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Zusammenfassung

Pulsed Laser Deposition (PLD) ist ein Abscheidungsverfahren, das sich fiir die Herstellung von den
Diinnschichten und Heterostrukturen aus komplexen Metalloxiden eignet. Der stdchiometrische Transfer
zwischen dem Target und dem Substrat erfolgt innerhalb von einem breiten Druckbereich ohne
anspruchsvolle Optimierung von Parametern. Infolgedessen dient PLD als das Hauptverfahren fir die
Herstellung der komplexen Metalloxide Dinnschichten und Heterostrukturen in vielen Laboren.

Trotz der haufigen Verwendung von PLD sind die zugrundlegenden Prozesse wéhrend des PLD Wachstums
bisher nicht systematisch untersucht worden. Tatsachlich beschrénken sich die meisten Forschungsgruppen
auf die empirische Parameteroptimierung. Obwohl die Dunnschichteigenschaften auch auf diese Weise
optimiert werden konnen, fehlt ein Verstandnis des genauen Zusammenhangs zwischen PLD Wachstum und
Diinnschichteigenschaften, das heutzutage immer wichtiger wird. Die zu untersuchenden Aspekte sind
spezifisch flr die unterschiedlichen Systeme. Das erste Beispiel ist der resistive Speicher (ReRAM) mit
komplexen Metalloxiden wie z.B.SrTiOz (STO) als Dunnschichten, in dem Defekte wie z. B.
Kationenleerstellen eine wichtige Rolle spielen. Ein tieferes Verstédndnis des Schaltverhaltens in solchen
Zellen ergibt sich nur dadurch, dass die Bildungsprozesse der Defekte wéhrend der PLD Herstellung
systematisch untersucht werden. Um die Defektbildung in STO zu verstehen, sind die in-situ Beobachtungen
dieser Prozesse notwendig. Das zweite Beispiel ist der Bildungsprozess einer leitenden Grenzflache zwischen
zwei Bandisolatoren, z.B. LaAlO3 (LAO) auf SrTiO3 (LAO/STO). Trotz der Entdeckung vor mehr als zehn
Jahren ist der Bildungsprozess dieser leitenden Grenzflache bis heute nicht vollstandig verstanden. Der
Zeitpunkt zu dem sich die leitende Grenzflache bildet ist einer der zentralen Fragen. Darlber hinaus kann die
Leitfahigkeit von LAO/STO durch Defekte wie Sauerstoffleerstellen beeinflusst sein, die sich durch den
Oberflachenaustausch wahrend des Wachstums und Nachgliihprozesses ein- und ausbauen lassen.

Diese Arbeit beschreibt die in-situ Untersuchung der Bildungsprozesse wahrend der Homoepitaxie von STO.
Es konnte gezeigt werden, dass der Grund fiir die Kationen-Nicht-Stdchiometrie von STO Dinnschichten
der bevorzugte Streuungsprozess von Kationen wahrend der Laser-Plume-Ausbreitung ist. Die
Diinnschichten von STO mit Kationen-Nicht-Stéchiometrie wachsen im Anfangsstadium im 2D
Wachstumsmodus. Die Oberflachendiffusion von STO in diesem Stadium wird verhindert durch die
Kationen-Nicht-Stéchiometrie, wobei die Punktdefekte eine Oberflachenspannung erzeugen kénnen. Die
Kationen-Nicht-Stéchiometrie fihrt weiterhin dazu, dass ausgedehnte Defekte generiert werden und der
Wachstumsmodus geéndert wird. Ein Beispiel dafiir ist das Wachstum von Sr reichen STO Schichten, wobei
das System zunéchst 2D Wachstum innerhalb einer Monolage zeigt und beim weiteren Wachstum ein
Terminierungswechsel von TiO2 nach SrO erfolgt. AnschlieRend bauen sich Anti-Phasen Grenzen auf und
das Wachstum geht langsam in den 3D Wachstumsmodus Uber.

Der Bildungsprozess einer leitenden Grenzflache zwischen LAO und STO wurde mit OIRD in-situ und
real-time untersucht, wozu auch die Untersuchung der Ein- und Ausbauprozesse von Sauerstoffleerstellen in
LAO/STO Heterostrukturen notwendig waren. Die ersten drei Einheitszellen von LAO verhalten sich dabei
anders als die folgenden LAO-Zellen bei den OIRD Messung. Es ergeben sich klare Hinweise darauf, dass
der Transfer von Elektronen zu der LAO/STO Grenzflache wahrend des Wachstums bei Abscheidung der
dritten Monolage stattfindet. Der Einbau von Sauerstoffleerstellen findet auch wahrend der PLD-Prozesse
statt, wobei der Ausbau von Sauerstoffleerstellen ohne die Einfiihrung von Kationenleerstellen nur wéhrend
des Nachgliihens unter dem Wachstumsdruck und der Wachstumstemperatur mdéglich ist. Urséchlich fiir den
Einbau der Sauerstoffleerstellen sind St63e von Partikeln mit hoher Kinetischer Energie aus dem Laser-Plume.



Abstract

Pulsed Laser Deposition (PLD) is a versatile deposition technique for complex metal oxide thin films
and heterostructures. Without sophisticated parameter engineering, a stoichiometric transfer between
target and substrate can take place in a large pressure range of different gas ambient. As a result, PLD
is widely applied in many research laboratories.

However, the basic processes during PLD growth are not well understood. Therefore most of the
research groups only carry out parameter optimization for PLD empirically. Although the thin film
properties can be enhanced by empirical optimization of growth parameters, the exact correlation
between PLD growth process and thin film property is hardly known. A better understanding in the
correlation between PLD growth and thin film properties is gaining arising attention with its increasing
importance for different complex metal oxide based electronics nowadays. The aspects to be
investigated are different in various material systems. The first example is the Resistive Random Access
Memories (ReRAM) based on complex metal oxides, e.g. SrTiOz (STO) thin films, where the defects
like cation vacancies in thin oxide films play a crucial role for the switching behavior. Only by
understanding the defect formation process during the PLD process a rational design of defects in the
thin film could be possible. The in-situ studies on the defect formation process during STO thin film
growth are thus necessary. The second example is the conductive interface between two band insulators,
e.g. LaAlOs; (LAO) and STO. Since its discovery one decade ago, the formation process of the
conductive interface is not well understood. To understand the physical mechanism behind the
conductive interface formation, it is of pivotal importance to learn when the formation takes place.
Furthermore, the conductivity of LAO/STO heterostructures are significantly influenced by the defects
like oxygen vacancies, which can be incorporated/eliminated both by growth and post-annealing process.
So the in-situ study on the conductive interface formation and the study on the oxygen vacancy
incorporation/elimination process during the growth and annealing process are needed.

In this work the in-situ study on the defect formation process during STO homoepitaxy is carried out.
The cation non-stoichiometries in STO thin films are introduced by the preferential scattering process
during laser plume propagation. STO thin films with cation non-stoichiometry remains at the early
growth stage within 2D growth mode. The defects are in this growth stage point defects inhibiting
surface diffusion through surface strain. The cation non-stoichiometry leads further to the formation of
extended defects as growth proceeds and the growth mode is changed. As an example, the Sr rich STO
exhibits firstly 2D growth with subsequent surface termination change from TiO; to SrO at low film
thickness, whereas the further growth establishes anti-phase boundaries and lead to 3D island growth.

The conductive interface formation process between LAO and STO is studied in-situ and real-time with
Oblique Incidence Reflectance Difference technique (OIRD). In addition, the incorporation and
elimination processes of oxygen vacancies in LAO/STO heterostructures are investigated as well. It is
observed from the growth process that the first 3 unit cells (u.c.) LAO differ from the rest of LAO unit
cells, indicating the electronic transfer happens at 3 u.c. and does not influence the first 3 u.c. LAO. The
incorporation of oxygen vacancies into the STO takes place during the PLD growth of LAO, while the
elimination of oxygen vacancies in STO is optimal at the growth temperature and pressure. The main
reason for the incorporation of oxygen vacancies in STO is the impinging particles with high kinetic
energy.
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1 Introduction

1 Introduction

Complex metal oxide thin films have complex electronic structures resulting in applications for different
fields like ferroelectrics, magneto electronics, optoelectronics, thermoelectronics and novel memory devices.
These properties can be strongly dependent on the crystal structure and the particular growth conditions.
Moreover, the functional heterostructures with novel interface/surface properties like LAO/STO are also
dependent on the fabrication process. To achieve a controlled growth of complex metal oxide thin films,
the two most applied growth techniques are molecular beam epitaxy (MBE) [1, 2] and pulsed laser
deposition (PLD) [3]. Unlike MBE, which requires sophisticated setups, PLD is capable of fabricating
different complex metal oxide thin films like ternary or even quaternary oxides without complex parameter
engineering. Therefore PLD is the most widely applied technique in research laboratories for the fabrication
of complex metal oxide thin films.

Due to the high potential of PLD for the fabrication of complex metal oxide thin films, different efforts have
been taken trying to understand PLD processes, which can be divided into three main parts: the
laser-material interaction, which is also called ablation, has been studied by XPS on the ablated target [4];
the plume propagation process has been extensively studied by optical emission spectroscopy and time of
flight mass spectrometry [5-7]; the surface diffusion and thin film growth have been studied by RHEED
[8, 9] and surface X-ray diffraction (SXRD) [10]. Despite all these works, there are a large amount of
questions awaiting answers for the PLD processes. So far most of the groups are employing purely empirical
techniques to optimize thin films rather than approaches based on a deeper knowledge of the deposition
technique. Within this thesis, we pay attention to the fundamental processes during the thin film growth
with different in-situ and real-time techniques, trying to rationally optimize the PLD process based on the
understanding of the basic processes.

The first important aspect is the defect formation during the epitaxial PLD growth, which is important for
multiple processes. Two examples are listed in the following:

1) the control of defect concentration in the thin film. Novel electronic devices like resistive memories [11]
require not only epitaxial thin films, but thin films with a specific defect concentration. To not only control
the epitaxial growth but also control the defect density in the thin film, a more systematic study has to be
carried out to understand the fundamental PLD processes that are related to the defect formation. In PLD
growth, the cation non-stoichiometry can be tuned by varying the deposition parameters such as laser
fluence and oxygen pressure [12]. The cation non-stoichiometry in complex metal oxides is accommodated
by different types of defects and thereby strongly influence the crystal structure. These defects can change
the dielectric [13], optical [14] and thermal [13] properties of the complex metal oxide thin films. However,
the defects accommodation in the thin film can vary as the growth proceeds and is strongly coupled to the
growth mode. Therefore the investigation of the growth process of complex metal oxides with respect to the
cation non-stoichiometry and the resulting lattice defects is of pivotal importance. In this thesis the




1 Introduction

homoepitaxial growth of the model system SrTiOz was chosen to perform a detailed and systematic study
of the growth process and the resulting defect formation process.

2) the control of defects in the heterostructure with a functional interface, e.g. the LAO/STO. The defects
can strongly influence the electronic property of this heterostructure [15-17], which indicates the importance
of controlling the defects during the PLD growth. For the electrical properties of heterostructures fabricated
by PLD, an important aspect is the incorporation of oxygen or oxygen vacancies during the PLD process.
Since the oxygen vacancies in some perovskites like STO can strongly influence the conductivity, the
processes during the PLD growth related to the generation or elimination of oxygen vacancies can be
responsible for the electrical conductivity change. Several possible sources for the change of the oxygen
vacancy concentration during PLD can be suggested: the reduction under low oxygen partial pressures and
reoxidation under high oxygen partial pressures; the reduction through UV-radiation from the laser plume;
and the bombardment by the impinging particles high kinetic energy from laser plume resulting in an oxygen
ejection. In this thesis the impact from the listed factors and especially the interplay between each of them
are discussed to reach a better control over the PLD process with respect to these factors.

The second important aspect is the formation of the functional interface between complex metal oxides
during the PLD growth. Considering the conductive interface generation between LAO and STO as one
example, the conventional method is to study the electrical [18] or optical properties [19] for LAO/STO
with different LAO thicknesses ex-situ. With these methods, a critical thickness of 4 u.c. LAO has been
suggested for a conductive heterostructure. However, it has not been verified if the conductive interface
between LAO and STO is formed during the growth process or after the growth process. In this thesis, the
in-situ and real-time OIRD study is carried out to follow the property changed during the growth, trying to
identify the formation of the conductive interface.
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The fundamentals of the materials used in this thesis, namely LAO and STO are presented in chapter 2. The
description of the different types of defects, the basic aspects of PLD and the current knowledge about
LAO/STO heterostructures is also presented in chapter 2.

In chapter 3, the experimental setup for the in-situ analysis methods during PLD growth and the
characterization methods employed in this thesis are shown. Moreover, a preparation method for
well-defined SrO/TiO-termination ratios of STO substrates developed with the help of angle dependent
XPS is described.

In chapter 4, the discussion on the correlation between defect formation and thin film growth is carried out
with the homoepitaxial growth of STO as a model system. Firstly the origin of cation non-stoichiometry
and the possible control over cation non-stoichiometry by varying the laser fluence and the oxygen pressure
are investigated. Subsequently, the impact of the cation non-stoichiometry on the surface diffusion and
island coalescence is studied at an early growth stage. The defect formation processes during the growth of
STO is thereafter investigated for the intermediate growth stage. In particular, the formation of anti-phase-
boundaries in Sr rich STO is discussed. At the end of this chapter, the growth modes for different cation
non-stoichiometries are discussed.

In chapter 5, the transient OIRD signal is investigated during LAO growth on STO. In particular, the
influence of the post-annealing process and the growth pressure on the electrical properties of the LAO/STO
interface is investigated.

In chapter 6, the redox processes taking place during PLD growth are investigated. The impact of the oxygen
pressure on the conductivity of the STO substrates during the annealing processes is firstly discussed. To
distinguish between UV-radiation and the particles with high kinetic energy of the LAO laser plume on the
STO substrate, the electrical properties of only UV irradiated STO and particle bombarded STO samples
are investigated. The interplay between the impinging particles and the defect equilibria expected in
thermodynamic equilibrium for the LAO/STO heterostructure is discussed as well.

In chapter 7 the conclusions are drawn and the outlook can be also found in chapter 7.
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2 Fundamentals

2.1 Properties of the Materials
2.1.1 SrTiOs

Strontium titanate (SrTiOs) has a cubic perovskite structure with the space group Pm-3m. The lattice
constant co of one cubic unit cell is 0.3905 nm at room temperature. Figure 2.1 shows the unit cell of SrTiOa.
The Ti atom is in the center of the cubic structure. The corners consist of Sr-atoms. The oxygen atoms are
accommodated on the 6 faces of the cubic structure, which form an octahedral structure with the Ti atom in
the center. In the [001] direction, the SrTiOz can be interpreted as a stacking of neutral SrO and TiO; layers.

Figure 2.1 The structure of STO drawn with the help of VESTA program. The principle of VESTA can be found in
ref. [20].

2.1.2 LaAlO3

Lanthanum aluminate (LaAlOs) has a rhombohedral crystal structure at room temperature with the space
group R-3c. The structure is similar to the cubic perovskite structure, where only the octahedral of AlOs is
slightly rotated [21]. Hence the crystal structure of LAO at room temperature can be treated as a pseudo
cubic perovskites structure with co=0.3789 nm. At 810 K, a transition from rhombohedral to cubic Pm-3m
[21] takes place. In the [001] direction, LaAlOs can be interpreted as stacks of (LaO)* and (AlOy) in a
simple ionic picture. The charges in the layers derive from the valence states of the La%*, AI** and O% ions.
As there is only a small deviation from the perovskite structure of STO the crystal structure of LAO unit
cells is not shown here.
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2.2 Defects in SrTiO3

According to their dimension defects can be divided into four types: (1) zero dimensional defects (0D) like
point defects. (2) one dimensional defects (1D), like dislocations, (3) two dimensional defects (2D), like
grain boundaries, antiphase boundaries or domain boundaries. (4) three dimensional defects (3D), like
segregations and defect clusters. The 1D, 2D and 3D defects are also called extended defects. All these
different defects have a strong impact on the properties of the complex metal oxide. In the following the
basics for the possible defects in STO will be illustrated with respect to their dimensionality, namely the
point defects and the extended defects. The 3D defects are not to be discussed here since they are of minor
relevance for this work.

2.2.1 Point defects in STO

Point defects are either interstitials or vacancies. If an atom leaves the ordinary lattice site to arrive at an
interstitial site, the resulting defect is called Frenkel pair. If two atoms with opposite charges leave the lattice
at the same time, it is called Schottky pair. For the dense packing of atoms in the perovskite of the space
group Pm-3m, the Schottky pair is energetically more favored. Point defects are differently charged with
respect to the lattice in ABOs3 perovskites and can be described in the so called Kroger-Vink notation. As an
example, in undoped STO possible point defects are negatively charged cation vacancies, e.g. Sr vacancies
(Vs") and Ti vacancies (Vri"") and positively charged anion vacancies as oxygen vacancies (Vo™).

Combining the charge neutrality, mass conservation and law of mass action of chemical reactions, the defect
chemistry model can predict to a large extent the defect generation and annihilation of specific defect types
at a given temperature and oxygen partial pressure [22, 23]. Therefore the defect concentration for each type
can be predicted by this model. More importantly, the electronic charge carrier concentration can be
determined, as the charge carriers are generated by different defect reactions. Thus the electronic
conductivity of the complex metal oxide is determined.

For temperatures lower than approximately 450 °C, all ions are immobile and reactions involving ion motion
can be neglected in STO. Only electronic processes are possible like the generation of electron-hole pairs
and ionization of already existing neutral vacancies. Electrons and holes are generated at thermodynamic
equilibrium as:

e +h* <0 (2.1)
, Where the electron- and hole concentration (n and p, respectively) follow the law of mass action:

BT

E. -
n. p:NnmNp(T)exp(—gﬁ—T). (22)
B

Nn(T) and Np(T) are the density of states in the conduction band and valence band at a given temperature T
in Kelvin, respectively. Eqo is the band gap of STO at 0 K and R is the factor describing the decrease of the
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STO band gap upon temperature increase. kg is the Boltzmann constant. The factors Na(T), Np(T), Egoand B
are studied in great detail in ref. [24].

For temperature between 450 °C and 950 °C, the oxygen ions are mobile while the cations stay immobile.
At high oxygen partial pressure the STO lattice is oxidized as following:

V(3'+%O2 — 0§ +2h* (2.3

, Where the oxygen atoms are incorporated into STO lattice with a simultaneous generation of holes. The
relation between concentrations of different species follow the law of mass action:
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) (2.4)

, Where the p is the hole concentration, pO. the oxygen partial pressure, [Vo™] the concentration of oxygen
vacancies, Ko the temperature independent reaction constant and AH* the oxidation enthalpy.
At low oxygen partial pressure the STO lattice is reduced as following:

03 <> V§* +%O2 +2e” (2.5)

, where the oxygen atoms leave the lattice and the oxygen vacancies and electrons are generated in the lattice.
The concentration of different species follows the law of mass action as well:

red

1
n-(p0,)2 5" = ki exp(- 20 ) (26)

kgT

, Where Ko is the temperature independent reaction constant and AH™ is the reduction enthalpy.

At temperatures higher than 950 °C, both anions and cations are mobile and cation vacancies can be
generated. This simultaneous generation of cation and anion vacancies generates Schottky defects and is

called Schottky equilibrium. More specifically, since the formation energy of Ti vacancies is rather high
[25, 26] only Sr vacancies form in the SrO sublattice, which leads to a partial Schottky reaction:

S +08 = Vg, V3" + (SrO)g, . 2.7

The secondary phase (SrO)sp will form either on the surface as segregation [27, 28] or in the bulk of STO
as Ruddlesden-Popper-type defects [29], which will be discussed in detail as 2D defects in the following.
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The excess of Sr atoms in the lattice will drive the reaction towards the product direction, which will be
discussed in chapter 4.

The equilibrium concentration of defects in STO is also strongly dependent on the pO,. We take acceptor
(A") doped STO as an example (Figure 2.2). For the temperature regimes with active (> 950 °C) and inactive
Schottky equilibrium (450 °C < T <950 °C) the defect concentrations are different, whereas the charge
carrier density (n or p) behaves the same for both situations.

If the Schottky equilibrium is not activated, at low oxygen pressures, the oxygen vacancy concentration is
much higher than the acceptor concentration. Thus the positive charge from the oxygen vacancies can only
be compensated by electrons, thus the increase of oxygen pressure reduces the electron density. This is
called intrinsic compensation (the left region in Figure 2.2 (a)). For an increased oxygen partial pressure,
where the oxygen vacancies can be compensated by acceptors, the increase of oxygen pressure increases
the hole concentration and decreases the electron concentration. This is called extrinsic compensation and
can be divided into n-type and p-type according to the majority of charge carriers (the middle and right
region in Figure 2.2 (a)).

If the Schottky equilibrium is activated, Sr vacancies will follow the oxygen vacancy concentration: starting
at low oxygen pressures, the increase of the oxygen pressure decreases the oxygen vacancy concentration
and increases the Sr vacancy concentration, while for high oxygen pressures the Sr vacancy concentration
is constant as is the oxygen vacancy concentration. However, the Sr vacancy concentration is not involved
in the electron or hole generation process and thus does not influence the concentration of electrons and
holes at all. Thus the pressure dependence of the n and p concentration is identical for an active and inactive
Schottky equilibrium.

The conductivity is summarized in Figure 2.2 (b). The electronic conductivity of STO is expressed as:
Oel = N€LL + PEL (2.8)

, Where n and p are electron and hole concentrations, respectively. g and 4 are the electron and hole
mobility, respectively. The electron and hole concentrations are both exponentially dependent on the
temperature at given pressure (Equation (2.4) and (2.6)), while the electron and hole mobility follow the
power law [24, 30]. Therefore the total conductivity is mainly dependent on the electron and hole
concentration rather than their mobility.

Figure 2.2 (b) shows that the pO; increase firstly reduces the total conductivity since the majority charge
carrier electrons decrease and the holes increase. The further increase of the oxygen pressure results in an
increase of conductivity, where the holes are the majority of charge carriers. A detailed discussion and
quantitative description of the pO, dependence of the conductivity in STO can be found in ref. [31].

Point defects in complex metal oxides can not only change the electronic but also the lattice properties. One
example is the lattice expansion caused by cation vacancies. As illustrated by Ohnishi et. al [12, 32], if STO
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thin films with cation vacancies are grown epitaxially on STO substrates, the in-plane lattice in a- and
b-direction of the thin film is strained and only the out-of-plane lattice in c-direction is expanded. The
explanation for this effect is the electrostatic repulsion between the negatively charged cation vacancies and
the anions (Figure 2.3). Thus this c-lattice expansion (Ac) can be solely attributed to the cation vacancies in
STO and is used in this work for the estimation of the concentration of cation vacancies in the epitaxial STO
thin film on STO. The experimental steps for the determination of the c-lattice expansion will be illustrated
in chapter 3.
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Figure 2.2 (a) Defect concentration of acceptor doped STO at equilibrium for different oxygen partial pressure.
(b) The corresponding conductivity for different oxygen partial pressure. The two pictures are adapted from ref. [31].

©,0,0,0,0,0,0
o Yo Zo Lo Yo ¥V,
O'Oro'O 'O'O'O
NAA Yo'o'o

AAC

(&) 'O 'O

Figure 2.3 The lattice expansion from the Sr vacancies in STO. Adapted from ref. [32]. The figure is modified.
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2.2.2 1D Dislocations in STO

The representative 1D defects are dislocations including edge dislocation and screw dislocation. Both edge
dislocations and screw dislocations have been identified with high resolution TEM [33, 34] as shown in
Figure 2.4 together with the corresponding model. The edge dislocation shows a Burgers vector in a[001]
direction, which is perpendicular to the dislocation core (Figure 2.4 (a)), whereas the screw dislocation
shows a Burgers vector in c[001] direction that is parallel to the dislocation core (Figure 2.4 (b)).
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Figure 2.4 The TEM pictures for (a) an edge dislocation in STO (adapted from ref. [34]) and (b) a screw dislocation
in STO (adapted from ref. [33]). The corresponding models to interpret the data are given in the inset.

2.2.3 2D defects

The most famous and interesting 2D defect in STO is the Ruddlesden-Popper-type defect (RP fault) in STO,
since RP fault can strongly influence the STO properties like the thermoelectric properties [35, 36], optical
properties [14] and ionic transport properties [37].

The RP fault is different from Ruddlesden-Popper phase (RP phase) of SrO(SrTiOs)n [29]. For the RP phase
the STO unit cell’s translation symmetry is changed with a SrO intercalation after each n STO unit cells in
the form of ...(SrTiO3z)nSrO(SITiOs)xn. ... Thus the StO(STO), acts as the new unit cell. The most frequently
observed RP phase is in the powder form [38], which can also be produced by MBE growth [39] or PLD
[40]. As a simple case of n = 2, a model for the RP phase is illustrated in Figure 2.5 (a). We see a rock salt
structure of a SrO double layer formed between two STO unit cells. The lattice vector between two SrO
layers is 1/2 [0-11]rs for the rock salt structure. The subscript RS by 1/2 [0-11]rs means rock salt.

If the structure of SrO(STO), is not periodically reproduced, the rock salt SrO double layer separates only
locally two regions of STO with a half Sr-O-Sr bond length shift between both regions. This type of defect
is RP fault. As a consequence of the half unit cell shift the SrO from the left region faces the TiO- from the

9
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right region (Figure 2.5 (b)). Taking the periodicity of one unit cell STO into consideration, this shift is the
half period. Thus this boundary formed by the SrO double layer is called anti-phase boundary (APB). It has
been observed for Sr rich STO thin films deposited by PLD growth [41].

Although it has been observed for both MBE [14, 42] and PLD [40, 43] that the Sr excess in STO leads to
formation of SrO excess layers and the RP phase or APBs, however, the formation process has not been
fully understood so far. The study of the formation process of APBs is carried out in chapter 4.
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Figure 2.5 (a) Sketch for Ruddlesden-Popper phase with n =2 for Sry+1TinOsn+1. The graph is adapted from
ref. [38]. (b) A TEM image for Ruddlesden-Popper fault and anti-phase boundary in PLD grown Sr rich STO film.
The graph is adapted from ref. [41].

2.3 Basic processes during PLD growth

As a physical vapor deposition technique, PLD can be applied to many material systems. The most
significant advantages are the wide range of applicable gas pressure, the small target size and the nearly
stoichiometric transfer within an easily located growth window. In Figure 2.6, a representative illustration
of the PLD process is shown. We can see that the PLD process can be divided into three subsequent
processes: the ablation and plume generation within the nanosecond (ns) regime; the plume propagation
process within the microsecond (us) regime; and the surface diffusion and thin film growth within the
second (s) regime. These three processes will be discussed in the following for homoepitaxial STO growth.
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Figure 2.6 The working principle of PLD. Three different processes are spatially and temporally separated. For details
see the text.

2.3.1 Ablation process and plume generation

The ablation process is the process of releasing materials in the form of atoms, ions and electrons through
laser radiation on the target surface. To investigate the ablation process, we have to consider the interaction
between photons, atoms and electrons, where the time scale for the interaction processes is important. The
electron cooling time (z) is much smaller than the lattice heating time (z) [44], which are both in the range
of picoseconds. The electron cooling time is the time for transferring kinetic energy between electrons by
collisions till equilibrium, whereas the lattice heating time is the time for the phonons to arrive at equilibrium.
The laser duration time (z) has to be compared with both. As for the ns laser duration, it is longer than both,
the electron cooling time and the lattice heating time. The processes have to be considered in three time
regimes: femtosecond (fs), picosecond (ps) and nanosecond (ns) regime.

In the fs regime, only photon induced electronic absorption or electronic excitation can take place, while the
thermal conduction can be neglected in this time regime. Once the electrons in the valence band absorb
enough energy to jump into the conduction band, they can further increase their kinetic energy and ionize
atoms at impact, introducing photoionization. We discuss three possible photoionization processes in two
oxide materials used in this work as an example. For photon energies higher than the direct band gap of the
material, for example the Kr-F laser (hv ~ 5 eV) on the SrTiOsz single crystal (Eggirect ~ 3.2 €V), the direct
interband transition triggered by the photon energy leads to the formation of an electron-hole plasma with
a lifetime in the range of fs. (Figure 2.7 (a)). For photon energies lower than or equal to the band gap, e.g.
Kr-F laser on the LaAlOz single crystal (Egdirect ~ 5 €V), multi -photon ionization (Figure 2.7 (b)) is activated
through the high photon intensity, where the efficiency of ionization is lower than the interband absorption.
During the multiphoton ionization with high enough photon intensity, an electron in ground state can absorb
enough energy from multiple simultaneously coming photons and arrive an excited state. For crystals with
defects on the surface or bulk, the ionization via defect energy levels is also significant (Figure 2.7 (c)).

11
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Figure 2.7 The three mechanisms of photoionization: (a) the interband transition, (b) the multiphoton ionization and
(c) the ionization via defect states. The black spot represents the electron, while the horizontal lines represent the
conduction band (Ec), valence band (Ev) and defect levels (Eqerect). The horizontal arrows represent the density of the
incident photons required for an efficient ablation.

In the ps regime, two processes in two directions take place. For the direction down into the target, the
energy absorbed by the electrons will be transferred to the lattice by electron-phonon coupling. The heat
can also be transferred into the target by heat diffusion, which depends on diffusivity and the heat diffusion
time. For the opposite direction, free electrons with high kinetic energy can leave the surface leaving ions
behind. This separation of two oppositely charged particles generates a strong electrostatic field, which will
pull the ions out from the target surface. This is the main ablation process for laser energy densities (fluence)
higher than the ablation threshold.

In the ns regime, the situation is complicated. As the laser applied in this work has a duration of 25 ns, the
interaction between the laser radiation and the already generated plasma is important. The laser will hit the
formed plasma and the two dominant processes happening during this process are inverse Bremsstrahlung
and avalanche ionization [45] (Figure 2.8), which can finally lead to a strongly increased free electron
density. The neutral atoms in the plasma will be further ionized by colliding with these hot electrons,
introducing a stronger ionization degree of the already formed plasma. At the same time, the heat transferred
from electrons to the lattice during the ablation process will be increased by the plasma interaction and the
evaporation of target material proceeds.

As a conclusion, for the ns laser, both, the photoionization process and the thermal evaporation process, are
playing important roles. The laser fluence, which is the energy density of the laser on the target in unit of
Jicm?, can strongly influence the ratio between the photoionization and the thermal evaporation. If the laser
fluence is high, the main process is the photoionization induced ablation. If the laser fluence is low, the
photoionization is weak and the main process is the thermal evaporation [47]. Nevertheless, these two
processes also dependent on the material properties like thermal conductivity and the strength of electron-
phonon coupling, which has to be taken into consideration for comparison between different materials.

12
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Figure 2.8 The ionization processes in the ns regime. The most important processes during ns laser radiation are
inverse Bremsstrahlung absorption and the avalanche ionization. For the ionization potential, not only the band gap
(Egap) is important, but the electron oscillation energy (Eosc) due to the electrical laser field has also to be considered.
However, this oscillation energy is by nanosecond laser pulses small and can be neglected [46]. The black dots are
the electrons. The figure is reproduced from ref. [46].

It has to be mentioned that for all multi-elements targets, the ablation process with variation of parameters
may introduce non-stoichiometry in the ablated material. For complex metal oxides, the ablation process
can be complicated and we discuss the non-stoichiometric ablation with respect to the material properties.
Two possible explanations for the non-stoichiometric ablation were suggested for two classes of material
systems. For quaternary oxides with a complex phase diagram, the explanation for non-stoichiometric
ablation is non-congruent melting. For low laser fluence, where the oxide material experiences melting
before evaporation, the different melting points of possible phases result in different evaporation rates. Thus
the ablated species constitute a composition that differs from the target itself. This effect was first observed
in quaternary oxides like YBa>CusOr.x, which shows an incongruent melting [48]. For non-stoichiometric
ablation in ternary oxides with congruent melting, the explanation is the different diffusion constants for the
different elements in the oxide target. For congruently melting materials like SrTiO3[49], it has been
observed that the low laser fluence introduces a Sr rich film, while the high laser fluence produces a Ti rich
film. To explain this phenomenon, controversial models have been suggested. As suggested by Dam [4], if
the laser fluence is low, the thermal melting and evaporation dominates and the Sr atoms can flow to the
surface through the molten region. It makes the surface enriched with Sr and the subsequent ablation is thus
Sr rich. However, Wicklein et. al have shown that the non-stoichiometric ablation is rather weak in
comparison to the preferential scattering during the plume propagation, which will be discussed in the
following.
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2.3.2 Plume Propagation

The general model for the plume propagation has been well studied for the simple element plume
propagation like Y [50] and Ag [51] in different gas ambient atmospheres. Since the effective pressure of
the initial plasma formed by the laser ablation process is around tens of mbar, for the pressures in PLD
chamber of lower than mbar a pressure gradient perpendicular to the initial plasma surface is generated. At
pressures between vacuum and around 10 mbar, the interaction between the plume and the gas molecules
can be neglected and the plume expands freely. For higher pressures, which are more frequently used for
the PLD growth, the interaction between the plume and the gas molecules has to be taken into consideration.
One specific feature for the plume propagation in a certain pressure range is the splitting of propagating
components, which reveals the complex feature for the interaction between gas molecules and the plume:
one component (fast part) comprises high energy particles with little scattering with the surrounding, which
is vacuum like; while the other component (slow part) comprises ions that collide with the gas molecules
and are slowed down with further propagation. After a certain distance the propagation of the slow part is
thermalized and after this distance the propagation is diffusive. The ratio between the two parts is strongly
dependent on the pressure in PLD chamber [52], where for the high pressures only the slow part can be
observed. The slow part propagation prior to the stop distance can be described well by a hemisphere plume
model suggested by Predtechensky and Mayonov [53], where the adiabatic plume expansion with respect
to the gas-plume interaction has been considered [51]: The plasma expands and sweeps up the gas molecules,
which accumulate at the front of the plasma (from R to Re, Figure 2.9), while most materials in the plume
can be found in a thin hemisphere shell (from R to R;, Figure 2.9). Within this model, the momentum transfer
equation is used to describe the gas dynamics, which can describe how the gas pressure and the increased
swept-up gas mass can decelerate the plume propagation. For details see ref. [51] and the following example
for the STO plume propagation.

|/
N\ 4
M LN

Figure 2.9 The model for the propagation of the plume in the gas atmosphere. The radius R is the outer boundary of
the plume and the R; is the inner boundary of the plume. R is the outer boundary of the swept-up gas. This figure is
reproduced from ref. [51].

In the following we take the STO plume as one example to illustrate the plume propagation influenced by
the laser fluence (F.) and the ambient pressure (p), which is essential for the discussion of homoepitaxial
growth of STO on STO as described in chapter 4. The propagation dynamics of the STO plume generated
during the PLD process have been studied by using time gated Intensified Charge Coupled Device (ICCD)
imaging [54, 55]. This in-situ diagnostic was proved suitable to monitor plume expansion during thin film
deposition thanks to the advantage of providing spatially-resolved two-dimensional (2D) optical emission
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intensity maps of different species the plume. It is also possible to investigate the total emission of one
plume to compare qualitatively the propagation kinetics between different parameter settings. Although this
technique only monitors species which are optically active in the visible range, it has been shown earlier
that it provides a description of the laser ablation plume expansion consistent with other different
complementary techniques, such as optical emission and absorption spectroscopy as well as ion probe
analysis, which can only give local information [6, 50, 56-57].

Figures 2.10 (a) and (b) show examples of the 2D images of the STO plume total emission at different delays
after the laser pulse, for deposition in O, background gas. In the images of Figures 2.10 (a) and (b), the
plume propagation direction is along the vertical z-axis, and z = 0 marks the position of the target surface,
whereas the x-axis is parallel to the target surface. The corresponding spatially resolved one-dimensional
(1D) spectra of the plume species emission (Figure. 2.12) indicate that the plume self-emission is due to
many emission lines of Sr and Ti excited atoms in the visible region, and to some emission bands of their
oxides [58]. The STO plume images reported in Figure 2.10 allow illustrating the diverse effects of two
important PLD parameters, such as F, and p. Figure 2.10 (b) shows plume images for three different values
of F_(0.6, 1 and 2 J/cm?) at p = 0.1 mbar. One can clearly observe that at larger values of Fi_the plume front
reaches the substrate earlier due to the increased initial driving energy of the plume. As the fluence decreases,
a more effective braking of the plume propagation occurs, and the plume is actually stopped on a distance
of about 2cm from the target surface at the lower fluence. In these conditions the ablated species can reach
the substrate only through a diffusive propagation regime in the background gas [52]. Figure 2.10 (a) reports
images of the STO plume for four different values of the background gas pressure (1, 0.1, 0.07 and 10 mbar)
at a fixed F_ of 1.5 J/cm? The images at p = 10~ mbar are representative of the plume expansion features
registered at low pressures. At low-pressure level, the plume is elongated along the direction normal to the
target surface (x = 0). As the pressure p increases in the 102-10"* mbar range, the plume becomes gradually
more confined developing into a more spherical shape with the maximum of emission progressively located
closer to its front edge. At the high-pressure level of 10" mbar, an important confinement effect is visible
and the plume strongly sharpens while its front effectively brakes (the red area for the high energy particles
on the plume front shrinks).

All these phenomena described above result from a rather complex relationship between the plume
expansion dynamics and its interaction with a background gas [51, 59-60]. The laser fluence F. defines both
the amount of ablated material and its initial energy, whereas the ambient gas pressure determines the
braking/stopping external forces. The interplay between these different quantities regulates the resulting
plume propagation dynamics. In the typical conditions used in PLD of epitaxial thin films, the substrate
temperature is several hundred degrees. In such cases, the background gas is characterized by a variable,
spatial density profile as a consequence of the temperature gradient between the target and the substrate
surface (see refs. [61] and [62] for details). The plume expansion dynamics are typically analyzed by
following the position of the plume front R along the normal to the target surface as a function of the time t
with respect to the laser pulse. Figure 2.10 (c) reports the temporal evolution of the STO plume front for
two different values of F.. This data has been interpreted in the frame of a model based on the balance
between plume linear momentum variation and the external pressure force which takes into account the
spatial profile of the background gas [61, 62]. The model considers the plume and adjoins the background
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gas as a hemispherical thin layer of radius R moving at velocity u and experiencing the force due to the
background gas pressure p, as expressed by the equation:

%{[Mp +M,(R)L(R)}=—24R?p @.1)

, Where M, is the driving plume mass and u(R) is given by u(R) = ?TT . The mass of the background gas

R
swept away by the expanding plume at a distance R at the time t is given by M (R) = erf p(r)rédr, where
0

p(r) is the background density profile as a function of the radial coordinate r.
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Figure 2.10 2D images of the STO PLD plume for, (a) different background pressures at different delay times zwith
FL=1.5J/cm? and (b) different laser fluencies F. at different delay times r (same delay times as for (a)) and a
background pressure p = 0.1 mbar. (c) Temporal variation of the plume front position R for two different values of the
laser pulse fluence F at a pressure p = 0.1 mbar. (d) Variation of the plume front velocity u versus distance z from
the target position. The solid curves are fits to the model of Equation (2.1). The results were published in ref. [63].
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The solid lines of Figure 2.10 (c) are fits of the experimental data to the propagation model of Equation (2.1),
using the driving mass of the plume M, and the initial velocity uo as fitting parameters. The model describes
fairly well the experimental plume front dynamics and allows estimating the variation of the plume front
velocity u on the distance from the target surface z as reported in Figure 2.10 (d). The fitting procedure
provides M,=310ng and up=8.5km/s at F.=0.6Jcm? and M,=1300ng and u,=13.5km/s at
FL= 2.0 JJem? This, in turn, indicates an increase of both the driving plume mass and initial kinetic energy
with the laser pulse fluence, which eventually defines the consequent plume propagation dynamics. As
shown in Figure 2.10 (d) the plume front stops for distances z ~ 30 mm at F. = 0.6 J/cm?,

The plume expansion dynamics allow evaluating the maximum kinetic energy Ex of the cations impinging
on the substrate at the plume front, showing the effects of the specific deposition conditions (fluence and
background gas pressure). Focusing on wavelengths that come from a specific atom, the kinetic energy of
this atom can be investigated and qualitatively represents the influence of the growth condition.

As an example, Figure 2.11 reports the dependence of Ex for the Sr atoms, as a function of the laser fluence
F. for different values of oxygen background pressure ranging from 0.01 to 0.5 mbar at a target-to-substrate
distance dvs of 44 mm. The same trends are valid for the Ti atoms, with kinetic energy values reduced by a
factor 1.8. We observe that both the fluence and the oxygen pressure influence the maximum kinetic energy
of the arriving cations.

36 . .
[ = 0.5 mbar
- e 0.25 mbar <
27+F 0.1 mbar < -
- | ¥ 0.075 mbar ]
% [ 0.025 mbar ]
L8[ < 00lmbar 1
S 1
ol < ]
SRS S ) SR S
ol s Y P
0 1 2 3
2
F (J/em?)

Figure 2.11 Variation of the maximum Kkinetic energy Ex of Sr atoms as a function of F_ for various values of the
background pressure. The dashed line marks the activation energy for the surface diffusion Esp [8], which we regard
as the lower limit below which any influence of the particle energy on the growth kinetics can be excluded. The error
bar shows the typical uncertainty of the Ex values as obtained by the accuracy of front velocity curves in
Figure 2.10 (d). The target-to-substrate distance is 44 mm. The results were published in ref. [63].
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At a fixed background pressure, the kinetic energy of the ablated species arriving on the substrate can be
adjusted by an appropriate selection of the laser fluence. Fig. 2.10 shows the highest energy of nearly 30 eV
for the lowest pressure of 0.01 mbar. That is well below 100 eV, which would be necessary to induce
significant sputtering effects [64]. However, other Kinetic pathways leading to a transition in the growth
mode like enhanced intralayer and interlayer adatom transport, direct incorporation of energetic atoms into
clusters, and cluster disruption leading to an increased density of nucleation points have to be considered
[65]. As described by Willmott et. al [66] the flux of high energetic species can break up small islands of
one monolayer height (so called 2D islands) resulting in the creation of new nucleation sites for adatoms.
Considering a bond strength of SrO of about 5 eV and 7 eV for TiO bonds [67], respectively, the cracking
of 5-fold Ti bonds and 4-fold Sr bonds in the middle of a STO surface island might play a role at the lowest
investigated oxygen partial pressure, when a kinetic energy of 30 eV is obtained. Since island fragmentation
becomes less likely at energies below 10 eV [66], Figure 2.11 shows that irrespective of the laser fluence
this process is inhibited for oxygen partial pressures above 0.025 mbar.

Below the energy range of island fragmentation, the transfer of the kinetic energies of the oncoming particles
into enhanced intra- or interlayer diffusion are conceivable processes influencing the growth kinetics of
PLD grown films [10, 65, 68]. Since the physical background and the relevant energy range of these
processes are still under controversial debate, we introduced the activation energy Esp of surface diffusion
(marked in Figure 2.11 as dashed line) as lower limit for the kinetic energy below which any impact of the
kinetic energy on the surface diffusion can be excluded. We considered a lower limit of 2.2 eV [69] for Esp
but one has to note that there exists some spread of this value in the literature (e.g. 3.3 eV for Sr terminated
STO and 3.8 eV for Ti terminated STO [9]).

As can be seen in Figure 2.11 for 0.01 mbar and 0.025 mbar, Ex exceeds Esp for all employed laser fluences,
except for the lowest value of 0.6 J/cm?. For 0.075 mbar and 0.1 mbar, Ex exceeds Egp at a laser fluence of
2 Jlem? and 2.5 J/cm?, respectively. Above 0.1 mbar enhanced surface diffusion can be neglected for the
whole investigated fluence regime. Therefore for the discussion on the surface diffusion in chapter 4 with
0.1 mbar as growth pressure, the enhanced surface diffusion can be neglected.

The laser fluence can strongly change the STO thin film stoichiometry [4, 12-13]. As proven by the former
study in our group [58], the laser fluence mainly changes the preferential scattering process and thus
influences the final stoichiometry of the plume front arriving at the substrate surface [58]. Figure 2.12
visualizes the relative change of the different components via the optical emission spectra at different laser
fluences. By tuning the laser fluence from 0.6 J/cm? to 2 J/cm?, we see the optical emissions that correspond
to Sr are reduced, while the optical emissions of Ti are increased. The red color represents the maximal
concentration of a specific element at corresponding wavelength, while the blue color represents the
minimum.

18



2 Fundamentals

450 500 550 600 650
Wavelength (nm)

Figure 2.12 The emission spectra for (upper panel) 2 J/cm?, (middle panel) 1 J/cm? and (lower panel) 0.6 J/cm?. The
oxygen partial pressure in PLD is pO, = 0.2 mbar. The figure is reprodued from ref. [58].

However, the optical emission spectra are strongly influenced by the oxidation process by the ambient
oxygen gas. Therefore, in order to see the kinetic processes during the propagation of Sr and Ti species, the
optical emission spectra are recorded for the STO plume in Ar. In Figure 2.13 the optical emission ratio of
Sr/Ti in Ar is summarized along the plume propagation direction in z axis. We observe a clear increase of
the Sr/Ti ratio, which indicates the preferential scattering of the light Ti atoms. Although the oxidation may
take place by the oxygen inlet, the kinetic scattering process should be similar to the situation in Ar. So the
preferential scattering of the Ti out of the main propagation direction of the plume by the gas atoms is
responsible for the Sr rich plume at the low laser fluence, where the nascent plume is stoichiometric. At the
high fluence, the nascent plume is Ti rich. The preferential scattering of Ti at the high fluence is not strong
enough to reduce the Ti excess to null at a target-substrate distance of around 44 mm, which makes the final
film Ti rich. The knowledge of the preferential scattering helps the discussion about the cation
non-stoichiometry in chapter 4.
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Figure 2.13 The Sr/Ti ratio (derived from optical emission spectra obtained in an argon atmosphere with a pressure
of 0.2 mbar) in the plume along the z-axis. Inset: the distance-time relation for the plume front The two solid curves in
the main image and in the inset are guides to the eye. The solid straight line in the inset indicates a trajectory that the
free expansion of the plume should follow. This picture is reproduced from ref. [58].

Besides the surface diffusion and the film stoichiometry, the propagation of the plume can also strongly
influence the redox process during growth. First of all, the impinging particles with high kinetic energy of
the plume can reduce the STO substrate by selectively sputtering off the oxygen as reported by many groups
[70, 71].

Moreover, it has to be mentioned that high energetic photons (e.g. ultra violet radiation, UV) can also be
emitted from the laser plume. One example is the Ti Il Stark profile at ~ 350 nm observed during PLD
growth of TiN layers by Herrmann [72]. The UV-radiation can have an impact on the STO substrates and
thin films. It has been reported that at room temperature, the UV-radiation of 325 nm Cd laser [73] can
introduce oxygen vacancies or Ti-O vacancy clusters in SrTiOs, which result in conductive SrTiOs. Similar
phenomena have been observed by M. Tarun et. al [74]. However, the influence of UV-radiation can be
complex. On the one hand, at elevated temperatures like 800 °C for a typical PLD growth, the generation
of the defects should be easier with a decreased barrier through thermal activation (see chapter 2.2.1). On
the other hand, the measurable UV-radiation influence reported in the literature is carried out with
continuous UV-radiation, while the emission time of UV-radiation during the PLD process is much shorter
(~ ws) [72], which would reduce the influence of UV-radiation on the STO sample. However, the exact
influence of UV-radiation on the STO property change at a nominal growth condition in PLD has not been
studied yet.

As a summary for the plume propagation process, the energetic particles in the plume and the UV-radiation
from the plume may both influence the oxygen incorporation into STO. Therefore the oxygen incorporation
process during the growth of thin films has to be studied, where the impact from the kinetic particles of the
plume and the UV-radiation have to be disentangled. The corresponding discussion is carried out in
chapter 6.
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2.3.3 Surface diffusion

Due to its extremely high deposition rate, the PLD growth is accompanied by a high supersaturation in
expression of the chemical potential difference to the equilibrium Ay [75]:

At =KkgT I 2.2)
Ro

, where R is the deposition rate and Ry the deposition rate at equilibrium, T the temperature and kg the
Boltzmann constant. This high supersaturation results in the instantaneous nucleation, where the nuclei are
formed in a short time. As indicated by the surface X-ray diffraction, the instantaneous nucleation time of
STO crystalline structures on STO substrate should be around several microseconds [10]. In ref. [10], it has
been shown that the diffusion time of the nucleated species on the STO substrate is in the range of seconds.
Therefore the diffusion of these formed STO crystalline structures should be well separated from nucleation
events. This is a distinct feature, which differs from the nucleation process by other techniques like e.g. the
continuous nucleation by MBE [76]. This instantaneous nucleation enables the separation of the diffusion
process from the nucleation process for PLD.

The surface diffusion process can be interpreted as the hopping of particles between the potential wells
formed by the underlying crystal surface. As for complex metal oxides like STO, this hopping process can
be simplified as the hopping of STO unit cells on the STO surface by the first approximation. It has to be
mentioned that the real process should be much more complex than just hopping of STO unit cells. Since
the incoming particles from plasma consist of different neutrals and ions, the coupled multicomponent
diffusion has to be considered. Moreover, the diffusing STO structures may consist more than one STO unit
cell, which may lead to a distribution of the diffusion time. However, the discussion on the microscopic
mechanism of surface diffusion can’t be covered in this work. For an illustration for the influence of cation
non-stoichiometry on the surface diffusion, the model with STO unit cells can be used and the diffusion
coefficient is actually an apparent diffusion coefficient. The advantage for this simplification is that the
diffusion can be easily compared with one single apparent diffusion coefficient. The hopping frequency (7)
is defined as a product of the attempt frequency (v) and a thermodynamic factor, which is dependent on the
diffusion barrier (Eqirr) and the thermal energy (keT):

Eqit ),

'=vexp(- T
B

2.3)

The attempt frequency (v) is normally assumed to be the vibrational frequency of the adatoms on the surface,
while the diffusion barrier (Euirr) is dependent on the binding energy of the adatoms to its neighbors and may
differ for local conditions.
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Considering the statistical nature of the surface diffusion, the diffusion coefficient (D) is a product of the
hopping frequency and the possible area covered by hopping (for the simplest case the square of the lattice
constant ao for a cubic lattice) in the form of:

Eifs ),

D = a,°T" = ay v exp(—
0 ) n( kT

(2.4)

For the 2D surface diffusion, the correlation between the diffusion coefficient (D), diffusion length (Lo) and
diffusion time (z) can be established as the Einstein relation [77] derived from Fick’s first law:

Lp?
nzc

D= (2.5)

, where n is the number of nearest neighbors for the diffusion species. For a cubic lattice n should be
normally 1 for one particle on the surface, and for a hole on the surface n should be 5. Since only particle
diffusion is considered, we take n = 1 to simplify the qualitative comparison in chapter 4, which is also used
in literature [8]:

(2.6)

The relaxation time of the RHEED intensity (z) after each laser pulse represents the decrease of the surface
roughness (for the details about RHEED see the chapter 3), which can be used to estimate the time necessary
for all diffusing units to find an island [8]. Normally, the diffusion takes place on both, the substrate and the
formed islands, which leads to a complex analysis of the relaxation time. However, two situations can be
simplified: For the low coverage (0= 0 ~ 0.1 monolayer (ML)), the relaxation time of RHEED represents
the diffusion time on the substrate, i.e. 7o;mL = , substrate. FOr the high coverage (6=0.7 ~ 1 ML), the
relaxation time can be interpreted as the diffusion time on the formed islands, i.e. zo.smL = o, istands. FOr both
cases the RHEED intensity (Ir1een) can be described as:

t
IRHEED :1—exp(—;), 2.7

Figure 2.14 illustrates the representative relaxation of the RHEED intensity at low coverage, while the two
insets illustrate the surface morphology for the t = 0 and t > ras indicated by the arrows.
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IRHEED

Figure 2.14 RHEED intensity relaxation for the low surface coverage (black curve) with the relaxation time marked
by the broken line. The morphologies att = 0 and at t > rare shown in the left and right inset, respectively.

The diffusion lengths are estimated at surface coverages close to zero or unity (6~ 0.1 ML or 6~ 0.8 ML).
For such coverages, the STO unit cells diffuse either to the formed islands (circulars in Figure 2.15 (a)) or
to the holes (triangles between three circulars in Figure 2.15 (b)). Therefore the diffusion length on the
substrate can be estimated as half of the averaged distance between the islands (<Ls>) at low coverages like
6~ 0.1 ML (Figure 2.15 (a)):

(Ls)
Lp,substrate = g'lML (2.8)

, Whereas the diffusion length on the formed islands can be estimated by half of the averaged distance
between the holes at high coverages like &~ 0.8 ML (Figure 2.15 (b)):

(Ls)
Lp islands = SISML . (2.9)
<LS>
Oe—
(a)

Figure 2.15 (a) The averaged length between islands at a surface coverage of 0.1 monolayers and (b) The averaged length between
holes at a surface coverage of 0.8 monolayers. The circles represent the islands.
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Therefore, with the diffusion time (o, susstrate) and diffusion length (Lo, substrate) ON the substrate the apparent
surface diffusion coefficient of STO unit cells on STO substrates (Ds, substrate) Can be estimated. The diffusion
coefficient of STO unit cells on formed STO islands (Ds, istands) €an be estimated from the diffusion time
(7, islangs) and diffusion length (Lp, isianas) 0N formed islands. This principle is applied in chapter 4 for the
discussion of the surface diffusion influenced by the cation non-stoichiometry in STO.

Since the diffusion time can be correlated to the diffusion barrier by combining Equation (2.4) and (2.6):

E.:
In(z) oc k‘ﬁ +C. (2.10)

B

The diffusion barrier of STO on STO can be estimated through temperature dependent diffusion time
measurements, which have been carried out by several groups [8-9, 78]. Rijnders et. al [8] suggested a
barrier of ~ 2.2 eV for an oxygen pressure of 0.2 mbar and ~ 0.48 eV at 0.03 mbar. Lippmaa et. al [9] paid
attention to the different terminations of the STO substrate, where on the TiO, termination the diffusion
barrier is around 3.8 eV and on the SrO termination the diffusion barrier is around 3.3 eV. However, for
both studies the influence from the stoichiometry of STO is not considered. This is the point that is to be
discussed in chapter 4 with varied cation non-stoichiometry in STO but constant temperature. It has to be
mentioned that, to better understand the influence of stoichiometry on the diffusion, temperature dependent
depositions with cation non-stoichiometry for homoepitaxial STO are necessary.

2.3.4 Thin film growth modes

There are three classical thin film growth modes for ideal infinite and flat surfaces: the Frank van der Merwe
layer-by-layer growth, VVolmer-Weber island growth and Stranski-Krastanov layer-plus-island growth [79].
The three growth modes are illustrated in Figure 2.16. For the Frank van der Merwe layer-by-layer growth,
the growth stays in the layer-by-layer growth until the end, i.e. the beginning of the next layer takes place
after the finishing of the previous layer (Figure 2.16 (a)). Under certain circumstances, e.g. the growth of
thin films with slight lattice misfit, the layer-by-layer growth can be sustained in the early growth stage
within several unit cells (layer thickness) if the strain is not high enough to relax. However, at increased
thicknesses the lattice starts to relax under the stress. Therefore 3D islands are formed and the further growth
will be in the 3D mode. This growth with transition from 2D to 3D is called Stranski-Krastanov layer-plus-
island growth (Figure 2.16 (b)). If there is no 2D layer-by-layer growth observable and the growth is from
the beginning on 3D islands growth, it is called Wolmer-Weber island growth.
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Figure 2.16 The three growth modes illustrated at different stages: (a) Frank van der Merwe layer-by-layer growth,
(b) Volmer-Weber island growth and (c) Stranski-Krastanov growth. The figure is reproduced from ref. [79].

For a real vicinal surface with terrace edges, which are inevitable for any single crystal substrate with a
certain miscut angle, all of the three above mentioned growth modes can be observed on the terraces.
Moreover, the terrace edges may act as natural nuclei and the so called step flow growth can be observed:
the particles reaching the surface diffuse towards the terrace edges without nucleation on the terrace. The
growth of the thin film then proceeds only by the propagation of the terrace front [80]. The principle is
illustrated in Figure 2.17. This growth mode can be observed for many complex metal oxide thin film
growths with vicinal surfaces, where the surface diffusion length exceeds the terrace length. This growth
mode has a positive impact on the thin film properties [81-83].

Growing material

W

Substrate ]
(vicinal surface)

Figure 2.17 The illustration of the step flow growth mode on a vicinal surface. The figure is reproduced from ref. [80]

Taking the layer-by-layer growth as an example, the growth of the thin film can be followed by the peak
intensity of the specular spot of the RHEED pattern (for details about RHEED see chapter 3) (Figure 2.18).
It has been suggested by Kawamura that in theory the RHEED intensity change during thin film growth can
be interpreted by the step density model for [84] and applied especially good for the complex metal oxide
growth [8, 69]. In this model, the RHEED intensity (Irneep) can be related to the step density (S):
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I RueeD* 1— (2.11)

MAX

, Where Swax is the maximum of step density. The scenario is as follows (Figure 2.18): for the increased
density of steps on the surface before island coalescence, the scattering of the specular spot of the electron
beam is stronger, which decreases the RHEED intensity. As the island coalescence takes place, the step
density is reduced and the RHEED intensity increases.

MONOLAYER GROWTH ELECTRON BEAM RHEED SIGNAL
[001)

/—— [10}

[110)

Figure 2.18 The step density model for the RHEED intensity oscillation. Left panel: development of the surface
morphology. Middle panel: the scattering of the electron beams on the surface. Right panel: the RHEED intensity
oscillation with dots marking the position for the corresponding time. The figure is reproduced from ref. [85].

Under the assumption of a circular shape of the 2D islands and an instantaneous nucleation with a constant
nucleation density, the development of the step density during the layer-by-layer growth in PLD can be
described by a model suggested by Stoyanov (for the derivation see ref. [86]):

S(t) = 27N, (L— O(t))/— In(1— (1)) (2.12)

, where N is the nucleation density, &t) the surface coverage and S(t) the step density.

This model can explain the step density change derived from the RHEED intensity during most complex
metal oxide growths. However, the circular form of the islands requires a high surface diffusion constant,
which is not the case for some layer-by-layer growths. The derivation of the assumed circular shape of
islands can lead to a change in the RHED oscillations and is to be discussed in chapter 4.
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Two aspects have to be considered for the growth modes: From the thermodynamic point of view, the
reduction of the total Gibb’s free energy of the surface by growth of thin films leads to layer-by-layer growth,
while the 3D growth leads to an increase of the surface free energy. This is important for the growth near
the thermodynamic equilibrium like for MBE or chemical vapor deposition (CVD). From the kinetic point
of view, the time required for different processes is important. The time-related parameters like repetition
rate of the laser pulses can thus strongly influence the growth mode [9]. For PLD growth, both aspects have
to be taken into consideration, where the kinetics may play a more important role.

For the homoepitaxial growth in PLD, the growth mode can be varied by tuning the growth temperature and
the repetition rate. A detailed study on the growth mode mapping within a certain parameter room has been
carried out by Lippmaa [9]. However, the influence of the cation non-stoichiometry that can result from the
laser fluence variation or pressure variations has not been considered so far. The mechanism behind the
growth mode and possible growth mode transitions for STO homoepitaxy with cation non-stoichiometry is
discussed in chapter 4.

2.3.5 Peripheral processes introduced by equipment attached to the PLD chamber

It has been shown how important the individual processes during the PLD growth are. However, the PLD
growth process is not the only process that happens in the PLD chamber. The impacts from other peripheral
processes should also be considered.

As one example of peripheral processes introduced by equipment, the ionized species of the residual gas
from the cold cathode can strongly increase the electrons donated to the interface between LAO and STO
[87]. The peripheral processes are closely related to the working principle of the equipment. The working
principle of the possibly ionizing equipment, cold cathode gauge and mass spectrometer, are illustrated in
chapter 3. The effect from the cold cathode gauge and mass spectrometer in the PLD will be investigated
for low pressure annealing in chapter 6.

2.4 LaAlOs/SrTiO3 heterostructures

2.4.1 Theorems for the formation of a conductive interface in LAO/STO

It was discovered more than one decade ago that by depositing a polar LAO thin film on a non-polar STO
substrate with TiO. termination, a conductive interface will be formed despite of the insulating nature of the
two materials in single crystal form [88]. This conductive interface is called 2D electron gas (2DEG).

However, since its discovery, the generation of the conductive interface between two oxide band insulator
LAO and STO is still not fully understood and remains open despite immense efforts.

Different mechanisms are suggested for the generation of the conductive interface. The first and most
important is the polar catastrophe mechanism. It is called “catastrophe” for the sudden electronic transfer
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compensating ionic polar discontinuity. The straightforward experimental support is the critical thickness
of 4 u.c. of LAO for the interface conductivity generation, which is verified by both electrical
characterization [18, 89] and optical characterization [90]. In this model, 0.5 electrons per unit cell are
transferred to the interface to compensate for the build-in potential which results from the polar discontinuity
(Figure 2.19 (a) and (c)). The corresponding sheet electron density should be ns~3x10%cm?2.
Experimentally, the expected number of charge carriers on the interface is not always observed. Normally
smaller value is observed with unreduced STO substrate [89].

The second model is the mixing of La into SrTiOs. Since the La doping can make SrTiO3; conductive, the
diffusion of La into SrTiOs during the fabrication process can be a reason for the interface conductivity.
Experimentally, the intermixing between LaAlOzand SrTiOs is indeed observed [91]. However, this model
can’t explain the abrupt change of the interface conductivity since the intermixing happens during the whole
fabrication process.

Last but not least, the oxygen vacancies generated in SrTiOzare also suggested for the generation of interface
conductivity. This model can explain the absence of the interface conductivity at high oxygen pressure
grown LAO/STO, but it is not able to explain the critical thickness for the interface conductivity. It has also
been proved by F. Gunkel through the high temperature equilibrium conductance (HTEC) measurement on
the LAO/STO samples grown at low oxygen pressures that the conductive interface survives the annealing
at oxidizing condition [31], which disapproved the oxygen vacancy theory for the conductive interface.
Nevertheless, the role of oxygen vacancies on the LAO/STO interface is interesting and is not fully
understood yet.

As an important point to test the different mechanisms, the process happening at the critical thickness is of
special interest. As a matter of fact, both, changes in STO and LAO at the critical thickness have been
observed: the distortion of Ti octahedra [92] and the change of the Ti valence [93] are observed for STO;
the optical permittivity change [94] and c-lattice constant change [95] for LAO. However, these studies
have all been carried out ex-situ. As pointed out by Scheiderer et. al [87], molecules like H,O present in the
gas atmosphere can be absorbed on the LAO surface and thus influence the interface conductivity. Therefore,
the study of the interface conductivity generation during LAO growth with in-situ techniques is necessary
to understand the kinetics of different property changes. Therefore, the OIRD signal evolution during growth
of LAO on STO is investigated in chapter 5.

It has to be mentioned that the properties of the LAO/STO heterostructure is strongly influenced by the
growth conditions. As shown by Brinkman et. al [96], the LAO/STO heterostructure fabricated at different
oxygen pressures show different temperature dependent resistance. Especially for high oxygen pressure, the
LAO/STO shows high resistance and a Kondo-like minimum, indicating scattering centers on the interface.
The most probable explanation is the Schottky equilibrium on the interface involving the Sr vacancies,
which act as scattering centers observable at low temperatures [15-17]. For the LAO/STO fabricated at low
oxygen pressure, it has been observed by Basletic [97] that the STO substrate is reduced by incorporation
of oxygen vacancies. However, no study has been carried out on the Schottky equilibration process or on
the process of incorporation of oxygen vacancies during PLD. These two aspects will be investigated in
chapter 6.
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2.4.2 The difference between TiOz-and SrO-termination

Experimentally, the electronic properties of LAO/STO heterostructures show a difference in conductivity
for different terminations: for the TiO, termination most moderate PLD deposition conditions generate
conductive interfaces, whereas the SrO termination never shows any comparable conductivity at all [88,
98-99].

The perovskite structure can be envisaged as a sequence of SrO and TiO, submonolayers along [001]. Thus
on the surface of single crystal STO two different terminations can be possible: SrO or the TiO,. These two
kinds of terminations have distinct structural and electrical natures [100-102]. For a heteroepitaxial growth
of perovskites like LAO in PLD, where the unit cell nucleation on the surface can be finished within short
times [10], the incoming oxides can adjust the ordering of LaO* and AlO2" according to the termination of
STO. The interface between A’B’0Os; and ABOs; will be ordered like A’O/B’02/AO/BO, or
B’02/A’0/BO,/AO (Figure 2.19 (a) and (b)). For example, if the surface is terminated with TiO, (BO>), the
interface ordering should be AlO,/LaO*/TiO,/SrO. On the contrary, if the surface is terminated with
SrO (AO), the interface ordering is LaO*/AlO,/SrO/TiO,. The two surface terminations of STO do not only
influence the structural ordering of the LAO grown on it, but also influence the electronic properties.

For the TiO> termination, as discussed above, an electronic transfer to the interface can happen due to the
“polar catastrophe” and the accommodated electrons on the interface result in interface conductivity in the
form of electronic reconstruction [103] (Figure 2.19 (a) and (c)). However for the SrO termination, the holes
will be transferred to the interface but are compensated by the defects or so called “atomic
reconstruction” (Figure 2.19 (b) and (d)).

There are two possible methods for the generation of SrO terminated STO: one is through the deposition of
a certain amount of SrO on the TiO. terminated STO by PLD (or another deposition technique) as shown in
chapter 3 and in literature [104], the other is the thermal handling e.g. annealing of STO at a high
temperature in oxygen [102].
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Figure 2.19 (a) and (c): the principle for the conductive interface generation between LAO and TiO- terminated STO;
(b) and (d): the principle for the absence of conductive interface generation between LAO and SrO terminated STO.
This figure is adapted from ref. [103].

Some other groups have carried out studies on LAO growth on STO with mixed termination in the form of
stripes of SrO or TiO; on the terrace edges [105]. They intentionally introduced stripes of SrO or TiO- by
high temperature annealing and then grew LAO on top of the structure. They found the morphology of LAO
follows the STO surface and the stripe structure can be observed after growth. Interestingly, this mixed
termination introduces anisotropic conductivity. The change of the ratio between SrO and TiO, termination
can also strongly change the conductivity.

However, for all these discussions the measurements are carried out ex-situ, where an insight into the growth
process of LAO on STO with different terminations is still missing. Therefore the growth of LAO on STO
with 0 %, 55 % and 100 % SrO termination is studied in-situ in chapter 5 with OIRD and RHEED.
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3 Experimental Methods

3.1 Overview of the Electronic Oxide Cluster (EOC)

The Electronic Oxide Cluster (EOC) is a laboratory with the focus on the material study including
fabrication and characterization with all processes under vaccum and well defined ambient. The central parts
of this labratory are the ultra-high vacuum (UHV, below 10® mbar) transfer chamber along with the
ultra-high vacuum tunnel. The UHV transfer chamber and the UHV tunnel enable the transfer of the samples
between different equipment under continuous UHV condition avoiding the contamination from the
absorbates in air. This is extremely important for the study of the fundamental processes during pulsed laser
deposition, where the surface and interfaces play a significant role.

Transfer
Chamber

Figure 3.1 Overview of the oxide cluster tool. All equipment is marked with the corresponding name.
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The whole oxide cluster lab is depicted in Figure 3.1 and comprizes 3 fabrication methods and 6 structural
characterization methods. The three fabrication methods are a sputtering tool, an e-beam evaporation tool
(EBE) and a pulsed laser deposition chamber (PLD). The sputtering tool is capable of fabricating binary
oxide and metal thin films in polycrystalline at low substrate temperature or singlecrystalline states at high
temperatures. The EBE supplies poly-crystalline metal thin films as electrodes of devices. The PLD can
fabricate metal oxide single crystal thin layers with well controlled layer thicknesses down to sub-monolayer.
PLD processes are capable of depositing binary oxides, tenary oxides and even quaternary oxides. In order
to have in-situ control over the thin film properties, the PLD is equipped with multiple in-situ monitoring
techniques. The goal is to understand the basic processes like defect formation in thin films and conductive
interface formation during the PLD growth, which may lead to the rational design of PLD routines
optimizing the desired properties.

Among the six charaterization methods, reflection high energy electron diffraction (RHEED) and oblique
incidence reflectance technique (OIRD) are in-situ and real-time observation techniques for pulsed laser
deposition growth. They both are to be discussed in detail in this work to elucidate the correlation between
growth and thin film properties during PLD.

Among the other characterization techniques, low energy electron diffraction (LEED) and atomic force
microscopy (AFM) analyze the surface atomic structures. X-ray photoelectron spectroscopy (XPS) is
capable of measuring (among other properties) the thin film composition and surface termination without
lateral spatial resolution.

3.2 PLD and monitoring techniques
3.2.1PLD

A KrF Excimer Laser from Coherent® with wavelength of 248 nm is used for all the depositions. The initial
form of the laser spot is a square with rounded corners. Being tailored with an aperture into a rectangular
form, the laser is guided into the PLD chamber by several mirrors. Before entering the PLD chamber, the
laser fluence can be tuned by adjusting the transmission of a quartz window with an angle dependent
transmission factor in front of the lens of the PLD chamber. The arrangement of the optics on the optical
path enables the imaging of the aperture onto a ~ 2x1 mm? area on the position of the ceramic target. The
principle for the propagation of the laser is illustrated in Figure 3.2.
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Figure 3.2 The illustration of the optical path for the excimer laser propagation used in the PLD

The inside view of the PLD chamber is illustrated in Figure 3.3 (a) with the corresponding photo shown in
Figure 3.3 (b). The first process happening in the chamber is the laser plume generation by laser ablation on
the target surface. The target can be a ceramic plate with one inch diameter or a single crystal 1x1 cm?
substrate glued on the one inch diameter metal plate. The target is placed on a rotatable stage of a target
carousel, where not only the planetary movement of targets is possible, but also the rotation of a single target
is possible. In this way, the homogeneity of the deposited material is improved.

The next step is the plume propagation. The generated plume propagates a certain distance through the
predefined ambient, e.g. oxygen, Ar or Ho/Ar mixture with a certain partial pressure that is controlled either
by a mass flow controller at an elevated pressure (~ 0.1 mbar with 5 sccm) or controlled with a manual leak
value that allows a wider range of gas pressure from 107 mbar to 102 mbar. The details about this process
has been discussed in the chapter 2.

For the heating of the sample, an infra-red (IR) laser diode is applied in order to offer a high cooling rate by
switching off the laser heater. However, the oxide substrates like STO are not able to absorb the IR laser
energy given their large bandgap. Therefore a metallic holder is applied as an absorber. A pyrometer is
focused on the back side to control the temperature of the backside of the sample holder with a feedback
loop to the power output of the IR laser diode. The surface temperature control can be carried out by a
pyrometer from a viewport directed to the sample surface, but it is not always accessible for all sample
holder designs. This is the case for the sample holder shown in Figure 3.3 (b) which is special for the
UV-radiation study shown later in chapter 3.5. For this holder, the temperature difference between substrate
surface and back side of the metallic holder is calibrated by a STO reference substrate. The temperature
difference for a normal silver paste mounted sample between back side and front side is 30 °C, while for a
stack with Ni foil as absorber the temperature difference is 15-20 °C [106]. The two different mounting
methods will be applied for the different holder designs in chapter 3.5. The surrounding temperature is
measured with a thermocouple on the shutter with a certain distance from the sample holder. The
temperature during growth hardly exceeds 100 °C for growths at 800 °C for less than 8 hours. This is
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important for the other in-situ monitoring measurements because of the heat sensitivity of the optical and
electronic elements.

Sample IR Laser (a)
Holder Heater

Sample —

Laser

Plume
Target

Rotation
Planetary

Figure 3.3 (a) lllustration of the inner construction of the PLD chamber and (b) inside view of the PLD chamber. The
temperature of the sample holder can be measured either through the pyrometer from back- or front side. The
surrounding temperature is measured through the thermocouple on the shutter that keeps distance from sample during
deposition.

3.2.2 RHEED

Reflection high energy electron diffraction (RHEED) is a standard technique for observing the surface
morphology changes during the growth [107]. The method is highly surface sensitive due to the extremely
low incidence angle (< 1° by typical measurement), where the short wavelength of the incoming electrons
(~ 0.01 nmat 30 keV) leads to big Ewald sphere comprising a large amount of diffraction spots. The working
principle of RHEED integrated in a PLD system is depicted in Figure 3.4. The electrons are generated from
the electron gun, after which the electron trajectory can be adjusted by electrical field deflection to achieve
the maximum intensity. After diffraction on the surface of the substrate, the electron beam hits the phosphor
screen and due to fluorescence, green spots can be observed. The CCD camera behind the phosphor screen
records the signal during the PLD growth.

The diffraction of the electrons by a periodic lattice follows the Bragg equation:
n_ 2.
—=—sin 3.1
q -2 5ne (CRY)

, Where g is the diffraction angle of the diffracted electrons, A the de Broglie wavelength of the electrons, d
is the distance between two adjacent lattice planes and n the diffraction order. The construction of the Ewald
sphere and the reciprocal lattice is a graphic representation of the Bragg equation.
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Figure 3.4 The working principle of RHEED in a PLD system

For the diffraction on the surface, the reciprocal space rods from the 2D surface lattice can meet the Ewald
sphere indicating the constructive interference and the corresponding bright spots can be captured by the
phosphor screen. For 2D diffraction, the diffraction spots should lie on a circle known as Laue circle. For
the 3D islands on the surface, the incident electron waves experience interference from the 3D lattice.
Therefore the pattern on the screen is a product of the Ewald sphere and the reciprocal lattice of the 3D
lattice structure from the islands. Summarizing the 2D and 3D diffraction, 2D diffraction leads to rods in
reciprocal space and 3D diffraction leads to sharp reflections in reciprocal space.

Figure 3.5 shows the top and side view of a typical diffraction process with the help of the Ewald sphere of
the incident electron beam and reciprocal lattice of a simple cubic 2D surface. The specular spot (0 0), first
order diffraction ((0 1) and (0 -1)) lie on the zeroth Laue zone. It has to be mentioned that the distances
between (00), (01) and (0-1) is strongly dependent on the incidence and represents the periodicity
perpendicular to the incidence. For a surface with different reconstructions, complex patterns can be visible
and analyzed. Especially for a vicinal surface, where the periodicity of the terrace edges introduces
additional modulation along the reciprocal rods in reciprocal space both in perpendicular and in parallel
directions with respect to the surface normal, each diffraction spot from the diffraction pattern has fine
structure [107]. For more details please refer to ref. [8].

During the epitaxial growth process of complex metal oxide by PLD, mostly only (0 0), (0 1) and (0 -1) are
observed and the diffraction spots with higher order are too weak. The intensity of the specular spot (0 0) is
most frequently investigated. The peak intensity of the specular spot reflects the roughness change of the
surface without considering other kinematic effects. If the step density mode is applied as discussed in
chapter 2, the time between two maxima in the RHEED oscillation represents the finishing of one monolayer.
The number of the oscillations of the RHEED intensity corresponds to the number of the monolayers. The
correlation between the RHEED oscillation and the surface morphology change will be discussed in detail
in chapter 4.
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zeroth Laue zone

Figure 3.5 The RHEED diffraction principle of mono-atomic cubic surface (thinner black spots) with c(4x4)
reconstruction (thicker black spots) as an example in the (a) side view and (b) top view. The image is reproduced from
ref. [107].

In this work, a kSA 400 RHEED system is applied with the accessibility of high ambient pressure up to
0.1 mbar by utilizing a differential pump [8]. The electron kinetic energy is always fixed at 30 keV.

3.2.3 Oblique incidence reflectance difference (OIRD)
3.2.3.1 Basic principle

The principle of OIRD is based on the changed reflectivity of p-and s-polarization during the thin film
growth process. Utilizing serial optical elements, the p-and s-polarization can be modulated and focused on
the surface of the sample. During PLD growth [108, 109] and annealing [110], the reflectivity is changed
and the final polarization direction will be changed, which can be measured by the polarization on one fixed
axis. The detailed principle is illustrated in the following.
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2=632.8 nm PD

Figure 3.6 Principle components of an OIRD experiment. The black square is the sample to be studied.

The two linear polarizers LP1 and LP2, the photo-elastic-modulator (PEM) and the photo-detector (PD) are
the main optical elements that are aligned on the optical path (Figure 3.6), whereas an optical chopper is
placed directly after the outlet of the laser beam (not shown here) The PEM utilized the photo-elastic effect
in quartz crystal, where the quartz crystal is compressed and stretched in one direction periodically with a
piezo element and the refractive index in this direction is modulated correspondingly. For OIRD, 50 Hz
signal is applied on the two longer sides of PEM plate (Figure 3.7). The LP1 has the transmitting axis parallel
to the plane of incidence to let only p-polarization enter PEM (p in Figure 3.7), while the LP2 has the
transmitting axis 45° to the plane of incidence (j in Figure 3.7). The PEM plate stays perpendicular to the
incidence radiation and the long axis of PEM plate is 45 ° to the p-polarization to enable modulation on the

i-direction.
5: ;P
age \
PEM
iop
45 °.
]

S

Figure 3.7 The configuration of p- and s-polarization to PEM. i is the direction where the voltage signal is applied and the
polarization is retarded, while j is the optical axis of PEM.

The following discussion aims at correlating the real and imaginary part of the relative reflectivity change
directly to the first and second harmonics of the OIRD signal, respectively.

After emission from the He-Ne source, the electrical field of the 632.8 nm laser will be firstly p-polarized
with a linier polarizer LP1. To further describe the s-polarization and the modulation from other optical
elements like PEM, a decomposition of p-polarization into two axis parallel (j) and perpendicular (i) to the
PEM optical axis is necessary as illustrated in Figure 3.7. Thus the E field can be expressed as:
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E =v2E,p=Ey(i + J) (3.2)
, where p is the unit vector in the positive p-direction, i is the unit vector in the positive i direction and j
the unit vector in the positive j-direction. Eq is the amplitude of the electrical field.

Since the retardation generated by PEM in i-direction is expressed as
8 =A-sin( wt) (3.3)

, Where A is the amplitude of the phase shift set as 7/2 for all experiments in OIRD and w is the frequency
of the modulator at 50 kHz, the resulting electrical field is

E=Ey(i-e/+]) (3.4)
, where j is the imaginary unit.

By decomposing the electrical field into s- and p-polarization, we get:

Engo@.(eW ~1)+ p-@1+el%)) (35

for the electrical field after modulation via the PEM.

The transmission through other optical elements and the viewing port can be represented by t, for
p-polarization and ts for s-polarization, while the reflection on the surface of the sample can be expressed
with r, for p-polarization and rs for s polarization. The corresponding phase shift for each transmission or

reflection has also to be taken into consideration (s, op, s and o). Thus the final electrical field strength
for p-polarization is expressed as:

= =€EO[(1+e‘5)p-tp-e“’m -rp-e“"p] (3.6)
, Whereas for s-polarization it is:

V2

Es :TEO[(ei5 —1)§-tg -e'% -rs-ei‘frs]. (3.7)

The projection of the total electrical field after reflection and transmission onto j direction is:
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Since the intensity of the light can be calculated as:

cne, 2
| ==—29E;

, we have the final intensity of the light for the photodetector as:

I=1g-(t,” 1)+t %) [L+cos(5) -cos(2) + 2 -sin( @) sin( A)sin( )]

, where tan(®) = ts:s and A= (6 +Jy) —(J +Js) - lo can be expressed as:
p'p

cneg
Io = ==0 E02
4

, where Ey is the electrical field of the He-Ne laser directly after emission.

Using the Jacobi-Anger expansion [111], the phase shift by the PEM is expressed as:

sin( &) = sm(— sin( wt)) = 22 J2m+1( )-sin[((2m +1)w)-t]
m=0

and

cos(8) = cos(%sin(a)t)) = Jo(%) + iZ ~J2m(%) -cos[(2m)-t]
m=1

_(ei§ —l)ts . rs .ei(515 +0ys) . j

3.8)

3.9

(3.10)

(3.11)

(3.12)

(3.13)

, where Ji(n/2) is the Bessel function of the first kind at the point 7/2. m is just an integer order for the

summation.

Thus with a lock-in amplifier with 50 kHz (w) and 100 kHz (2w) as work frequency, we can extract the

corresponding intensity at a certain frequency from (Equation 3.12) as following as first harmonics:

H(@)=1o- 313 (ro|-fto 1 - s 5 +81) = (3 + )]

and from (3.13) as second harmonics:

(3.14)
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1(20) = 15-3,5)- (o[ Jeol” = s>t - (3.15)

Before each experiment, 1(2w) is adjusted to be < 10, which is approaching zero considering the noise
level. With this adjustment the reflectivity and the transmission on the optical path is adjusted to:

‘rpo‘z "tpo‘z = |rol” - [tsol” (3.16)

, which leads to a simplification of the two harmonics during the growth as:

r,—r -
1(26) 221035 [rp ftpo] Re(=>—22)~Re(*—50)) (317)
rpO Is0
and
r,—r -
|(60)=|o'Jl(z)'(‘rm‘z"tpo‘z)'[lm(p )~ Im(5 0] (3.18)
2 "’po‘ ‘rSO‘

, if the relative change of the reflectivity on the sample surface and the transmission through the optical

r,—rpo
assembly parts are not strongly changed. Since the complex reflectivity can be written as -+ = ) ==A p
po
s — T —A . R
and r = Ag, Equation (3.16) and (3.17) can be simplified as:
s0
Via 2 2
|(2w)—|O(2w);2|0-32(5)-\rp0\ Jtpo| - Re(ap - Ag) (3.19)
and:
T 2 2
|(m)7|0(w)=|O-Jl(5)-(\rpo\ ftoo ) IM(Ap = Ay). (3.20)

After adjustment of 1(2), the optical chopper is applied to determine the pre-factors in Equation (3.19) and
(3.20). By applying an optical chopper with a frequency of & = 1 kHz at the beginning of each measurement,
the incoming laser intensity is:
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| 4] > 1 .
) ="2+——2 sin((2n+ 1w, t 3.21
o) > -T;2m+1 (( o t) (3.21)

c

, Whereas the final intensity with lock-in amplifier is:

41 2
Ichopper(wc):70'|tpo| ~|rp0| . (3.22)
Combining (3.19) and (3.20) with (3.22), we get:
1 (2w) b4 V4
————="=.J,(%)-Re(A, - A,) (3.23)
lchopper(wc) 2 2 2 P
and
(@) T oL
= T3 2) Im(A, - A). (3.24)
Ichopper(a’c) 4 2 P

, with Jy(/2) ~ 0.567 and Jo(r/2) ~ 0.250.

Therefore, the real and imaginary part of the relative reflectivity change can be related directly to the first
and second harmonics of the OIRD signal, respectively. In the real measurement the background noises lo( @)
and lo(2w), which are not dependent on the reflectivity change, have to be considered and are measured for
a while before starting real OIRD measurement. Therefore the equations for the data processing of the first
and second harmonics signals in OIRD should be:

1@0)=10(20) L7 5 7y Re(a,
Ichopper(a)c) T2 JZ(Z) Re(Ap As) (3.25)
and
W) tole) 7 J oy
Ichopper(a’c) T4 Jl(Z) Im(Ap Aq). (3.26)

The Equation (3.25) and (3.26) are applied for the data analysis in this work for the OIRD signal.
3.2.3.2 Observation of in-situ processes by OIRD
For a thin film system with the film thickness much smaller than the applied wavelength (d << 1), the phase

change of electro-magnetic waves after propagation in the thin film is small. The relation between OIRD
signal and the microscopic parameters can be simplified as [112]:
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4ang cos gy tan? ppe, O (eq —&5)(—€0 +&q)

A, —Ag =i

p ). (3.27)

Aes — &0 tan” g )& — &) &4

This can be used to interpret the thin film thickness change and optical permittivity change during growth
or redox processes.

If both the substrate and the thin film have low conductivity, the imaginary part of the optical permittivity
is small. Therefore the imaginary part of the reflectance difference dominates. The signal can thus be
simplified to:

4mg cos gy tan® ggs, i (69 —&5)(=g0 +&4)
Ales — &0 tan® gp)(so — &) £

Im(A, — A,) ~ Re( )). (3.28)

The growth process without strong reduction of the film or substrate can thus be interpreted with the
imaginary part of the reflectivity difference, i.e. the first harmonics of the OIRD signal. The example for
STO homoepitaxy on STO can be found in ref. [109].

If the thin film conductivity or the substrate conductivity is changed strongly during a redox process, the
reflectance difference can be simplified to:

4mg cos g tan’ gos, A1 (g —&5)(=gp +&4)
Mes —&otan® gp) (o — &) &4

Re(Ap —Ag) ~ Im( ). (3.29)

One example for a redox process in STO thin films on STO, studied by OIRD, has been shown in ref. [110].

Other material systems like Xe absorption on Ni and Cu surface can also be studied by OIRD, which is not
in the scope of this thesis. For more details please refer to ref. [113]. It has to be mentioned that the OIRD
technique is not widely applied in the thin oxide film growth, lacking complementary experiments to prove
the observations from OIRD signals. Therefore the study in our EOC lab has the advantage of helping
understanding the processes generating OIRD signals during oxide thin film growth. For more details see
the chapter 5.

3.2.3.2 Experimental set-up of the OIRD system

The experimental set-up with the electrical and optical elements in OIRD is illustrated in Figure 3.8, which
is a home-made equipment with help from Prof. X. D. Zhu in University of California, Davis. Two optical
tables are employed to support the optical elements for incident laser and reflected laser, respectively. The
red arrows mark the optical path of the laser. For the standard measurement during thin film growth, the
He-Ne laser will go through the holes of the static optical chopper. After being spread with a beam splitter,
an attenuator with double attenuating glass can tune the intensity of the laser spot. The linear polarizer
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1 (LP1) generates the p-polarization, while the photo-elastic modulator (PEM) modulates the electrical field
of the laser with 50 kHz, which is controlled by the PEM controller. The quarter wave plate (QWP) can
retard the phase shift between p- and s-polarization to guarantee the initial 1(2w) to approach zero. Being
focused onto the sample and reflected from the sample, the reflected laser will be firstly polarized by the
linear polarizer 2. The final laser intensity is recorded by the photodetector and transferred to the two lock-in
amplifiers: the lock-in 1 has the frequency of 50 kHz, which is the same as the PEM frequency and delivers
I(w); the lock-in 2 has the frequency of 100 kHz, which is double the PEM frequency and delivers 1(2w).
At the beginning of each deposition, the mechanical chopper is activated and the intensity detected by the
photodetector is: I(ax =1 kHz).

o T, S

itter © © IS Losk-in 1 @ 50 kHz [input_ Output ) |

Lock-in 2 @ 100 kHz | Input | Output {2e)

PEM controller @ 50 kHz

Mechanical Chopper @ 1 kHz

Figure 3.8 The optical and electrical elements in OIRD system with the primary construction

The purpose of the optical tables is to reduce vibrations possibly generated from the ground. Indeed, with
this setup one OIRD curve with low noise level has been observed. However, a weak reproducibility of the
signals has been observed between measurements. The reason could be following: Although all the optical
elements are mounted on an optical table with damping mechanism, where the noise influence from the
ground on the optical elements is strongly reduced, the chamber and the two optical tables have
distinguishable vibrations (illustrated in Figure 3.9). This effect may not strongly deteriorate one
measurement, but results in strong discrepancies between different measurements and reduces the
reproducibility of experimental OIRD results.
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Figure 3.9 Simplified mechanical models for the PLD chamber and the OIRD elements, when the optical tables are
applied. The PLD chamber, the OIRD elements for the incidents and the OIRD elements for the output have different
oscillation strengths, which are represented by k1, k2 and k3. Therefore they have different oscillation frequencies and
can vary heavily from experiment to experiment. It is also possible that the components drift during the measurements
and then deteriorate the reproducibility.

3.2.3.3 Set-up improvement

To overcome the problem raised by the different oscillations of PLD chamber and the two optical tables, a
new construction principle is developed by me. All the optical elements are encapsulated in two boxes
(Figure 3.10) and the PLD chamber and the other optical elements have a mechanical static connection.

Figure 3.10 (a) The box encapsulating the optical elements for the incidence of the laser beam. (b) The box
encapsulating the optical elements for the output of the laser beam. The box marked with the blue marker is the OIRD
box with signal detection elements.
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By establishing the encapsulation, the vibration of three elements is kept similar to each other (Figure 3.11).
As discussed above, the former setup has low noise level but bare reproducibility of the results. By new
setup, the reproducibility is strongly increased with moderate noise level. The reproducible results are
presented in chapter 5.

PLD
OIRD Chamber OIRD

Elements elements

2 k2

Figure 3.11 Illustration of the whole OIRD system with the PLD chamber as a vibration unit. The spring with a force
constant of k2 represents the unified oscillation of the PLD and OIRD boxes as a whole.

3.2.4 Cold cathode gauge (CC)

For high vacuum with pressure p < 10~ mbar in the PLD chamber, a cold cathode gauge (CC) (IKR 270°
from Pfeiffer GmbH) is applied. The cold cathode gauge measures the ionized particle number (n) in the
given gauge volume (V) at controlled temperature (T), where the pressure can be determined with the ideal
gas law:

p= vﬂ RT (3.30)

, Where R is the universal gas constant as a product of the Boltzmann constant and the Avogadro constant.

The general working principle of a cold cathode gauge is illustrated in Figure 3.12. The electrons are
generated from the emitting cathode (K), where a strong electrical field is applied. The electrons are
accelerated by the field between the emitting cathode (K) and the anode (A) and have a high kinetic energy.
These high energetic electrons will knock electrons off the neutral gas molecules M and ionize the molecules
into M™. The positively charged ions will be collected by the collecting cathode (C), as the electrons are
collected by the anode.
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Figure 3.12 Working principle of the cold cathode gauge. The image is reproduced from ref. [114].

The ionization process of the gas molecules becomes hardly accessible as the pressure is reduced to
105 mbar, where the mean free path of the gas molecules approaches 10 m. Therefore the cold cathode
gauge, which is capable of measuring pressures down to 10°*° mbar, employs normally a collimated
magnetic field to focus the electrons and increase the possibility for electrons to hit the molecules. This
magnetic field and the distribution of electrons are illustrated in Figure 3.13. The gas molecules can thus be
heavily ionized and the measurement of the pressure becomes more accurate.
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Figure 3.13 Field distribution within a cold cathode gauge. The arrows show the directions of the electric field in the
cold cathode gauge. The grey region is for the electron space charge. The image is reproduced from ref. [115].

The heavy ionization process can further influence the gas equilibria and thereby on the defect equilibria of
samples heated within the PLD chamber. One example is the generation of H® from H,O molecules, which
can be absorbed by the LAO surface and change the interface conductivity of LAO/STO [87]. This effect
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may furthermore have strong impact on the redox process in the PLD chamber and is discussed in the
chapter 6.

3.2.5 Mass spectrometer (MS)

Quadrupole mass spectrometry (PrismaPlus® from Pfeiffer GmbH) is used to identify the residual gas
species at low total pressures in chapter 6. The working principle for a quadrupole mass spectrometry is
illustrated in Figure 3.14. The incoming neutral molecules or atoms from the PLD chamber are firstly
ionized by an electron impact ionizer. The ions travel to a region with four rod-shaped electrodes parallel to
each other. A mixed DC+AC potential U+Vcos(at) is applied on the four electrodes, two positive in the
horizontal and two negative in vertical directions. Therefore the potential of a specific position can be
described as:

X2 —y2

®=[U +V cos(at)] (3.31)

, Where @is the potential for the particle at the position (x, y) with respect to the central line of the four
electrodes. The ro is the distance from the center of the four electrodes to the surface of all electrodes, which
are symmetrically arranged.

Neglecting the gravitation, which is not playing a crucial role for the high field case, the electrostatic
interaction is the only source of force. The electrostatic field is the gradient of the local potential:

E=Vo= (U +V cos(at)] 5 U +V cos(et)] 2 0). (3.32)
Mo Mo

And the corresponding force components in three directions are:

Fy, =( o _ qlu +V cos(at)] >
OX r02

o0
Fy =% =gl +V cos(at)] % . (3.33)
oy o
o0
F,=q2 =0
=0

Since the velocity of the particles is much lower than the light speed, no relativistic effects have to be taken
into consideration. Therefore the simple Newton’s rule can be applied to describe the movement of the
charged particles as:
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2
m a—zx =qu +V cos(cot)]i2
ot Iy
2
m 6—2)/ =—qu +V COS(a)t)]LZ . (3.34)
ot )
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X

The three equations are called Mathieu’s equations and describe a set of properties. The most important one
is that the solution for the (x(t), y(t), z(t)), which is the trajectory of the particles, is solely dependent on the
ratio between U/V and g/m, but not dependent on the initial conditions [116]. Therefore, at given U and V,
only particles with certain g/m ratio have the trajectory that converges to the center of the four electrodes,
which is also the position of the detector. The other particles will have unstable trajectory and hit the
electrodes before arriving at the detector, where the electrons are directly collected by a Faraday-cup for
pressures up to 10* mbar or amplified by a secondary electron multiplier (SEM) for lower pressures. For a
full spectra scan, U/V will be varied over a large range, while for a transient scan for a typical g/m ratio the
U/V is kept constant during the scanning time. For a detailed description for the quadrupole filter please
refer to ref. [117].
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Figure 3.14 The working principle of a quadrupole mass spectrometer. The image is reproduced from ref. [118].

Similar as the cold cathode, the quadrupole mass spectrometer utilizes the ionization of the gas molecules
to increase the sensitivity at low pressures. This in turn, feeds ionized or dissociated species back to the PLD
chamber and thus influences the redox processes. The impact of the mass spectrometer on the redox process
in the chamber will be discussed in the chapter 6 as well.
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3.3 Thin film characterization methods
3.3.1AFM

Ever since its invention in 1986 [119], atomic force microscopy (AFM) is a widely used technique for the
material surface characterization, especially for the non-conducting material surface without possibility for
scanning tunneling microscopy (STM) characterization. In the following, the basic principles about the
contact mode AFM and tapping mode AFM will be illustrated.

The basic working principle for a contact mode AFM with constant amplitude is illustrated in Figure 3.15.
The changed interaction between the tip of the cantilever and the sample surface results in a change of the
deflection of the laser beam focused on the tip (Figure 3.15). By adjusting the position of the cantilever, the
deflection can be compensated and the relative height of this position is acquired. By scanning through the
surface, the whole surface morphology can be reconstructed.

Laser Quad
b uadrant
beam ) N :
N photodiode
Cantilever

~Tip Surface

~ feature
P — -

direction

Figure 3.15 The working principle of the AFM working in contact mode. The figure is reproduced from ref. [120].

For an AFM working in tapping mode with constant amplitude, the situation is different. The AFM
cantilever is connected to a piezo-element that is driven by an AC voltage signal, while the deflection of the
cantilever is measured through the laser beam reflection to a photodetector (Figure 3.16 (a)). The free
oscillating AFM cantilever has a resonance frequency (o) around several hundreds of kHz (solid curve in
Figure 3.16 (b)). The amplitude at the resonance frequency is measured by a lock-in element. By
approaching the tip on the cantilever to the surface, the interaction between tip and surface sets in and the
resonance frequency is shifted, which introduces a reduction of the oscillation amplitude (broken curves in
Figure 3.16 (b)). A set-point (axp) is given by defining the relative shift of the resonance frequency, either
in the attractive regime or the repulsion regime. During the scanning of this cantilever over the surface,
height changes can change the tip-surface interaction and change the oscillation amplitude at a chosen
frequency. The feedback loop will adjust the cantilever heights to shift the resonance curve back to a defined
frequency shift. The signal of the cantilever height thus represents the surface morphology. Due to the high
sensibility of the resonance curve to the surface-tip interaction, the tapping mode supplies a high resolution
not purely restricted to the tip radius.
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In chapter 4, contact Mode AFM by Omicron® VT SPM module® with a single crystalline diamond tip with
a tip radius lower than 10 nm (NaDiaProbes® from nanoScience instruments®) is used to characterize the
morphology of sub-monolayer STO. Other experiments with low requirement on the UHV condition have
been characterized ex-situ with tapping mode AFM in air, where the AFM system is PICOStation™ from
S.1.S. GmbH and the tip radius of the Si cantilever is around 7 nm.
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Figure 3.16 (a) The basic elements in the tapping mode AFM. (b) The resonance curve for a free cantilever with tip
(solid line) and for cantilever with tip-surface interaction, which are either attractive (broken curve left) or repulsive
(broken curve right). (a) is adapted from ref. [121] and (b) is adapted from ref. [122].

3.3.2LEED

Low energy electron diffraction (LEED) employs electrons with a low kinetic energy typically between
10 and 200 eV, which enable 2D diffraction restricted to the surface atomic layer. Two characteristics are
important for the LEED: the short de Broglie wavelength enables the 2D diffraction, whereas the low mean
free path of electrons confines the interaction between electrons and matter to the surface atom layer. For
the electrons with low speed, the relativistic effects can be neglected. Therefore, the wavelength of the
electrons can be estimated as:

1.5(eV)
EO

A= nm (3.35)

Taking 100 eV as kinetic energy of electrons, we get ~ 0.122 nm as the de Broglie wavelength, which is in
the same order of magnitude as the lattice constant of most materials.

The inelastic mean free path (IMFP) is dependent on the kinetic energy of the electrons as well. E.g. for
100 eV the mean free path of electrons is lower than 1 nm [123], which can also be treated as the information
depth of LEED. Therefore LEED is surface sensitive.
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30

Figure 3.17 Side view for an Ewald sphere and reciprocal rods from a cubic surface in LEED. The upper part of the
Ewald sphere is the position of the screen. The image is reproduced from ref. [124].

Similar as for RHEED, the diffraction pattern by LEED can be determined by the Ewald sphere and the
reciprocal lattice of the surface (Figure 3.17), whereas the difference to RHEED is the almost normal
incidence of LEED:

@~ 0 (3.36)

The diffraction has also to satisfy the Bragg condition, which can be expressed in the form of wave vectors:

§S-S,=G (3.37)

, Where G is the reciprocal lattice vector that is variable, §0 the wave vector of the incident beam and S

the diffracted wave vector. For G =0 as shown in the Figure 3.17, the diffracted spot is the (0 0) spot or
specular spot. The index for G is the name of the diffracted spot. In practice if the incidence is not normal,
the specular spot can be found as follows: one can adjust the de Broglie wavelength of electrons by tuning
the kinetic energy of electrons. The specular spot (0 0) stays at the same position, whereas the other spots
are shifted due to the changed radius of the Ewald sphere.
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Figure 3.18 Working principle of LEED. The image is adapted from ref. [125].

A typical construction is depicted in Figure 3.18. The electrons are generated by an electron gun and
accelerated by a voltage bias (Vo). The electron beam is diffracted on the surface of the sample and propagate
further to the screen. The screen is negatively charged with typically 5-6 kV, which attracts electrons
electrostatically to increase the diffraction spots intensity. A set of grids lies between the screen and the
sample to optimize the resolution.

There are many possible interpretations of the LEED pattern (Figure 3.19):

1) The most intuitive information delivered by LEED pattern is the short range order like e.g. surface
reconstruction. A detailed discussion on the STO surface reconstructions during STO growth will
be carried out in chapter 4.

2) With the analysis of the spot’s intensity change with variation of incident electron kinetic energy,
the absorption of electrons at different energies can be determined. As a consequence, the
corresponding surface electron band structure can be determined. For more details about this kind
of analysis please refer to ref. [127].

3) From the spot profile analysis, the long range order like the terrace length can be obtained. Similar
to the situation in RHEED, the additional periodicity introduced by the terraces on a vicinal surface
can lead to modulation of 2D reciprocal rods, which result in the modification of specific spots.

52



3 Experimental Methods

spot intensity

/

100 200 w0e

U Elev)

pattern
geometry

STRUCTURE

REAL SPACE
UNIT CELL
GEOMETRY,

1)

Y
C8> LOCAL STRUCTURE

2)

spot profile

Figure 3.19 The different analysis possibilities by LEED. The image is adapted from ref. [126]. The discussion on

each possibility is carried out in the following text.

4) The diffuse intensity of the spot reveals the local structure for specific atoms. The relative shift of
local atoms to the average position that is responsible for the LEED spot is the origin of the diffuse
spot. By analyzing the shape of the diffuse spot, the relative shift of local atoms can be investigated.
This analysis is useful for the disordered adsorption of molecules on the surface, which is not in the
scope of this thesis. For more about the diffuse intensity analysis plea refer to ref. [128].

In this work in-situ LEED is carried out on a SPA-LEED® system from Omicron Nanotechnology GmbH,
whereas the ex-situ LEED is carried out on a home-built LEEM system in cooperation with the physics

department of Leiden University.

53




3 Experimental Methods

3.3.3 Hall measurement

Hall measurements are widely applied for the determination of the charge carrier concentration in different
material systems. Hall measurement is developed based on the Hall-effect that has been discovered by
Edwin H. Hall in 1879 [129].
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Figure 3.20 Principle of the Hall Effect at a stationary state, where the electron flow is parallel to the x-direction. The
directions of different fields and the corresponding forces are marked with arrows.

The principle of the Hall-effect is shown in Figure 3.20. Considering an n-conducting semiconductor as an
example, the majority charge carriers are electrons. By applying a magnetic field (B;) perpendicular to the
sheet sample plane with a width of w, a thickness of t and a length of I, in which a current flow (1) is present,
the electrons experience a Lorentz force (FL) in y-direction as a vector product of vx and B,. The electrons
flow to one side of the plate and build up an electrical potential, which is named as Hall voltage V4 and
enables the steady flow of electrons. The Lorentz force and the electrostatic force (Fw) for such a potential
is in equilibrium in y-direction, which leads to:

ev,B, = eVWH (3:39)

The current flow in the x-direction can be expressed as:

I, =—nwtev, (3.39)
, Where n is the electron concentration, vy the electron velocity in the direction of the current flow and e the
elementary charge. The negative sign comes from the fact that the flow direction of current is opposite to

the electron movement.

For a sample without defined conductive layer thickness t, like the LAO/STO interface, the sheet carrier
concentration (ns) is used to describe the carrier number per area with the relation:

ng=n-t (3.40)
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, therefore the sheet electron concentration can be determined:

I X BZ
Ng =——— 3.41
s eV, (341)
VH . -
, Where the term is often referred as the Hall resistance Rw.
X=z
The sheet carrier concentration is related to the Hall resistance simply through:
N = —— (3.42)
S eRy .
The sheet resistance (Rs, sometimes referred as Rx) is also frequently used:
Ry =2 (343)
, Where pis the electrical resistivity.
Since the electrical resistivity is expressed as:
V, wt E,
p= =— (3.44)
M nev,
, where E, is the electrical field in x-direction, the electron mobility is:
- Vix — _i (3 45)
" E, nep ' '
The electron mobility can also be expressed by the sheet carrier concentration and sheet resistance:
P — (3.46)
E, engRg’ '

As a short summary, by measuring the sheet resistance (Rs) and the Hall resistance (Ry) both the sheet
carrier concentration (ns) and the electron mobility () can be acquired in the n-type semiconductor. The
same principle holds for p-type semiconductors. However, the sign of Hall-voltage should be positive since
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the flow direction of holes in p-type semiconductor is the current flow direction. This leads to the possibility
of distinguish p-and n-semiconductors from the sign of Hall-voltage.

Figure 3.21 Van der Pauw configuration for (a) sheet resistance and (b) Hall resistance measurements. The image is
adapted from ref. [130].

For the measurement of both, sheet resistance (Rs) and Hall resistance (Ry), the van der Pauw configuration
is used. The configurations are illustrated in Figure 3.21. For the sheet resistance (Rs) measurement
(Figure 3.21 (a)), the current is applied through the contacts 14 (or 12) and the voltage is measured through
23 (or 43). The corresponding resistances are Ris2s and Riz.43. The sheet resistance Rs can be determined
from an implicit function [131]:

R, 23 Ri2,43

7T
R o1e R =1 (3.47)

e

For the measurement of the Hall resistance (Figure 3.21 (b)), the current is applied between 1 and 3 (or 2
and 4) and the Hall voltage is measured between 2 and 4 (or 1 and 3). The corresponding resistances are
Ri324 and Rz413. The Hall resistance is thus an average of the two measurements:

R. = Ri324 + Ros13
H - _ .

5 (3.48)

All Hall measurements are carried out in a Lakeshore® 8400H® system. For the samples with a low
resistance <10kQ,only DC measurements are necessary. For the samples with a higher
resistance > 100 kQ2, AC Hall measurements are applied. For details about DC and AC measurements,
please refer to ref. [132].

3.3.4 X-ray diffraction (XRD)

As discussed in chapter 2, the negatively charged cation vacancies in STO will lead to a lattice expansion
because of the electrostatic force between them and the oxygen ions [12]. The c-lattice expansion in the
STO thin film represents the concentration of the cation vacancies. The lattice expansion is characterized
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by the difference of c-lattice constant between films and substrates which can be measured using the X-ray
diffraction.
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Figure 3.22 (a) Working principle of XRD for thin film and substrate system. (b) a typical XRD scan for the crystalline
STO thin film on a STO single crystal substrate. The black curves are for the measured data, while the green curves
are for the fitted peaks. The red line is the sum of the fitted peaks. The broken lines are the expected positions of the
K peaks of film and substrate, respectively.

The X-ray diffraction analysis works with the following principle (see Figure 3.22 (a))): After generated
from the X-ray tube, where not only X-rays with the characteristic wavelength, but also X-rays with a
continuous spectrum are generated, the X-ray beam will be focused and filtered to hit the sample just in a
small region. The periodic lattice planes of the single crystal sample result in a constructive interference of
the incoming X-rays at a certain angle, which is called the Bragg angle. The determination of the Bragg
angle follows the Bragg equation:

nl=2dsind (3.49)

, Where @is the emission angle of the diffracted electrons, A the de Broglie wavelength of the electrons, d is
the distance between two diffraction centers and n the diffraction order.

At the angle of constructive interference an intensity peak can be received by the detector at the position 2 6.
By rotating the sample (6) and detector (26) the angle for the peak intensity can be found, thus the distance
between lattice planes can be calculated.

For the determination of the out-of-plane lattice parameter, 200 nm thick homoepitaxial STO films were
grown and characterized by XRD with an X pert MRD 3040® system. The Cu-K,1 and K,z X-ray with a
wavelength of 0.154 nm is used. Only a Nickel-filter is used for suppression of Cu-Kg line.

For all the samples in chapter 4, the distance between (001) lattice planes, which is the length of the c-axis
of SrTiOs, will be investigated. Since the substrate and the film have almost the same lattice parameters, the
only difference is the cation vacancies induced increase in c-lattice constant and reduction of the Bragg
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angle for the film. The Bragg-angle shift will be observed as extra peaks in the vicinity of substrate peaks,
thus the observation range in this work is restricted to the K1, Koz peaks and the Bremsstrahlung peaks
around the SrTiO3(001) lattice plane.

The position of the highest and the second highest peaks should be the K1 and Ko, peaks from substrates
because the substrate is much thicker than the film and the X-ray beam penetrates not only the film but also
the substrate. The film peaks (both K., Ko and the Bremsstrahlung) are then fitted using the software Fityk®.
The 20 position of the K, peak from the substrate is normalized to the theoretical value of 46.472° and the
26 position of the K, peak from the film is drawn from the fitting. The c-lattice constant of the film can
then be calculated using the Bragg equation. An example of fitting is shown in Figure 3.22 (b).

3.3.5 X-ray photoelectron spectroscopy (XPS)
3.3.5.1 Basic principle

X-ray photoelectron spectroscopy (XPS) is based on the photoelectric effect induced by X-ray radiation,
which describes the general phenomenon of electron emission from a material’s surface by illumination of
X-rays. The kinetic energy of the emitted electrons (Exin) depends on the photon energy (7 @), the work
function (@) and the binding energy of the electrons (Epinding):

Eyin =10 — @ — Eyjinging (3.50)

, Where the binding energy is the difference between a specific energy level and the Fermi energy.

Therefore, by measuring the spectrum of the electron kinetic energy with an electron energy analyzer the
electronic structure of the material can be represented (Figure 3.23). For more details please refer to
ref. [133].
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Figure 3.23 Electronic structure of the material and the spectra of the kinetic energy emitted from the sample surface.
The left part is the real electronic structure of the sample, whereas the right part is the measured spectrum. The
electrons by different states are activated differently: the core level electrons form discrete peaks, while the electrons
in valence band result in continuous broad band in the spectrum. The image is taken from ref. [133].

The general working principle of XPS is depicted in Figure 3.24. A point source of X-rays is generated by
focusing of an electron beam onto the metal anode. The incidence angle of the X-rays () is constant,
whereas the detection of the emitted electrons is carried out at various angles (9. The emitted electrons
with different kinetic energy are fed through an electron energy analyzer with a voltage applied between its
two hemispheric surfaces. For a given voltage only electrons with corresponding kinetic energy can pass
the slit and arrive at the detector. By varying the voltage applied on the two hemispheric surfaces in the
electron energy analyzer, the spectrum of electron kinetic energy is determined. In this thesis, the XPS
measurements were performed with a PHI 5000 Versa Probe (Physical Electronics Inc., USA) with Al K.
X-ray illumination, a pass energy of 29.35 eV at various photoemission angles using electron neutralization.

59



3 Experimental Methods

Photon source
UPS (0 -100)eV o
SXPS(100-1000)ev /J\
XPS( >1000)eV //
\/L\/ Detector
Ewin (3,9,P,0)

hw,

P TTITEOTTTIIT D
sample

Figure 3.24 Sketch of a XPS system. The image is reproduced from the ref. [133].

In the following, we take STO as an example to show how the surface termination ratio and the thin film
stoichiometry can be determined by XPS.

areal SrO
coverage

Figure 3.25 Model for the situation of a certain surface termination ratio. The image is reproduced from ref. [134].

Not only the electronic structure of the material has to be taken into consideration, the structural factors of
the material, especially the chemistry of the bulk and surface are of importance. For the example of
STO(001), the intensity ratio between Sr3d and Ti2p peaks in the XPS spectrum is dependent on the Sr/Ti
ratio in thin film (NS/N™), surface termination ratio of SrO and TiO; (A and B) and the emission angle of
photoelectrons (6) [134]:
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, where A is the areal coverage of a SrO monolayer, No™ is the total atomic concentration of Sr in the film
and & is the sensitivity factor for a Sr atom. Correspondingly, B =1 - A is the areal coverage of a TiO-
monolayer, No™' is the total atomic concentration of Ti in the film and o™'is the sensitivity factor for a Ti
atom. a is the lattice constant of SrTiOs; which is assumed unchanged and coséis the emission angle of
ejected photoelectrons. A5*¢ and A7?" are the wavelengths of the ejected photoelectrons for the Sr3d peak
and the Ti2p peak, respectively. Therefore, by fitting the ratio between Sr3d peak and Ti2p peak as a
function of the incident angle, the thin film stoichiometry (No™ and No*") and the surface termination ratio
(A and B) can be acquired. For a detailed description of the theoretical model see reference [134].

This model is applied for the characterization of the SrO termination for SrO deposition in the PLD chapter
3.4 and the characterization of SrO termination ratio during STO growth in chapter 4.

3.4 Termination control on STO single crystals

The surface termination ratio control is very important for future electronic devices based on surface and
interface engineering. One example is the interface between (001)LaAlOs; and (001)SrTiOs, where a
conductive interface or a two dimensional electron gas (2DEG) between two band insulators can be
generated. This interface is very sensitive to the termination of the SrTiOs; substrate. While the TiO;
termination can generate the 2DEG, the SrO termination can generate no conductive interface [88]. For
details see the discussion in chapter 2.

3.4.1 TiO; termination

For as received STO single crystals, the surface is mixed terminated with SrO and TiO,. Since the SrO
region is hydrophilic, adsorption of the water to the surface can hydrate SrO to Sr(OH).. With a subsequent
buffered HF etching, the Sr(OH) can be removed and the surface is TiO, terminated. Post annealing in air
at 950 °C for 2 hours enables the diffusion of surface atoms and the energetically favored terrace structure
can be formed with single terrace heights of 0.4 nm. For details please refer to the previous work in our
group [31, 135].

3.4.2 SrO termination

By controlled PLD growth of SrO on TiO, terminated STO, the surface termination engineering for different
ratios of SrO termination can be carried out. The quantitative verification of the surface termination is
carried out by XPS measurements. The ratio between Sr3d and Ti2p peak intensity can be utilized to
determine the surface termination and the thin film cation stoichiometry. Especially for SrO growth on TiO-
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terminated STO single crystals, where the thin film cation stoichiometry is Sr/Ti = 1, the surface termination
can be precisely determined.

For this purpose, sub-monolayer SrO deposition on TiO, terminated (001)SrTiOs single crystal substrates
is carried out. A SrO, ceramic plate with the radius of 0.5 inch (Producer: Shinkosha Co., Ltd) is used as a
target and ablated under pO, = 107 mbar with 1 Hz via a 248 nm KrF laser with a laser fluence of 1.3 J/cm?
at a spot size of 2 mm?. The substrate of 5x5x0.5 mm? single crystal (001)SrTiOs (CrysTec GmbH) is TiO.
terminated. The substrate is heated up to 800 °C with a laser heater at a substrate to target distance of about
44 mm for deposition. All the samples are quenched with 10 °C/s by switching the heating laser off.

It has been observed for the (1 0) and (-1 0) spots, that the RHEED intensity experiences firstly a reduction
and then an increase (Figure 3.26 (a)). For one full oscillation, 9 pulses are needed. On the contrary, the
specular (0 0) spot intensity is continuously reduced during the 9 pulses. As shown by the more precisely
controlled MBE [42], where a monolayer SrO deposition can be well controlled, similar contrast change in
RHEED is observed. Thus we could conclude that the 9 pulses are sufficient to turn the surface of TiO-
terminated single crystal (001)SrTiOs to almost 100 % SrO terminated. To further quantify the linear
dependence of the SrO surface coverage on the laser pulses, a detailed investigation with AFM and XPS is
carried out.

The morphology detected with in-situ AFM for sub-monolayer SrO (Figure 3.26 (b), (c), (d) and (e)) shows
no significant surface coverage change, which might result from the surface reconstructions that reduces the
SrO island height and makes it hard to be detected by AFM. The growth of more than 1 ML SrO introduces
extra structures on the step edges (Figure 3.26 (f) and (g)), suggesting SrO growth with more than 10 pulses
are not suitable for termination control any more. The 3D growth of SrO might be appearing in this growth
stage.

62



3 Experimental Methods

(a)

0 5 10 15
Time [s]

Figure 3.26 Systematic surface termination variations in SrTiOgz single crystals. (a) Representative RHEED intensity
during SrO deposition. Inset: Exemplary RHEED pattern after SrO growth. (b)-(g) AFM-morphology after deposition
of 2,4, 6,8, 10 and 12 pulses of SrO, respectively. Step terraces are of unit cell height (0.4 nm). Insets: representative
line profiles from the AFM scans along sections like the one depicted in (g). Vertical scale is 1.75 nm. The results were

published in ref. [134].
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Figure 3.27 XPS analysis and termination determination of SrTiOs single crystals. (a) Representative XPS spectra for
SrTiOs crystals with increasing amounts of SrO coverage normalized to the O 1s peak intensity. The Ti2p and Sr3d
peaks have the same shape and binding energy for each sample, indicating the absence of a second phase. Insets:
Zoom-in on the peaks for films with 0, 4 and 8 pulses of SrO. (b) Measured cation ratios (data points) as a function of
the photoemission angle and fits (solid lines) according to Equation (3.51). (c) SrO coverage extracted from the fits in
(b). The results were published in ref. [134].

The XPS spectra for 0, 2, 4 and 8 pulses are shown in Figure 3.27 (a) with the corresponding Sr3d/Ti2p
peak intensity ratio summarized in Figure 3.27 (b). Since for the SrTiOs single crystal substrate the Sr/Ti
ratio in thin film is 1, the termination ratio is the only factor to be fitted. As a result, we see in Figure 3.27 (c)
that the termination ratios of SrO fit well into a linear form with respect to the number of pulses. This does

64



3 Experimental Methods

not only verify that the sub-monolayer SrO can be deposited with PLD as a method to control the surface
termination ratio for SrTiO3(001), but also proves the accessibility of measuring surface termination with
angle dependent XPS signals. A possible error in the termination ratio can be present due to the error in
XPS fitting process and the absence of AFM resolved island dimension. However, the linear dependence of
the SrO coverage with laser pulse number is proved. This enables the engineering of the surface termination
of SrO and makes the further work on the interface engineering possible.

3.5 Special holder design for UV-radiation study

To study the influence of the UV-radiation emitted from the plume during the PLD process, a series of
holders are designed and tested. The basic idea is to permit the photons to pass by inserting an optical
window that has transmittance for a specific wavelength range. This principle is depicted in Figure 3.28.

Substate

> ,
mffh o I

Plume

V(a) v(b)

Figure 3.28 The principles of experiments for (a) influence from massive particles and photons; (b) the influence only
from photons.

To study the influence of UV-radiation from the LAO plume on the STO properties, double side polished
Al,O; single crystals from CrysTech GmbH are used as window material. As a band insulator with 8 eV
band gap, the Al,Os single crystal (commercial name: sapphire) shows a fairly wide transmission range from
140 nm to 5500 nm of more than 50 % transmittance (Figure 3.29). This range comprises the part of UV,
all visible and part of the infrared spectra. During the growth process, amorphous LAO is accidentally
deposited on the front side of the window and influences the transmittance of the window. However, as
reported by Edge et. al [136], amorphous LaAlOs has a band gap around 6.2 eV, which is also high enough
to prevent absorption of wavelengths above 200 nm. Thus the transmission of the used window is guaranteed
for all photons with a wavelength above 200 nm.

With the sapphire window, three different types of holders are developed for different purposes:

1) UV1: the holder with complete coverage by the sapphire window, where the sapphire window is
mechanically pressed to a metallic spacer. The spacer between sapphire window and the sample is
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a quadratic frame. This holder is illustrated in Figure 3.30 (a) and applied in chapter 6.2 for
discussion on the role of the UV-radiation on the morphology.

2) UV2: the holder with complete coverage by the sapphire window, where the sapphire window is
mechanically pressed to four 1x1x1 mm? sapphire single crystals (Figure 3.30 (b)). This holder is
applied in chapter 6.2 for discussion on the role of the UV-radiation on the conductivity.

3) UVa3: the holder for 50 % coverage by the sapphire window of the STO substrate. This holder is
shown in Figure 3.30 (c) and will be applied in chapter 6.3 for disentanglement of influences from
kinetical particles and UV-radiation from the plume.
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Figure 3.29 Transmission spectrum of single crystal Al,Os. The scale is logarithmic. Reproduced from ref. [137].
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Figure 3.30 The holders for the experiments related to UV-radiation emitted from plume during PLD. (a) UV1, (b)
UV2 and (c) UV3.
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4 Cation non-stoichiometry during homoepitaxial PLD
growth of STO

In this chapter we discuss the origin of cation non-stoichiometry during PLD homoepitaxial growth of
SrTiOs (STO) (chapter 4.1) and the impact of non-stoichiometry on the thin film growth, with respect to the
surface diffusion (chapter 4.2), surface atomic rearrangement (chapter 4.3), defects formation (chapter 4.4)
and growth mode (chapter 4.5).

4.1 Origin of the cation non-stoichiometry of homoepitaxial STO growth via PLD
4.1.1 Experiments

In order to address the aspect of cation non-stoichiometry on the film growth, we investigate STO thin films
deposited in the different fluence and pressure regimes by the XRD analysis. 200 nm STO thin films are
deposited on a STO(100) single crystal substrate (provided by Crys Tec GmbH). The STO single crystals
are annealed prior to the deposition in ambient atmosphere at 950 °C for 4 hours, exhibiting a regular step-
terrace structure afterwards. The target substrate distance dsr is set to 44 mm and the ablation spot
measured 1.8 mm2, The O, background pressure p and the laser fluence F. are varied from
0.1 mbar - 10°® mbar and 0.6 Jcm? - 2 J/cm?, respectively. The laser fluence is varied by tuning the laser
energy with an attenuator in front of the laser port of the chamber, while the laser spot size is fixed by using
an aperture within the optical path.

The XRD system used to determine the out-of-plane lattice parameter is an X’pert MRD 3040® system. The
Cu-Ko1 X-ray with a wavelength of 0.154 nm is used. The software Fityk® is used to simulate the peak
curves and to fit the measured Cu-Kq1, Cu-Kg2 and Cu-Kg peaks, while only the Cu-K,; peak position is
used to determine the STO(001) lattice constant for thin film and substrate. For the details about peak fitting
see chapter 2. The difference between the film and substrate lattice constant is defined as lattice expansion
AcC.

4.1.2 Results

The corresponding lattice expansion Ac with laser fluence variation is summarized in Figure 4.1. For the
laser fluence series deposited at p = 0.1 mbar depicted in Figure 4.1, Ac exhibits a clear minimum at a laser
fluence of 1.4 JJcm?. Either increase or decrease of the laser fluence increases the Ac. The maximum of Ac
with low laser fluence is ~ 0.1 pm at 0.6 J/cm?, while the maximum of Ac with high laser fluence reaches
~0.45 pmat ~ 2.7 J/cm?,
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Figure 4.1 Laser fluence dependence of the c-lattice constant of 200 nm STO thin film on STO. The oxygen partial
pressure is 0.1 mbar and the temperature is 800 °C. The results were published in ref. [63].

Since the stoichiometry of the STO film also depends on the scattering of plume species with the background
gas molecules, the STO film stoichiometry and the out-of-plane lattice expansion, respectively, are
investigated for various background pressures as depicted in Figures 4.2 (a)-(c).

12 12

-m- Jem® 'm 121 s nascent plume

101 pascent plume i i Vi +V, ‘:/ ‘. Tirich 1.0 with SrfI‘1<<21

T 0.84 with Sr/Ti~1 ! - ) 0.91 .,; n EO.S- LN - B~ 2J/cm’

- = \
S | serich [T 0.6 1 i = e ©
Yy 06 Stoichio- ! N nascent plume . ()| & 0.61 w Ti rich

044 metric o (@ 0.31 with Sr/Ti<1 < o S L -

I m- .7 - B~ 1:4)/cm’ - d ‘w a
(1Y) Miiniie NS S s LR . Y —
10° 10° 10* 10° 10% 10" 10° 10° 10* 10° 10% 10" 10 10° 10* 10° 10% 10"

P (k) p (mbar) p (bar)

Figure 4.2 The pressure sequences for three different laser fluences: (a) 1 J/cm?, (b) 1.4 J/cm? and (c) 2 J/cm?. The
results were published in ref. [63].

In Figure 4.2 (a) for the laser fluence of 1 J/cm?, Ac for p = 0.1 mbar is around 0.8 pm and increased slightly
to 1.1 pm for p = 0.01 mbar. By further reducing the pressure, Ac is reduced to below 0.4 pm or even close
to 0.2 pm. In Figure 4.2 (b) for the laser fluence of 1.4 J/cm?, Ac increases with a reduction of the pressure
till 10 mbar. Decreasing the pressure further to 10 and 10 mbar, however, does not further increase Ac.
Ac stays constant around 0.75 pm. In Figure 4.2 (c) for the laser fluence of 2 J/cm?, Ac stagnates between
0.3 and 0.5 pm between p = 0.1 mbar and p = 10" mbar. For pressures lower than 10* mbar, Ac increases
t0 0.6 at p = 10-° mbar and to 0.9 at p = 10 mbar.
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4.1.3 Discussion

Firstly we discuss the clear minimum in the fluence series around 1.4 J/cm? (Figure 4.1). This minimum of
c-lattice constant indicates the stoichiometric point as illustrated in chapter 2. As revealed by X-ray
photoelectron spectroscopy (XPS) and plume imaging [58] the nascent plume for low laser fluence is nearly
stoichiometric. However, it loses lighter Ti-species during the propagation to the substrate by interaction
with the background gas molecules, giving rise to a Sr-rich STO film and a significant increase in Ac. When
the laser fluence is increased, the nascent plume becomes Ti-rich due to incongruent ablation [4]. This
compensates the lost Ti species, resulting in a stoichiometric STO film with bulk lattice parameters. When
the laser energy is further increased, the concentration of Ti-species in the nascent plume proliferates and
yields Ti-rich STO films resulting in an increase in Ac.

Secondly we focus on the pressure dependence of Ac at different laser fluences. Under the growth
conditions depicted in Figure 4.2 (a) the nascent plume is stoichiometric. Due to preferential scattering of
Ti-species the STO film for p = 0.1 mbar is Sr-rich and shows an expanded c-axis lattice parameter. By
reducing the background pressure the scattering effects of Ti gradually decrease and the STO film renders
stoichiometric with a very small or no Ac. When STO films are deposited at F = 1.4 J/cm? the emerging
plume is Ti-rich, i.e. Sr/Ti < 1. At elevated background pressure the scattering of Ti-species can help in
producing a stoichiometric STO film. Therefore, by reducing the pressure fewer Ti-species are scattered,
resulting in an increase in the Ti content and finally in Ti-rich films with increased Ac. The obvious drop in
increase in Ac for STO films grown at 10-° and 10°® mbar could be explained by the facilitated incorporation
of oxygen vacancies, which counteracts the Coulomb repulsion due to the cation vacancies in the STO film
[138]. When the laser fluence is increased even further and the background pressure is decreased, the STO
films become extremely Ti-rich. Therefore, when the scattering of Ti can be neglected at low pressures, F.
should be sufficiently low in order to prevent the formation of Ti-rich films. This is in good agreement with
the experimental results reported in [139].

In summary, we could demonstrate that stoichiometric thin films can only be obtained in a limited pressure-
fluence regime. Therefore, the lattice strain and vacancy defects present under non-stoichiometric conditions
have to be considered when the impact of fluence and background pressure on the growth mode are regarded.

4.2 Surface diffusion with cation non-stoichiometry
4.2.1 Experiments

To study the surface diffusion in dependence of cation stoichiometry, three different stoichiometries are
chosen for the growth of STO films in the early growth stages with thickness less than 1 monolayer (ML).
The pressure is 0.1 mbar and temperature is 800 °C. The laser fluences are 1.05, 1.4 and 2.0 Jicm?,
corresponding to Sr/Ti ratios of 1.17, 1.0 and 0.92. In-situ AFM scanning is carried out for samples with
deposition stopped after different numbers of pulses and at different surface coverages.
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4.2.2 Results

We show the morphology evolution overview in the Figure 4.3 for three stoichiometries for different growth
stages in a relatively big area around 400 nm x 700 nm. The surface coverage ratio is determined for 400 pm
island areas on every terrace. In general, Figure 4.3 shows how the morphology of homoepitaxial
sub-monolayer STO evolves during the PLD growth and how the completion of a monolayer is achieved.
The detailed discussions about different aspects are presented in the following. The discussions are based
on the selected areas on corresponding pictures, which are also applicable for the whole scan area in
Figure 4.3.

Sr/Ti~1 SriTi~1.17

Sr/Ti~0.92

Figure 4.3 The overview of the morphology evolution for three cation stoichiometries within one monolayer. The
corresponding stoichiometries are marked at the left of every row and the corresponding surface coverage ratios are
marked on top of each column. The area of scan is 400 nm x 700 nm.

Firstly, we observed that the sub-monolayer growth of STO occurs in a 2D layer-by-layer growth mode for
all three different stoichiometries since all islands have heights of around 400 pm, which is the unit cell
height of STO (line profiles in Figure 4.4 (j)—(1)). The coalescence of the 2D islands is indicated in the
histograms of Figure 4.4 by a strong decrease of the mean island number, which goes along with a strong
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increase of the width of the island area distribution. It is observed that island coalescence occurs at different
coverages for the three stoichiometries (Figure 4.4 (a)-(i)). In particular, the coalescence of 2D islands under
stoichiometric conditions already takes place when the coverage is less than 0.35 ML (Figure 4.4 (d) and
(e)), while under both, Sr rich (Figure 4.4 (b) and (c)) and Ti rich conditions (Figure 4.4 (h) and (i)), the
coalescence occurs between 0.35 ML and 0.5 ML. For possible scenarios behind this phenomenon see

discussion below.

Count Count Count

0.35 ML

Height (nm)

Figure 4.4 (a) to (i): Statistics of the island area from the in-situ AFM measurements in a 400 nm x 700 nm area shown
in Figure 4.3. Vertical: change of stoichiometry from Sr rich to Ti rich. Horizontal: change from 0.1 to 0.5 monolayers.
(j) to (1): AFM scans and selected line profiles of the three different stoichiometries at 0.35 ML. The corresponding
positions of the line profiles are marked with white lines in the figure. The area of the scans is 200 nm x 200 nm. The
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The earlier start of the coalescence under stoichiometric conditions in comparison with non-stoichiometric
conditions is also visible from the morphologies at 0.35 ML (Figure 4.4 (j)-(1)): Only under stoichiometric
conditions, a strong coalescence between the islands can be detected at 0.35 ML, while under Sr rich and Ti
rich conditions the islands remain almost isolated from each other at 0.35 ML.

Figure 4.5 (a)-(f) depicts the morphology at 0.1 ML and 0.8 ML for samples with different stoichiometries.
The coverage ratio is determined by the large area scans (400 nm x 700 nm, Figure 4.3 (a)-(0)). The
morphology of the three stoichiometries differs with respect to both the nuclei density (0.1 ML,
Figure 4.5 (a)-(c)) and the islands shape close to layer completion (0.8 ML, Figure 4.5 (d)-(f)).

A statistical comparison of nuclei densities performed at larger area scans (400 nm x 700 nm,
Figure 4.3 (a)-(0)) is listed in Table 4.1. Under Sr rich conditions, the nuclei density N, at 0.1 ML is the
lowest (Figure 4.5 (a)), while under Ti rich conditions it is the highest (Figure 4.5 (c)). The stoichiometric
conditions result in a medium nuclei density (Figure 4.5 (b)). Since an increased Ti content is obtained by
increasing the laser fluence, it goes along with a higher deposition rate and mass flux from the target to the
substrate [63], resulting in a higher supersaturation [8]. Thus, the increase of the nucleation density for the
Ti-rich sample could be a direct result of an increased supersaturation [75, 141-142]. Likewise, the low
nucleation density observed for the Sr rich thin films is a result of the low supersaturation obtained at low
laser fluence. Considering the stochastic nature of diffusion, particles can diffuse in opposite directions with
equal probability and the averaged diffusion length for particles is half the averaged islands distance. From
the morphology at low coverage (0.1 ML), we could estimate the distance between two formed islands, i.e.
the distance between two bright spots in Figure 4.5 (a). The distances between formed islands are averaged
for all islands in the 180 nm x 180 nm AFM scan area and can be identified with the diffusion length
(Lo,o.1 mu) of particles moving on the substrate to the island edge [143, 144]. In analogy, we can also average
the distances between uncovered areas, i.e. the distances between the edges of unconnected dark areas in
Figure 4.5 (d). The averaged diffusion length (Lp,0swmv) is half of this distance and can be attributed to the
diffusion length of the particles on the formed islands to the island edges (for details about the principle see
chapter 2).

The diffusion lengths at a coverage of 0.1 ML and 0.8 ML for the three stoichiometries are summarized in
Table 4.1. It is interesting to note that the diffusion lengths at both 0.1 ML and 0.8 ML for all three
stoichiometries are almost identical considering the error bars.
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Figure 4.5 From the surface morphology of 0.1 ML ((a)-(c)) and 0.8 ML((d)-(f)) along with the diffusion time from
RHEED intensity relaxation (g) the apparent surface diffusion coefficients can be estimated (h). The details for this
approximation can be found in chapter 2 and in the discussion below. The AFM scans are acquired in area of 180
x180 nm?, The results were published in ref. [140].
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Table 4.1 Island density and diffusion lengths for different Sr/Ti ratios at 0.1 ML and 0.8 ML coverage are listed. Lp
is the diffusion length, zis the diffusion time and N, the island density. The diffusing species are in this approximation,
formally, one unit cell of STO. The reason for such an approximation can be found in chapter 2.

Lpoime  Lposme 01 ML To.8 ML Nno.1mL

(nm) (nm) (s) (s) (10%%cm2)
Sr/Ti~1.17 24+£10 42+14 0.26+0.04 0.13+£0.01 5.4+0.6
Sr/Ti~1 25+10 29+14 0.03+0.005 0.07+0.003 6.9+1.2
Sr/Ti~0.92 26+11 34+14 0.33+0.04 0.10+0.01 10.6+1.9

Figure 4.5 (g) illustrates the typical RHEED intensity oscillation for the growth of one monolayer. The
upper inset shows the corresponding RHEED intensity at 0.1 ML coverage for the three different
stoichiometries. The RHEED intensity after one laser pulse relaxes to higher intensities (separated spots in
the upper inset of Figure 4.5 (g)). This can be as attributed to the diffusion process of the arriving species
on the substrate to the islands edges at low coverages of 0.1 ML [8, 68, 68] and can be fitted as a single
relaxation function (solid lines in the inset of Figure 4.5 (d)):

Irreen(®) = lo(@—exp(—2) @y

The corresponding relaxation time (z) is a good approximation of the diffusion time of the particles [9].
Under stoichiometric conditions, the diffusion time at 0.1 ML is the lowest, whereas the diffusion time under
Sr and Ti rich conditions are over one magnitude higher (see Table 4.1). Similarly, the RHEED intensity
relaxation after 1 laser pulse at a high coverage of 0.8 ML (separated spots in the lower inset of
Figure 4.5 (g)) can be as attributed to the surface diffusion processes on the formed islands, which can
be divided into diffusion to the edges and subsequent downwards diffusion over the Ehrlich-Schwoebel
barrier [68]. Since the Ehrlich-Schwoebel barrier is below 5 % of the surface diffusion barrier for STO on
STO diffusion at 800 °C [145], its influence on the diffusion process is insignificant. Thus, we can attribute
the relaxation time determined from the 0.8 ML RHEED oscillations to the diffusion time on the formed
islands. It is important to note that in contrast to the situation at 0.1 ML, the diffusion times of the three
stoichiometries only slightly differ at 0.8 ML (Table 4.1). See discussion below.

Utilizing the Einstein relation for 2D diffusion Ds = Lp/7we can estimate the apparent surface diffusion
coefficients for different stoichiometric conditions (Figure 4.5 (h)). For 0.1 ML, the diffusion coefficient is
significantly higher at stoichiometric conditions than for the non-stoichiometric conditions. However, for
0.8 ML, the diffusion coefficients of the three stoichiometries are almost identical. Whereas the diffusion
of the arriving species at the 0.1 ML growth stage solely occurs on the TiO- terminated STO substrate, at
the 0.8 ML growth stage, the diffusion of the arriving species to the edges of the formed islands mainly
takes place on the preexisting islands. Therefore, the discrepancy between the diffusion coefficients
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observed for the different growth stages can be assigned to the difference in the diffusion on the STO
substrate and the preexisting STO thin film islands, respectively. As illustrated in Figure 4.6 with the filled
spheres representing diffusing STO unit cells, we can explain this difference as follows: while the diffusion
of Ti- or Sr-rich non-stoichiometric STO unit cells on the STO substrate has to be regarded as heteroepitaxial
diffusion, the diffusion of non-stoichiometric STO unit cells on the formed films can be regarded as
homoepitaxial diffusion.

O :STO unit cells in substrate

. :STO unit cells from PLD growth

—

Figure 4.6 The diffusion of STO on STO substrate (blue filled spheres with two short arrows) and formed STO islands
(blue filled spheres with two long arrows). The solid spheres indicate STO unit cells grown via PLD and the empty
spheres indicate STO unit cells of the single crystal substrate. The lengths of the arrows indicate the diffusion length.

At a high coverage of 0.8 ML, we see significant differences in the morphology of Sr rich islands
(Figure 4.5 (d)) and Ti rich islands (Figure 4.5 (f)). Whereas the Sr rich islands are compact, the Ti rich
islands are much more ramified, indicating a preliminary stage of fractal structure. We attribute this to the
differences in the deposition rate for Sr rich (160 pulses/u.c.) and Ti rich (26 pulses/u.c.) conditions, since
a similar transition from a compact structure into a more ramified structure is observed for antimony
nanostructure growth with increasing deposition rates [146, 147]. It can be explained by the kinetic
limitation for the formation of energetically favorable circular islands imposed by the steady flux of material
to the island edges. For the Sr rich conditions, the deposition rate is sufficiently low to enable the formation
of circular islands prior to the arrival of new atoms at the edges. Therefore, the islands are comparably large
and have a compact shape. In contrast, the deposition rate under Ti rich conditions is too high for the edge
rounding process to finish before new atoms arrive. Therefore, the islands are much smaller and more
ramified than in case of Sr rich samples.

In order to correlate the experimentally observed RHEED oscillation with our AFM analysis in the simplest
way, we consider the step density model [86], which is generally employed for interpreting the influence of
deposition parameters on the RHEED specular intensity both in MBE [148-150] and PLD [8]. However, for
a more detailed analysis of the RHEED data, a kinematical or dynamical approach is needed to include both
the diffraction from the surface/interface [151, 152] and the step edge scattering and shadowing effects
[107]. In the step density model, the loss of specular RHEED intensity can be described by the scattering at
step edges of the islands [84] in the form:

lo Smax 4.2
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, where | is the specular RHEED intensity, lo the maximum of specular intensity, S the density of island
edges, and Smax the maximum step edge density. The corresponding model for the description of the 2D step
density evolution suggested by [8, 86] is

s)=——92 5 N a- o)== 00) 3)

T c(t) dt

, Where N, is the island density and c(t) the velocity of the island edge movement. Since the islands are
supposed to have a 2D circular shape, the total step edge length (S) and the coverage (), which corresponds
to the total island area, are related with each other in a simple way within the step density model. As a result,
the RHEED intensity minimum should always be at around 0.39 [8]. This is true for the stoichiometric STO
monolayer growth (Figure 4.7 (a), black data points) but for the growth with insufficient diffusion
coefficients, e.g. for Srand Ti rich STO, the RHEED minimum is shifted to around 0.5 (Figure 4.7 (a), blue
and red data points). Therefore, the model for the step density evolution originating from insufficient
diffusivity has to be modified. The apparent surface diffusion coefficients are not included in the original
step density model [86], since, as a result of the assumed infinitely high surface diffusion resulting in an
instantaneous arrangement of the particles in the position of the minimum surface energy, the islands are
considered to grow in a 2D circular shape in the step density model as mentioned above. For PLD growth
with high diffusion coefficients like in the case of stoichiometric STO, we can see the coalescence from the
compact circular shape islands, which is illustrated by the compact circular shapes in Figure 4.7 (b) and (c).
However, for Ti rich conditions, a slightly ramified shape with strong deviation from the compact circular
shape can be seen at 0.5 ML, which becomes more pronounced at a coverage of 0.63 ML, illustrated by the
solid frames in Figure 4.7 (d) and (e). The deviation from the circular islands, in turn, increases the step
edge length compared to stoichiometric conditions at the same coverage. Based on this observation, we
suggest an additional term in the step density formula to describe the increase of step density induced by
the deviation from the 2D circular island shape, which is dependent on diffusivity and coverage. A linear
approximation can be made to account for this increased step density:

S(t) =2\/7N, (- 6)y—In(1—0) +C - £6). (4.4)

The factor & describes the finite diffusion coefficients:

_ Dso —Ds

4
Dso

(4.5)

, where Dsy is the diffusion coefficient under stoichiometric condition and Ds under different conditions. C
is a constant independent of the diffusion coefficients and coverages. The expression for the RHEED
minimum is:

[(~2:2 242
aozlfexp(f((x (c<& 4;2+C 3 +1)). (46)
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Based on the diffusivities measured for Sr rich, stoichiometric and Ti rich conditions in this work (Table 4.1),
C =0.32 results in the best fit for the RHEED minimum position for each condition.

With Equation (4.5) and (4.6), we obtain a qualitative link between the diffusion constant and the RHEED
minimum for the sub-monolayer STO homoepitaxial growth.

1
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— Sr/Ti<1

Normalized
RHEED intensit
o
.

0.0 0.2 0.4 0.6 0.8 1.0

Coverage (ML)

Sr/Ti~1

Sr/Ti~0.92

Figure 4.7 (a) Normalized RHEED intensity for the growth of one complete monolayer. (b) to (e): AFM images
(180 nm x 180 nm) for two stoichiometries and two coverages. Horizontal: from 0.5 ML to 0.63 ML. Vertical:
stoichiometric and Ti rich. The results are published in ref. [140].
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4.2.3 Discussion

Next we discuss the influence of the cation stoichiometry on the diffusion process, which we could clearly
deduce from the analysis of the sub-monolayer growth of STO on STO.

In order to do so, we have to clarify the diffusing species on the surface. Since the crystallization time for
STO unit cells is in the time scale of x5 [10] and the STO unit cell diffusion process on the STO surface is
in the time scale of seconds [153], the relaxation process that happens within the time resolution of RHEED
analysis can be properly interpreted as the diffusion process of STO unit cells. Since the time we need for
completion of cooling down from 800 °C to 300 °C is around 50 second, it will be sufficiently long to enable
crystallization as well. Our AFM analysis performed after the cooling-down procedure also provides
information about the morphology evolution of STO unit cells.

We will now discuss possible reasons for the decreased diffusivity at non-stoichiometric conditions. As
shown in Figure 4.5 (h) the decrease of diffusivity for non-stoichiometric conditions happens only in the
case of the Ti- or Sr-rich non-stoichiometric STO unit cell diffusion on STO substrate. The interaction
between the non-stoichiometric deposited STO unit cells and the stoichiometric substrate is thus dominating
the diffusion process. As reported before [41], cation non-stoichiometry in STO is accommodated by point
defects like Sr vacancies (Vs;'), Ti vacancies (Vi ) or extended defects in the grown film, resulting in a
considerable lattice expansion in the STO thin films [12]. Without digging into the microscopic processes,
the point defects are distributed in all nucleated Ti- or Sr-rich non-stoichiometric STO structures within
nucleation stage. Effectively all the non-stoichiometric STO structures with various amount of STO unit
cells are electrostatically expanded. Taking the STO unit cells as the diffusion units (for explanation
see chapter 2), each STO unit cell is effectively “expanded”. As a result, the growth at non-stoichiometric
conditions on the STO single crystal substrate occurs under compressive strain. As a result of the
compressive strain, the diffusion barrier of STO unit cells might be increased as observed for the diffusion
of Ge on a Si surface [154, 155]. This is consistent with the fact that the reduction of the apparent diffusion
coefficient occurs only for the diffusion of non-stoichiometric STO on the stoichiometric substrate and not
on the 2D islands, since there exists no strain between relaxed non-stoichiometric STO islands and
non-stoichiometric diffusion units.

An alternative explanation for the changed apparent surface diffusion coefficient are the defect sites in the
formed islands. They can trap the diffusing unit cells and then release them, thereby slowing down the
diffusion process as observed for Si diffusion on defective Si(001) surfaces [156]. This effect should be
stronger on the formed defective islands than on the substrate. However, this is in contradiction to our
observations. So the trapping effect can be neglected for the diffusivity reduction for the non-stoichiometric
diffusion. Therefore, we conclude that the impact of the compressive strain effectively imposed to the
diffusing STO particles is the main reason for the decrease of diffusivity at non-stoichiometric conditions.

In summary, the cation non-stoichiometry has strong impact on the surface diffusion process during
homoepitaxial STO growth via PLD. The inhibition of the surface diffusion results from the strain between
diffusion species and the surface underneath.
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4.3 Atomic rearrangement on the surface with cation non-stoichiometry

Besides the apparent surface diffusion coefficient that can be strongly influenced by the cation
non-stoichiometry (see chapter 4.2), the atomic rearrangement on the surface during the PLD growth process
is another important factor that determines the growth process. To study this point, Sr rich STO growth is
analyzed regarding the surface structure with AFM and LEED.

4.3.1 Experiments

Epitaxial growth of Sr rich STO on STO is carried out. 1.5 u.c. STO at laser fluence of 1.05 J/cm? is grown
on single crystal STO substrate at 0.1 mbar and 800 °C, which is subsequently quenched at 10 °C/s. Ex-situ
AFM scanning is carried out for the substrate and the 1.5 u.c. STO thin film. LEED measurements are
carried out for the substrate and 1.5 u.c. Sr rich STO ex-situ as well.

4.3.2 Results

LEED pattern (Figure 4.8 (a) and (b)) and AFM morphologies (Figure 4.8 (c) and (d)) for TiO> terminated
STO substrate and 1.5 u.c. Sr rich STO are compared. The line profiles for two island features marked in
Figure 4.8 (d) are shown in Figure 4.8 (e).

Firstly we take a look on the substrate with TiO» termination. Figure 4.8 (c) shows flat terrace structures
with 0.4 nm terrace step edges, indicating an almost single termination situation. Figure 4.8 (a) shows clear
(1x1) diffraction spots (white arrows) and vague (V13xV13)-R33.7° reconstructions (green arrows) in LEED
pattern. This indicates the TiO, terminated STO surface is covered mostly by the TiO; and has tiny amount
of Sr excess atoms that form the (V13x13)-R33.7° reconstruction. Generally, the reconstructions on the
STO(001) surface can be interpreted as ordered oxygen vacancies by vacuum annealing [157, 158], Sr
adatoms at Sr rich condition [101, 159] or the TiO> double layers at Ti rich condition [160-162]. In this
experiment, since the substrate and the thin film are both handled in oxidizing condition and without Ti
excess, the reconstructions on the surface should originates from Sr ad-atoms and the discussions in the
following is carried out within this model.

The model for this reconstruction is illustrated in Figure 4.9 (a) and this reconstruction is reported by
literature for the almost 100 % TiO, terminated surface [101]. The reason for

this broad and diffuse pattern may originate from the long coherence length between reconstructed domains,
which results from small amount of Sr excess.

Next we focus on the surface for the 1.5 u.c. Sr rich STO. Figure 4.8 (b) shows not only significant (1x1)
spots, but also clear (V13xV13)-R33.7° and (2x2) reconstructions in LEED pattern. Compared to the weak
(V13x13)-R33.7° spots by the TiO; terminated substrate, the increased intensity of (V13xV13)-R33.7°
reconstructions by 1.5 u.c. Sr rich STO indicates the increased amount of Sr adatoms in such a configuration.
The appearance of (2x2) reconstruction indicates the increase of Sr atoms on the surface as well. As shown
in the literature, the (2x2) reconstruction can only be observed at high concentrations of surface Sr atoms
[101] . Since the Sr atoms for (2x2) reconstruction coordinate with reduced distances between each other in
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comparison with (V13xV13)-R33.7° reconstruction, the area density of Sr atoms at (2x2) reconstruction is
higher than the (V13xv13)-R33.7° reconstruction.
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Figure 4.8 Comparison between substrate and the 1.5 u.c. Sr rich STO on STO. (a)-(b): the LEED pattern with white
arrows for (0 0) diffraction spots, green for ( v13x v13)R33.7 ° reconstructions and red for (2x2) reconstructions;
(c)-(d): ex-situ AFM topographies for substrate and 1.5 u.c. Sr rich STO on STO, respectively. The substrate is flat
with 0.4 nm high terrace steps. The 1.5 u.c. Sr rich STO shows two types of islands on the terraces. (e): the AFM line
profiles for the marks in (d), showing the exact height and width of two types of islands.

The configuration of the (2x2) reconstruction is shown in Figure 4.9 (b). Supporting the assumption of an
increase of Sr atoms on the surface, the AFM shows not only 0.4 nm high STO islands (profile 1 in
Figure 4.8 (e)), but also structures with 0.2 nm heights and ~ 20 nm diameter on the top of 0.4 nm high STO
islands with ~ 50 nm diameter (profile 2 in Figure 4.8 (e)). The 0.2 nm high islands on the 0.4 nm islands
indicate the formation of both Sr related surface reconstruction regions and SrO 2D islands [163]. The
formation of SrO, however, may introduce only contrast change in (1x1), which is not easy to observe due
to the bright nature of the (1x1) spots. The atomic configuration of the (1x1) SrO islands is illustrated in
Figure 4.9 (b) at the lower right corner.
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Figure 4.9 Model for possible surface structures on (a) TiO> terminated STO substrate and (b) 1.5 u.c. Sr rich STO
thin film.

4.3.3 Discussion

For the Sr rich STO with 1.5 u.c. thickness, the formation of 0.2 nm high islands on top of the 0.4 nm STO
islands is observed and indicates SrO formation on TiO; terminated STO islands.

However, the formation of 0.2 nm high islands cannot be observed for film thicknesses in the sub-monolayer
regime (Figure 4.3). The impact of the Sr excess is only observed by the reduced surface diffusion
coefficient and delayed island coalescence as discussed in chapter 4.2. In this case, it can be possible that
Sr atoms are already present on the 0.4 nm STO islands, but are not resolved due to the lack of atomic
resolution of the AFM tips. This indicates the presence of fewer Sr atoms on the sub-monolayer islands than
on the 1.5 u.c. Srrich STO islands.

Regarding the low formation energy of SrO on the surface and in the bulk of STO [164], the excess of Srin
STO thin film may introduce atomic rearrangement both on the surface and in the bulk at the thermodynamic
equilibrium. However, during the thin film growth process, the kinetic effects are important. For this we
have to consider the time needed for each process. Given the deposition time for the 1.5 u.c. STOas~240s
as a good approximation, we can estimate the diffusion length of the cations during the whole process
according to the 1D relation:

Ip =Dt. @.7)

Considering the diffusion coefficient of the Sr ions in the undoped STO bulk in the range of 10 m?/s [165],
the diffusion length of the cations in such a time scale is only around 0.17 nm. As for STO, this diffusion
length is around 0.5 u.c. of the STO lattice. Thus only the exchange between the surface atoms and the next
neighbors underneath is possible. It has to be mentioned that the estimation above is based on the
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measurements in a STO single crystal, where the defect concentration is low. It is possible that the diffusion
of ions via exchange with cation vacancies is increased for the high configuration freedom or increased
entropy [166]. However, this effect might not be so strong in the Sr rich STO thin film, since the amount of
Ti vacancies in Sr rich STO is low due to the high formation energy of the Ti vacancies [25, 26]. Therefore
the diffusion length of Srions in STO is less than 1 u.c. and we can conclude that the atomic rearrangement
cannot extend into the bulk.

Therefore the process of the atomic arrangement on the surface can be interpreted as following: as the Sr
atoms on the STO islands may already exist at sub-monolayer stage, they can float to the new STO island
surface on top of them. Since the incoming new STO islands are also Sr rich, the total amount of the Sr
atoms on the STO new islands is higher than on the STO islands below. The increased amount of Sr atoms
on the surface results in the formation of reconstructions and AFM visible 0.2 nm islands.

In summary, the upwards-floating of Sr atoms in the Sr rich STO growth process may be the main reason
for the existence of 0.2 nm surface islands at 1.5 u.c. film thickness.

4.4 Defect formation with cation non-stoichiometry
4.4.1 Experiments

To determine the termination evolution during STO homoepitaxial growth on STO single crystal, the
deposition of 20 nm thick STO thin films with four different laser fluences is carried out. The TiO-
terminated (001)STO substrates with identical miscut angle of ~ 0.1° (i.e. terrace length around 250 nm) are
heated up to 800 °C under pO. = 10! mbar. The depositions are carried out with four different laser fluences
of 1.05 J/cm?, 1.44 J/cm?, 1.62 J/cm? and 2.25 J/cm? During growth, real-time RHEED monitoring is
carried out. The thin films are subsequently characterized with an in-situ angle resolved XPS method to
characterize the termination change. In-situ AFM scans are carried out on all four samples to study the
morphology.

For the LaAlO3z (LAO) growth on STO, the different terminated homoepitaxial STO thin films are employed
as substrates. Single crystal LAO is used as target. The repetition rate is 1 Hz and the laser fluence is
1.9 J/em?, Deposition is carried out at 700 °C and 10 mbar pO, for 10 u.c.. The surface of LAO grown on
STO homoepitaxial thin films is characterized by ex-situ AFM operating in tapping mode. After AFM, Hall
measurements are carried out for all four samples and the sheet carrier concentration and mobility are
obtained. The LAO on Sr rich STO is further characterized by the TEM with atomic resolution in order to
clarify the formation of extended defects for these films.

4.4.2 Results

Figure 4.10 (a)-(d) shows the surface morphology with the line profiles of the RHEED pattern across
(10), (00) and (-1 0) in the inset. For the films with lower fluences of 1.05 and 1.4 J/cm? (Figure 4.10 (a)
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and (b)), the terrace structure of the substrate can be observed after the 20 nm film growth. For films with
higher fluences of 1.62 and 2.25 J/cm? (Figure 4.10 (c) and (d)), no clear terraces can be observed. However,
from the statistic point of view, the surfaces for all four samples are equally smooth with a root-mean-square
roughness below 0.25 nm. RHEED intensity profiles are obtained through line-by-line integration of the
RHEED intensity perpendicular to the diffraction streaks of (1 0), (0 0) and (-1 0). They are presented in the
inset of Figure 4.10 (a)-(d). An increased contrast between the first order diffracted electrons
((1 0) and (-1 0)) and the specular spot (0 0) is observed for a decreased laser fluence, indicating an increase
of the SrO-termination fraction [42].

Figure 4.10 (e) shows the XPS peak intensity ratio between Sr3d and Ti2p at different angles with error bars.
The fitting of the data points is according to the method described in Equation (3.51) in chapter 3.3.5 and
the best fitting curves are shown as solid lines.

The corresponding SrO termination ratio and atomic Sr concentration in the thin film obtained from fitting
are listed in Table 4.2. In Table 4.2 we see that the surface termination of SrO is 100 % for 1.05 J/cm?,
whereas the atomic Sr concentration with respect to Sr+Ti is ~ 54 %. This means not only the surface
termination is switched from TiO- to SrO, but also in the thin film there is an excess of Sr atoms. As the
laser fluence increases to 1.44 J/icm?, the surface termination of SrO is ~76 % and the atomic Sr
concentration in the thin film is ~ 49.8 %. Thus the thin film is stoichiometric within the measurement error
of XPS ~ 2 % [134]. For the laser fluence of 1.62 J/cm?, the surface termination of SrO is 0 % and the Sr
atomic concentration is 48.5 %, which is slightly Ti rich. With further increasing the laser fluence to
2.25 J/cm? not only the SrO surface termination is 0 %, the thin film stoichiometry becomes Ns/(Ns
+Nri) ~ 47.7 %, which is heavily Ti rich.
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Figure 4.10 Termination and stoichiometry determination for STO thin films. (a)-(d) AFM-morphology of 20 nm
homoepitaxial STO thin films grown with a laser fluence of 1.05, 1.44, 1.62 and 2.25 J/cm?, respectively. Step terraces
are of unit cell height (400 pm). Inset: Line profiles extracted from the RHEED pattern after growth. For each case,
only the specular spot and 1% order diffracted electrons are detected (each peak is labeled exemplary in (d)). (e)
Measured cation ratios (data points) from XPS as a function of the photoemission angle and fits (solid lines) according
to the principle illustrated in chapter 3. The results were published in ref. [134].
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Table 4.2 Sr atomic ratio (Nsi/(Nsr+Nri)) and the SrO surface termination ratio (o) for four different laser fluences.
The results were published in ref. [134]. The standard deviation for Sr atomic ratio is given, while the SrO surface
termination ratio is a manually given fitting parameter that has no standard deviation. The best values for SrO surface
termination that gives the fitting curves in Figure 4.10 (e) are shown.

Laser fluence F (J/cm?) 1.05 1.44 1.62 2.25
Nsr/(Nsr+Nri) 54%+2% 498%+1.6% 485%+1.6% 477%+1.6%
G0 100 % 76 % 0% 0%

Figure 4.11 (a) to (d) shows the morphology obtained by AFM of the LAO grown on STO homoepitaxial
films with different stoichiometries on STO substrate. We see the surface morphology of STO thin films is
preserved with slightly modified surface morphology with less pronounced small islands. This indicates a
layer-by-layer growth for LAO, whereas the islands on STO are possibly broken due to the high kinetic
energy in the LAO growth process at low oxygen pressures.

Figure 4.11 (e) shows the electrical data of the Hall measurements, including the sheet carrier concentration
(ns) (left y-axis) and the electron mobility (un) (right y-axis). For both the Sr rich and the stoichiometric
samples with surface terminations of 100 % and 76 % SrO respectively, the LAO/STO heterostructures have
higher resistances than the 10 MQ detection limit. On the contrary, the slightly Ti rich and heavily Ti rich
condition, resulting in a surface termination of 100 % TiO-, have shown high sheet carrier concentrations
(ns) between 10% and 10 cm2. This is a similar value to the literature for LAO/STO fabricated with similar
growth conditions on TiO; terminated (100)STO single crystals [88, 167-169]. Since the sheet carrier
concentration of LAO/STO heterostructures is strongly dependent on the surface termination of the STO,
where TiO; termination results in conductive interface and SrO results in an insulating interface (see
chapter 2), the sheet carrier concentration can be used as a tool to evaluate the surface termination of STO.
The difference in the sheet carrier concentration thus verifies again the change in surface termination for the
four different samples.

The room temperature mobility (so0x) for the Ti rich samples is between 2 and 5 cm?/(Vs). This is also in
the right order of magnitude for the mobility in STO [30]. Comparing the slightly Ti rich sample and the
heavily Ti rich sample, we found both the sheet carrier concentration and mobility are lower for heavily Ti
rich samples. The reduction of the sheet carrier concentration may be attributed to the incorporated defects
that trap electrons of the interface, whereas the decrease of the electron mobility may originate in the
defective lattice and the increased phonon scattering at the room temperature.

As a short summary, the surface termination of STO is strongly influenced by the thin film stoichiometry.
The thin film stoichiometry influences the surface termination in a monotone way: the Ti rich thin film
preserves the TiO; termination, while the stoichiometric and the Sr rich film of STO have a converted SrO
termination. The Sr rich conditions result in a surface termination of 100 % SrO, whereas the stoichiometric
conditions lead to a partial SrO termination of around 76 %.
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Figure 4.11 Characterization of LAO/STO thin film heterointerfaces. (a)-(d) AFM-morphology of 10 unit cells
heteroepitaxial LAO thin films grown on the films shown in Figure 4.10. Step terraces are of unit cell height (400 pm).
(e) Sheet carrier concentration ns (grey dots) and electron mobility z (black triangles) extracted from Hall
measurements for each heterostructure. The STO stoichiometry is shown at the top axis. The surface termination is
indicated with a color gradient from complete SrO termination (orange) to complete TiO, termination (violet). The
sheet carrier concentration and mobility range expected for LAO/STO interfaces fabricated with STO single crystals
is indicated by the shaded area. For the SrO terminated STO films, the sheet resistance of the resulting heterostructures
is barely above the measurement limit, which inhibits the extraction of quantitative values for the sheet carrier
concentration and mobility. The results were published in ref. [134].
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Figure 4.12 (a) HAADF of part of a 50 u.c. Sr rich STO(001) thin film with 10 u.c. of LAO on top obtained by STEM.
We see two kinds of anti-phase boundaries (APB) 1 and 2. (b) and (c) are HAADF images averaged along the
APB land APB 2, respectively (images are encoded in false color scale for easy recognition of the type of atomic
columns (green: Sr, orange: Ti-O). STEM measurements were carried out by Hongchu Du.

A more detailed look into the atomic structure of LAO on Sr rich STO thin film is enabled by STEM.
Figure 4.12 (a) shows the high-angle annular dark field (HAADF) image of the Sr rich STO with 10 u.c.
LAO on top of it. The boundary between LAO and STO is qualitatively marked with the horizontal white
line, keeping in mind that the surface of both STO and LAO is not flat and with 2 nm roughness. The
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following discussion is focused on the STO below the LAO. We see two different types of the anti-phase
boundaries (APB), which are on the (001) plane (APB 1) and the (010) plane (APB 2), respectively. The
HAADF images averaged along APB 1 and APB 2 are presented in Figure 4.12 (b) and (c). The orange
circles represent the Ti-O column and the green circles represent the Sr column in [100] direction. We see
in Figure 4.12 (b) on the APB 1, two Sr rows are accommodated with 0.5 u.c. parallel shift in [010] direction,
indicating a rock-salt-type SrO structure in plane (001). On the APB 2 (Figure 4.12 (c)), two Sr columns are
arranged with 0.5 u.c. parallel shift in [001] direction, indicating a rock-salt-type SrO structure in plane
(010).

Figure 4.12 (a) also shows that the lateral extension of the APB 1 in the (001) plane is around 10 nm. Since
the islands on the surface of 50 u.c. Sr rich STO have around 20 nm diameter (Figure 4.10 (a), 10 islands
on the 200 nm wide terrace), Figure 4.12 (a) should represents a cross section comprising two islands
without APB 1 and an island with APB 1. The two interfaces between these three islands should be two
APB 2. However, only one clear APB 2 between the central region and the right region is visible in
Figure 4.12 (a), whereas on the left side a diffuse region is observed with overlapped intensities of Sr and
Ti-O columns. This indicates that the cross section for TEM meets only the APB 2 on the right side with
perpendicular configuration, whereas the APB 2 between the left and the middle islands has oblique angle
to the cross section or lamella plane. The 3D model for the islands with APB is depicted in Figure 4.13.

STO islands

APB2 APB2

cross section for TEM

Figure 4.13 3D model for the different configurations of APB 2 formed between three different STO islands.

As revealed by the STEM picture in Figure 4.12, the anti-phase boundary in the (001) plane (APB 1) and in
the (010) plane (APB 2) are observed within the region of 12 u.c. beneath the surface of 50 u.c. of the Sr
rich STO thin film. However, the first 38 u.c. of the STO are completely homogeneous and have a high
lattice perfection.

4.4.3 Discussion
Combining the results from chapter 4.2, 4.3 and 4.4, we see that the defects generated during the Sr rich

STO growth can be divided into three stages: (1) for sub-monolayer growth the diffusion coefficient is
reduced by the cation non-stoichiometry, which indicates the presence of point defects; (2) at small
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thickness (1.5 u.c.) the surface is enriched of Sr atoms with clear Sr rich reconstruction and even SrO
islands on top of STO islands; (3) at larger thickness (like 38 u.c. shown in Figure 4.12 (a)), the APB start
to form. This change of the defect formation at different growth stages can be understood by the upwards-
floating process of Sr atoms to the surface, which has been suggested in the discussion in chapter 4.3.
Furthermore the change of the defect formation may also be a result of a thermodynamic stabilized
rock-salt-type SrO in STO. At the initial growth stage, the sub-monolayer regime, the Sr excess atoms flow
to the surface but their number density is not sufficient to form large area structures visible by AFM. Above
1.5 u.c., the upwards-flow of Sr to the surface continues and the formation of large area Sr rich
reconstructions and 0.5 u.c. island is started. As the surface amount of Sr further increases to larger
thicknesses, a rock-salt-type SrO double layer may form on the surfaces both perpendicular and parallel to
the growth direction. The formation of SrO double layer islands with increased amount of SrO has been
observed by Takahashi et. al [104] and in our termination experiments. Theses SrO double layer islands
remain stable in the Sr-rich STO. The STO layers grown on the rock-salt-type SrO islands (marked region
with broken lines in Figure 4.14) and the neighboring normal STO lattice lead to a phase shift between SrO
and TiO semi-monolayers. As a result, APB 1 and APB 2 are formed.
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Figure 4.14 A sketch of the atomic configuration of APB 1 in (001) and APB 2 in (010) during growth

One has to pay attention to the point that even at nearly stoichiometric growth conditions, the surface
termination is not 50 % SrO but slightly SrO rich (76 %). This fact implies that the excess of Sr atoms are
consumed rather through self-organized termination conversion than the incorporation into the thin film as
defects. This further verifies the mechanism of the floating of the Sr to the surface and indicates the surface
chemistry is different from bulk.
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As the laser fluence increases to 1.62 J/cm? and 2.25 J/cm? respectively, the thin film becomes Ti rich and
the TiO2 termination is preserved. The accommodation of the Ti excess in STO is in the form of amorphous
TiO; phase with high Ti concentration [170], whereas by low Ti excess mainly Sr vacancies are formed.
These Sr vacancies in the STO thin film have also been identified qualitatively by positron annihilation
lifetime spectroscopy (PALS) [41, 171-172].

4.5 Growth modes with cation non-stoichiometry

As discussed in the previous chapters, the cation non-stoichiometry has a strong impact on surface diffusion,
surface atomic rearrangement and defect formation. The detailed study on these microscopic processes leads
to a better understanding of the growth modes of STO thin films with cation non-stoichiometry. In the
following discussion, a correlation between the cation non-stoichiometries and the growth modes is
presented.

4.5.1 Experiments

Three 200 nm STO thin films are grown at 10"t mbar and 800 °C with a target-substrate distance of 44 mm
and repetition rate of 5 Hz. Laser fluences of 0.69, 1.6 and 2.02 J/cm? are applied to achieve Sr rich, near
stoichiometric and Ti rich STO films, respectively. The miscut is kept constant for all three samples with a
constant terrace length of ~ 250 nm.

4.5.2 Results

As depicted in Figure 4.14 the laser fluence significantly influences the final topography of 200 nm STO
thin films (see Figure 4.14 (c), (f) and (i)). The difference in morphology between near stoichiometric and
Ti-rich samples is most pronounced near the terrace edges, which are better defined for the near
stoichiometric film. Furthermore, the decrease in the diffusion length from the stoichiometric condition to
the Ti-rich condition becomes obvious by comparing the respective surface morphologies on the terraces.
In Figure 4.14 (f) and (i) the smallest distance between the islands and the holes is marked with arrows. This
distance is twice the diffusion length, since all the small islands in this region succeeded in diffusing to the
step edges at holes or islands. The distance marked by the arrows can be used as a qualitative estimation of
the diffusion length, whereas the exact determination of the diffusion length needs statistics. Keeping this
in mind we see the diffusion length of the stoichiometric conditions is larger than for the Ti rich conditions,
which indicates that the surface diffusion is stronger at stoichiometric conditions. This is in good accordance
with the results in chapter 4.2. The Sr-rich films grown with a lower laser fluence show a completely
different surface containing many small islands with a height of around 20 nm. The different topographies
can be explained by the different growth modes, which can be deduced from the shape of the RHEED pattern
and the oscillation behavior of the RHEED intensity at the specular point (Figure 4.14 (a), (b), (d), (e), (g)
and (h)).
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Figure 4.14 RHEED oscillations, final RHEED pattern, and the morphology from NC-AFM for STO thin films grown
with different fluence and corresponding stoichiometry. (a), (b) and (c) Sr-rich with F. = 0.69 J/cm?; (d), (e) and (f)
near stoichiometric with F. = 1.6 J/cm?; (g), (h) and (i) Ti-rich with F_ = 2.02 J/cm?. The oxygen partial pressure is
107 mbar for all three samples. The terrace length of all three substrates is 200 nm to obtain a comparable growth
process. The arrows in (f) and (i) show the distances between nearest holes and islands. The results were published in
ref. [63].

For the Sr-rich films the RHEED oscillations disappear after several periods (Figure 4.14 (a)) and the
RHEED pattern (Figure 4.14 (b)) changes from points on the Laue circle expected for a 2D surface to the
reciprocal lattice of a cubic structure, which can be attributed to the three-dimensional (3D) diffraction of
the perovskite structure, indicating a transition to 3D island growth. This indicates that for the Sr-rich films
the 3D island growth starts after several monolayers, resulting in the islands observed on the surface in
Figure 4.14 (c).

For the stoichiometric film, the RHEED oscillations disappear after several periods and the intensity of
specular point remains constant (Figure 4.14 (d)). All points of the RHEED pattern are still on the Laue
circle indicating the preservation of a 2D surface (Figure 4.14 (e)). This reveals that the growth of the
stoichiometric film starts with 2D growth but it is converted to step-flow growth after several monolayers.
The step flow mode results in a step terrace structure with a very low density of holes on a terrace
(Figure 4.14 (f)). Since the terrace length of all substrates is around 200 nm, the diffusion length of 50 nm
under stoichiometric conditions is insufficient to enable step-flow growth at the early stage, as indicated by
the RHEED oscillations (Figure 4.14 (f)) and the early stage morphology shown in Figure 4.3 (f)-(j).
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However, after several monolayers the step edges are roughened and the effective terrace length is reduced,
which is already visible at 0.8 ML in Figure 4.3 (j). The reduced terrace length enables most of the small
islands to diffuse to the terrace edges. Thus a transition between 2D to step flow is observed under near
stoichiometric conditions.

For the Ti-rich films, the RHEED oscillations last until the end of the deposition (Figure 4.14 (g)) and the
diffraction points are all on the Laue circle (Figure 4.14 (h)), indicating a 2D type growth. Compared with
the terraces of the stoichiometric film (Figure 4.14 (h)), where the distance between nearest holes and
islands is bigger than the island diameter, the islands and holes on Ti-rich terraces (Figure 4.14 (i)) have a
distance equal to the island diameter. This indicates that no perfect 2D layer-by-layer growth can be
achieved under Ti-rich conditions but a more realistic two-layer growth mode occurs as reported in [68] or
even multi-layer growth mode. In the two-layer growth mode and multi-layer growth, the next layer starts
to grow before the last layer is finished, thus islands and holes occur on the same terrace. Since the growth
mode of the first monolayer of Ti rich STO is layer-by-layer growth (see chapter 4.3), there should be a
growth mode transition from 2D layer-by-layer growth to the 2D multi-layer growth mode. The exact start
of this transition, however, is not obtainable from the RHEED oscillations.

Since the samples presented in Figure 4.14 are grown at 0.1 mbar, the kinetic energy of the particles is
insufficient to influence the growth kinetics for all investigated fluence values (see ref. [63] and chapter 2).
However, the kinetic energy of the impinging species for a growth pressure below 0.01 mbar is sufficient
to break up 2D islands thereby resulting in a smoothening of the growing film surface. This is confirmed by
Figure 4.15, which depicts a STO film grown at p = 10~ mbar, exhibiting an atomically flat surface. Despite
of the strongly pronounced non-stoichiometry under these conditions and the resulting c-lattice elongation

Ac ~1 pm, the step-terrace structure is still visible for 200 nm thick films, indicating a steady layer-by-layer

growth. This demonstrates that the inhibited surface diffusion present at significant non-stoichiometries can
in principle be compensated by the surface fragmentation process induced by energetic particles present at
low oxygen pressures. In another word, the ion bombardment leads to a roughening of the surface and the
diffusing species need shorter diffusion lengths for obtaining a homogeneous film.

2.7 nm
2.0

1.5
1.0
0.5
0.0

Figure 4.15 Surface morphology of a 200 nm thick STO film determined by NC-AFM scans (2x2 um?). With
Ts =800 °C, FL = 1.4 J/cm?, p = 10° mbar, f_ = 5 Hz. The result was published in ref. [63].
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4.5.3 Discussion

The growth mode transition from 2D layer-by-layer to 3D featured growth for the Sr rich sample is a
complex process. The cation non-stoichiometry, which introduces different defects at different growth
stages (as discussed in chapter 4.4.3), should have strong impact on the growth mode transition process. As
revealed by the STEM picture in Figure 4.12, the epitaxial nature of the growth exists for almost 40 u.c. Sr
rich STO, whereas only 12 u.c. Sr rich STO show APBs and islands-like growth. Combined with the fact
that the growth of such Sr rich STO experienced a 2D to 3D growth mode transition, it is qualitatively clear
that the APB formation influences the 2D to 3D growth mode transition. However, as STEM shows only
the local atomic structure in the scale of 200 nm, which comprises only three islands, it is hard to establish
quantitative comparison between STEM and the real-time growth monitoring RHEED that covers the whole
surface of STO within the mm scale. Moreover, as the c-lattice of Sr rich thin film is expanded (see chapter
4.1), there should be a lattice strain in the film. The relief of the strain during the growth process could be
another reason for the coherent 3D growth after reaching a certain thickness. As a conclusion, for the thin
film growth with a certain cation non-stoichiometry, both the strain relief and the defect formation from the
cation non-stoichiometry should be responsible for the growth mode transition during Sr rich STO
homoepitaxy.

The high diffusion coefficient and the roughening of the terrace edges are the main reasons for the growth
transition from 2D layer-by-layer to step flow growth for stoichiometric STO homoepitaxy. At this point,
the right stoichiometry plays a key role to establish this kind of growth mode. Deviations form stoichiometry
would lead to extended defect structures or reduced diffusion coefficients and may reduce the diffusion
length or even lead to 3D growth. Thus for the stoichiometric homoepitaxial growth, the exact cation
stoichiometry plays an important role.

For the Ti rich homoepitaxial growth, the growth mode evolves towards a multi-layer growth mode with
formation of islands before completing one monolayer. This indicates the nucleation rate on the formed
island is higher than the growth rate of the not yet finished island underneath. However, this decrease is not
strong enough to trigger 3D islands growth. Moreover, as the point defect like Sr vacancies have a low
formation energy in Ti rich STO, the lattice is stable despite of the non-stoichiometry and no extended
defects are observed.

As a short summary for the growth of STO with different stoichiometries on single crystal STO substrates,
both the defect formation and the surface diffusion are important for the determination of the growth mode.
For growth with extended defect formation and inhibited surface diffusion (Sr rich condition), the 2D growth
mode becomes 3D growth mode as the thickness increases. For growth without extended defect formation
and inhibited surface diffusion (Ti rich condition), the 2D growth mode can be sustained, however it is
turned from 2D layer-by-layer growth to a 2D multi-layer growth. For the growth without extended defect
formation or inhibition of surface diffusion (stoichiometric condition), the 2D layer-by-layer growth can be
even enhanced to step-flow growth with roughened step edges.
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4.6 Conclusions

The impact of cation non-stoichiometry on the growth process for complex oxide thin films in the PLD has
been identified by the systematic study on the epitaxial growth process of STO thin films with different
cation non-stoichiometries. The cation non-stoichiometry is introduced by the preferential scattering of Ti
species during the propagation process of the plume. The cation non-stoichiometry can influence the surface
diffusion and the defect formation. The cation non-stoichiometry can decrease the diffusion coefficient for
the initial growth stage through the strain between non-stoichiometric STO unit cells and the stoichiometric
substrate. With increasing film thickness, the defect formation both on the film surface and in the thin film
bulk gain importance. For the near stoichiometric condition with a low defect concentration, the growth at
optimized condition is 2D step flow growth with a perfect lattice and surface structure. If only point defects
are present, like Sr vacancies in Ti rich STO, the growth remains 2D type without transition towards 3D
growth. For Sr rich conditions, the non-stoichiometry cannot be accommodated by point defects. Instead of
extended defects like antiphase boundaries are formed and the growth experiences a transition from 2D
towards 3D.

The extended defect formation process in Sr rich STO revealed the upwards floating of Sr atoms to the
surface during the PLD growth process. This effect accumulates with increasing layer thickness and explains
the different defect types for different stages in Sr rich STO growth: in sub-monolayer regime, the defects
are not visible; as the thickness increases to several monolayers, the surface Sr amount increases. Thus the
surface reconstruction changes and 2D island formation due to Sr excess is observable. A termination
change is achieved after tens of monolayers of Sr rich STO, after which rock-salt-like SrO 2D islands start
to form. Theses rock-salt-like SrO 2D islands are responsible for the formation of antiphase boundary in
both (010) and (001) planes and the growth mode transition from 2D to 3D at a later stage of growth. This
helps understanding the formation of the Ruddlesden-Popper type of defects observed for Sr rich STO thin
films in the literature [43].
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5 In-situ study on the heteroepitaxial growth in PLD

In this chapter, the heteroepitaxial growth of LaAlOs (LAO) on SrTiOz (STO) is studied in-situ with a
combination of RHEED and OIRD. The OIRD signal of LAO growth on TiO; terminated STO is presented
in chapter 5.1 and discussed with a transition matrix method. The pressure sequence of LAO on TiO;
terminated STO is presented in chapter 5.2 and the annealing time sequence in chapter 5.3.

Since the termination can also change the heterostructure properties, the OIRD signal for LAO growth on
different terminated STO is discussed in chapter 5.4. and 5.5 with 100 % SrO termination and 55 % SrO
termination, respectively.

5.1 LAO growth on TiOz terminated STO
5.1.1 Experiments

LAO single crystals are used as targets, while TiO, terminated (001)STO single crystals are used as
substrates. The laser fluence is 1.5 J/cm?. For this standard deposition process, 8x10*mbar O, with
10° mbar UHV background pressure is used as deposition ambient. During the deposition, the target to
substrate distance is kept at 44 mm while the substrate temperature is kept at 800 °C. The averaged intensity
of the (0 0) reflex of the RHEED pattern is taken to monitor the thickness of the LAO film. The imaginary
part of the reflectivity difference is selected as OIRD signal. LAO with thicknesses of 3 u.c., 7 u.c., 11 u.c.
and 14 u.c. is deposited.

5.1.2 Results

Figure 5.1 shows the RHEED (Figure 5.1 (a)) and OIRD (Figure 5.1 (b)) intensity during the growth and
the AFM morphologies for STO substrate (Figure 5.1 (c)) and the 8 u.c. LAO film (Figure 5.1 (d)).

The RHEED intensity depicted in Figure 5.1 (a) firstly oscillates superimposed with a strong reduction until
a thickness of 3 u.c. of LAO is reached, whereafter it oscillates around a constant value with a constant
amplitude. Therefore the deposition rate of LAO can only be determined by the oscillations after 3 u.c.,
which is ~ 40 pulses/u.c.. The averaging of the first 3 u.c. deposition time gives the same deposition rate.

The OIRD signal shows also oscillations within one monolayer (Figure 5.1 (b)), which might be attributed
to the morphology change during one monolayer growth [173] or the mechanical vibrations (see chapter 3)
from the environment. However, since the morphology change during LAO growth is experimentally hard
to follow, the study on the correlation between OIRD signal and the morphology will not be carried out here.
Instead, the focus is on the OIRD at each completed monolayer, i.e. at the maximum of RHEED intensity.
The OIRD intensity can be fitted into two straight lines with oscillations on them (Figure 5.1 (b)). These
two lines have distinguishable slopes with the transition point at 3 u.c.. This means the OIRD intensity
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increases with a constant rate within 3 u.c., whereas this constant is changed after 3 u.c. of LAO. Similar
measurements carried out in our group were published in ref. [174].

In Figure 5.1 (c) and (d) the AFM morphology for the STO substrate and the 8 u.c. of LAO on STO are
compared. Since the surface terrace structure is preserved during growth, the growth of 8 u.c. of LAO on
STO takes place in 2D layer-by-layer mode.
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Figure 5.1 The peak intensity of the specular spot (0 0) (a) and the imaginary reflectance difference measured by
OIRD (b) for the growth of 8 u.c. of LAO on TiO> terminated STO. The vertical broken line is for the indication of 3
u.c.. The two broken lines along the OIRD signal in (b) are the guide to the eye for the OIRD signal at complete
monolayers. (c) and (d) are the AFM morphology for the STO substrate and the 8 u.c. LAO on STO, respectively. All
the terraces have a height of 0.4 nm.
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In Figure 5.2 the thickness dependence of the OIRD signal is depicted for the growth of 7 u.c., 11 u.c. and
14 u.c. LAO. The slope change at 3 u.c. for LAO growth on STO can be seen for all the thicknesses. This
confirms that the slope change is a reproducible phenomenon.
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Thickness (u.c.)
Figure 5.2 OIRD signal of LAO on TiO; terminated STO with different LAO thicknesses

5.1.3 Discussion

As shown by the Figure 5.1 and Figure 5.2, the slope change in the OIRD signal is a reproducible effect that
is independent on any surface structure formation. To understand this phenomenon, a detailed look into the
theoretical interpretation of the OIRD signal is necessary.

For a general substrate-film system, the OIRD signal can be expressed as [108, 175-176]:

. 4zny cos gy tan? pge d¢ (eq —85) (€0 + &g)
— A ~i R S0 ) (5.1)
Aes —&o AN~ @y )(gg — &) &d

, where no is the refractive index of the ambient, ¢ is the incidence angle, & is the relative optical
permittivity of the ambient and A is the wavelength of incident light. d is the thin film thickness, & is the
optical permittivity of the (assumed) semi-infinite substrate and & is the optical permittivity of the thin film.

Specifically for the LAO/STO system, where the imaginary part of the optical permittivity of LAO [94, 177]
and STO [178, 179] are both negligible at the applied wavelength, the OIRD signal can be correlated to the
properties of LAO and STO as follows:
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, Where ¢y is the incidence angle ~ 83°, and A is the wavelength of incident He-Ne laser of ~ 632.8 nm.
These parameters are constant during the PLD process. In contrary, the thickness of each LAO monolayer
(diLao), the effective optical permittivity of the STO substrate (&sto) and the LAO monolayers (&.a0) can be
changed during the growth process. In the following we will discuss which of the 3 parameters is responsible
for the slope change observed in Figure 5.2.

Firstly we take a look at the STO side. The most important concern are the delocalized electrons on the STO
side of the LAO/STO interface [97]. As illustrated by Dubroka et.al., the conductive interface between
LAO/STO lies on the STO side and has a plasmonic response to the photons with energies around 100 meV
at a temperature below 300 K [180]. This optical response originates from delocalized electrons condensed
at the interface on the STO side, however, it can’t contribute to the OIRD signal for two reasons: firstly, the
temperature for the LAO growth on STO is 800 °C, which is much higher than the visibility limit of the
plasmonic response from the 2DEG in STO; secondly, the photon energy used for OIRD is ~ 1.98 eV, which
is much higher than the plasmonic response energy level. Thus the contribution from the delocalized
electrons on the interface can be excluded.

The structural change in STO may also change the optical properties at 1.98 eV. The first possibility is the
existence of point defects or defect clusters that can generate in-gap states that influence the optical
transition processes e.g. of reduced STO [181]. However, as indicated in ref. [181], for the moderate
reduction conditions, the increase of the charge carrier density in STO is not enough to introduce any
increased response at ~ 2 eV. Only if the reduction progresses to an extend that the surface morphology is
strongly changed and the charge carrier density is reduced due to possible extended defect formation (e.g.
2 hours in H; at 1000 °C, where the cations are mobile as well), a significant change of optical permittivity
is visible at ~ 2 eV. Thus for the growth condition of LAO on STO, where the reduction is very moderate
and no surface change is observed, the response from defects in STO at 1.98 eV can be neglected.

Furthermore the strain and A- or B-site doping in STO can also change the inter-band transition [182].
However, these two effects have minimal influence on the response at ~ 2 eV for the optical permittivity.
Thus the response from strain or extrinsic doping in STO at 1.98 eV can also be neglected. Thus the
influence of STO is not the source of the OIRD signal change.

The experimental proof for the absence of optical permittivity change for interface STO layers is given by
Asmara et. al [94], where the optical permittivity at 1.98 eV does not differ for interface STO at 4-6 u.c.
LAO/STO and at 2-3 u.c. LAO/STO.

On the contrary, the contribution of the structural transition in the LAO thin film to the OIRD signal can be
significant, where the thickness of each LAO monolayer (diLao) and the effective optical permittivity of
LAO monolayer (a.ao) have to be considered. Different possibilities for these two factors are discussed in
the following.

Firstly we discuss the possibility of changing the LAO monolayer thickness or the c-lattice constant. As
shown by Cancellieri et.al, the c-lattice constant of the first 3 u.c. LAO on STO is higher than the nominal
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value due to the presence of the electrical field in LAO, so called electrostriction [95], which follows the
relation:

Adipo = o Ege. (5.3)

In this paper, the c-lattice constant of LAO thin films within 3 u.c. is around 0.382 nm, whereas the LAO
film has c-lattice constant around 0.3745 nm for the thicker 4 u.c. film. This means the averaged c-lattice
constant is reduced by 2 % when the build-in field is compensated after 4 u.c.. It has to be mentioned that
this averaged c-lattice change is gradual. This gradual change implies that the lattice constant change
happens only in the first 3 u.c., whereas the rest LAO has no thickness-dependent c-lattice parameter change.

Secondly, we discuss a possible change in the effective optical permittivity of LAO monolayer (&.a0). As
shown by the ellipsometry measurements carried out by Asmara, the effective optical permittivity of the
LAO is around 3.8 after 4 u.c., which is smaller in comparison to the effective optical permittivity of LAO
with thickness less than 3 u.c. of 4.8 [94]. As proposed by Asmara, this change in LAO originates from the
charge transfer process that can influence the optical transition strength and thus the optical permittivity.
However, other microscopic mechanisms can also play a role. For example, the optical permittivity can be
influenced by the applied DC electrical field if the crystal has non-linear susceptibility, which is called DC
electro-optical Kerr effect [183]. The DC electro-optical Kerr effect is described through the formula [184]:

An 1 2
—=—RE 54
n3 2 dc ( )

, where An is the relative change of the refractive index n, R is the second order electro optical Kerr
coefficient and Eqc is the strength of the DC electrical field. For small changes of An, the relative optical
permittivity change As can be estimated as:

~=RES. . (5.5)

Since bulk LAO shows no significant electro-optical Kerr effect, it is hard to make a quantitative estimation
of the absolute change of optical permittivity with the build-in field in LAO. For a qualitative comparison
we assume the R of LAO is around 102° m%V2to 102 m?/\V2, which is around 2 to 3 orders of magnitude
smaller than the typical values of electro-optical Kerr effect materials like LiNbO3[185], KNbO5[186],
PbyxZr1xTiO3[184], Ba1xSrxTiO3[187] and BaTiO3[188]. Even with such a small R, the build-in DC field
around 2.4x10° V/m in the 3 u.c. LAO film on STO [95, 189] will still introduce a significant change in
optical permittivity of LAO. With 4.26 as the relative optical permittivity in LAO [177], the absolute change
in the optical permittivity is 0.1 to 1 according to Equation (5.5). Thus this change is another possibility to
explain the optical permittivity change in LAO after 3 u.c. thickness.
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As a short summary, both the c-lattice constant and the optical permittivity in LAO can be changing during
growth. Although the microscopic mechanisms for both effects are still under discussion, the absolute value
for the changes can be used for the models in OIRD signal interpretation.

In order not to lose the universality, we will start a qualitative discussion of the OIRD signal firstly with the
analytical formula Equation (5.2). According to Equation (5.2) and the discussion above, we get the
expression for the slope of OIRD signals, which is only dependent on the monolayer thickness and the
optical permittivity of the LAO as discussed before:

s(Im(A, —A,)) S S
ajipza(dLaAlosrf(gLaAlos)Jrf(gLaAlos)rdLaAloz)

LaAlO;,0 LaAlO,,0 LaAlO;,0

(5.6)
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the incident angle ¢y is a constant throughout the experiment. &d is the unit cell thickness after 4 u.c..

LaAlO,,0

Within the two thickness regions of less than 3 u.c. LAO and more than 3 u.c., the variation of 1 u.c. LAO
does not introduce any change in optical permittivity and the first term on the right side of (5.6) is zero.
Only the second term has to be considered. Taking optical permittivity change and lattice constant change
into consideration, the Equation (5.6) can be simplified to:

6.7

5(Im(Ap —Ay)) - of (5LaAlq +5gLaAI03) : (1+AdLaAI03)7 N anio, < 3
of (ELaAIO3 ) N anio, 2 4
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, Where ¢, is the increased optical permittivity for the whole stack and Ad 0, is the monolayer lattice

expansion. This can explain the slope change in a qualitative way. The most important information derived
from this simplified formalism is that the latter monolayers do not influence the monolayers already grown,
otherwise the slope change should not be abrupt and an additional OIRD signal change is expected. This
indicates that the charge transfer does not change the unit cell properties of the first 3 unit cells and only the
monolayers for more than 4 u.c. have a normal optical permittivity and lattice constant. However, the
quantitative discussion with respect to the parameter changes requires simulations.

The next step is the quantitative interpretation of the OIRD signal. Therefore an optical simulation with the
transfer matrix method (TMM) model is applied [190] (using a MATLAB® code, which can be found in the
appendix), where the wave propagation and reflection on every interface is included. The basic idea is to
treat every unit cell of LAO as a single layer with reflection on surface and interface and transmission
through this monolayer. The incoming and outcoming strength of the electromagnetic wave is thus:
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ikl —ikil:
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, Where j is the imaginary unit, ki the wave vector in the corresponding material, |; the propagation length in

the thin slice for light propagation, specifically the thickness of each monolayer of LAO diao. pi is the
elementary reflectance on each interface that differs for p-and s-polarizations as:

Mip  Map
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P = T i, 58
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and
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ni,s cos 9i+1,3 + ni+1,s COS9i+1,s (5-9)

, where 6.1 and 8.1 are the incident angles into each layer for p- and s-polarization, respectively. n;, and
nis are the corresponding refractive indices in each layer for p- and s- polarization, respectively. For the first
approximation they are treated equally for homogeneous media and are both the square root of the optical
permittivity with = n2.

As the other configuration parameters are illustrated at the beginning of chapter 5.1.3, only the parameters
for the materials in the simulations are listed in Table 5.1. It has to be noticed that the refractive index for
STO is extrapolated from the room temperature (26.6 °C) value 2.39 with the thermal coefficient
~ -5.1x10°° °C-* from literature [191] to the deposition temperature (800 °C) value of 2.35. This reduces the
optical permittivity of STO from 5.71 at room temperature to around 5.52 at 800 °C. Since the optical
permittivity of LAO is not sensitive to temperature, which has been verified by the absence of optical
permittivity change at ~ 2 eV from room temperature to 800 °C measured by spectroscopy (not shown here),
no extrapolation is needed and the optical permittivity at room temperature ~ 4.26 is used for the 800 °C
condition for LAO layer later than 4 u.c... The extrapolation of the lattice constant from room temperature
to the high temperature of 800 °C is done by applying thermal expansion coefficients for STO (9.4x10¢ °C™)
[192] and LAO (10x10 °C?) [193]. The room temperature values of STO are 0.3905 nm, 0.3905 nm and
0.3905 nm for a-, b- and c-lattice constants, respectively [194]. Therefore the lattice constant at 800 °C for
STO is 0.3912 nm. Due to the tensile strain the room temperature lattice constants of LAO are 0.3905 nm,
0.3905 nm, and 0.3730 nm [95], which is shortened compared to the 0.3789 nm for bulk materials [21].
Following the same consideration for strained LAO thin film at room temperature, the lattice constant at
800 °C for LAO is estimated to be 0.3738 nm. Assuming the electron transfer happens strictly at 3 u.c., the
built in field exists in the first three monolayers. Thus the LAO lattice constant for the first three monolayers
increase by 2 % to reach 0.3813 nm due to electrostriction. For the simulation, the optical permittivity of
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LAO of the first three unit cells is the manually varied fitting parameter. The simulation details and
MATLAB code are summarized in the Appendix.

It has been found that the best fitting is achieved by the optical permittivity of first three u.c. of LAO around
5.26. The best fitted OIRD signal is plotted for complete monolayers in Figure 5.3 as separated dots. We
see these dots lie very well on the corresponding places of OIRD data from experiment. Thus we can
conclude the optical permittivity change and lattice constant change can explain the observed slope change
in OIRD signals, which means the OIRD signal represents the structural transition in LAO. More
importantly, the abrupt change of the slope at 3 u.c. in the OIRD signal suggests strongly that the charge
transfer to the interface does not change the first three grown LAO monolayers, but only influences the latter
monolayer of LAO grown on it.

Table 5.1 The parameters for each monolayer applied in the simulation

Parameter for each LAO STO
monolayer @ 800 °C
<3u.c. >4 u.c.
c-lattice constant d (nm) 0.3813 0.3738 0.3912
Relative optical permittivity & (-) 5.26 4.26 5.52
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Figure 5.3 The experimental OIRD signal (red curves) and the calculated OIRD signal at each unit cell with the
parameters shown in Table 5.1 (black square spots). The optical permittivity of the first 3 u.c. LAO is the fitting
parameter.

As shown by different techniques, the conductive interface between crystalline LAO and STO is only visible
for LAO thicker than 4 u.c. and the samples with 3 u.c. or less than 3 u.c. show no interface charge carriers
[18, 92, 103, 195]. However, the exact thicknesses for electronic transition (conductivity transition) and
structural transition (lattice parameter and optical permittivity change) are not clear. As a matter of fact, the
electronic transition and structural transition are correlated with each other. As shown in other ex-situ
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experiments, the conductivity transition happens at 4 u.c. and the 3 u.c. including 3.5 u.c. LAO/STO samples
always show unstable results [92, 103, 195]. Our in-situ OIRD measurement shows the charge transfer may
happen during the growth at 3 u.c.. We think the adsorbents in air by the ex-situ measurements may suppress
the conductivity and “delay” the conductivity transition. The influence of the adsorbates on the interface
conductivity was also demonstrated by a variation of surface polar adsorbates in different aqueous solutions
[87, 196].

As discussed with the theoretical model, the slope change of the OIRD signal can be interpreted as a charge
transfer induced lattice constant change and optical permittivity change, where the electronic contribution
from the STO should theoretically be small. However, the electronic contribution of STO is not
experimentally confirmed yet. To further complete the picture of the mechanism of the OIRD signal change,
the disentanglement between the electronic conduction in STO and the OIRD signal is necessary. This
disentanglement can be achieved by investigating the OIRD signal and electrical properties by (a) the growth
of LAO on STO at different oxygen pressures and (b) the growth of LAO on STO with different annealing
times. The reason is that for both cases the electrical properties of the STO vary heavily. The two aspects
will be discussed separately in the following chapter.

5.2 Oxygen pressure dependence of the LAO growth on TiO> terminated STO
5.2.1 Experiment

The growth of 8 u.c. LAO on STO is carried out under different pO,, namely 10, 10 and 10° mbar. Laser
fluence is fixed at 1.5 J/cm?. Target to substrate distance is kept as 44 mm, while the substrate temperature
is kept at 800 °C. For all three samples, both in-situ RHEED and OIRD are carried out. The signals of
RHEED and OIRD for three pressures are normalized to illustrate the transient change during the growth in
a better way. The morphologies and surface reconstructions are checked with AFM and RHEED,
respectively. The ex-situ conductivity, sheet carrier concentration and electron mobility are measured using
AC-Hall measurements. All samples are quenched with 10 °C/s cooling rate by switching off the laser
heating in the PLD. The aim of quenching is to minimize the effect of the post annealing processes.

5.2.2 Results

We firstly discuss the electrical properties of the LAO/STO heterostructure fabricated under different
pressures. In Table 5.2 the electrical properties including the sheet carrier concentration (ns), sheet
conductivity (Gs) and room temperature mobility (zsk) are summarized. As for pO;= 10" mbar and
105 mbar the interface is still conductive, the LAO/STO heterostructure for pO,= 10" mbar is insulating.
The difference of the sheet carrier concentration between 10 mbar and 10 mbar is at least four orders of
magnitude, the difference between 10-* mbar and 10" mbar is still two orders of magnitude.

Both the pO, = 10 mbar and 10> mbar samples have higher sheet electron concentration than the predicted
sheet carrier concentration at the interface, indicating contributions from the STO bulk. The contribution of
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bulk reduced STO is higher at pO, = 10"° mbar than at 10 mbar. This oxygen pressure dependence of the
sheet carrier concentration is in good accordance to literature [88, 96, 169, 197-198].

Table 5.2 The sheet carrier concentration (ns), sheet conductance (Gs) and room temperature mobility (£o0k) for
pO, = 102, 10-%and 10° mbar

pO2 (mbar) 10? 103 10°

ns (cm?) <10t ~ 6.5x10%* ~ 3.6x10%®
Under detection limit

Gs (Q) <10 ~ 7x10* ~ 3.8x107
Under detection limit

Haook (CM?/(Vs)) - ~6.4 ~6.8

Secondly the details about the LAO growth will be discussed. Figure 5.4 (a) to (f) show the AFM
morphology for the substrate and the film with corresponding RHEED pattern for 10, 10 and 10~ mbar,
respectively. Figure 5.4 (g) shows the RHEED intensity for three deposition pressures, while the
corresponding OIRD signals are summarized in Figure 5.4 (h).

As illustrated in Figure 5.4 (a) to (), the 8 u.c. LAO on STO still show a similar terrace structure as the
substrates for all pO, = 10" mbar, 10 mbar and 10° mbar. Together with the fact that the RHEED intensity
oscillations are conserved till the end of 8 u.c. for all three conditions (Figure 5.4 (g)), we can conclude the
growth of 8 u.c. LAO on STO is still in 2D layer-by-layer growth. The OIRD signal can thus be interpreted
with the same principle as in chapter 5.1.3.

In Figure 5.4 (h) the OIRD signals are shown. We see for pO,= 10t mbar, 10° mbar and 10" mbar, the
OIRD signals all experience a slope change at 3 u.c.. It has to be mentioned that the noise level in OIRD
is higher at 10"t mbar than 10" mbar and 10 mbar. The reason for this can be an imperfect 2D layer-by-layer
growth which is also indicated by the streakier RHEED diffraction pattern, which is a sign for a surface
with a higher roughness (the inset of Figure 5.4 (d)) considering the morphology obtained with AFM
(Figure 5.4 (d)).
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10" mbar  10° mbar 10 mbar

8 u.c. LAO Substrate

Normalized

0 2 4 6 8
Thickness (u.c.)
Figure 5.4 RHEED pattern and AFM morphology for substrates ((a)-(c)) and deposited 8 u.c. LAO/STO thin films

((d)-(f) for different pO>. (g) the RHEED intensity oscillations for different pO.. (h) the OIRD signal for different pOs.
Both RHEED and OIRD are shown as a function of the film thickness.
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5.2.3 Discussion

The difference between the final electronic states of LAO on STO grown at pO, = 10! mbar, 10-® mbar and
105 mbar originates mainly from the growth process, since all the samples are quenched with minimal
influence from the post annealing process. The electrical properties of the LAO/STO heterostructures grown
at 101, 10 and 10° mbar (Table 5.2) are representative for three different states of the interface and the
bulk of STO. LAO/STO deposited at 10"t mbar shows no conductivity, which indicates the absence of both
interface conductivity and bulk conductivity. LAO/STO deposited at 10" mbar shows an interface sheet
carrier concentration that is only slightly higher than the typical value of a 2DEG between LAO and STO
~ 1x10% cm[88, 169, 197]. This indicates that the STO bulk is slightly reduced during the growth and a
low concentration of oxygen vacancies is present in STO. The LAO/STO deposited at 10-° mbar exhibits a
sheet carrier concentration of around 4x10%® cm2, which corresponds to a highly reduced STO substrate
with a high concentration of oxygen vacancies. For a detailed discussion of the electrical properties of the
low pressure deposited LAO on STO see chapter 6. As a summary, the interface conductivity as well as the
bulk conductivity of LAO/STO is different for different growth oxygen pressures, where the oxygen
vacancy concentration in STO is heavily changed.

However, the OIRD signals for the three different oxygen growth pressures do not have distinct differences.
They all have similar features, especially the slope change at 3 u.c.. Therefore we can conclude that the
slope change in OIRD signal during the growth is not influenced by the oxygen vacancies in the STO
substrate. If the influence from STO after the growth can also be excluded, the disentanglement of the
oxygen vacancies in the STO substrate and of the OIRD signal is accomplished. This is the point to be
discussed in chapter 5.3.

5.3 Post annealing time sequence
5.3.1 Experiments

The growth procedures have identical parameters and are carried out with 10 mbar and 1.5 J/cm? with
LAO single crystal as a target and STO single crystals as the substrates. Only the post annealing time after
deposition is varied between samples with 0 s, 40 s, 120 s and 200 s with pO. kept at 10 mbar, whereas the
heating, cooling, adjustment and deposition time are controlled to be identical (Figure 5.5(a)). After each
deposition and annealing process, the sample is characterized ex-situ with Hall-effect measurement.

5.3.2 Results

For the OIRD signals for different annealing times (Figure 5.5 (b)), we observe once again the
reproducibility of the 3 u.c. slope change. This means that the structural transition in LAO is reproduced.
After the stop of deposition at 8 u.c. the samples with different annealing times show almost identical OIRD
signals. Only noise that may originate from mechanical vibrations in the environment can be seen. Thus the
annealing time has no impact on the OIRD signal.
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Figure 5.5 (a) The time dependence of the STO temperature during the experiments. Only the annealing time (ta) is
variable. (b) the OIRD signals for the different annealing times. (c) the sheet carrier concentration for the samples
with different annealing time.
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Although the annealing time has no impact on the OIRD signal, the sheet carrier concentration can be
strongly reduced by increasing the annealing time (Figure 5.5 (c)). By increasing the annealing time from
0s to 200 s, the sheet carrier concentration is reduced from ~ 8x10* cm? to ~ 1x10%* cm. This change is
almost one order of magnitude.

5.3.3 Discussion

As illustrated by our previous work [199], the decrease of the sheet carrier concentration by increasing the
post annealing time for LAO growth on STO originates from the reoxidation of the reduced STO substrate,
whereas the interface electrons are undisturbed. The oxygen vacancies that are introduced during the growth
process by the high energetic plume are then compensated by the incorporation of oxygen ions from ambient
[200]. Thus the oxygen vacancy concentration in STO is changed by the post annealing process.

However, the OIRD signal for the post annealing process stays constant. Moreover, the similarly grown
LAO with different annealing times show also identical OIRD signals. Thus the oxygen vacancy
concentration change in STO does not have an influence on the OIRD signal during the post annealing
process or after growth.

As a summary for the pressure sequence and the annealing time sequence, we observe that the change of
the oxygen vacancy concentration in the STO substrate neither influences the OIRD signal during growth
(pressure sequence) nor influence the OIRD signal after growth (annealing time sequence).

Based on this verification, the OIRD slope change originates purely from the LAO thin film. Two main
changes in LAO might be responsible for the OIRD slope change: the optical permittivity change and the
c-lattice expansion change. The optical permittivity of LAO at ~ 2 eV is different for LAO thin films on
STO with thicknesses higher than 4 u.c. and lower than 3 u.c. [94]. The optical permittivity change is
supposed to be influenced by the charge transfer to the interface. The averaged c-lattice constant is much
higher than the bulk value for LAO for films with thicknesses below 4 u.c., where the electrostriction
induced by the build-in field in LAO might be responsible [95]. The averaged c-lattice constant relaxes to
the bulk value as the LAO thickness increases and the absence of the build-in field in LAO layers after 4 u.c.
is assumed. The absence of build-in field after 4 u.c. might originate from the electron transfer to the
interface.

5.4 LAO growth on 100 % SrO terminated STO
5.4.1 Experiments

TiO, terminated 5x5x0.5 mm? STO is used as the substrate. The sample is heated up in the PLD chamber to
800 °C under atmosphere of 2x10”" mbar pressure with oxygen inlet. 9 pulses SrO are deposited from a SrO
ceramic target with a laser fluence of 1.4 J/cm? The 9 pulses correspond to ~ 1 u.c. SrO according to
chapter 3. Afterwards the pressure is increased to 1x10- mbar while the temperature of the substrate is kept
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at 800 °C. With rotation of the target carrousel the single crystal LAO is in use for the deposition of 8 u.c.
LAO with a laser fluence of 1.4 J/cm?. The interval between the end of SrO deposition and the begin of LAO
deposition is ~ 300 s. The RHEED measurements for both SrO and LAO are carried out, while the OIRD
measurement is only carried out for LAO due to the short deposition time of SrO. After the deposition of
LAO the sample is quenched and characterized by ex-situ AFM and Hall measurements.

5.4.2 Results

The growth process is summarized in Figure 5.6 with the RHEED diffraction pattern at 800 °C substrate
temperature (Figure 5.6 (a)), after deposition of SrO (Figure 5.6 (b)) and after deposition of LAO (Figure
5.6 (c)), respectively. The averaged RHEED intensity of spots (0 0), (0 1) and (0 -1) during SrO and LAO
growths are shown in Figure 5.6 (d) and Figure 5.6 (e), respectively.

The substrate shows a strong contrast between (0 0) and (0 1) or (0 -1) (Figure 5.6 (a)), whereas the RHEED
pattern of SrO shows a weak contrast between the (0 0) and (0 1) or (0 -1) reflections (Figure 5.6 (b)). This
can also be visualized by the RHEED intensity variation in Figure 5.6 (d): the (0 0) spot experiences a strong
decreased for the 9 pulses, whereas the (0 1) and (0 -1) spots firstly decreas and then increas to almost the
same level of (0 0) . This contrast change of the RHEED spots is in good accordance with the literature for
the growth of one monolayer of SrO with molecular beam epitaxy [42]. Since the diffraction pattern remains
in Laue ring form, the growth of the SrO monolayer is 2D layer-by-layer growth.

The layer thickness of 8 u.c. is estimated through the oscillation number of the (0 0) spot in Figure 5.6 ()
represented by the black curve. Although the first two oscillations are overlapped by a strong decrease of
the intensity, the deposition rate of 42 pulses can be extracted by averaging the duration of 8 oscillations,
thus verifying the number of oscillations to be two during the first significant drop of intensity. The
deposition is stopped at the 8" maximum of the RHEED oscillations. It has to be mentioned that at the
beginning of deposition a oscillation with only half the periode is observed for the (0 1) and (0 -1) spots (red
and blue curves in Figure 5.6 (€)). The origin of such half oscillations needs further investigation.
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Figure 5.6 RHEED pattern for (a) TiO»terminated STO substrate, (b) 1 u.c. SrO and (c) 8 u.c. LAO. The corresponding
RHEED intensity for 1 u.c. SrO and 8 u.c. LAO are shown in (d) and (e), respectively.
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Figure 5.7 AFM morphology for (a) the substrate and (b) the LAO on 1 u.c. SrO terminated STO. For both 0.4 nm
high flat terrace structures are observable.

However, it is certain that the small oscillation at the beginning is not related to any significant structure
formation on the surface of LAO, since at the end of LAO deposition the surface is as flat as before
deposition as shown in Figure 5.7 (a) and (b).
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Figure 5.8 OIRD signal for the growth of LAO on the SrO terminated STO

Taking the deposition rate ~ 42 pulses per unit cell for LAO revealed by Figure 5.6, the OIRD signal can be
plotted against the increasing LAO thickness in Figure 5.8. In contrast to Figure 5.1 (b) in chapter 5.1, we
see no slope change at 3 u.c. or at any point. The signal can be interpreted as a straight line with small
oscillations, which can originate from the surface roughness change during the growth. Alternatively, the
OIRD signal can also be interpreted as two straight lines with a slope change at 1 u.c., which is not as
obvious as the slope change in Figure 5.1.

The Hall measurement is carried out on this sample with van der Pauw configuration. The sheet electron
concentration (ns) is ~ 6x10'* cm2, whereas the sheet resistance (Rs) is ~ 350 kQ.

111



5 In-situ study on the heteroepitaxial growth in PLD

5.4.3 Discussion

As a comparison of the electronic properties, we see that the ns of LAO/(SrO)STO is over three orders of
magnitude lower than the one of the LAO/(TiO2)STO heterostructure (see Table 5.2). As discussed in
chapter 2, the LAO/(SrO)STO should be insulating. The existence of the conductivity should originate in
the reduction of STO that is caused by a low pressure SrO deposition. It has been shown that at low pressures,
the laser plume will have a high kinetic energy and can kick out the oxygen atoms of the substrate and the
growing thin film, leaving electrons and oxygen vacancies in the STO substrate [70-71, 201].

As discussed in chapter 5.2 and 5.3, the oxygen vacancies in STO do not change the OIRD signal. Only the
processes in LAO are responsible for the OIRD signal change. Therefore the absence of an obvious slope
change in OIRD signal for the LAO growth on (SrO)STO indicates the absence of a change in the LAO thin
film properties during growth.

As an in-situ observation method, the OIRD signal does not investigate the mechanism behind the process,
but gives information about the transient processes. Assuming the build-in field in LAO is compensated by
the oxygen vacancies generated during the growth process of LAO on (SrO)STO, this compensation might
be accomplished at a very early stage e.g. within 1 u.c. of LAO. Therefore an obvious slope change is absent.

As a summary for the LAO growth on (SrO)STO, two main processes may take place: one is the reoxidation
of the STO substrate, which might be reduced during the SrO growth; the other one is the compensation of
the build-in field in LAO, which can be finished at an early growth stage. The first process could explain
the conductivity, while the second process could be responsible for the absence of an obvious slope change.

5.5 Growth of LAO on mixed terminated STO
5.5.1 Experiments

A similar procedure for the deposition of SrO and LAO as in chapter 5.4 is carried out. The only difference
is that for 0.55 u.c. SrO, 5 pulses are used. 5 pulses correspond for ~ 55 % coverage by SrO. To exclude
influences from the substrate and make the comparison strictly trustable, the 5x5x0.5 mm? substrates used
in chapter 5.4 and 5.5 are selected from 4 samples diced from the same 10x10x0.5 mm?® STO sample with
identical terrace structures. RHEED and OIRD are recorded during the growth, and ex-situ Hall
measurement is carried out for the sample.

5.5.2 Results

The RHEED diffractions and the corresponding intensity oscillations for different spots are summarized in
Figure 5.9. In contrast to 1 u.c. SrO, 0.5 u.c. SrO shows higher intensities for the (0 0) spot than for the (0 1)
or (0 -1) spot, as do the substrates (Figure 5.9 (a) and (b)). This can also be observed in the corresponding
intensity change transiently in Figure 5.9 (d). In contrast to the growth of SrO we can observe good
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oscillations for LAO. Clear oscillations can be seen for the LAO growth, where the 8 u.c. RHEED
oscillations are all visible (Figure 5.9 (e)), while the RHEED diffraction pattern is also still in the 2D Laue
ring form and indicates a flat surface (Figure 5.9 (c)). This indicates the growth is 2D layer-by-layer growth.
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Figure 5.9 RHEED pattern for (a) a TiO terminated STO substrate, (b) 0.55 u.c. SrO and (c) 8 u.c. LAO. The
corresponding RHEED intensity for 0.55 u.c. SrO and 8 u.c. LAO are shown in (d) and (e), respectively.
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Figure 5.10 (a) 2 gm x 2 xm AFM morphology for LAO on 0.55 u.c. SrO terminated STO. (b) is the line profile marked
in (a) from left down to right up. The substrate morphology is identical to that in Figure 5.7 (a), so it is not shown here.

However, the AFM results contradict with the growth model suggested by the RHEED oscillation. As shown
in Figure 5.10 (a), the surface still shows a step-terrace structure that is similar to the substrate in Figure 5.7
(a). However, on each terrace edge, there is a stripe with universal width of around 100 nm, which is ~ 40 %
of the whole terrace width of 250 nm. The stripes on the terrace edges have 200 pm height. Figure 5.10 (b)
shows a line profile across one terrace edge as a representative example. (The profile is the averaged data
by a width of 13 pixels with total 512 x 512 pixels for the whole image. The purpose is to reduce the

influence of the noise.)
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Figure 5.11 OIRD signal for the growth of LAO on the ~ 55 % SrO terminated STO
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The OIRD signal is shown in Figure 5.11. Similar as for the 100 % SrO terminated STO, the OIRD signal
for the growth of LAO on the 55 % SrO terminated surface shows no obvious slope changes. A weak slope
change can be suggested at 2 u.c., which is not verifiable with respect to the noise level.

From room temperature Hall measurement directly after the growth (after 1 day), it is observed that the
sheet electron concentration (ns) is ~ 4x10% cm, whereas the sheet resistance (Rs) is ~ 37 kQ.

5.5.3 Discussion

It has been observed that the growth of LAO on a mixed terminated STO substrate can generate a mixture
of conductive and insulating areas [105]. However, since the SrO termination in that work has been
generated using thermal handling, the SrO areas on STO are elliptical stripes. As an improvement, we have
parallel ordered stripes with uniform separation on the LAO/(SrO)STO heterostructure.

It is still hard to understand the absence of an obvious slope change for the OIRD signal. A possible
explanation is the phase shift introduced by the stripe structures, which reduces the strength of the
reflectivity change for both p-and s-polarization that are responsible for OIRD signal. However, this is hard
to verify. Further detailed studies on the growth of LAO on mixed terminated STO should be carried out.

5.6 Conclusions

As an in-situ method, OIRD supplies information on the transient processes happening during the LAO
growth on STO.

For TiO; terminated STO the OIRD signal shows a slope change when 3 u.c. of LAO are deposited. This
slope change is verified as not being related to the oxygen vacancy concentration change in STO via the
growth pressure series and post annealing time series. Therefore the change can only originate in the grown
LAO: The first 3 u.c. of LAO might keep the high c-lattice constant and optical permittivity throughout the
growth process, while the latter LAO monolayers have bulk c-lattice constant and optical permittivity.

For the SrO termination, the OIRD signal shows no slope change at all for 8 u.c. of LAO growth, which
indicates the absence of a build-in field or the fast finishing of the compensation of the build-in field in
LAO.

Interesting stripe like structures are observed for the LAO growth on 55 % SrO terminated STO, where no
obvious slope changes in the OIRD signal are observed. The mechanisms behind the stripe formation and
optical signal change are not clear.

115



6 Oxygen incorporation during thin film growth in pulsed laser deposition

6 Oxygen incorporation during thin film growth in pulsed
laser deposition

6.1 Role of residual gas species and equipment

The pressure of oxygen needed for PLD for reduction is much higher than the partial pressure of oxygen in
the equilibrated reducing gas mixture. For instance, with the same oxygen pressure used in the PLD process
for reduction (e.g. 10 mbar ~ 107 mbar [202]), the SrTiOz sample is never reduced in the oxygen pump
system (for details refer to ref. [16, 17]). The scenario behind this phenomenon, however, has never been
studied systematically. In the following the analysis for the low pressure annealing in PLD is carried out to
investigate the role of residual gas species and equipment during low pressure reduction of STO in PLD
chamber.

6.1.1 Experiments

Pressure sequence: 5x5 mm? SrTiO; samples with TiO, termination are mounted on the normal Omicron
sample-holder with silver paste. All the samples are annealed at 800 °C for 513 s and 3600 s under different
pressures ranging from 107 mbar to 10 mbar with the cold cathode gauge (CC) switched on. All the
samples are quenched directly after the annealing. The sheet carrier concentration (ns) is measured with
ex-situ Hall measurements.

Mass spectrometry: One 5x5 mm? SrTiOz sample is annealed at p = 10® mbar for 513 s while both the cold
cathode gauge and mass spectrometer are switched on. During annealing mass spectrometry is carried out.
The UHV base pressure is around 5x10° mbar. After a full range scan we choose the following specific
mass-charge ratio to be detected by the mass spectrometer: 1 for H atoms, 2 for H. molecules, 16 for O
atoms, 18 for H,O molecules (where CHj is also possible but not as frequent as H,O in a typical UHV
chamber), 28 for N, or CO and 44 for CO». The sample is quenched directly after the annealing.

Measurement equipment sequence: Four 5x5 mm?2 SrTiO; samples with TiO, termination are mounted on
the standard omicron sample holder with silver paste. All the samples are annealed at 800 °C for 513 s at
105 mbar under four different conditions: with cold cathode gauge, with both cold cathode gauge and mass
spectrometer, with mass spectrometer and without cold cathode gauge or mass spectrometer switched on.
All the samples are quenched directly after the annealing. The sheet carrier concentration (ns) is measured
with ex-situ Hall measurements.

6.1.2 Results
Figure 6.1 (a) shows that the Ag paste mounted SrTiO3 samples with both 513 s (red dots) and 3600 s (black

squares) annealing time have sheet carrier concentrations (ns) of around 10'7 cm at 10”7 mbar and 10 mbar,
respectively. As the total pressure is increased to 10-° mbar, the difference between the samples annealed
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for 513 s and 3600 s gets obvious. For the 513 s annealed sample, the ns decreases from ~ 10" cm to under
the detection limit <10%° cm?. On the contrary, the ns of the 3600 s annealed sample is reduced
from ~ 10'” cm? to under detection limit < 10'° cm at 10 mbar. For both annealing times10® mbar is the
highest pressure at which the reduction of STO can be still observed. To understand the reduction process
at this pressure mass spectrometry is carried out.
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Figure 6.1 (a) The pressure dependence of the sheet carrier concentration of STO annealed for different durations.
During the annealing processes in this case only the cold cathode gauge is switched on. (b) The mass spectrometry
data for the sample annealed at 106 mbar. In this case both the cold cathode gauge and mass spectrometry are running.
(c)The sheet carrier concentration for different conditions: with cold cathode gauge (CC), with both cold cathode
gauge and mass spectrometer (CC & MS), with mass spectrometer (MS) and without both (non). The experiment was
carried out by F. Hensling.

Figure 6.1 (b) shows the content of different gas species for a silver paste mounted STO sample. At the
beginning, the UHV with p = 5x10° mbar shows a low ion current for all gas species. At this point O, and
O are the dominant species with a two times higher ion current than H>O, which is the dominant species of
the residual gases. After gas inlet through a leak valve, the ion current measured for O, and O increases over
20 times, while the amount of residual gases remains almost unchanged. The total pressure is adjusted to
10® mbar at room temperature and the content of O and O reaches a stable level after 1500 s. After around
1 hour, the laser heater is switched on and we observe a drastic increase of all gas species, where an
overshoot of H- and C- related gas species is obvious below 300 °C. This sudden increase of the residual
gas is accompanied by an increase of the total pressure to 3x10°® mbar. It is reasonable since the silver paste
has an organic binder that contains H and C and is easily decomposed at temperatures below 300 °C. As the
temperature increases further, the emission of all the residual gas species increase. The amount of H,O and
H. reaches almost the same level as O, and O, whereas the other species strongly increase as well. However,
as 800 °C is reached and the laser power stays constant, the emission of residual gas species decreases to a
level two or three times smaller than the one of O, and O. When switching off the laser heater, the emission
of the residual gases decreases further. However, since for this sample both, the cold cathode gauge and the
mass spectrometer, are switched on, the pure influence of the residual gases is not clear.

Therefore, an equipment sequence is carried out. The data is summarized in Figure 6.1 (c). With cold
cathode gauge (CC), with mass spectrometer (MS) and with both cold cathode gauge and mass spectrometer
(CC & MS) the ns remains over 10Y” cm?, which hints to a heavily reduced STO single crystal. For the
sample annealed without cold cathode gauge or mass spectrometer (non), however, the sheet carrier
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concentration is under the detection limit, which indicates that STO is not reduced in this case. As a
conclusion, the sole residual gas observed in Figure 6.1 (b) is not sufficient for the reduction observed in
Figure 6.1 (a).

6.1.3 Discussion

We showed with Figure 6.1 (a) to (c) that the residual gas species in the PLD chamber, which might derive
from the silver paste or other sources, will not reduce the STO single crystal without a running cold cathode
gauge or mass spectrometer. The reduction is possible if at least one of the two measurement devices is
switched on. This indicates that the residual gas molecules are not able to reduce STO in the
thermodynamic equilibrium.

Interestingly, both mass spectrometer and cold cathode gauge utilize ionization processes (see chapter 3).
The ionization process has two effects: Firstly the generation of ionized reducing species e.g. H, to H* [203],
which increases the activity of the reducing species like Hy; secondly the cracking of non- reducing species
into reducing species, like cracking of H,O into H*** and (OH)%* [204] or CO; into CO%** and O%*1[205].
It has to be mentioned that the collision between electrons and neutral molecules mostly produces neutral
and positively charged ions, since the negative ions need attachment of electrons that is unlikely to happen
[204, 205]. As a consequence of the ionization and cracking process, the molecular gas species e.g. Hz is
decomposed into a mixture of H° and H*.

It has been observed that with running cold cathode gauge during the inlet of H, or H,O with relative high
pressure of 10 mbar at room temperature [87], the LAO/STO interface resistance is continuously reduced,
whereas switch off the cold cathode gauge ceases the reduction. It is suggested in [87] that through the
absorption on the LAO surface H° can donate electrons to the LAO/STO interface:

HY+0% e +(0-H).

Similarly, the reduction process in STO can also be related to H°. However, since the process of the
adsorption of H° takes place at elevated temperature during our annealing process at 800 °C, the defect
reaction at the oxygen site can be active (see chapter 2) and the generation of oxygen vacancies has to be
taken into consideration. One possible scenario is:

2H%+05 5> VS* +H,0(g) T+2e.

These oxygen vacancies are preserved after the quenching process and are hardly influenced by the ambient
adsorbates. Other microscopic processes may also play a role, but for simplicity we only discuss the oxygen
vacancies as being responsible for the majority of the delocalized electrons in STO.

The distribution of oxygen vacancies in STO is dependent on the diffusion and surface reaction. Taking the
high diffusion coefficient of oxygen vacancies in STO at 800 °C into consideration [206], the diffusion
length exceeds the sample thickness (0.5 mm) for 513 s already [106]. Therefore, the surface reaction
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process mentioned above is the rate determining process. The incorporation of oxygen vacancies or the
removal of oxygen atoms from the STO surface generates electrons in STO and is strongly dependent on
the amount of the HC delivered to the surface, which determines the final reduction state of the STO.

Two factors might be responsible for the pressure dependence of ns in Figure 6.1 (a). The first factor is the
competition of the relative amount between reducing H® and oxidizing O.. As the total pressure increases
by the increased amount of oxygen, the oxidation should be stronger than the reduction. Therefore the sheet
carrier concentration is reduced by the increased pressure.

The second one is the absolute amount of H°, which is strongly dependent on the scattering of H° on the
way to the STO surface. The absolute amount of H® generated by the cold cathode gauge or mass
spectrometer should be constant if O is the inlet gas. Considering the high mean free path of gas molecules
at 10" mbar, around 10 m according to the ideal gas law, which is much higher than the PLD chamber
dimension (~ 1 m), the scattering of H® within the PLD chamber is low. As the pressure increases to
105 mbar, the mean free path is decreased to 1 m, which means the H° could be scattered within the PLD
chamber by other gas molecules like O,. At this pressure regime, the delivering of H° takes more time and
thus the reduction of STO by 513 s is much less pronounced than after 3600 s. By further increase of total
pressure to 10 mbar with increased O; inlet, the mean free path falls to only 0.1 m, which means the H°
scattering is much stronger than at low pressures, which is the reason for the absence of conductivity at
10 mbar (Figure 6.1 (a)). The scattering strength with different mean free path can explain the abrupt
change of the reduction in STO and difference between the 533 s annealed and 3600 s annealed STO at the
same pressure like 10 mbar. The discussion of the time dependent reduction or oxidation will be carried
out in the next section

As a summary, we are able to show that at low pressures in the PLD (107 mbar and 10 mbar) the reduction
in STO during annealing processes originates from the ionization and cracking process by the cold cathode
gauge or mass spectrometer. The increase of the pressure in the PLD chamber with increased inlet of oxygen
molecules helps both the reoxidation of the STO and scattering of H® or other reducing species, whereas the
scattering of HCis the rate limiting step.

6.2 The role of UV-radiation from plume

It has been shown in chapter 2 that the high energy photons with wavelength in the UV region can be
generated during PLD processes. The role of UV-radiation from the plume can be studied with a sapphire
window in front of the STO sample during PLD growth. The principle for such experiments has been
illustrated in chapter 3.

6.2.1 Experiments

The impact of UV-radiation on the morphology: The annealing experiments for two STO samples with
and without laser plume UV-radiation are carried out. The laser fluence is 1.5 J/cm? on single crystal STO
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target with target-to-substrate distance about 44 mm. The annealing temperature is 800 °C and the pressure
is 10 mbar. Both samples are quenched after the given annealing time of 513 s.

The impact of UV-radiation on the conductivity: The pressure dependent annealing time series of STO
samples is carried out with two different experiments: one has a sapphire window in front of the holder and
UV-radiation from ignited plume (UV), while the other has also a sapphire window but no ignition of laser
plume (w/o UV). For both experiments the holder without silver paste is used to avoid high emission of
residual gas species. For a detailed description of the holders please refer to chapter 3. All the samples are
annealed at 800 °C with pressures of 10 mbar and 10-° mbar for different annealing times. For the holder
that permits UV-radiation, a plume is generated with 1.5 J/cm? laser fluence on a SrTiOs single crystal target.
The target-substrate distance is 44 mm. The samples are characterized with ex-situ Hall measurements.

6.2.2 Results

Figure 6.2 shows that the surface structure of the UV annealed sample (Figure 6.2 (d)) is distinguishably
different from the annealed sample without UV-radiation (Figure 6.2 (b)). While the sample only annealed
without UV-radiation shows almost identical morphology before and after annealing, the sample with
UV-radiation shows many holes with diameter around 20-50 nm after the annealing. The averaged depth of
these holes is around 1 u.c. of STO around 0.4 nm.

Figure 6.2 The AFM morphologies of the annealed sample at 10 mbar without UV-radiation before (a) and after
annealing (b); annealed sample with UV-radiation before (c) and after (d) annealing. Both samples are annealed at
800 °C for 513 s. The bright spots in (c) may come from dirt that has not been removed completely.
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Figure 6.3 Annealing time series with (a) p=10* mbar and (b) p=10° mbar. The black squares are with
UV-radiation during the annealing and the red dots are without UV-radiation during the annealing. The experiment
was carried out by F. Hensling in ref. [106].

Figure 6.3 shows that at p=10* mbar the sample in the holder without UV-radiation has a stable
ns~ 10%7 cm? from 513 s to 3600 s, whereas the sample with UV has at first a similar sheet carrier
concentration ns~ 10Y” cm?, which declines below the detection limit ~ 10 cm? after annealing. The
samples annealed with p = 10" mbar show a different trend. The samples without UV show a similar initial
value around 10*” cm but with a slight increase from 513 s to 1800 s and then slightly reduced for 3600 s.
The UV radiated samples show even higher ns~ 10 cm? with a similar trend as the samples annealed
without UV.

6.2.3 Discussion

It is shown that at the same annealing condition, the STO surface without UV-radiation shows no voids
(Figure 6.2 (b)) and the surface with UV-radiation shows a high density of voids with 0.4 nm depth
(Figure 6.2 (d)). A possible mechanism related to the defect coalescence on the surface can be suggested.
Schottky defect pairs like Sr vacancy and oxygen vacancy (Vs'"'+Vo™) pairs or Ti vacancy and oxygen
vacancy (Vri""'+2Vo™) pairs can be observed in the vicinity of the surface of reduced STO [172, 207]. These
Schottky defect pairs are normally not mobile at annealing temperatures ~ 800 °C [26] and under detection
limit of AFM, therefore no visible changes are observed for the solely annealed STO surface (Figure 6.2 (b)).
However, the UV-radiation can generate electrons and holes, which could compensate the charges of oxygen
vacancies and cation vacancies, respectively. The Schottky pair can be thus dissociated into two neutral
vacancies, whose mobility should be higher than the defect pairs. Therefore the coalescence of the vacancies
can be enhanced and large voids within AFM resolution could be formed. The quantitative description and
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explanation for the surface morphology change of STO under UV-radiation, however, needs further
investigation. Another possible scenario is the nanoscale ablation process. Similar to the ablation process
on the target, the UV photons from plume can be absorbed by the electrons in STO. Given sufficient energy,
these electrons can leave the surface and generate a local field to drag ions out from surface. However, as
the ablation process is a strongly non-linear process that needs high intensity of photons with high coherence,
the UV-radiation from plume may not be strong enough to trigger such kind of ablation process. Therefore
the most probable scenario is the defect coalescence on the surface.

The physical scenario behind the reduction of STO under UV-radiation is the UV mediated desorption of
the oxygen atoms on-site, which has been discussed by T. Hara et. al in ref. [208]. Such desorption process
of oxygen atoms can generate charge carriers and thus influence the carrier density in the STO bulk, which
will be discussed in the following.

The influence of UV-radiation on STO during annealing experiments is bidirectional. For oxidizing
conditions, the oxidation is accelerated as shown in Figure 6.3 (a). On the contrary, for reducing condition
the reduction is further increased.

Via UV-radiation with a photon energy higher than the direct optical bandgap of STO (~ 3.2 eV [181]),
electron-hole pairs are generated. At oxidizing conditions, the oxidation of reduced STO samples takes place
in the thermodynamic equilibrium as follows:

V3 +2e+0, - 205 .

This process can be divided into many partial processes and the ionization process of the oxygen molecule
on the surface is often the rate limiting step [209, 210]. The already existing electrons will help the ionization
of oxygen molecules and thus accelerate the reoxidation speed.

On the contrary, at reducing conditions, the oxygen atoms on-site can be removed as discussed in chapter 6.1:
2H?+0% 5 VS +H,0(g) T+2e".

In this process the presence of holes will consume the electrons generated by this reaction and may
accelerate the reaction. However, as discussed before, the rate limiting step is not the reaction on the surface,
but the delivering of HC onto the surface with scattering by other molecules. Therefore, the UV-radiation
influence during the reduction process is rather weak as shown in Figure 6.3 (b).
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6.3 Disentanglement of impinging particles and UV-radiation in the plume

Impinging particles with high kinetic energy and the UV-radiation present in the plume are the main aspects
that can influence the surface oxygen exchange process in STO during the growth process of PLD. In the
following the influence of UV-radiation and impinging particles with high kinetic energy on the STO
substrate will be disentangled at room temperature and at high temperature.

6.3.1 Experiments

Room temperature experiment: Around 21 u.c. LAO thin film is deposited on 5x10 mm?2 STO substrates at
room temperature (300 K) with a target-to-substrate distance of 44mm and a laser fluence of 2 J/cm? at
p = 2x107 mbar and 10" mbar. Since no RHEED oscillations can be acquired for such growth conditions,
the deposition time is estimated according to other depositions with the same laser fluence at a higher
temperature. The sample is partially covered by a sapphire window, ensuring two regions: one with only
ultra-violet (UV) radiation and one with both UV-radiation and impinging particles with high kinetic energy.
These two regions are separated by cutting the sample into two pieces. A detailed description and the
construction ideas are illustrated in chapter 3. The Hall measurements are carried out for the two pieces.
Around 8 u.c. LAO thin film is deposited on 5x5 mm? STO substrates at room temperature (300 K) with a
target-to-substrate distance of 44 mm and a laser fluence of 2 J/cm? at p = 10" mbar.

High temperature experiment: The 20 u.c. LAO is deposited on TiO, terminated STO at 800 °C with a
laser fluence of 2 J/cm? and pO, = 1x10** mbar. The sample is partially covered by a sapphire window,
ensuring two regions: one with only UV-radiation and one with both UV-radiation and particles. These two
regions are separated by cutting the sample into two pieces. The Hall measurements are carried out for the
two pieces.

6.3.2 Results

Table 6.1 shows the sheet carrier concentration (ns) of the LAO/STO heterostructure with LAO deposited
at 800 °C of ~ 2x10% cm?, which is over one order of magnitude higher than that at room temperature of
~ 1.4x10% cm, For both room temperature (25 °C) and high temperature (800 °C), the UV-radiation from
the plume is not able to reduce the sample, where the conductivities for both are under the detection limit.
As a straightforward conclusion, the influence of the UV-radiation at the given growth conditions is too
weak to reduce the STO at all.

Table 6.1 The sheet carrier concentration (ns) of different regions on a STO sample after growth of LAO at different
conditions

ns (cm?) 25°C @ 107 mbar 25°C @ 10 mbar 800 °C @ 10™* mbar
particles + UV 1.35x10% Under detection limit, 2.04x10%°
<1010
uv Under detection limit, - Under detection limit,
<101 <1010
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6.3.3 Discussion

Firstly we consider the influence of impinging particles with high kinetic energy and UV-radiation at room
temperature. It has been reported that at room temperature, the UV-radiation can introduce oxygen vacancies
or oxygen vacancies related defects in SrTiOs, which makes the SrTiOs; conductive. One example is the
generation of Ti-O vacancy clusters during the irradiation with a 325 nm Cd laser [73]. However, the
UV-radiation in such experiments was continuous radiation with relatively high intensity. In the PLD
process, the UV-radiation from the plume exists as long as the laser plume exist, whose lifetime is only in
the s regime [5-6, 10, 57, 60]. The short duration of the UV-radiation from the plume is therefore assumed
to have only a very weak influence because the radiation dose is rather small.

On the contrary, the kinetic energy of particles in the LAO plume can exceed 10 eV with p < 10°° mbar [71],
which can kick out the oxygen atoms to generate the oxygen vacancies and electrons as compensating
defects. Although the impact from impinging particles with high kinetic energy is discussed by Sambri et. al
with variation of PLD ambient pressure, the UV-radiation influence has not been really excluded in that
experiment. The disentanglement between the UV-radiation and the kinetic energy of particles at room
temperature is experimentally achieved by our experiments: the main influence from the plume derives from
the kinetic energy of the particles in the plume.

Secondly we discuss the influence of the UV-radiation at high temperature for the PLD growth process. The
ns for this quenched sample fabricated with standard deposition parameters is one order of magnitude higher
than the value for a typical LAO/STO at the thermodynamic equilibrium ~1x10% cm2[16, 31, 199]. The
excess charge carriers may derive from non-equilibrium processes, which are mainly induced by the high
kinetic energy of the particles in the plume. As for a similar system with 2 J/cm? laser fluence, target-
substrate-distance of 45 mm and p = 10 mbar, the kinetic energy of the plume front is around 10 eV [71].
This energy is enough to trigger the removal of oxygen atoms from STO. However, the same kinetic energy
is not able to reduce the STO sample at room temperature. This indicates the diffusion of oxygen vacancies
is crucial for the reduction of STO, which is only strong enough at 800 °C [106].

As a summary, we experimentally confirmed the dominant role of the kinetical energy of the particles from
the plume for the reduction process during thin film growth process e.g. LAO on STO. This influence is
mainly assigned to the formation and diffusion of oxygen vacancies in the STO substrate and therefore
strongly temperature dependent.
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6.4 The disentanglement between growth dynamics and thermodynamics
6.4.1 Influence of thermodynamics
6.4.1.1 Experiments

Four 25 u.c. LaAlOs on TiO, terminated SrTiOs are grown at 700 °C with a laser fluence of 1.89 J/cm? and
pO2 = 1x10* mbar. The samples are post annealed with different oxygen partial pressures for identical time
length of around 1 hour. The pressures are 102 mbar, 10 mbar and 10 mbar. The temperature dependent
sheet resistance has been measured by Physical Properties Measurement System (PPMS®, Quantum Design
Inc.).

6.4.1.2 Results

From Figure 6.4 we see that while the sample annealed at 10 mbar is similar to the as grown sample with
metal-like temperature dependence of sheet resistance, the samples annealed at 10 mbar and 10 mbar
exhibit a distinct Kondo-like minimum that indicates scattering centers on the interface. This is similar to
the results on samples deposited at these pressures in the literature [96]. Another phenomenon indicating
the increased scattering on the interface is the strongly increased low temperature resistance (e.g. at 2 K) of
the samples annealed at 102and 10-* mbar in comparison to the as grown sample and the sample annealed
at 10" mbar.
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Figure 6.4 Sheet resistances of LAO/STO heterostructures deposited with T = 700 °C and pO, = 1x10"* mbar. The
samples were post-annealed at 700 °C in varying pO, for one hour. The fabrication and the low temperature
characterization were carried out by R. Heinen. The results were published in ref. [199].
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6.4.1.3 Discussion

As shown in the literature [96], the increase in sheet resistance with increasing oxygen partial pressure is
mainly caused by a decrease in electron mobility, indicating that additional defects are induced at the
interface during annealing and equilibration at an increased pOs..

Since the defects appear at increased oxygen pressures, oxygen vacancies are unlikely to be the relevant
defect species here, as their concentration should be reduced at an increased pO,. The main thermodynamic
process on the interface of the heterostructure of LaAlOs/SrTiOs is the Schottky-equilibrium (for details see
chapter 2) on the SrTiOs side that shifts towards ionic charge compensation at an increased oxygen pressure,
where cation vacancies are generated in the vicinity of the interface. In particular these cation vacancies at
the interface should be Sr vacancies, since the formation energy of the Ti vacancies is too high [26].

Thus one can conclude that the thermodynamic properties influence the interface conductivity through the
mobility change due to Schottky-equilibrium generated cation vacancies at the interface.

6.4.2 Influence of growth dynamics
6.4.2.1 Experiments

The deposition of LAO on 5x5x0.5 mm?® STO samples is carried out with a laser fluence of 1.4 J/cm? at
800 °C. The deposition pressure is set to 1x10-° mbar (growth rate 42+2 pulses/u.c.) and 1x10*mbar (growth
rate 45+2 pulses/u.c.), respectively, by oxygen inlet with an UHV background pressure of 10 mbar. Note
that the different laser fluence results from independent parameter optimization for each individual PLD
setup in use. For 1x10° mbar, the thickness of the LAO films is 8 u.c., while for 1x10** mbar, the thickness
is 5 u.c. (in order to enable XPS characterization). After switching off the ablation laser, the sample is kept
at the deposition temperature for different durations ta, ranging from 0 s up to 3600 s. Subsequently, the
samples are quenched by switching off the heating laser. Both sequences of LAO/STO films are
characterized with room temperature Hall measurements in an 8404 HMS® (Lakeshore Inc.). The post-
annealed samples grown at 1x10* mbar are also characterized by in-situ X-ray Photoelectron Spectroscopy
(XPS) before being removed from UHV conditions. The XPS measurements are performed with a PHI 5000
Versa Probe® (Physical Electronics Inc., USA) with Al Ka X-ray illumination, a pass energy of 29.35 eV
and at a photoemission angle of 45° using electron neutralization.

6.4.2.2 Results

Figure 6.5 (a) shows the room temperature sheet conductance, Gs, of LAO/STO heterostructures measured
ex-situ after annealing for various t.. The corresponding sheet carrier concentrations, ns, are presented in
Figure 6.5 (b). The Ti* content determined by XPS for corresponding t. with normal incidence is shown
in Figure 6.5 (c), which is fitted from the XPS spectrum with the help of the ratio between Ti** and Ti*
peak maximum in Figure 6.5 (d). For XPS analysis, we use the sample sequence obtained at 1x10* mbar.
The LAO layer thickness is 5 unit cells to minimize signal attenuation introduced by LAO layer.
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Figure 6.5 Transient properties of LAO/STO heterostructures after PLD growth. (a) Room temperature sheet
conductance, Gs, of LAO/STO samples quenched at a defined time after growth. (b) Corresponding sheet carrier
concentration, ns. (c) Ti** fraction obtained from XPS spectra (principle depicted in (d)) recorded on samples
quenched after various periods of time. The solid lines are a guide to the eyes. The results were published in ref. [199].

For both growth pressures, the conductance measured for samples quenched immediately after growth
(ta~ 0 s) is almost two orders of magnitude larger than the conductance measured for samples quenched
after annealing for one hour (t. = 3600 s). The initial values are also much larger than the room temperature
conductance of the samples cooled down slowly as shown in Figure 6.4. For intermediate t., the conductance
relaxes from its high value obtained directly after growth towards its lower (equilibrium) value, which is
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obtained after one hour and remains unchanged upon further annealing. We thus monitor how the as-grown
LAO/STO heterostructures relax from a non-equilibrium state (varying in time) to their equilibrium state
(stable over time) inside the PLD chamber. The relaxation rate strongly depends on the actual pO>. In
particular, equilibrium is reached after ~100 s at 1x10° mbar (black symbols) and after ~1800 s at 1x10
mbar (red symbols), respectively.

As shown in Figure 6.5 (b), the sheet carrier concentration shows a similar trend as observed for the
conductance. While ns is of about 5x10*® cm™? for t,= 0 s, it relaxes to an equilibrium value of about
1x10*cm? at t,= 3600 s. This equilibrium value is the typical carrier density reported for the interfacial
2DEG. [88, 169, 197] The non-equilibrium value, however, is too large to be accommodated at the confined
interface only (it would correspond e.g. to a volume concentration of 1x10?? cm™ = 60 at% considering a
2DEG thickness of about 5 nm). Therefore, the high concentration of electrons observed immediately after
the growth has to be attributed to the formation of charge carriers inside the STO substrate. In other words,
during the growth process the STO substrate is strongly reduced, resulting in the formation of oxygen
vacancies inducing conduction in the bulk of STO. The bulk conduction in STO originating from oxygen
vacancies has been discussed in chapter 2 for the point defect part. As a consequence, the relaxation process
observed for various ta (Figure 6.5 (a), (b)) has to be attributed to the reoxidation of the bulk of the STO
substrate inside the PLD chamber. Thus, this reoxidation process is an additional relaxation process
occurring after PLD growth of LAO/STO heterostructures, superimposed by the establishing of the
Schottky-equilibrium in the near-interface region (Figure 6.4).

This reoxidation process can also be visualized and the contributions of interface and bulk conduction can
be separated by monitoring the Ti®** content determined by XPS (Figure 6.5 (c)). A drop in the
[Ti®*)/[Ti**+Ti*] ratio can be observed from about 6 at% for t,= 0 s to about 3 at% at t,= 3600 s. Based on
a model comprising both interface and bulk contributions (see supplementary material of ref. [199]), we can
attribute this drop by 3 at% to a vanishing bulk contribution, while the interface contribution is constant
over time accommodating the entire Ti** content of about 3 at% found for t,= 3600 s. This percentage of
Ti®* is in good accordance with the sheet carrier concentration at t,= 3600s of ~1.2x10%* cm (Figure 6.5
(a)). The constant interface contribution forms immediately at t.= 0 s. The vanishing bulk contribution is
associated with the oxidation process of the sample during relaxation from non-equilibrium after the growth
to equilibrium, as discussed above.

6.4.2.3 Discussion

Our findings are in good accordance with the phenomena observed by Basletic et. al [97] with conductive
AFM for the bulk and interface properties in LAO/STO system, where the interface of LAO/STO remains
almost unchanged after the post annealing process and the charge carrier concentration in the STO bulk
decreases by over 2 orders of magnitude because of the reoxidation processes during post annealing. Our
results do not only verify the existence of this oxidation process, but also allow us to study the pressure-
dependent kinetics of this process to disentangle the growth dynamics and thermodynamics on the interface
of LAO/STO.
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As a matter of fact, the observation of a reoxidation effect in the bulk of STO indicates that the equilibrium
state of STO for the whole range of investigated deposition pressure in the absence of a plume for LAO/STO
is a well-oxidized one. The observation of bulk conduction in LAO/STO is hence related to the
non-equilibrium into which the growing sample has been pushed during growth. The non-equilibrium in the
PLD process has been discussed in chapter 2 as a basic aspect of PLD processes.

Interestingly, for both growth pressures the non-equilibrium states obtained directly after growth are almost
identical with Gs= 60 mS (ns= 5x10° cm). However, the equilibration process differs depending on the
ambient pressure and exhibits distinct features. At 1x10° mbar, the reduction of conductance starts
immediately as the post-annealing begins. Equilibrium is reached already after a few hundreds of seconds.
At 1x10* mbar, annealed samples firstly remain almost unchanged for about 1000 s before the sheet carrier
concentration starts to drop. Moreover, the time needed for the (inhibited) conductance equilibration is
larger at 1x10* mbar than at 1x10- mbar (slope of dashed lines in Figure 6.5 (a) and (b), which are guides
to the eye). The almost identical initial non-equilibrium states at 1x10-* mbar and 1x10* mbar indicate that
the reduction of the STO substrate is induced predominantly by the plasma plume dynamics, while the actual
partial pressure seems less important. The plasma dynamics are essentially unchanged in the considered
pressure range [71], which leads to the fact that the oxidation states of the incoming plasma species are
rather similar in this pressure range [71]. Thus, oxygen gettering [211, 212] by the growing layer should be
similar, too.

In contrast to this, the pO, is much more important for reoxidation inside the PLD chamber. The reoxidation
happens through two main steps: surface incorporation and bulk diffusion. For a specific condition either of
the two is slower than the other and acts as the rate limiting step. At growth temperature, oxygen vacancy
or oxygen ion diffusion is rather fast in the bulk of STO (Dvs~ 3x10 cm?/s at 800 °C [213]). In contrast to
that, the surface incorporation rate of oxygen into perovskite is low (ks= 10°cm/s [214]). Hence, the rate
limiting step for the reoxidation process should be surface incorporation. Therefore, the difference in the
transient behavior observed for different growth and annealing pressures indicates that the incorporation of
oxygen ions into the STO bulk is hindered at a physical pressure of 1x10* mbar, while it is considerably
faster at 1x10° mbar. One possible scenario could be a varied surface exchange coefficient, ks, of the LAO
thin film due to the different growth conditions. We explicitly tested this scenario by comparing samples
grown even below 1x10* mbar and annealing them in 1x10° mbar, which resulted in a similar equilibration
time as observed for the samples grown at 1x10° mbar. Therefore, we can exclude a modification of ks at
lower growth pressure and assign the increased equilibration time to the annealing pressure. The observed
relaxation behavior is thus consistent with the reduced attempt frequency of oxygen attaching to the sample
at 1x10 mbar, or in other words, the delivering rate of oxygen to the oxide surface at vacuum conditions.

As a summary, the growth dynamics do have an influence on the bulk properties of STO through the
introducing of oxygen vacancies, which can be compensated by the oxygen delivered back to the system
heading towards the thermodynamic equilibrium. The equilibration process differs due to the different
amount of oxygen delivered to the oxide system.
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6.4.3 The interaction between thermodynamics and growth dynamics

In order to illustrate how far away the initial non-equilibrium state introduced by the growth kinetics is from
thermodynamic equilibrium, we compare the results of the quenching experiments with the high temperature
equilibrium conductance (HTEC) data obtained experimentally for single crystal SrTiOs and
LaAlOs/SrTiOs heterostructures in previous work in our group [15, 17]. A detailed discussion of the oxygen
pressure dependence of the conductance can be found in the corresponding publication [15].

From the data, it is directly displayed how the equilibration process observed for LAO/STO heterostructures
inside the PLD chamber compares with the equilibrium states probed in ex-situ HTEC experiments. For this,
we rescale the Hall data from room temperature (Figure 6.5 (b)) to high temperature (800 °C) applying the
temperature dependence of the electron mobility reported in the literature [30]. For temperatures between
873 K and 1573 K the electron mobility (1) can be estimated as x = 3.95x10* (T/K) 162 cm?/(V-s) [24]. By
replacing the room temperature mobility by this estimated mobility at high temperature of 800 °C, the
conductance data of the anneal time sequence (Figure 6.5 (b)) can be rescaled and compared to the
conductance from HTEC.

Figure 6.6 shows typical HTEC data as a function of ambient pO. obtained at a temperature of 800 °C for a
SrTiOs single crystal (open symbols) and a LaAlO3/SrTiOs heterostructure (closed symbols), exhibiting an
additional thermally stable conductance contribution observable at intermediate pO. values (deviation
between open and closed symbols). In addition, we plot the scaled conductance values obtained in this study
after quenching directly after growth (ta= 0 s) and after 1 hour of equilibration (t.= 3600 ).

The initial non-equilibrium states for both pressures correspond to the equilibrated state obtained for
LAO/STO at an ambient pO, of about 1x102¢ mbar (dashed lines), which is 12-13 (1) orders of magnitude
lower than the nominal growth pressure. Hence, the sample is pushed far away from equilibrium during
growth. In this reduced state, the HTEC of LaAlO3/SrTiOs heterostructure and SrTiOs single crystal overlap,
indicating that the non-equilibrium state from PLD is mainly originating from the reduced STO bulk. A
similarly strong reduction of SrTiOs caused by PLD plasma is also observed by Scullin et. al [215].

During equilibration (Figure 6.5), the conductance of the LaAlO3/SrTiO3 heterostructures virtually follows
the isobaric lines at 1x10% and 1x10“ mbar, respectively (black arrow, Figure 6.6) drifting towards
equilibrium. After t.= 3600 s, the equilibrated states of LaAlOs/SrTiOs in the PLD chamber are in good
accordance with the HTEC data of the LaAlIOs/SrTiO; 2DEG at 1x10*“ mbar and 1x10° mbar. At these
pressures, the bulk SrTiOs yields only a minor contribution to the total HTEC of the LaAlOs/SrTiOs
heterostructure, confirming that the equilibrated samples exhibit merely interfacial conduction.

Thus, samples equilibrated under growth conditions exhibit negligible contributions of bulk conduction
within the substrate. As a consequence, post-deposition annealing at growth pressure is sufficient to suppress
the effect of electronic carriers in the bulk of SrTiOs. So far, it has been typically assumed that annealing in
oxygen-rich atmospheres (10-1000 mbar) is required to achieve a sufficiently insulating SrTiOs substrate.
However, while such high oxygen pressures may give similar conductance values at room temperature, they
may result in considerably increased resistance at low temperature as shown in chapter 6.4.1 (Figure 6.4).
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In particular, higher oxygen pressures during equilibration lead to an increase in residual resistances
corresponding to a decrease in electron mobility. This can be attributed to cationic defects existing at the
interface (Figure 6.4), while the conductance variation at room temperature (Figure 6.5) stems mainly from
a changing concentration of oxygen vacancies in the bulk. Our results therefore indicate that equilibration
at growth pressure is sufficient to suppress bulk contributions to the conductance and is beneficial for the
increased carrier mobility in comparison to post annealing at higher pressures.
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Figure 6.6 High temperature equilibrium conductance (HTEC) of SrTiO3 (open symbols) and LaAlOs/SrTiOs (closed
symbols) at 800 °C between for (-20) < log(pO2/mbar) < 0. Initial and equilibrated sheet conductance obtained for
quenched LaAlO3/SrTiOs samples are plotted as black (for 1x10-® mbar) and red (for 1x10-* mbar) filled symbols. The
equilibrium pressure corresponding to the initial quenched state is about 10-*® mbar (dashed lines). The results were
published in ref. [199].

Interestingly, the oxygen pressure for which bulk conduction is typically observed in LaAlO3/SrTiOs
(10°¢ mbar - 10* mbar) corresponds to highly oxidizing conditions, if compared to typical oxygen partial
pressures obtained in chemically controlled reducing atmospheres. For instance, Ar/H, gas mixtures
typically deliver pO, < 10" mbar at typical growth temperatures. This emphasizes the crucial role of
non-equilibrium effects involved in the growth process for the varying sample properties obtained by
different groups. This extreme importance of the non-equilibrium created by PLD is also illustrated clearly
through the comparison between non-equilibrated and equilibrated states in Figure 6.6. The reoxidation
process triggered in the bulk of SrTiO; manifests itself mainly in the sheet carrier concentration in the
substrate’s bulk. As oxygen exchange with the surrounding atmosphere is involved, the equilibration rate
strongly depends on the ambient pressure. At typical growth pressures, the equilibration time scales from
hundreds of seconds to thousands of seconds. This time scale coincides with the typical time scale on which
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grown samples are still at elevated temperatures after growth in most PLD setups (typically a few minutes).
As the electrical properties of LaAlOs/SrTiOs heterostructures and in particular those of the SrTiO3 substrate
are still very sensitive within this time, kinetic limitations for oxidation may explain the observed scatter in
the properties of samples grown at comparable growth conditions by different research groups and setups.
In particular, at a growth pressure of 1x10* mbar, a sample cooled down directly after growth may exhibit
significant parasitic conduction in the bulk, while a sample cooled down slowly or kept at growth conditions
for about 30 minutes shows merely interface conduction (such as for samples discussed in Figure 6.4). Ata
growth pressure of 1x10° mbar, almost any sample cooled down immediately after the growth (unless
intentionally quenched within seconds as described here) should exhibit interface conduction only because
equilibration is sufficiently fast. Based on the discussion above, we can suggest a preferred growth recipe
for fabricating an electron gas at the LAO/STO interface with minimal scattering centers and without
parallel conduction in the bulk: after the typical growth of LAO on STO for a conductive interface (e.g.
1x10** mbar and 800 °C), a post annealing process on the order of one hour should be carried out under
growth conditions, rather than with higher oxygen pressures.
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Figure 6.7 Thermodynamic processes in LAO/STO heterostructures. 1) incorporation of strontium vacancies in the n-
type near-surface region upon high-pressure annealing controlled via pO; (top); 2) reoxidation of the STO substrate
as acceptor doped bulk after reduction during the PLD process controlled via annealing time, ta (bottom). This figure
was published in ref. [199].

In summary, the growth kinetics and the thermodynamics are strongly interlinked during the fabrication
processes for LaAlOs/SrTiO; heterostructures. Firstly the growth kinetics shift the SrTiOs bulk to extreme
non-equilibrium. Secondly, two distinct thermodynamic processes are involved in the equilibration of the
defect structure of LAO/STO heterostructures after being pushed far away from equilibrium during the PLD
process: (1) reoxidation of the STO substrate after reduction during the PLD process; (2) incorporation of
Sr vacancies in the near-surface region upon high-pressure annealing. The two thermodynamic processes
are summarized in Figure 6.7.
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6.5 Complexity of the redox processes
6.5.1 Experiments

The deposition of LAO on 5x5x0.5 mm?® STO samples is carried out with a laser fluence of 1.4 J/cm? at
800 °C. The deposition pressure is set to 1x10° mbar by oxygen inlet with an UHV background pressure of
10 mbar. Three samples are annealed at the growth pressure with different annealing times (t) ranging
from 0s to 3600s and quenched afterwards. After ex-situ Hall measurements, two samples with an
annealing time of 0 s and 3600 s are annealed a second time at 800 °C with 10" mbar pO- for 3600 s and
subsequently quenched. These two samples are again characterized by ex-situ Hall measurements. During
all growth processes and annealing processes the cold cathode gauge is switched on for pressure
measurement.

6.5.2 Results

As shown in Figure 6.8 for the LAO deposited at 10-°> mbar with 0 s annealing time, the absolute value of
ns is ~ 5x10%6 cm2. As the annealing time increases to 3600 s, ns increases slightly ~ 8x10% cm, This value
is almost identical to that of the STO sample that is only annealed at 105 mbar for 3600 s (the point at
10 mbar in Figure 6.1 (a)). After annealing at pO, = 10" mbar for 3600 s, ns decreases to ~10%** cm which
is similar to the equilibrated value shown in Figure 6.5.
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Figure 6.8 The sheet carrier concentration (ns) for LAO grown and annealed at 10-° mbar with different annealing

times (ta) (red circles). The 0 s and 3600 s annealed samples are annealed again for 3600 s at 10~ mbar and
characterized with ex-situ Hall measurements again (black squares).
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6.5.3 Discussion

The high value of nsis ascribed to bulk conductivity of STO. Different influences are discussed for the
growth and annealing processes.

The quenched sample deposited at 10> mbar shows an ns that is around one order of magnitude higher than
the one of quenched samples deposited at 10 mbar and 10 mbar (the red/black dots in Figure 6.5 (b) with
ta=0s). The origin of this difference may be assigned to the different oxygen content in LAO as suggested
by A. Sambri et. al [71]. The kinetic energy of the plume species at 10°° mbar is almost identical to the ones
at 10* mbar and 10 mbar around 10 eV [71], whereas the oxidized species in the LAO plume by 10°° mbar
can be less. It has been measured at ~ 40 mm target-substrate-distance that the LaO/La ratio is reduced by
10 % by changing oxygen pressure from 10 mbar to 10 mbar [71]. The oxygen in STO may be extracted
by the LAO film due to the low formation energy of oxygen vacancies in STO and the high kinetic energy
of the incoming species of the LAO plume and accommodated into the oxygen deficient LAO thin film.

The annealing process of the LAO/STO samples at 10°° mbar results in a slightly increased ns. This is similar
to STO annealed at 10 mbar with running cold cathode gauge (Figure 6.3 (b)), where the nsincreases from
under detection limit to the same level of around 8x10® cm. This similarity indicates the annealing process
for LAO/STO samples is dominated by the reducing species generated by the cold cathode gauge like H°,
which has been discussed in chapter 6.1. The STO underneath LAO is thus reduced by annealing at
10 mbar. The STO substrate can be reoxidized at an increased oxygen pressure of 10 mbar with an
annealing time of 3600 s. The reason for this difference may be the same as for annealing STO at different
pressures (chapter 6.1), including the relative delivering rate of reducing and oxidizing species to the
LAO/STO surface. However, the process of the incorporation of oxygen or oxygen vacancies into STO in
the LAO/STO heterostructure should be different from pure STO. For the LAO/STO heterostructure, both
the LAO thin film and the interface between LAO/STO with delocalized electrons can influence the
incorporation processes. With regard to this point further investigation is needed.

6.6 Conclusions

In this chapter the different factors that can influence the redox process during PLD processes are studied.
The residual reducing gas species and attached ionizing equipment, like a cold cathode gauge and a mass
spectrometer, play an important role in the reduction of STO during annealing at low pressures
below10® mbar. As the total pressure increases to 10 mbar, the STO sample is not reduced by the annealing
process. At this pressure or higher, the kinetic energy of the plume species acts as the main factor for the
reduction in STO. This reduction, however, is also dependent on the amount of oxidized species in the LAO
plume. Nevertheless, all the oxygen vacancies incorporated in STO during LAO growth can be compensated
by annealing at pressures around ~ 10" mbar, resulting in a reoxidation of the STO single crystal.
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7 Summary and Outlook

In this thesis we investigated three important aspects of PLD growth with various methods, namely:

(1) the impact of cation non-stoichiometry on STO homoepitaxy (chapter 4) with in-situ AFM, RHEED,
LEED and STEM;

(2) the conductive interface formation during LAO growth on STO (chapter 5) with OIRD and Hall-
measurement;

(3) the incorporation and removal of oxygen during PLD growth and post-annealing (chapter 6) with
mass-spectrometry and Hall-measurement.

For the homoepitaxial growth of STO with PLD, both the laser fluence and the pressure can change the
cation non-stoichiometry in the STO thin film and thus the c-lattice expansion (chapter 4.1). The laser
fluence variation at high pressure oxygen ambient ~ 0.1 mbar is thus utilized for the variation of the cation
non-stoichiometry in the thin STO films, namely low laser fluence (1.0 J/cm?) result in Sr rich STO, medium
laser fluence (1.4 J/cm?) in stoichiometric STO and high laser fluence (2 J/cm?) in Ti rich STO.

The influence of the cation non-stoichiometry is demonstrated at different growth stages, namely the initial
growth stage (d <1u.c.), the medium growth stage (1u.c.<d<50u.c.) and the late growth stage
(d <500 u.c.).

For the initial growth stage, the surface diffusion and the 2D island coalescence for all three stoichiometries
are investigated (chapter 4.2). The surface diffusion coefficients of STO unit cells with different
stoichiometries are compared with the diffusion time estimated from RHEED relaxation time and the
diffusion length estimated from the averaged island edge separation. It is observed that the diffusion of unit
cells of non-stoichiometric STO on the stoichiometric substrate is inhibited, while the diffusion of these
cells on existing non-stoichiometric islands is not inhibited. We therefore conclude that reduced diffusion
coefficients originate from the surface strain. As a result of the reduced diffusivity, the island shape of non-
stoichiometry STO unit cells deviates from the circular shape. Moreover, the island coalescence is delayed
for non-stoichiometric thin films, which is observed by in-situ AFM investigations and a shift of the RHEED
minimum. A modified step density model is suggested to describe the correlation between the reduced
diffusivity and the delay of the island coalescence, where the island shape deviation is taken into
consideration.

For the intermediate stage of the growth, the different solubility of point defects influences the defect
formation processes (chapter 4.3 and 4.4). Since the formation energy of Ti vacancies in STO is high, the
formation of Ti vacancies in Sr rich STO is energetically unfavorable. Instead, SrO islands on the surface
are observed by LEED and AFM, while rock-salt-type SrO layers within STO as well as anti-phase
boundaries (APBs) are observed by TEM. For the growth of stoichiometric STO thin film on the TiO;
terminated STO, the thin film is stoichiometric while the surface is Sr rich. This verifies the strong trend of
the formation of SrO islands on the STO surface during PLD growth. However, no extended defects are
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observed in the stoichiometric STO thin film. In the Ti rich STO thin film, the surface termination of TiO>
is preserved and no extended defects are formed. The reason for the important role of Sr vacancies could be
their low formation energy Sr vacancies with respect to Ti vacancies.

During the late growth stage, the defect formation and the surface diffusion in combination determine the
growth mode of homoepitaxial grown STO with cation non-stoichiometry (chapter 4.5). For Sr rich STO,
where extended defects are formed, the growth mode changes from 2D growth to 3D growth. This transition
happens after several STO unit cells, where the surface diffraction pattern acquired by RHEED changes
from a Laue circle to a 3D ordering. As revealed by the TEM analysis for the APBs, a perfect lattice is
observed below the horizontal APBs, which indicates a perfect 2D growth before the formation of APBs
takes place. The growth mode transition from 2D to 3D could be correlated to the formation of extended
defect in Sr rich STO. The exact comparison between the growth mode transition and the defect formation
is difficult, since the growth mode transition observed by RHEED covers the whole surface and TEM
supplies only local information. For Ti rich STO, the absence of extended defects prevents a similar
transition from 2D to 3D growth. Instead, the inhibited surface diffusion turns the growth from 2D
layer-by-layer to 2D double-layer growth. For stoichiometric STO, the growth changes into the step flow
mode after several layers. During the growth, the distances between the terrace edges are effectively reduced
by the terrace edge roughening, which is observed by AFM for 200 nm films. Therefore, the surface
diffusion lengths of STO unit cells can be higher than the terrace width and step flow takes place rather than
the 2D island growth on terraces. This means that the cation non-stoichiometry influences the diffusion
and the defect formation processes.

For the heteroepitaxial growth of LAO on STO, 8 u.c. of LAO are grown on different terminated STO with
RHEED and OIRD for in-situ observation. The different STO terminations are 100 % TiO-, 100 % SrO and
55 9% SrO, where the corresponding heterostructures are LAO/(TiO2)STO, LAO/(SrO)STO and
LAO/(55 % SrO + 45 % TiO2)STO. For all surface terminations, the subsequently deposited LAO layers
grow in 2D growth mode.

For LAO/(TiO2)STO the heterostructure has a sheet carrier concentration of 101 cm at equilibrium. The
OIRD signal for the growth of 8 u.c. LAO changes after the first 3 u.c. LAO. The linear slope is steeper for
the first 3 u.c. than for the latter 5 u.c. (chapter 5.1). This indicates that the properties of the first 3 u.c. LAO
differ from the subsequent LAO unit cells. An influence from the STO substrate can be excluded by the
deposition oxygen pressure sequence (chapter 5.2) and post annealing time sequence (chapter 5.3), where
the electronic conductivity of STO varies to a great extent but the OIRD signals stay identical. Simulation
with a transition matrix method (TMM), taking into account the electrostriction in LAO and the optical
permittivity change in LAO allow an explanation of the OIRD signal change. Since the electrostriction and
optical permittivity change are correlated to the electron transfer to the LAO/STO interface, the electron
transfer should take place at 3 u.c. during the growth of LAO. It is known that a critical thickness above 3
u.c. LAO is needed for the conductivity of this heterostructure, whereas it is not clear if the conductivity is
generated during the growth or after the growth. The OIRD signal indicates that the conductivity of the
heterostructure is formed during the growth process. It has to be mentioned that the conductive interface
formation does not change the properties of the initial 3 u.c. LAO, only the later grown 5 u.c. LAO differ
from the initial 3 u.c..
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For LAO/(SrO)STO heterostructure fabrication, the OIRD signal for the 8 u.c. LAO growth process exhibits
no slope change, indicating no lattice constant change or optical permittivity change in LAO. The sheet
carrier concentration of this heterostructure is just around 10**cm and is over three orders of magnitude
lower than the LAO on TiO- terminated STO. The absence of the slope change and the low sheet carrier
concentration indicates no electronic transfer to the interface during the growth. This result verifies the
assumption that no electron transfer should happen on LAO/STO interface if STO is 100 % SrO terminated.

For LAO/(55% SrO + 45 % TiO2)STO, the growth of 8 u.c. LAO is complex. Stripe structures with
~ 0.2 nm height are observed on the LAO surface occurring at the terrace edges. The OIRD shows no
significant slope change. The microscopic reason for the surface structure formation and the absence of a
slope change need further investigation.

The incorporation of oxygen during pulsed laser deposition is not only a process determined by the
thermodynamics, but also strongly influenced by the growth dynamics (impinging particles) and reoxidation
kinetics. Taking the peripheral effects like residual gases in the PLD chamber into consideration, the
discussion on the incorporation of oxygen during pulsed laser deposition is carried out by carefully
investigating each factor.

For the low pressure (< 10 mbar) annealing of STO (chapter 6.1), the activated residual species like H°
induced by the ionizing equipment such as the cold cathode and mass spectrometer are found to be
responsible for the reduction and incorporation of oxygen vacancies into the STO. However, this effect is
insignificant for high pressures (> 10* mbar), thus pressures above 10 mbar are oxidizing for PLD
annealing processes.

For the annealing process of STO at 10-° mbar, corresponding reducing conditions, the UV-radiation of a
LAO plume has only a slight influence on the reduction process. On the contrary, for oxidizing conditions
like 10* mbar, the UV-radiation accelerates the oxidation process (chapter 6.2).

For the deposition process of LAO on STO, the impinging particles with high kinetic energy and the
UV-radiation both originate from the plume and could influence the heterostructure conductivity. However,
the disentanglement of these two factors has not been investigated before. As shown in chapter 6, the
impinging particles with high kinetic energies play the key role for the increase of the STO conductivity,
while the UV-radiation from the plume plays a minor role for the conductivity change (chapter 6.3).
Nevertheless, the UV irradiated STO surface at high temperatures shows voids with 0.4 nm depth, indicating
the influence of UV-radiation on the surface morphology.

The bombardment of the impinging particles plays a key role even for the typical growth condition of
LAO/STO (pO2=10* mbar and 10 mbar at 800 °C), where the sheet carrier concentration of quenched
LAO/STO heterostructures is around 10% cm?. In these heterostructures, the STO substrates can be
reoxidized by annealing at deposition pressure with different annealing times, while the LAO/STO interface
remains unchanged (chapter 6.4). The sheet conductance of the equilibrated LAO/STO at growth pressure
is consistent with the high temperature equilibrium conductance. However, if the samples are annealed at
oxygen pressure higher than the growth pressure, the sheet resistance shows a defect related temperature
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dependence. As a conclusion, while the substrate reduction relies on growth-induced non-equilibrium
effects in the bulk, the incorporation of strontium vacancies is related to thermodynamic equilibrium effects
in the interface-near region (controlled via pO;) deriving from the natural reaction of STO to accommodate
charge at the interface. Both effects have to be taken into account when comparing different samples grown
by PLD. Annealing time and cooling rates as well as ambient annealing pressure are especially important
for these processes, as they act not only as thermodynamic state variables but also control the equilibration
kinetics. Based on the discussion above, we can suggest a preferred growth recipe for fabricating an electron
gas at the LAO/STO interface with minimal scattering centers and without parallel conduction in the bulk:
after the typical growth of LAO on STO for a conductive interface (e.g. 10 mbar and 800 °C), a post
annealing process on the order of one hour should be carried out under growth conditions, rather than with
higher oxygen pressures.

Outlook

In this work a qualitative description of the correlation between cation non-stoichiometry induced defects
and the growth process of STO homoepitaxy has been established, whereas a quantitative and mechanistic
description of this correlation awaits further investigation. Furthermore, the correlation observed here
should be transferred to the heteroepitaxial growth in order to design a more general and advanced growth
routine for PLD. Especially the APBs observed for the Sr rich STO are of interest as they may act as
localized switching paths in resistive switching STO devices. Thus the control of the APB formation through
growth engineering should be further explored.

The OIRD signals indicates that for LAO/STO growth the first 3 u.c. have a higher c-lattice constant and a
higher optical permittivity than the subsequently deposited LAO unit cells. This is difficult to understand
based on the present results for LAO/STO studies. This peculiar phenomenon has to be investigated further
by other techniques, since other evidence is not available yet. Nevertheless, the OIRD method is an adequate
method for the real-time observation of heteroepitaxy. Material systems with a certain critical thickness for
specific properties such as ferroelectricity, magnetism or optical dichroism could be subjects to be studied.

The incorporation of the oxygen vacancies during low pressure annealing after PLD growth (< 10°° mbar),
is caused by the ionized residual gas species in the PLD chamber. By elimination of the ionization sources
or residual gas species, this effect can be reduced. This may help further design of low oxygen pressure
annealing of low valence complex metal oxides.
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Appendix

Programming code in MatLab 2013a with transition matrix method for the
simulation of OIRD signals

N_LAO=9;

N_STO=1;

Sub_Critical_thickness=2;

Epsillon_LAO=(2.2)"2;

Epsillon_STO=(2.41)"2;

Epsillon_air=1;

Phi_inc=82.8*pi/180;
Epsillon_total=[Epsillon_air;Epsillon_air*ones(N_LAO,1);Epsillon_STO*ones(N_STO+3,1)];
Elementary_reflectivity_s=zeros(N_LAO+N_STO+1,1);
Elementary_reflectivity_p=zeros(N_LAO+N_STO+1,1);
Wave_vector=2*pi/632.8;

LAO_layer_thickness=0.3789;

STO_layer_thickness=0.3905;
Layer_thickness=[0;zeros(N_LAO,1);STO_layer_thickness*ones(N_STO,1)];

Transmission_matrix_s=zeros(2,2,N_LAO+N_STO+1);
Transmission_matrix_s(1:2*2:end)=1;
Transmission_matrix_s(4:2*2:end)=1;
Transmission_matrix_p=zeros(2,2,N_LAO+N_STO+1);
Transmission_matrix_p(1:2*2:end)=1;
Transmission_matrix_p(4:2*2:end)=1;
Total_transmission_matrix_s=eye(2);
Total_transmission_matrix_s1=eye(2);
Total_transmission_matrix_p=eye(2);
Total_transmission_matrix_pl=eye(2);
Field_vector_s=zeros(2,1);

Field_vector_p=zeros(2,1);

Complex_total_reflectivity s=zeros(N_LAO,1);
Complex_total_reflectivity s(1,1)=1;
Complex_total_reflectivity_p=zeros(N_LAO,1);
Complex_total_reflectivity p(1,1)=1;
Complex_reflectance_ratio_s=zeros(N_LAO,1);
Complex_reflectance_ratio_s(1,1)=1;
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%ratio between the reflactance and the initial value%
Complex_reflectance_ratio_p=zeros(N_LAO,1);
Complex_reflectance_ratio_p(1,1)=1;
Reflectance_ratio_s=zeros(N_LAO,1);
Reflectance_ratio_p=zeros(N_LAO,1);
Real_reflectance_ratio_difference=zeros(N_LAO,1);
Imag_reflectance_ratio_difference=zeros(N_LAO,1);
Epsillon_Lao=zeros(N_LAO,1);
Elementary_reflectivity_second_layer_p=zeros(N_LAO+N_STO+1,1);
Elementary_reflectivity_second_layer_s=zeros(N_LAO+N_STO+1,1);
Time=zeros(N_LAO,1);

for j=0:(N_LAO-1)

Time(j+1,1)=j;
Epsillon_total(N_LAO+1-j,1)=(Epsillon_LAO+0.8)-0.8*(j>=Sub_Critical_thickness);
Epsillon_Lao(j+1)=Epsillon_LAO-Epsillon_total(N_LAO+1-j,1);
Layer_thickness(N_LAO+1-j,1)=(LAQO_layer_thickness*1.02)...
-LAO_layer_thickness*0.02*(j>=Sub_Critical_thickness);
Layer_thickness_show=rot90(Layer_thickness(2:N_LAO+1,1),2);

for k=1:N_STO

Epsillon_total(N_LAO+N_STO-k+2,1)=Epsillon_STO;
end

Elementary_reflectivity_s(N_LAO+1-j,1)=(((Epsillon_total(N_LAO+2-j,1))-...
(Epsillon_air*(sin(Phi_inc)"2)))"0.5...
-((Epsillon_total(N_LAO+1-j,1))-(Epsillon_air*(sin(Phi_inc)"2)))"0.5)...
/(((Epsillon_total(N_LAO+2-j,1))-(Epsillon_air*(sin(Phi_inc)"2)))"0.5...
+(((Epsillon_total(N_LAO+1-j,1))-(Epsillon_air*(sin(Phi_inc)"2)))"0.5));

Elementary_reflectivity_s(N_LAO-j,1)=(((Epsillon_total(N_LAO+1-j,1))-...
(Epsillon_air*(sin(Phi_inc)"2)))"0.5...
-((Epsillon_total(N_LAO-j,1))-(Epsillon_air*(sin(Phi_inc)"2)))"0.5)...
/(((Epsillon_total(N_LAO+1-j,1))-(Epsillon_air*(sin(Phi_inc)"2)))"0.5...
+(((Epsillon_total(N_LAO-j,1))-(Epsillon_air*(sin(Phi_inc)"2)))"0.5));

Elementary_reflectivity p(N_LAO+1-j,1)=(Epsillon_total(N_LAO+1-j,1)...
*(Epsillon_total(N_LAO+2-j,1)-Epsillon_air*(sin(Phi_inc)"2))"0.5...
-Epsillon_total(N_LAO+2-j,1)*(Epsillon_total(N_LAO+1-j,1)-Epsillon_air*(sin(Phi_inc)"2))"0.5)...
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/(Epsillon_total(N_LAO+1-j,1)*(Epsillon_total(N_LAO+2-j,1)-Epsillon_air*(sin(Phi_inc)"2))"0.5...
+Epsillon_total(N_LAO+2-j,1)*(Epsillon_total(N_LAO+1-j,1)-Epsillon_air*(sin(Phi_inc)"2))"0.5);
Elementary_reflectivity_p(N_LAO-j,1)=(Epsillon_total(N_LAO-j,1)...
*(Epsillon_total(N_LAO+1-j,1)-Epsillon_air*(sin(Phi_inc)"2))"0.5...
-Epsillon_total(N_LAO+1-j,1)*(Epsillon_total(N_LAO-j,1)-Epsillon_air*(sin(Phi_inc)"2))"0.5)...
/(Epsillon_total(N_LAO-j,1)*(Epsillon_total(N_LAO+1-j,1)-Epsillon_air*(sin(Phi_inc)"2))"0.5...
+Epsillon_total(N_LAO+1-j,1)*(Epsillon_total(N_LAO-j,1)-Epsillon_air*(sin(Phi_inc)"2))"0.5);
for g=1:N_STO
Elementary_reflectivity_s(N_LAO+N_STO+2-g,1)=(((Epsillon_total(N_LAO+N_STO+3-g,1))...
-(Epsillon_air*(sin(Phi_inc)"2)))"0.5...
-((Epsillon_total(N_LAO+N_STO+2-g,1))-(Epsillon_air*(sin(Phi_inc)"2)))"0.5)...
/(((Epsillon_total(N_LAO+N_STO+3-g,1))-(Epsillon_air*(sin(Phi_inc)"2)))"0.5...
+(((Epsillon_total(N_LAO+N_STO+2-g,1))-(Epsillon_air*(sin(Phi_inc)"2)))"0.5));
Elementary_reflectivity_p(N_LAO+N_STO+2-g,1)=(Epsillon_total(N_LAO+N_STO+2-g,1)...
*(Epsillon_total(N_LAO+N_STO+3-g,1)-Epsillon_air*(sin(Phi_inc)"2))"0.5...
-Epsillon_total(N_LAO+N_STO+3-g,1)*(Epsillon_total(N_LAO+N_STO+2-g,1)-
Epsillon_air*(sin(Phi_inc)"2))"0.5)...
/(Epsillon_total(N_LAO+N_STO+2-g,1)*(Epsillon_total(N_LAO+N_STO+3-g,1)-
Epsillon_air*(sin(Phi_inc)"2))"0.5...
+Epsillon_total(N_LAO+N_STO+3-g,1)*(Epsillon_total(N_LAO+N_STO+2-g,1)-
Epsillon_air*(sin(Phi_inc)"2))"0.5);
end

Transmission_matrix_s(1:2,1:2,(N_LAO-j+1))=[1,...

Elementary_reflectivity s(N_LAO-j+1,1)*exp(-2i*Wave_vector*Layer_thickness...
(N_LAO-j+1));...

Elementary_reflectivity_s(N_LAO-j+1,1),...
exp(-2i*Wave_vector*Layer_thickness(N_LAO-j+1))]
Transmission_matrix_p(1:2,1:2,(N_LAO-j+1))=[1,...

Elementary_reflectivity p(N_LAO-j+1,1)...
*exp(-2i*Wave_vector*Layer_thickness(N_LAO-j+1));...
Elementary_reflectivity_p(N_LAO-j+1,1),...
exp(-2i*Wave_vector*Layer_thickness(N_LAO-j+1))];
Transmission_matrix_s(1:2,1:2,(N_LAO-j))=[1,...

Elementary_reflectivity _s(N_LAO-j,1)*exp(-2i*Wave_vector*Layer_thickness(N_LAO-}));...
Elementary_reflectivity s(N_LAO-j,1),...

exp(-2i*Wave_vector*Layer_thickness(N_LAO-j))]
Transmission_matrix_p(1:2,1:2,(N_LAO-j))=[1,...

Elementary_reflectivity _p(N_LAO-j,1)*exp(-2i*Wave_vector*Layer_thickness(N_LAO-}));...
Elementary_reflectivity_p(N_LAO-j,1),...
exp(-2i*Wave_vector*Layer_thickness(N_LAO-j))];

for b=1:N_STO
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Transmission_matrix_s(1:2,1:2,(N_LAO+N_STO-b+2))=[1,...
Elementary_reflectivity_s(N_LAO+N_STO-b+2,1)*exp(-
...2i*Wave_vector*Layer_thickness(N_LAO+N_STO-b+2));...
Elementary_reflectivity_s(N_LAO+N_STO-b+2,1),...
exp(-2i*Wave_vector*Layer_thickness(N_LAO+N_STO-b+2))];

Transmission_matrix_p(1:2,1:2,(N_LAO+N_STO-b+2))=[1,...
Elementary_reflectivity_p(N_LAO+N_STO-b+2,1)*exp(-...
2i*Wave_vector*Layer_thickness(N_LAO+N_STO-b+2));...
Elementary_reflectivity_p(N_LAO+N_STO-b+2,1),...
exp(-2i*Wave_vector*Layer_thickness(N_LAO+N_STO-b+2))];

end

for g=1:(j+N_STO+2)
Total_transmission_matrix_s=Transmission_matrix_s(:,;,(N_LAO+N_STO+2-g))*...
Total_transmission_matrix_s;
Total_transmission_matrix_p=Transmission_matrix_p(:,:,(N_LAO+N_STO+2-g))*
... Total_transmission_matrix_p;

end

Total_transmission_matrix_s1=Total_transmission_matrix_s;
Total_transmission_matrix_pl=Total_transmission_matrix_p;
Total_transmission_matrix_s1;

Total_transmission_matrix_p1;

Field_vector_s=Total_transmission_matrix_s1*[1,1]";
Complex_total_reflectivity_s(j+1,1)=Field_vector_s(2,1)/Field_vector_s(1,1);

Complex_reflectance_ratio_s(j+1,1)=Complex_total_reflectivity_s(j+1,1)/Complex_total_reflectivity
_s(1,1);

Reflectance_ratio_s(j+1,1)=real(Complex_reflectance_ratio_s(j+1,1));
Field_vector_p=Total_transmission_matrix_p1*[1,1]’;
Complex_total_reflectivity_p(j+1,1)=Field_vector_p(2,1)/Field_vector_p(1,1);

Complex_reflectance_ratio_p(j+1,1)=Complex_total_reflectivity_p(j+1,1)/Complex_total_reflectivit
y_p(1,1);

Reflectance_ratio_p(j+1,1)=(real(Complex_reflectance_ratio_p(j+1,1)));
Real_reflectance_ratio_difference(j+1,1)= - real(-...
Complex_reflectance_ratio_p(j+1,1)+Complex_reflectance_ratio_s(j+1,1));
Imag_reflectance_ratio_difference(j+1,1)= - imag(-...
Complex_reflectance_ratio_p(j+1,1)+Complex_reflectance_ratio_s(j+1,1));

The Real_reflectance_ratio_difference is the Re(Ap-As), while Imag_reflectance_ratio_difference is the
IM(Ap-As).
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