order of magnitude smaller than the contributions
of Hso and H,... However, the interaction with the ligand field or with vibrational states
mixes electronic states of different parity into the 4fwavefunctions. Due to this admix-
ing, electric dipole transitions within the 4fshell, normally forbidden, are now partially
allowed (see section 2.3.3).
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2.3.3 Selection Rules

An oscillating electromagnetic field of appropriate frequency can be used for the excitation
of an ion via an electron transition from the ground state to a higher energy level. Tran-
sitions between two energy levels can have either electric dipole (ED) or magnetic dipole
(MD) character. Higher order transitions such as electric or magnetic quadrupole pro-
cesses can usually be neglected due to their reduced transition probabilities [Die68, Pea75].
Electric dipole transitions require a change of parity of the electron wavefunction. Thus,
due to the Laporte selection rule! electric dipole transitions within the 4fshell are (parity)
forbidden and only magnetic dipole transitions are expected [Hen89).

In crystal fields without inversion symmetry, however, a mixing of opposite-parity states
into the 4f" states can occur resulting in a retension of the Laporte selection rule. Even
if the crystal field shows inversion symmetry, intraconfigurational 4f-4f transitions are
observed as forced electric dipole transitions if the rare-earth ions occupy acentric sites
in the matrix. The selection rules for these forced electric dipole transitions between 4f"
states are [Hen89, Kam90]

1. Al = =+1 3. AL = 2l=6
2. AS =0 4. AJ = 2l=6

Additionally, for rare-earth ions with an even number of electrons the following selection
rules are valid:

e J=0 < J' =0 forbidden
e J=0 < J =2/4,6,... strong
e J=0 < J =1,3,5... weak

The effect of admixing of states with opposite parity to the 4f-states has been investigated
intensively by Judd and Ofelt [Jud62, Ofe62].

The matrix of the sesquioxides provides two different lattice sites with symmetry Cy and
symmetry Cjs; (see section 2.1). As the Cj;-sites show inversion symmetry, the effect of
admixing is considerably small as compared to the Cs-sites, because there is no center
of 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
Cy-site.

IThe electric field can be expressed in terms of a multipole expansion. The first terms of order n of this
expansion are called 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:
e For n=0,2,4,... only transitions between states of the same parity are allowed.
e Forn=1,3,5,... only transitions between states of different parity are allowed.
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2.3.4 Interconfigurational 4f-5d and Charge Transfer Transitions

Apart from the intraconfigurational, parity forbidden 4f-4ftransitions (weak), lanthanide
ions show parity allowed transitions (strong), which appear as broad bands in optical
spectra. These parity allowed transitions are the interconfigurational 4" — 4f"~'5d and
charge transfer (CT) transitions.

Interconfigurational 4f-5d Transitions and Ligand Field Theory

In contrast to the 4f-levels, the shielding of an electron in a 5d-orbital by filled 5s- and 5p-
shells is relatively ineffective and therefore, its energy is very sensitive to the environment.
The position of the energy levels and the splitting due to the crystal field with respect to
the site symmetry can be explained by the ligand-field theory (LFT) [Sch98].

The basis of this model, valid for electrons in non completely filled shells, is an extension
of the crystal-field-theory to allow covalent interactions, whereas the bonding in LFT is
generally explained by molecular orbital theory [Bal62].

It is assumed that the motion of electrons occurs in the potential of the metal ion core
as well as in the electrostatic potential of the ligands. As the ligands are regarded as
point charges, the interaction among the electrons of the central ion and the electrons
of the ligands can be neglected. Therefore, in LFT the energy splitting is explained
as a consequence of this electrostatic interaction, which requires a purely ionic bonding
between the metal ion and the ligands without any covalent admixture.

A splitting of energy levels occurs because the orientation of the d-orbital wavefunctions
will increase the electron energy when the orbital is extended into a region of high electron
density, and vice versa. The total energy splitting A, or alternatively 10 Dq, is termed
the crystal field stabilization energy. A may be estimated from

A

RS
where 7 is the radius of the d-orbital and R is the metal-ligand internuclear distance. A
large crystal field splitting energy is provided by ligands with high negative charge and
small radius, and by metal cations with a large oxidation number.

A more illustrative description of the 4f5d-transitions is given in section 2.3.5, where the
single configurational coordinate model is introduced.

Charge Transfer Transitions

A charge transfer transition is an interconfigurational transition which involves the ligand-
to-metal charge transfer (LMCT) transition and the reverse process, a metal-to-ligand
charge transfer (MLCT) transition. In general, a charge transfer state (CTS) is defined
as an electronic state where a large fraction of an electronic charge is transferred from one
region of a molecular entity (electron donor) to another (electron acceptor) [McN97]. Due
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to the displacement of electronic charge across a typical interatomic distance the center
of charge between the central ion and the ligands is considerably shifted with respect to
the ground state producing a large transition dipole moment and a concomitant large
oscillator strength.

The ligand-to-metal charge transfer process is often described as the transfer of an electron
from the ligands to the central metal ion (MPFL™~ — M®=D+LM=D=) [Pie01] resulting
in an excitation of an electronic state, which is called charge transfer state. In this model,
a charge transfer state is then described by a hole transferred from the RE3**-ion to the
ligands, moving around the RE*"-core in a potential field that is due to the effective
negative charge produced by the lattice [Hos77].

The energy of a charge transfer band, Fcr, depends on the ionization energy of the donor
and on the electron affinity of the acceptor as well as on the extent of the charge displace-
ment. As the CT band energy correlates well with the Pauling scale of electronegativities,
Jorgensen developed the concept of optical electronegativity [Jer70]. Thus, the energy
Ecr can be estimated from the optical electronegativity of the anion, yopt(L), and the
optical electronegativity of the central metal ion, yopt (M),

Ecr = [Xopt (L) — Xopt(M)] x 30000 cm™" . (2.9)

For the investigated Eu®*-ion in an oxide host matrix, the corresponding values are
Xopt (Eu?") = 1.8 and xope(O*7) = 3.2, resulting in an average CT band position of
42000 cm~! in oxides. The band position is inversely proportional to the Eu-O distance.
With increasing bond length the band shifts to lower energies [Hoe75].

The charge transfer state can be involved in

absorption as well as in emission processes. /
Luminescence from a charge transfer state,
however, can only occur if this state is lower
in energy than the lowest energy level of
an excited 4f""'5d state. In addition, no
4f energy levels must be present at ener- N
gies comparable to the charge transfer state, ——F—~
because this will result in fast intersystem \gy D,
crossing to the lower energy 4f" states and
in 4f" — 4f" emission. This mechanism is
shown for Eu?*:Y,03 in figure 2.3. In this
case, UV radiation is efficiently absorbed by
a transition to the charge transfer state of the
Eu?t ion. Due to relaxation to the lower 4f
levels (°D; manifold), no emission from the =———F—=

charge transfer state is observed. Rather, lu- \1—/?/
minescence occurs from the °Dy state of Eu?* 0

[Nak79). o o™

energy E

Figure 2.3: CT excitation of Eu?*:Y,03.
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2.3.5 Influence of the Phonons

The vibrations of the host lattice have a significant influence on the optical transitions of
the RE ions. An illustrative way to describe the electron-phonon coupling is given by the
so-called single configurational coordinate model [Hen89]. This model is used to explain
radiative and non-radiative transitions, the shape of an optical transition, i.e. narrow or
broad lines, and the phenomenon of Stokes” Law.

The model is based on the Born-Oppenheimer approximation [Bor27|, which states that
the motion of the electrons can be separated from the motion of the nuclei (lattice vi-
brations). Thus, the eigenvalues ¢(r;, R;) of the electron-phonon coupling can be written
as

o(ris Bi) = ¥ (ri)x(Bi) (2.10)

where the electronic part ¢(r;) describes the eigenvalues of the Hamilton operator in a
static lattice, whereas x(R;) describes the dynamics of the lattice (R, is the position of the
™" jon). Additionally, all vibrational modes of the lattice (phonons) are represented by
the so-called symmetrical stretching (or breathing) mode, which preserves the symmetry
of the ligands around the metal ion.

The corresponding configurational coordinate diagram (see figure 2.4) shows 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 mean distance between the central ion and the ligands.
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Figure 2.4: Configurational coordinate diagram of the 4f and 5d states in a
lanthanide ion.
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2.3 Rare-Earth Dopants

The curves in the configurational coordinate diagram are parabolic. This shape follows
from the assumption that the vibrational motion is harmonic. In this case, the dependence
of the potential energy Vo on @) is quadratic,

Voot = 3 k(Q — Qo)* . (2.11)

The factor k represents the restoring force constant of the vibrational motion. The
quantum mechanical solution of this equation yields discrete, vibrational levels of energy
E,, = (m + 3)hw,,, which are represented by horizontal lines.

The strength of the electron-phonon coupling is symbolized by the slope of the parabola:
the wider the aperture of the parabola, the smaller the electron-phonon-coupling. This
effect is illustrated in figure 2.4 for the 4f and 5d states in a lanthanide ion. As the 5d
states are more influenced by lattice vibrations, their restoring forces are larger than those
of the 4f states, i.e. k(5d) > k(4f).

Due to different radial probability densities, each configuration of the active ion has a
certain spatial extent resulting in a characteristic equilibrium configurational coordinate
(Qo. Thus, the minimum of the excited state energy can change in position from that of
the ground state energy.

Applying the Born-Oppenheimer approximation to transitions between electronic energy
levels leads to the Franck-Condon principle [Con28], which states that electronic transi-
tions occur much faster than nuclei can respond to their new equilibrium positions. The
transition probability for a transition from the m'" into the n'" vibrational level of two
different electronic states |a) and |b) is then given by

Plany—jpmy = By [{m[n) >, (2.12)

where P! denotes the purely electronic transition probability. In the configurational co-
ordinate diagram, the Franck-Condon-principle is considered by drawing radiative tran-
sitions as vertical lines, i.e. () remains constant during the electronic transition.

Additionally, the broadening of the interconfigurational transitions and their huge Stokes
shift compared to the intraconfigurational transitions can be illustrated in this diagram.
As the parabolas involved in interconfigurational transitions are displaced against each
other, 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 (see figure 2.4). In contrast, intraconfigurational tran-
sitions display very sharp absorption and emissions bands, because their equilibrium po-
sitions Qg are identical.

At temperatures 7' > 0, the vibrational states |n) and |m) are occupied thermally. Despite
the broadening of the transition bands, of non-radiative transitions are possible. If a
relaxed excited electronic state intersects the parabola of a less energetic excited electronic
state or the electronic ground state, then a non-radiative transition via this intercrossing
can occur. However, a non-radiative return to a less energetic excited state or the ground
state is also possible due to the process of multi-phonon relaxation. To excite vibrations of
the host via multi-phonon decay, the energy difference between two levels must not exceed
more than five times the vibrational frequency of the host (effective phonon energy).
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2.3.6 Europium

The Eu®*-ion was chosen because of its high emission quantum yield, its relatively simple
energy level scheme, and the possibility to use it as a structural probe for the sites occupied
by the RE*' in a given material [Biin89)].

Although complex analytical tools are used for structural investigations of thin films,
sometimes the local crystal structure can be determined more easily from the lumines-
cence spectrum of a dopant or probe ion. In this context, the Eu®*-ion is often used
as a structural probe. The Eu?"-spectrum consists of transitions between energy levels
of the 4f-electrons. As the ionic radii of Y** and Eu* are quite similar (0.92A and
0.98 A, respectively), the influence of the dopant on the regular yttria lattice is negligible,
and the Eu*-ions populate the two sites of different symmetry with equal probability
[Heb70]. The positions and intensities of these transitions are strongly influenced by the
surrounding crystal field.

In particular, the site symmetry of the dopant ion will be seen
in the fluorescence spectrum. While the global electronic struc-
ture of Eu®t is not affected by. the ho.st ‘lattlce, the symmetry 45 Y,0, band gap
of the local crystal field results in a splitting of the Eu* energy
levels in a set of (2J+1) sublevels (see section 2.3.2). The char-
acteristic emission spectrum of the Eu*-ion can be analyzed CT band
easily because the most intense transitions originate from the A
excited °Dy state which is not split into sublevels due to the
crystal field. The complete energy level scheme for Eu:Y50j5 is
depicted in figure 2.5. The exact values for each Stark level
can be found in appendix A.
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The excitation of the Eu*-ion into the charge transfer band 1
around 243 nm results in the promotion of the electrons into
the °D; manifold due to non-radiative processes (see figure 2.5).
The characteristic emission results from the 4f — 4f electronic
relaxation to the "F'; ground state manifold. Figure 2.6 shows
a typical Eut emission spectrum when Eu®* is embedded in 5+
a crystalline Y03 matrix. It is characterized by an intense, F,
narrow peak at 611 nm, arising from the hypersensitive °Dy —
"F, transition of Eu*T in the C, site. While the D, — F}
transition of Eu®* occupying both the C5 and Cj; sites is almost 0-
insensitive to the environment due to its purely magnetic dipole
character, the intensities of the °D; — "F, ;5 transitions are Figure 2.5: Energy level
quite weak and respond very sensitively to the Eu-environment. scheme of Eu?* in Y;03.
Table 2.2 gives an overview of the °Dy — "F; transitions. The

probability of a depopulation of the excited °D, state by a non-radiative multiphonon
process is very small as the energy gap between °Dy and "Fy is about 11500 cm ™" large.
Therefore, these processes would involve 30 phonons with an energy content of 400 cm™?
cach. In contrast, non-radiative deexcitation of the °D; state to the luminescent °D, state

requires only 4 phonons because the energy difference is only 1700 cm™.
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Figure 2.6: Emission spectrum of Eu(1%):Y>03 bulk crystal (Aex = 243 nm,
spectral resolution 0.08 nm). The symbols indicate the emission from the two
symmetry sites Co(A) and Cs;(+).
transition Di  range (nm) [ comments
°Dg — Fy ED  577-581 vw forbidden, nondegenerate; J-mixing gains intensity
Dy — F; MD  585-600 s allowed; intensity independent from environment
°Dg — I, 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
Do — 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 2.2: Europium °Dy — F} transitions; Di indicates the dipole character, range
gives the approximately wavelength range of the transition, I gives the intensity of the
transition, where vw — very weak, m — medium, s — strong, vs — very strong.
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3 Pulsed Laser Deposition

In 1962, Breech and Cross [Bre62] showed that material can be ablated by laser radiation.
A few years later, Smith and Turner [Smi65] demonstrated the deposition of thin films
by ablating material with a pulsed ruby laser for the first time. In this first pulsed laser
deposition (PLD) experiment, they were able to produce ’optically satisfactory’ films of,
for example, SbySs3, ZnTe, and PbCl,. But it was not before 1987 that PLD became
more attractive for growing films. Using this technique, Dijkamp et al. [Dij87] were able
to fabricate thin films of the then new high-temperature superconductor YBasCu3zOy_s
(YBCO) with a degree of stoichiometric control superior to that achieved with evapora-
tion or sputtering techniques. Nowadays, pulsed laser deposition is employed to produce
crystalline thin films of epitaxial quality.

The technique of PLD is based on physical processes, arising from the impact of high-
power pulsed laser radiation on solid targets and leading to the removal of partially
ionized material (plasma) from the impact zone. This process takes place far away from
equilibrium and involves a large number of complex physical and chemical mechanisms
with a large number of variables.

This chapter will give a brief introduction to these mechanisms. There is a variety of
articles and books published in which this technique is analyzed in more detail, e.g.
[B&u00, Chr94]. It is worth noticing the two review articles by K. L. Saenger [Sae93a,
Sae93b] dealing with the processes involved in pulsed lased deposition. Saenger also gave
a precise overview of the history of PLD as well as the physical mechanisms.

The PLD deposition process can be divided into the following four stages:

1. The laser radiation interaction with the target, which leads to ablation.

2. The following spatial expansion of the ablation products (plasma),
including interaction and chemical reactions within the plasma.

3. The interaction of the ablation products with the substrate.

4. The nucleation and the growth of thin film on the substrate surface.

These four stages are shown in in the simplified scheme of figure 3.1. Since each stage influ-
ences the properties of the obtained films (crystallinity, stoichiometry, surface roughness),
a short description of the different processes will be given in the following sections.
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Figure 3.1: Ablation and deposition processes [Bau00, Sae93a].

3.1 Laser—Target Interactions

The mechanisms of laser-induced material removal depend almost entirely on the target
properties and the parameters of the used laser radiation (wavelength, power density, and
pulse duration). In many cases, the material removal can be described as a thermal process
where heat generated by the absorbed laser photons results in material vaporization. In
some cases also non-thermal processes can take place. A possible non-thermal mechanism
would be bond breaking due to photon excitation resulting in emission of atoms, molecules,
and ions.

Laser-induced breakdown

The energy transfer from the laser radiation into a target of weakly absorbing material,
e.g. a dielectric material, leading to its destruction is known as laser-induced breakdown.
When laser-induced breakdown occurs, the electron density in the conduction band N,
is increased due to the laser irradiation [Blo74]. The consequence is a larger number of
electron-phonon interactions and finally the material destruction if a critical value NS is
exceeded. The duration of the energy transfer between the excited electron system and
the lattice 7._pn depends on the material and is in the order of 1 ps—100ps.

The effect described above is based on ’free’ electrons in the conduction band, which are
present in dielectrics only in small numbers of 10%cm™ — 10’ cm ™3 [Blo74]. There are,
however, two possibilities how to create them when using high radiation intensities of
10" W /em? — 10 W /em?: either by non-linear multi-photon absorption (MPA) leading
to ionization or by absorption of the laser radiation by electrons present in the conduction
band (free-carrier-absorption) and subsequent avalanche ionization (Al). In the latter case,
the few free electrons present are accelerated by the large electric field of the radiation.
Surrounding atoms are ionized by collision with these high-energy electrons creating new
free electrons which will also be accelerated. This results in an avalanche-like production
of electrons.
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3.1 Laser—Target Interactions

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 /(¢) can be described by the rate
equation [Stu96]

dN,
= eay I(t) Nu(t) + 7m0 I™ (1) . (3.1)
dt —_—
Al MPA

In this equation, €,, denotes the avalanche coefficient and +,, the multi-photon absorption
coefficient of order m (absorption of m photons), where m is the minimum number of
photons required for a transition between the valence band and the conduction band.

The critical electron density /NS is reached at a certain intensity, called threshold intensity
Iiyy, which is an important experimental parameter.

Defining the laser fluence ® as the total energy per unit area per pulse,

- /Tl(t) at | (3.2)

one can see from solving equation 3.1 that in case of having only the avalanche ion-
ization the threshold fluence is independent of the pulse duration 7, e.g. Py, (7) =
e In(NE&/Ny) = const.. In the other limit, the case of pure m-photon absorption the
threshold fluence scales with TmT_l, whereas a square-wave pulse is assumed. Thus, an
experimental determination of ®y,, can give a more detailed insight into the physical
mechanisms leading to damage in dielectrics. In chapter 4, the experimental technique
necessary for the determination of the threshold fluence as well as the result for a ceramic
yttria target is presented.

If the interaction of the laser radiation with the target material persists for longer time
periods (e.g. at pulse durations in the nanosecond regime) one has to consider the be-
ginning of heating up the lattice during the duration of the pulse (7 > 7._,n). In this
case, the expanding plasma can interact with the incoming laser beam (shielding effect)
resulting in a reduced energy transfer into the target and changed plasma properties.

Heat-induced material removal

The energy deposited in the target leads to the heating up of the material due to electron—
phonon coupling. It should be noted that this is true only for 7 > 7._pp, i.e. ns-pulses,
but not for ps- or fs-pulses. The volume of the heated region and the maximum temper-
ature reached depend on the target optical properties (reflectivity R(A) and absorption
coefficient (1)) , and on the target thermal properties (specific heat C., the vaporization
energy AH,, and the thermal conductivity K).

An intuitive parameter for the characterization of the ablation mechanism is the thermal
diffusion length Ly, of the target which is related to the thermal diffusivity Dy, by [Sae93b]

[ K
Lth = \/ 2Dth7- = 2 C T . (33)
oLy
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3 Pulsed Laser Deposition

Ly, describes the spatial extension of the target zone influenced by. On this length the
temperature is reduced by a factor of e~'/? with respect to the maximum value.

Considering the two limiting cases of very strong and very weak absorption shown in
figure 3.2, it is possible to estimate the peak temperature that can be reached at the target
surface. This temperature is responsible for evaporation and thus ablation of material.

In the first case, the optical penetration
depth a~! is small compared to the ther-

mal diffusion length, i.e. a\/2Dg7 > 1. % % ? % % %
This condition is fulfilled for many mate- {

rials deposited by PLD, because the laser |« H :tLth

wavelength for PLD is often chosen to co- X

incide with strong target absorption. For i
most of these materials, this strong ab- ||

sorption occurs in the UV region so that
excimer lasers at either 248nm (KrF) or
193nm (ArF) are favorable for the abla-
tion process.

For the sesquioxides described in this the-

sis, the thermal diffusion length is in the (@) Ly»a’ (b) Lyp<a’
order of Ly, ~ 30pm!, and the optical
penetration depth lies between 10 pm and
40nm, i.e. 10pm > o~ ! > 40nm, at the
wavelength of the ArF-laser?.

Figure 3.2: Scheme of radiation absorption and
target heating.

Thus, for Ly, > a~! the fluence absorbed during the laser pulse, (1 — R)IT, is used to
heat a layer of thickness Ly, and the final temperature in this volume is approximately
given by [Saec93b]

(1-R)Ir (1-R)IT

AT ~ = )
QCthh QCV\/ 2DthT

(3.4)

! Using the material parameters given in table 2.1 and a pulse duration of 7 = 15ns, the thermal diffusion
length can be calculated using equation 3.3:

L, = \/QKgflC\TlT > \/2Kg*10p717 ~ 30pm .

In this case, C, was used instead of C, because no values where available for C,. This is justified

since Cp, > C\,, where equality holds only for 7" = 0. Therefore a lower limit for Ly, is obtained.
2The optical absorption depth a~! is estimated from an absorption spectrum (a~! < 10pm) [Mix99]

and the values of n and k calculated by [Pal85]. The relation between o and k is given by [Bor75]

a =4\ k.

Application of this formula results in o' ~ 40nm at A = 193 nm and k = 0.427.
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3.1 Laser—Target Interactions

In the second case, the optical absorption depth a~! is larger than the thermal diffu-

sion length, i.e. ay/2Dy,7 < 1, and the absorption of radiation creates an exponential
temperature profile along the depth z, i.e. [Sae93b]

(1 — R)ale **r
oCy '

AT(z) = (3.5)

This means that heat is rapidly transported away from the ablation area leading to melting
and, in some cases, evaporation of the target material. However, the desired congruent
evaporation is usually prevented. Furthermore, at very high fluences, large absorption
depths can result in superheating of a large volume. As a consequence of this heating
process, the volume will be transformed into the melt phase and, due to rapid expansion,
ejected from the surface resulting in molten droplets or particulates (see p. 30).

Nevertheless, if the absorbed energy per volume exceeds the energy density corresponding
to the heat of vaporization oA H,, material removal is expected in both cases, i.e. very
strong and very weak absorption. In the first case — important for PLD — this condition
yields, that a threshold fluence

QAHthh

P
thr > (1 _ R)

(3.6)
has to be reached before vaporization of material to a depth Ly, can start. Due to the non-
perfect target morphology the experimentally observed threshold values might be lower
than the calculated values. In addition, non-homogeneous evaporation, e.g. ablation of
clusters or particles, and multiple pulse effects have also an influence on the threshold
intensity, and thus, cause a different experimentally observed value for [iy,.

From equations 3.3 and 3.6 it can be seen that the threshold fluence ®y,, (see equation 3.2)
for vaporization is proportional to /7, which is a direct consequence of one-dimensional
heat flow for pulse durations > 7._,,. Regarding this relation, it is obvious that the use
of very short pulse-length lasers (ps- instead of ns-pulses) should allow the same material
vaporization at lower laser fluences or a higher vaporization rate for the same fluence.
However, this does not imply that fs-lasers are more suitable for the ablation of material.
As shown later, the interaction of the laser pulse with the developing plasma can have
beneficial effects on the plume species.

Influence of Target Morphology

The surface of the target and its morphology can affect material removal in various ways.
As it will be shown in section 3.2, the preferred direction of the expanding vapor plume
is perpendicular to the target surface. If the surface is rough, the direction of the plume
will change during the ablation process resulting in non-uniform films on the substrate.
Another problem that can occur is the change of the morphology after irradiation with
many laser pulses, due to recrystallization or to the development of macroscopic features
such as craters. Structures like this can cause a bending of the plasma plume towards the
incident laser beam, which again will lead to non-uniform material deposition [B&u00].
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3 Pulsed Laser Deposition

Additionally, the thermal properties will influence the ablation, because the thermal dif-
fusion length of a a sintered target may differ from that of a single crystal of the same
material.

Usually, bulk materials (single crystals or amorphous materials) are used as targets to
reduce the generation of particulates (see following section). However a compressed and
sintered powder target may be preferred if the corresponding bulk material is transparent
to the laser wavelength. In this case, absorption by the target will be enhanced by
scattering effects [San85].

Stoichiometry of Removed Material

One great benefit of PLD is that the flux of material from the target usually matches
the target stoichiometry, i.e. the vaporization is 'congruent’. This can be explained by
the highly non-equilibrium process of pulsed laser heating. The pulsed ns-laser irradiation
causes a very high heating rate (10® K/s) of the surface due to the large optical absorption
coefficient and — in the case of sintered material — due to the poor thermal conductivity
[Bec88] Thus, material removal occurs, before the individual components of the target
material can segregate out into low and high vapor pressure components [Che88].

Particulate Generation

One of the major drawbacks of PLD is the deposition of particulates, which are produced
together with the vapor during the ablation process. These particulates (their size ranges
from several hundred nanometers to a few tens of micrometers) have an adverse effect
on the growth of the subsequent layers resulting in a poor film quality. The reasons for
the appearance of particulates vary: Particulates are generated due to a splashing effect,
where a sub-surface layer of the target superheats above its vaporization temperature and
blows off the molten overlayer resulting in liquid droplets [Rea63]. In contrast, Miotello
and Kelly [Mio95] have shown that absorption (in combination with surface evaporation)
does not lead to sub-surface layer superheating.

In the case of target outgassing, particles of the sintered target are ejected due to the
expansion of the encapsulated gas. Fracto-emission describes the emission of particles
from microcracks in the target. These effects can be minimized if single crystal targets
are used instead of sintered ceramic targets.

Koren etal. [Kor89] found that the size and the content of the particulates also de-
pends strongly on the wavelength used for ablating the material. The shorter the laser
wavelength, the smaller the size of the particulates and the smaller their density. This
wavelength-dependent effect can be explained by the reduced energy deposition depth,
thus a thinner layer at the surface reaches the ablation threshold and a hotter plume with
finer species develops.

To avoid problems associated with changes in the composition of the target surface [Auc88,
Coh91] or with crater formation in the target, which results in a skewed plume direction
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and a higher concentration of particulates [Bec88], it is necessary to irradiate a different
part of the target surface with each laser shot. The most common to achieve this is to
rotate the target, keeping the laser spot in a fixed position slightly displaced from the
rotation axis resulting in ring-shaped ablation tracks.

No ’simple’ correlation between film particulate content and target thermal properties
[Dup89] could be found because of a variety of processes involved in particulate generation
and because of the fact that these processes may be operative at the same time [Ugl77].
However, due to the fact that the velocities of particulates are one order of magnitude
smaller than those of atoms and ions, it is possible to eliminate particulates by a high-
speed velocity filter [Dup89, Bar69].

3.2 The Plasma Plume

As described in the previous section, the absorption of the incident laser radiation by
the target leads to the evaporation of material. In this hot and dense vapor, which is
initially confined to a very small volume near the target surface, many species may be
present: atoms, molecules, ions, free electrons, and, in some cases, large particulates. If
the content of charged particles exceeds a critical value, the vapor is called plasma, which
is, in general, quasi-neutral (as many positive charges as negative charges).

In thermal equilibrium the degree of ionization, i.e. the ratio of the density of ions n; to
the density of neutral atoms ng, can be derived from the Boltzmann distribution. The
result is the so-called Eggert—Saha-equation [Eggl9, Sah21]

3/2
Mile _ o i (2TMeRTN™" _w,er) (3.7)
no 9o h? 7 |

where n. denotes the electron density, m. the electron mass, k is the Boltzmann constant,
h is Planck’s constant, and g; and gq are the statistical weights of 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.

There are limitations to the applicability of equation 3.7 because its derivation assumes
isolated and non-interacting atoms, which is not true at high plasma densities. In this
case, the overlap of the potentials of neighboring ions lowers the effective ionization energy,
thus the degree of ionization is higher than predicted by the Saha-equation. In the limit
of low densities it is possible that the condition of thermodynamic equilibrium is not be
fulfilled.

In general, there is no sharp transition defined between the gas phase and the plasma
phase (no thermodynamic transition), but it can bee seen from equation 3.7 that at
temperatures of several 1000 K the degree of ionisation increases very quickly from nearly
0 to 1. For typical values (W; ~ 10eV, T~ 10 000 K) the plasma is initially characterized
by neutral particle densities of the order of 10 cm™ — 10?** cm ™ and electron densities
of the order of 10" cm™ — 10%* cm ™ [Sae93b].
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3 Pulsed Laser Deposition

Laser—Plume Interactions

At laser pulse durations of the order of nanoseconds one has to consider the interaction
between the expanding plasma and the incoming radiation. On the one hand, as men-
tioned in section 3.1, the fraction of laser fluence reaching the target can be significantly
attenuated by these laser—plume interactions. This has to be considered when using laser
fluences highly above the threshold fluence. At fluences near the threshold value the size
of the plasma plume is very small and the plasma is localized at the substrate surface.
Increasing the fluence leads to a larger ablation volume and consequently resulting in
an enlarged and denser plume, which interacts strongly with the incident laser radiation
before reaching the target. Using sub-picosecond pulses these interactions can be ignored
because plasma expansion velocities are < 10% cm/s [Bau00].

On the other hand these interactions can have a positive influence on the deposition
process by modifying the composition of the plume. Due to the absorption of one or more
laser photons, the atoms and molecules in the plume can be dissociated, ionized and/or
electronically excited thus the relative amount of ions increases with respect to neutral
molecules and atoms. In addition, free electrons in the plume can be heated by inverse
bremsstrahlung ® whereby the electrons’ kinetic energy is increased by the absorption of
a laser photon in a collision process.

Plasma Expansion

The general dynamical behavior of plasma expansion has been compared to the dynamics
of a free-jet adiabatic expansion [Kel92, Zhe89]. Both cases are characterized by a highly
forward-peaked material flux and by an average particle speed that is many times higher
than the mean random thermal speed.

One of the key parameters of film growth on the substrate is the kinetic energy of the
arriving plume species. In thermodynamic gas theory this can be described by tempera-
ture. Assuming the adiabatic expansion of a high-pressure gas and the one-dimensional
character of the expansion, the local temperature T'(z) and density n(z) are related by

[Nol94, Sae93b]

3 In general, the term bremsstrahlung is used for radiation emitted by charged particles under decelera-
tion when passing through the field of atomic nuclei. The energy emitted by an accelerated particle is
proportional to 1/m?, where m is the rest mass of the particle, and therefore, bremsstrahlung plays an
important role for light particles, like electrons. Thus, scattering of two electrons will lead to emission
of radiation, i.e.

e +e —e +e —AFEy, +hr

If intense radiation is used then the inverse process can occur (termed ’inverse bremsstrahlung’):
hv+e +e —e +e + AFy, .

In this case, a photon is absorbed and the kinetic energy of the electrons is increased correspondingly.

32



3.2 The Plasma Plume

where Ty and ng are the initial temperature and density, respectively, and v = Cy/C,
is the ratio of constant volume and constant pressure specific heats. In laser-produced
plasmas with temperatures up to 10°K, v is estimated to be around 1.2 — 1.3 [Sin90,
Sae93b]. During the spatial plasma expansion the temperature as well as the density of
the plume will fall off. In a simplified spherical model the density falls of as the inverse
cube of the distance from the target, i.e. n(z)/ny oc d=2 [Sin90].

This decreases the collision rate of the plume species and the random kinetic energy of the
particles is converted to a directed motion away from the target. However, this behavior
is valid only for supersonic sources, such as laser-produced plasmas, but nor for effusive
sources, e.g in EBV processes.

Effects of the Background Gas

The considerations of the last section do not describe the expansion of the plume com-
pletely, because the expansion depends strongly on the presence of a background gas
often used for deposition. In general, the plume transport and its appearance can be
influenced considerably by any type of background gas. For example, scattering of the
plume species can reduce the velocity and amount of material reaching the substrate,
chemical reactions can change the initial composition of the plume resulting in changed
optical emission characteristics and, due to physical confinement, the shape of the plume
will be changed. In the case of reactive oxygen as background gas (this holds for all depo-
sitions presented in this thesis), one has to deal with the formation of Y* and YO* when
growing Y203, where the asterisk indicates electronic excitation [Dye91]. The formation
of YO* is not an effect of the ablation process but is directly related to the exother-
mic Y 4 Oy plasma—background gas reaction. These transformations will have an effect
on the growth mechanism of the film on the substrate. If the deposition of oxides, like
Y503, occurs at a very low oxygen pressure or in an inert atmosphere, the grown films
are frequently not matching the correct stoichiometric composition, and the results are
oxygen-deficient films.

After the successful introduction of plume-dynamics description using the similarity to
adiabatic supersonic expansion of gaseous jets [Sae89], which gave an explanation of the
plume angular distribution, Bulgakov and Bulgakova [Bul98] have developed a simplified
model of the plume expansion in an ambient gas. This model is based on the theory
of a supersonic jet formed when a high-pressure gas streams through a nozzle into a
low-pressure gas (so-called underexpanded jet).

The gas-dynamic behavior of the plume can be divided into two physical regimes observed
during the ablation process: on the one hand a nearly spherical plume expansion and on
the other hand a mainly forward directed plume, which means that the flow of the ablated
particles is aligned with the plume axis. Both expansion regimes are directly connected
to the experimental conditions. In the case of short laser pulses (< 20ns) and large spot
radii of 2 1mm (like in the experiments presented later in this thesis), one has to deal
with the forward directed plasma. Under these conditions, the initial form of the plume is
like a thin disc. Then, the expansion of the plasma can be sketched as follows (figure 3.3):
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3 Pulsed Laser Deposition

rA
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Figure 3.3: Stages of plasma expansion in a background gas environ-
ment.(1)—(4) are 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].

Moving away from the target, the disc-like cloud begins to broaden along the disc axis due
to the velocity distribution of the particles and perpendicular to the disc axis due to the
plume underexpansion (position 1 in figure 3.3). After passing the region where the cloud
pressure equals the pressure of the background gas (position 2), the plasma plume slightly
overexpands. This results in a decrease of the plume size (position3), and the plasma
passes the pressure equilibrium once more, thus its pressure exceeds the pressure of the
background gas, and the plume expands again (position4) with the same velocity as the
background gas in the shock front (line (d) in figure 3.3). This shock front, generated by
the rapid plume expansion at the beginning, can be described analogously to the Mach
disk seen in supersonic? molecular beams. Finally, the plume will stop expanding due to
the increasing interaction with the background gas. The maximum propagation length
Riax of the plume from the target in a background gas of mass density p, and at pressure

pp 1 given by [Bul95]
RmaX ~ (mablE> 1/6 Y
TPbPo

where m,y, is the ejected mass and F is the absorbed laser energy. If the final propagation
length of the plume is shorter than the target—substrate distance, the deposition will
proceed by diffusion resulting in low deposition rates.

During this expansion process the particle flow will be decelerated by the background
gas leading to an increased pressure in the front part of the plume (regions (c) in figure
3.3). At this stage, mixing of the cloud material with the ambient gas takes place [Ani83].

4The ratio of the flow velocity u to the local speed of sound a is known as the Mach number
J—

M =% = y(2EL)=1/2 Expansions with M > 1 are termed supersonic.
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3.2 The Plasma Plume

The strong red YO* chemiluminescence observed in experiments dealing with yttrium
compounds [Fri93] is the result of this mixing.

Plume Angular Distribution

As depicted in the model of the plume expansion in an ambient gas the plume is usually
oriented along the surface normal of the target. This is also valid for laser radiation
incident non-normally because the irradiated surface of a perfectly planar, isotropic target
has no 'memory’ of the direction from which the absorbed photons came. In practice,
plume tilting cannot be avoided because real targets are usually not perfectly planar. One
has also to take into account that the laser beam intensity profile may be asymmetric or
non-uniform. For example, a hot spot at the center of the laser beam profile may introduce
asymmetries in target irradiance due to the shadowing effects of the denser plasma above
the corresponding hot spot on the target [Sae93b].

Apart from these experimental deviations of the plume direction one can relate different
contributions of the plasma distribution to distinct physical origins. The source of the
evaporation, i.e. the irradiated spot on the target, can be treated as a small-area effusive
source, which is defined by the ratio d/h < 1 where d is the diameter of the source
(approximately the laser spot size) and h is the target—substrate distance. The emission
distribution of such a source can be described by a cos € law [Mai83].

This single cosine fit only holds for the broad structure observed in the plume angular
distribution while the enhanced forward peaking of the plume is commonly approximated
by a cos™# function, where values for the exponent n range from one to more than 200.
As a result, the angular distribution is fitted by a superposition of a cosine and a cos”
function in the form

acost + bcos" 0 .

In general, this two-component structure can be applied to all species, neutral atoms and
ions, in the plasma plume. However, A. Thum-Jager and K. Rohr [Thu99] found that the
angular profiles depend on the degree of ionization and that for ions with a charge ¢ > 2e
the emission can already be well described by a cos™ fit alone.

In addition, the shape of the distribution varies for species of different mass whereas a
relative enrichment of the lower mass elements near 6 = 0 is observed.

On the one hand the narrow angular distribution of the ejected plume towards the sub-
strate can lead to high deposition rates and prevents extensive chamber contamination.
On the other hand, however, (and this is a major drawback of PLD) this can result in
nonuniform film thickness and inhomogeneous stoichiometries over large deposition areas.
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3.3 Growth Mechanisms

In general, thin-film formation can be described as a kinetic adsorption and diffusion
process of the plume species on the substrate surface. This process can be divided in the
states of nucleation, coalescence, and subsequent thickness growth, where all stages can be
influenced by deposition parameters. This section summarizes the mechanisms underlying
nucleation and film growth. A more detailed description can be found in [Kai02, Met94].

In PLD, the vapor responsible for the film growth on the substrate is characterized by an
extremely high degree of supersaturation (10° J/mole), i.e. far away from the thermody-
namical equilibrium, a high degree of ionization, and high kinetic energies of the species.
Depending on the laser parameters employed and the background gas these kinetic ener-
gies can range between 10 and several 10* eV. Hitting the surface these high-energy species
can influence the film growth positively as well as negatively, i.e. they can improve or de-
teriorate the overall morphology, stoichiometry, and microstructure of the growing film. In
the worst case, the impact of high-energy species can result in bond breaking, generating
subsurface vacancies and displacement or removal of surface atoms. However, at ener-
gies usually achieved during the the deposition process, the kinetic energy of the species
enhances the surface diffusion of adsorbed atoms, i.e. the adatom will diffuse through
several atomic distances on the substrate before sticking to a stable position within the
newly forming film. The different atomic processes that can occur during film growth are
presented in figure 3.4. These interactions determine the morphology of the growing film.

re-evaporation from cluster
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Figure 3.4: Possible mechanisms during film growth.

With a background gas present, the plume species will undergo not only collisions within
the plasma but also with the ambient gas. These collisions reduce both the ion fraction
and the kinetic energy of the evaporated target material. When reaching the substrate,
the energy of the species can be reduced to thermal levels, and the adatoms do no longer
possess sufficient mobility to migrate to the correct lattice site. To obtain the right
crystalline structure nevertheless, substrate heating is required to increase the adatom
mobility at the surface.

36



3.3 Growth Mechanisms

Depending on the ratio of the substrate temperature Ty, to the melting temperature of
the material T,,, different basic processes can be expected to dominate at different ranges
of Ty /T This concept has been extented to the so-called structure zone model, after
which the real structure is made up of three zones [Kai02]. The first zone is characterized
by lower substrate temperatures, i.e. Ty, /Tm < 0.3. Consequently, the adatoms have a
low mobility and stick to the substrate where they impact on the surface. The result is a
fine-grained porous structure. The temperature region 0.3 < Ty, /Ty < 0.5 corresponds
to activation energies of 0.1eV — 0.3 eV, which leads to surface diffusion, and a columnar
structure is obtained. At high substrate temperatures Ty, /T, > 0.5, the growth of large
crystalline grains is facilitated by bulk diffusion. Additionally, the process of recrystal-
lization (a complete change of the crystal orientation) or a phase transition can occur at
high temperatures T}, and large film thicknesses.

In general, higher substrate temperatures lead to better crystal structures until a point
is reached where re-evaporation of the more volatile elements in the film will lead to
nonstoichiometric growth. The formation of the nuclei and their growth depends not only
on the substrate temperature but mainly on the interaction energies of substrate atoms
and film atoms. Since flat surfaces without defects do not exist in nature, defects, e.g.
dislocations, kinks, vacancies, and ledges, act as favored nucleation sites [Ven00]. Thus,
the strength of the adatom bonding to the substrate compared to the bond strength of its
surrounding neighbors determines the initial stage of film growth. The relation between
the surface energy of the substrate v, and the surface energy of the growing film ~; is
given by Young’s equation,

Vs =Y+ yrcos (3.9)
where ; is the interface energy film—substrate and ¢ is the wetting angle of a nucleus on
the substrate. Depending on these interaction energies one can distinguish three modes
of film formation [Baub8]:

a) Layer-by-Layer growth: In this case the interaction between substrate and film
atoms is greater than between adjacent film atoms (v > v¢+;), and the layers grow
one on top of the other (so called two-dimensional Frank-van-der-Merwe mode).

b) Island growth: Separate three-dimensional islands are formed on the substrate
if the interaction between film atoms is greater than between adjacent film and
substrate atoms (v < 7t + 7). This growth mechnism is termed Volmer-Weber
mode.

c) Layer-plus-Island: In the Stranski-Krastanov mode (a hybrid form of the two
growth modes described above), one or two monolayers form first followed by indi-
vidual islands because the interface energy increases with film thickness; typically
the layer on top of the substrate is strained to fit the substrates’ lattice constant.

In recent years, intensive research in the field of active opto-electronic elements that
consist of island films has been carried out. As an example of optically active molecules,
the Stranski-Krastanov layer-plus-island growth of Ge-islands upon Si-substrates for the
production of self-assembled quantum dots may be mentioned [Vin00].
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3 Pulsed Laser Deposition

Lattice Matching

An important type of thin film growth is the epitaxial growth, in which the grown film has
a crystallographic correlation with that of the substrate. If the deposit consists of the same
material as the substrate this process is called homoepitaxy, otherwise heteroepitaxy. 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
lattice mismatch f between film and substrate is defined as

§o= 208 7 90 (3.10)
Qo,f

where aq is the lattice spacing and subscripts ’f” and ’s’ refer to film and substrate, re-
spectively. In the case of homoepitaxy, the crystal lattice of the substrate is continued
in the growing film, and no dislocations and stress due to lattice mismatch are expected.
Especially for the production of waveguides, a low rate of growth errors at the interface
is neccessary, thus homoepitaxy should be favorable. However, the disadvantage of ho-
moepitaxy for waveguides is the small difference in the refractive indices because this
difference is only achieved by the dopant. This change is of the order of An = 3 x 10~
per percent of doping [Iva75].

A higher index-of-refraction difference can be obtained by heteroepitaxy. Frank and van
der Merwe [Frah9] have shown that epitaxy between materials with different chemical
characters and different lattice constants is possible. In this case, the lattice parameters
of the growing film fit the substrate lattice constant by elastic deformations in the potential
field of the substrate surface. This growth process is termed pseudomorph. Depending on
the lattice constant of the deposit compared to that of the substrate, compressive stress
(aps > aps) or tensile stress (aps < ags) can be distinguished.

In general, elastic deformation occurs for small lattice mismatch and small film thickness.
Lattice mismatches of up to 7% can be accommodated by strain in thin films of a few
monolayers. With increasing mismatch or film thickness, the formation of point defects
and dislocations to relax strain is energetically favorable. The result is a plastic deforma-
tion, i.e. irreversible deformation. This process leads to the Stranski-Krastanov growth
mode, resulting in polycrystalline growth or growth of small 'micro-crystallites’ [Tan98|.

In some systems, the orientation of the substrate for the growth of a certain crystalline
phase is not that important. Providing enough adatom mobility, polycrystalline growth
[Che01] or even single crystalline growth [Hu96] can be possible on completely amorphous
substrates. This growth mode occurs if a certain growth direction is energetically favorable
compared to elastic and plastic deformation. This effect has been observed in yttria films
on silica [Pon02, Seo02, Zha98]. Thus, there is no general rule based solely on the value of
the lattice mismatch to predict the film growth behavior, because the lattice parameters
and the deposition temperature as well as the mechanical properties of the substrate and
film material and the formation energies of the different defects play an important role.

This work focuses on crystalline rare-earth-doped sesquioxide films. As these films are
optically active, the number of defects that have a negative influence on the lumines-
cence (unsaturated bonds, color centers, dislocations, symmetry and coordination defects)
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3.3 Growth Mechanisms

should be minimized. The investigated films have a cubic structure whereas the substrate
consists of a hexagonal matrix. In this case, lattice matching is achieved due to different
crystallographic orientations. The hexagonal sapphire structure offers a lattice constant
of aa,0, = 4.759 A. As it can be seen from figure 3.5, the cubic lattice of the sesquioxides
offers a hexagonal arrangement of the ions in the cubic {111} planes. For the investigated
Al,O3 — Y503 system one gets the relation

3 X AA,O5 = \/§GY203 . (3.11)

Using definition 3.10, the lattice mismatch for YoO3 on sapphire is 4.8%. In case of the
sesquioxides LuyO3 and ScyOs, the mismatch is only 2.8% and -2.5%, respectively.

To obtain ’perfect’ lattice matching, the lattice constant can be customized by mixing
the sesquioxides, e.g. (Lu;Sci_;)203. These mixed crystals can be described as solid
solutions, where the substituents are distributed completely disordered in the matrix, but
occupying the correct lattice site. As the sesquioxides behave chemically and physically
identical, most of their properties are not changed in a mixed system. In binary solutions,
like (Lu,Scy_,)203, the lattice constant is a linear function of z, and thus the new lattice
constant a’ can be calculated easily by the following equation, termed Vegard’s law,

d=za1+(1—12)ay, (3.12)

where a; and as are the lattice constants of the pure single crystals [Veg21]. Applying
this equation to the system (Lu,Sc;_,)20O3 on a-alumina one gets the value x = 0.459,
e.g. the composition for lattice matching is (Lug4505¢0.541)203 (or Lugg185¢1.08203). It
is also possible to obtain lattice matching with (Y,Sc;_;)203, where x = 0.331. Since
these solid solutions are easy to prepare and a stoichiometric transfer from the target to
the substrate is ensured, films of YScO3 have been prepared. Since only a YScOj3 single-
crystal (z = 0.5) was available as target, the lattice mismatch in these films is 1.25% with
respect to the substrate.

Chex

(a) (b)

Figure 3.5: Hexagonal structure (a) and cubic structure (b). In order to
visualize characteristic planes, some atoms are displayed in a different color.
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4 Thin Film Preparation by Pulsed
Laser Deposition

This chapter gives a detailed description of the preparation of thin sesquioxide films using
the technique of pulsed laser deposition (PLD). The films presented in this thesis have
been grown at the Instituto de Optica, Consejo Superior de Investigaciones Cientificas

(CSIC), Madrid (Spain).

As discussed in the previous chapter thin film preparation by pulsed laser deposition in-
volves different physical and chemical processes. Thus, the quality and the characteristics
of the films depend on a variety of parameters. The most important parameters are listed
below, including a comment on typical values in the used setup:

o laser wavelength (193 nm, fixed)

o laser pulse energy (energy density on the target)

o pulse duration (7 = 15ns, fixed) and pulse form (fixed)
o laser repetition rate (v4ep = 10 Hz, but variable)

o type of background gas (Ng, Os)

o background gas pressure (107%mbar < p < 1 mbar)

o target density and target morphology

o target—substrate distance (3.5cm, fixed)

o substrate temperature (T, = 20...700°C)

The targets used for ablation were either sintered sesquioxide powders or sesquioxide sin-
gle crystals. The sintered targets were prepared as follows: Rare-earth-doped sesquioxide
powders (purity >99.99%) were cold-pressed into a pellet of 2.54cm in diameter. The
density after applying a pressure of 276 bar was around 2.66 g/cm?® which is 53% of the
density of a single crystal of Yo03. To increase the density, the pellets were sintered for
72h in air at a temperature of 1700°C and then slowly cooled down to room tempera-
ture (0.8°C/min). The estimated density of these pellets (diameter after cooling 2cm)
was around 4.53 g/cm?® which is 90% of the single-crystal density. In general, a higher
density should result in improved laser evaporation characteristics which results in films
with superior properties [Sin92]. Additionally, targets of single-crystal sesquioxides have
been used for comparison. These crystals (Nd:LuyO3, Er:ScaO3, Yb:YScO3) were grown
at either by the Czochralski method or the heat-exchanger method [For99, Mix99, Pet01].
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4 Thin Film Preparation by Pulsed Laser Deposition

All targets were cleaned prior to deposition by ablation with 300-500 pulses under the de-
position atmosphere to ensure a homogeneous surface morphology. During the deposition
process, the targets were continuously rotated to reduce the influence of crater forma-
tion on the target surface and to avoid stoichiometric changes in the target material (see
section 3.1, p. 29).

The substrates of c-cut a-AlyO3, provided by CRYSTEC Kristalltechnologie (Berlin, Ger-
many), had a size of 10mm x 10mm x 0.5 mm and were polished on both sides with an
RMS-roughness of < 0.4nm. Prior to deposition, they were ultrasonically cleaned in a
sequence of trichlorethylene, acetone, and alcohol. The substrates were placed at a fixed
distance of 3.5 ¢cm in front of the target holder, where up to four targets could be attached.
This construction has the advantage that multi-layered systems can be prepared without
opening the vacuum chamber.

In figure 4.1, the setup of the pulsed-laser-deposition system used for thin film produc-
tion is shown. The main component is the stainless steel vacuum chamber containing
the target and substrate holders. The ArF excimer laser (LAMBDA PHYsIcS LPX 210i
fluorine) operating at a wavelength of Ay,p = 193 nm and a pulse duration of 7a,r = 15 ns
(FWHM) was computer-controlled via a frequency generator. The duration of an ablation
sequence was regulated by the number of laser pulses (control of the film thickness) and

the repetition rate, which was set to 14, = 10 Hz for all film depositions.
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Figure 4.1: Schematic setup for the pulsed laser deposition.
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Prior to ablation, the chamber was evacuated with a turbo molecular pump (PFEIFFER-
BALZERS TSU 512) down to a base pressure of ppae = 2.1 X 107% mbar. Using a rotary
pump (LEYBOLD TRIVAC D8B), the chamber was refilled with oxygen. It was found that
the optimum partial pressure of oxygen for the deposition process of YoO3 was around
p(O3) =5 x 1072 mbar.

The energy of the laser pulses at the target position were measured with a MOLEC-
TRON JMAX 43 detector. By an additional measurement of the ablation spot size (Agspot =
0.01 cm?) the laser fluence @ (see section 3.1, p. 27) could be determined. To ensure a ho-
mogeneous mode intensity distribution the laser energy was set to the maximum value of
350mJ and then reduced to the desired value by an attenuator. Y>O3 targets were irradi-
ated with an energy of 21 mJ resulting in a laser fluence of ® = 2.1 J/cm?. Since Lu,O3 and
Scy03 have higher ablation thresholds with respect to Y203 a fluence of ® = 4.15J/cm?
was used to obtain identical growth rates. The approximate growth rates of Y203, LuyOs,
and Scy05 were 0.12 A /pulse, 0.15 A /pulse, and 0.15 A /pulse, respectively.

Film thickness and growth rate were determined by in-situ reflectometry via lock-in tech-
nique using a He-Ne-laser (Agene = 632.8nm). For this purpose, the films were grown
at room temperature on silicon substrates because the refractive index difference in the
Si — RE;Og3-system is larger than in the Al,O3 — RE;O3-system, leading to a better con-
trast in the reflectivity (see figure 4.2). Neither the change of substrate (Si instead of
Al;O3) nor the change of temperature nor the change of substrate temperature have a
significant influence on the growth rate. Therefore, the results can be applied to the

Al,O3 — RE;Og3-system.
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Figure 4.2: Simulated and measured reflection behavior of a growing LusQO3
film on silicon. The growth rate was determined to be 0.15A per pulse at a
laser fluence of ® = 4.15.J /cm”.
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Figure 4.3: Substrate heating cycle.

The substrates were heated by a boron nitride heating element (Iax = 3.5 A, Upax =
32V) up to 700°C before starting the deposition process. To ensure a good heat transfer,
the substrates were directly attached to the boron nitride element by a stainless steel sub-
strate holder. The temperature was measured inside the substrate holder, approximately
1 mm away from the target, using a thermocouple. To avoid thermal problems in the sub-
strate and in the grown films, the temperature was increased and decreased with different
rates in different temperature regimes. This process, which is shown in figure 4.3, was
managed by a programmable EUROTHERM control unit. Up to a temperature of 400°C,
a fast heating rate of 10°C/min was used. Then, the ramp was set to 5°C/min to avoid
thermal stress in the substrate. During the deposition, the temperature was kept constant
at 700°C. Due to the different thermal expansion coefficients of the sesquioxides and the
alumina substrates (p. 13), which might result in thermally induced damage, the cooling
process started slowly with a cooling rate of 5°C/min and was later set to 10°C/min. Nei-
ther cracks in the films nor partly flaked-off films have been observed. Therefore,it can be
concluded that the different thermal behavior has no macroscopic influence on the films.

As mentioned in section 3.2, the PLD process is char-

acterized by a plume angular distribution, which can  gjqubstrate  Y.O; film (500nm)
lead to non-uniform deposition. This effect is stronger
the closer the substrate is placed in front of the target.
In the used PLD setup, this distance was only 3.5 cm,
resulting in a non-uniform film thickness. Figure 4.4
shows an optical micrograph of a 500nm thick Y>Os3
film grown on a silicon substrate. One can clearly see
Newton fringes caused by film-thickness variations. For
yttria films grown on sapphire by PLD with a target—
substrate distance of 10 cm no fringes were observed in-
dicating more uniform film growth [Bur02]. The produc- B 10mm

tion of films with a homogeneous and uniform thickness

is important for possible applications, especially for the Figure 4.4: Optical micrograph
envisaged waveguide technology. of a non-uniform PLD-film.

A list of all sesquioxide films fabricated by PLD can be found in appendix B, table B.1
(including the experimental parameters).
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Threshold Laser Fluence Determination

The fluence ® (energy per unit area) of any temporal and spatial intensity profile I of a

laser pulse is obtained by

O(x,y) = /[(:L',y,t)dt. (4.1)

— 00

The laser pulse energy is

Eouse = / /(I)(a:,y)datdy. (4.2)

—00 —00

In general, a direct measurement of the fluence is not possible because the fluence on
the target surface depends strongly on the focussing. Thus, a number of techniques have
been developed to obtain the fluence from the pulse energy Fp e, for example the moving-
knife-edge method or imaging with a CCD camera. Since these methods require a very
high experimental precision (laser stability, positioning), an alternative method based on
target modifications due to pulsed laser radiation is used for fluence determination [Liu82].
This method will be introduced in the next paragraph:

Considering a single pulse of a radially symmetric Gaussian beam with a 1/e*-radius wy
and a maximum fluence ®q, the fluence distribution can be written as

) (wLO)Q] . (4.3)

_ 2Eﬂpulse

2 Y
TWg

CI)Gauss = q)O exp

Applying equation 4.2 results in

Do (4.4)

i.e. the maximum fluence depends linearly on the pulse energy.

The beam radius can be obtained by analyzing the

P damaged area on the target (see figure 4.5). Since
N surface damage can only occur in the region where
the threshold fluence is exceeded, an analytical rela-
. tion between the diameter of the damaged area and
i the maximum fluence ®, can be found. Due to abla-

! tion, a crater of diameter D and maximum depth A
___EL _______ D, /e is formed. The threshold fluence ®gauss(Tinr) = Ponr

is reached at the edge of the damaged zone. Thus,
"D " one gets

e @
target \_“ D? = 2w In ( 0 ) (4.5)
(I)thr

Now, equations 4.4 and 4.5 can be used to determine
the threshold fluence ®yy,.

Figure 4.5: Ablation using a gaus-
sian beam profile.
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Apart from the ablation threshold, other modifications visible on the target surface and
their thresholds can be detected, e. g. oxidization, amorphization or re-crystallization. In
addition, these effects can be investigated not only by energy variation but also by applying
different numbers of laser pulses at the same spot. Thus, multiple-pulse experiments
allow the investigation of accumulative and incubation effects. For example, the ablation
threshold fluence of InP for fs-pulses decreases with the number of laser pulses per spot
[Bon00).

In the present case, single pulse damage on the target surface is hardly visible. Therefore,
the number N of laser pulses was set to N = 3. However, the model presented cannot be
applied straightaway because the beam profile of the ArF excimer laser is not Gaussian,
but has a rectangular shape. Therefore, the profile was first fitted in the z and y direction
with a "Super Gauss’ (SG) function [Sie86]. In analogy to equations 4.3 and 4.4 one gets
the laser fluence ®gq,

Ds = By X exp [—2 (wiom)1 exp [—2 (%@)1 , (4.6)

and the laser pulse energy (following equation 4.2)

oS 4 4
Fputse = ¥ / exp [—2 < * ) ] exp [—2 <i) ] dady = 2.32 x o woy woy . (4.7)
Wog Woy

The dimensions of the resulting ablation crater can then described similar to equation 4.5:

)
DY = 8w, In (i) = 8wy, In ®g — 8wy, In Py, (4.8)
D! = Sulln( 20 ) = 8w, na o, In® 4
, = 8wy, In Do = 8wy, In Py — Swp, In Py, . (4.9)

In figure 4.6, three ablation spots due to ir-
radiation with three laser pulses each are pre-
sented. The energy of these pulses was de-
creased from spot (I) to spot (IIT). Beside the
main spot (a), two smaller craters (b) close
to the main spot are created by the laser
pulses. This effect is the stronger the higher
the laser fluence on the target and can be ex-
plained by the non-uniform intensity profile of
the laser beam, which has a shape similar to a
diffraction pattern with O* order and 1% order.
Thus, at low energies the threshold fluence is
not reached in the "1 order’ maxima and no
ablation takes place. However, at higher ener- Figure 4.6: Ablation spots of the ArF ex-
gies the threshold fluence is exceeded also in — cimer laser on a single crystal Y;Os-target.

these smaller intensity peaks, resulting in visible ablation spots.
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4 Thin Film Preparation by Pulsed Laser Deposition

Now the threshold fluence can be determined as follows: The fourth power of the measured
crater dimensions (limited to the spot size of (a)), i.e. D} 1y 18 plotted semi-logarithmically
versus the corresponding pulse energy Ep,use to obtain the beam radius wgy/o,. Using
equation 4.7, for every pulse energy the corresponding fluence is calculated. Then, from
the (D2 s,y — In ®p)-graph (see figure 4.7), the threshold fluence can be determined by
fitting the experimental data according to equations 4.8 and 4.9, respectively. From the
intersection of this graph with the (D2 1y = 0)-line, the threshold fluence can be calculated.

Since the energy density necessary for ablation is a material parameter, the values of @,
should be the same for the x and the y direction. However, in this case, the target was a
sintered Y203 pellet and the threshold fluences were determined to be @y, , = 0.5J/ cm?
and @y, = 0.2J/cm? (see figure 4.7). This difference in threshold fluences is mainly
caused by deviations of the laser beam profile from the 'Super Gauss’ form, which was
used for fitting the data. In addition, the influence of the small ablation spots close to
the 'main’ spot has been neglected.

However, both values are of the same order of magnitude. Therefore, the following relation
can be assumed for the upper and lower limit of the threshold fluence of yttria upon
nanosecond laser irradiation at 193 nm:

0.2J/cm? < @y, (Y203) < 0.5 /cm? . (4.10)

Thus, the fluence used in ablation experiments for thin film deposition (see p. 43) was
more than 3.4x higher than the threshold value.

e B

D¢, D} (1074 mm?)

-2.0 -1.5 -1.0 -0.5 -0.0 0.5 1.0 1.5
In ®y,, In D,

Figure 4.7: Experimental determination of the laser fluence ablation threshold ® .
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5 Analytical Techniques and Thin Film
Characterization

Modern materials technology is mainly based on the modification of the surface and the
interface regions of solids. As thin film deposition, especially in semiconductor physics,
has reached an advanced level where control on the monolayer scale can be achieved,
it is necessary to define the desirable qualities of the deposited films and the according
analytical tools to examine these parameters. For example, an efficient planar waveguide
laser should have the same chemical composition as the equivalent bulk crystal and reach a
high degree of crystallinity, as the crystallinity directly influences the optical and thermal
properties [Bar0O1]. The characterization process to obtain the required information about
the films can be split into two parts, namely

e structural characterization (crystallinity, stoichiometry, surface morphology)

e optical characterization of the dopant (luminescence, lifetimes).

The analytical tools for examining the structure of the films are X-ray diffraction and
surface X-ray diffraction (crystallinity), Rutherford backscattering (quantitative elemen-
tal composition analysis), and atomic force microscopy (surface morphology). These
techniques and their application are described in sections 5.1 - 5.3.

To study the optical properties of the rare-earth-doped sesquioxide films, fluorescence and
excitation measurements (including VUV excitation measurements) have been performed.
These experiments and their results are presented in section 5.4.

5.1 X-Ray Diffraction

The method of X-ray diffraction (XRD) is a non-destructive technique for examining the
degree of crystallinity, the texture, the lattice constants, and the phase of a crystal, To do
this a monochromatic X-ray beam of wavelength A is directed onto a crystalline material
at different angles 6.

A crystal lattice is a regular three-dimensional spatial distribution (cubic, rhombic, etc.)
of atoms. These are arranged periodically to form a series of parallel planes separated
from each other by a distance d.
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5 Analytical Techniques and Thin Film Characterization

When X-rays pass through a crystal, the in-
tensity of the scattered rays shows a pat- .
tern that is the result of the interference of \
the individual waves scattered by each atom, X
i.e. at the inner shell electrons of the atoms

R

</ %/ O Jd O A 4 J
(Thomson scattering). If the sample is a sin- o—c—ecllc b o o gl
gle crystal or polycrystalline, the X-rays will e ,‘;\:Z ~
K oo <O OO OO
be scattered from successive planes of atoms. N
Generally, the scattering from these planes substrate \

will be out of phase. To interfere construc-

tively, resulting in a reflected beam of maxi- Figure 5.1: X-ray diffraction.

mum intensity, the X-rays must have a differ-

ence in path length that is equal to the wavelength A\ or an integer number of wavelengths
(see figure 5.1). These conditions are summarized in the Bragg diffraction law [Ash76]

2dsinf = N (5.1)

where d is the inter planar spacing, A\ the X-ray wavelength, and /N the order of diffraction.
Using the Miller indices!, the Bragg condition 5.1 can be re-written as 2dp,sinf = \.
For cubic crystals with lattice constant a (like the investigated sesquioxides) the distance
d of the atomic planes is given by

d=—" (5.2)

From the two equations 5.1 and 5.2, the first order diffraction scattering angle of a plane
(hkl) can be calculated:

A
infh = 2 VhZ k22 .
sin 0 oa h? +k? +1 (5.3)

The intensity of the diffraction peaks contains information about the texture. In general,
the term texture is used as a synonym for the non-random or preferred crystallographic
orientation in a polycrystalline material. The higher the intensity the more crystallites
are oriented in the same direction. The texture of a film can be determined by comparison
with the intensities of the corresponding powder diffraction pattern However, the intensity
I(h,k,l) of a diffraction peak is determined by the distribution of the electrons in the
unit cell and thus it is proportional to the squared absolute value of the structure factor
F(h, k1)

I(h k1) o |[F(hk D[P = f emitrthortion) (5.4)
where f, is the atomic form factor, which represents the Fourier transform of the charge

density of the r*" atom, and u,, v,, and w, are the coordinates of the r*" atom of the
basis.

I'Miller indices are a symbolic vector representation of the orientation of an atomic plane in a crystal
lattice. They are defined as the reciprocals of the fractional intercepts which the plane makes with the
crystallographic axes. The result is a set of three integer numbers h, k, and [. The indices are used
in four different vector notations: (hkl) crystal plane, {hkl} equivalent planes, [hkl] crystal direction,
and (hkl) equivalent directions.
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5.1 X-Ray Diffraction

Additional information about the structure is provided by the width of the diffraction
peaks. Due to various effects (strain, defects, finite size effects, instrumental resolution),
the observed diffraction peaks are broadened. The width of the peaks A26 is defined
as the full width at half maximum (FWHM). Assuming that the grown films show no
stress, the finite size of the crystallites B (B > \) can be estimated by the Scherrer

equation[Cul78]
0.89 A
B=———. 5.5
(A29) cos b (5:5)
Here, the expression A2 = A20 — A26,.; is the corrected linewidth, where A260 is the
observed linewidth and A260,. is a reference linewidth of an ’infinite’ extented single
crystal. The broadening of the single crystal diffraction peaks is then limited only by the

resolution of the apparatus [Cul78§].

An alternative description of this scattering process uses the reciprocal lattice. The incom-
ing and reflected X-rays are described by the corresponding wavevectors k and k’, respec-
tively. Because of the elastic scattering of the X-rays, the magnitude of the wavevectors
does not change, i.e. |k| = |k'| = k = 27 /\. Constructive interference can be observed if
the change of the wavevector Ak is equal to a vector of the reciprocal lattice G. This scat-
tering mechanism can be illustrated by a simple geometrical construction, called Ewald
construction or Ewald sphere, as it can be seen in figure 5.2. Considering a simple cubic
lattice, the reciprocal lattice is also cubic with a lattice constant a* = 27 /a. As described
above, intensity is observed if |Ak| equals the interplanar distance a*v/h? + k2 + [2. This
leads to the condition

4 2
IAk| = 2k sin 6 = 7” sin 6§ = % VRZ+ K2+ 2 (5.6)

which is equivalent to equation 5.3 derived from the Bragg diffraction law 5.1.

[001]
i

Ewald sphere

reciprocal lattice \\

L] L]
measurable region
L] L] L]

= [010]

sample

Figure 5.2: Construction of the Ewald sphere and the geometrical interpre-
tation of a rocking curve to get information about the distribution of planes
which are not parallel to the sample surface.
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5 Analytical Techniques and Thin Film Characterization

5.1.1 Bragg-Brentano Setup

The most simple arrangement of X-ray tube, sample, and detector is the setup in Bragg-
Brentano geometry as shown in figure 5.3. The X-ray source at one arm of a goniometer
stage emits X-rays which hit the sample at an angle # with respect to the sample surface,
and which are diffracted towards the detector situated in the other goniometer arm at 26
from the direction of the incident beam. By varying the angle 6, Bragg’s law is fulfilled
for different d-spacings in polycrystalline material. In the experiments, the XRD stage
PHiLips X’PERT has been used in the Bragg-Brentano geometry. The X-ray source
was Cu-Koy radiation with a wavelength of A = 1.5406 A. The spot on the film had a
rectangular shape with the dimension 8 mm x 5mm at § = 30°. A step size of A20 = 0.02°
and a detector integration time of At = 0.5s have been used during the measurements.

sample holder ;v

X-ray

detector generator

generator

i fixed position
=2 |
(a) (b)

Figure 5.3: (a) Schematic setup of the XRD aparatus, (b) angle definitions.

detector

If the sample is polycrystalline without preferred orientation, the X-ray diffraction maxima
can be detected merely by moving the equipment to the necessary 0-26 position. It should
be noted that with these 6-260 measurements it is only possible to observe the diffraction
of planes which are parallel to the sample surface. If the sample is a single crystal or
polycrystalline, but textured, then the maxima may be out of the plane defined by X-
ray source, sample and detector. To examine the population of planes as a function of
orientation, the direction of the lattice vector G has to be varied (see figure 5.2). These
measurements are referred to as rocking scans or rocking curves because typically the
sample is rocked through the angle w on the diffractometer while the detector is held in
a fixed position 26 (see figure 5.3 (b), angle definitions). Then it is possible to observe
planes which are not parallel to the sample surface.

5.1.2 500 nm Y,03 Films

For optical applications it is advantageous to have films with perfectly orientated grains or
crystallites, because disoriented grain boundaries may have a strong effect on the optical
properties (scattering losses). Thus, one has to find the optimum growth conditions for
crystalline film formation. To investigate the grade of crystallinity for different growth
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5.1 X-Ray Diffraction

conditions, XRD measurements have been performed on films grown at different substrate
temperatures and oxygen pressures. As described in chapter 3, the film growth can be
influenced by a variety of parameters, but these have been found to be the most important.
The influence of the substrate temperature at a constant oxygen pressure of p(Os) =
5 x 1072 mbar on the structural behavior is presented in figure5.4. For a 500nm thick
film grown from a sintered Y203 target at room temperature (20°C), no Y03 diffraction
peaks are visible — the film is completely amorphous. In this spectrum (figure5.4 (a)),
only the (0006) reflection of the a-alumina substrate at 41.7° with a peak width of 0.1°
(FWHM) can be seen. At a substrate temperature of 300°C (figure5.4 (b)), the yttria
{222} reflection peak appears at 29.1° (a list of possible Y03 reflection peaks and the
corresponding intensities in a powder sample can be found in appendix C). At 60.26°, a
higher order of this reflection, the {444} peak, arise. Additionally, the {400}, the {440},
and the {622} reflection peaks can be seen. These peaks have less intensity than the {222}
and {444} peaks, indicating a preferred growth of yttria in the (111) direction. This effect
becomes stronger at a substrate temperature of 700°C (figure 5.4 (c)). In this case, the
{222} peak at 29.19° dominates the spectrum and is even stronger than the a-Al,O3 peak.
The {400} peak is also visible, but nearly four orders of magnitude smaller. Neither the

(a) Top=20°C

(0006)

A O b e E 1 T A

(b) Top=300°C

{222} S
<

{400} & (440} (622) 1444}

il WWMW&MMWWWW wawmmmmvawmwww

222} (©) Toyp=700°C

(0006)

intensity (logarithmic, arb. u.)

(444}

(0006)

{400}

T T O m
L L B L L L B L L L B L AL BN
25 30 35 40 45 50 55 60 65
26 (degree)

Figure 5.4: X-ray diffraction patterns of yttria films grown at different sub-
strate temperatures (p = 0.05mbar).
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5 Analytical Techniques and Thin Film Characterization

{440} peak nor the {622} peak can be observed in this spectrum. Their disappearance
indicates an increase of the (111) texture in the polycrystalline film at higher substrate
temperature. Also this film has to be termed polycrystalline because there is no evidence
of laterally connected crystallites forming the film (in section 5.3 it is shown that the film
growth starts with single islands).

From these measurements it can be seen that the 500 nm thick films grown at substrate
temperatures > 300°C are uniaxially textured along the (111) direction, because the X-ray
diffraction patterns reveal mainly the {222} oriented diffraction line.

The same effect (preferred growth in (111)

direction) is observed when the oxygen par- ’g 0.30 , ,

tial pressure is varied (4 x 107°mbar < & (28] Twb=700°C = const. o |
p <5 x 107! mbar) at constant temperature. = () 54 ] ]
The dependence of the crystallinity on the § 024 ]
oxygen pressure is shown in figure 5.5. In this ,3 0'22 1 ]
graph, the FWHM of the {222} reflection a 0'20_ . ]
peak, which was the strongest in all cases, is % 0' 18] N . ]
shown as a function of the oxygen pressure. = \o\./

If the pressure increases from 4 x 1073 mbar E 0.167 ]
the FWHM decreases till it reaches a min- = 014 0.01 0.1 1

imum of 0.163° at 5 x 1072 mbar. Further oxygen pressure p(O,) (mbar)
increase of the pressure results in a strong in-

crease of the FWHM. Additionally, it was ob-  Figure 5.5: FWHM of the Y203 (222) peak
served that the {400} peak becomes stronger  for films grown at different oxygen pressures.
at higher oxygen content. Zhang etal. at-

tributed the shift of the diffraction peak from (111) to (100) orientation with increasing
O, gas pressure to a change in oxygen vacancies, which results in beneficial growth of
Y>0;-films along (100) direction [Zha98].

The observed preferred (111) orientation can be explained by a minimization of the surface
free energy (G, which is given by an extension of Young’s equation 3.9, i.e.

G=0—7%)+%—Ye, (5.7)

where 7, s, and 7, and are the free surface energies of the film—air, the substrate—air,
and the film—substrate interfaces, respectively. 7, is the epitaxial energy gain. The film
growth occurs in the orientation which minimizes G. In the cubic phase, the denser
planes are the {111} ones, therefore, they have the lower surface free energy ~¢. If ¢ is
the dominant term, the films tend to be (111) oriented. However, the substrate lattice can
impose another orientation if there is a low lattice mismatch, as it is the case for yttrium-
stabilized zirconia (YSZ) or LaAlOs. The 7, term becomes dominant then. In the case
of amorphous substrates, e.g. amorphous SiO; [Pon02], there is no lattice mismatch
influence, and the 7, term is negligible, which explains the (111) orientation.

Using the Scherrer equation 5.5, the FWHM of 0.163° of the {222} peak presented in
figure 5.4 (c) gives an out-of-plane diffracting domain size of B, = 130nm. The in-plane
grain size at the surface was measured by AFM and is of the same order (B &~ 140nm,
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5.1 X-Ray Diffraction

see section 5.3). Compared with other values available in the literature this is a large
domain size indicating a relatively undistorted and well-ordered growth of the crystallites
in the out-of-plane direction (e.g. Kim Anh et al. [Kim03] reported a 90 nm out-of-plane
domain size in a 480 nm thick Y203 film grown by PLD).

In addition to the 6-20-scans, the out-of-plane
orientation of the crystallites, corresponding g T T T T
to planes which are not parallel to the sur- 1 20=29.1°

face, was investigated by rocking-curve mea-
surements (w-scan). Using the optimum growth
conditions, the (111) crystal axes of the 500 nm
thick films are aligned along the film normal di-
rection within 0.74° of FWHM (see figure 5.6).
For comparison, the width of the substrate peak
is 0.3°.

intensity (arb. u.)

As it can be seen from equation 5.3, the lattice 11 12 13 1‘4 ' 15 1|6 ' 17 18
constant a can be retrieved from the position of o (degree)

the diffraction lines. Lattice constants derived

from the XRD measurements are labelled a, Figure 5.6: Rocking curve of {222} re-
whereas lattice constants obtained by SXRD are  flection peak.

labelled a|. In the following, a; was calculated only from the strong {222} peak position.
For the films grown at Ty, = 300°C this results in a lattice constant of a; = 10.62 A. The
deviation from the bulk value anue = 10.603 A is explained by stress. Thus, a measure of
the evolving strain in the film growth direction (g, ) is given by

g€, = a1 = Obulk (5.8)
Abulk

The influence of the substrate temperature on the lattice constant is comparably small.
The resulting variations of a, in films grown at substrate temperature < 500°C indicate
tensile stress of only £, = 1.6 x 1072. The lattice constants of various yttria films grown
at T'= 700°C (100 nm < dg, < 750nm) show only small deviations from the bulk value
(a. = 10.602 A) resulting in an overall compressive strain of only £, = —107%.

In general, independent of the growth method, stresses are induced in the deposited films
and their effects can be deleterious for the film properties. In particular, residual stress
in yttria films could alter the optical properties and cause the appearance of birefrin-
gence, by deforming the unit cell. Pons-Y-Moll et al. [Pon02] observed that undoped and
Er-doped films showed compressive stress of —1.8 GPa, while Eu-doped films have lower
residual stress (1.4 GPa). This effect is explained by the larger ion radius of europium,
compensating part of the compressive stresses. Stress is not only induced by lattice mis-
match or non-perfect substrate surface but also caused by the thermal behavior of the
film—substrate system (thermal stress). This is due to the difference between the thermal
expansion coefficient of the substrate ag and that of the film af during cooling of the
deposited film to room temperature. Knowing Young’s modulus E; and Poisson’s ratio
v¢ of the film, the thermally induced interfacial stress oy, can be calculated by

Oth — [Ef(a/f — OéS)AT]/(l — I/f) s (59)
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5 Analytical Techniques and Thin Film Characterization

where AT is the difference between the substrate temperature during film growth (700°C)
and the finally reached temperature (20°C). Using the values given in table 2.1, the thermal
stress in the yttria—alumina system is 0.56 GPa. Reducing the growth temperature will
result in reduced thermal stress, but also in films with a smaller degree of crystallinity.
However, compared with stress induced by lattice mismatch, the thermal stress plays a
minor role in sesquioxide film growth.

5.1.3 Thin Y03 Films

With decreasing film thickness, a change in the 6-20-scans becomes visible. Figure 5.7
shows the diffraction patterns of a 100 nm (a) and a 20 nm thick (b) yttria film. Both films
were grown at a substrate temperature of 700°C and an oxygen pressure of 5 x 10~2 mbar.
It can be seen that for a film thickness of 100 nm, the peak position of the {222} reflection
(20 = 29.14°) is nearly identical to that of the bulk crystal resulting in a lattice constant
of a;, =10.607 A. As a result of the lower film thickness, the peak width increased slightly
(FWHM = 0.193°) giving an out-of-plane grain size of ~ 90 nm, which is nearly the film
thickness.

-] T I T I T I T I T I T I T -
1 (a) d=100nm o\~ 7
E = E
] < S ]
] & ]
3 222} E
3
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z Z120=29.19° ]
+— Nl 1 3
g (222} £ I
2 1 =
{400} 5 LI
£ ] 17
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Figure 5.7: X-ray diffraction patterns of thin yttria films grown on a-Als03
at 700°C: (a) 100 nm thickness and (b) 20 nm thickness. Inset: rocking curve
of 20nm film.
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5.1 X-Ray Diffraction

In the case of the Y503 film with 20 nm thickness, the situation changes. The {222}
diffraction peak appears at 260 = 29.19° with a FWHM of 0.57°. The corresponding out-of-
plane lattice constant is smaller than the bulk value (a; = 10.59 A) indicating compressive
stress in the growth direction (¢, = —1.2 x 107%). Interestingly, this film shows also
compressive stress in the in-plane direction (see results of SXRD, p. 60). Additionally, in
this diffraction pattern, the {400} peak appears at 33.84° (FWHM = 1.03°). The {222}
rocking curve of the 20 nm thick film is also presented in the inset of figure 5.7. In this
case, the crystallites are not as perfectly aligned with respect to the substrate surface as
in the 500 nm thick films.
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5 Analytical Techniques and Thin Film Characterization

5.1.4 Surface X-ray Diffraction

As shown in the previous section, the geometrical structure of materials can be investi-
gated easily by X-ray diffraction. To study the surface and near surface regions in more
detail, a modification of the conventional setup, called surface X-ray diffraction (SXRD),
is used. The advantage over electron diffraction is the penetration depth of the radiation,
which is scalable over a wide range. Thus, buried layers and systems of different layers
can be investigated. In contrast to XRD, where only information about planes parallel
to the surface is obtained, the method of SXRD results in diffraction patterns of planes
which are perpendicular to the surface [Kum98].

In general, for X-rays the real part of the re-
fractive index of matter is smaller than 1. As

a consequence, the direction of propagation K, a, E k,

of the transmitted (refracted) wave makes an a; l/'/ﬁ
angle with the surface which is smaller than ; ——— ©— a,=0
the angle between the incident ray and the i_'—_>>’1

surface (o < «;). This is in contrast to x ! @

visible radiation. At a certain angle of in-

cidence oy, termed critical angle a,, oy is 0. Figure 5.8: Diffraction of X-rays at a
This effect is called total reflection. For an-  vacuum-—crystal-interface for o; < c.

gles smaller than a., the incoming wave is
totally reflected. In this case, the wave will
penetrate into the crystal only in a very thin,
near-surface region (evanescent wave), where
its propagation direction is parallel to the
surface (see figure 5.8). Due to this propaga-
tion direction, only planes perpendicular to
the surface are detected. By varying the pen-
etration depth of the evanescent wave, which
depends only on the angle of incidence «;, the
refractive index n, and the wavelength of the
X-ray radiation A, the surface sensitivity in —— ————————
SXRD is regulated easily. Figure 5.9 shows 0.1 0.2~ 03 0.4 0.5
the dependence of the penetration depth (or grazing angle (deg)

attenuation length) /; on the angle of inci- Figure 5.9: Calculated attenuation length
dence o; for radiation with a wavelength of ¢ 70 keV radiation in Y303,

A=1244A in ¥;0;.
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Surface Coordinates

The coordinate system used in crystallography of bulk crystals is not well suited for the
description of surfaces. In order to find proper surface coordinates, the notation of the
LEED method (Low Energy Electron Diffraction) has been used successfully in SXRD.
A general approach to LEED notation can be found in the literature [DeC96, Van86|.
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5.1 X-Ray Diffraction

Here, only the surface coordinates of cubic Y03 in (111) growth direction are presented.
In this case, the {111} planes should be parallel to the substrate surface, and thus, the
magnitude of the lattice vectors of yttria can be re-defined as

|a’ = |b| = %\/iabulk and |C| = %\/gabulk ’ (5]‘0)

where ap, denotes the conventional lattice constant. The angle between a and c as well
as the angle between b and c is 90° each, while the angle between a and b is 120°. Using
these surface vectors the corresponding reciprocal lattice vectors? are

8T 67
a*|=|b"|= — and c'l=—
& =1b] V6 Abulk <’ V3 Abulk 7
with an angle of 60° between a* and b*, while the angle of a* and b* with ¢* is 90° each (see
figure 5.10 (a). As described above, only planes perpendicular to the surface are detected
using SXRD. In case of (111) grown yttria on sapphire one can find planes perpendicular
to the {111} planes. This condition is fulfilled for {110} planes, if {111} - {110} = 0. In
practice, the {440} plane was detected as this plane offers the highest relative intensity
(see appendix C). The experiments have been performed with synchrotron radiation at
beamline BW2 at HASYLAB (DESY). This setup is described in [Bun99]. The principle
scheme of SXRD is shown in figure 5.10 (b). It can be seen that, in contrast to XRD, in
SXRD the 26 angle lies in the surface plane. The wavelength of the X-rays was 1.24 A
corresponding to an energy of 10keV. The angle of incidence with respect to the surface
was varied between 0.2° and 0.3° depending on the thickness of the films.

(5.11)

b : (1]
b

|

|

|

L{o ot
|
|

7
7
v
\”
17 )30o
C*

c

(a) (b)

Figure 5.10: (a) Surface coordinates of (111) Y203, (b) Principle of surface
X-ray diffraction.

2The reciprocal lattice vector is defined as a* = 27(b x ¢)/V, where V is the volume of the elementary
cell V.=a- (b xc). The calculation of the reciprocal lattice vectors b* and ¢* is carried out by cyclic
permutation of the vectors.
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5 Analytical Techniques and Thin Film Characterization

SXRD Results of 20 nm and 100 nm Yttria Films

In figure 5.12 (a) a 6-26 scan of an yttria film with a thickness of 20 nm is shown. The
spectrum is dominated by a peak at 20 = 38.96° with a FWHM linewidth of A20 = 1.43°.
For comparison, in additional experiments the FWHM of the sapphire peak at 52.46° has
been determined to be 0.6°. Since the diffraction angles 6 of different X-ray wavelengths
A are related by

ﬁn@XRD:: QHHSXRD,

SXRD

this peak can be assigned to diffraction at {440} planes (the subscripts "XRD’ and ’SXRD’
indicate the diffraction angles and wavelengths used in conventional X-ray diffraction and
surface XRD, respectively). The recalculation of the experimental 26 diffraction angle of
Cu-Kay radiation results in 20 = 48.95°, which is slightly smaller than the theoretical
bulk value of 20 = 48.55°. Using equation 5.3 the lattice constant of yttria parallel to
the surface in the 20 nm thick film is calculated to a) = 10.51 A, which is considerably
smaller than the bulk value of apy = 10.603 A. Compared with the lattice constant
a, = 10.59 A obtained by conventional XRD it can be seen that the unit cell of yttria is
strongly distorted, i.e. compressed, in both directions indicating strain due to the lattice
mismatch.

The assignment of the reflection peaks between 20° and 30° was not straight forward
because one has to take into account that at the interface not only YoO3 but also Y3Al;015
and YAIOj can exist due to subplantation effects (see section 5.4, p. 80 f and p. 84 f). Each
these three structures has various diffraction lines in this 260 range.
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Figure 5.11: SXRD of 20nm Y>03 film: (a) 20-scan, (b) ¢-scan
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5.1 X-Ray Diffraction

The ¢-scan of the 20 nm thick film shows two sets of 6 peaks which are separated by 24°.
The distance between each of the six peaks in a set is 60°. This sixfold symmetry is again
an indication of the (111) growth of yttria as there are three {110} planes separated by
120° perpendicular to {111}. Each {110} plane results in two reflection peaks separated
by 180°. The two sets of peaks represent two domains grown in (111) direction but rotated
by 24° against each other. The appearance of two different domains with the same growth
direction is commonly known as twinning. An explanation for twinning are the positions
of the atoms in the yttria matrix, which form a slightly distorted cube. Thus, the atoms
forming the {111} planes do not create an equal-sided triangle. Due to the distortion,
two of the angles in the triangle are &~ 58° instead of 60°. However, this angle deviation is
not sufficient enough to explain the large rotation by 24°. However, due to subplantation
effects the substrate surface is not pure Al,Oz, but also consists of YAG and YAIO;
components. Since YAG is a cubic system with a lattice constant of ayag = 11.93 A,
the continuous growth of cubic Y,O3 along the (111) direction can occur. The fact that
very sharp diffraction peaks appear in the ¢-scan is an indication of the homogeneous
orientation of the (111) grown crystallites.

The same measurements have been performed on a 100 nm thick yttria film. The 6-26 scan
of this film presented in figure 5.12 shows again the dominating {440} peak at 20 = 38.4°
with a FWHM peak width of A20 = 1.14°. The corresponding 20-position for Cu-Ka-
radiation is 48.55°, which results in a lattice constant of aj = 10.63 A (a; =10.607A). In
this case, the unit cell of yttria is stretched to obtain lattice matching with the substrate
(g = 2.5 x 107%). In addition to the {440} peak, three additional yttria peaks can be
seen in the 0-260 scan: {222} at 23.4°, {400} at 27° and {622} at 45.6°. The diffraction
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Figure 5.12: SXRD of 100nm Y203 film: (a) 20-scan, (b) ¢-scan.
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peaks at 20.4° and 21.6° can be assigned to the crystal structures of YAIO3 and Y3Al;045.
From the relative intensities of the different peaks it can be seen that the film is textured
along the (111) direction of cubic Y503, but has a polycrystalline component.

To obtain more information about the orientation of the (110) grown crystallites, the
sample was rotated by 360° at a fixed 20 angle of 38.4° (¢-scan). The result is shown in
figure 7?7 (b). In addition to six sharp peaks, a large oscillation in the diffracted intensity
can be seen. This is very likely an effect of the rectangular sample geometry (5 x 10 mm?),
in contrast to the 20 nm thick film where a square sample was used.

It is not yet clear why six of the 12 peaks observed in the 20nm thick film vanish (the
missing ones are indicated by hollow symbols in figure 5.12). Probably, the strong back-
ground oscillation superimposes the weak diffraction peaks and only the strongest are
visible. However, it can be seen that the domain of (110) crystallites indicated by (M)
is grown out with increasing film thickness and dominates the 100 nm thick film, as this
domain is represented by four peaks compared to the two peaks of the (A) domain.

Discussion of the XRD and SXRD results

It was shown that the Y50O3-films grown on a-alumina at a substrate temperature of
700°C and at an ambient oxygen pressure of 5 x 1072 mbar are highly textured along the
(111) direction. However, the films are not uniaxially textured, but show polycrystalline
components. Additionally, at thin films a twinning of the (111) grown crystallites was
observed. The non-perfect film growth has various reasons [Ars80]:

1. defects due to imperfections on the substrate (e.g. dislocations, strain),
2. defects due to different lattice constants,

3. defects created by the formation of different phases,

4. defects due to varying growth conditions,

5. surface defects on the grown film,

6. defects due to the incorporation of impurities or the irregular distribution of the
components or the dopants of the growing film and

7. defects due to thermally induced stress.

The most important point is the difference in lattice constants. For this reason, films
of LuyO3, ScyO3, and YScO3 have been grown. These materials show reduced lattice
mismatch with the alumina substrate, which should result in a more favorable growth
along the (111) direction. First X-ray measurements on the lutetia and scandia films
seem to justify these assumptions, as in the corresponding diffraction patterns only the
{222} and {444} peaks occur. As demonstrated by L. Rabisch [Rab03], films of LuScOj
on a-alumina prepared by electron beam evaporation show only sharp {222} and {444}
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5.1 X-Ray Diffraction

reflection peaks in the diffraction pattern. The FWHM width of these peaks is smaller
than in comparable Y203 or LuyOjs films indicating better lattice matching with the
substrate (as predicted in section 3.3) and, thus, leading to a more epitaxial growth
behavior.

Another parameter which might lead to imperfections is the target—substrate distance
during the deposition, i.e. the particle energy at the substrate surface. High energy
particles can be subplanted into the alumina matrix resulting in a new crystalline matrix.
For example, the reaction 3 x Y503 + 5 x Al,O3 — 2 x Y3Al5015 can take place, and the
resulting structure of YAG offers a different lattice constant than alumina: the desired
condition of lattice matching is not fulfilled. This behavior was proven on the one hand
by the SXRD measurements, and on the other hand by the optical spectroscopy presented
in section 5.4, clearly identifying the band edge of Y3Al;0q5.
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5.2 Rutherford Backscattering

Rutherford backscattering analysis (RBS) is based on collisions between atomic nuclei.
The sample is bombarded with a monoenergetic beam of highly energetic charged parti-
cles, typically helium ions, and the number and energy of ions which scatter backwards
after colliding with heavier atoms in the near-surface region of the sample is measured
(see figure 5.13). With this information, it is possible to determine atomic masses and
elemental concentrations versus depth below the surface [Gos87a, Gos87b].

The vast majority of high-energy probing

particles are implanted into the material and ' monoenergetic

do not escape. Only a small fraction of the Ejos incident particles (*He")
incident particles undergo a direct collision m; 8
with a nucleus of one of the atoms and are out E=E,

E loss

E =KE,

@ detector

Figure 5.13: Energy loss processes for
backscattering.

backscattered out of the sample.

The energy measured for a particle backscat-
tered at a given angle depends on two pro-
cesses: The loss of energy experienced by the
particles while they pass through the sam-
ple, both before and after a collision, and the
loss of energy as a result of the collision itself
(transfer of momentum to the target atom).

E =K(E,-E>. )-E™

loss loss

When the probing particles penetrate to some depth into a dense medium, the projectile
energy dissipates due to interactions with electrons (electronic stopping) and to glancing
collisions with the nuclei of target atoms (nuclear stopping). Thus, a particle which
backscatters from an element at some depth in a sample will have measurably less energy
than a particle which backscatters from the same element at the sample surface. The
amount of energy a projectile loses per distance traversed in a sample depends on the
projectiles mass, its velocity, the elements in the sample, and the density of the sample
material.

The ratio of the projectile energy after a collision to the projectile energy before a collision

is defined as the kinematic factor:
2

2

_ M;siné M cos B

K — Escattered _ ! ( Mz ) + Mz (5 12)
Eincident 1 + % ’ .

where F is the ion energy, M is the mass of the incident ions and M; is the mass of the
target atoms. 6 is defined as the angle between the trajectory of the particles before and
after scattering (see figure 5.13).

The number of backscattering events that occur from a given element in a sample depends
mainly on two factors: the concentration of the element and the effective size of its nucleus.
The probability for a collision to occur is called scattering cross section. The scattering
cross section is proportional to the square of the atomic number of the target atom.
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Using a multi-channel analyzer, the signal

from the detector can be converted into a O
histogram of particle energies. A simplified
drawing of a typical RBS-spectrum is shown
in figure 5.14, where M; is the mass of the
probing particles, and M and Mj; represent
the masses of two different types of atoms in
the thin film (M; < My < Mj3). The parti-
cles repelled by the heavier dopants M3 have
higher energies and appear at a higher chan-
nel number than the lighter particles. The
energies of the backscattered particles de-
pend also on their position relative to the sur-
face. For example, the width of the 'plateau’
in the peak for the dopant Mj in gives an in-
dication of the depth to which these elements
have penetrated. The yield for the different
elements present in the film measured at the
surface can be used to calculate the stoichiometry of the surface layer. The determina-
tion of the overall stoichiometry, e.g. stoichiometry below the surface, requires a more
complex analysis which is retrieved by computer modelling.

MZ’ZZ

M3,Z3

channel number / energy £

Figure 5.14: Simplified RBS spectrum
showing the energy distribution of the
backscattered particles.

5.2.1 Channeling

In addition, RBS can also be used to study the structure of single crystal samples [Fel86].
This variation of the typical RBS measurement is called channelling technique. The chan-
neling effect occurs when the incident beam is aligned with a major crystallographic axis
of a single crystal target. In this case the scattering probabilities are modified compared
with a non-crystalline material. Thus, the difference between an aligned (orientated) and
an unaligned (random) spectrum provides information about degree of disorder in the
crystal. If a channeling effect could be observed in thin films it is an indication of epitax-
ial growth behavior between the substrate and the growing film. This can be explained
by the fact, that for significant channeling not only the film has to be single crystalline
but also the rows of atoms of the substrate must be aligned in the same direction, e.g.
epitaxial film growth is achieved.

5.2.2 Experimental

To determine the composition of the films Rutherford backscattering experiments have
been performed at the Departamento de Fisica Aplicada, Universidad Autonoma de
Madrid, Spain. In this case, a 2MeV *Het beam with a spot size of 1 x 1mm? has
been used to bombard the samples, which were held under vacuum (p = 5 x 10~ mbar).
The backscattered particles have been detected at an angle grpg = 171° with a PIPS de-
tector (Passivated Implanted Planar Silicon detector). From this measurement, it could be
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5.2 Rutherford Backscattering

shown that the sesquioxide films have the correct stoichiometric composition and contain
no impurities.

As an example, figure 5.15 shows the RBS spectrum of an Eu:Y>Oj3 film with a thickness
of 500nm grown at Ty, = 700°C and p(Os) = 5 x 10~?mbar. The dashed line (b)
indicates a simulation of the system Eu(1.5%):Y203 (500nm) / Al,O3, and the positions
of the different elements are marked. Although both compositions have the same cation—
anion ratio of 2:3, one can distinguish the O content in the substrate and the O content
in the film due to the different O concentration in the alumina substrate in a depth of
500nm. This behavior is related to the higher density of cation sites in YoO3 compared
to AlyO3. The result of the randomly orientated film, i.e. no specific sample alignment
with respect to the incident H-beam, is presented by the solid line (a). Both curves, the
simulation and the measurement, fit very well for channel numbers > 30 indicating the
correct stoichiometry as well as the correct film thickness.

(a) —— measurement (randomly orientated) .
A~ (b) ---- simulation
o(C) e channeling

O at substrate-film interface

yield (arb. u.)

O at film-air interface

| | |
300 400 500 600

channel number

| |
0 100 200

Figure 5.15: RBS spectrum of a 500nm Eu(1.5%):Y>03 film on alumina.

Additionally, at optimum growth conditions, a channelling effect was observed (c), i.e.
an increase of Y-yield at lower energies. This channeling effect can be explained by a
highly textured growth of Yo,Oj3 along the (111) direction as well as epitaxial growth of
the Y203 film along the (111)-direction on the [0001] sapphire substrate (see fig. 5.15).
The yield increases at lower energies because of the so called de-channelling effect. The
de-channeling appears, because the incoming H"-ions suffer from small-angle scattering
from atoms, which are positioned at random positions inside the ’channels’ of a certain
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crystallographic direction. This de-channeling occurs because the crystal and thus, the
channels are not perfect. The deeper the ions penetrate into the crystal the less distinct
are the channels, and they do not have the precise direction necessary to see the channeling
effect, hence the yield increases. Epitaxial growth means that lattice matching between
the substrate and the Y503 film can be achieved. This is an important result for possible
waveguide applications because dislocations and defects at the interface are minimized.
A similar effect was described by Cho et al. [Cho99], who observed a channeling effect in
the system YoOg3 (111) /Si(111).

The stoichiometry of the yttria films remains constant over a wide range of oxygen pres-
sures. For p(Os) > 0.1 mbar, a negative influence of the higher oxygen concentration in
the atmosphere during film growth on the composition of the films can be observed, e. g.
for a film grown at an oxygen pressure of 0.5 mbar, the stoichiometry changed from Y,O3
to Y2O35. For conservation of charge, the additional oxygen is incorporated as neutral
atoms in interstices of the YoOs-matrix. However, this change of composition has no in-
fluence on the optical properties of the Eu-doped films (see section 5.4). In contrast, the
substrate temperature has no influence on the film composition, but strongly affects the
luminescence behavior. Due to reduced crystalline growth at lower temperatures, there
is no long-range order in the matrix surrounding the Eu-ions resulting in inhomogeneous
broadening of absorption and emission lines.

Compositional RBS experiments on Lu,Os-films have shown that after growth at a sub-
strate temperature of 700°C and an oxygen pressure of 0.5 mbar, the films have the correct
stoichiometry. In addition, also in the Lu,O3 a channeling effect can be observed.

Thus, it can be concluded that for all types of sesquioxides, RE;O3 and REWRE® Oy, the
material transfer from the target to the substrate via the plasma results in a conservation
of stoichiometry. Moreover, the fabrication of sesquioxide films on a-alumina substrates
by PLD results in crystalline and epitaxial film growth as indicated by the observed
channeling effect.
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5.3 Atomic Force Microscopy

To characterize the surface of the films the technique of atomic force microscopy (AFM)
has been used. In atomic force microscopy, a probe consisting of a sharp tip (radius
of the order of 10nm), integrated onto the end of a cantilever, is raster scanned across
the sample surface using piezoelectric scanners to measure attractive or repulsive forces
between the tip and the sample [Bin86]. Thus, the topography and several physical and
chemical properties can be mapped in direct space with high lateral and vertical resolution
(in the nm-range).

In practice, three imaging modes can be used
to produce topographic images of sample sur-

. . laser
faces: contact mode (ionic repulsion forces), diode
non-contact mode (Van der Waals, electro-
static, magnetic or capillary forces), and tap-
ping mode. In each modes the tip—sample force cantilever
interaction leads to a bending of the cantilever.

This bending as well as torsional deflections of -

the cantilever, due to lateral forces acting be- 141
tween tip and sample, are detected by apply- X
ing the light pointer principle, in which a laser

beam is reflected off of the cantilever and onto Figure 5.16: AFM setup.
a segmented photodiode (see figure 5.16).

4-quadrant
photo diode

piezo for
lateral modulation

piezo for
normal modulation

During scanning, a particular operating parameter, e. g. the force between tip and sample
surface, is maintained at a constant level, and images are generated through a feedback
loop between the optical detection system and the piezoelectric scanners. In contact mode,
the mode of operation used for the samples described in this work, the probe is essentially
dragged across the sample surface maintaining a constant bend in the cantilever. As the
topography of the sample changes, the z-scanner must move the relative position of the
sample with respect to the tip to maintain this constant deflection. Using the feedback
mechanism, the topography of the sample is mapped during scanning by assuming that the
motion of the z-scanner directly corresponds to the sample topography. It is also possible
to sense the local mechanical properties of the sample surface (resistance to deformations
or frictional forces acting between tip and surface) when operating in contact mode.

For some applications it is not only useful to have an image of the surface topography
but also to have a characteristic parameter of the surface roughness. In general, this is
the root-mean-square roughness Rryg [DINTS8], which can be determined from discrete
points of the measured surface topography z(xg, ), i.e.

1
Reis = 4 | 7 SN a(wrm) - 22 (5.13)

Y k=1 1=1

In this equation N, and NNV, are the discrete numbers of data points in 2- and y-direction,
respectively, which are identified by the different indices k and [. The value z describes a
levelled plane with the smallest deviations from the data points (least squares fit) [Bra92].
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All measurements have been performed in contact mode, which allows a very sensitive
regulation of the tip-surface distance. Additionally, the local mechanical properties of the
surface can be retrieved. The microscope used was a modified model of the EXPLORER se-
ries from TOPOMETRIX at the Bundesanstalt fiir Materialforschung und -priifung (Berlin,
Germany).

500 nm Yttria Films

Figure 5.17 shows an AFM-image of an uncoated alumina substrate. In addition to some
ring-shaped structures, which are traces of the acetone used for cleaning, the surface is
perfectly smooth with an RMS-roughness < 0.4 nm. This result is in good agrement with
the specifications of the supplier.

The surface of an amorphous yttria film with a thickness of 500 nm grown at room tem-
perature on alumina is shown in figure 5.18. Due to the low substrate temperature, no
crystalline structure is visible, but a grain structure with an in-plane size of 40 nm to
60nm and an average height of 5nm. This morphology is homogeneous over the whole
film surface. The RMS-roughness taken from a surface area of 2.24 pm x 2.24 pm is only
1.7nm. In general, amorphous films are characterized by a smooth surface and thus, a
small roughness.

In contrast to an amorphous film, figure 5.19 shows the surface morphology of a 500 nm
thick crystalline yttria film. The triangular (2D) or pyramidal (3D) shaped crystallite
structure observed is a signature of the crystallographic cubic-fluorite structure of bulk
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Figure 5.17: Surface of an un- Figure 5.18: Surface of an amor-
coated alumina substrate. phous Y203-film (thickness 500 nm).
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Y203 and can be assigned to the (111) growth direction. The crystallites have edge lengths
of the order of 120nm—160nm. A surface morphology with pyramidally shaped grains
was also observed by [Cho97] and [Kor99], but their structure was not as distinct as the
picture presented here.

A similar structure is observed at the cleavage of a (111) grown YoO3 bulk crystal. Figure
5.19 shows a picture of such a cleavage taken by an optical light microscope [Mix99].
A confirmation of the (111) growth direction is given by scanning electron microscopy
(SEM) pictures of an etched {111} sulphur surface showing the same triangular structure
[Pet81]. This leads to the conjecture that the (111) growth direction is connected with
a pyramidal structure of the crystallites. Together with the results of X-ray diffraction
and Rutherford backscattering, it can be concluded that film surface presented in the left
picture of figure 5.19 shows a {111} plane of yttria.

In contrast to the cleavage structure in the bulk crystal, the film surface shows distorted
triangles which are not parallel to the surface, but show a small angle with the substrate.
This effect can be explained by the lattice mismatch between the grown yttria film and
the corundum substrate. It should be noted that not all investigated Y,O3-films show this
triangular surface pattern, but also surface structures similar to those of ScoOs-films (see
figure 5.21).

Compared with the amorphous film, the RMS-roughness of the crystalline film increased
slightly to 2.4nm. In general, the roughness of thick films, amorphous as well as crys-
talline, is comparably small, which clearly shows that these films can have optical quality
and thus, are suitable for waveguide devices or optical coatings.
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Figure 5.19: Surface of a 500 nm thick crystalline yttria film (left), {111}-
cleavage of an yttria bulk crystal (right).
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5 nm Yttria Film

In figure 5.20, the surface of a 5nm

thick yttria film is presented. It can 24

be seen that at this early stage of “
film growth, there is no complete film §
covering the substrate surface. In- o
stead, three dimensional island growth g

of small crystallites occurs. The size
of the crystallites can also be seen
in figure 5.20. The in-plane dimen-
sions are between 50nm and 200 nm,
whereas the height ranges from 15nm
to 25nm. 3D-island growth of yttria
on a-alumina was already observed by 30

y-scale (um)

[Kor00]. An interesting, however, until g (i) [4(iD)
now not observed feature can be seen % (1)
in the shape of the grains. Most of the '8
edges of the crystallites have a 60°/120° o 0
angle, which is, together with the AFM T
0 0.72 1.45

result of a 500 nm thick crystalline film
(see figure 5.19), an additional proof of x-scale (um)
the (111) growth direction. The ’per-
fect” triangular structure of the {111}
planes shows also angles of 60°.

Figure 5.20: Surface of a 5nm thick yttria film.
The section of the film at the dashed line gives the
different widths b and heights h of the crystallites:
In contrast to the presented sur- (i) b= 52nm /h = 17nm, (ii) b = 93nm / h =
face roughness values of yttria films, 22nm, (iii) b=102nm / h = 25 nm

Kim Anh etal. [Kim03] reported a

RMS-roughness for a 480 nm thick film of only 0.43nm. In general, the RMS-roughness
is connected with the crystallinity as well as with the film growth mode. In case of large
lattice mismatch, the most likely growth mode is the 3D island growth mode resulting in
higher roughnesses than in a layer-like 2D growth mode. However, even with no lattice
matching between a film and a substrate at all, a 2D layer growth mode can occur, as
reported by [Sun96].

The surface roughness of thin films depends on a variety of parameters. As the grade of
crystallinity is strongly affected by the substrate temperature, also the surface morphology
will change with the substrate temperature. Koren et al. experienced that the roughness
can also be manipulated by changing the partial pressure of Oy in an Os/Ar backgground
gas mixture [Kor00].
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Films of LuyO3, Scy03, and YScO3

A different situation occurs in the LuyO3, ScoO3, and YScOs films. Even though there is
no geometrical structure visible (as in case of the Y203 film), a preferred growth direction
of the grains is actually observed. The surface roughness of these films is of the same
order of magnitude as the roughness of yttria films, e. g. a 100 nm thick LuyOs-film has a
Rrus-value of 1.3nm taken from a surface area of 1.23 pm x 1.23 pm.

An AFM-picture of a ScyO3 film with a thickness of 20 nm is shown in figure 5.21. This
film has a very low surface roughness of only 1.0 nm. The surface morphology looks similar
to the surface of a (111) grown MgO film [Che02], indicating the same growth direction
for this scandia film. In the present case, the length of the grains is of the order of 450 nm.
With increasing film thickness the grain size increases, e. g. in a scandia film with 100 nm
film thickness the length of the crystallites is up to 1.5pm. This enhanced grain size is
resulting in a higher RMS-roughness (here: Rrys = 2.3nm). At first glance, this seems to
be a disadvantage (no sharp interfaces), however as the grains become larger the density
of grain boundaries, responsible for scattering, decreases.

The film surface of the mixed system YScOsj is presented in figure 5.22. Since for this
system no growth rate was measured, the thickness can only be roughly estimated to
200 nm. One can see that the surface is not an even plane but show a ’'squamous’ structure,
i.e. the single grains overlap partly, similar to the triangular shaped Y,Os-surface. In
this structure the grains with sizes around 300 nm have also a preferred direction. The
roughness of the whole area is 3nm, while the roughness in the lower left part is only
0.8nm (marked area (i) in figure 5.22). This comparably large overall roughness can be
explained by overgrowth of the islands formed in the beginning of film growth (area (ii)),
which will result in smooth films only at larger thicknesses.
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Figure 5.21: Surface of a 20nm Figure 5.22: Surface of an YScOg
scandia film. film (thickness ~ 200 nm).
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5.4 Optical Spectroscopy

To obtain additional information about the rare-earth-doped thin films, optical spec-
troscopy has been performed.

Fluorescence and excitation measurements of the thin films in the ultraviolet and visi-
ble spectral region have been carried out at room temperature with a modular fluores-
cence spectrometer (Yobin Yvon FL 321 FLUOROLOG-3). The excitation wavelengths
between 250 nm and 600 nm are provided by a high-pressure Xe-lamp and the desired
wavelengths are selected by a double monochromator with a reciprocal linear dispersion
of AN/Ax = 2.18 nm per mm slit width. The fluorescence light is resolved with a double
monochromator (reciprocal linear dispersion AA/Az = 2.64) and then detected either by
a photomultiplier (Hamamatsu R 928P), a photoncounter (Hamamatsu R 649) or a CCD
camera (Yobin Yvon Spectrum-1 G93), depending on the intensity of the fluorescence
light. To separate the emitted light from the excitation light different band edge filters
can be used in front of the detection monochromator. The experimental setup is shown
in figure 5.23.

photomultiplier
o O
_AJL ‘
computer ¢ © -
J
detection
monochromator
reference A band edge

diode ==Y | filter
O O
1R, |
> — thin film
excitation U
<§ i ) % monochromator

Xe lamp

Figure 5.23: Schematic setup of the FLUOROLOG spectrometer.

For excitation measurements the spectral photon flux of a particular emission band is
detected with respect to the variation of the excitation wavelength. The fluorescence
signal S is corrected by the apparatus function (spectral distribution of the lamp, spectral
sensitivity of the monochromator) given by the signal R of the reference diode.

Fluorescence spectra are taken at a fixed excitation wavelength while the fluorescent
light is collected wavelength-dependent using the detection monochromator and one of
the described detection units. The recorded signal S is then corrected by the spectral
transmission of the detection monochromator and the spectral sensitivity of the detection
units.
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Additional excitation measurements in the vacuum ultraviolet spectral region (VUV) have
been performed at the SUPERLUMI setup, where excitation wavelengths between 58 nm
and 330nm are available. The source for this wavelength region is the synchrotron ra-
diation of the electron—positron storage ring DORIS at DESY, Hamburg, Germany. In
figure 5.24, the simplified setup of this complex platform is shown. A detailed description
can be found in [Kam89, Klo89, M6186, Var94|. The synchrotron radiation is separated
spectrically by a primary monochromator with a spectral resolution of 0.3nm. The flu-
orescence light of the excited sample is analyzed using a secondary monochromator and
detected either with a photomultiplier (excitation measurements) or a CCD camera (emis-
sion measurements). The sample holder can be cooled with liquid helium down to 10 K.

DORIS

storage ring ) primary I |_| thin film
| monochromator |]
o

LiF-window
(optional) I band edge filter
—F+— (optional)

O
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monochromator
O
computer O~ .
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Figure 5.24: Schematic setup of the SUPERLUMI station.

5.4.1 500 nm Eu3*:Y,0;3 Films

First, the luminescence properties of 500 nm thick films fabricated under different growth
conditions have been investigated using the FLUOROLOG spectrometer. In figure 5.25,
the emission spectra of an Eu(1%):Y2O3 bulk crystal (a), a 500nm thick crystalline
Eu(4%):Y203 film grown at a substrate temperature of 700° (b), and an amorphous
500nm thick Eu(4%):Y203 film (c) grown at room temperature, i.e. Ty, = 20°C, are
presented. These emission spectra were taken by excitation of Eu*":Y,03 into the charge
transfer band (see section 2.3.4). This band originates from interaction between Eu** and
O?~ and ranges from 200nm to 265nm with a maximum around 240 nm. This process

can be described by an electron transfer from the oxygen ligands to the europium ion:
O(2p?)Eu(4f%) — O(2p")Eu(4f7).

It can be seen that the crystalline film shows a spectrum, which is similar to the reference
spectrum of the corresponding bulk material, with the dominating °Dy — “F, transitions
at 611 nm (see also section 2.3.6). However, despite the similarity between the spectra, a
slight broadening of the peaks can be observed. Additionally, around 625 nm a plateau is
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formed. In contrast, the spectrum of the amorphous film does not show sharp emission
lines due to inhomogeneous broadening. In addition to the Eu?* luminescence, the R;
and R, lines of trivalent chromium — an impurity in the a-alumina substrate — can be
observed at 692 nm.

Thus, the luminescence characteristic depends strongly on the substrate temperature
during the film growth. This observation is in good agreement with the results obtained
by XRD, where an increasing degree of crystallinity with increasing substrate temperature
has been observed (see section 5.1.2, p. 53). However, the luminescence behavior of the
500 nm thick films does not depend on the variation of the oxygen pressure during film
growth, although an alteration was observed in the diffraction patterns of XRD. The
strong broadening of the 26 peaks in the XRD measurements with increasing oxygen
pressure (see figure 5.5, p. 54) indicates a decrease of the crystallite size. Since the Eu
fluorescence of these particles has still a crystalline character, the particle size is large
enough to provide a long-range order.
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Figure 5.25: Comparison of Eu(4%):Y>O3 emission spectra with different
crystallinity: (a) bulk crystal, (b) 500nm thick crystalline film, (¢) amor-
phous film. Intensity normalized to peak intensity at 611 nm.
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5.4.2 Thin Eu3*:Y,03; Films

In the following, Eu?*:Y,05 films of different thicknesses are investigated by excitation
and emission measurements at the FLUOROLOG setup. The film thicknesses are 100 nm,
20nm, 5nm, and 1nm. All films were grown at a substrate temperature of 700°C and an
oxygen partial pressure of 5 x 1072 mbar.

The excitation spectra (Aem = 611 nm) shown in the left part of figure 5.26 are character-
ized by the onset of a strong band starting around 300 nm and peaking around 240 nm.
This band is assigned to the charge transfer transition. The excitation spectrum of the
100 nm film has a structure similar to the equivalent bulk excitation spectrum (see fig-
ure 5.26 (a)) with the exception that the spectrum presented in figure 5.26 (b) shows a
strong broadening of the lines compared to the bulk spectrum. Down to a film thickness
of 5nm, the spectra have the same peak structure (in figure 5.26 (c¢) the peaks appear very
weak due to a short integration time). Additionally, a broad background from 370 nm to
450 nm appears in the 20nm and 5nm film. At a film thickness of 1 nm, only this broad
structure is visible and no sharp lines can be found.

A more distinct, thickness dependent luminescence behavior can be observed in the emis-
sion spectra (Aex = 2431nm). The emission spectrum of the 100 nm film is similar to that
of a corresponding crystalline bulk sample, except for the plateau between 618 nm and
630nm (figure 5.26 (b), right). The intense, narrow peak at 611 nm originates from the
°Dy — "F, transition of Eu?* in the O, site whereas the less intense features at 586 nm,
592nm, and 599 nm belong to the °Dy — “F| transition of Eu*t ions occupying the C
as well as the Cj; site. However, when the film thickness is reduced below 100 nm, the
spectrum of Eu®T:Y,03 shows drastic changes as it can be seen in the right part of fig-
ure 5.26 (c) - (e). The peak intensity at 611 nm decreases with thinner films and completely
vanishes in the case of the 1nm-film. The peaks at 612.6 nm and 615.5nm, which can
be observed in the shoulder of the 611 nm peak in the 500 nm and 100 nm thick films,
can now be resolved (FWHM < 1.7nm), and their intensity increases with decreasing
film thickness. These peaks can be assigned to °Dy, — F, transitions of the Cs-sites,
which are normally very weak (see figure 2.6 ,p. 23). The features around 580 nm, the
transition Dy — “Fy of the C5 site at 579.4nm, and the transition Dy — “F} of the Cs;
site at 581.2nm vanish completely in films with a thickness smaller than 100nm. The
peak at 630nm (°Dy — "F), clearly visible in the spectra of the 100 nm and 20 nm films,
decreases drastically in intensity in the 5nm film and vanishes completely in the 1nm
film. In addition, a blue shift of this peak is observed.

Using a single-frequency laser diode (instead of the UV lamp) with a center wavelength of
397 nm (a shift of £3nm was possible due to a Littrow configuration), a direct excitation
of the Eu-4flevels was possible. The obtained fluorescence spectra remained unchanged
compared to the charge transfer excitation spectra. This result indicates that the same
luminescence centers with the same local symmetry are involved in this excitation and
emission process.

Similar spectroscopic results have been obtained in thin films of Eu®*:Luy,O3 as it can be
seen in figure 5.31 (p. 88). Independent of CT or direct excitation, the main emission
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line at 611 nm vanishes and the two peaks at 613nm and 616 nm gain intensity. A sim-
ilar change in the emission characteristics of Eu?* has been observed in nanocrystalline
Eu’™:Y;05; [Qi02]. However, in that case the emission was much broader than in the
spectra presented here.
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Figure 5.26: Excitation (left) and emission spectra (right) of Eu(4%):Y203
films with different thicknesses. The regions marked with a rectangle were
measured with a longer integration time.
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VUV Excitation Measurements

To obtain more information about the spectroscopic behavior of thin Eu-doped films,
additional excitation measurements have been performed in the VUV spectral range with
wavelengths ranging from 58 nm to 350nm at SUPERLUMI (see p. 76). In these ex-
periments a variation of luminescence behavior can be observed in films with different
thicknesses, too.
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Figure 5.27: VUV excitation and emission spectra of Eu(4%):Y>03 films.
ES - excitonic state, C'I'S - charge transfer state.
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As already observed in the previous luminescence experiments, the excitation and the
corresponding emission spectrum is similar to the bulk spectrum only in the case of
the 100nm thick film (see figure 5.27 (a) and (b)). In the excitation spectrum of the
100nm film (Aey = 611 nm), the small structure around 240nm can be identified as the
CTS. The strong peak at 204nm (6.08 eV) corresponds to the well-known excitonic state
(ES). Subsequent to the ES; the interband transitions of Y,O3 are visible. Abramov et al.
[Abr78] explained the structure in the excitation spectrum for energies smaller than 6.6 eV
by the contribution of the 4d-states of yttrium in the conduction band. Excitation of the
excitonic state (ES) leads to the well-known emission spectrum of europium-doped yttria
due to an energy transfer from the ES to the °D; states of the Eu*-ion. In contrast
to the work of P. Burmester [Bur02], no radiative decay of the excitonic state at 345 nm
(3.6eV) was observed — although the excitonic state dominates the excitation spectrum.
Since the ES exists in the 100 nm thick film, an explanation of this different behavior is a
fast relaxation from the ES to lower lying energy levels, finally resulting in a population
of the Eu?t 5Dy level.

In case of the 20nm and 5nm thick films, the excitonic structure and the yttria inter-
band transitions vanish. Instead, there appears a peak at 150nm (8.26eV), which can
be interpreted as band-to-band transitions of a different, newly-formed material, e.g.
YAG. Interestingly, the fluorescence spectrum arising from the excitation of the state at
8.26eV is different compared to direct excitation or CT excitation and leads to three
emission peaks at 595nm, 613.5nm, and 629.4nm with a peak width of about 4.5nm
each (FWHM). Thus, there are hints for the assumption that these Eu?'-ions are not
located in an Y,O3 matrix, but in YAG or YAIO; (see following discussion).

In general, the excitation of an exciton occurs only in a surface layer with a thickness
< 100 nm, whereas the CT process can occur to depths of 5um. Thus, in thin films the
excitonic transitions are expected to be more efficient than the CT process. However,
also in thin films the ES can be considerably influenced especially when the film thickness
has the same dimension as the radius of the exciton. In the excitation spectra 5.27 (c)
and (d) of the 20nm and 5nm thick films no excitonic transitions to the Eu®T are visible.
However, this does not mean that an excitation of the ES is not possible but only that
no energy transfer from the ES to the Eu®" occurs.
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Discussion of the Spectroscopic Results

The change in luminescence behavior of thin films (thickness < 20nm) compared to the
bulk crystal and thick films can be summarized by the following four observations:

. Direct excitation into the °D; levels of Eu®" leads to two strong emission peaks at

612.5nm and 615.5 nm.

. Excitation into the CT band results in the same effect.
. No visible luminescence from Eu®* occurs when excited into the ES.

. The band-to-band excitation at 8.26eV results in three emission lines at 595 nm,

613nm, and 629 nm.

These observations lead to the conclusion that there are actually two different lumines-
cence centers occupied by Eu-ions. Since impurities like other rare-earth ions can be
excluded due to the energetic positions of the emission lines, the Eu-ion must be present
at two different crystallographic surroundings.

In the following, various effects leading to a change of the emission characteristics of
Eu*:Y;03 are presented, and their influence on the film-substrate system is discussed. Of
special interest are effects, which can occur due to miniaturization of a solid (interface and
surface effects, quantum confinement), but also the possibility of intermixing compounds
is considered.

82

i) Interface Effects

Most important for the effects occurring in the luminescence spectra of thin films
are interface and surface effects. Due to the lattice mismatch between the AlyOs-
substrate and the YoO3-film, the dopant ions (here: Eu®") can have a locally varying
coordination number. Additionally, an important parameter is the bond length
between the metal ion and its ligands. Apart from lattice matching, the epitaxial
film growth depends on the deformation of the bonds, which directly influences
the optical properties of the luminescent centers. In the present case, the (0001)
surface plane of the Al,Osz-substrate can consist of oxygen atoms. However a set
of three O?-ions belongs to one AI*" coordination sphere. The Eu®* is sixfold
coordinated in the Al,O3 matrix as well as in the Al,O3 matrix. Therefore, it is
possible that the set of three O -ions belongs to the coordination sphere of an
Eu?t-ion in the first layer of a grown film, too. However, the Al-O bond length
in Al,O3 is shorter than the Y1-O and Y2-O bond length in Y203 by 19.5% and
18.1%, respectively. Consequently, a shortened Eu—O bond length with respect to
the bulk crystal is expected at the interface. This comparatively large mismatch in
cation coordination sphere radius will influence the film properties at the interface.

Calculations by Burmester indicate that even small variations of the distance be-
tween Eu and O can result in a significant modification of the electronic band
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Figure 5.28: Relative energy level positions of O 2p and Eu 4f 5d states due
to bond length variations in an Eu-Og-cluster with Co-symmetry [Bur(02].

structure [Bur(02]. Figure 5.28 shows the relative positions of the O 2p and Fu 4f 5d
energy levels for different Eu—O bond length in C5 symmetry. The basis for these
self-consistent, relativistic one-electron cluster-calculations was an EuQOyg cluster as
depicted in figure 5.28. In the first case, the Eu-O bond length was stretched by
2% compared to the Y1-O bond length in Y203 because in sixfold coordination the
radius of the Eu?T-ion is 3% larger than the radius of the Y?T-ion. The O 2p state
with the highest energy, representing the upper edge of the valence band, is set to
E =0eV. In the energy level structure the bond length of the four in-plane oxygen
ions were shortened by 20% whereas the remaining two bonds are again stretched
by 2%. If all six bonds are shortened by 20% the energy difference between the O 2p
and the FEu 4f states is increased further. This result indicates not only a blue shift
of the charge transfer band but also variations of the energetic positions of the Eu 4f
levels when the bond length are shortened. In addition, the ions do no longer occupy
the correct lattice positions, and thus, the former symmetry is broken. This has the
effect, that normally forbidden transitions become allowed due to an admixing of
states with different parity. This would also explain the sharp lines obtained by
optical spectroscopy, showing clearly crystalline behavior of the films. This result
is in good agreement with the results of the XRD and RBS measurements, which
indicate crystalline growth of the films, too.

Surface Effects

In addition to the different local environment of the Eu-ions due to interface effects,
surface effects may also play an important role for the luminescence behavior. As
seen in section 5.3, in the early stages of film growth, the formation of 3D-islands
in the nm-range takes place. In this case, the crystallites have a large surface area
compared to their volume, where unsaturated bonds or lattice defects can occur in
a large number leading to surface defect states.

Since at the surface as well as at the interface the lattice periodicity along the surface
normal is disturbed, the coordination number (CN) of surface atoms is reduced.
This reduction will shorten the remaining bonds of the surface atoms. Sun found
out that CN-induced bond contraction is independent of the chemical bond or the
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iii)
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dimension [Sun99]. This mechanism has been evidenced for a number of materials,
e.g. a bond contraction of 13% on nitride surfaces or 4-12% bond contraction of O—
Cu bonding [Sun01]. Using Extended X-ray Absorption Fine Structure (EXAFS)
analysis, Qi etal. observed a significant change in the coordination number in
Eu**:Y>03 nanoparticles with a size of about 10nm [Qi02].

Quantum Confinement

Related to the surface effects are quantum confinement effects. Quantum confine-
ment describes how the electronic properties, i.e. the position of the energy levels,
change when the radius of the particles R reaches the dimension of the Bohr radius
ag. For example, semiconductor nanocrystals exhibit a shift of the absorption edge
to higher energies due to quantum confinement. This increase in band gap energy
leads to a blue shift in luminescence. However, up to now, no quantum confine-
ment effects in nanocrystalline yttria have been observed. This is due to the fact
that in insulating oxides, like YoO3 or YVOQOy, the Bohr radius of the exciton is very
small (apexc & 1nm). Based on the works of Kayanuma [Kay88] and Konrad et al.
[Kon01] the particle-size-dependent energy shift AFE of the exciton excitation energy
due to quantum confinement can be estimated by

h22 1

AE=—""  —
2(m6+mh) R? ’

(5.14)

where m. and my, are the mass of the electron and the mass of the hole, respectively.
Typically, AE ~ 1meV in the regime of weak confinement, where the particle ra-
dius R satisfies R > 4ap. However, this energy shift is too small for a sufficient
explanation of the observed luminescence effects. Moreover, due to the strongly
localized electrons of rare-earth-ions in a crystalline matrix no confinement of elec-
tronic states can occur. Thus, the theory of quantum confinement cannot be applied
to the thin Eu**:Y503 films to explain the change in emission characteristics.

Other confinement effects may be induced by inter-ionic electronic interaction and
electron-phonon interaction. Due to the large surface area of crystallites in the nm-
range a hydrostatic pressure, caused by the Gibbs—Thomson effect, might increase
the phonon energy or the coupling constant [Kon01]. The presence of a hydrostatic
pressure can lead to a phase transition in nanocrystalline yttria forming the high
pressure monoclinic phase as observed by Skandan etal. [Ska92]. But also these
effects are not suitable to give a correct interpretation of the spectra.

Subplantation Effects

In the process of PLD the ns-laser ablated particles can have energies up to 100eV.
Depending on the target—substrate distance and the oxygen pressure they lose a
certain amount of this energy. As in the used experimental setup this distance was
only 3.5 cm, the particles hitting the surface had enough energy to implant Eu:Y,03
into the Al,O3 matrix of the substrate.

In this case, not only the resulting different bond length has an influence on the
spectroscopic behavior, e.g. when an Eu-ion is incorporated on an Al-site, but
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also the lattice deformations in the substrate caused by the subplantation. The
subplantation of Y- and Eu-ions into the Al,Oz-matrix will result in significant
lattice deformations, because the radius of the sixfold coordinated Al**-ion is only
0.54 A, while the sixfold coordinated Y3 and Eu®'-ions have radii of 0.92 A and
0.98 A, respectively. Thus, within the first coordination sphere of Y (Eu) in Al,Os,
oxygen vacancies are created, while in the second sphere O-ions are incorporated at
interstices, and the coordination of Y (Eu) is reduced from sixfold to threefold.

Depending on the Y;O3 concentration, i.e. the ratio between Y03 and Al,Os,
the formation of three intermediate compounds of very different crystal structures
between Y>03 and Al,O3 can take place, namely YAIO3 (YAP), Y3Al5015 (YAG),
and Y4A1209 (YAM)

The most likely are the double oxides 3 X Y503 + 5 x Al,O3 — 2 x Y3Al;015 (YAG
— yttrium aluminum garnet) and Y203 + Al,O3 — 2 x YAIO;3 (yttrium orthoalu-
minate). Since YAlO3; has a bandgap energy of only 7.7eV [Abr78], the measured
spectrum indicates the bandgap energy of YAG (Eg, = 8.2¢V). In case of the
formation of YAG, the Eu-ions are eight-fold coordinated, while in YAIO3 the co-
ordination number is 12. However, the coordination sphere of YAlIOj3 is not really
spherical and shows a character, which is more like eight-fold coordinated. Thus,
the incorporation of Eu*t in YAG and YAIOs; is similar.

Both, the direct and the CT excitation of the Eu**-ions result in considerably modified
fluorescence characteristics in films with thicknesses < 20nm compared to the corre-
sponding Eu:Y>03 bulk emission. Since these films are characterized by strong 3D island
growth (instead of a completely closed film surface), surface effects are responsible for
partial annihilation of transitions (°Dy — Fy), change in intensity relations (°Dy — “F
at 612.6 nm and 615.5 nm compared to °Dy — Fy at 611 nm), and for shifts in transition
lines (blue shift of "Dy — F, at 630nm). With increasing film thickness, resulting in
a completely closed film surface, the characteristic Eu**:Y,03 fluorescence can be ob-
served. Thus, the different local environment around the Eu®*-ions compared to the bulk
structure (due to the interface and the large surface-to-volume ratio) leads to changed
bond lengths and changed coordination numbers of the Y(Eu)-O shell. These are the
parameters responsible for the observed effect.

Excitation of the Eu-ions in the VUV spectral region at 150 nm yields a completely dif-
ferent emission spectrum with three strong peaks. While the excitation wavelength corre-
sponds to the bandgap energy of YAG, the emission details are attributed to a mixture of
Eu:YAG and Eu:YAIO;3 (see figure 5.29). Since the band edge of YAIO; (Eg.p = 7.7€V)
is slightly below the band edge of YAG, Eu-ions in both crystallographic matrices can
be excited explaining the mixture of emission. However, in the subplantation region the
lattice of YAG as well as the lattice of YAIO3 are strongly distorted. These deformations
result in a different electronic structure. These changes give an explanation of the missing
excitonic state at 7.2 eV in the excitation spectra. Additionally, the disturbed lattice has a
considerable influence on the positions of the Eu* energy levels, because the local crystal
field is changed. This leads to a shift as well as to a broadening of the emission lines, and
the peaks of Eu:YAG and Eu:YAIO3 cannot be resolved resulting in three broad peaks
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The strong blue luminescence observed by (20nm)

P. Burmester in Eu:Y;03-PLD-films di-
rectly grown on a-Al,Oj3 is not observed
[Bur02]. This luminescence is attributed
to Eu?T-ions in the interface region. An
explanation for the different luminescence
behavior, although the films were pre-
pared by the same method using the same
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iments, relatively short target—substrate
distance have been used here. Corre-
spondingly, the plume species have high
kinetic energies leading to more significant
subplantation effects. This model is supported by the spectroscopic results of EBV-
fabricated Eu:Y,03-films by L. Rabisch, Institute of Laser-Physics, Hamburg, Germany.
Due to the low particle energies in the EBV process, no significant interaction with the
substrate occurs, and the resulting films show only the well-known Eu®* luminescence.

Figure 5.29: (a) Emission spectrum of 20 nm
Y503, (b) emission spectra of Eu:YAG and
Eu:YAIO3 bulk crystals.

Surface Cover Layer

If the observed change in the spectra presented in figure 5.26 is due to a surface effect an
undoped Y503 cover layer on top of the grown films should allow to answer this question.
The influence of an in-situ grown cover layer on top of ~1nm thick Eu:Y503 films was
already demonstrated. The Eu-spectra of these film are similar to the bulk spectrum,
whereas the spectra of the 1nm thick films without a cover layer show an amorphous
character. Therefore, the thin films presented in this work (1nm — 100 nm) were covered
with an undoped yttria layer using the technique of EBV. However, no change in the
spectra is observed here. A possible explanation might be the fact, that the films were kept
in air during all former investigations. As a consequence the film surface is contaminated
with different organic compounds, which prevent continuous film growth. Thus, with this
‘ex-situ” method of fabricating a cover layer, no interpretation of the spectra by means of
surface effects is possible.

Post-Deposition Annealing

Since the deposition of an undoped Y>O3 cover layer on top of the thin films had no
influence on the spectroscopic behavior (see page 86), post-deposition annealing at 1000°C
has been performed on films with different thicknesses (1 nm, 5nm, 20nm, 100 nm and
500nm). To avoid thermal stress, the heating and the cooling process took 36 h each, while
the annealing time at 1000°C was set to 24h. As a result, the optical behavior changed
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dramatically as it can be seen in figure 5.30 (a)-(d). Additionally, XRD measurements
have been performed on these tempered films, and a change in the crystalline structure
can be observed (figure 5.30 (e)), too. In the XRD spectrum of the 500 nm thick Y503
film annealed at 1000°C for 24 h one can clearly identify the main Y>O3 diffraction peaks.
However, after annealing the film is not as highly textured along the (111) direction as
it was before (see section 5.1.2, p. 53). Instead a more polycrystalline structure is visible
(diffraction peaks of {211}, {222}, {400}, {622}, {613}, and {444}). In addition, many
different peaks can be resolved. These peaks can clearly identified as the diffraction peaks
of YAIO3 and YAG. This result is interesting because Korzenski et. al [Kor00] observed a
significant increase in the crystallinity of their Y503 films by post-deposition annealing in
an oxygen ambient at 800°C, 1000°C, and 1200°C for 1h. The complete different behavior
(grade of crystallinity as well as luminescence characteristics) of the samples presented
here is a result of the long annealing time of 24h. The mobility of the ions starts at
temperatures around 800°C. At 1000°C the mobility is still quite small, but due to the
long time and the small film thickness, a mixing of Al,O3 and Y503 is possible. As a
consequence the formation of YAG or YAIOj; can take place.

Since at the subsurface layer the formation of YAG and YAIOj3 has already occured due to
subplantation, the process of replacing YoO3 by YAG and YAlOj3 expands to the surface.
Consequently, no Eu:Y>03 fluorescence is observed after the annealing process. The fact
that the resulting emission spectra at excitation wavelengths of 255 nm differ from the
corresponding YAG and YAIO3 bulk spectra (figure 5.29) can be explained by a strong
intermixing of the compounds. As a result, one has to deal with distorted and non-
regularly oriented crystallites of Eu-doped Al;O3, Y3Al;012, YAIO3, Y;Al,Og, and Y50s5.
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Figure 5.30: (a)-(d) Emission spectra (Aex =255nm) of thin yttria films after
annealing at 1000°C. The dashed curve represents the original spectrum while
the solid line indicates the annealed samples. (e) XRD spectrum of a 500 nm
Eu(4%):Y203 after annealing at 1000°C. The {hkl} values belong to cubic yttria.
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5.4.3 Thin Eu3t:Lu,03 Films

The phenomenon of changing luminescence behavior when the film thickness is decreased,
as observed in Eu:Y,03, can also be seen in Eu:Lu,O3 as depicted in figure 5.31 and 5.32.
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Figure 5.31: Excitation (left) and emission (right) spectra of Eu(4%):LusO3
films with different thicknesses.

The excitation spectra in the spectral range 300 nm — 550 nm (emission at ey = 611 nm)
correspond to the Eut energy levels, but additionally a broad background peaking at
400 nm occurs for films with a thickness < 20nm. In case of the 1 nm thick film, no peaks
except the broad structure are visible. Only in case of the 100 nm film excitation into
the charge transfer band reveals the ’correct” Eu*-emission. For thinner films, the same
double-peak structure as in Eu:Y;03 at 613 nm and 616 nm can be observed (FWHM <
1.1nm). The °Dy — “Fyy and the °Dy — TF} transitions between 580 nm and 600 nm vanish
completely. Instead, there appears a broad feature at 593nm in the 20 nm film, which
decreases in intensity in the 5nm and 1 nm films. Additionally, the blue shift of the peak
at 630nm, already observed in Eu:Y,0O3 appears also in Eu:LuyOs5.
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VUV Excitation Measurements

The results of the VUV excitation measurements of Eu:Lu,O3 are also very similar to
the Fu:Y503 spectra. Only in case of the 100 nm thick film, the characteristic excitonic
state at 210nm (5.9eV) can be observed. If the excitation occurs into this state, then the
corresponding emission spectrum is similar to that of a bulk crystal (see figure 5.32 (a),
solid line). Additionally, a band edge at 147 nm is observed in this excitation spectrum
(Aem = 611nm). Excitation into this band edge, i.e. Aoy = 1471nm, leads to a different
emission spectrum (dashed spectrum line in figure 5.32 (a)). This peak can be assigned to
starting interband transitions in the mixed compound LuzAl;015 (LUAG) resulting from
subplantation. In contrast to the yttria films, in this 100 nm thick film it is possible to
investigate the two different Eu?"-surroundings of Lu; O3 and LuAG simultaneously. Since
the effect of changing luminescence behavior when the film thickness is decreased has been
observed in Y503 films as well as in LuyO3 films, the explanation of subplantation is the
most favorable (compared to the other possibilities discussed in the previous section).

The excitonic state at 5.9eV vanishes when the film thickness is decreased further (<
20nm), and only the band-to-band transitions of LuAG occur in these films, as it can
be seen in figures 5.32 (b) and (c). Excitation into the conduction band results again in
the three-peak emission structure originating from Eu®*-centers in distorted LuAG and
LuAlO3 matrices.
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Figure 5.32: Excitation (left) and emission spectra (right) of Eu(4%):LusO3
films with different thicknesses.
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5 Analytical Techniques and Thin Film Characterization

5.4.4 Thin Er3t:Sc,0;3 Films

In addition to europium, other rare-earth ions have been incorporated in sesquioxide films,
too, e.g. erbium. Using a single-crystal target of Er*™(3%):Sc,03, films with thicknesses
of Inm, 5nm, 20nm, and 100nm have been fabricated on a-Al;O3. Scandia is very
interesting for thin film production, because it offers the smallest lattice mismatch among
the sesquioxides with respect to the alumina substrate (see section 3.3).

Up to now, no complete spectroscopic characterization of the Er-doped films has been
carried out, because of the complex energy level scheme of erbium and the diversity of
transitions possible (see figure 5.33), but only fluorescence measurements in the near
infrared. The fluorescence was measured via lock-in technique in the infrared region
from 1.4pm — 1.7um with a liquid nitrogen cooled Ge-photodetector. For excitation of
the trivalent erbium ions into the “F7js-level, an Ar-ion laser operating at 488 nm was
used. Non-radiative and radiative transitions lead to population of the ;4 s2-level from
where the fluorescence around 1.55pum into the 5 /2 ground state was observed. Using
a grating with 1200 grooves/mm, the CHROMEX monochromator had a reciprocal linear

dispersion of 3nm per mm slit width. The results of the measurements are presented in
figure 5.34 (a)-(c).
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Figure 5.33: Energy wavelength 4 (um)

level scheme of Er®* in
Sc203. Transition wave- Figure 5.34: Infrared (IR) emission spectra of Er(4%):LusO3
lengths in pm. films with different thicknesses (Aex = 488 nm).
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5.4 Optical Spectroscopy

The spectrum of the bulk crystal was recorded with 0.15 nm resolution, while for the spec-
tra of the 100nm and 20 nm thick films a resolution of 0.75nm and 1.5 nm, respectively,
was used. It can be seen that the europium spectra of the thin films have the same struc-
ture as the corresponding bulk spectrum (in contrast to the Eu-doped Y203 and LuyO3
films). However, a broadening of the peaks can be observed, and thus, there are fewer
features visible in the spectrum. This behavior indicates an amorphous character of the
films, which is surprising, because scandia films should have a more crystalline behavior
than yttria or lutetia due to the smaller lattice mismatch. However, the target—substrate
distance as well as the laser fluence used for the deposition was the same as for the fab-
rication of the Y,O3 and LuyO3 films, and thus, also in this case subplantation can take
place.
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6 Waveguides

The importance of the production of planar waveguides as key elements in integrated
optics was already discussed in chapter 1. Thus, only a brief description of planar waveg-
uide theory and first results of planar yttria waveguides are presented here. The first
part presents a model to calculate the spatial mode profile of a guided wave in a three-
layer asymmetric planar waveguide device. This model follows the general work of Yariv
[Yar89] and Lee [Lee86] and the recent, more specialized derivation of Bonner [Bon00].
The model developed is then applied to the Y,O3 waveguides fabricated during the course
of this thesis, and the results of the waveguide experiments are presented.

6.1 Theory of Waveguides

First, a three-layer asymmetric waveguide is considered to introduce common terminology.
Figure 6.1 shows a geometrical interpretation of light confinement within a waveguide
structure. The core is the active layer, while the substrate and superstrate are the media
surrounding the core. In the ray-optical model, the confinement or guidance of light in
a film can be described by the phenomenon of total internal reflection. If the refractive
index of the film n; is larger than the refractive indices of the surrounding media, ng of
the substrate and n. of the superstrate, total internal reflection is possible. The critical
angle of total internal reflection 6. is given by

Neys
¢ .

SiN Ocrit o /s = (6.1)
Thus, guiding of light inside the film requires angles of incidence 6 greater than the critical
angle 6., i.e. 0 > 0.5 Due to this condition, the coupling angles #;, are restricted to a

certain range,
nosin i, < \/nf —n? (6.2)

where ng is the refractive index of the medium from which the coupling takes place. The
maximum allowed value of the product ng sin #;, is defined as the numerical aperture NA.
The propagation inside the film can be described by the z-component of the wavevector k
in a medium having an effective refractive index n.g = n¢sin . The propagation constant
(3 is defined as

8=k, = koneg , (6.3)

where ko = |ko| is the wavevector of the incoming wave.
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Figure 6.1: 3-layer waveguide in the ray-optical model

For a correct treatment of waveguides with dimensions 2d; ~ A, where only a discrete
number of modes is guided, the light has to be considered as an electromagnetic field
instead of rays. Following the Maxwell equations,

VB = 0 (6.4)
0B

V-D = p (6.6)
oD )

where E and B are the electric and magnetic fields, respectively, D is the electric dis-
placement vector, H is the magnetic flux density, and ¢ and j are the charge and current
densities, respectively. Taking into account that for isotropic dielectric media D = ¢E
and V- E = p = 0, the equation for propagating waves is

AE = (C>2 g;E. (6.8)

The solution of equation 6.8 for a wave propagating in z-direction can be written as
E(r,t) = E(z,y) /@7 | (6.9)

which describes a wave travelling in z-direction. For the following discussion, only modes
with transverse electric (TE) polarization (i. e. the polarization of the E-field is parallel to
the y-axis) will be considered; transverse magnetic (TM) solutions (where H is polarized
along the y-direction) can be found analogously from the Maxwell equations.
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6.1 Theory of Waveguides

6.1.1 Three-Layer Asymmetric Slab Waveguide

The complete mode description requires solutions of the wave equation in the different
films of a waveguide structure. Considering a planar waveguide geometry as depicted in
figure 6.1, i.e. infinite extension in y-direction, there is no y-dependence of the fields,
OFE /0y = 0, and equation 6.9 can be rewritten

E(r,t) = E,(z) '@ (6.10)

The electric field distribution in this slab waveguide structure is then obtained by com-
bining equations 6.8 and 6.10 and exploiting the boundary conditions at the interfaces.
As the transverse mode profile does not change by travelling along the z-direction, the
value of k., has to be the same in all films.

The solutions for the electric fields in the three different regions correspond to an oscil-
lating wave in the core and exponential decays in the substrate and superstrate, i.e.

El e~z e—ikzz T 2 dl
E,(z,2) =< cos(kr +¢)e **  —dy <zx< dy (6.11)
E5 eas” e—ikzx r < —d1 .

In this equation E; and Es5 are the electric field amplitudes,

E, = cos(kd; + ) e ® (6.12)

Es = cos(—kd, +1)e % (6.13)

aq, as and k are the wavenumbers,

ar = koy/nZs —n? (6.14)
k = koy/nf —n? (6.15)
as = koy/nZs —n2, (6.16)

and 1 is a phase offset. Due to the continuity condition of 0E,/0x at the interfaces
x = =£d;, the phase ¥ can be eliminated and one gets the so-called mode guidance
condition equation for a mode number p,

2kd; — arctan % — arctan % =pm. (6.17)

All wave numbers k and «,, can be deduced by solving this equation for each n.g of a
particular mode p, and the intensity profile of each mode can be plotted (I o< |E|?). An
important result following from equation 6.17 is the fact that in an asymmetric waveguide
the fundamental mode, TEj, requires a minimum layer thickness, d:ﬁ’, otherwise no
guiding is possible. For pure single-mode guiding of TEj, the maximum layer thickness
is limited, too, i.e dit® < d < dXEo. Thus, single-mode guiding of light with wavelength

A = lpm in the system Aly,O3 — Y503 — a-Al;O3 requires a thickness of the core of
200 nm — 950 nm.
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6 Waveguides
6.2 Yttria Waveguide

As shown in the previous section, the difference of refractive indices of the used materials
is important for the guiding mechanism. Thus, waveguiding in sesquioxide films prepared
on alumina substrates should be possible, because their refractive indices are higher than
that of Al;O3. Due to the hexagonal structure, Al,O3 offers two different refractive
indices: the ordinary (n, L ¢) and the extraordinary (n. || ¢) refractive index. For
epitaxial film growth it is necessary to use c-cut alumina substrates, i.e. (0001) a-Al;O3,
to obtain lattice matching between film and substrate (see chapters 2 and 3). Thus,
guided TE modes experience the ordinary refractive index n, of AlyOg, while guided TM
modes, which are polarized parallel to the c-axis of alumina, experience the extraordinary
refractive index ne.

The wavelength dependence of the refractive index is represented by the Sellmeier equa-
tions. The corresponding equations for Y503, LusOs3, ScyOs3, and Al,O3 are summarized
in table 6.1, and their graphical representation is shown in figure 6.2.
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Table 6.1: Sellmeier equations for the Figure 6.2: Refractive indices of

sesquioxides as well as for alumina. The the used materials.
unit for A is pm [Hel98|.

Up to now, only a few attempts to fabricate yttria waveguides have been reported in the
literature, e.g. guiding experiments in undoped Y2Oj films [Zha98] and in Er:Y;03 on
sapphire [Kor01, Lec02].

6.2.1 Waveguide Preparation

Two yttria waveguides were prepared on a-AlyO3. The Eu-doped Y,03 waveguide with a
film thickness of 1 pm was grown by electron beam evaporation (EBV) and then covered
with an amorphous alumina film with a thickness of 1 um. Since the film growth occurred
at room temperature, the yttria film is also amorphous. The second waveguide consists
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6.2 Yttria Waveguide

of a crystalline, 800 nm thick Nd:Y,O3 film prepared by PLD covered with an amorphous
Al; O3 layer of 250 nm thickness. The dimension of the waveguides, i.e. a film thickness
d = 1pm, was chosen in order to find a compromise between efficient incoupling of the
light and single mode guiding. For a film thickness of 1 pm, the mode guidance condition
predicts only small contributions of the 15 order mode.

The endfaces of the waveguide structures were polished with different diamond suspensions
having grain sizes down to 0.5pum. After polishing, the surfaces of the endfaces were
investigated using an optical microscope. In general, the surfaces of both waveguides are
smooth and show no large defects, as can be seen in figure 6.3 (a). However, in some
regions close to the endfaces, the yttria film fabricated by EBV and the alumina cover
layer is partially removed (figure 6.3 (b)). Top-view investigations of the film show an
even, smooth surface. There are two reasons for the mechanical instability of the film:
On the one hand, the film is grown by EBV at room temperature. The particles hit
the substrate surface with low kinetic energies, resulting in an amorphous film with low
surface adhesion. Due to the mechanical forces acting on the films during polishing, the
film loses the adhesion and breaks away. On the other hand, yttria has a lower hardness
than alumina (Mohs hardness of 6.8 compared to 9.0). As the films were polished using
a diamond suspension, yttria is removed more easily than alumina. Both effects together
lead to the poor endface quality presented in figure 6.3 (b). After polishing, the size of
both waveguides was reduced to 7mm x 10 mm. Thus, the length of the waveguides used
in the following guiding experiments was 7 mm.

(a) (b)

air

amorphous Al,O4

Figure 6.3: Optical microscope picture of the polished waveguide endfaces:
(a) upper part, (b) lower part of the sample with huge scratches at the
endface.

6.2.2 Waveguide Experiments

The waveguides were mounted on a precision manipulator with two translational and two
angular adjustments with the endfaces perpendicular to the incoming light beam. The
input and output optics were mounted on three-axis positioners. For guiding experiments,
the light of a He-Ne-laser (Agene = 632.8nm) or an Ar-ion-laser (A, = 512nm) was
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6 Waveguides

coupled into the waveguide via an optical fibre. The fibre was placed as close as possible
to the waveguide endfaces (without getting in contact). The optimum launch position
is achieved when the fringes of unlaunched pump light caused by a Lloyd’s mirror effect
are most widely separated. Using a microscope objective (40x magnification) at the end
of the 7mm long waveguide, the guided mode was projected either on a screen, a CCD
camera or a powermeter.

An image of the resulting intensity distribution in the EBV-fabricated waveguide recorded
by the CCD camera is presented in figure 6.4 (a). It can be seen that the output is nearly
uniform along the y-direction. The measured intensity profile in the x-direction can be
interpreted as the fundamental mode of the waveguide, because |E(TFEp)|? o« I has the
same structure. A comparison between the experimental result and the numerical simu-
lation (solution of equation 6.11 for the TEy mode) is given in figure 6.4 (b). The curves
of the simulation and the measurement match very good, except for a slight broadening
in the lower intensity part of the measured curve. This can be explained by leaking of
energy into the substrate as well as into the superstrate due to not well-defined interfaces.
While theory predicts 94% of the intensity stored in the core, and only 4% and 2% in
the substrate and superstrate, respectively, the experimental results shows that only 83%
of the overall intensity is guided in the core. The remaining intensity is leaking into the
substrate (10%) and superstrate (7%).

Surprisingly, no waveguiding could be observed in a PLD-fabricated 800 nm thick Nd:Y,O3
film covered with an Al;Og3 layer of 250 nm thickness. However, this can be understood
from the distribution of material deposited by PLD. Since there is a non-uniformity of
the film thickness, as shown in chapter 4, the thickness of the waveguide at the endfaces
is smaller than the maximum film thickness (800 nm) in the center of the film. Even if
the thickness is large enough to allow single mode guiding, it is very difficult to launch
light into the waveguide efficiently.
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Figure 6.4: (a) Waveguide intensity distribution (A =514nm), (b) experi-
mental mode intensity distribution (solid line) compared with the theoretical
prediction (dashed line).
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6.2 Yttria Waveguide

6.2.3 Ridge Waveguide Simulations

In the previous section, the experimental realization of a planar YoO3 waveguide has been
demonstrated. However, even if one is able to produce perfect planar waveguides, this
geometry has a tremendous disadvantage. Since a change of refractive index exists only in
one direction, the confinement of light occurs only in this direction. In the other dimen-
sion, the propagation follows the traditional laws of optics in homogeneous media without
significant restrictions resulting in a strong divergence. This problem can be solved by
using a waveguide in stripe geometry leading to an additional spatial confinement of the
guided light. The stripe with a refractive index higher than that of its surroundings
can be embedded, buried or fabricated directly on top of the substrate. However, these
waveguide types often suffer from additional stray losses because of missing precision and
missing smoothness of the sidewalls. This disadvantage can be overcome with a ridge
waveguide. In this case, the index change is achieved due to a stripe on top of the planar
waveguide resulting in higher refractive indices for the modes propagating below this rib.

Thus, simulations of a planar Y,03 waveguide with

a rib of amorphous alumina have been performed. -

The structure is shown in figure 6.5. Amorphous ’—| """"""""""""""""""""
. . . . L T R N [ h

alumlnz.l was chqsen since 1t 1s easler tp structure amorphous ALO; I e

by etching techniques than the crystalline form a- O

Al;O3. The thickness of the active yttria layer was Y,0; IIS Hm

set to 1.5 pm resulting in a double-mode waveguide
(see equation 6.17). The rib structure is character-
ized by an overlay of constant offset e with the rib
of height h and width w on top of it. Calcula- Figure 6.5: Definition of a ridge wave-
tions were performed with the commercially avail- guide structure.

able software FIMMWAVE (PhotoDesign Ltd.), which is a fully vectorial mode finder for
3D waveguide structures. In the following, the results of these simulations are summa-
rized. At first, the guiding of the two lowest order modes, which was predicted by the
mode guidance condition equation 6.17, has been proven. From a geometrical point of
view, strong confinement of these modes is only obtained if e = 0, i.e. no overlay on top
of the Y50O3-layer except the rib of width w. The effect is depicted in figure 6.6. In both

a-AlLOs substrate

w=3um w=3um
h=3um h=3um
e =0um e=0.1um

(a) (b)

Figure 6.6: Simulations of the intensity distribution at the endface of a
10 mm long rib waveguide structure. The material definitions and dimension
are given in figure 6.5
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cases, the width and height of the rib are 3pm. While there is no additional cover layer
in figure (a), the simulation for an overlay of only 100 nm is presented in figure (b). It can
bee seen, that in the first case, the intensity of the fundamental mode is strongly localized
below the rib. In contrast, in the second case (e = 0.1um), a lot of intensity extends
in the y-direction, and thus is lost perpendicular to the propagation direction. While
varying the height of the rib (b = 1 um, 2 pm, 3 pm) for e = 0 shows that the parameter h
does not play a significant role for the mode confinement, the widths of the ribs influence
the confinement and the mode propagation. Simulations for widths of w = 3pm, 5 pm,
and 7pum indicate a double-mode system only for the 3 pm and 5 pm wide ribs. For a rib
width of 7pm, there are additional modes propagating.

Thus, the results obtained by the simulations clearly show that is possible to achieve
guiding in an yttria ridge waveguide.
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6.3 Photonic Crystals

This section deals with the relatively new field of photonic crystals which gained more and
more interest in the last few years, because the propagation of photons can be controlled
easily by a periodic arrangement of refractive index variations. It is the optical analogon
of an electronic semiconductor.

The idea of controlling radiation by different materials goes back to 1946 when Purcell
[Purd6] predicted that spontaneous emission at radio frequencies could be modified by
the surrounding environment. For optical frequencies this effect was first studied by
Yablonovitch [Yab87] and John [Joh87] in 1987 leading to structures commonly known
as photonic bandgap materials. An overview about this new class of materials and their
properties can be found in the literature [Joa95, Sak01].

The basic principle of a photonic crystal is rather simple as only a structure with periodi-
cally modulated refractive index is required. Thus, for a theoretical description of photonic
crystals one can take benefit of the fundamental analogy between photonic crystals and
conventional crystals: waves in periodic potentials. As a consequence, it is possible to
treat the photonic and electronic cases with similar approaches. The arrangement of the
atomic potentials in a regular crystal affects the wave functions of electrons resulting in
a range of allowed energies and a band structure characterized by an energy gap. In the
same way, photons react to the periodic refractive index contrast, which takes up the role
of the atomic potentials for the photons, and causes the formation of photonic bands.
In analogy to bandgaps in ordinary crystals, there appears a frequency range where no
electromagnetic eigenmodes exist, the so-called photonic bandgap. By introducing a de-
fect into this regular structure, modes appear whose eigenfunctions are strongly localized
around the defect. These modes are called localized defect modes. For example, a point
defect could act as a microcavity and a line defect corresponds to a ’classical” waveguide.
While the spontaneous emission of a photon from an excited state is completely forbid-
den inside the bandgap, the spontaneous emission is accelerated if the emission frequency
coincides with the eigenfrequency of the localized mode and the emitting atom is located
in the defect.

This unique approach to control light using photonic crystals enables advances in opto-
electronic applications not only by miniaturization but also by creating new devices like
superprisms, which are highly dispersive [Kos98, Kra03], or materials with a 'negative’ re-
fractive index [Mar03]. Furthermore, the idea of photonic crystals has also being exploited
in the technology of optical fibres, termed photonic crystal fibres (PCF) [Kni98, Rus03].

The periodic variation of the refractive index leads to a discrete translational symmetry
in photonic crystals. This symmetry is described by a dielectric function e(r), which
is a periodic function of r, i.e. e(r) = e(r + R), where R is an integral multiple of
a primitive lattice vector a. The following discussion is restricted to a mixed low-loss
dielectric medium (¢ € R) with no free charges or currents (p = 0, j = 0). Due to the
linearity of the Maxwell equations, the time dependence can be separated by expanding
the E-field and the H-field into a set of harmonic modes. Decoupling of the Maxwell
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equations (see p. 94) results in an eigenvalue problem
2

1 w
Vx —VxH()=—-H 6.18
o ¥ H) = SHE) (6.18)
depending entirely on H(r). The solutions of this eigenvalue problem are eigenfunctions
H(r) of the hermite operator V x e7!(r) Vx to the eigenvalue w?/c?. Analogously to the
electronic eigenstates in a semiconductor described by Bloch’s theorem (Bloch states),
the eigenmodes in a photonic crystal can thus be written as

Hy (1) = uy(r) ™™ | (6.19)

where ug(r) = uk(r + R) is a periodic function for all lattice vectors R. Inserting expres-
sion 6.19 in equation 6.18 results in

w2

1
(tk + V) x (@ (ik +V x uk(r))> = guk(r) (6.20)
For each value of k, an infinite set of modes with discretely spaced frequencies can be
found. The modes of each set are then labelled with the band index n forming a family
of continuous functions wy,(k), which is usually called the band structure of the photonic

crystal.

As efficient waveguiding in photonic crystals is possible due to introducing a line defect,
the question arises if this is also a proper way of fabricating dielectric oxide waveguides.
For that reason, band structure calculations for the YoO3—-Al;O3 system have been carried
out, in order to find out, if the sesquioxides are suitable for photonic waveguides. For
these calculations the freely available software MIT PHOTONIC-BANDS by S. G. Johnson
from the Massachusetts Institute of Technology (MIT) was used. The simulation is based
on a 2D photonic crystal composed of a regular square array of circular air cylinders with
radius 7 in Yo,O3. The distance between the air cylinders is the lattice constant a of the
photonic crystal. A scheme of this structure in real space as well as the Brillouin zone
with points of high symmetry is presented as inset in figure 6.7.
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Figure 6.7: Photonic band structure of a 2D photonic crystal
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As the photonic structure of yttria is on an alumina substrate, the dielectric constant was
set to ¢ = 3.511, which corresponds to an effective refractive index of n.g = /2 = 1.874.
The ratio of the radius of the cylinder r to the lattice constant a is 0.38. It can bee
seen in figure 6.7 that a stop gap appears along the I'-X-direction in the frequency range
0.3 < wa/2mc < 0.4. As a consequence, electromagnetic waves with frequencies within
this range cannot propagate along the I'-X-direction.

If a number of rows is left out, a line defect is created and

eigenstates within the bandgap are allowed, i.e. the local- OQOQO QO = OO0O0O0O
ized defect modes can propagate. Thus, additional guiding OQQQ QO e OOOOO
; oction | : : 0 O0000 e OO0O0O0O
in the lateral direction is achieved. Figure 6.8 shows a sim AOOO0 e 00000
ulation of a waveguide obtained by three missing rows of OOOQ0O0 e OOOOO
air cylinders. The main problems in a realization of such a OOOOO_:_.OOOOO
waveguide structure are the small lattice constant and the 08888-_—'88888
small hole diameter required to form the bandgap. For a OOQ0Q e O0O000

wavelength of 1 pm to propagate the lattice constant a has
to be in the range of 300 nm to 400 nm corresponding to  Figure 6.8: Waveguide based
hole diameters between 230 nm and 300 nm. on a photonic crystal

The methods for fabricating these structures by etching techniques exist already, but up
to now they have been successfully applied only to semiconductors and polymers.

In addition to etching techniques applied to obtain the photonic structure, self-assembling
of colloidal suspensions of spherical polystyrene or silica particles can be used to create
templates (so-called opal structure). After the spaces between the spheres are filled with
a high-refractive-index material, the spheres are removed leaving a high-refractive-index
matrix with periodic air voids.

Using this technique, first photonic crystals based on Y203 have been fabricated [Wit03].
The opal structure infilled with green emitting cubic Th:Y5,0O3 phosphor yields a stop band
position of 559 nm. Due to this stop band, the emission intensity in the green is strongly
modulated under UV excitation.
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7 Conclusions

7.1 Summary of Results

The subject of the present work was the preparation and characterization of crystalline
rare-earth-doped sesquioxide films for optical applications, such as crystalline waveguides
and optical coatings. This chapter summarizes the work that has has been described in
this thesis: definition of the film and the substrate materials, the film preparation by
pulsed laser deposition, the investigation of the films by different analytical tools, and
finally the fabrication of an yttria waveguide. Additionally, an outlook to future work
that would logically follow from this work is presented.

Definition of Film—Substrate System

The preparation of thin sesquioxide films was aimed because this class of materials offer a
number of advantageous mechanical and thermal properties (e. g. high melting point, large
hardness, low phonon energies, large thermal conductivity), which makes them favorable
for new integrated optic devices. Sesquioxides are already well-known hosts for rare earth
doped luminescent materials (e.g. Eu:Y,03 as red phosphor) and solid state lasers (e. g.
Yb:Y503, Tm:Sc203), and in combination with thin film technology an improvement of
these devices can be envisioned, too.

A proper substrate for sesquioxide films is a-AlyO3, because it offers a a lattice constant
that nearly matches that of cubic Y203 in the (111) direction, which is important for
epitaxial film growth. For (111) grown Y203 on (0001) a-AlyO3 this mismatch is 4.8%.
The lattice mismatch of LuyO3z and ScyO3 are 2.8% and —2.5%, respectively leading to
the production of films with less dislocations. Since the refractive index of a-Al,O3 is
lower than that of the sesquioxides, waveguiding in the RE;O3 films should be possible.
In addition, a-Al;O3 has a high thermal conductivity, which is of the same order of that
of the sesquioxides Thus, the RE;O3-Al;O3 system becomes interesting for the realization
of waveguide lasers because of an efficient heat transfer from the active layer to the heat
sink via the substrate.

Preparation

The sesquioxide films were fabricated by the pulsed laser deposition technique. The targets
used in the presented ablation experiments were either pressed and sintered sesquioxide
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powders or sesquioxide single crystals. After the sintering process at 1700°C, the density
of the pellets was about 90% of the single crystal density. In practice, no difference in
the ablation behavior and the resulting film structure have been observed when different
types of targets were used.

Using an ArF excimer laser with a wavelength of 193 nm and a pulse duration of 15ns,
the targets were irradiated with laser fluences between between 2 J/cm? and 4 J/cm?; de-
pending on the material, resulting in growth rates of about 0.1 A per pulse. The threshold
fluence necessary for ablation from sintered Y03 targets upon nanosecond laser irradia-
tion at 193nm was determined to be around 0.35J/cm?. At optimum growth conditions
(substrate temperature of 700°C and partial oxygen pressure of 5 x 1072 mbar) crystalline
film growth was achieved.

Structural Characterization

The characterization of the thin films was carried out by applying a number of analytical
techniques. The structural characterization includes X-ray diffraction (XRD), surface X-
ray diffraction (SXRD), Rutherford backscattering (RBS) and atomic force microscopy
(AFM).

The results of the XRD and SXRD measurements on thick yttria films (500 nm) indicate
a highly textured film growth along the (111) direction. This is in good agreement with
the results obtained by RBS, where not only the correct stoichiometry could be proven
but also epitaxial growth of Y503 on a-alumina was observed by the channeling effect.
Additionally, the surface of a crystalline YoOs-film with a thickness of 500 nm shows a
regular nano-structure of pyramidally shaped crystallites, which are formed due to the
(111) growth. This interpretation was evidenced by the similar structure of a {111}
cleavage facet of yttria. The film surface morphologies of LuyO3, SceOz, and YScOs
show no clear geometrical structures. However, in these films the grains with in-plane
dimensions up to 1.5 pm have a preferred orientation, and the thickness-dependent surface
roughness is small (< 2.5nm). In addition, no craters (possibly caused by droplets)
or other irregularities have been observed on the film surfaces. These results are very
promising as they indicate smooth surfaces which are important for optical applications.

In contrast, thin films with a thickness < 100 nm do not show perfect crystalline growth.
Using the method of SXRD, it was found that the films were indeed mainly textured
along the (111) direction, but have also a polycrystalline component. In addition, there
are two different domains forming the (111) texture. This twinning can be explained by
the positions of the anions, which form a distorted cube and thus, the atoms forming the
{111} planes create no equal-sided triangles.

An interesting result is obtained by AFM measurements on the surface of a 5nm thick
Y503 film. This film had no completely covered surface but showed 3D island growth.
The shape of the single crystallites is triangular or quadrangular with at least one angle
of either 60° or 120°, which is an indication of the (111) growth direction in the early
stage of film growth. With this observation, the existence of twinning becomes more
understandable, because the islands form independently of each other.
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Optical Spectroscopy

Additional information about the rare-earth-doped sesquioxide films have been obtained
by optical spectroscopy. These spectroscopic investigations were mainly focused on the
Eut-doped Y,03 and Lu,Os-films, because europium is not only a good luminescent
probe emitting in the visible part of the spectrum but also because the energetic position
of the main fluorescence level, Dy, reacts very sensitive to the surrounding crystal field
(since J = 0, i.e. no Stark splitting occurs).

The luminescence characteristics of the dopants depend strongly on the crystallinity of
the host matrix, which is directly connected to the substrate temperature during the
film growth. Thus, with decreasing substrate temperature the films contain an increasing
amorphous component. This amorphous character at low substrate temperatures was also
observed in the luminescence spectra. In contrast, the ambient gas pressure had no signif-
icant influence on the luminescence behavior, even though it influences the crystallinity,
too. But as low substrate temperatures lead to amorphous films, the variations in gas
pressure lead to a more polycrystalline structure of the films, where a long-range order in
the matrix is given, resulting in unchanged luminescence.

Films down to a thickness of 100 nm show the same luminescence behavior as the corre-
sponding bulk material. The significant change in luminescence when the film thickness
is decreased further can be explained by a phase change of the material. Due to subplan-
tation and interdiffusion of, for example, YoO3 into the Al,O3 matrix, a new phase can
evolve, e. g. YAIO3 or Y3Al;015. This hypothesis is based on the results obtained by VUV
excitation measurements indicating strong band-to-band transitions starting at 8.26eV,
which corresponds to the bandgap energy of Y3Al5015.

It is believed that the subplantation, caused by high-energy particles in the plasma plume,
is related to the short target—substrate distance. The kinetic energies could be reduced by
a higher ambient gas pressure. However, on the other hand this leads to non-stoichiometric
film compositions.

Additionally, surface effects might play an important role, because the presented thin
films are not closed films by means of a completely covered substrate surface, but single
3D islands. Due to a large surface-to-volume ratio of these islands, the number of defects,
such as unsaturated bonds or varying bond lengths, which have a significant influence on
the spectroscopic behavior, is strongly increased compared to defects on a flat surface.

Waveguides

For possible applications in integrated optics, waveguide experiments on the system Y,03—
Al,O3 have been performed, and single-mode guiding of the fundamental mode was
demonstrated. Simulations of a ridge waveguide based on this system allowed an op-
timization of the waveguide structure resulting in a reduced loss of energy compared to
pure planar waveguides. In addition, photonic band structure calculations for the YoO3—
Al;O3 system have shown, that the sesquioxides are also suitable for photonic crystal
waveguide structures.
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7.2 Résumé

The aim of the research detailed in this thesis has been to show that PLD is an efficient
technique for fabrication thin sesquioxide films for optical applications, such as coatings,
bragg mirrors, waveguides and crystalline waveguide lasers. From the results presented
here, it can be concluded that using PLD, films with the desired specifications (correct
stoichiometry, crystallinity, smooth surface) can be produced.

Although the thin films produced are by no means perfect, as indicated by X-ray diffrac-
tion measurements and the optical spectroscopy, it is likely that these deficiencies are not
intrinsic to the technique of PLD and can be ruled out through further work on the spe-
cific deposition process parameters. Within this context, an important result for ongoing
experiments on the fabrication of thin films by PLD are the strong subplantation effects
when high-energy particles strike the substrate. Even if species with high kinetic energies
are favorable for crystalline growth, one has to find a compromise between the desired
growth mode and destructive effects.

7.3 Outlook and Future Work

The questions left open in this thesis can partly be answered by different theoretical and
analytical techniques.

By numerical calculation of the energy level positions using crystal field theory, a qualita-
tive description of the luminescence behavior is obtained and can be used for the discussion
of the measured spectra.

As it is obvious that the interface region between substrate and film plays an important
role, one has to find tools which are capable of investigating this small region. In addition
to SXRD and RBS, two other techniques have to be mentioned, which - up to now -
have not been applied to the fabricated thin sesquioxide films. These are the methods
of TEM (Transmission Electron Microscopy) and EXAFS (Extended X-ray Absorption
Fine Structure) analysis. While TEM allows a direct view of the atomic positions at the
interface and - in combination with a Z-number-dependence resolution - the identification
of the different components [Gao99, Top01], the influence of the interface and surface on
the bond length can be investigated by EXAFS in more detail, as already demonstrated

by [Qi02].

Using a SNOM (Scanning Near-field Optical Microscope) instead of an AFM, not only
the surface topography can be recorded, but also single islands of rare-earth-doped crys-
tallites can be investigated spectroscopically. This characterization technique rules out
the statistic component of conventional spectroscopy and allows to study the influence of
surface effects on individual atoms. In fact, these islands can act as nanocrystal cages’
for the rare-earth-ions. This confinement of a single atom (Quantum Confined Atom)
within a nanocrystal offers the chance to studying fundamental physics on single atoms.

However, with respect to possible applications, like gate dielectrics or waveguides, a two-
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dimensional layer-by-layer growth would be advantageous instead of the three-dimensional
island growth, because the interface region would become much smoother. To avoid the
formation of islands, Blank et al. used the approach of pulsed laser interval deposition,
a periodic deposition sequence, where the fast deposition of the amount of material nec-
essary to grow a monolayer is followed by an interval in which no deposition takes place
and the atoms can form a complete layer [Bla99]|. This process requires the technique of
in-situ RHEED (Reflection High Energy Electron Diffraction) to have a precise control of
the film thickness. In future PLD experiments this technique will be applied to control
the growth of RE;O3 films.

Additionally, one has to find the optimum kinetic energies of the plume species in order
to minimize surface destruction. This can be achieved, for example, by using particles at
thermal speed. The activation energy for crystalline film growth is then provided only by
substrate heating.

Different lattice constants of film and substrate materials will also lead to mismatch-
induced defects. However, as already demonstrated in our laboratory by L. Rabisch, in
EBV-fabricated films ’perfect’ lattice matching with respect to the sapphire substrate
can be obtained using a mixed system of LuScOs. In addition to a-alumina, there are
other potential candidates for substrates, for example SiO,. The system ScyO3/SiO9 (a-
cristobalite) has a lattice mismatch of only 0.7%. Using SiOy (a-tridymite) the lattice
mismatch for LuyOs is only 0.2%. For that reason, first experiments using these systems
are currently running.

In addition to the fundamental aspects of film formation and growth, the main challenge
is the fabrication of functional devices, such as waveguide structures or crystalline bragg
mirrors directly grown on laser crystals. Based on the simulations, one of the next steps
in our laboratory will be the realization of an yttria ridge waveguide, where the radiation
is not only guided in the vertical but also in the lateral direction by a rib structure.
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A Energy levels of Eu*" in Y,0;

Data for the Cy-site are taken from [Cha82], whereas the positions for the C3; can be
found in [Gru85, Heb70]. For the 7F3,475,6 manifolds in Cj; sites there are no experimental
data availiable.

Cy-site
Ty: 0
199, 360, 543
Fy: 859, 906, 949, [1226], 1380
F3: 1847, 1867, 1907, [1946], 2021, 2130, 2160
Fy: 2669, 2800, 2846, 3014, 3080, 3119, 3163, 3178, 3190
F5: 3755, [3785], 3825, [3888], 3904, 3938, 4015, 4127, [4211], 4227, [4248)]
Fs: 4791, 4812, 5032, [5038], 5045, [5038], 5045, [5073], 5271, [5300], 5314,
[5445], 5459, [5634], 5636
°Dy: 17216
°Dy: 18930, 18954, 18992
°Dy: 21355, 21367, 21394, 21487, 21503
°D3: 24258, 24267, 24284, (24293, [24302], (24330), 24354
C5;-site
Ty: 0
T 132,429
Fy: 827, 948, 1188
°Dy: 17302
°Dy: 18991, 19080
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B List of Fabricated Films

The following table lists all film which were fabricated during the course of this thesis.

‘ name ‘ film ‘ substrate ‘ Vrep (Hz) ‘ Erpaser (mJ) ’ P(0O2) (mbar) ‘ T (°C) ’ d (nm) ‘
17.10.01.14 Eu(1.5%):Y203 Al O3 10 200 1x 1072 700 500
18.10.02.16 | Eu(1.5%):Y203 Al,Os3 10 185 1% 102 700 500
22.10.02.17 Eu(1.5%):Y203 Al O3 10 185 1x 107t 653 500
22.10.0219 | Eu(1.5%):Y203 Al,Os3 10 185 5% 102 692 500
23.10.02.20 Eu(1.5%):Y203 Al>O3 10 185 5x 1071 684 500
24.10.01.23 Eu(1.5%):Y203 Al O3 10 185 4x1073 663 500
25.10.02.24 Eu(1.5%):Y203 Al>O3 10 185 5x 1072 550 500
25.10.02.25 | Eu(1.5%):Y203 Al O3 10 185 5x 102 600 500
28.10.02.27 Eu(1.5%):Y203 Al>O3 10 185 5x 1072 650 500
29.10.01.28 Eu(1.5%):Y203 Al O3 10 185 5x 1072 700 500
29.10.08.29 Eu(1.5%):LusOs3 Al>O3 10 185 5x10~2 700 500
30.10.01.30 Eu(1.5%):Y203 Al>O3 10 250 5x 102 700 500
13.11.03.31 Eu(4%):Y203 Al O3 10 185 5 x 102 700 500
29.01.03.33 Eu(1.5%):Y203 Al>O3 10 185 5x10~2 20 500
28.01.03.34 Eu(1.5%):Y203 Al>O3 10 185 5x10~2 300 500
28.01.03.35 Eu(4%) Y203 ALO3 10 185 5x 10 2 685 100
29.01.03.36 Eu(4%):Y203 Al O3 10 185 5x 1072 685 20
29.01.03.37 Eu(4%):Y203 Al>O3 10 185 5x 1072 685 5
29.01.03.38 |  Eu(4%):Y203 Al O3 10 185 5x 102 685 5
30.01.03.39 Eu(4%):Y203 Al>O3 10 185 5x 1072 685 1
30.01.03.40 Eu(4%):Y203 Si 10 185 5x10~2 600 250
30.01.03.41 Er(1%):Y203 Al>O3 10 185 5x 1072 685 20
30.01.03.42 Er(1%):Y203 Si 10 185 5x 102 580 240
31.01.03.43 Er(1%):Y203 Al>O3 10 185 5x 1072 685 20
31.01.09.44 Eu(4%):Lus O3 Si 10 165 5x10~2 655 400
31.01.09.45 Eu(4%):Lus O3 Al O3 10 165 5x 1072 685 100
01.02.09.46 Eu(4%):Lu2 O3 Al O3 10 165 5x 1072 685 20
01.02.09.47 | Eu(4%):LusOs Al,Os3 10 165 5x 102 685 5
02.02.09.48 Eu(4%):Lus O3 Al>O3 10 165 5x 1072 685 1
02.02.40.49 d(0.5%):Luz 03 Si 10 165 5x 102 20
02.02.4050 | Nd(0.5%)Luz03 | ALOs 10 165 5% 102 685 20
03.02.40.51 d(0.5%):LuzO3 | AlyOs 10 165 5x 102 685 5
03.02.41.52 | FEr(3%):5c203 Si 10 165 5x10 2 20 140
03.02.41.53 r(3%):Sc203 Al>O3 10 165 5x 1072 680 5
04.02.41.54 |  Er(3%):Sc203 AlyO3 10 165 5x 102 680 1
04.02.41.55 Er(3%):Sc203 Al O3 10 165 5x 1072 685 20
04.02.41.56 |  Er(3%):SczO0s Al,Os3 10 165 5x 102 685 100
04.02.42.57 | Nd(3%):Sc203 Si 10 165 5x10°7 20 70
05.02.42.58 Nd(3%):Sc203 Al O3 10 165 5x10~2 680 750
05.02.42.59 Yb(2%):YScOs3 Al>O3 10 190 5x 1072 675 1500 Pulse
06.02.42.60 Yb(2%):YScO3 Al>O3 10 190 5x 1072 675 800 Pulse
06.02.42.61 Yb(2%):YScO3 Al>O3 10 190 5x 1072 675 3000 Pulse
06.02.44.62 | Nd(> 1%):GdVOs | ALO3 10 210 5% 102 630 | ~160nm
07.02.44.63 | Nd(> 1%):GdVOy4 Al>O3 10 205 5x 1072 700 ~ 80 nm
07.02.44.64 | Nd(> 1%):GdVO, | AlOs 10 200 5x 1072 690 ~ 40nm

Table B.1: List of films
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C X-ray Diffraction Peaks of Y,0;

In the table below, the possible diffraction peaks for different (hkl)-planes of cubic Y203
in the 20-range 5° to 77° are listed. In addition, the corresponding inter-planar spacings

dpr; and the relative peak intensity is given.

ho k 1]20(deg) | d(A) | IT(rel) || A k& 1|26 (deg) | d(A) | I (rel)
2 0 0] 16.717 | 5.2990 967 || 4 4 4| 60.472 | 1.5297 | 196.08
2 1 1| 20511 |4.3267 | 440.15 || 5 3 4| 61.854 | 1.4988 | 31.62
2 2 0| 23.727 | 3.7470 059 | 5 4 3| 61.854 | 1.4988 | 50.94
2 2 2| 29166 |3.0594 | 3816.38 || 6 4 0| 63.218 | 1.4697 | 7.31
3 1 2| 31561 |28325| 1514 |6 0 4| 63.218 | 1.4697 | 43.06
3 2 1| 31.561 | 2.8325 4175 5 2| 64.567 | 1.4422 | 259
4 0 0] 33.803 |26495 | 984.78 || 6 3 3| 64.567 | 1.4422 | 41.89
4 1 1] 35922 | 24980 | 19519 || 7 2 1| 64.567 | 1.4422 | 53.86
4 2 0| 37937 [23698 | 27927 1 2| 64.567 | 1.4422 | 33.57
4 0 2| 37937 | 23698 | 14976 2 4| 65900 |1.4162| 7.85
3 3 2| 39.865 | 22595 | 22032 |6 4 2| 65.900 | 1.4162 | 53.53
4 2 2| 41.718 [ 21633 | 3523( 6 1 5| 69.822 | 1.3460 | 45.68
4 3 1| 43507 [2.0785 | 14975 | 6 5 1| 69.822 | 1.3460 | 41.04
4 1 3| 43.507 [2.0785 | 180.08 || 7 3 2| 69.822 | 1.3460 | 0.54
5 1 2| 46.919 | 1.9349 | 5558 || 7 2 3| 69.822 | 1.3460 | 0.07
5 2 1| 46.919 |1.9349 | 49.07||8 0 0| 71.107 | 1.3248 | 183.21
4 4 0| 48555 | 1.8735 | 1694.72 || 8 1 1| 72.382 | 1.3045 | 68.96
4 3 3| 50151 | 1.8176 | 8716 | 7 4 1| 72.382 | 1.3045 | 25.95
6 0 0| 51.710 | 1.7664 | 1586 || 5 5 4| 72.382 | 1.3045 | 24.83
4 4 2| 51.710 | 1.7664 214 || 7 1 4| 72.382 | 1.3045 | 31.40
5 2 3| 53.237 | 1.7192 | 3355 | 8 2 0| 73.648 | 1.2852 | 36.61
5 3 2| 53.237 | 1.7192 | 3870 || 6 4 4| 73.648 | 1.2852 | 20.25
6 1 1| 53.237 | 1.7192 | 13449 || 8 0 2| 73.648 | 1.2852 | 23.28
6 0 2| 54.734 | 1.6757 | 2745 | 6 5 3| 74.906 | 1.2667 | 44.71
6 2 0| 54.734 | 1.6757 | 17.92 || 6 3 5| 74.906 | 1.2667 | 44.22
5 4 1| 56.203 |1.6353 | 71856 6 0| 76.156 | 1.2490 | 0.48
5 1 4| 56.203 | 1.6353 | 9263 || 8 2 2| 76.156 | 1.2490 | 45.78
6 2 2| 57.648 | 1.5977 | 1161.69 | 7 4 3| 77.400 | 1.2320 | 26.86
6 1 3| 59.070 | 1.5626 | 127.41 || 7 3 4| 77.400 | 1.2320 | 26.17
6 3 1| 59.070 | 1.5626 | 119.23 || 8 1 3| 77.400 | 1.2320 | 39.81

Table C.1: 20-positions of X-ray diffraction peaks of cubic Y203
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