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Summary

Perovskite oxides are a very versatile material class with a large variety of outstanding
physical properties. A subgroup of these compounds particularly tempting to investigate
are oxides involving high-Z elements, where spin-orbit coupling is expected to give rise to
new intriguing phases and potential application-relevant functionalities. This thesis deals
with the preparation and characterization of two representatives of high-Z oxide sample
systems based on KTaO3 and BaBiO3.
KTaO3 is a band insulator with an electronic valence configuration of Ta 5d0. It is shown
that by pulsed laser deposition of a disordered LaAlO3 film on the KTaO3(001) surface,
through the creation of oxygen vacancies, a Ta 5d0+δ state is obtained in the upmost
crystal layers of the substrate. In consequence a quasi two dimensional electron system
(q2DES) with large spin-orbit coupling emerges at the heterointerface. Measurements of
the Hall effect establish sheet carrier densities in the range of 0.1–1.2·1014 cm−2, which
can be controlled by the applied oxygen background pressure during deposition and the
LaAlO3 film thickness. When compared to the prototypical oxide q2DESs based on SrTiO3

crystals, the investigated system exhibits exceptionally large carrier mobilities of up to
30 cm2/Vs (7000 cm2/Vs) at room temperature (below 10 K). Through a depth profiling
by photoemission spectra of the Ta 4f core level it is shown that the majority of the Ta 5d
charge carriers, consisting of mobile and localized electrons, is situated within 4 nm from
the interface at low temperatures. Furthermore, the momentum-resolved electronic struc-
ture of the q2DES buried underneath the LaAlO3 film is probed by means of hard X-ray
angle-resolved photoelectron spectroscopy. It is inferred that, due to a strong confinement
potential of the electrons, the band structure of the system is altered compared to n-doped
bulk KTO. Despite the constraint of the electron movement along one direction, the Fermi
surface exhibits a clear three dimensional momentum dependence, which is related to a
depth extension of the conduction channels of at least 1 nm.
The second material, BaBiO3, is a charge-ordered insulator, which has recently been pre-
dicted to emerge as a large-gap topological insulator upon n-doping. This study reports
on the thin film growth of pristine BaBiO3 on Nb:SrTiO3(001) substrates by means of
pulsed laser deposition. The mechanism is identified that facilitates the development of
epitaxial order in the heterostructure despite the presence of an extraordinary large lattice
mismatch of 12%. At the heterointerface, a structurally modified layer of about 1.7 nm
thickness is formed that gradually relieves the in-plane strain and serves as the foundation
of a relaxed BBO film. The thereupon formed lattice orders laterally in registry with the
substrate with the orientation BaBiO3(001)‖SrTiO3(001) by so-called domain matching,
where 8 to 9 BaBiO3 unit cells align with 9 to 10 unit cells of the substrate. Through
the optimization of the deposition conditions in regard to the cation stoichiometry and
the structural lattice quality, BaBiO3 thin films with bulk-like electronic properties are
obtained, as is inferred from a comparison of valence band spectra with density func-
tional theory calculations. Finally, a spectroscopic survey of BaBiO3 samples of various
thicknesses resolves that a recently discovered film thickness-controlled phase transition
in BaBiO3 thin films can be traced back to the structural and concurrent stoichiometric
modifications occuring in the initially formed lattice on top of the SrTiO3 substrate rather
than being purely driven by the smaller spatial extent of the BBO lattice.
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Zusammenfassung

Komplexe Metalloxide mit Perowskitstruktur sind bekannt für ihre große Vielfalt einzigar-
tiger physikalischer Eigenschaften. Eine interessante Untergruppe dieser Materialien sind
Verbindungen von Elementen mit hoher Ordnungszahl Z, in denen neue, durch Spin-Bahn
Kopplung getriebene Phasen und anwendungsrelevante Funktionalitäten erwartet werden.
Diese Arbeit handelt von der Präparation und Charakterisierung zweier Probensysteme,
die auf eben solchen Materialien mit hoher Z basieren.
KTaO3 ist ein Bandisolator, der im Grundzustand eine Ta 5d0 Valenz besitzt. Durch gepul-
ste Laserdeposition von ungeordnetem LaAlO3 auf der KTaO3(001) Oberfläche, werden
die obersten Schichten des Substratkristalls durch die Erzeugung von Sauerstofffehlstellen
dotiert. Es bildet sich ein quasi zweidimensionales metallisches Elektronensystem (q2DES)
an der Grenzfläche der Heterostruktur aus. Messungen des Hall-Effekts ergeben Schichtla-
dungsträgerdichten im Bereich von 0.1–1.2·1014 cm−2, welche durch Anpassung des Sauer-
stoffhintergrunddrucks während der Deposition bzw. durch die Dicke der abgeschiedenen
LaAlO3 Schicht beeinflusst werden können. Mit Werten von 30 cm2/Vs (7000 cm2/Vs)
bei Raumtemperatur (unter 10 K), besitzt das q2DES in LaAlO3/KTaO3 im Vergleich zu
ähnlichen Elektronensystemen in SrTiO3 bemerkenswert große Ladungsträgerbeweglich-
keiten. Aus dem Tiefenprofil des Photoemissionspektrums des Ta 4f Rumpfniveaus ergibt
sich, dass sich der Großteil der Ta 5d Ladungsträger, bestehend aus mobilen und lokali-
sierten Elektronen, innerhalb einer Schicht von 4 nm Dicke befindet. Die Vermessung der
elektronischen Bandstruktur des vergrabenen q2DES mit Hilfe winkelaufgelöster Photo-
elektronenspektroskopie mit harter Röntgenstrahlung zeigt, dass das Elektronensystem,
vermutlich wegen des starken Potentialgradients an der Grenzfläche, eine modifizierte elek-
tronische Struktur gegenüber n-dotiertem Bulk-KTaO3 aufweist. Trotz der Einschränkung
der Bewegung der Elektronen entlang einer Richtung, besitzt die Fermifläche des Systems
eine dreidimensionale Struktur, woarus auf eine Tiefenausdehnung der metallischen Zu-
stände von mindestens 1 nm geschlossen werden kann.
Undotiertes BaBiO3 ist durch die Ausbildung einer Ladungsordnung isolierend. Unter
Elektronendotierung gilt das Material als Kandidat für einen oxidischen topologischen
Isolator. In dieser Studie wird die Deposition von BaBiO3 auf Nb:SrTiO3(001) Substraten
untersucht. Dabei wird der Mechanismus identifiziert, der epitaktisches Wachstum von
BaBiO3, trotz einer Gitterfehlanpassung von 12%, ermöglicht: Eine 1.7 nm dicke Lage mit
abweichender Kristallstruktur an der Grenzfläche entkoppelt das Filmgitter vom Sub-
strat, sodass darüber vollständig relaxiertes BaBiO3 aufwachsen kann. Dieses weist eine
epitaktische Orientierung von BaBiO3(001)‖SrTiO3(001) auf, die durch die Ausbildung
von lateralen Gitterdomänen, bei denen 8 bzw. 9 BaBiO3 auf 9 bzw. 10 SrTiO3 Ein-
heitszellen ausgerichtet sind, gewährleistet wird. Die Stoichiometrie und die strukturellen
Qualität der BaBiO3 Filme werden durch eine systematische Anpassung der Depositions-
bedingungen optimiert. Die Valenzbandstruktur der Proben stimmt gut mit Rechnungen
der Dichtefunktionaltheorie überein was darauf hindeutet, dass die Filme hinsichtlich der
elektronischen Eigenschaften mit BaBiO3 Einkristallen vergleichbar sind. Eine abschlie-
ßende Untersuchung eines schichtdickenabhängigen Phasenübergangs in BaBiO3 Dünnfil-
men, von dem kürzlich in der Literatur berichtet wurde, belegt, dass dieser nicht allein auf
die Ausdehnung des Kristallgitters, sondern auch auf strukturelle und stoichiometrische
Modifikationen der untersten Filmlagen zurückzuführen ist.
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1. Introduction

Technological progress has always been closely linked to new developments in the synthe-
sis and functionalization of materials. An obvious example are the major advancements
in the field of information technology in the last 60 years, which proceeded hand in hand
with the research on elemental and compound semiconductors. Novel developments in
the preparation of clean materials, thin film deposition, manipulation and patterning of
semiconductors are the basis for the wide spread use and the still ongoing miniaturization
of integrated circuits.
For several years now, however, a fundamentally different class of materials has come
into focus of both basic and applied material research, namely the complex metal oxides
(CMOs) [1]. These compounds present a large diversity of emergent phenomena and novel
functionalities that are unattainable in conventional semiconductors. However, a broad
technological usage of CMOs is so far impeded by the chemical complexity of the materi-
als and their tendency to form defects, requiring further advances in material science and
fabrication.
Many CMOs, with a large variety of different metal cations, crystallize in perovskite-
related structures. A consequence of this structural similarity is a high epitaxial compa-
tibility of the materials, which allows to combine different CMOs in heterostructures to
study and tune properties of thin films and their interfaces. Already in bulk form, the
CMOs exhibit a plethora of fascinating phenomena like, e.g. high temperature supercon-
ductivity in cuprates, colossal magnetoresistance in manganite compounds, or Mott-type
metal-insulator transitions. The basis for this rich phase diagram of CMOs is the con-
junction of several competing factors, including the specific crystal field, the band filling,
electron correlations, and orbital hybridizations.
Another intriguing interaction that can influence the electronic properties of a compound,
is the interplay of the electron spin with its orbital angular momentum, i.e. spin-orbit
coupling (SOC). For instance, SOC can introduce or enlarge a splitting of (nearly) de-
generate bands in a material. SOC relies on the interaction of the charge of the nucleus
with the surrounding electrons. It is small for light elements and plays a subordinate role
in 3 d compounds. However, SOC increases by Z4 with the atomic number Z. Hence, its
relevance is enhanced in case of high-Z elements in the 5th or 6th period of the periodic
table. In certain semiconductors like HgTe a strong SOC has been associated with the
arousal of a novel intriguing state of matter that has recently attracted major interest in
the science community, i.e. topological insulators [2].
Driven by the idea to find new advanced materials with outstanding physical properties,
the central task of this thesis is to integrate large SOC into CMO heterostructure systems
by the preparation of thin film and interface structures that include oxides with high-Z
metal cations.
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1. Introduction

The first investigated compound is the perovskite KTaO3 (KTO). Due to the high atomic
number of ZTa = 73 Ta exhibits a large SOC. A pristine single crystal of KTO is a trivial
band insulator with an electronic configuration of 5d0. In the presented study a method,
based on thin film deposition of LaAlO3, is developed that allows to generate and control
a spatially confined 5 d0+δ electron configuration at the surface of KTO by local oxygen
vacancy doping. As a result, a metallic quasi two dimensional electron system with high
electron mobilites is stabilized in a CMO with strong SOC. This remarkable system is
studied by the advanced spectroscopic techniques of hard X-ray and angle-resolved hard
X-ray photoemission, as well as by complementary electrical transport measurements.

The second material under investigation represents the extreme case of large SOC in
CMOs, as the compound includes cations of the heaviest stable element Bi. BaBiO3(BBO)
is an insulating, monoclinically distorted perovskite that is known to become a supercon-
ducting metal under bulk p doping with Pb or K [3, 4]. In addition, recent density functio-
nal calculations propose that SOC opens a topological non-trivial gap in the bandstructure
at 2 eV above the chemical potential, suggesting n doped BBO to be a topological insu-
lator [5].
The aim of this study is to find a method for the preparation of stoichiometric BBO in
thin film form. Thin films are advantageous over bulk specimen, as they offer a generally
higher degree of controllability and open the possiblity to tune doping levels or the dimen-
sionality of a material. The lattice constant of BBO is extraordinarily large for an oxide
perovskite due to the large size of the implemented metal cations. As a result, the thin
film growth of high-Z CMOs like BBO on typical oxide substrates is challenging, as it
involves exceptionally large epitaxial mismatches. A solution for this problem, established
within this thesis, is so-called domain matching epitaxy, which facilitates the preparation
of BBO thin films on the standard oxide substrate SrTiO3 (STO). The specific structure
of the BBO films and the BBO/STO interface is resolved in a combined study using
electron diffraction, transmission electron microscopy, and X-ray diffraction. Additional
photoemission measurements yield insight into the chemical composition and the elec-
tronic properties of the thin film samples. Furthermore, supplemented also by Raman
spectroscopy, the influence of the film thickness on the physical properties of the prepared
BBO films is investigated.

Outline Initially, in chapter 2, the relevant aspects of the most important experimental
techniques employed in the following studies are addressed. The subsequent chapter 3
starts, after a short motivation, with an introduction of the basic perovskite structure
underlying all investigated materials in this thesis. Afterwards, the preparation and the
comprehensive electronic characterization of the quasi two dimensional electron system in
KTO is delineated. In chapter 4 follows the study on the preparation of BBO thin films
with well-ordered epitaxial structure on STO substrates. The experimental investigation
closes with an analysis of the dependence of the properties of BBO on the film thickness.
Finally, the achieved results of this thesis are summarized in chapter 5.
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2. Experimental Methods

In this chapter, the essential aspects of the most relevant experimental methods applied
in the course of the presented study are introduced.
The samples under investigation are prepared by means of pulsed laser deposition (PLD)
of complex metal oxide thin films. The growth itself is monitored by reflective high energy
electron diffraction (RHEED), allowing a real time evaluation of the structural properties
of the film surface during deposition. A complementary structural characterization of
the prepared thin films is provided by low energy electron diffraction (LEED) and X-
ray diffraction (XRD). Beside this, Hall-effect measurements are employed to evaluate
the basic electronic transport characteristics of a metallic electron system examined in
chapter 3.
An analysis of the electronic and stoichiometric properties of the investigated samples is
conducted by lab- and synchrotron-based photoelectron spectroscopy (PES). Since it is
the most versatilely applied technique throughout this thesis, PES is presented in great
detail at the end of this chapter.

2.1. Pulsed Laser Deposition of Oxide Thin Films

Pulsed laser deposition has become an indispensable technique for the research on thin
films and heterostructures of complex materials, such as the ternary metal oxides exami-
ned in the present study. The deposition of such compounds is very demanding, as they
consist of multiple elements in a very particular stoichiometric ratio.

pulsed
UV laser

target
plasma
plume

RHEED
gun

UHV
chamber

(a) (b)

process
gas inlet

heating
stage

substrate

screen

Fig. 2.1.: (a) Scheme of the experimental setup for pulsed laser deposition. (b) Photograph
of the laser-excited plasma plume.
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2. Experimental Methods

The basic concept of PLD is the transfer of material from a single, preliminarily prepared,
usually polycrystalline bulk source, i.e. a sputter target, made of the desired film material,
onto an appropriate substrate crystal by ablation with highly energetic laser pulses. Often
it can be assumed that in this process the deposited film material largely retains the stoi-
chiometric composition of the target. However, as becoming clear below, for compounds
consisting of elements with strongly different atomic masses or vapor pressures, a transfer
of the stoichiometric ratio is not always straightforwardly achieved, but requires a careful
control of the deposition conditions.
Figure 2.1 depicts the schematic layout of the pulsed laser deposition setup used for pre-
paration of the samples investigated in the course of this thesis. The PLD growth process,
taking place in a vacuum chamber, can be divided into three main consecutive stages —
ablation, propagation, and deposition of the material on the substrate [6].
At first, the target material is evaporated by a laser pulse emitted by a KrF excimer laser,
with a wavelength of 248 nm and pulse lengths in the ns-range. For thin film deposition
of oxides typical laser fluencies, i.e. the energy densities per laser pulse, are in the range
of FL = 0.5–2 Jcm−2. The laser repetition rate employed throughout this thesis is 1 Hz.
Depending on the optical properties of the target, part of the pulse energy is absorbed,
leading to an ablation of material from the surface. In particular, for PLD from multi-
component targets it is usually striven to be in a regime of pulse energy, where the energy
deposition is high enough to explosively ablate several atomic layers from the target sur-
face at once. If the pulse energy is too low, the target may just experience thermal heating
by the laser excitation leading to a preferential evaporation of the most volatile, i.e. the
one bound with the lowest cohesive energy, component of the target material [6]. The
ablated material consists of neutral and ionized particles with kinetic energies of about
10–100 eV [7, 8], which are partly excited by further interaction with the laser light, re-
sulting in the characteristic luminescence of the plasma plume visible in Fig. 2.1(b).
Following to the ablation, when the laser pulse is terminated, the particle cloud expands
adiabatically and propagates in normal direction from the target surface towards the sub-
strate. The motion of the plume is mediated by the application of a background process
gas. For oxide growth usually oxygen is used, which fulfills two functions through interac-
tions with the plasma plume. It allows to control the oxidative state of the particles, which
are deposited on the substrate, and thus eventually influences the defect concentration
and chemical phase developing in the thin film. Furthermore, the scattering of the plume
with the background gas affects the kinetic energy and spatial distribution of the different
species in the plume. A too high impact energy of the particles can lead to unwanted
reevaporation or sputtering of material from the substrate surface [9].
Scattering processes with the background gas and in particular also those occurring wi-
thin the high density plume itself during the initial expansion are of special relevance for
PLD of multicomponent materials, where different ablated particles have strongly differing
scattering cross sections or atomic masses. As a result certain elements may be increasin-
gly scattered out of the plasma plume, which alters the stoichiometric composition of the
particle cloud arriving at the substrate [6].
When the material is finally deposited on the substrate, it requires thermal energy to
diffuse, nucleate and arrange in an ordered crystal lattice. This energy is provided by the
kinetic energy of the arriving particles itself and by a heating stage allowing to control the

4



2.1. Pulsed Laser Deposition of Oxide Thin Films

substrate temperature TS between about 300–1400 K. For compounds containing volatile
elements, the influence of TS on the sticking coefficient and on the vapor pressure of the
different constituents has to be considered to ensure stoichiometric film growth. A com-
prehensive review of the microscopic processes occuring during deposition on the surface
of the substrate is found in Ref. [10]. The main parameters used to adjust the growth
conditions of the thin films prepared for the presented study are the oxygen background
pressure pO2 , the laser fluency FL and the substrate temperature TS.
The specific way in which a film lattice develops on a substrate surface is determined by
the provided thermodynamic deposition conditions as well as by the chemical and struc-
tural compatibility of the film and the substrate [10]. In most instances of the preparation
of oxide heterostructures with PLD, epitaxial order of the thin film lattice is desired, mea-
ning that the deposited material crystallizes in one specific crystallographic orientation,
which is fixed by the lattice structure of the substrate surface.
A common prerequisite for epitaxial growth is that film and substrate have similar crystal
symmetries and lattice constants. The lattice constants of the substrate as and the film af
in the growth plane determine the lattice mismatch of the two materials ε‖ = af/as − 1.
In conventional epitaxial pseudomorphic deposition with an ε‖ of few percent, the mis-
match results in a compressive or tensile deformation of the film unit cell. Linked to this
deformation is a certain elastic potential energy in the lattice, which is increasing with
the film thickness. As a consequence, at a certain critical thickness, it is necessary for the
lattice to counteract this increase of energy by relieving strain through the introduction
of defects in the film, linked with a relaxation of the film lattice [11, 12].
It is usually expected that for large lattice mismatches of ε‖ > 8%, epitaxial order is not
developing, leading to the formation of polycrystalline or textured films [13]. Nonetheless,
in certain large misfit heterostructures an instant strain-relaxation by the introduction
of a periodic array of misfit dislocations directly at the heterointerface [13, 14] or other
complex interfacial reconstruction mechanisms (cf. chapter 4) is observed to facilitate an
epitaxial alignment of the film lattice.
In general, for the growth of thin films one distinguishes between three and two dimensio-
nal growth modes [10]. In the basic three dimensional, island-like growth (Volmer-Weber
growth) the film lattice develops in piles around nucleation sites that gradually grow larger
with ongoing deposition. The preferred mode for the preparation of epitaxial oxide hete-
rostructures with PLD, however, usually is a two dimensional, layer-by-layer-like growth
(Frank-van der Merwe growth), where a unit cell thick layer of the crystalline film lattice
is fully completed before the overlying next layer begins to form. As a result, layer-by-
layer deposition allows for a preparation of crystalline films with a spatially homogeneous
thickness and a precision of one unit cell, which can be monitored in real time by RHEED
during the deposition process as described below in section 2.2.1.
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2. Experimental Methods
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Fig. 2.2.: Ewald construction for the RHEED geometry for a sample with a two dimensional
square surface lattice in side and top view. The right hand side depicts the schematic image
on the RHEED screen, with dark green color indicating the effect of a broadening of the
reciprocal lattice rods due to an increased disorder. (b) Illustration of one RHEED intensity
oscillation during the growth of one unit cell in the step density model.

2.2. Structural Characterization by Diffraction-Based
Methods

The periodic arrangement of the atoms in crystalline bulk and thin film specimens allows
for an evaluation of the structural sample properties by experimental techniques that rely
on the diffraction of electrons and photons.
The diffraction phenomena relevant for this thesis are adequately understood within the
kinematic scattering theory. It is sufficient to assume only elastic scattering, meaning
that the modulus of the wave vector of the incoming and outgoing probe wave, kin and
kout, is conserved during the diffraction process: |kin| = |kout| = k. According to the Laue
condition, constructive interference is occurring, when the difference between kin and kout,
i.e. the momentum transfer q, equals a vector of the reciprocal lattice of the investigated
crystal G:

q = kin − kout = G. (2.1)

The two electron-based diffraction methods RHEED and LEED utilize the wave nature of
electrons for the diffraction experiments. Due to the strong interaction of electrons with
the solid, both techniques are very surface sensitive and probe only the upper few atomic
layers of the samples. As a consequence, the lattice structure studied by these methods
is virtually two dimensional and accordingly, the probed reciprocal lattice is represented
by an array of reciprocal lattice rods that are oriented along the sample’s surface normal.
XRD on the other hand utilizes a weakly-interacting X-ray beam that is able to penetrate
several microns deep into the sample. Consequentially, the technique can be employed
to investigate the specimen’s bulk structure by mapping the three dimensional reciprocal
crystal lattice.
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2.2.1. Reflective High Energy Electron Diffraction

The PLD chamber is equipped with a RHEED setup that employs an electron beam with
kinetic energies up to 30 keV. The electrons are directed onto the sample surface in a gra-
zing incidence geometry (incidence angle θin < 3◦), get diffracted, and finally are collected
on a fluorescence screen (cf. Fig. 2.1(a)). The use of a differential pumping system for the
electron gun, combined with the high electron energy, allows to employ RHEED for the
real-time monitoring of the sample growth in background pressures up to the 10−1 mbar
range.
An illustrative graphical representation of the Laue diffraction condition for the RHEED
process is obtained by the Ewald construction, exemplarily shown for a square surface
lattice in Fig. 2.2(a). To this end, the tip of the incident electron wave vector kin is pin-
ned to a point of the reciprocal lattice. The other end point of kin serves as the center
of a sphere with radius k, i.e. the Ewald sphere. The diffraction condition of equation 2.1
is fulfilled, i.e. a diffraction peak becomes visible, in the direction of the outgoing wave
vectors kout that originate at the sphere center and end at the intersection of the recipro-
cal lattice rods with the sphere. The right hand side of Fig. 2.2(a) depicts a schematic
picture of the resulting RHEED pattern detected on the fluorescence screen. The intensity
maxima of the surface diffraction are arranged on concentric, so-called Laue-circles. For
the monitoring of thin film growth processes, it is usually sufficient to evaluate only the
spots of the inner, the 0th order circle.
Atomically flat, well-ordered surfaces, e.g. such as those of typical substrate crystals,
usually exhibit a rather sharp diffraction pattern (light green color in Fig. 2.2(a)). Im-
perfections of the surface, such as defects or roughness, reduce the number of coherently
contributing scattering centers. As a consequence the reciprocal space rods become broa-
dened and the Laue reflections smear out on the screen, as indicated by the dark green
colored features in Fig. 2.2(a). Often such broadening of the diffraction spots is observed
during thin film growth constituting a qualitative measure for the overall quality and the
roughening of the sample surface during deposition.
Beside the shape of the diffraction spots, commonly the intensity of the specular (0,0)-
diffraction spot is monitored during deposition. When the film growth is taking place in
a layer-by-layer-like fashion, this signal is modulated by characteristic intensity oscillati-
ons, which are vividly understood by means of a simplified step-density model [15, 16] as
shown in Fig. 2.2(b). Starting from an atomically flat substrate surface, when material is
deposited, it nucleates in islands with a height of one unit cell. The resulting steps on the
surface cause diffuse scattering and effectively reduce the intensity of the (0,0) reflection.
With ongoing deposition, when more than half a layer is deposited, the gaps on the surface
are successively closed again. When the layer is finally completed, the coherent intensity
recovers to a new maximum. Notably, deviations from this illustrative model are docu-
mented in literature, indicating the occurrence of phase shifts of the coherent diffraction
intensity with respect to the evolution of the surface roughness [17]. Still, one full RHEED
intensity oscillation can be identified with the deposition of the same amount of material
that corresponds to an one unit cell thick layer of the film material, offering a real-time
measure for the film thickness with an accuracy of a single unit cell.
So far only single scattering processes have been considered. Stemming from coherent
multiple scattering, an additional feature of high energy electron diffraction patterns are
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the so-called Kikuchi lines. Their origin can be explained as follows [18]: A first diffuse
scattering process randomizes the orientation of the wave vector of the electrons. Provi-
ded that in this collision the electrons only lose an amount of energy that is negligible
in comparison to the initial kinetic energy, the scattered electrons constitute a virtual,
isotropic electron source with a defined energy. The electron distribution from this source
is subsequently diffracted again in the lattice and constitutes a complex line diffraction
pattern that images the Brillouin zone boundaries of the crystal. A detailed description of
the construction of the Kikuchi line pattern is found e.g. in Ref. [18]. Notably, at crossing
points of Kikuchi lines with Laue spots, the diffraction pattern can be locally enhanced
by so-called surface resonances [18, 19], which sometimes complicate the evaluation of the
intensity of the Laue spots from elastic scattering. Often it is feasible to avoid these inten-
sity modifications by changing the incidence angle of the electrons [20]. This is possible
since the Laue pattern relies on the specific experimental geometry given by the Ewald
construction, while the Kikuchi line pattern is uniquely determined by the orientation of
the three dimensional crystal planes.

2.2.2. Low Energy Electron Diffraction

Low energy electron diffraction is a complementary technique for the characterization of
the sample surface structure. LEED is conducted in a back reflection geometry, where
electrons with typical energies of 10 eV to 300 eV are directed in normal incidence onto
the sample surface. The electron source is located at the center of a spherical fluorescence
screen, that makes the diffraction pattern visible. Owing to the low electron energies, the
technique is very surface-sensitive and has to be conducted in ultra-high vacuum (UHV).
The LEED pattern corresponds to a direct image of the two dimensional reciprocal lat-
tice of the sample surface. The method is ideally suited to straightforwardly determine
the structural symmetry and possible reconstructions of the utmost atomic layers of the
sample, which in contrast is very intricate to achieve in RHEED, due to the rather com-
plicated scattering geometry. Similar to RHEED, the size and intensity of the diffraction
peaks in LEED are indicators for the quality of the coherent lattice order of the sample
surface.

2.2.3. X-Ray Diffraction

The just described electron-based diffraction techniques provide structural information of
the very surface of the samples. X-ray diffraction in contrary is a method that focuses on
the investigation of crystalline bulk structures.
The basic geometry of the XRD experiments conducted in the context of this thesis
is schematically shown in Fig. 2.3. The measurements are conducted with a Bruker D8
Discovery diffractometer. The condition for the observation of diffraction maxima in XRD
is as well set by the Laue condition in equation 2.1. By a variation of the angles ω and
2θ, the momentum transfer q and thus the reciprocal lattice of a sample can be mapped
continuously within the plane spanned by the sample surface normal and the wave vector
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Fig. 2.3.: Scheme of the experimental geometry used for X-ray diffraction experiments.

of the incoming monochromated X-ray beam (wavelength λCuKα = 1.5406Å). The in-plane
orientation of the specimen with regard to this scattering plane can be adjusted by an
azimuthal rotation indicated by the angle φ. In chapter 4 a series of different XRD scan
modes are applied, which are briefly addressed in the following.
The mostly used measurement scheme for the structural analysis of crystalline thin films
are ω-2θ scans, where the angles ω and 2θ are varied in a fixed 1:2 ratio. Thereby q is
sampled along the surface normal of the sample with the momentum transfer being given
by |q| = q⊥ = 4πsin(θ)/λCuKα. Accordingly, the position of the occurring diffraction peaks
in dependence of θ is defined by the out-of-plane lattice constants dhkl of the sample, which
can be described by the commonly known Bragg condition

2dhkl sinθ = nλCuKα. (2.2)

For epitaxial thin films with a well-defined thickness, often periodic fringes, so-called
Laue-oscillations, are observed on either side of the diffraction peak on the 2θ axis. These
fringes are understood in direct analogy with the textbook example of the optical interfe-
rence pattern of multiple slits, exhibiting the same oscillation of the intensity around the
diffraction maxima. The intensity distribution of this pattern is described by

I ∝ sin2(|q|Ndhkl/2)

sin2(|q|dhkl/2)
, (2.3)

where N denotes the number of irradiated slits and corresponds here to the number of
coherently ordered crystal planes that contribute to the Bragg reflex. By fitting the Laue
oscillations in a diffraction pattern by means of equation 2.3, dhkl and the thickness of the
coherently ordered lattice in epitaxial thin film samples can be obtained.
Conversely, no Laue fringes, but a size-related broadening of the Bragg peaks is observed
for films with thicknesses or crystalline domain sizes < 100 nm1, if the number of lattice
planes along the perpendicular direction is varying across the sample. In this case, an
estimate for the average extent s of the coherent lattice domains along the mapped q

1For this size range, peak broadening from experimental resolution is typically negligible.

9



2. Experimental Methods

direction is calculated with the aid of the Scherrer equation from powder diffraction [21]:

s =
0.9λCuKα

cosθ∆θ
, (2.4)

where θ denotes the angular position and ∆θ the FWHM in radian of the size-related
broadening of the respective Bragg peak.
Epitaxial thin films commonly consist of individual crystallites that are slightly tilted with
respect to each other, caused for instance by dislocations and other lattice defects. Such
misorientations can be probed by so-called rocking curves. To this end, the experimental
setup is at first aligned to a maximum of a Bragg peak of the film. Subsequently, while
the detector is kept in a fix position, the sample is successively tilted (rocked) around the
aligned orientation by changing the angle ω. At each respective ω position, only domains
with lattice planes having the appropriate orientation to match the adjusted diffraction
condition contribute to the diffraction signal. Consequently, the rocking scan reflects the
distribution of differently oriented crystallites in the sample.
A two dimensional profile of a Bragg peak in the reciprocal space, a so-called reciprocal
space map (RSM), is obtained by scanning q in the vicinity of a diffraction maximum
by combined variations of ω and 2θ. RSMs of Bragg reflexes at q-positions with finite in-
and out-of-plane component of q are oftentimes used to evaluate the presence of epitaxial
strain in thin films and for a determination of the film’s lattice parameters parallel and
perpendicular to the sample plane.
Another very useful method for the investigation of thin film samples, which should be
mentioned, is X-ray reflectometry (XRR). XRR refers to the measurement of the specu-
lar reflected X-ray intensity by ω-2θ scans conducted usually under grazing conditions
with ω < 5◦. For a flat single crystalline sample, the X-ray reflectivity is, described by
the Fresnel equations, simply decreasing monotonically with increasing angle. Otherwise,
for multilayer samples consisting of film and substrate materials with differing refractive
indices, the reflectivity exhibits characteristic intensity oscillations. These originate from
the interference of X-rays that undergo multiple reflections between surface and interface
within the thin film, similar to a Fabri-Pérot interferometer. The oscillations comprise
information on the thickness of film layers and are commonly evaluated by a parameteri-
zed simulation of the reflectivity curve, which also takes the influence of the roughness of
interfaces and the surface of the sample into account.

2.3. Electronic Transport Measurements

In chapter 3 the electronic properties of a thin conducting layer formed in LaAlO3/KTaO3

heterostructures are investigated by means of electrical transport measurements in a
Quantum Design Physical Properties Measurement System (PPMS). The experiments
are based on 4-wire sensing, where a fixed current is applied between two electrodes,
while two further electrodes are used for voltage-probing. In this approach the actually
determined experimental parameter is the resistance R that is given by voltage over cur-
rent. The 4-wire sensing concept is advantageous over simple two-wire measurements, as
the deduced quantities are independent of contact and lead resistances.
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Fig. 2.4.: Contact configurations used in electronic transport measurements (a) for the
determination of the resistances R1, R2 and the Hall resistance RT in the van der Pauw
geometry and (b) for the determination of the longitudinal and Hall resistance, RL and
RT , in the Hall bar geometry.

An important key parameter for thin, sheet-like conducting systems, is the sheet resistance
RS, defined by the general expression for the longitudinal resistance RL for the electrical
conduction through a rectangular solid:

RL =
ρ

t

L

W
= RS

L

W
. (2.5)

Here ρ denotes the resistivity of the material, L the length of the specimen in current
flow direction, W the width of the solid and t the thickness, which corresponds here to
the thickness of the conducting sheet. Note, RS has the unit Ω per unit area. The deter-
mination of the sheet resistance and complementary measurements of the Hall effect in
chapter 3 are conducted as follows in two different sample layouts.
Measurements in the so-called van der Pauw (vdP) contact geometry, allow the determi-
nation of RS in unpatterned conducting thin film and lamella-like samples with almost ar-
bitrary geometry [22]. The method presupposes that the sample under investigation shows
homogeneous conduction, has a uniform thickness t and is free of any non-conducting ho-
les. In the ideal vdP measurement configuration, four point-like contacts are placed on
(arbitrary) positions at the very edge of the sample. In the framework of this thesis, the
investigated samples have a square-shaped surface with a size of 5 × 5 mm2. To perform
the vdP measurements, four contact electrodes are realized by ultrasonic wedge-bonding
of Al-wires and placed close to the edges in the middle of all four sides of the sample, as
illustrated in Fig. 2.4(a).
To determine RS, the two resistances R1 and R2 are measured according to the correspon-
ding contact assignments in Fig. 2.4(a) and the sheet resistance of the conducting layer is
calculated by [22]:

RS =
π

ln2

R1 +R2

2
f, (2.6)

where 0 < f < 1 is a geometric correction factor, defined by the ratio R1/R2. f equals
unity for R1 = R2 and decreases little for small differences between R1 and R2. For instan-
ce f varies within the range of 0.98 < f < 1 for differences between R1 and R2 that are
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smaller than 60% [23]. Therefore, since a nearly symmetric (the contacts are positioned
manually) contact configuration is employed here, f is taken as 1 for all measurements.
Further important quantities, namely the sheet carrier density n2D and the mobility µ of
the charge carriers in the system, can be derived through the measurement of the Hall
effect. To this end, utilizing the experimental configuration shown in the lower part of
Fig. 2.4(a), a magnetic field B is applied in normal direction to the sample plane, while
a defined current is driven between two opposing electrodes. Through the Lorentz force,
the motion of the charge carriers is deflected, inducing a potential build-up in transverse
direction to the current flow and the magnetic field. This voltage is picked up by the two
voltage sensing electrodes. The quotient of the voltage and the applied current yields the
transversal or Hall resistance RT .
RT is measured as a function of the magnetic field strength B. Provided that the rela-
tionship between RT and B is linear, meaning that the system holds one type of charge
carriers, the proportionality constant of the two quantities defines the Hall-coefficient [22]:

RH = RT/B. (2.7)

Presuming free, Drude-like electrons as charge carriers, RH allows to directly calculate
n2D and µ through:

n2D =
−1

RHe
(2.8)

and

µ =
RH

RS

, (2.9)

with e being the elementary charge. In systems with two charge carrier types with differing
mobilities, the Hall resistance RT becomes non-linear in B. The formal relationship to
evaluate n2D and µ for each of these two carrier types from the Hall resistance in this case
is found in Refs. [24, 25].
The second, alternatively utilized experimental geometry is based on the patterning of Hall
bar structures at the center of the quadratic sample surface. As depicted in Fig. 2.4(b),
these structures comprise an oblonged rectangular conducting segment with a width W ,
a length L, and six terminals for contacting. The dimensions of the Hall bars employed
in this thesis are W = 100µm and L = 600µm. A potential uncertainty factor for the
application of the vdP method is the requirement of a macroscopically homogeneous
sample. Through the microstructuring, the probed sample area is signficantly reduced,
enabling a more reliable determination of the above established transport characteristics.
For this purpose, a current is passed along the longitudinal axis of the Hall bar. By
sensing the potential drop at the terminals on either side of the structure, as indicated
in Fig. 2.4(b), the longitudinal and the Hall resistance, RL and RT , are deduced. With
the Hallbar constituing a rectangular conduction channel with dimensions W and L, the
sheet resistance is calculated directly from the relationship in equation 2.5. The further
quantities Hall coefficient, sheet carrier density and mobility can then be determined
analogously to the vdP method by the evaluation of equations 2.7–2.9.
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2.4. Photoelectron Spectroscopy

One of the most versatile experimental techniques to study the electronic properties of thin
films is photoelectron spectroscopy (PES). As a destruction-free method the technique is
widely used in material science as a tool to determine the stoichiometric composition of
a sample as well as the chemical environment of elements in a specimen [26]. These in-
formations are mostly gathered by an energy-resolved analysis of photoemitted electrons
from deeply bound core levels, which is also known under the acronyms ESCA (Electron
Spectroscopy for Chemical Analysis) or XPS (X-ray Photoelectron Spectroscopy). Fur-
thermore, Angle-Resolved PES (ARPES) allows the mapping of the full band structure
E(k) of a sample by a measurement of the three-dimensional momentum of electrons
emitted from valence states. Based on the detection of electrons that are strongly interac-
ting with matter, the information depth of PES is limited to the nm range. For the same
reason it is necessary that experiments are conducted in UHV to prevent contamination
of the sample surface and scattering of emitted electrons.
In the following the relevant concepts of PES are introduced. At first a basic experimental
picture and the most common theoretical description, i.e. the three step model of the
photoemission process, are presented. Furthermore, the mathematical key relations ne-
cessary for the analysis of E(k) by means of ARPES are discussed. The following section
deals with the information depth of a PES measurement, determined by the energy of
the employed photons. Most commonly ARPES is performed with photons below 100 eV,
restricting the measurement very much to the surface of a sample. Section 2.4.5 descri-
bes the key aspects of a new, advanced form of the ARPES approach that also allows
to study the band structure of buried electron systems, i.e. Hard X-ray Angle-Resolved
Photoelectron Spectroscopy (HARPES).

2.4.1. Basic Concept

To perfom a PES measurement a sample is irradiated with an intense, monochromatized
light source. Due to the photoelectric effect [27, 28] electrons inside the material are excited
and may be emitted from the sample surface. A spectrometer subsequently analyzes the
kinetic energy, the momentum and possibly also the spin orientation of the photoelectrons.
The formulation of the energy conservation of the photoemission process is based on the

fundamental concept of the quantization of electromagnetic radiation, first introduced by
Einstein in 1905 [30]. Under the assumption of individual light quanta, i.e. photons, of
discrete energy hν, being absorbed by the electrons, it is possible to deduce a relationship
between the binding energy of electrons inside a material EB and the kinetic energy Ek,s

of the electrons emitted from the sample:

Ek,s = hν − EB − Φs, (2.10)

with Φs being the work function of the sample material. Using a light source with a well
defined photon energy hν for a PES experiment, the formal relationship 2.10 translates
to the scheme depicted in Fig. 2.5(a), showing the connection between the bound states
of the electrons in a metallic sample and its photoelectron spectrum. The photoelectrons
with the highest kinetic energy correspond to the occupied states with the lowest binding
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Fig. 2.5.: (a) Basic relationship between the photoemission spectrum and the electronic
structure of the sample (Fig. based on Ref. [29]). (b) Energy scheme connecting the kinetic
energy of the detected electrons Ek,a and their binding energy EB in the sample.

energy, i.e. the Fermi energy EF,s, lying somewhere in the valence band. At the lower end
of the kinetic energy scale, the spectrum is cut by the vacuum level Evac of the sample.
Photoelectrons with lower energies are not able to overcome the work function Φs to leave
the sample surface.
The deeply bound core levels in a simplyfied picture have a δ-shaped energy distributi-
on. The corresponding features in the photoelectron spectrum, however, can commonly
be described by Voigt-profiles. This line-shape is a result of the convolution of an inher-
ent Lorentzian-broadening from a limited life-time of the photoemission final state and a
Gaussian-broadening that is determined by the instrumental setup. Note, also this idea-
lized lineshape is often modulated due to interactions of the residual photohole with the
remaining system, as is described further below.
To record a spectrum it is necessary to detect the photoelectrons in an appropriate energy-
resolving detector. Today, the most often used setup is based on the energy dependent
deflection of the electrons in an electric field between two concentric hemispheres, i.e. the
hemispherical analyzer [29]. The transmitted electrons are subsequently detected by an
electron multiplier. The assignment of the measured kinetic energy of the photoelectrons
Ek,a to EB is done under consideration of the work function of the analyzer Φa according
to the energy scheme depicted in Fig. 2.5(b). It can be directly deduced that the binding
energy is calculated by

EB = hν − Ek,a − Φa − VC. (2.11)

VC denotes a possible charging potential between the sample and the detector. Usually
for a PES measurement it is strived to ensure a direct galvanic contact between sample
surface and the analyzer, leading to an alignment of the Fermi levels such that VC = 0.
For metallic samples this is achieved by simply connecting the sample and the analyzer
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to the same grounding electrode, i.e. the measurement chamber, ensuring also the full
replenishment of the emitted electrons.
In samples, which are poorly conducting the emission of electrons can result in a positive
charge accumulation in the sample. The corresponding positive potential VC > 0 effectively
retards the photoelectrons, leading to an artificial down-shift of the spectrum on the
kinetic energy scale and possibly to deformations of the measured photoemission peaks
by local potential variations. A comprehensive review of charging in electron spectroscopy
is found in Ref. [31]. Experimentally, a commonly used way to reduce such effects is to
neutralize a sample during PES by guiding low-energy electrons to the surface from an
external electron source, a so-called flood gun [32]. In certain cases an equilibrium state
with homogeneous charging of the sample that is limited to a few eV is established during
a measurement (see for particular example section 4.4.2), allowing a recalibration of the
energy scale of the spectrum by VC for further evaluation.

2.4.2. Theoretical Background

The PES scheme in Fig. 2.5 is actually a greatly simplified picture of the photoemissi-
on process. The nowadays mostly quoted description of the photoemssion process is the
so-called three step model of photoemission, which is able to explain, on a phenomenolo-
gical basis, a large range of additional spectral features and satellites that are commonly
observed in PES e.g. due to correlation effects in multi-electron systems. The following
discussion is based on the elaborate reviews in Refs. [33–36].
As the name suggests, the three step formalism divides the photoemission process into
three individual stages:

1. Excitation of the photoelectron.

2. Transfer of the electron to the surface.

3. Emission of the electron into the vacuum.

In step 1 the actual informations of the intrinsic excitations of the probed material are
encoded in the energetic distribution of the excited photoelectrons. Subsequently, descri-
bed by step 2, the excited electrons travel with a certain probability through the solid to
the surface of a sample. Within this process the electrons may undergo inelastic, extrinsic
scattering depending on their energy-dependent inelastic mean free path in the material,
effectively determining the information depth of the PES measurement, which will be
described in section 2.4.3. In the last stage the electrons leave the potential of the solid
into vacuum. This step, addressed in section 2.4.4, is particular relevant for the treatment
of angle-resolved measurements, as the perpendicular component of the photoelectron
momentum is not conserved during the transfer into vacuum .

Excitation of a Photoelectron

The probability for photoexcitation of an N -electron system from an initial state |Ψi〉
into a final state |Ψf〉 is calculated within first order perturbation theory by Fermi’s
Golden Rule. A summation over all possible final states s, including in particular possible
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excitations such as e.g. plasmons, as well as many-body interactions of the photohole with
the remaining electron system, yields the photocurrent J(hν) of the PES measurement
[34, 35]:

J(hν) ∼
∑
s

∣∣∣〈ΨN
f,s

∣∣ Â · p̂ ∣∣ΨN
i

〉∣∣∣2δ(EN
f,s − EN

i − hν), (2.12)

with Ef and Ei denoting the total energy of the final and initial state, respectively. Â
and p̂ denote the vector potential of the exciting electromagnetic field and the electron
momentum operator, respectively. They constitute the perturbation Hamiltonian under
the assumption of low radiation intensities and negligible contributions from surface PES.
For high enough photoexcitation energies, which is certainly fulfilled for photon energies
beyond 1 keV, as mainly used in the present study, it is reasonable to assume that the
excitation process of the electron is instantaneous and decouples the photoelectron entirely
from the remaining (N -1) electrons, before the system relaxes. This simplification is known
as the sudden approximation and allows to separate the final state into a single electron
wave function of the photoelectron and a wave function of the remaining (N -1) electron
system:

|Ψf,s〉 = a†kf
∣∣ΨN−1

f,s

〉
, (2.13)

with a†kf being the creation operator of the photoelectron, signified by its momentum kf .
The corresponding final state energy is

EN
f,s = Ekf + EN−1

f,s . (2.14)

With these relations, equation 2.12 is given by

J(hν) ∼
∑
s

∣∣∣〈ΨN−1
f,s

∣∣ akf Â · p̂ ∣∣ΨN
i

〉∣∣∣2δ(Ekf,s + EN−1
f − EN

i − hν). (2.15)

By rewriting the transition operator in second quantization Â · p̂ =
∑

fjMfja
†
faj and

using some commutator algebra, the transition probability can be reformulated to [34]

J(hν) ∼
∑
j

∣∣Mkf j

∣∣2∑
s

∣∣〈ΨN−1
f,s

∣∣ aj ∣∣ΨN
i

〉∣∣2δ(Ekf,s + EN−1
f − Ei − hν) =

=
∑
j

∣∣Mkf j

∣∣2 · A<j (Ekf − hν
)
,

(2.16)

where Mkf j is the dipole transition matrix element for the photoemission process of an
electron that is signified by the quantum number j.
A<j
(
Ekf − hν

)
, the actually measured quantity in PES, is the one-electron-removal spec-

tral function, which fully takes the contributions from many-body correlation effects in
the photoemission final states into account.

Photoemission in Non-Interacting Systems

We now have a look at a fundamental simplification to the above picture, which is the
basis of the vivid picture drawn in section 2.4.1. This discussion is inspired by Ref. [35].
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Under the assumption that electron-electron interactions are negligible in the system, the
photoelectron can be separated already in the initial state from the remaining (N − 1)
electron system : ∣∣ΨN

i

〉
= a†j

∣∣ΨN−1
i

〉
EN
i = εj + EN−1

i , (2.17)

with a†j being the creation operator of the electron in the 1-electron subspace and εj the
energy of the electron. The (N − 1) electron system remains unchanged in the final state
such that ∣∣ΨN−1

i

〉
=
∣∣ΨN−1

f

〉
EN−1
i = EN−1

f . (2.18)

With these relations the spectral function gets simplified and the photocurrent reduces to

J(hν) ∼
∑
j

∣∣Mkf j

∣∣2δ(Ekf + EN−1
f − Ei − hν), (2.19)

which is equivalent to a direct mapping of the density of states (DOS) of the initial state
system, weighted by the dipole matrix elements, in angle-integrated PES (cf. the basic
scheme in Fig. 2.5).
The weighting by the dipole matrix elements is reflected in the experiment by the pho-
toionization cross sections that depend on the atomic orbital of the particular probed
electron as well as on the employed excitation energy. Furthermore, the specific measure-
ment geometry relative to the symmetry of the orbitals enters by the so-called asymmetry
parameters. The cross sections (as well as the asymmetry parameters) are reviewed and
calculated for most elements e.g. in Refs. [37, 38]. Note, however, that these tabulated
parameters are evaluated for free atoms and may not be directly applicable when elements
are bound in a solid. Hence, to quantitatively evaluate the concentration of an element
in a compound in a real experiment, it is in general preferred to calibrate the individual
cross sections on a reference sample with known stoichiometry.
Figure 2.6 depicts the trend of the photoionization cross section of two exemplary atomic
orbitals with the employed photon energy, relevant for the later discussion. It is easily de-
ducible that the cross section decreases rapidly, when going from low-excitation energies
to the hard X-ray regime above 1000 eV. This directly explains a major inherent difficulty
of hard X-ray photoemission (HAXPES), i.e. the comparably low relative photoelectron
count rate, which in the end impedes the observation of weak spectral features.

2.4.3. Information Depth and Inelastic Background

In step 2 of the above model of photoemission, the electrons travel from the place of their
excitation to the sample surface. During this process they have a certain chance to scatter
inelastically with other electrons or phonons.

Information depth

As a result of these scattering processes, the photoelectron signal is exponentially attenu-
ated during passage through the solid. The damping constant 1/λe is determined by the
kinetic energy dependent inelastic mean free path (IMFP) of the electrons λe. Consequent-
ly, electrons from deep inside the sample have a high probability to experience scattering.
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Fig. 2.6.: Atomic photoionization cross sections of the Ta 5d and the Ti 3d orbitals in
dependence of the excitation energy hν. Data taken from Ref. [37]. The background color
indicates the typical classification of the photon energy regimes for PES.

In the end this limits the depth from which a substantial amount of non-scattered elec-
trons contributes to the detected electron signal. This probing depth of PES is usually
specified as 3λe and covers the sample depth from which 95% of the non-scattered photo-
electrons originate.
The inelastic mean free path λe scales in an almost universal behaviour with the elec-
tron’s kinetic energy Ek, as is depicted in Fig. 2.7(a) by experimental data from Ref. [39]
measured on various solids. Still, in general, λe is to some degree material dependent. For
a specific compound and for Ek > 60 eV, a good and well-established approximation for
λe(Ek) is calculated by a semi empirical formula proposed by Tanuma, Powell and Penn,
which is also known under the acronym TPP-2M [40–42]:

λe(Ek[eV]) =
Ek

E2
p[β ln γEk − (C/Ek) + (D/E2

k)]
[nm] (2.20)

with Ep being the plasmon energy and β, γ, C, and D constituting parameters calculated
from the number of valence electrons, the mass density and the band gap of the particular
material. Figure 2.7(a) shows the development of λe for the materials relevant for the
present study.
The minimum of λe of less than 10 Å, signalling a very high surface sensitivity, is rea-

ched at Ek = 20–120 eV, which is the typical energy range of electrons in high resolution
valence band photoemission with vacuum ultra-violett light (VUV). By employing higher
photon energies in the soft X-ray (≈ 120–1000 eV) and in particular the hard X-ray regime
(> 1 keV), the probing depth of PES is increased. It becomes possible to study valence
band states and core levels of thin films and interfaces that are buried below several nm
thick cover layers. For standard lab-based XPS with Al Kα radiation at hν = 1486.6 eV,
as mostly utilized throughout this thesis, λe is in the range of 2–3 nm (for measurements
of the valence band). This value increases to more than 8 nm when employing, usually in
synchrotron-based experiments, hard X-rays with photon energies of several keV.
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Another method to vary the probing depth of a PES measurement is depicted in Fig. 2.7(b).
By variation of the detection angle of the electrons θ, measured with respect to the surface
normal, the effective probing depth 3λeff

e of a measurement is altered according to

3λeff
e = 3λe · cos θ. (2.21)

Hence, a measurement at a finite angle θ is more surface sensitive than in normal emission
geometry, i.e. θ = 0◦. Figure 2.7(b) shows schematically the case of a thin film structure,
where the photon energy is chosen large enough that the interface is well within 3λe at
θ = 0◦. Enlargement of the detection angle lowers the relative contribution of the substrate
to the spectrum, while the signal from the interface and the thin film increases. Thus, by
successively mapping out a spectrum at different emission angles it is possible to record
a depth profile of a sample.

Inelastic Electron Background

The inelastically scattered photoelectrons are adding to the PES spectrum as a back-
ground signal increasing towards lower binding energies. It is often necessary, in particular
for evaluation of the line shape and a quantitative analysis of the spectral intensity to
subtract this background.
A common method for this correction has been established by D. A. Shirley [43]. It assu-
mes that the inelastic background signal at a given energy E is directly proportional to
the total intensity of the intrinsic spectrum at higher kinetic energies. This often-called
Shirley background corresponds to a convolution of the intrinsic spectrum with a step-like
loss function. An eventually measured intensity distribution Im(E) is hence the sum of
this inelastic background and the intrinsic spectrum of the sample.
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Within this model, the background corrected spectrum Is(E) is calculated iteratively for
a kinetic energy range from E1 to E2 with E1 < E2 by [43]

In+1
s (E) = Im(E)− Im(E1)

∫ E2

E
Ins (E ′) dE ′∫ E2

E1
Ins (E ′) dE ′

, (2.22)

where n corresponds to the number of iterations and the measured data Im(E) serves as
the initial spectrum I0

s . Usually, Ins converges already after n = 5 iterations. Examples
where the background subtraction is explicitly applied are shown in section 4.3.
Not covered by this model are additional other loss channels, which arise from the exci-
tation of phonons and plasmons and typically result in discrete structures in the inelastic
background. A full background correction that also includes these contributions can be
achieved by taking into account the true loss function of the sample material, obtained
from electron energy loss spectroscopy (EELS). However, this costly approach is not ne-
cessary for the experiments of this study.

2.4.4. Momentum-Resolution by Angle-Resolved Photoemission

The determination of valence band dispersions by ARPES is based on the conservation
of the initial state momentum through the photoemission process [35]. For the evaluation
it is necessary to divide the momentum in components parallel and perpendicular to the
sample surface. This decomposition of the electron momentum in the initial state ki, the
excited photoelectron kf and finally for the emitted electron Kf is depicted in Fig. 2.8.
In the repeated Brillouin-zone scheme of a solid the two components of the photoelectron

momentum are given by the sum of the initial state momentum of the electron in the
reduced Brillouin-zone, the momentum of the photoelectron kγ and a reciprocal lattice
vector G [35]:

kf‖ = ki‖ +G‖ + kγ‖, (2.23)

kf⊥ = ki⊥ +G⊥ − kγ⊥. (2.24)
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In ARPES experiments with VUV light the photon momentum is usually negligible.
At the transition of the electron into vacuum the translational symmetry of the potential
is conserved in direction parallel to the surface. Hence, kf‖ does not change during the
emission from the solid and can be evaluated in a kinematic relation from the take-off
angle θ and the energy Ek of the detected electrons [35]:

kf‖ = Kf‖ =

√
2mEk
~

sin θ − kγ‖ −G‖. (2.25)

In contrast, the perpendicular momentum is altered due to a discontinuity of the electro-
static potential in this direction at the sample surface. A direct correspondence of Kf⊥
to kf⊥ on the basis of the kinetic energy of the electrons is not simply possible, since the
final state dispersion E(Kf⊥) of the sample is generally not known. It is common practice
to overcome this problem by assuming a free electron-like parabolic final state dispersion
Ekf ∼ k2

f in the solid as shown schematically in Fig. 2.8(b). The vertex of the dispersion
is located at the bottom of the conduction band at an energy V0 below the vacuum level
of the sample. V0 is called the inner potential. The perpendicular momentum component
is then calculated by [35]

kf⊥ =

√
2m(Ek cos2 θ + V0)

~
+ kγ⊥ −G⊥. (2.26)

A value for V0 is usually experimentally determined from a scan of the photon energy by
evaluation of the periodicity of the band structure in the perpendicular coordinate. The
made presumption of free electron-like final states is in particular told to be accurate in
ARPES experiments at photon energies beyond the VUV range that are described in the
next section [44–47].

2.4.5. Angle-Resolved Hard X-ray Photoelectron Spectroscopy

Most ARPES experiments are conducted in the VUV energy range as it offers high count
rates, related to high photoionization cross sections, as well as a high energy and momen-
tum resolution. However, due to the low energy of the photoelectrons and the thereby
linked small probing depth (cf. Fig. 2.7), VUV-ARPES is limited to the investigation of
the very sample surface. This fact led to the development of soft X-ray ARPES with pho-
ton energies up to about 1.3 keV, which allows to study the band structures with reduced
contributions from surface effects and contaminations, as well as the electronic properties
of materials that are buried underneath a capping of the scale of 1–2 nm [46, 48, 49].
More recently, two prototypical studies have successfully utilized even higher photon ener-
gies of 3–6 keV to further increase the bulk sensitivity of the measurements by means of
hard X-ray ARPES (HARPES) [50, 51]. So far applications of HARPES have been re-
ported only on the prototypical bulk systems W, GaAs and the diluted semiconductor
Ga1−xMnxAs [50, 51]. In section 3.7 it is shown, however, that it is as well a powerful tool
to study buried electron gases at oxide interfaces.
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In the following, some basic considerations and relevant differences implied, when using
hard X-rays instead of VUV light in ARPES are delineated based on the elaborate review
in Ref. [47]:

Larger Probing Depth, Lower Cross Sections The main advantage, as already men-
tioned, is the large probing depth of HARPES as deducible from Fig. 2.7(a). On the other
hand the ionization cross sections are reduced by several orders of magnitude when going
from VUV to hard X-ray energies (cf. Fig. 2.6), demanding higher photon intensities or
longer measurement times for comparable resolution and data statistics.

Complementary Core- and Valence Band Spectroscopy Due to the high excitation
energies in a HARPES experiment, it is possible to record also core level spectra for
chemical and multiplet analysis complementary to the momentum-resolved valence band.

Significance of the Photon Momentum As already mentioned, in the explicit momen-
tum conservation in equations 2.23 and 2.24, unlike to VUV-ARPES, the shift of the
photon momentum kγ = 2πν/c to the wavevector of the photoelectron cannot be disre-
garded in HARPES. Figure 2.9 illustrates the relative magnitudes of the contributions to
the electron momentum in the two photon energy regimes in comparison.

Phonon Effects With increasing photon energies the temperature dependent creation
and annihiliation of phonons during the photoexcitation becomes relevant for the angular
distribution of the emitted electrons. The intensity measured in ARPES can be separated
into two basic contributions [44, 45, 52]:

I(hν, T ) = IDT(hν, T ) + INDT(hν, T ). (2.27)
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The first part IDT is associated with direct transitions (DTs), which are k-conserving, and
denotes the emitted intensity usable for the mapping of the bandstructure. The second
term describes non-direct transitions (NDTs) that involve additional vibrational lattice
excitations, which effectively smear out the initial state momentum and average it over the
Brillouin-zone. As a result INDT constitutes a momentum-independent DOS-like spectrum
of the specimen, weighted by transition matrix elements.
The scaling of IDT with excitation energy and temperature can be approximately described
in a thermal disorder model by the Debye-Waller factor DW (T ):

DW (T ) = exp
(
−1/3|G|2〈U2(T )〉

)
(2.28)

where G is the reciprocal lattice vector involved in the direct transition in equation 2.23.
〈U2(T )〉 is the mean-squared atomic displacement at temperature T , given for a single
element compound by 〈U2(T )〉 = T (3h2/5πMakBθ

2
D) with the atomic mass Ma, the Boltz-

mann constant kB and the Debey temperature of the material θD. The scaling behavior of
INDT is inverse to IDT and can be estimated in first order approximation by ∼ [1−DW (T )]
[44], although detailed analyses suggest a more complex relationship [45, 53].
The Debye-Waller factor is found to be a good semi quantitative measure for the relative
share of momentum-resolving DTs. For VUV-ARPES measurements at T < 300 K the
direct transitions in general dominate the spectrum and 1 > DW (T ) > 0.9. When going
to hard X-ray excitation, the magnitude of |G| becomes exceptionally large (cf. Fig. 2.9).
To keep DW (T ) high and to maintain a significant share of DTs, 〈U2(T )〉 is required to
be small. This directly explains that HARPES is conducted at cryogenic sample tempe-
ratures and is in general only suitable for materials with comparably stiff crystal lattices,
i.e. with high Debye-temperatures and for large atomic masses. These limitations of HAR-
PES are basically underpinned by experiments: While in Al the NDTs already account
for a significant part of the spectral intensity at about hν = 1 keV [54], it was shown that
the momentum dependent spectral-function of a crystal of the heavy element W can be
resolved at low temperatures with photon energies as high as hν = 6 keV [50]. Notably,
the observed incoherent background from NDTs in these prototypical studies on W(110)
is reproduced remarkably well by the rigorous theoretical approach for the description of
PES, i.e. one-step photoemission [50, 55]. An overview on the expected upper limit for the
excitation energy for band mapping (DW (20K) ≈ 0.5) at low temperatures for a large
number of elements is published in Ref. [46].

Momentum Resolution The experimental resolution ∆kf‖ for the electron momentum
parallel to the sample surface is a major obstacle for a broad application of HARPES with
today’s state-of-the-art electron analyzers. A formal derivative from equations 2.25 yields

∆kf‖ =

√
2mEk
2~

∆Ek
Ek

sin θ +

√
2mEk
~

cos θ∆θ. (2.29)

The first term of the equations is usually negligibly small due to the high energy resolution
∆Ek/Ek of standard monochromators and analyzers. The hemispherical electron analy-
zers used for HARPES are essentially the same as those for VUV-ARPES. Therefor the
angular resolution for the momentum of the photolectrons ∆θ is basically fixed for both
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energy ranges and reaches typical values of 0.1–0.4◦. The second term is scaling propor-
tionally to Ek. This means that for band mapping close to normal emission geometry the
kf‖-resolution of HARPES is considerably lower in comparison to VUV-ARPES, which is
visualized in Fig. 2.9.
In contrast, the experimental resolution of kf⊥ of an ARPES measurements is predo-
minantly limited by the inherent spatial confinement of the photoelectron wavefunction
towards the sample’s interior, which is determined by the inelastic mean free path of the
electrons λe. Following the uncertainty principle, a spatial confinement of the electron
wave function in real space, results in an according uncertainty of kf⊥ in the momentum
space. As a consequence, the perpendicular momentum coordinate of the photoelectrons
experiences a Lorentzian broadening with a full width at half maximum of [56, 57]

∆kconf
f⊥ ∼ λe(Ek)

−1. (2.30)

This relationship ultimately limits the kf⊥-resolution in VUV-ARPES to values of ∆kf⊥ >

0.15Å−1. For ARPES experiments in the soft X-ray and hard X-ray range, the intrinsic
broadening ∆kf⊥ is in accordance to the larger λe much lower, which promises a more
accurate determination of a sample’s kf⊥ dispersion in comparison to VUV-ARPES ex-
periments [58].
A further possible source for an additional broadening in the kinetic energy scale, speci-
fically occurring at high photon energies, is mentioned briefly for sake of completeness.
When emitting a photoelectron with a high kinetic energy, momentum conservation de-
mands that the respective atomic nucleus experiences a recoil, picking up some energy in
close connection to the above mentioned excitation of phonons. This results in a down-
ward shift of the photoelectron energy, which may be estimated for the case of a single
atom by

Erecoil ≈
~2k2

f

2Ma

≈ 5.5× 10−4 Ek[eV]

Ma[amu]
. (2.31)

Such recoil shifts can also be observed in solids [59], but at the so far used photon energies
for HARPES of hν = 3–6 keV they only become relevant for light elements or high energy
resolutions below < 100 meV [46]. For the here presented experiments the recoil-shift is
small and far below the measurement resolution.
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3. High Mobility Electron System in
Disordered-Crystalline
LaAlO3/KTaO3 Heterostructures

Ternary metal oxides ABO3 of the perovskite type exhibit a great manifold of interesting
ground states ranging from multiferroic insulators, over magnetic semiconductors to super-
conducting metals. One of the most prominent phenomena studied in this material class is
the emergence of metallic quasi-two dimensional electron systems (q2DES) at the surfaces
and heterointerfaces of band insulating oxides [60]. In particular the diversity of intriguing
properties found in such systems, including high charge carrier densities and mobilities,
the unusual coexistence of two dimensional ferromagnetism and superconductivity, char-
ge writing, tunability of the Rashba interaction, and a gate-controlled conductivity, have
triggered broad activities in both fundamental and applied research [61–68].
Almost all such q2DESs that have been studied in transition metal oxides are based on
the prototypical perovskite SrTiO3 (STO) and have mostly been attributed to n-doping
that is spatially confined to a few crystal layers. Many pathways to generate such metallic
electron systems in STO have been identified in the last years. Examples are: the induction
of a negative charge accumulation by electric field effect, a lattice polarity-driven electron
transfer from thin films, local doping with impurity atoms, and also local changes of the
oxygen stoichiometry from ABO3 to ABO3−δ by chemical reduction or irradiation with
intense photon beams [61, 69–74].
Obviously, with the large variety of tantalizing phenomena found in STO q2DESs, it is
striving to introduce similar electron systems into other, more exotic materials, which
could exhibit superior electronic transport properties and have the potential to evoke new
functionalities in the q2DESs through the inherent attributes of their parent compounds.
One auspicious parameter to make use of is the large spin-orbit coupling (SOC) of high-Z
elements, which for instance is very interesting for spintronics application. Integrated in
an appropriate microelectronic structure, a q2DES with strong SOC prospectively offers
control of the spin-state of charge currents by application of electric fields [75].
A promising host material for the stabilization of such electron systems with considera-
bly large SOC is the 5d-transition metal oxide KTaO3 (KTO). Recently, UHV-based
experiments on cleaved single crystals verified the formation of a metallic q2DES in the
uppermost crystal layers of the KTO (001) and (111) surface [76–78]. Most likely induced
through n-doping by the surfacial generation of oxygen vacancies VO [76], these q2DESs
quickly decay when the crystals are removed from the vacuum chamber. However, for a
comprehensive experimental characterization and also for use in prospective technological
applications it is necessary to realize systems which are stable also under ambient condi-
tions.
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Fig. 3.1.: (a) The Pm3m perovskite unit cell (b) Illustration of the perovskite as a stacking
of alternating layers.

The aim of the investigation described in this chapter is to prepare and characterize a
q2DES in KTO, which is stable at room temperature and normal atmosphere. The the-
reby resulting possibility to transfer the samples between different experimental setups is
used to evaluate the basic properties of the electron system by electrical transport and
synchrotron-based photoemission spectroscopy measurements.
The study starts with a survey of the basic perovskite structure underlying all materials
in this thesis (section 3.1). Subsequently, since KTO comprises a high-Z analogon of the
well-studied STO, the basic electronic properties of both materials are compared to each
other (section 3.2). Some important properties of the utilized commercial KTO substra-
tes are presented in section 3.3. The functionalization of the electron system, which takes
place by pulsed laser deposition of LaAlO3 (LAO) is described in detail in section 3.4. A
metallic layer is observed in the sample system that is preserved by the protective LAO
film layer. Hall-effect measurements, addressed in section 3.5, are used to identify the
basic transport characteristics of the charge carriers. Important further properties of the
electron system in LAO/KTO, such as the depth extension of the electron doped layer
in the substrate, are addressed in section 3.6 by Hard X-ray Photoelectron Spectroscopy
(HAXPES) measurements. Finally, a novel photoemission-based technique, namely Hard
X-ray Angle-Resolved Photoelectron Spectroscopy (HARPES) is used to study the elec-
tronic band structure of the buried electron system (section 3.7). The chapter concludes
with a summary of the achieved results in section 3.8.

3.1. Crystal Structure of Perovskite Oxides

The perovskite crystal structure with the chemical formula ABO3 is a central pillar for
a great manifold of physical properties observed in complex metal oxides. Figure 3.1(a)
shows the unit cell of an ideal cubic perovskite. The structure is commonly viewed in a
purely ionic picture: One type of cations A is forming the corners of the unit cell. The
second cation B is located in the center and surrounded by an octahedron formed by
the six O2− ligand ions that occupy the face centered positions. The broad diversity of
properties and ground states of the oxide perovskites is based on the numerous possible
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combinations of different metal cations A and B. Hereby, A is mostly chosen from group
1-3 elements and B is selected from group 4–6 elements with d or p valence orbitals.
The size ratio of the two cations determines the specific symmetry of the unit cell. For
an ideal cubic perovskite, the O2− anions should be just touching all neighboring cations.
A measure for this condition is the so-called tolerance factor t = (rA + rO)/

√
2(rB + rO),

where rA, rB , and rO are the respective radii of the ions A, B and O2− [79]. To maintain
the centrosymmetric perovskite structure shown in Fig. 3.1(a), t has to be close to 1.
For considerable deviations from this value or due to an orbital degeneracy of the electro-
nic ground state, the symmetry of the unit cell is altered from the ideal cubic case. These
structural modifications become manifest e.g. by off-center displacements of the B cati-
ons, Jahn-Teller-like distortions and tiltings of the oxygen octahedra. Such deformations
for instance give rise to phenomena like the ferroelectricity of BaTiO3 and determine the
magnetic interactions in manganites by altering the O-B-O bond angles [80, 81].
The structural and chemical compatibility of many perovskite oxides makes them an ide-
al playground for artificial generation of new effects and functionalities [82]. A controlled
modification of the physical properties can for example be achieved by a partial substitu-
tions of A or B by other cations or by the application of epitaxial strain, when combining
different perovskite oxides in complex heterostructures [3, 83, 84]. The breaking of the
lattice symmetry at surfaces and interfaces is another factor, causing the occurrence of
new interesting phenomena in this material class [60].
A further important property of the perovskite structure is the possibility to easily mo-
dify the stoichiometry of the crystals from ABO3 to ABO3−δ, which is one reason for the
potential of the material class for the use as oxygen ionic conductors [85]. The associated
volatility of the bonded oxygen in certain perovskites is of special relevance for the expe-
riments presented in the following, as it can be utilized to effectively n-dope the crystals
without the introduction of extrinsic impurities.

Structure of KTaO3 and SrTiO3

The materials KTO and STO are both found to be ideal centrosymmetric perovskites at
room temperature, with calculated tolerance factors of tKTO = 1.06 and tSTO = 1.01 [86],
respectively. The lattice constants are aSTO = 3.905 Å for STO and, because of the larger
cations, aKTO = 3.989 Å for KTO [87]. While KTO preserves its cubic structure also at
cryogenic temperatures, STO undergoes a phase transition to a tetragonal phase at 110 K.
On a large scale shown in Fig. 3.1(b), the perovskite structure can be described as being
made up as a stack of alternating layers with the formulas AO and BO2 along the [001]-
direction. STO consists of neutral SrO and TiO2-layers and thus is non-polar. The si-
tuation is different for KTO. With K having a +1 valency, Ta adopts its predominant
oxidative state of 5+. The crystal is made up of alternating charged layers of TaO+

2 and
KO− in [001]-direction and thus is polar. Such a stacking generates a diverging electrosta-
tic potential in the crystal, also known under the term

”
polar catastrophe“. To stabilize

the structure, the potential build-up has to be compensated. In KTO, such compensa-
tion mechanisms are e.g. the structural rearrangement of the (001)-surface into a mixed
KO/TaO2-termination or the accumulation of adsorbates, which could recently be deduced
in scanning tunneling microscopy experiments on cleaved KTO crystals [88]. Moreover,
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the principal plane of the orbital. (c) Electronic structure of bulk STO, with three-fold
degenerate states at the Γ-point. (d) Tight-binding model calculations of the electronic
structure of bulk KTO under consideration of the large SOC [77]. The orbital character
becomes intermixed, one light band is split-off by ∆SO at the Γ-point. (e) Exemplary
wedge-shape confinement potential for a surface q2DES. (f) Tight-binding calculations for
the first quantum well states of an electron system in KTO with wedge-shaped confinement
potential. The degeneracy at the Γ-point is lifted, states with dxy character are shifted
relative to lower binding energies. ((d) and (f) are adapted with permission from Ref. [77].
Copyrighted by the American Physical Society.)

the polar structure has also been suggested to drive the generation of oxygen vacancies
(VO) on the KTO surfaces during crystal cleavage at cryogenic temperatures in UHV [76,
88].

3.2. Electronic Structure of KTaO3 and SrTiO3

The electronic structures of KTO and STO share many similarities and have been studied
as prototypical cases for the band structure of ABO3 perovskites since the early 70s [89].
In their undoped ground state STO and KTO are insulators with a d0 valency, with band
gaps of 3.3 eV and 3.6 eV, respectively [90, 91]. Both materials are incipient ferroelectrics,
i.e. they are paraelectric materials that are on the verge to maintain a stable ferroelectric
order. As a consequence the crystals exhibit a strongly temperature and electric field de-
pendent relative permittivity εr. In KTO (STO) at zero field, εr rises from ≈ 250 (≈ 550)
at room temperature to values of ≈ 4000 (≈ 24000) at cryogenic temperatures [92, 93].
By chemical n-doping with e.g. Nb in STO and Ba in KTO, it is possible to introduce
metallic conductivity into the materials, lifting their valence state from d0 to d0+δ. Both
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n-doped materials show superconducting behavior at mK temperatures. Though, in KTO
the superconducting transition is only observed at carrier densities beyond the accessible
limit of purely chemical doping. Ueno et al. overcame this boundary by utilizing electro-
lyte gating and were able to deduce a critical temperature of 50 mK [94].
Beside the doping with impurity atoms, VO are known to act as n-donors in both discus-
sed materials [95, 96]. As indicated above, it is well established that a confined metallic
electron system with many intriguing properties can be formed in STO, when e.g. VO

are introduced only in the upmost layers of the crystals [72, 97]. Recent VUV-ARPES
experiments showed that also on the surface of KTO a comparable VO-related q2DES is
generated, when the crystals are cleaved in UHV or irradiated with an intense high energy
photon beam [76–78].
The conduction band structure of KTO and STO underlying these q2DES is described
as follows (see Fig. 3.2(a)). The octahedral crystal field in the two cubic transition metal
perovskites lifts the orbital-degeneracy of the empty d-orbitals of the B-atoms. According
to their geometrical orientation with respect to the 2p orbitals of the oxygen ligands, the
energy of the d-orbitals with t2g symmetry, i.e. dyz, dxy, and dxz, is lowered in comparison
to the one of the eg-orbitals, i.e. dz2 and dx2−y2 . It is hence sufficient to consider an effec-
tive three band situation of the t2g orbital in the following.
As exemplarily shown in Fig. 3.2(b) for dxy, the planar geometry of the t2g orbitals leads
to an orientational dependence of the hopping probability between the respective orbitals
of neighboring B cations. In the end, this results in an anisotropy of the effective mass
of the conduction bands derived from the t2g orbitals: According to the large geometrical
overlap to the next equivalent atomic orbital, an enhanced hopping is expected within
the principle plane of the respective orbital (low effective electron mass), corresponding
to the x − y plane in the depicted example. Contrary, charge fluctuations are restrained
perpendicular to the principle plane of the orbital, leading to a heavier effective electron
mass in this direction (in the shown case along the z direction).
The resulting band structure with all three t2g-orbitals is depicted in Fig. 3.2(c) for the
kx-direction. The Γ-point is three fold degenerate, forming the bottom of two light and
one heavy, virtually parabolic electron bands. This situation corresponds to the basic con-
duction band structure of bulk STO [97].
However, it is necessary to additionally take the large SOC of Ta into account to dedu-
ce a corresponding representation for the high-Z compound KTO. The SOC energy of
KTO is with ∆SO ≈ 470 meV more than one order of magnitude larger than the one of
STO (≈ 18 meV) [98]. Including the spin-orbit interaction of the electrons in the model,
the three-fold degeneracy of the band bottom is lifted, by shifting one light band up-
wards in binding energy by ∆SO as shown by the tight binding calculations of Ref. [77] in
Fig. 3.2(d). Concomitantly, due to SOC the specific orbital character of the conduction
bands becomes strongly intermixed in bulk KTO, as indicated by the colored circles in
the figure [77].
As mentioned before, in the case of the surface q2DESs in STO and KTO, VO are residing
in the upmost layers of the crystals. These VO induce a positive potential that is partially
screened by the lattice polarization according to the dielectic properties of the material
and thus decreases gradually towards the bulk of the crystals. Commonly, the spatial
decay of the potential is approximated by a triangular shape according to Fig. 3.2(e).
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The positive potential pulls down the Ta 5d-derived bands of the crystal below the Fermi
energy, populating the lowest conduction band states. The limited extent of this accu-
mulation layer constrains the motion of the electrons along z, which induces a quantum
well subband structure analogously to the text-book example of a particle in a box as
is illustrated by the two quantum well states (QWS) j = 1, 2 in Fig. 3.2(e). Note that
the fact that the motion of the charge carriers is constraint within a finite depth, is one
reason for the designation of the electron system as quasi two dimensional.
Figure 3.2(f) shows the band situation for the first QWS j = 1 calculated for a wedge-
shaped potential in KTO [77]. The different orbital-t2g components of the bands experience
a downward shift in energy that is proportional to their effective masses in the confinement
direction. The size of this shift is depending on the electric field in the potential well. As
a result, the degeneracy of the lowest states around the Γ-point is lifted in comparison to
the bulk crystal. The conduction band bottom now comprises states with dxy character,
while the orbital components with dxz and dyz symmetry are located at higher energies
[77]. As a consequence of this reordering, deducible from Fig. 3.2(f), the overall orbital
character of the bands within the quantum well potential is again modified due to SOC
in comparison to the bulk case [77]. QWS with j > 1 (not shown here) become manifest
in the actual in plane dispersion of the system as replicas of the depicted bands Eα, Eβ
and Eγ, which are shifted to higher energies according to the larger zero-point energy of
the respective QWS [76, 77]. In the corresponding band situation for the q2DES in STO,
the dxy states analogously form the conduction band bottom, while the two dxz and dyz
bands are shifted to higher energies and stay degenerate at the Γ-point [99].
Beside the q2DES found at cleaved single crystal surfaces, a prolonged bombardment of
KTO with Ar+-ions has been successfully used to induce surface metallicity. This has
been ascribed to a preferential sputtering of oxygen atoms from the lattice [100]. Fur-
thermore, other electron systems involving KTO substrates have recently been reported
in LaTiO3/KTO heterostructures [101], as well as for the deposition of LAO at elevated
growth temperatures of 750 ◦C [102]. However, the origin of the conductivity in these sy-
stems is not fully clarified so far. The here presented study addresses another, very facile
path for the stabilization of the VO-induced q2DES on the KTaO3(001) surface under
ambient conditions, which is based on the deposition of LAO on the [001]-surface of the
crystal at room temperature.

3.3. Investigation of the KTaO3 Substrate Crystals

In this section, preliminarily to the discussion of the actual preparation process of the
q2DES, some particular properties of the KTO substrate crystals employed are addres-
sed. This study used mechanically

”
epi-polished“ KTO crystals of the size 5×5×0.5 mm3

from the vendors Alineason Materials Technology, SurfaceNet and CrysTec. KTO is a
very brittle crystal such that the substrates in general easily fracture at their edges. It is
important to mention that in addition a strong variation of the substrate surface quality
was observed, not only between the different supplying companies, but also in particular
between different crystal batches from one and the same vendor. Figure 3.3(a) shows a
selection of atomic force microscopy (AFM) images of different substrates after ultraso-
nic cleaning in aceton, ethanol and water. The mostly observed surface morphology of
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3.5nm

0nm 1 µm

(a) (b)

Fig. 3.3.: (a) Surface morphology of a typical
”
epi-polished“ KTO substrate after ultrasonic

cleaning measured with AFM. The left inset shows a substrate with a large miscut with
a terraced structure with unit cell high steps. The right inset depicts a substrate from a
difference sample batch with pinholes evidencing a high density of crystalline imperfections.
(b) The K 2p and C 1s core level of a KTO crystal after annealing in vacuum. A second
spectral K 2p component at higher binding energies appears upon heating of KTO.

”
epi-polished“ substrates, as illustrated in the lower part of 3.3(a), is flat without any

notable elevated structures. The shown image displays a typical root-mean-square surface
roughness for these substrates of σ = 0.25 nm.
Remarkably, as shown in the upper left image, some crystals from Alineason Materials
Technology exhibited surfaces with frayed steps of the height of one unit cell, possibly in
conjunction with a larger miscut angle of the crystals. The underlying formation process
of this surface could not be conclusively resolved. The upper right image in Fig. 3.3(a)
depicts, in contrast, the surface of a substrate from a further batch delivered by the same
vendor, exhibiting a poorer structural quality. The visible pinholes point towards a large
density of material imperfections in the particular crystal resulting from the crystal grow-
th process.
In literature, a controlled surface preparation of KTO is reported based on chemical wet-
etching and subsequent annealing [103]. An adaption of this approach, in order to achieve
reproducible and well comparable crystal surfaces, however, did not lead to an impro-
vement of the surface morphology and has not been continued. The available untreated
crystals are used in the following study to investigate general electronic properties of the
LAO/KTO heterostructure.
An important characteristic of KTO is illustrated in the photoemission spectra of the
K 2p and C 1s core levels in Fig. 3.3(b). The spectra are normalized to same K 2p spectral
weight. In preparation of thin film deposition, substrates are normally heated and degas-
sed at high temperatures to remove residual adsorbates from the surface. As deducible
from the spectra, part of the C-contamination is removed from KTO, when annealing at
400-450 ◦C. However, at the same time a pronounced shoulder at higher binding energies
of the K 2p lines is formed. It has been reported before, by Szot et al. that high tempera-
ture annealing of KTO and KNbO3 results in a K-enrichment of the crystal surface [104,
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Fig. 3.4.: (a) Evolution of the RHEED intensity of the (0,0)-spot during deposition of
LAO at room temperature. (b) RHEED pattern before (A) and after deposition (B). (c)
Sheet resistance of a dLAO/KTO sample with tdLAO = 2 nm evidencing metallicity. The
inset shows a schematic image of the heterostructure. (c) XPS spectrum of the Ta 4f core
level of a KTO substrate and a dLAO/KTO heterostructure with tdLAO = 2 nm. Additional
spectral weight attributed to Ta4+ is observed after deposition of dLAO, signaling n-doping
of the heterostructure.

105]. Ultimately, a prolonged thermal treatment at 700 ◦C leads to the formation of KO2

and Ruddlesden-Popper-like KO(KTaO3)n chemical phases in the near-surface region ex-
tending several 10 nm deep into the substrate. At annealing temperatures beyond 800 ◦C,
a substantial evaporation of K from the crystal is observed [105]. Although the here em-
ployed annealing temperatures are lower than in these studies, we detect an alteration of
the binding energy of surfacial K. This led to the conclusion that the chemistry of the
surface is modified by the heating treatment. As a consequence of the chemical alteration
of the KTO surface, no thermal preparation of the substrate is performed before layer
deposition.

3.4. Generation of a Metallic Electron System in KTaO3

by LaAlO3 Deposition

As described in the introduction of this chapter, the surface q2DES of KTO is supposed
to be introduced by VO that act as n-donors [76]. It is tried to introduce such an VO-based
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metallic electron system in the KTO substrates, similar to a study on the functionaliza-
tion of STO crystals [71]. Chen et al. have shown that the deposition of LAO by PLD, in
a low oxygen background atmosphere, i.e. partial pressures below pO2 = 10−2 mbar, with
the substrate held at room temperature leads to the chemical reduction and metallicity
of the STO surface [71].
The established explanation for this observation is that a redox reaction between the sub-
strate surface and LAO is taking place. The film material LAO is in its crystalline form a
rhombohedrally distorted perovskite with a pseudocubic lattice constant of 3.791 Å[106].
Furthermore, it is highly insulating due to an optical band gap of 5.6 eV [107]. In the just
described LAO/STO system, the film fulfills the functionality of a reducing agent and an
oxidation inhibitor, preventing the oxygen vacancies from being replenished quickly under
ambient conditions [108].
Although the deposition of a multicomponent material in PLD is very complex the follo-
wing simplified picture can be drawn. A freely expanding PLD plasma plume in vacuum
typically consists of a large part of neutral atoms and a small fraction of 1-5% of ionized
species [109, 110]. When the neutral metal atoms of the film material are deposited on the
sample surface they can oxidize by reaction with surfacial oxygen anions, thereby remo-
ving oxygen from the substrate. One prerequisite identified for such a process to happen is
that the heat of formation of the metal-oxide is sufficiently low to allow the creation of VO

(for STO lower than -250 kJ/(mol O) [111]). This criterion is fulfilled in particular by the
atomic Al species of the LAO plasma plume, which has been suggested to play the leading
role for the generation of VO on the STO surface [71]. Lanthanum on the other hand is
reported to yield only a minor contribution to the redox reactivity of the film material on
the substrate, which is supported by the fact that the deposition of La7/8Sr1/8MnO3 at
room temperature in contrast to LAO does not induce conductivity into STO substrates
[71].
Another conceivable process for the generation of oxygen vacancies during PLD is that,
when highly energetic plume particles impinge on the substrate, they may knock out
atoms from the sample surface by a sputtering effect [6]. A preferential removal of the
most volatile element oxygen would result in an n-doping of the surface [100, 112]. Ho-
wever, this effect seems to play an inferior role as pointed out by the lack of metallicity
in STO under deposition of La7/8Sr1/8MnO3 [71]. It is also discussed that, due to a lack
of oxygen in the film material after deposition, additional n-doping may be generated by
charge transfer of excess electrons from the LAO into the substrate.
For the actual preparation process, the KTO substrates are, after ultrasonic cleaning in
organic solvents, introduced into the PLD chamber. The ablation of LAO is conducted
from a single crystalline target under conditions typically used for the growth of crystal-
line LAO on STO, i.e. a laser fluency of 1.2–2.0 J/cm2 and oxygen pressures in the range
of pO2 = 10−3–10−6 mbar [113, 114]. However, in this case the substrate is held at room
temperature during the whole ablation process to avoid rediffusion of oxygen from the
substrate bulk to the surface as well as the above mentioned thermally induced chemical
modifications of KTO.
The RHEED monitoring of the deposition, exemplarily shown in Fig. 3.4(a), signifies an
exponential damping of the intensity of the (0,0)-diffraction spot (integrated over the
red circle in subfigure (b)) with deposition time. Accordingly, as depicted in Fig. 3.4(b),
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the nicely resolved, sharp RHEED pattern of KTO before growth (image (A)) vanishes
entirely and a homogeneous, incoherently scattered intensity distribution remains after
growth (B).1 Apparently, a fully closed LAO layer is formed, that, however, has a lattice
structure that is disordered on the scale of the RHEED coherence length. Therefore the
film material will be denoted by the term disordered LAO (dLAO) in the following. It is
possible to quote two likely causes for the disordered growth: The minor thermal energy
(room temperature) is probably not enough to allow the crystallization of the LAO lattice,
documented as well for the analogous deposition of dLAO on STO at room temperature
[71]. Furthermore, the lattice mismatch of KTO and crystalline LAO is quite large with
about 5 %, potentially impeding epitaxial order of the film. A recent publication by Zhang
et al. [102] reports that, even when depositing LAO on KTO at elevated temperatures,
no long-range crystalline order of LAO is observed.
The thickness of the deposited oxygen deficient LAO film tdLAO is determined by the
number of laser pulses in the growth process. The corresponding thickness relationship is
calibrated, as exemplarily shown in the inset of Fig. 3.4(a), by counting the number of
pulses, which are necessary to grow one unit cell, corresponding to one RHEED oscilla-
tion, of crystalline LAO at the same background pressure and laser fluence on an STO
substrate. According to this calibration the thickness of the dLAO film of the sample of
Fig. 3.4(a) and (b) is tdLAO = 2.4 nm.2

The success of the preparation of the metallic electron system is evidenced by the exem-
plary measurements in Fig. 3.4(c) and (d). The 4-point probe resistivity measurement in
Fig. 3.4(c) is conducted ex situ after contacting the samples in Van-der-Pauw geometry
via ultrasonic wire bonding. While a KTO substrate is highly insulating, the dLAO/KTO
heterostructure exhibits a clear metallic behavior with a reduction of the resistance with
decreasing measurement temperatures. Hence, a metallic electron system is indeed induced
that is sufficiently stable under ambient conditions, allowing for further characterization
by means of Hall effect measurements, as are discussed in section 3.5.
Furthermore, Fig. 3.4(d) depicts a photoemission measurement of the Ta 4f core level,
with the two spin-orbit split components Ta 4f 7/2 and Ta 4f 5/2, of a KTO substrate and
a dLAO/KTO sample with tdLAO = 2 nm. For the shown comparison of the spectra of the
two specimen, the binding energy scale of the measurement of the bare substrate is reca-
librated for charging by shifting the Ta 4f 7/2 peak maximum to the corresponding one of
the dLAO/KTO heterostructure. Both curves are normalized to the same spectral weight
after subtraction of a constant background. The well visible main lines of the Ta 4f spec-
tra represent electrons emitted from Ta with an empty 5 d shell, i.e. Ta5+. Accordingly,
these lines are the only contribution to the substrate spectrum, reflecting the insulating
5 d0 ground state of pristine KTO. In the spectrum of the dLAO/KTO sample, however,
one is able to clearly distinguish an additional component shifted by about 1.0 eV to lower
binding energies from the main lines. This feature is assigned to electrons emitted from
the Ta 4f core level of Ta with an additional electron in the conduction band, i.e. Ta4+.
The Ta 4f spectrum thus shows clearly the occurrence of excess electrons in KTO. In

1The weakly visible ring-shaped structure in (B) is an artifact from the diffraction of the electron beam
at the aperture of the RHEED gun and does not stem from the sample.

2The heterostructures resemble the surface morphology of the KTO substrates in AFM, indicating a
widely homogeneous thickness of the dLAO layer.
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section 3.6.2 the Ta 4f core level is used to evaluate quantitatively the amount and depth
distribution of Ta4+ by performing angle-dependent photoemission measurements.
According to these observations, it is assumed that the induction of the electron system
in dLAO/KTO happens in an analogous way as in the corresponding STO-based hete-
rostructure [71, 110]. This result indicates furthermore that the oxygen chemistry of the
KTO surface is very similar to the one of STO. Hence, a similarly rich pool of VO-related
dependencies and phenomena is expected to be observable in KTO as in the STO-related
surface and interface systems. Examples are the photon induced generation of charge car-
riers through VO generation, the possibility of controlled replenishing of VO with atomic
oxygen, and conceivably also the occurrence of microscopic lateral inhomogeneities of the
interfacial electronic phase, due to a clustering of VO [74, 76, 115, 116].

3.5. Transport Properties of LaAlO3/KTaO3

The basic transport properties such as sheet resistance, the charge carrier density n2D and
the mobility µ are of paramount importance for the potential of the electron system for
device applications and the study of quantum phenomena. In this section the dLAO/KTO
electron system is investigated in particular to also identify similarities and possible dif-
ferences to the analogous q2DESs in STO-based heterostructures.
Initially in the following, the general transport characteristics of the metallic dLAO/KTO
interface are introduced mainly on the basis of one exemplary sample. It turns out that
the low temperature mobility of the electron system in dLAO/KTO is considerably higher
than the one observed in dLAO/STO. This remarkable difference between the two electron
systems is determined by different conceivable causes, which are discussed subsequently.
Furthermore, the temperature dependence of the Hall mobility is analyzed in regards
to the dominating electron scattering mechanisms in the dLAO/KTO q2DES. Finally,
the possibility to actively control the carrier density dLAO/KTO electron system by the
parameters oxygen background pressure during growth and film thickness is evaluated.

3.5.1. Basic Electronic Properties

In order to perform the transport measurements, the dLAO/KTO samples are taken out
of vacuum subsequently to the deposition. For the basic characterization, the crystals
are contacted in van-der-Pauw geometry as described in section 2.3. Prior to the actual
measurement, the sample is positioned in the closed cryostat in the dark for at least 24 h
to minimize the influence of photogenerated charge carriers. The excitation current of the
measurements covers the range of 1–5µA.
Here, the typical transport characteristics of the heterostructure are pointed out based
on the example of a heterostructure with tdLAO = 2 nm, which exhibited the highest low
temperature mobility observed in the dLAO/KTO electron system. Figure 3.5 shows the
results of the sheet resistance and Hall-effect measurements of the sample at 1 day and 7
days after dLAO deposition. In between the measurements, sample storage took place in
a desiccator at a pressure of about 300 mbar.
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Fig. 3.5.: Transport properties of KTO capped with tdLAO = 2 nm dLAO deposited at room
temperature in pO2 = 1 · 10−6 mbar. (a) Sheet resistance 1 day and 7 days after deposition.
(b) Symmetrized Hall resistance at 2 K and 200 K measured 1 day after deposition. (c)
Sheet carrier density and (d) electron mobility of the sample determined from Hall-effect
measurements.

Sheet resistance The sheet resistance in Fig. 3.5(a) evidences metallic behavior over
the whole temperature range with values of 101–102 Ω/� at 2 K, being in the same range
as resistance values observed in STO-based q2DESs [68, 71, 108, 113, 117]. The residu-
al resistance ratio (RRR), i.e. the quotient of the resistance at the sample temperatu-
res T = 300 K and 2 K, is a measure for the density of static scattering centers in the
lattice of a metallic material, as temperature dependent scattering events like electron-
electron and electron-phonon interactions are frozen out at low temperatures. With values
of RRR > 200, the here shown sample exhibited the highest observed RRR of all examined
dLAO/KTO structures, suggesting a high structural quality of the respective substrate
lattice. In contrast, KTO crystals with a high density of crystallographic defects, such
as the one in the right inset of Fig. 3.3(a), are limited to values of RRR < 40. As will
become clear in section 3.5.3, the RRR depends also on the number of charge carriers and
accordingly on the amount of VO in the heterostructure.
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Hall Resistance The Hall resistance in Fig. 3.5(b) evidences n-type, i.e. electron-like,
charge carriers. As indicated by the dotted lines, the magnetic field dependence is well
described by a linear fit for the whole temperature range, pointing towards a single car-
rier type dominating the transport properties of the sample. It is noted, however, that at
temperatures below 30 K the Hall resistance becomes slightly non-linear.

Sheet carrier density The evaluated sheet carrier density n2D of the sample is widely
independent of the measurement temperature, as shown in Fig. 3.5(c). With typical values
of 3–8 · 10−13cm−2, n2D in dLAO/KTO is of the same order as in the related dLAO/STO
heterostructures at cryogenic temperatures [71], which suggests that the investigated elec-
tron system in dLAO/KTO also has a quasi two dimensional nature. Note that at carrier
densities n2D > 6 · 10−13cm−2, the Hall resistance becomes non-linear, presumably due to
the occupation of a second conduction band, complicating the analysis of the transport
parameters (cf. section 3.5.3).
The smallest measured carrier densities in dLAO/KTO are in the range of n2D ≈ 1.5 ·
10−13cm−2, which is inferred to be the lower limit for metallic conductivity of the samples.
Below this value, a 4-probe measurement is not possible. However, it cannot be deduced,
if in this case the sample is entirely insulating. It instead appears likely that at carrier
densities close to the limiting value the sample is just not homogeneously metallic anymo-
re, such that a closed percolative conduction channel between the measurement electrodes
is missing.
As indicated by the measurements 1 day and 7 days after deposition in Fig. 3.5(c) the
number of charge carrier in the system is slowly decreasing with storage time. In fact,
at another measurement attempt 41 days after deposition, the sample had undergone a
metal-insulator transition, impeding further low-temperature transport characterization.
A similar reduction of the charge carrier density with storage time is known from the
dLAO/STO heterostructures [108, 118]. In analogy to these studies, it is suggested that
the primary degradation pathway of the electron system under investigation is the refil-
ling of VO by ambient O2 molecules, which dissociate at the sample surface and diffuse
through the dLAO layer into KTO. Trier et al. showed for dLAO/STO that the significan-
ce of this process depends on the thickness of the dLAO capping layers [108]. Accordingly,
dLAO/KTO samples with thin dLAO films of < 1 nm thickness are not observed to be
metallic in the transport measurements, as they already reoxidized largely during the
transfer through ambient atmosphere from the vacuum chamber to the PPMS system.
Beside the reoxidation through the dLAO film, a second, presumably minor, contribution
to the degradation of the conductivity may arise from diffusion of VO away from the inter-
face into the substrate bulk due to the comparably high oxygen mobility in the perovskite
crystals [119, 120].

Low temperature electron mobility Figure 3.5(d) shows an increase of the Hall mo-
bility in dLAO/KTO with decreasing sample temperature, resembling the overall basic
trend observed also for doped KTO bulk crystals [95] and the STO-based electron systems
[121, 122]. Remarkably, the low temperature mobility µ0 reaches values that are about
one order of magnitude larger than reported for dLAO/STO [71, 108]. With values for µ0
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in the range of 2000–4000 cm2/Vs being repeatedly observed, dLAO/KTO exhibits low
temperature mobilities comparable to those of LAO/STO heterostructures with a cry-
stalline LAO lattice [123, 124]. The highest achieved µ0 ≈ 6800 cm2/Vs in dLAO/KTO
also complies well with the mobilities achieved by field-effect doping of the KTO(001)
surface [94].
It is noted that consistent with the RRR, the low temperature electron mobilities varies
depending on the particular crystal batch. However, samples with substrates exhibiting
a large density of pinholes in AFM, associated with crystalline imperfection, reach only
mobilities of 300–500 cm2/Vs below 10 K.

Discussion The question arises, why µ0 in dLAO/KTO shows much higher values than
are observed in the related STO-based electron system in dLAO/STO. Different factors,
possibly responsible for this discrepancy of the two systems, are discussed in the following.
Firstly, the effective mass of the electrons in the conducting 5 d-derived states in KTO is
lower than in the respective 3 d bands of STO [125]. The aforementioned VUV-ARPES-
experiments on the surface q2DESs of the two materials evidenced that the in plane
electron mass of the energetically lowest conduction band is ≈ 0.3me and ≈ 0.6me for
KTO and STO, respectively [72, 76, 77, 97]. The effective mass enters reciprocally into
the electron drift mobility, thus accounting for about a factor of two between µ0(STO)
and µ0(KTO).
Furthermore, the low temperature mobility µ0 in the STO-based electron systems has be-
en attributed to be determined by scattering of the charge carriers with impurities and by
the roughness of the interface [121, 126]. It is expected that the same mechanisms are also
decisive in dLAO/KTO. Hence, with view on the higher values of µ0, it is suggested that
the lattice region, where conduction takes place in dLAO/KTO is less defective than in
the dLAO/STO heterostructure. This could be associated with a superior quality of KTO
crystals over STO, due to differences in crystal growth3 and surface preparation. However,
the aforementioned comparably high mobility in the crystalline LAO/STO system shows
that the crystalline quality of STO can not be the decisive factor.
Instead, it is suggested that the distribution of the VO, which act as n-donors but also
as scattering centers for the electrons, is of major importance here. In contrast to the
heterostructures with disordered LAO films, in crystalline LAO/STO the n-doping of the
substrate is not induced by VO in the STO lattice itself. As a part of a compensation me-
chanism for the diverging electrostatic potential in the crystalline LAO film, the electrons
are rather donated by spatially well-separated VO at the very surface of the LAO-film
(similar to modulation doping in semiconductors) [74, 128]. It is suggested that the si-
gnificance of the VO-defects on the electron scattering rate at low temperatures is also
reduced in dLAO/KTO, but not by a complete spatial separation of the dopants from the
conducting volume: Assuming that the VO are localized close to the heterointerface, an

3STO is usually prepared by the Verneuil or flame-fusion process that is known to result in a high
density of structural dislocations (>106 cm−1 [127]), while KTO is mostly prepared by top-seeded
solution-growth, a method yielding lower defect concentrations. Note, the highest achieved mobilities
in n-doped bulk crystals of STO and KTO are very similar (22000 cm2/Vs[121] and 23000 cm2/Vs
[95]).
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increased spread of the conduction channels into the substrate in dLAO/KTO in compari-
son to dLAO/STO is able to explain the differences in µ0 [129]. Furthermore, such deeper
distribution of the electrons also lowers the influence of interface roughness scattering on
the electron motion.
The depth extension of the electrons in the STO and KTO substrates is, from a funda-
mental point of view, determined by an intricate interplay of the distribution of the VO,
the relative permittivity of the crystal lattice, and the electronic structure of the material.
Further complicating the situation, the latter two material specific properties are lifted
from their bulk conditions in the vicinity of the interface, due to the electric field associa-
ted with the charge accumulation [130, 131]. Thus, a consistent quantitative evaluation
of the electron distribution in the two materials is very complex but could be achieved by
an appropriate theoretical modeling with ab-initio methods (examples for the LAO/STO
q2DES are reviewed in Ref. [131]). Such calculations are, however, beyond the scope of
this thesis.
A theoretical approach to compare the depth extension of electrons induced by field-effect
at T = 4 K in KTO and STO is discussed by Ueno et al. in the supplementary notes of
Ref. [94]. The model assumes a triangular potential well, bulk-like subband structures of
the crystals, and an electric field dependent relative permittivity. The simulations indicate
that for sheet carrier densities n2D > 1 · 1013 cm−2 the mean thickness of the conducting
layer in KTO is larger than in STO, whereas at n2D < 1 ·1013 cm−2 the depth extension is
nearly equal. At n2D = 5 · 1013 cm−2 the calculated electron distributions have mean va-
lues of 10 nm and 20 nm in STO and KTO, respectively [94], in agreement with the above
interpretation of the low temperature mobilities. Note, an actual experimental verification
of these calculated dimensions is still pending. A first determination of the depth exten-
sion of the n-doping in dLAO/KTO by means of PES is, however, discussed in section 3.6.

3.5.2. Temperature Dependence of the Electron Mobility

Let us have a closer look at the change of the electron mobility with the sample tem-
perature T . Note, in this section only samples with linear Hall resistance, i.e. n2D <
6 · 10−13cm−2, are reviewed, since the temperature dependent mobility of samples with
nonlinear Hall resistance, i.e. n2D > 6 · 10−13cm−2, cannot be determined unambiguously.
As visible in Fig. 3.5(d), when increasing T beyond 10 K, the mobility of the electron
system declines. This is related to further scattering mechanisms for the electrons that
become relevant at higher temperatures and contribute to the total scattering rate τ of
the electrons. Formally, using Matthiesen’s rule, the corresponding contributions µj from
each scattering mechanism j add up reciprocally to the total electron mobility µtotal [132]:

1

µtotal(T )
=
∑
j

1

µj
. (3.1)

Within the examined set of samples, two different kinds of temperature dependent beha-
vior of the electron mobility at temperatures beyond T > 100 K are observed. The two
cases are denoted in the following as type A and type B and were observed in five and
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two different samples, respectively. Figure 3.6(a) depicts the inverse electron mobility of
two exemplary measurements, one for each type and designated accordingly as sample A
and B.
The abscissa of Fig. 3.6(a) is scaled as T 2. In this illustration, the inverse mobility of both
samples A and B in the intermediate temperature region of 10 K < T < 100 K is very well
reproduced by a straight line (dashed lines in Fig. 3.6 (a)), indicating a T−2-law. A T−2-
behavior of the mobility has frequently been reported also in many STO-based electron
systems [117, 133–135] and is commonly associated with the electron-electron (e-e) inter-
actions in a Fermi-liquid picture [132].4 The respective contribution to µtotal is given by
µ−1

e-e = αe−eT
2, where αe−e, is a parameter indicating the strength of the interaction. Note

that a bare scattering process between two electrons is not affecting the Hall-mobility
due to the conservation of the total momentum during the collision. It is thus expected
that the crystal lattice is somehow involved in the interaction, e.g. through the occurrence
of Umklapp scattering, allowing a momentum transfer of a reciprocal lattice vector, or
interband transitions between bands with different electron masses. However, a full mi-
croscopic picture for the e-e interaction mechanism in STO, KTO, and related electron
systems has not been settled so far [134, 137].
For temperatures T > 100 K, the difference of the two types of samples becomes visible.

As shown in the inset of Fig. 3.6(a), the mobility of sample A is deviating from the T−2-

4Beside electron-electron scattering, interaction with transverse optical phonons are another suggested
mechanism determining the mobility in STO and related compounds at 10 K < T < 100 K, following
a theoretical µ ∝ exp(~ω/kBT ) dependence [136], though the matching of this functional behavior
with the data of dLAO/KTO appears inferior.
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law to lower values, while the data of sample B continuously follow the Fermi-liquid-like
behavior up to 300 K.
At first the additional interactions affecting the mobility of sample A are discussed. For
bulk KTO, it has been suggested that the mobility at room temperature is mainly limited
by the interaction of the charge carriers with longitudinal optical lattice phonons (LOs)
[125, 138]. Similarly, scattering with LOs has also been deduced as the primary mecha-
nism determining the room temperature mobility of doped bulk STO and a number of
STO-based q2DES systems [117, 135, 136]. As an electron moves through an ionic crystal,
it is dressed by a local deformation of the cation lattice, i.e. a cloud of virtual phonons
screening the electrostatic field of the electron. This collective arrangement is theoreti-
cally described by a quasiparticle with an enhanced mass mp, a (Fröhlich-)polaron. In
the presence of a (real) LO phonon, the periodic displacement of the ion lattice creates a
macroscopic electric field, which disturbs the motion of the (dressed) electron and in turn
affects the Hall mobility [136, 139].
Several decades ago, Low and Pines [139] formulated an expression for the mobility deter-
mined by the electron-phonon (e-LO) scattering with a phonon mode LOi of the energy
~ωLOi:

µLOi(T ) =
~

2βi~ωLOi

e

m?

(
m?

mp,i

)3

f(βi) exp

(
~ωLOi

kBT

)
. (3.2)

This equation is applicable in the regime of weak to intermediate electron-phonon coup-
ling, where the coupling constant βi < 6 [139]. The included function f(βi) is nearly
linear in βi and changes from 1 to 1.35 when βi is increased from 0 to 6. The bare
effective electron mass denoted by m? is assumed to be 0.3me for KTO, determined
from the parabolic dispersion measured in VUV-ARPES [76]. The size of the polaronic
mass renormalization of the electron depends on the dimensionality of the electron sy-
stem. In the limit of three dimensional conduction the effective polaron mass is given
by m3d

p,i = m?(1 + βi/6) [140]. Whereas in the limit of an ideal two dimensional electron
system m2D

p,i = m?(1+(π/8)βi+0.1272β2
i ) [141], signaling an effective enhancement of the

polaronic interactions, when the electrons are confined to two dimensions [142]. Bulk KTO
possesses three relevant LO modes with energies ~ωLO1 = 23.3 meV, ~ωLO2 = 52.5 meV,
and ~ωLO3 = 103.3 meV [143].
To generate an expression for the mobility over the entire investigated temperature range,
the contributions of µ0, µe-e, and µLOi for all three LOs are summed according to equati-
on 3.1. When adjusting this model to experimental data µ0, α, and the coupling constant
β3 are left as free parameters. In analogy to Ref. [117] it is assumed that ~ωLOi at the
dLAO/KTO interface differs only insignificantly from the values for bulk crystals. As the
scattering with the LO3 phonon is the predominant contribution to the mobility at room
temperature (cf. Fig.3.6(b)), the coupling constants β1, β2 are fixed to literature values
for bulk KTO of 0.05 and 0.82 [143].
When using the given expression of the polaron mass for a three dimensional electron
system, the fit to the data of sample A does not converge for β3 < 6, indicating a rather
strong renormalization of the electron mass. Figure 3.6(b) shows the fit of the mobili-
ty of sample A, when conversely assuming two dimensional polarons. In this case, the
simulated mobility matches well with the experimental data for a polaronic coupling of
β3 = 1.75. This is very close to the value of β3 = 1.97, derived from optical spectroscopy
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dimensionality µ0[cm2V−1s−1] αe−e[10−6Vs cm−2K−2] β3

sample A 2D 4883 0.18 1.75
sample B 3D? 1281 0.57 –

KTO bulk[143] 1.97

Tab. 3.1.: Results for the fit model parameters of the temperature dependent mobility of
sample A and B in Fig. 3.6.
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from Ref. [143] denoted in the text.

measurements on bulk KTO in Ref. [143]. Also depicted in Fig. 3.6(b) are the indivi-
dual contributions of the different scattering processes to µtotal, for which the results of
the corresponding fitting parameters are denoted in Tab. 3.1. The good agreement of β3

with the literature value for single crystals substantiates that the conduction electrons in
sample A have predominantly two dimensional character at room temperature. A similar
temperature dependence of the mobility was observed in several other samples of type A
with measured carrier densities and low temperature mobilities in the ranges n2D = 2–
6 · 1013 cm−2 and µ0 = 800–6700 cm2V−1s−1. The deduced interaction constants in these
samples are αe−e =0.2–0.4·10−6Vs cm−2K−2 and β3 = 1.5–2.2, indicating some variation
of the strength of the scattering interactions between the samples. The disparities of αe−e
are likely arising from differing carrier densities of the samples [134]. Variations of the
polaron coupling strength in oxide q2DES systems have been associated with an partial
electronic screening of the e-LO interaction depending on the mobile carrier density and
with modifications of ~ωLOi, which may be related e.g. to the VO at the interface [117,
135, 142]. The here deduced value for the polaronic mass renormalization in dLAO/KTO
is with m2D

p,3 = 1.9–2.5m? slightly lower than the 2.3–3.0m? determined analogously for
the VO-induced interfacial electron system in γ-Al2O3/STO [117].
Contrary to the just discussed case, the mobility of type B samples, as shown in the

inset of Fig. 3.6, follows a T 2-behavior (dashed line) also for T > 100 K. Thus, the e-LO
scattering appears to be suppressed in these samples. At the same time, the e-e coup-
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ling constant αe−e, i.e. the gradient of the dashed line, is larger than in sample A (cf.
Tab. 3.1). The heterostructures showing type B temperature dependence exhibit sheet
carrier densities of n2D ≈ 2 · 1013 cm−2 and were measured after >3 weeks storage in a va-
cuum desiccator, while type A samples were measured within two weeks after deposition.
A viable explanation for the deviations of the scattering interactions is a difference in the
spatial distribution of the electrons between the two sample types: Figure 3.7 shows the
mobility of sample B together with three different model curves for the mobility assuming:
(i) only e-e interactions; (ii) e-e and e-LO interactions for a two dimensional electron sy-
stem (polaron mass m2D

p,i ); (iii) e-e and e-LO interactions for a three dimensional electron
system (polaron mass m3D

p,i ). The polaron coupling constants β for the latter two plots are
set to the aforementioned literature values for the KTO bulk [143]. Obviously, the deviati-
ons between experimental data and model calculation (ii), with the enhanced interactions
in the two dimensional system, are substantial. Conversely, when assuming a three dimen-
sional conduction in the system, the influence of the LO-scattering is comparably small
resulting in only subtle deviations of (iii) from the mere T 2-behavior (i). Therefore it is
suggested that the charge carriers in samples of type B are distributed deeper into the
KTO bulk.
A larger spatial spreading of the electrons would, concomitant with the anyway compa-
rably low n2D of the type B samples, reduce the local three-dimensional carrier density.
The strength of the e-e interaction in Fermi liquids scales inversely with the occupied
Fermi-volume, which has been nicely demonstrated experimentally by Lin et al. in a do-
ping series of STO [134]. Thus the increased value of αe−e would also be in line with a
larger depth extension of the electrons in samples of type B than in type A. A plausible
explanation for a broader spatial distribution of the electrons in the samples of type B
compared to type A, is a larger spread of the VO, which could be caused by the diffusion
of VO to deeper substrate regions during sample storage.
To get more insight into the disparities of samples of type A and B a further investi-
gation of the temperature dependent mobility is suggested. Tracking the changes of the
temperature behavior of the mobility with storage time under exclusion of oxygen, for
a larger series of samples with different initial carrier densities could allow to verify or
refute the suggestion that the difference of sample types A and B is related to the age of
the dLAO/KTO samples. Such experiments could furthermore allow to deduce a possible
correlation between the effective strength of the e-LO interaction and the carrier density
of the q2DES, as has been attempted for some STO-based structures [117, 135, 144]. In
preparation of such experiments, two ways to adjust the carrier density of the dLAO/KTO
electron system in a controlled way are pointed out in the following section.
Notably, the highest determined room temperature Hall mobility in dLAO/KTO, observed
in samples of type A, reaches values of up to 30 cm2/Vs. This is considerably larger than
the maximum corresponding value achieved in STO-based electron systems (approxima-
tely 10 cm2/Vs) [117, 135]. The room temperature mobility is of particular relevance for
microelectronic applications, showing that KTO could be a superior platform for q2DES
systems over STO for prospective functional devices. The disparity of the two materials is,
beside assumable peculiar differences in the polaronic interactions, largely ascribed to the
aforementioned around half as large effective mass of the energetically lowest conduction
bands in KTO in comparison to STO.
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In summary, the dLAO/KTO system exhibits, similar to STO-based q2DESs, Fermi-
liquid-like transport behavior at intermediate temperatures 10 K < T < 100 K. At higher
temperatures, the scattering with longitudinal optical phonons becomes important and
determines the room temperature mobility. The size of the deduced polaronic mass re-
normalization for the dLAO/KTO electron systems with the highest observed mobilities
points towards a two dimensional nature of the conduction electrons. An absence of the
e-LO scattering is observed in some samples, which is tentatively ascribed to a larger
extent of the electron system in aged samples originating in a relocalization of VO into
deeper KTO layers.

3.5.3. Control of the Charge Carrier Density

The control of the transport properties of the q2DES is an important aspect for further
experiments and a possible use of dLAO/KTO in future applications. We have seen, that
one simple, but rather inconvenient method to adjust the carrier density of the hete-
rostructures is by storing the samples in an oxygen rich atmosphere. Here two alternative,
but more handy control parameters that have the potential to serve for adjustment of the
sheet carrier density of the q2DES are identified, namely the oxygen background pressure
during growth and the thickness of the deposited dLAO layer.
To evaluate the influence of certain parameters on the transport properties, it is necessary
to compare different samples directly with each other. To this end, to ensure an adequate
comparability of the measured quantities, some precautions are taken: The experiments of
this section are conducted on samples from the very same substrate shipment to minimi-
ze a possible impact of the crystal quality, which mainly varies between different crystal
batches, on the measurements. Furthermore, to minimize measurement uncertainties and
the influence of eventual large-scale inhomogeneities of the electron system Hall bars with
the size of 600 × 100µm2 are prepared in the central part of the substrate, reducing the
size of the probed sample area. This structuring is conducted by lithographically defining
the Hall bars with a negative mask of SiO2 on the bare substrate. The subsequent dLAO
deposition only reduces the KTO surface in the regions not covered by the mask.5 The
resistance between two Hall bars on the same substrate is above the measurement limit
of the PPMS setup, proving the suitability of the method for patterning simple device
structures of the dLAO/KTO electron system. Note that no qualitatitive differences of
the transport results for samples in Hallbar and vdP geometry are apparent.
Furthermore, the samples evaluated in this section are capped with an additional layer of
dLAO, deposited in high oxygen pressures of pO2 = 1 · 10−2 mbar. This is done in order to
equalize the effect of the degradation of the electron system from diffusion of atmospheric
oxygen for all samples. To this end the thickness of the capping tcap is chosen such that
the total film thickness of the samples for the transport measurements in the following
two sections is tdLAO + tcap = 4.6–4.8 nm.
The samples’ conductivity is practically not affected by the deposition of the capping
layer. This is evidenced by Fig. 3.8, which shows the 4-point resistance of a sample with
a dLAO thickness of tdLAO = 1.6 nm, deposited at pO2 = 1 · 10−4 mbar, before and after

5The structuring was done by Silke Kuhn, Physikalisches Institut, Universität Würzburg
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deposition of a capping layer with tcap = 2 nm. The Hall-bar samples are contacted by
ultrasonic-wire bonding directly after removal from UHV and are subsequently locked in
the evacuated cryostat of the PPMS system. As before, the sheet resistance and Hall-
effect is measured after 24 h in the dark to minimize the amount of photoinduced charge
carriers.

Oxygen Background Pressure During Pulsed Laser Deposition

The oxygen background pressure pO2 is an important and also easily tunable parameter
in the dLAO growth process. Figure 3.9 depicts the transport properties of dLAO/KTO
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samples with a film thickness of tdLAO = 1.6 nm, deposited at different oxygen pressures
between pO2 = 5 · 10−2 mbar and pO2 = 1 · 10−2 mbar at a laser fluency of 1.8 Jcm−2.
As shown in Fig. 3.9(a), only the samples with deposition pressures of pO2 = 1 ·10−3 mbar
and below exhibit metallic conductivity, while the sheet resistance of the samples prepa-
red at higher pressures is beyond the measurement limit. The sheet carrier density of the
metallic samples at T = 2 K in Fig. 3.9(b) is n2D = 0.44 · 1014 cm−2 for the two lowest
pressures with a slight decrease to n2D = 0.38 · 1014 cm−2 when increasing the deposi-
tion pressure to pO2 = 1 · 10−3 mbar. Simultaneously, the corresponding mobility of the
pO2 = 1 ·10−3 mbar sample is smaller than the one of samples prepared at lower pressures,
which could indicate that at lower carrier densities the relative influence of defect and
roughness scattering on the motion of the electrons is larger.
The measurements directly reflect the impact of the background atmosphere on the expan-
sion and the composition of the LAO plasma plume during the PLD process. At pressures
pO2 < 1 · 10−3 mbar, the ablated material cloud expands freely and the interactions with
the background atmosphere are almost negligible. Here a generation of VO is expected to
take place in the way described in section 3.4.
In contrast, at pO2 > 5 · 10−3 mbar, the scattering of the plasma species with the back-
ground gas becomes important [6]. As a consequence, the plume material loses kinetic
energy, i.e. it becomes thermalized, and is already oxidized before reaching the KTO
surface. Accordingly, the reduction potential of the deposited dLAO film decreases with
increasing background pressure and less VO are introduced in the substrate. As a result the
samples stay insulating. Notably, studies of the LAO deposition on STO in Ar-atmosphere
indicate that beside a lack of oxygen in the film material, also a certain kinetic energy of
the impacting film particles is necessary to overcome the activation barrier for an effective
reduction of the substrate surface [110].
The slight decrease of the carrier density at pO2 = 1 · 10−3 mbar suggests that a care-
ful tuning of the oxygen pressure between the two described regimes, in the range of
5·10−3 < pO2 < 1 · 10−4 mbar, offers fine control of the number of charge carriers that are
induced during the deposition process.

dLaAlO3 Film Thickness

Another parameter which has significant influence on the transport properties of the elec-
tron system is the thickness of the dLAO film tdLAO. Figure 3.10 depicts the transport
properties of dLAO/KTO samples with film thicknesses of tdLAO = 1.6–4.8 nm deposited
at pO2 = 5 · 10−7 mbar at a laser fluency of 2.3 Jcm−2.
It is easily deducible from Fig. 3.10(a), that the sheet resistances of the samples with larger
tdLAO in Fig. 3.10(a) exhibit a reduced RRR ≤ 30 in comparison to the heterostructures
with tdLAO = 1.6 nm. Furthermore, as exemplarily shown in Fig. 3.10(b) for the sample
with tdLAO = 4.8 nm, at larger dLAO thicknesses, the low temperature Hall resistance
becomes clearly non-linear. Such a non-linearity is commonly explained to originate from
a second occupied conduction channel with a differing mobility and has also been observed
in STO-based heterostructures with sheet carrier densities n2D > 0.3 · 1014 cm−2 [25, 145].
Indeed, the Hall resistance is well reproduced by the model curve in Fig. 3.10(b) assuming

46



3.5. Transport Properties of LaAlO3/KTaO3

(a) (b)

(d)(c)

sh
ee

t r
es

is
ta

n
ce

 (
k�

/□
)

 

H
al

lb
ar

-80

-60

-40

-20

0

H
al

l r
es

is
ta

nc
e 

(Ω
�

806040200

magnetic field (kOe)

tdLAO= 4.8 nm
T=2 K

data
linear fit
two carrier fit

T=2 K T=2 K

4
6

10
2

2

4
6

10
3

2

4
6

10
4

2 3 4 5 6
10

2 3 4 5 6
100

2 3

temperature (K)

tdLAO=1.6 nm (RRR=143)
tdLAO=3.2 nm (RRR=30)
tdLAO=4.8 nm (RRR=27)

543210

dLAO thickness tdLAO (nm)

10

2

4

100

2

4

1000

2

4

m
ob

ili
ty

 (
cm

2
V

-1
s-1

)

measurement limit

in
te

rf
ac

e

b
u
lk

 VO-layer

Ez

in
te

rf
ac

e

b
u
lk

6
8

0.1

2

4

6
8

1

2

-1
/R

H
e 

(1
0

14
cm

-2
)

543210

dLAO thickness tdLAO (nm)

measurement limit

single band
majority band
minority band
total (minority+majority)

Fig. 3.10.: (a) Temperature-dependent sheet resistance, (c) sheet carrier density and (d)
electron mobility of dLAO/KTO at T = 2 K in dependence of the thickness of the dLAO
layer tdLAO, which is deposited in pO2 = 5–10 ·10−7 mbar with a laser fluency of 2.3 Jcm−2.
The samples with tdLAO = 1.6 nm and tdLAO = 3.2 nm are capped to a total film thickness
of tdLAO + tcap = 4.8 nm as described in the text. Dashed lines are guides-to-the-eye.
Error bars in (c) and (d) are estimated to 10% of the total carrier density and 30% of
the mobility, respectively. (b) Hall resistance at 2 K of the sample with tdLAO = 4.8 nm,
with fit models to determine the carrier density and Hall mobility. The Hall resistance
evidences two disparate carrier types. The inset depicts the temperature dependence of the
Hall resistance. For details see text.

two types of electron-like carriers with unequal mobilities [24, 25]. Depicted in Figs. 3.10(c)
and (d), are the mobilities and number densities of the charge carriers in dependence of
the film thickness tdLAO at T = 2 K, deduced from fitting the Hall resistance of the diffe-
rent samples at high magnetic field.6

With increasing measurement temperature, the Hall resistance becomes gradually linear,
as shown in the inset of Fig. 3.10(b). Consequentially, indicated by the already large error

6Remarkably, the carrier density determined from the linear Hall resistance of the sample with tdLAO =
1.6 nm dLAO of this sample series is also n2D = 0.44 · 1014 cm−2 as is deduced for the samples of the
previous section deposited at similar pressures. This indicates a good reproducibility of the employed,
firmly defined preparation and measurement routine.
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bars at T = 2 K, the two carrier evaluation becomes ambiguous at higher temperatures,
wherefore the presented analysis is restricted to the low T data.
The total sheet carrier density (purple marks in Fig. 3.10(c)) of the samples with tdLAO ≥
3.2 nm scatters between n2D = 0.6–1.2 · 1014 cm−2, attesting an increase of the number
of VO in the system compared to samples with tdLAO = 1.6 nm. The somewhat larger
carrier density of the heterostructure with tdLAO = 3.2 nm with respect to the two samp-
les with thicker oxygen deficient LAO films with tdLAO = 4.6–4.8 nm remains elusive at
this point. It is speculated that at large VO concentrations, the increased lattice disorder
induces localized defect states in film and/or substrate that conversely reduce the num-
ber of electrons contributing to the macroscopic conduction. A limit for the number of
oxygen vacancies generated by dLAO deposition is suggested to be set by an increase of
the formation energy for VO in already O-deficient KTO surface and to the decrease of
the effective reduction potential of the deposited material with increasing distance from
the substrate-film interface.
As deducible from Figs. 3.10(c) and (d), in the samples with tdLAO ≥ 3.2 nm the total
amount of mobile charge carriers can be divided into a majority population with a relative-
ly low mobility and a minority population that exhibits about five times larger mobilities.
The higher carrier density implies an increased occupation of the Ta 5d states of the KTO
substrate. The minority charge carriers are thus likely associated with another conduction
band moving below the chemical potential. In the picture of a confined electron system
in KTO drawn in Figs. 3.2(e) and (f), candidates for these additionally populated states
are the energetically detached Ta 5d -derived bands Eβ, Eγ (j = 1), but also higher order
QWSs with j > 1.
In this view, the differing mobilities of the two charge carrier types have two conceivable
origins. Firstly, the minority band could exhibit a larger band curvature at the Fermi
energy than the majority band, i.e. the effective mass of the minority electrons is smaller
than the one of the majority carriers. Secondly, assuming that the VO are located close
to the interface, the conduction of the minority charge carriers is suggested to take place
in deeper layers of the KTO substrate, where the motion of the electrons is less affected
by defect scattering.
The latter becomes understandable in the schematic cross sectional picture of the confined
electron system in the inset of Fig. 3.10(d). It is supposed that the linear Hall resistance
in the samples with tdLAO = 1.6 nm is associated with the population of a single QWS-like
conduction band (orange) with a certain zero-point energy dispersing in in-plane directi-
on. When the number of VO is increased, the potential well becomes energetically deeper.
The bottom of the previously occupied band (majority, red) is shifted to lower energies
and an additional band with higher energy becomes weakly populated (minority, blue).
As is deducible from the schematic picture, the latter is expected to have a larger depth
extension, resulting in less scattering of the corresponding conduction electrons with the
interfacial VO (green). Concomitantly, due to the larger density of VO, the carriers in the
less extended majority channel experience more scattering, in particular compared to the
samples with tdLAO = 1.6 nm, providing an explanation for the decrease of the correspon-
ding electron mobility (cf. dotted line in Fig. 3.10(d)).
When increasing the measurement temperature beyond T = 10 K, the mobility of the
disparate conduction channels progressively equalizes, presumably due to the growing im-
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Fig. 3.11.: Ta 4f core level of
dLAO/KTO in dependence of the
thickness of the dLAO layer tdLAO.
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portance of interband scattering processes. The resulting merger of the two separated
carrier reservoirs into a single one is suggested to lead to the observed linearization of the
Hall resistance [25].
The dependence of the total carrier density on the dLAO film thickness tdLAO is also
observed spectroscopically by PES. Figure 3.11 exemplarily shows the Ta 4f spectrum
for different dLAO film thicknesses tdLAO, measured in situ after dLAO deposition in
pO2 = 1 ·10−6 mbar. The binding energies of the spectra are calibrated for charging by ali-
gning the maxima of the core level lines to the same binding energy. The Ta 4f core levels
are normalized to the same spectral weight after subtraction of a constant background.
Evidently, the Ta4+-weight associated with the amount of additional charge carriers on
the Ta-sites scales with the total thickness tdLAO.
In conclusion, the amount of deposited oxygen deficient dLAO on the KTO substrate
directly determines the sheet carrier density of the samples. For n2D > 6 · 1013 cm−2 a
second conduction channel with highly mobile electrons emerges, while the mobility of
the majority of the charge carriers is reduced due to increased defect scattering.

3.5.4. Summary

In summary, regarding its basic transport properties the electron system in dLAO/KTO
heterostructures shares many similarities to the well-known q2DES based on STO. The
observed sheet carrier densities are in the same order of magnitude and the temperature
dependence of the mobility points towards identical scattering mechanisms being relevant
in dLAO/KTO as in the STO q2DESs.
With the source of the conduction electrons being VO, the samples are affected by aging,
decreasing the carrier density by time and ultimately leading to a disappearance of the
conduction after prolonged storage of the heterostructures. A direct control of the initi-
ally available number of charge carriers is available by adjusting the oxygen background
pressure during deposition and the thickness of the oxygen deficient dLAO film.
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Remarkably, both the low and high temperature mobility of the conduction electrons in
the system under investigation are exceptionally high, suggesting that KTO could be a
superior platform for future applications. In particular, the differences in the low T mobi-
lity indicates that the depth extension of the electron system in dLAO/KTO could differ
from the analogous system in dLAO/STO. Quantitative information on the extension of
the n-doping in dLAO/KTO can be obtained by means of photoemission measurements
with high photon energies, which are the topic of the next section.

3.6. Spectroscopic Characterization by Core Level Hard
X-ray Photoemission

Synchrotron-based high energy photoemission is a versatile tool to investigate the elec-
tronic structure of buried electron systems like the one stabilized in dLAO/KTO. In this
section, HAXPES measurements of the core levels are employed to gain information on
the amount and depth distribution of the Ta 5d charge carriers in the heterostructure. In
the connnected following section 3.7 it is furthermore demonstrated that the use of high
energy photons allows also to directly resolve the valence band structure of the buried
electron systems by means of momentum-resolved HAXPES.
The measurements of sections 3.6 and 3.7 are performed at DIAMOND Light Source, Har-
well, United Kingdom. The investigated dLAO/KTO sample is fabricated as discussed in
section 3.4 with a dLAO film thickness of tdLAO = 1.6 nm, deposited at pO2 = 5 ·10−7 mbar
with a laser fluence of 1.8 Jcm−2. Subsequently to the preparation, the sample is mounted
ex situ onto a sample holder and transferred in a vacuum desiccator to the experimental
end station I09.
All experiments presented in the following are conducted in the X-ray energy range of
2.5–3.5 keV. The high inelastic mean free path of the electrons at these energies allows to
renounce a further surface preparation treatment prior to the actual measurements. Fi-
gure 3.12 shows the experimental geometry of the HAXPES setup. Between the incoming
X-ray beam and the central axis of the hemispherical electron analyzer entrance slit is an
angle of ζ ≈ 90◦. The sample is mounted on a 5-axis manipulator allowing for linear moti-
on in all three directions in space and rotational movement around the polar axis and the
surface normal of the sample. The photoelectron analyzer EW4000 (VG Scienta, Uppsala,
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Sweden) of the end station is equipped with a wide-angle acceptance lens, capable of resol-
ving the energy and the emission angle θ of the electrons emitted from the sample surface
in an angular range ∆θ ≈ 60◦ parallel to the analyzer slit (acceptance angle perpendicular
to the analyzer slit: 0.3◦). The central emission angle in the 60◦-acceptance window of
the analyzer signifies the angular orientation of the sample and is denoted as θs. In other
words, to emphasize the here employed notation: The angle θ, without index, denotes the
emission angle of the detected electrons, while the angle θs, with index s, indicates the
position of the analyzer center with respect to the surface normal of the sample providing
information on the utilized measurement geometry. During the measurements the sample
is held at a temperature of Ts ≈ 60 K.

3.6.1. X-ray Irradiation-Induced Modifications

A third generation synchrotron like DIAMOND Light Source features an extraordinary
high brilliance of the X-rays, which can lead to modifications of the sample properties du-
ring a measurement. Therefore, we initially take a look at the stability of the dLAO/KTO
electron system during continuous irradiation.
Various experiments have shown that perovskite oxides are prone to changes of their che-
mical and electronic structure induced by highly energetic radiation [72, 74, 116]. Equally,
bare KTO tends to release oxygen when irradiated with a photon beam, as has been
demonstrated in UV-ARPES experiments by King et al. [76]. As it turns out, despite
the overlying protective dLAO film, also the state of the buried electron system in the
dLAO/KTO heterostructures is altered throughout PES measurements with hard X-rays.
Figure 3.13(a) depicts the Ta 4f core level recorded repeatedly over a time of about 45 min
on a previously non-irradiated sample spot. The measurement is conducted in a geometry
close to grazing incidence of the light, where θs ≈ 5◦. The depicted spectra represent the
collected intensity integrated over an angular range of θ = −12◦ to 19◦. The spectra are
normalized to the same total Ta 4f intensity. It is directly deducible from the inset that
the Ta4+ contribution is initially declining with ongoing irradiation time. The black line is
an additional spectrum taken after progressing measurements with an accumulated irra-
diation time of several hours on a fixed sample spot. Apparently, the n-doping of Ta has
recovered and is increased to even higher values than observed initially. Also conspicuous
is an asymmetry of the Ta5+ main line towards larger binding energies, which becomes
in particular visible for the black spectrum. This asymmetry is due to a downward band
bending related to the positive confinement potential at the interface and is further dis-
cussed in section 3.6.2 and appendix A.
In Fig. 3.13(b) the corresponding data of the spectral region with the K 2p and C 1s core
level lines, which has been measured complementary in parallel, are shown. These spectra
are normalized to the integrated K 2p intensity. It can be discerned that the C 1s line
experiences a significant shift to lower binding energies, while the K 2p core level stays
largely unchanged. The slight decrease of the C 1s signal in Fig. 3.13(b) is presumably
related to photoinduced evaporation of carbon species from the surface of the sample. A
quantitative evaluation of the observed changes in n-doping and the C 1s binding energy
is plotted in Fig. 3.14(a). To extract the relative Ta4+ spectral weight, the Ta 4f spectrum
is fitted by 4 Voigt profiles (Ta 4f5/2 and Ta 4f7/2, for both valence states) (cf. section 3.6.2
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Fig. 3.13.: (a) Evolution of the Ta 4f core level under irradiation with hard X-rays with
hν = 3 keV in grazing incidence geometry with θs ≈ 5◦. The Ta4+ contribution is reduced
in the beginning on the time scale of minutes. With ongoing irradiation the Ta4+ weight
recovers, and the doping outweighs the initial one. (b) Complementary spectra of the K 2p
and C 1s core levels evidencing a chemical shift of the C 1s line to lower binding energies.

for more details). The ratio of Ta4+ to the total Ta 4f intensity decreases from 6.7 % to a
minimum of around 5.2 %. After prolonged irradiation the spectral contribution of Ta4+

rises to more than 10 % of the total Ta 4f weight. The reversal of the changes in the Ta
core level indicates the occurrence of two opposing effects. In parallel a shift of the C 1s
line by ∆EC 1s = 1.0 eV to lower binding energies is observed.
During the initial irradiation, the decrease of the Ta4+ weight occurs in parallel to the
binding energy shift of the C 1s line suggesting a correlation of the two effects. Beside
the usual contamination on top of the sample, carbon compounds are located also at the
interface of the heterostructure, between dLAO and KTO, due to foregoing a thermal
surface cleaning before the thin film deposition (cf. section 3.4). A similar reduction of
the n-doping is observed in analogously prepared dLAO/STO samples under irradiation.
However, in dLAO/STO samples that beforehand underwent an initially cleaning step of
the substrate by a predeposition high temperature annealing in 500 mbar oxygen pressu-
re, no decrease of the doping level is detected [74, 146], pointing towards the particular
importance of interfacial contaminations for the here observed effect.
The shift of the C 1s core level indicates a chemical conversion of the carbon species in the
heterostructure. It appears conceivable that a beam induced decomposition of interfacial
oxygen and carbon containing contamination could result in the transfer of an oxygen
atom into an interfacial VO (cf. first equation in Fig. 3.14(b)). Yet, the observed energy
shift of 1 eV for the breaking of the strongly ionic C–O bond is quite small in comparison
to what is observed in basic organic compounds. E.g. the difference in the C 1s binding
energies of CH3OH and CH4 is 2.2 eV [147]. The somewhat smaller detected binding ener-
gy shift may be related to other, more intricate changes in the chemical environment of
carbon, such as a splitting from other functional groups [147] or of bonds to the substrate
and film material.

52



3.6. Spectroscopic Characterization by Core Level Hard X-ray Photoemission

photoinduced
oxygen desorption

&
oxygen diffusion

10

8

6

4

T
a
4+
w
ei
gh
t(
u
)

403020100

irradiation time (min)

285.8

285.6

285.4

285.2

285.0

284.8

binding
energy

(eV
)

Ta
4+
share of Ta 4f weight

C 1s peak position

several
hours

dLAO

KTO

interface

photoinduced
conversion of interface

contamination

VO
O2-

O HC

H

e-e-

-OH-+e- -O2-+H0

-H++e- H0

...-C-X ...-C+X

O0

�
�
�

suggested processes

...
X

Fig. 3.14.: (a) Trend of the evaluated Ta4+ contribution to the total Ta 4f spectral weight
(left axis) and position of the C 1s core level under irradiation with hard X-rays with
hν = 3 keV in grazing incidence geometry. (b) Tentatively assigned processes that could be
involved in the observed changes during the irradiation of dLAO/KTO with hard X-rays
(for details see text).

Carbon species, however, are not the only type of possible contamination. Before the
deposition of dLAO, in particular after the cleaning step in organic solvents, dangling
bonds at the surface of the KTO substrates are saturated by hydroxyl groups and hydro-
gen adatoms [88]. It is expected that these functional groups are still present in the final
heterostructure. Experiments of well controlled crystalline-crystalline LAO/STO samples
have demonstrated that the adsorption of neutral hydrogen atoms onto the sample surface
is able to induce additional charge carriers into the underlying interfacial electron system
[114]. It is suggested that here an analogue, but reversed process, described in the lower
two chemical equations in Fig. 3.14(b), is responsible for the reduction of the number
of charge carriers: The photon beam breaks the polar O–H bond to an H adatom (or
an hydroxyl group) at the topmost KTO layer. With a certain probability one electron is
transferred from the system to the hydrogen. Because of its small size, the neutral H atom
is able to move through the crystal and eventually escapes into vacuum, leaving back a
positively charged vacancy that effectively reduces the local n-doping.
This process is one conceivable example of how contamination may cause the observed
reduction of the Ta4+ spectral weight during the initial irradiation. A definite statement
on which mechanism is decisive, however, requires further investigation.
The finally observed increase of the number of charge carriers on the Ta sites is ascribed
to the aforementioned photon induced creation of VO (cf. right scheme in Fig. 3.14(b)),
which is well known and commonly observed also in dLAO/STO heterostructures [74].
It is suggested that VO, initially generated on the surface of LAO, subsequently diffuse
deeper into the sample to the LAO/KTO interface, where they donate additional elec-
trons into the KTO substrate. The process of VO creation takes place throughout the
whole irradiation, but is outweighed at the beginning by the discussed photoinduced che-
mical processes at the interface.7 Another phenomenon, commonly discussed for similar

7The remarkably high mobility of oxygen atoms in the dLAO/KTO heterostructure is further evidenced
by the possibility to fully reverse the creation of oxygen vacancies. When molecular oxygen is dosed
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sample systems, is the interband excitation of electrons into the conduction band due to
the irradiation with high energy photons during the PES measurement [148–151]. These
additional photogenerated charge carriers are likely also contributing to an increased Ta4+

weight, though their share is difficult to separate from the one stemming from the creation
of VO.
The just presented measurements prove that, despite PES being generally assumed a non-
destructive characterization method, the photon beam induces discernible changes of the
local charge carrier density and the chemical state of the dLAO/KTO samples. Remar-
kably, there are indications that the interfacial contamination is electronically active in
the heterostructure. The irradiation induced modifications of the Ta4+ weight have to be
considered, when trying to quantitatively compare the results of photon-based measure-
ments of the dLAO/KTO heterostructure to other techniques. Nonetheless, a controlled
tuning of the VO density by the photon beam, as has been employed in Ref. [116], can also
open the possibility to spectroscopically study different doping states of the dLAO/KTO
electron system in one and the same sample.

3.6.2. Angle-Dependent Photoemission of the Ta 4f Core Level

Evidently, the Ta 5d charge carriers constituting the electron system in dLAO/KTO are
resolved in core level PES by the Ta4+ spectral weight at the low binding energy side of
the Ta 4f spectrum. By tracking the changes of the relative Ta4+ weight under variation
of the information depth of the measurement, it is possible to deduce the depth extension
of the layer, in which the additional electrons reside in the KTO substrate [148].
The spectra presented in this section are measured at a photon energy of 3 keV. For this
energy, according to equation 2.20, the inelastic mean free path of the photoelectrons from
the Ta 4f core level is about λe = 46 Å in KTO. The employed excitation energy offers
a good compromise of collecting electrons from the deeper, bulk-like regions of the KTO
substrate, while still retaining reasonable sensitivity to the topmost Ta layers close to the
interface. As shown in section 2.4.3 the effective probing depth of a measurement is de-
pending on the emission angle θ of the detected electrons. By detecting electrons emitted
at a series of different θ, the desired depth profile of the core level spectra is recorded.
For this measurement, the sample is oriented at θs = 35 ◦ (cf. Fig. 3.12). In this geometry,
by using the wide-angle acceptance lens analyzer of beamline I09, it is possible to detect
electrons within an emission angle range of θ ≈ 5–65◦ at once, without moving the spe-
cimen. To visualize the collected angular dependent data, the θ-resolved detector image
is separated into five individual segments of 10◦, omitting the outer angles at the edges
of the detection window. The intensity of every segment is integrated over its respective
θ-range. Each of the five resulting spectral data sets is named after the central angle of
its segment of the analyzer window. Thus, e.g. the spectrum designated as θ = 34◦ con-
stitutes the summed intensity over all detected electron in the angular range θ = 29◦–39◦.

into the analysis chamber during measurement, similar to the experiments by Gabel et al. on STO-
based samples [74], the Ta4+ spectral weight can be entirely suppressed. During irradiation with hard
X-rays, oxygen molecules are cracked and fill virtually all oxygen vacancies in the probed sample
volume, including, in particular, also in the buried KTO.
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of the measurement. Lower panel: Spectrum of the same energy range of a LAO/STO
sample. (b) Upper panel: The corresponding emission angle dependent spectra of the K 2p
and C 1s core levels. Lower panel: Spectrum of an carbon contaminated LAO/STO sample.
(for details see text)

The upper panels of Fig. 3.15 depict the recorded emission angle-dependent spectra around
the Ta 4f (a) and K 2p (b) core levels of the dLAO/KTO sample with tdLAO = 1.6 nm.
The spectra are normalized to the integral intensity of the Ta 4f and K 2p binding energy
region, respectively. Since a certain integration time is necessary to achieve a sufficient
data quality, the aforementioned beam induced modification of the sample during the
measurement cannot be avoided. The plotted spectra are the sum of several single scans
recorded in a total measurement time of about 40 min. The inset of Fig. 3.15(a), showing
the Ta4+ weight of the first and the last spectral scan, indicates a slight reduction of the
Ta4+ weight throughout the measurement.
It becomes evident, that the Ta 4f spectrum in Fig. 3.15(a) is located next to other emis-
sion lines at lower binding energies, which also exhibit a distinct angle dependence. A
comparison with a reference spectrum of a 20 nm thick LAO film in the lower part of
Fig. 3.15(a), allows the identification of the different lines contributing to this broad spec-
tral continuum. At larger angles θ, the measurement is more surface or film sensitive, such
that the relative intensity of the LAO core levels in the spectra is increased. Apparently,
the O 2s core level, a superposition of electrons emitted from the substrate and the film,
is partially overlapping with the Ta4+ spectral weight at around 25.5 eV binding energy.
Thus, in order to quantitatively evaluate the depth dependence of the Ta4+ weight, the
background should be removed first. This is done, as depicted in Fig. 3.16(a), by fitting
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background at lower binding energies. (b) Background corrected Ta 4f spectra and (c) close-
up of the low binding energy shoulder of the Ta 4f7/2 line. A distinct angle dependence of
the Ta4+ spectral weight and of the asymmetry of the Ta 4f lines towards high binding
energies is visible.

the O 2 s background with a Gaussian line and subtracting it jointly with an inelastic
electron background (cf. section 2.4.3).
The resulting Ta 4f spectra in Fig. 3.16(b) and (c) directly allow for a qualitative view on
the angle dependence of the n-doping. For more surface sensitive measurements, the Ta4+

weight is clearly enhanced, indicating that a major part of the charge carriers is located
at the interface within the information depth 3λe of the HAXPES measurement.
Furthermore, the aforementioned asymmetry of the core level lines towards higher binding
energies is apparently also becoming stronger when θ is increased. This behavior is asso-
ciated with a distinct downward bending of the valence band states in the topmost KTO
layers, which is reflected by a binding energy shift of the core levels of all atoms in the
respective sample region to larger values. The downward bending of the bands is induced
by the positive potential of the VO and manifests itself in the accumulation of the elec-
trons at the interface (cf. section 3.2). A vivid depiction of the connection of the core level
asymmetry and the band bending, and how it is evaluated, is described in appendix A with
the aid of one of the Ta 4f spectra. Each recorded spectrum constitutes the superposed
emission from all lattice planes within the information depth of the measurement, weigh-
ted by an exponential damping factor. In consequence, for a band bending with a depth
extent that is smaller than the information depth the resulting spectra are energetically
broadened in comparison to a sample without a depth-dependent electrostatic potential.
With increasing relative contributions of the interfacial layers to the spectrum, the share
of the electrons with energetically shifted binding energy becomes larger, resulting in an
increased asymmetry of the core level lines for larger θ.
The presence of a confining potential increasing towards the interface, is confirmed by the
complementary recorded K 2p spectra in Fig. 3.15(b), which exhibit an asymmetry with
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the same trend in θ (cf. inset) as the Ta 4f lines. However, as indicated by the comparison
with the reference spectrum of a similarly treated LAO/STO sample in the lower part
of the figure, the K 2p core level is superimposed with a considerable background from
different carbon species. This impedes a more detailed analysis of the K 2p line shape.
Both the occurrence of a band bending related broadening of the core levels and the
distinct angle dependence of the Ta4+ weight point towards a close confinement of the
negative charge carriers to the dLAO/KTO interface within the HAXPES information
depth of several nanometers.

Quantitative Evaluation of the Ta4+ Spectral Weight

The clear angle dependence of the Ta4+ spectral weight in Fig. 3.16(b) is used for a
quantitative evaluation of the distribution of Ta4+ inside the heterostructure. The ana-
lysis is done on the basis of a simplified model for the depth distribution of the charge
carriers [148], which assumes that the largest part of the Ta4+ ions is located within a
depth dTa4+ from the dLAO/KTO interface. In the corresponding sample volume, the
Ta4+ atoms are presumed to be homogeneously distributed and constitute a fixed share p
of the total Ta atoms. Within this model, by taking into account the exponential damping
of the photoemission intensity from deeper sample layers, the dependence of the measured
intensity ratio ITa4+/ITa5+ on the detection angle θ is described by [148]:

ITa4+

ITa5+
=

p · [1− e−dTa4+/λ cos(θ)]

1− p[1− e−dTa4+/λ cos(θ)]
. (3.3)

The intensity ratio ITa4+/ITa5+ for every angle θ is evaluated from the spectra in Fig. 3.16
(b) through a joint fitting of the data for all angles θ. Thereby it is assumed that the
Ta 4f core level is composed by a total of four different lines: Two lines for the two
spin-orbit components Ta 4f5/2 and Ta 4f7/2 of the Ta atoms with a valence state Ta5+,
and two additional lines for the spin-orbit doublet of the Ta atoms with one additional
electron, which are in the Ta4+ oxidation state. The Ta5+ lines are modeled from a su-
perposition of several energetically shifted Voigt lines to account for band bending, as is
described in appendix A. The bending potential is assumed to have a parabolic shape
and is parametrized by an energetic depth ∆Ebb and a width along the z direction ∆dbb.
The Ta4+ lines are assumed to be Voigt-shaped for simplicity. The number of fitting pa-
rameters is restricted by some additional assumptions: The Gaussian width, describing
the experimental broadening, is equal for all peaks at all detection angles; the Lorentzian
broadening, determined by the core hole life time, is a free parameter for every core level
line, but independent from θ; the energetic shift between Ta4+ and Ta5+, as well as the
binding energy positions of all four lines are the same for every spectrum.
As depicted in Fig. 3.17, the resulting fits nicely reproduce the data. The intensity ratio
ITa 4f5/2/ITa 4f7/2 of the spin-orbit split Ta 4f doublet varies slightly between 0.73 and 0.76
for the different angles. These values agree well with the theoretically expected ratio of
the degeneracy of the two states of 0.75, validating a decent accuracy of the employed
background corrections and the fit model.
The obtained results for the intensity ratio ITa4+/ITa5+ are plotted in Fig. 3.18 against
the emission angle θ. The solid line corresponds to the relationship of equation 3.3 for the
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Fig. 3.17.: Fitting results for the angle-dependent measurement of the Ta 4f core level.
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3.6. Spectroscopic Characterization by Core Level Hard X-ray Photoemission

combination of the parameters p and dTa4+ that exhibits the lowest deviation (lowest χ2)
from the experimental data. The shaded area denotes an array of curves with different
p and dTa4+ that are situated within the error bars of 15% of the ITa4+/ITa5+ values and
determine the uncertainty range of the two parameters [148]. The results for p and dTa4+

are denoted in Tab. 3.2.
Apparently, according to the maximum value for dTa4+ in the uncertainty range of the
evaluation, the majority of Ta 5d electrons is located within a layer of 11 uc or about 4 nm
from the dLAO/KTO interface. The evaluated values for p indicate that, remarkably,

dTa4+ range p range dTa4+ best p best n2D (1014cm−2)

1.6 nm dLAO/KTO 1...11 uc 0.1...0.7 5 uc 0.17 5.3+1.4
−1.3

Tab. 3.2.: Results of the evaluation of the angle dependence of the intensity ratio
ITa4+/ITa5+ in Fig. 3.18.

more than every 10th KTO unit cells in this region contains a Ta4+ atom. The implied
evaluation of the band bending asymmetry of the Ta 4f lines is consistent with the results
of the best fit and yields an extend of the confining positive potential of ∆dbb = 3 uc
and an energetic depth of ∆Ebb = 0.56 eV (cf. appendix A). The deduced values for p
and dTa4+ for dLAO/KTO are in the same range as the accordingly evaluated electron
densities and spatial width of interfacial doping in similar STO-based systems [148]. Thus,
the previously presumed disparity (section 3.5.4) of the depth extension of the electron
systems in the two materials is not resolved and possibly is below the resolution of this
experimental method.
The two parameters p and dTa4+ are used to calculate the total sheet carrier density of
the sample by n2D = p · dTa4+/a

2 = 5.3+1.4
−1.3 · 1014cm−2, where a = 3.99 Å is the lattice

constant of KTO. The designated error of n2D is estimated from the range of sheet carrier
densities that corresponds to all possible fit curves within the shaded uncertainty range in
Fig. 3.18. Despite the rather broad uncertainty of p and dTa4+, n2D is deduced with a re-
lative high accuracy, as it is largely determined by the absolute size of the ITa4+/ITa5+ ratio.

Disparity of the Carrier Density Determined by Transport and Core Level
Photoemission

It is striking that the deduced value of n2D exceeds the sheet carrier density determined
in the transport measurements of dLAO/KTO in section 3.5 by about one order of ma-
gnitude.
There are multiple conceivable origins for these severe deviations of the results of the
two methods. One contributing factor is the observed irradiation-induced alteration of
the Ta4+ weight in section 3.6.1, though the determined scale of the changes is too small
to sufficiently explain the difference of the carrier densities. Difficult to quantify is the
influence of the sample modifications arising at shorter time scales not traceable by PES
measurements with several minutes of integration time, such as e.g. the photoinduced
excitation of additional charge carriers in KTO and a beam induced removal of surface
adsorbats.
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Furthermore, it is a renowned perception that not only the mobile conduction electrons,
probed by transport measurements, induce a chemical shift in the core level. Valence band
photoemission measurements of the closely related STO and LAO/STO sample systems
indicate that an oxygen vacancy does not necessarily release both available electrons to
delocalized conduction band states at the Fermi energy. A part of the electrons is trapped
in non-dispersing, localized states about 1.3 eV below the chemical potential [72, 74, 116,
152]. By resonant photoemission using photon energies close to the Ti L-absorption edge,
it is confirmed that these localized states have Ti 3d character, equally to the states of the
mobile electrons at the chemical potential [49]. Both states are associated with a change
of the Ti oxidative state, which manifest themselves in the core level spectra in a bin-
ding energy shift. Similarly, in the valence band of the bare KTO surface q2DES, King et
al. observed additional occupied states at about 2 eV binding energy, inside the band gap
of KTO, which can be, in analogy to STO, associated with trapped Ta 5d electrons [76].
Thus, it is inferred that the Ta4+ weight determined from the Ta 4f core level corresponds
to both, localized and delocalized Ta 5d electrons, while the transport experiments only
probe the mobile electrons.
In fact, the large difference to the transport measurements suggests that a considerable
amount of the Ta 5d electrons in the system is consituted by trapped electrons. Hence,
it is expected that also the VO are to a large extent residing in the very sample region,
where most of the Ta4+ ions are located, i.e., as deduced above, within the first 4 nm from
the dLAO/KTO interface.

3.7. Investigation of the Electronic Band Structure of
the Buried Electron System

The previously presented transport measurements indicate many similarities between
dLAO/KTO and the q2DESs based on STO. Furthermore, the core level HAXPES mea-
surements have indicated that the VO induced electrons are located in a confined region
within a few nanometers from the interface. However, so far no direct information on
the k-resolved electronic structure of the buried electron system in dLAO/KTO has been
deduced.
In the last experimental section dealing with the dLAO/KTO heterostructure, a PES
study of the Ta 5d valence states at the chemical potential, reflecting the mobile conduc-
tion electrons, is presented. The measurements constitute the first-time determination of
the three dimensional electronic band structure of a buried electron system with Angle-
Resolved Hard X-ray Photoemission (HARPES). In the following, firstly some experimen-
tal prerequisites of the measurements are briefly introduced, before the actual results of
the HARPES measurements are reviewed and discussed in detail. The dLAO/KTO sam-
ple under investigation is the one introduced in section 3.6 with tdLAO = 1.6 nm.
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3.7. Investigation of the Electronic Band Structure of the Buried Electron System

3.7.1. Preparatory Considerations

The application of HARPES is only facile due to the special properties of KTO as a high-Z
material, providing both, high ionization cross sections for the Ta 5d valence states and
sufficiently restrained lattice vibrations.

Angle-Integrated Valence Band

For buried interfacial electron systems based on the 3 d0 compound STO it is hardly
possible to resolve the conduction electrons in valence band photoemission with photon
energies of more than 1 keV, owing to the low ionization cross sections and the small d0+δ

occupation of the Ti 3d states.8 In contrast, the photoionization cross section of the Ta 5d
orbitals is about two orders of magnitude higher (cf. Fig. 2.6), facilitating to effectively
probe the Ta 5d charge carriers in dLAO/KTO directly by HAXPES, despite the, as
established in section 3.6.2, also relatively small fraction of Ta atoms in the doped Ta4+

state.
Figure 3.19 shows the valence band of the dLAO/KTO heterostructure measured at a
photon energy of hν = 3050 eV and integrated over the entire angular detection window
of the wide angle analyzer in a measurement geometry with θs ≈ 5◦. The broad intensity
at binding energies higher than 4 eV are mainly ascribed to O 2p-derived states of KTO
and the dLAO film. Much weaker, but well discernible in the zoom-in, is a distinct peak
at the Fermi energy. This spectral feature is associated with the mobile Ta 5d electrons
that constitute the metallic electron system observed in the transport experiments.
Contiguous to the signal of the delocalized electrons, in the band gap region between
0.5–4 eV binding energy, a virtually structureless distribution of intensity is visible. An
observation that is in contrast to the aforementioned distinct peak visible at 2 eV binding
energy in the metallic surface q2DES of KTO in VUV-PES, which has been associated
with trapped electrons in the vicinity of VO lattice sites [76]. A viable explanation for
the rather broad spectral distribution of the in-gap weight in dLAO/KTO is that VO are
likely to be present in various chemical configurations in the heterostructure, resulting in
a broad energy range of potential defect states. It is easily imaginable that, in particular
in the disordered LAO film, VO and also cation defects are present in a broad diversity
of structural environments. In comparison to the surface q2DES of KTO, the differing
means of preparation of the electron system may also lead to differences in the specific
distribution of VO in the substrate. In addition, VO in transition metal oxides are predicted
to have a tendency to aggregate into clusters [155], which could also increase the energetic
range of possible localized states within the band gap.

Debye Waller Factor of KTaO3

As delineated in section 2.4.5, the feasibility of resolving the band structure of a solid in
an ARPES measurement at high photon energies is limited to certain materials, due to

8Nevertheless, a detection of photoelectrons from the valence states and a mapping of the band structure
of the buried q2DES of LAO/STO heterostructures has been successfully achieved by the resonant
enhancement of the photoemission yield using photon energies at the TiL absorption edge in the soft
X-ray regime [49, 153, 154].
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Fig. 3.19.: Angle-integrated valence band
spectrum of dLAO/KTO measured with
hν = 3050 eV. The delocalized Ta 5d charge
carriers are detectable at the Fermi energy
EF. In the KTO band gap between 0.5–4 eV
a broad intensity distribution, presumably
associated with defect states in dLAO and
KTO, is visible.

phonon broadening blurring the initial state momentum of the photoelectron. This is one
reason, why HARPES was so far employed only in a small number of studies on model
single crystalline materials like W or GaAs [50, 51].
The relative share of direct transitions in the photoexcitation processes, which are ima-
ging the electron dispersion of a sample, can be estimated by the Debye Waller factor
DW (equation 2.28). In a complex compound like KTO, which has a crystal lattice with
multiatomic basis, in principle a DW is defined for every site of the crystal basis, de-
termined by a site-specific mean-squared atomic displacement 〈U2(T )〉. It is, however,
possible to give an estimate for the applicability of HARPES on KTO by taking an
effective value for 〈U2(300K)〉 = 0.0024 Å, extracted from inelastic neutron scattering
experiments on KTO single crystals at room temperature [156] (from the temperature
parameter B = 8π2〈U2(T )〉). Using this value, the corresponding calculation of the Debye
Waller factor yields DW = 0.52, for a measurement of the valence states for electrons
emitted along the sample’s surface normal with the kinetic energy of hν = 3 keV. This
comparably large magnitude of the DW signals that, if cryogenic cooling is applied, fur-
ther reducing the thermal lattice vibrations, a HARPES measurement on KTO is well
within the k-resolving limit, where direct transitions dominate the photoemission pro-
cess. Accordingly, the following measurements are conducted at a sample temperature of
T ≈ 55 K.

Experimental Setup

The analysis chamber at beamline I09 is, as mentioned before in section 3.6, equipped with
a 5-axis manipulator, which is a very common configuration for HAXPES experiments.
The basic setup is missing the degree of freedom, allowing a tilting of the sample in parallel
to the analyzer slit by the angle φ, which is commonly used in ARPES for mapping of the
kx−ky plane of the reciprocal space. Hence, in this case the azimuthal rotation, associated
with the angle ω, which usually serves to align the sample along a high-symmetry direction
in the kx− ky plane of the reciprocal space, is utilized for mapping. To this end, a special
sample holder has been manufactured on which the sample is fixed in an upright position,
with the azimuthal rotation axis of the manipulator lying in the sample’s surface plane.
As sketched in Fig. 3.20(a), this setup allows an effective change of the tilting angle δφ by
controlling the manipulator azimuthal rotation δω. Depicted in Fig. 3.20(b) is a scheme
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Fig. 3.20.: (a) Sample holder geometry that allows to utilize the azimuthal rotation of the
sample holder ω to achieve a tilting of the sample by the angle φ. The KTO[100]-direction
is oriented along the photon beam for θs = 0◦. (b) Schematic experimental geometry for
the mapping of the electron momentum in three dimensions.

of the resulting experimental geometry that, together with the possibility to tune the
photon energy, facilitates the mapping of the sample’s band structure in all three k-space
directions.
The sample is mounted on the holder in such a way, that the [100]-direction of the KTO
substrate coincides with the direction of the photon beam in grazing incidence geometry
θs ≈ 0◦. Note, that the sample surface is aligned at the intersection of the rotational
manipulation axes to minimize the movement of the photon spot during φ-rotation. The
measurements shown in the following are conducted at θs ≈ 6◦ with linearly polarized
light with the electric field vector pointing predominantly along the surface normal of
the sample. The relative angular resolution of the analyzer is about 0.35◦, resulting in a
nominal kf‖-resolution of ∆kf‖ ≈ 0.17 Å−1.

3.7.2. Momentum-Resolved Photoemission Measurements of
LaAlO3/KTaO3

Bandmapping along the k‖-Direction

Figure 3.21(a) depicts a bandmap of the 1.6 nm dLAO/KTO sample recorded around
normal emission at hν = 3030 eV, after careful alignment of the specimen along the Γ−X-
direction of the surface Brillouin zone (BZ). The location of the Fermi energy is calibrated
by means of a reference measurement on a Cu-sample.9 The shown bandmap represents
electron emission angles with a range of ∆θ = 37◦, which, due to the high photon energy,
captures numerous BZs along the kx-direction. Hereby, one BZ corresponds to about 3◦

in θ. The respective calculated zone edges of the KTO BZs are indicated by the dashed
lines in the lower part of Fig. 3.21(a).

9The k-scaling of the HARPES measurements are calculated according to equations 2.25 and 2.26.
Hereby, the energy Ekof the photoelectrons stemming from the chemical potential is assumed equal
to the photon energy, whereas the work function of the sample is negligibly small. The photon energy
is calibrated by means of reference measurements of the Fermi edge of a Cu sample.
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(a) (b)
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Fig. 3.21.: (a) Band map of the 1.6 nm dLAO/KTO sample around the chemical potential,
measured along the Γ − X-direction of KTO with hν = 3030 eV. The shown data is not
corrected for the photon momentum kγ and therefore is not symmetric in kx-direction with

regard to kx = 0 1/Å. The dashed lines in the lower part indicate the BZ boundaries in
the repeated zone scheme of the KTO(001) surface. (b) Corresponding energy distribution
curves across six adjacent BZs, corrected by subtraction of kγ .

As indicated, the additional transfer of momentum from the absorbed photon to the
photoelectrons, results in an offset of the data with respect to the assigned zone scheme
by the photoelectron momentum kγ = 1.53 Å−1 along the kx-axis. By coincidence the

corresponding shift is roughly the size of the kx-width of one KTO BZ (2π/aKTO = 1.57 Å).
This offset is corrected in the momentum scaling of the energy distribution curve (EDC)
in Fig. 3.21(b), showing a close-up of the BZs around normal emission. After subtraction
of the photon momentum, the intensity distribution of the EDC is widely symmetric in
kx with regard to kx = 0 1/Å.
Clearly visible in the EDC, HARPES indeed allows to resolve a dispersion of the states
around the chemical potential, which is following the periodicity of the repeated zone
scheme of KTO. Thereby the only visible spectral weight is located at the BZ center (blue
lines in Fig. 3.21(b)), as is expected with the vertex of the Ta 5d-derived conduction bands
of KTO being located at the Γ-points (cf. Fig. 3.2). However, obviously, the intensity of
the different captured Γ-points of the surface BZ seems to be strongly depending on the
specifically probed zone. While the Γ-points of the central BZs with Miller indices |h| < 2
are most pronounced, the spectral intensity appears entirely suppressed for |h| = 3. These
variations can be understood by the spherical k-space area probed in APRES and are
explained in more detail below.
The band filling, estimated from the intensity of the Γ-points in the EDC, is about 0.5 eV,
though, the limited k‖-resolution of the measurements, does not allow to resolve specific
details of the underlying band structure.10

10It is noted that in comparison to the pioneering HARPES measurements on W and GaAs [50, 51], no
severe contributions from photoelectron diffraction (XPD) are deducible in the present measurements.
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Fig. 3.22.: Constant energy map of the 1.6 nm dLAO/KTO sample in the kx − ky-plane
measured with hν = 3030 eV . The BZs are labeled according to their Miller indices h and
k. The measurement has been corrected for the photon momentum kγ .

Mapping of the Band Structure in the kx − ky-Plane

A successive change of the tilt angle φ varies the probed ky-component. The constant
energy map of the electron momentum in the kx − ky plane in Fig. 3.22 is assembled
from the measurement of several band maps under successive change of φ (cf. schematic
geometry in Fig. 3.20(b)). To generate the shown image, the intensity is integrated over
the binding energy range from -0.3 to 0.5 eV for every data point in k-space, i.e. the red
area in Fig. 3.19. The white grid indicates the theoretical positions of the BZ-boundaries
within the given kx − ky scaling. The measurement confirms that the dispersive features
of the electron system are located at the center of the BZ. The intensity appears to be
essentially isotropic around the Γ-point within the resolution of the measurement. Again,
an obvious difference in the intensity and the size of the occupied area at the center of
the displayed BZs is deducible.
A small relative offset of the intensity from the Γ-points towards smaller kx is discernible
within the indicated BZ(-1 0) and BZ(1 0) in Fig. 3.22. This is presumably induced by dis-
tortions within the kx-scale arising from aberrations of the electron optics of the analyzer.
The conversion of the experimental data from the actually measured emission angle to the
electron momentum relies on a fully linear θ-scaling within the whole detector window.
In HARPES, already small deviations in the absolute angular scaling result in distortions
visible in the momentum scale of the measurement, which can cause the observed small
offsets in k-space. Beside such systematic experimental errors, geometrical dependencies
of the transition matrix elements of the photoemission process for the involved 5d-derived
states also influence the specific shape of the spectral weight distribution (cf. also secti-
on 3.7.3) [33]. Also note that a slight movement of the photon spot on the sample when
tilting the specimen could, due to photon dependent changes of the n-doping (cf. secti-
on 3.6.1), induce minor additional distortions of the recorded spectral weight.
The intensity variations of the Γ-point intensity can be understood vividly with aid of

Fig. 3.23(a), depicting a scaled geometrical representation of the HARPES experiment in
the kx− kz-plane of the reciprocal space, illustrated by means of the repeated BZ scheme
of KTO. The photoemission measurement probes the electrons with momentum being
located on a sphere in the reciprocal space with a radius determined by the kinetic energy
of the electrons. The presented scans in Figs. 3.21 and 3.22 each effectively constitute a
projection of the spectral weight sampled on the surface of this sphere onto the kx − ky-
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Fig. 3.23.: (a) Scaled scheme of the HARPES measurements on dLAO/KTO in Fig. 3.22 in
the kx−kz plane . (b) Relevant section of the repeated zone scheme of bulk KTO with the
expected distribution of spectral weight for an ideal two and a three dimensional electron
system.

plane. In these measurements, the photon energy is chosen such that the sphere cuts,
in direction of the sample’s surface normal, the vicinity of the zone center of BZ(0 0 18)
(Miller indices h = 0, k = 0, l = 18).11

Depicted in Fig. 3.23(b) is the relevant part of the kx − kz-plane together with tentative
Fermi surfaces of an ideal two and three dimensional electron system in KTO in red: In
an ideal two dimensional system, the electrons are localized in real space in z-direction in
an infinitesimal small, δ-like layer. With the consequential lack of lattice periodicity along
the z-axis, the system exhibits no dispersion along the kz-direction. On the other hand,
in a purely three dimensional electron system in KTO, due to the cubic symmetry of the
unit cell, the Fermi surface is expected to be fully symmetric in all three k-directions and
centered around the Γ-points of the BZ.
Apparently, the varying intensities of the Γ-points in the experimental data are in line
with a cut of the HARPES sampling sphere through the repeated zone scheme of KTO
with the Fermi surfaces being localized solely at the center of the three dimensional BZ.

Mapping of the Band Structure in the kx − kz-Plane

This condition can be directly imaged by changing the radius of the probing sphere in
k-space, by an alteration of the excitation energy. Figure 3.24(a) depicts the raw data of a
scan of the photon energy in the range 2500 eV–3500 eV in steps of 20 eV (∆kz ≈ 0.1 Å−1).
Hereby, the sample was aligned at a tilt angle φ = 0◦, i.e. ky = 0. The shown image is
assembled from band maps over a θ-range of about 40◦ recorded for every photon energy.
Like in the kx−ky map shown before, each data point of the image constitutes the respec-
tive integral intensity of the dispersive states between -0.3 and 0.5 eV. The corresponding
schematic picture of this measurement in k-space is depicted in Fig. 3.24(c). It becomes
clear that in the data the intensity maxima, associated with the Γ-points, resemble the

11In fact, the zone center of BZ(−1 0 18) and BZ(1 0 18) is cut more closely by the sampling sphere in the
experiment, which explains the somewhat higher intensity at the Γ-points of these zones in Fig. 3.22.
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Fig. 3.24.: (a) Photon energy scan of the dLAO/KTO sample with tdLAO = 1.6 nm at
ky = 0. (b) Corresponding constant energy map in the kx − kz-plane. (c) Scheme of the
HARPES measurement in reciprocal space. The blue shaded area indicates the region of
reciprocal space probed in (a).

circular shape expected from the spherical sampling of the repeated zone scheme of the
three dimensional electron system.
Superimposed on this pattern in the raw data are vertical stripes with weaker intensity,
which could, at first sight, be identified as features of the band structure that are not
dispersing along kz. However, as indicated by the right dashed line in Fig. 3.24(a), the
kz-axis in the image is tilted with respect to the photon energy axis. This is due to the
contribution of the photon momentum increasing accordingly between hν = 2.5 keV and
3.5 keV, resulting effectively in a photon energy dependent contribution ∆θγ(kγ, Eγ) to
the take-off angle of the electrons. The stripes are in contrast running parallel to the pho-
ton energy axis and are thus not related to the band structure of KTO. They are in fact an
analyzer artifact arising from a grid in the optics of the wide angle acceptance lens, which
is partially imaged on the detector, modulating the detected intensity in θ-direction. To
highlight the features related to the actual band structure of the sample, the raw data is
normalized to the dispersionless background along the angular direction, before the actual
conversion of the θ and photon energy axis to kx and kz, respectively.
Figure 3.24(b) shows the central section of the photon energy scan with the corresponding
k-scaling. The conversion of the photon energy to kz is implemented according to equati-
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on 2.26 under the assumption of an inner potential of V0 = 12± 8 eV.12 The map confirms
that also for the perpendicular momentum component, the intensity is constrained to the
center of the BZs. The spectral weight nicely follows the repeated Brillouin zone scheme of
a bulk KTO lattice, pointing towards a three dimensional character of the mobile charge
carriers in the heterostructure. Thus, remarkably, the electronic structure of the buried
electronic system of dLAO/KTO is apparently distinct from a simple two dimensional
system.
It is mentioned in addition that the black spectrum in Fig. 3.13(a) corresponds to the
sample state after the photon energy scan, indicating a considerable alteration of the to-
tal carrier density through the HARPES measurements with regard to the sample in its
initial state and during the core level depth profiling.

3.7.3. Discussion

Apparently, the interfacial electron system in dLAO/KTO presents a Fermi surface that
is isolated at the center of the three dimensional BZ and surprisingly resembles the peri-
odicity in the momentum space expected for a fully three dimensional electron system.

Deviations of the Band Structure from n-Doped Bulk KTaO3

At first view, an electronic band structure with a clear three dimensional symmetry points
towards a wide spread of the conduction electrons into the KTO substrate. Thus, an
obvious first interpretation is that the metallic electron system of dLAO/KTO can be
in fact described as bulk-like KTO, which is simply lightly n-doped. In this conception,
the gradient of the interface potential would be very small, conserving the valence band
structure of bulk KTO.
Figure 3.25(a) depicts a close-up of a band map along kx in the Γ − X direction of
BZ(−1 0 18). The overlayed white dashed lines are tight binding model calculations from
Ref. [77], corresponding to Figs. 3.2 (d) and (f): On the left hand side of the BZ, the
band structure expected for n-doped bulk KTO is depicted. The right hand side instead
shows the first QWSs of the three dissimilar bands of an electron gas in KTO that is
confined in z direction by a wedge-shaped potential with energetic depth of about -0.5 eV
and a spatial extension of a few uc. Within the confined potential well the degeneracy of
the lowest states around the Γ-point is lifted in comparison to the bulk band structure.
The red assignments indicate the predominant orbital character of the plotted bands (cf.
section 3.2). The Fermi energy of the calculated band structure is adjusted manually to
fit the occupied bandwidth observed in experiment.
The distinct subband structure at the BZ center of the dLAO/KTO samples is not resolved
in the data in Fig. 3.25(a) due to the limited momentum resolution of HARPES. Still,
the (in kx-direction) heavy dyz-band dispersing from the conduction band bottom to the
zone edge in the bulk case should in principle be observable. However, these states are
apparently not seen, suggesting that they are in fact located above the chemical potential,
as proposed for the case of a tight confinement of the electron system on the right hand
side of Fig. 3.25(a).

12see footnote 9
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Fig. 3.25.: (a) Band map of BZ(−1 0 18) along Γ −X. The white lines are tight binding
calculations from Ref. [77] for bulk KTO (left hand side) and for an electron system at the
surface of KTO, which is confined by a wedge potential along the z-direction (right hand si-
de). (b) Schematic orientation of the dyz- and dxz-orbitals within the HARPES experiment.
Symmetry considerations yield a vanishing (non-vanishing) photoemission matrix element
for dyz (dxz). (c) kx − ky map through the Γ-point of BZ(−1 0 18) with corresponding
intensity profiles through the BZ center along the principal directions.

Another conceivable explanation for the invisibility of the dyz-states in the bandmap
could be a suppression of the spectral signal due to geometrical dependencies of the
photoemission transition matrix elements [33] of equation 2.12:

|Mf,i|2 ∝
∣∣∣〈Ψf | Â · p̂ |Ψi〉

∣∣∣2 ∝ |〈Ψf | e · r̂ |Ψi〉|2 , (3.4)

where e is the unit vector along the polarization direction of the photon vector field Â.
The momentum operator p̂ is expressed by the position operator r̂ through a commutator
relation with the unperturbed Hamiltonian [33]. As the final state 〈Ψf | of the photoelec-
trons is, due to their high kinetic energies in HARPES, basically free electron-like, the
only relevant contribution potentially influencing the matrix elements is expected to ori-
ginate from the symmetry of the electron initial states.
An assessment of these effects in the presented experiments can be based on some simple
geometrical parity arguments. For the measurement of the bandmap, with φ = 0◦, the
sample is oriented such that the surface normal, the [001]-direction of KTO, lies within the
plane spanned up by the pointing vector of the incident light and the emission direction
of the detected photoelectrons (cf. Fig. 3.20). Thus this plane constitutes a mirror plane
of the 4-fold rotational symmetric KTO lattice, meaning that each Ta 5d orbital has a
well defined parity with respect to this plane. In order to obtain a non-vanishing spectral
intensity, the integrand of the matrix element in equation 3.4 has to have an even symme-
try. The photoelectron is a plane wave with even parity with respect to the mirror plane,
thus 〈Ψf | → 〈+|. The X-rays used in the experiments have linear polarization within the
mirror plane, i.e. the product e · r̂ yields only in-plane coordinates and thus also has even
parity.
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The upper half of Fig. 3.25(b) indicates the relative orientation of the dyz-states in questi-
on. They have odd parity, i.e.

∣∣Ψi,dyz

〉
→ |−〉, setting the corresponding matrix element to

zero (|Mf,i|2 ∝ 〈+|+ |−〉 = 0), which is indeed pointing towards a substantial suppression
of the photoemission cross section for the states with dyz-character in Fig. 3.25(a).
However, on the contrary, as deducible from the lower part of Fig. 3.25(b), dxz-orbitals
have an even parity with respect to the mirror plane (|Ψi,dxz〉 → |+〉) and thus should
exhibit a non-vanishing photoemission yield (|Mf,i|2 ∝ 〈+|+|+〉 6= 0). Due to the four-fold
rotational symmetry of the KTO(001) surface, the dxz-orbitals are along the ky-direction
electronically equivalent to the dyz-states along the kx-axis of Fig. 3.25(a). Thus, if the
discussed bulk-like heavy bands at the bottom of the bulk conduction band are indeed
occupied, they should be visible along the ky-direction.
The relevant dxz-states should be included in the previously discussed kx − ky-map in
Fig. 3.22, since the image was generated by integrating the spectral intensity up to bin-
ding energies of 0.5 eV. Fig. 3.25(c) depicts a section of the kx − ky-map of BZ(−1 0 18),
together with corresponding line profiles taken through the Γ-point along the kx- and ky-
direction. The data reveals no considerable elongation of the Fermi surface along the ky
direction. Hence also the dxz-states are not visible in the measurement. Thus, the absence
of a spectral signal of the heavy dyz bulk bands in the band map can apparently not be
ascribed to matrix element effects, but is likely due to the fact that the corresponding
states are indeed unoccupied.
It is concluded, as previously conjectured, that the band structure of the buried electron
system is apparently not resembling the one of an n-doped, bulk-like KTO crystal. In-
stead it is suggested that the electronic structure is lifted by the confinement potential
in a similar way as shown in the exemplary calculations for the KTO surface q2DES on
the right hand side of Fig. 3.25(a). The positive potential apparently decreases with a
considerable gradient towards the interior of the substrate. Its finite depth extension in
the end constrains the motion of the electrons within a certain thickness in z-direction.
This situation is in particular consistent with the results of the Ta 4f core level analysis in
section 3.6.2, which evidences a considerable slope of the confinement potential towards
the interface and the accumulation of the majority of charge carriers within the first few
unit cells of the substrate.

Evolution of the Fermi Surface of an Electron System under Confinement

The question arises, how the observed seemingly three dimensional nature of the band
structure can be understood, when the electrons are actually confined in z-direction. It
appears obvious that, when a three dimensional system is successively restricted along one
dimension, its Fermi surface also undergoes a gradual crossover between the two extremal
cases shown in Fig. 3.23. A vivid understanding of this transition can be obtained by
means of the toy model of free electrons in a potential well [157, 158].
The ideal three dimensional free electron system is not subject to any boundary condi-
tions and thus exhibits a parabolic dispersion E(k) along all three directions of k-space.
When the motion of the electrons, however, becomes constraint, e.g. to a certain width
Lz along the z-axis, the possible states that may be occupied in this direction become
restricted, since the wave function Ψ(r) is required to vanish at the edges of the system.
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Fig. 3.26.: (a) Discretization of the free-electron dispersion under confinement of the
electrons to a layer with thickness Lz in z-direction. (b) Corresponding position and mo-
mentum probability functions for the first three quantum well states. (c) Evolution of the
three-dimensional Fermi surface representation for the free electron system in three diffe-
rent regimes of confinement. (Figure is based on the discussions in Refs. [157] and [158],
(b) and (c) are adapted from [158])

Consequently, as depicted in Fig. 3.26(a), the formerly continuous dispersion along the
kz-direction is transformed into a discrete arrangement of individual states, i.e. quantum
well states, whereas in the other two principal directions the dispersion remains parabolic.
Accordingly, the systems total dispersion relation is

E(kx, ky, j) =
~2k2

x

2me

+
~2k2

y

2me

+
π2~2

2meL2
z

j2, (3.5)

where j = 1, 2, 3... is the quantum number of the different QWSs. It is important to realize
that, with the restriction of the motion to Lz, owing to the Heisenberg principle, the bulk
kz is not anymore a good quantum number for the now available electronic states. Instead,
the kz-momentum of the electrons follows a certain probability distribution determined
by the square of the Fourier transform of the one dimensional wave function |Φ(z)|2 of
the respective QWS. To illustrate this, the position and momentum probability functions
for the first three QWSs are depicted Fig. 3.26(b). It is deducible that with increasing
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energy of the QWSs, i.e. larger j, the probability maximum shifts to higher |kz|-values.
|Φ(z)|2 is the quantity effectively determining the kz-dependence of the photocurrent in
a hypothetical ARPES-measurement on the quantum well system. Having noted this, it
is emphasized that, despite the finite broadening in kz, the QWS are not dispersing as
E(kz), as their energy is uniquely determined by kx, ky and the boundary condition of Lz
(cf. equation 3.5).
The consequences of the confinement for the Fermi surface of the free electron system is
illustrated in Fig. 3.26(c) for the positive half of the momentum space for three different
cases (i)-(iii). Subfigure (i) shows the Fermi-sphere of a three dimensional free electron
system with its radius kF being determined by the chemical potential. In this case, the
system size in all spatial directions is much larger than the Fermi wavelength of the elec-
trons λF (λF = 2π/kF ), which is the commonly quoted condition for samples to show no
discernible influence of quantum mechanical size effects [159–161]. Under incipient confi-
nement, as is additionally indicated in (i), the sphere is transformed into a dense array
of circles around the kz-axis, one for each occupied quantum well state. These circles
successively separate from each other with decreasing Lz, but remain practically contai-
ned within the envelope function of the three dimensional Fermi sphere. Accordingly, the
number of occupied states is reduced as Lz becomes smaller. (ii) shows the case when the
confinement reaches Lz ≈ 2λF . In parallel to the separation of the states, as is deducible
from Fig. 3.26(b), their kz-momentum becomes less and less defined the smaller Lz is,
which is illustrated in subfigure (ii) by a broadening of the circles into hollow cylinders.
When the extent of the system is further decreased to Lz << λF , which is corresponding
to subfigure (iii), only one QWS remains at finite energies. Its momentum kz is entirely
ill-defined, as |Φ(z)|2 becomes a constant, such that the remaining Fermi surface cylinder
has an infinite width. This case corresponds to an ideal two dimensional system.
The periodicity of the electronic structure in reciprocal space, as visible for dLAO/KTO,
is not covered by the above model, since a modulation of the potential inside the well by an
underlying crystal lattice is not included. Also, the band structure of dLAO/KTO is consi-
derably more complex than for free electrons. Still, the transformation of the Fermi surface
of an electron system like in dLAO/KTO, which is confined by a surface or interface poten-
tial, is taking place with the discussed hallmarks in a comparable manner (cf. Ref. [162]).
The continuous three dimensional band structure decomposes under confinement along
z-direction into discrete two dimensional states, whose specific kz-momentum is not any-
more well-defined, which in ARPES induces a broadening of the intensity distribution
along the perpendicular momentum direction. However, if the depth extension of the elec-
tron system is large enough in comparison to λF , the measured intensity along kz can still
be limited to the part of momentum space, where the corresponding inherent (hypothe-
tical) three dimensional Fermi surface would be located. With a view on the HARPES
data and the previous discussion, this appears to be the very regime in which the electron
system in dLAO/KTO is situated.
Consistently, also in VUV-ARPES experiments on the surface q2DES of STO and KTO,
a distinct increase of the photoemission intensity is observed, when the photon energy
is tuned to kz values at the center of the bulk BZs in the repeated zone scheme [77, 97,
163]. In contrast to the free-electron model in Fig. 3.26, the potential well of the surface
and interface q2DESs is not infinitely deep in energy and uniform in space, since the
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confinement potential is decreasing towards the KTO bulk. This entails that the higher
order QWSs have a wider extension (cf. discussion of multiple conduction channels in
section 3.5.3) and thus should also exhibit a better defined kz-momentum.
Likewise, due to the difference of the energy of the band bottom of the three unequal t2g-
derived bands, their effective extension in z-direction can be different [164]. This means,
that electrons occupying these different bands could, remarkably, exhibit an utterly dif-
ferent dimensional character. An indication for such a disparate dimensionality of the
t2g-bands is reported for the surface q2DES on STO, where the weaker bound 3dxz/dyz-
bands have been identified as being three dimensional. In contrast the energetically lower
3dxy-states appeared to exhibit a strong kz-broadening, which has been associated with a
rather two dimensional dispersion [163].
It is remarked here that, in comparison to HARPES, in the VUV-ARPES measurements
an additional experimental broadening, originating from the small spatial extent of the
photoelectron wave function in the solid (cf. equation 2.30), is also contributing to the
width of the intensity distribution along kz, potentially leading to an overestimation of
the dimensionality-related kz-broadening.

Estimation of the Depth Extension of the Metallic Electron System

Reversing the considerations made with regard to Fig. 3.26(b), the width of the measured
momentum intensity distribution |Φ(z)|2 along kz allows to deduce an estimate for the
depth extension of the mobile electrons in the dLAO/KTO heterostructure. For simplicity,
it is assumed that the amplitudes of the electron wave functions of the quantum well states
of the heterostructure are well approximated by the above described free electron toy
model. Within this model, as deducible from Fig. 3.26(b), for j = 1, the width of the peak
∆kz,1 around kz = 0 can be calculated by ∆kz,1 ≈ 2π/Lz. For higher quantum well states
with j > 1, ∆kz,j denotes the distance of the maxima of |Φ(z)|2 and is correspondingly
given by ∆kz,j ≈ 2jπ/Lz. Thus, Lz can be estimated from a measurement of ∆kz,j by

Lz ≈
2πj

∆kz,j
. (3.6)

Evaluating this relation for the present case, however, only allows to deduce a lower boun-
dary for the depth extension of the electron confinement. Since it is unknown how many
QWS are occupied, j is assumed to be 1. When the system is already quite large, the
size-dependent broadening of the first QWS might be smaller than the inherent size of
the (hypothetical) three dimensional Fermi surface along kz, as is illustrated in example
(ii) of Fig. 3.26 for the free electron model. Attributing the width of the kz-intensity in this
case to the momentum broadening of the QWS with j = 1, leads to an underestimation
of the system size. In addition, the experimental momentum resolution of the HARPES
measurements of the order of 0.1 Å−1 is ultimately setting a lower limit for the resolvable
width of the distribution of the electron momentum.
The value of ∆kz,j for the dLAO/KTO sample is deduced from the kx − kz map in
Fig. 3.24(b). Figure 3.27(a) shows in red, the cross sectional intensity of the BZ cen-
ter along the kz-direction, averaged over 5 different BZs in Fig. 3.24(b). The black li-
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(a) (b)

 

Fig. 3.27.: (a) The intensity cross section through the BZ center along the kz-direction, ex-
tracted from Fig. 3.24(b). (b) Symmetrized kx−ky map through the Γ-point of BZ(−1 0 18)
and corresponding intensity profile through the BZ center (red). The derivative of the pro-
file (blue) yields an estimate for kF. The black lines in (a) and (c) are Gaussian fits to
determine the width of the intensity distribution.

ne is a Gaussian fit to the data, revealing a full width at half maximum of ∆kz =
0.17 2π/aKTO. With this value, the lower limit for the spatial extension of the electron
system in dLAO/KTO is calculated to Lz,KTO = 5.9 aKTO = 23.5 Å.
The above analysis is based on the conception that the wave functions of the electrons in

dLAO/KTO are adequately described within the free electron quantum well picture, not
including the underlying lattice potential. An alternative estimation for the thickness of
the electron system can be attained in a model, where the photoemission initial state of
the electrons in the system is described by bulk-like Bloch waves, which are exponentially
damped towards the interior of the KTO crystal to mimic the confinement potential [57].
According to Ref. [57], an analytical Fourier transform description of the photoemisison
process yields that such a damping of the Bloch states results in a Lorentzian broade-
ning of the momentum distribution along the kz-direction in comparison to a fully three
dimensional, infinitely extended electron system [57]. The width of the broadening scales
thereby with 1/dz, where dz is the decay length of the exponentially damped Bloch wave,
and thus a measure for the depth extension of the confinement potential.
Assuming that the (hypothetical) three dimensional band structure of the dLAO/KTO
system is in first approximation fully isotropic, the extension of the momentum distributi-
on of the electrons along k‖ relative to the one in kz-direction allows to quantify the size of
the broadening. Fig. 3.27 shows the kx−ky map of BZ(-1 0 18) from Fig. 3.25(c), which is
symmetrized according to the four-fold rotational symmetry of the KTO(001) substrate,
to eliminate the influence of geometrical matrix element effects. The cross sectional profile
along the red line reveals that the width of the intensity distribution in k‖-direction is prac-
tically equal to the one along kz, i.e. ∆kz = 0.17 2π/aKTO. Thus, actually no confinement
induced broadening of the perpendicular momentum can be resolved in the measurements.
It can be inferred that for the broadening to be deducible in the measurement it has to be
larger than the experimental k-resolution, which is here of the order of 0.1 Å−1. Hence, as
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no distinct additional broadening along kz is resolved, the decay length of the confinement
potential in dLAO/KTO is dz,KTO > 10 Å.
Thus, both quoted approaches to estimate the minimal extension of the mobile electron
system yield consistent results in the range of a few nanometers. It is remarkable that
already an extent of the electron system of a few KTO unit cells is sufficient to generate
the observed seemingly three dimensional symmetry of the Fermi surface.
The here deduced spatial width of the electron systems is well in line with values reported
in literature for the related systems. The extension of the q2DES on the KTO surface is
specified to 8–20 Å , deduced from the energetic separation of the quantum well states
under assumption of a wedge-shaped potential [77]. Consequently, the HARPES measu-
rements do not provide an indication for a distinct difference of the properties of the
electron system in dLAO/KTO to the q2DES on the KTO surface. Notably, also for the
oxygen vacancy-based electron systems in STO different photoemission-related methods
yield similar estimates for the depth extension of 14–30 Å [97, 116, 165]. Therefore, in
conformity with the results of section 3.6 the depth extension of the electron systems in
the two materials is apparently similar.

Estimation of the Mobile Carrier Density

The share of the BZ volume that is occupied by the Fermi surface is a measure for the
carrier density of an electron system. Starting from the seemingly isotropic shape of the
occupied k-space volume, it is presumed that the Fermi surface of the electron system is
adequately described by a single Fermi vector kF . With the strong experimental broade-
ning flattening out the intrinsic structure of the Fermi surface, an estimate for the modulus
of kF is derived from the utmost inflection points of the intensity distribution around the
Γ-point [166]. Accordingly, the derivative of the intensity profile ∇I(k‖) in Fig. 3.27(b)
yields |kF | = 0.07 2π/aKTO.13

Owing to the illustrated ambiguity of the dimensional character of the system, two diffe-
rent cases are considered. Firstly, in the picture of (a few) QWSs dominating the electronic
structure of KTO, the number of charge carriers is determined within the two dimensional
BZ in the kx − ky-plane. The state with the largest |kF | is the energetically lowest QWS,
with a sheet carrier density calculated by:

n2D(j = 1) ≤ 2π |kF |2 (1/2π)2 = 1.93 · 1013 cm−2 (3.7)

The size of this value appears reasonable, when compared to the results of the transport
experiments on the dLAO/KTO samples of section 3.5. The samples with a single con-
duction channel have sheet carrier densities of up to n2D ≈ 6 · 1013 cm−2, being in the
same order of magnitude. A fully quantitative comparison of both methods is, however,
difficult due to the numerous present experimental uncertainties, such as the specific do-
ping state of the HARPES sample (irradiation induced changes), the unresolved inherent
form of the Fermi surface, and also the number of distinct states actually contributing to
the conduction in the sample with linear Hall-resistance.

13Note, the value of |kF | can be slightly underestimated, as the intensity around the Γ-point may be
inflated due to the occupation of more than one conduction band.
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Fig. 3.28.: (a) LDA calculations for a 1 × 1 × 10 slab of a TaO2-terminated surface of
KTO without and with SOC. (b) Comparison of the Fermi wavevectors kF along the high
symmetry directions of the surface Brillouin zone of both cases in (a). kF is enlarged when
SOC is taken into account.

Secondly, one may assume that the electron system of the dLAO/KTO sample has a rat-
her wide depth extension, such that a quasi-continuum of QWSs is occupied along the
kz-direction. In this case, the electronic structure would resemble a situation with three
Ta 5d-derived, three dimensional conduction bands. Accordingly, the Fermi surface size
has to be evaluated within the three dimensional BZ, which yields a three dimensional
carrier density of

n3D ≤ 8/3 |kF |3 π(1/2π)3 = 4.5 · 1019 cm−3. (3.8)

In bulk KTO carrier densities of up to n3D = 1 · 1020 cm−3 are achievable e.g. by a partial
substitution of K with Ba [167]. Thus, the local carrier density in the interfacial electron
system in dLAO/KTO is well comparable with and in particular not higher than in bulk
crystals with regular chemical doping.

3.7.4. Influence of Spin-Orbit Coupling on the Dimensionality of the
Electron System

It becomes obvious that the HARPES measurements are not able to resolve a distinct dis-
parity of the depth extension of the electron system in dLAO/KTO compared to similar
systems in STO. A different issue, however, is the dimensional character of the conduc-
tion electrons in the electron systems. One may ask the question, if the particular band
structure of KTO, which is governed by the large SOC, is having a specific effect on the
dimensionality of the charge carriers.
The dimensionality of an electron system, as is inferable from the free electron model in
Fig. 3.26, is not determined uniquely by the extension of the system in the confinement di-
rection, but rather by the ratio of the extension and the Fermi wavelength of the electrons
λF [159–161]. Physical properties which lead to a renormalization of the band structure
can have a distinct influence on this ratio. An example, in particular pertaining to KTO,
are the SOC-related modifications of the band structure, such as changes of the energetic
position and Rashba splittings of the conduction bands.

76



3.7. Investigation of the Electronic Band Structure of the Buried Electron System

To illustrate the potential impact of these effects, LDA slab calculations are conducted for
the TaO2-terminated KTO(001) surface.14 To this end, the system is modeled by charge
neutral slabs of 1× 1× 10 KTO bulk unit cells oriented along the [001]-direction. VO are
not explicitly included in this structure and lattice relaxations are omitted for simplicity.15

The resulting Ta 5d-derived conduction band structure of the system, when neglecting or
including SOC in the calculations, is depicted in Fig. 3.28(a).
To evaluate the Fermi wavevector kF , as shown in Fig. 3.28(b), it is sufficient to consider
only the three energetically lowest Ta 5d-derived bands crossing the chemical potential in
the case without SOC (red). When SOC is included (blue), one of these three bands is
shifted upwards beyond the chemical potential, while the two other bands are lowered in
energy maintaining charge neutrality. Thus, SOC modifies KTO from a three to an effecti-
ve two conduction band system. Additionally, at the KTO crystal surface, as is discernible
in Fig. 3.28(b), SOC induces a Rashba-like spiltting that lifts the spin degeneracy of each
of the bands. Indicated in the lower part of Fig. 3.28(b) is the respective size of the Fermi
wave vector in the two plotted principal directions of the surface BZ. It is deducible that,
due to the shift of the two occupied bands to lower energies, kF is increased by about
20 % and 35 % in the Γ−X and Γ−M direction, respectively.
Illustratively, a larger kF or rather a smaller λF results in the effective occupation of mo-
re QWSs in the system than without SOC, pushing the electrons more towards a three
dimensional state. Thus, SOC certainly favors the three dimensional state. However, the
relative size of the changes in kF of a few ten percent indicates that the dimensional
character of the conduction electrons in KTO is not fundamentally altered over similar
systems with smaller SOC.

3.7.5. Summary

In the first place, the above delineated experiments vividly demonstrate the capability of
HARPES to probe the electronic structure of complex material systems like high-Z transi-
tion metal oxides. Benefitting from the extraordinarily large probing depth, the technique
has been successfully applied to map out the three dimensional electronic structure of the
buried electron system at the dLAO/KTO interface.
The occupied states in the momentum space apparently follow the repeated BZ scheme
of three dimensional KTO. The hypothesis that this is due to the conduction electrons
penetrating deeply into the substrate and that the band structure is resembling the one of
n-doped bulk KTO, is refuted, based on the analysis of the band structure data. Instead
it is inferred, in line with the results of core level depth profiling in section 3.6.2, that the
electron system is distinctly constrained to the interface and resembles a band structure
similar to the q2DES system on the KTO surface [76, 77].
Further consideration on the expectable kz broadening of the angle resolved photoemissi-
on intensity yield that, remarkably, already a spatial width of the electron system of few
nanometers is sufficient to induce the observed seemingly three dimensional symmetry of

14The calculations were conducted by Giorgio Sangiovanni (Institut für Theoretische Physik und Astro-
physik, Universität Würzburg, Germany)

15Calculations allowing also for lattice relaxations of the first two unit cells of the slab (not shown) yield
qualitatively equivalent results regarding the addressed question.
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the Fermi surface. The determined lower limit for the depth extension of the electron sy-
stems in dLAO/KTO is similar to the spatial extension of q2DES systems in STO-based
heterostructures reported in literature. Thus HARPES does not evidence a substantial
difference of the extensions of the electron systems in the two materials, in accordance
with the results from core level photoemission. Concurrently, it can, however, not be ruled
out that part of the mobile electrons is occupying conduction bands or QWSs that extend
considerably deeper into the KTO bulk than the here deduced lower boundary of the
spatial confinement.
The dimensional character of the charge carriers is determined by the ratio of the spatial
extent of the occupied states and the size of the Fermi wavelength of the respective con-
duction electrons. Band structure calculations indicate that the alteration of the electronic
band structure induced by the large SOC of KTO slightly favors a three dimensional con-
duction state in comparison to an analogous system with considerably lower SOC.

3.8. Conclusion and Outlook

The successful preparation of a metallic q2DES in KTO by room temperature growth of
LAO in low oxygen pressures using PLD is presented. The film acts as a protecting cap,
preventing an immediate reoxidation of the VO dopants, allowing further ex situ charac-
terization of the electron system.
With KTO being a cubic d0 perovskite just like the prototypical host crystal for VO-
induced q2DESs STO, many similarities are found between the electron systems in the
two materials. These include sheet carrier densities in the range of 1013–1014 cm−2, hall-
marks of Fermi liquid-like behavior and polaronic scattering deducible in the temperature
dependence of the mobility. The adjustment of the oxygen pressure during deposition of
LAO and the tuning of the film thickness facilitates the manipulation of the sheet car-
rier densities of the samples. Remarkably, the conduction electrons in the dLAO/KTO
heterostructure exhibit Hall mobilities reaching up to 7000 cm2/Vs at cryogenic and up
to 30 cm2/Vs at room temperature, which is ascribed to the inherently different effective
electron mass and to possible differences in the depth extension of the conduction channels
in the two systems.
A clear difference of the spatial extension of the electron system between KTO and STO
is, however, not evidenced by the employed photoemission experiments. Angle-dependent
core level spectra show that at T = 60 K the majority of the Ta 5d electrons is confined
within the upmost 4 nm of the KTO substrate by a positive potential well associated with
the presence of VO. From the application of momentum-resolved HAXPES measurements
on the buried interface system, an alteration of the KTO bulk conduction band structure
is inferred, indicating the resemblance of the electronic structure observed in former VUV-
ARPES experiments on a KTO surface q2DES. Periodic peaks of the intensity along the
perpendicular momentum direction that comply with the distribution expected for the
Fermi surface of a three dimensional electron system are in line with the confinement of
the conduction electrons within a depth of a few nanometers.
A complementary determination of the depth extension of the electron system by spatially
resolved imaging techniques like cross-sectional conducting atomic force microscopy [130]
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or transmission electron microscopy combined with electron energy loss spectroscopy [168]
could be able to yield more information on the specific profile of the electron distribution
in the q2DESs in KTO in comparison to STO. Particularly interesting is also the question
of how the distribution of electrons scales with the carrier density of the samples.
A potentially detrimental phenomenon, complicating also quantitative measurements with
other particle-based methods, are the observed changes of the Ta4+-weight during the
HAXPES measurements. Chemically implicated impurities at the interface and contami-
nation on the surface of the heterostructure apparently become electronically active under
irradiation and reduce the n-doping in the surfacial KTO layers. On the other hand, un-
der ongoing irradiation the reduction of the n-doping is outweighed in the here conducted
experiments by the photoinduced generation of charge carriers and/or additional VO due
to the high brilliance of the photon beam. In view of the possible influence of incorpora-
ted contamination at the interface and the desirability of clearly defined heterostructure
interfaces for future experiments, it is suggested to assess the impact of the modifications
arising from the instability of the KTO surface during heat treatments on the preparation
and properties of the dLAO/KTO q2DES.
Having established a low dimensional electron system in KTO that is sufficiently stable
to allow ex situ handling, it is now possible to evaluate further properties of the electron
system. Numerous starting points for proceeding investigations arise with view on the
phenomena found in STO-based electron systems, ranging from the question whether the
q2DES in dLAO/KTO also exhibits signs of ferromagnetism, over the possibility to influ-
ence the systems ground state by the application of an electrostatic bias, to the feasibility
of patterning complex device structures.
One particular aspect that should be scrutinized is the potential of the electron system
for spintronics applications. For instance, the q2DES in LAO/STO heterostructures has
been reported to exhibit exceptionally large spin-to-charge conversion efficiencies, which
is based on the spin-orbit-driven inverse Rashba-Edelstein effect [169, 170]. As KTO ex-
hibits a more than one order of magnitude larger spin-orbit interaction than STO and
a potentially longer spin relaxation time, inferred from the large electron mobility, the
effect might be even more pronounced in dLAO/KTO, promising even higher conversion
efficiencies.
The here presented HARPES measurements indicate, that the technique is valuable to
gain a better understanding of the electronic structure of interfaces and heterostructures
of heavy element compounds, in particular of high-Z perovskite oxides. An increase of the
resolution for the determination of the electron emission angle in prospective dedicated
HARPES experiments will allow to harvest the full potential of the technique.
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4. The BaBiO3/SrTiO3 Heterostructure
- Deposition of a Perspective
Topological Insulator

Topological insulators (TIs) are a new class of materials that are bulk insulators but ex-
hibit metallic, topologically protected surface states. Such states are characterized by a
Dirac-like dispersion and a helical spin polarization, where the spin of the electrons is ori-
ented perpendicular to the momentum. A two dimensional interface state arising through
a proximity effect at the junction of a TI and an s-wave superconductor (SC) is predicted
to permit so-called Majorana bound states [171]. These states are intriguing not only for
fundamental science but they may also be utilized as a solid-state realization of a qubit
for quantum computation [172]. The embedding of such TI-SC interfaces into an integra-
ted circuit would allow both the observation and the manipulation of Majorana fermions
[171, 172]. This chapter addresses an auspicious parent material for these experiments,
the high-Z perovskite BaBiO3 (BBO).
Since the mid 1970s BBO is known to become superconducting with comparably high tran-
sition temperatures of up to 13 K, when combined with the metallic compound BaPbO3

to the solid solution system BaPb1−xBixO3 [3]. Later, in 1988, an even higher transition
temperature of about 30 K, at that time the highest critical temperature of a non-cuprate
compound, could be achieved in p-doped BBO, realized by a partial substitution of Ba
with K [4, 173, 174].
More recently, Yan et al. [5] and Li et al. [175] discovered, when including the particularly
large spin-orbit coupling of BBO into density-functional theory (DFT) calculations, that
the material possesses an exceptionally wide topological band gap of 0.7 eV with Dirac-
like surface states. This topological gap is located 2 eV above the Fermi energy, such that
heavy n-doping of BBO potentially allows to populate the corresponding states and turn
the system into a TI [5].
Hence, when either p- or n-doped, BBO is predicted to host each of the two respective
quantum states that are involved in the aforementioned TI-SC junction. The material
thus is a prospective platform to fabricate such junctions in one and the same parent
material. The most obvious way to realize such devices is to fabricate thin films of BBO
and adjust their doping profile to form a pn-junction [5].
This study is about the primary step to be taken towards an experimental investigation
of the described theoretical predictions, which is the preparation and characterization of
high-quality, pristine BBO thin films.
A significant property of BBO is its extraordinary large lattice constant that exceeds the
one of typical perovskite oxide substrates like SrTiO3 (STO) or DyScO3 by more than
10 %. When deposited on such substrates, the large associated lattice mismatch is expec-
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ted to complicate an epitaxial growth of the BBO film. However, the epitaxy of BBO and
the related superconducting compounds on STO(001) is reported in literature [176–180],
though the microscopic mechanism that facilitates the formation of a well-oriented BBO
lattice within such large-mismatch-structures is not yet understood. The first part of this
study deals with exactly this question: How is epitaxial order of BBO deposited on the
(001)-surface of STO achieved, despite the major differences in the in-plane lattice con-
stants of the film and the substrate?
Initially, the crystal structure and the basic electronic properties of BBO are introduced
in section 4.1. Section 4.2 addresses the epitaxial deposition of BBO on STO(001) by
means of PLD. The lattice of the films and the interface are comprehensively analyzed by
RHEED, XRD and TEM, resolving the way epitaxial order is achieved in the heterostruc-
ture. In section 4.3, to further understand the PLD of BBO and in order to improve the
quality of the BBO films, the influence of the growth parameters substrate temperature,
oxygen background pressure and laser fluency on the film deposition is examined. With
the deposition being optimized, the basic electronic properties of the BBO film and the
band alignment at the BBO/STO interface are evaluated by XPS in section 4.4.
Furthermore, a recent experimental study claims that insulating, undoped BBO grown on
STO exhibits a transition into another, possibly metallic phase upon reduction of the film
thickness below 5 nm. This intriguing phenomenon, promising a new pathway to modify
the electronic properties of pristine BBO, is investigated from a spectroscopic point of
view in section 4.5 by employing Raman spectroscopy and XPS. Finally, the obtained
results are summarized in section 4.6.

4.1. Crystal Structure and Electronic Properties of
Pristine BaBiO3

Pristine BBO crystallizes in a distorted perovskite structure, depicted in Fig. 4.1, with
monoclinic symmetry at room temperature. The monoclinic unit cell has lattice para-
meters of am

BBO = 6.185 Å, bm
BBO = 6.132 Å, cm

BBO = 8.659 Å with a monoclinic angle of
α = 90.2◦ [181]. The dimension of the pseudocubic single perovskite unit cell, which cor-
responds to the monoclinic cell rotated by 45◦ around the [001]-axis and cut in half along
the [001]-direction, is calculated to apc

BBO = bpc
BBO = 4.355 Å , and cpc

BBO = 4.329 Å.1 These
are extraordinary large lattice constants in comparison to the most common perovskite
oxides [183], which typically lie between 3.7 Å and 4.0 Å. The large unit cell is a result
of the ion radii of the involved high-Z cations of barium and bismuth. Furthermore, to
accommodate the large Ba2+ ion in the perovskite unit cell, the Bi-O-octahedra are tilted
with respect to the principal axes.
The octahedral tilting changes continuously with the temperature of the crystal and is
oriented about the [010]- and the [001]-axis of the monoclinic unit cell of the room tem-
perature phase. These axes coincide with the viewing directions of Fig. 4.1 (b) and (c),
respectively. The tilting distortion determines the basic symmetry of the crystal lattice
and results in a sequence of a number of temperature dependent structural transitions

1Note, for better comprehensibility, where not stated differently, we will use the pseudocubic notation
for indexing of crystal direction and diffraction peaks in the following.
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Fig. 4.1.: (a) Temperature dependence of the symmetry of the BaBiO3 crystal lattice. (b)-
(d) The room temperature structure of BaBiO3 viewed along (b) the [010]m-direction, (c)
the [001]m-direction and (d) the [110]m-direction of the monoclinic unit cell, with the latter
corresponding to the [010]pc-direction of the pseudocubic unit cell. The figure is based on
data from Kennedy et al. [181], (b)-(d) are generated with the crystal structure analysis
software Diamond [182].

depicted in Fig. 4.1(a). At about 140 K The BBO lattice is altered from a monoclinic
structure with space group P21/n at low temperatures to the monoclinic I2/m room
temperature phase. Around 430 K the lattice passes through a first order transition to
a rhombohedral symmetry with space group R3. Finally, above 830 K, BBO becomes a
cubic double perovskite Fm3m without any octahedral tilting through a second order
transition [181]. In the room temperature phase, depicted in Fig. 4.1, the octahedra are
tilted by about 11 ◦ with respect to the monoclinic [010]-direction, whereas the tilting
relative to the [001]-direction is zero. A full detailed review of all crystal structures and
the corresponding octahedral tiltings is found in Ref. [181].
Beside the tilting of the Bi-O-octahedra, a second lattice distortion is present throughout
all mentioned phases, i.e. the so-called static breathing distortion. Neutron diffraction
evidences that the Bi-O bond length of neighboring octahedra is alternating between
2.29 Å and 2.11 Å in the room temperature phase [181]. Structurally this is reflected, as
visualized in Figs. 4.1(b)-(d), by the occurrence of alternating expanded (bright) and col-
lapsed (dark) oxygen octahedra.
This distortion is associated with charge order (CO) present in pristine BBO. Inferred
from the chemical formula BaBiO3, Bi should be in a 4+ oxidative state, with a parti-
ally filled 6s shell. Thus, one would expect the compound to be metallic. However, in
experiment BBO is found to be a semiconductor with a bandgap of 0.5 eV. Bi is known
to be an element that skips certain valence states, in this case the 4+ state [184]. The
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Fig. 4.2.: Bi 4f core level of a BBO film
on SrRuO3/Nb:STO measured with XPS.
Only a single spin-orbit split doublet with a
characteristic asymmetry at higher binding
energies is observed in the charge-ordered
BBO phase. The asymmetry, pointed out
by the arrows, is visualized by comparison
with the dashed black line, showing a model
of two symmetric Voigt profiles on top of a
Shirley-like inelastic electron background.

discovery of the structural breathing distortion lead to the proposal that BBO is insula-
ting due to a charge disproportionation with one electron being transfered between two
neighboring Bi-O octahedra to form a long-range ordered, alternating static distribution
of Bi3+ (expanded octahedra) and Bi5+ (collapsed octahedra) [184–186]. However, despite
the detection of the two distinct Bi lattice sites in neutron diffraction, expected to repre-
sent two oxidation states of Bi, photoelectron spectroscopy resolves only one single Bi 4 f
doublet, as shown in Fig 4.2 for a BBO film of the present study. This observation is in
line with numerous previous publications and is a matter of long standing debate about
the ground state of pristine BBO [187–191].
More recently, this apparent discrepancy was resolved in a theoretical study, emphasizing
the strong hybridization of the O 2p and Bi 6s orbitals in the collapsed Bi-O octahedra
[192]. Foyevtsova et al. proposed that in the charge-ordered state, instead of the formation
of Bi5+ cations, a surplus hole-pair is in fact distributed in molecular-like O 2p-derived
states of the collapsed oxygen octahedra. According to this rather covalent picture of the
Bi-O bond the valence state of the two inequivalent Bi-sites only differs by about 0.3e [192].
Thus, both Bi-cations, despite the disproportionation of the bond environment, are sup-
posed to have very similar oxidative states.
Another intriguing prediction published is the occurence of a two dimensional electron
system at BiO2-terminated BBO crystal surface, which is based on a suppression of the
charge order due to the breaking of the lattice symmetry of the Bi atoms at the surface
[193]. The electron gas formed is proposed to have a similar electron density as the elec-
tron gases in STO or KTO (cf. chapter 3), but would not require any extrinsic doping
mechanism like oxygen vacancies [193]. However, this electron system has so far not been
observed in experiment [194, 195]. A different possibility to achieve a breaking of the CO
without chemical doping, leading potentially to metallic BBO, has been reported in an
experimental study of BBO films deposited on STO, when the thickness of a BBO layer
is reduced to less than 5 nm [179]. This interesting observation is investigated in greater
detail in section 4.5.
The Bi 4f core level lines of BBO in the spectrum in Fig. 4.2 exhibit a distinct asymmetry
(see arrows) towards higher binding energies, which is visualized by comparison with the
dashed line showing a model curve of two symmetric Voigt profiles with an Shirley-like in-
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elastic electron background. The asymmetry is commonly observed in the Bi core levels of
BBO and the related superconducting compounds [189, 196–198] and has been suggested
in literature to be an energy-loss feature due to interband transitions across the CO-gap
of BBO [190] or low-energy plasmon excitation [196, 198]. However, its origin is not con-
clusively clarified, yet. In the following study it becomes apparent that the asymmetry is
a characteristic spectroscopic feature of the well-structured BBO lattice.
More details on the theoretically proposed electronic structure of bulk BBO, pointing out
also the topological band gap and the orbital composition of the valence band states, are
presented in section 4.4 on the basis of experimental data of the prepared thin films.

4.2. Pulsed Laser Deposition and Structural
Characterization of BaBiO3/SrTiO3

In this section the growth process of BBO on STO(001) surfaces is investigated. A num-
ber of publications report on the successful epitaxial deposition of BBO and the related
superconducting bismuthate phases on oxide crystals, including STO [176–180, 199]. We
employ STO(001) substrates, as they are the most commonly utilized substrate for the
growth of perovskite oxide thin films, due to their good commercial availability and the
existence of well-established methods for surface preparation.
The success of epitaxial deposition of BBO on STO(001) is surprising in view of the lattice
constants of STO and BBO (STO lattice constant aSTO = 3.905 Å, cf. section 3.2), as the
BBO/STO heterostructure has to accommodate a substantial lattice mismatch of about
12%. So far, little information is available in literature on the actual course of the growth
process on a microscopic scale and in particular the mechanism that facilitates the large
mismatch epitaxy of BBO and STO is unknown. These aspects and the basic properties
of BBO thin films are investigated and resolved in this section.
The section is organized as follows. Initially, the starting materials, i.e. the PLD target
and the employed substrates, are briefly introduced before the actual deposition process
is examined by the analysis of the RHEED pattern during growth. Subsequently, the bulk
and interface structure of the prepared BBO thin films is characterized in a comprehen-
sive investigation by means of XRD, transmission electron microscopy (TEM), AFM and
LEED. The results presented in this section are to a great extent published in Ref. [200].

4.2.1. Starting Materials: BaBiO3 Ablation Target and Nb:SrTiO3

Substrates

The BBO target material for this study is purchased from SurfaceNet GmbH. It is a so-
lidified part of a precursor melt for BBO bulk-crystal growth. The density of this target
is similar to single crystalline BBO and thus much higher than in other BBO deposition
studies, where commonly sintered polycrystalline targets are used [179, 191, 199]. Figu-
re 4.3(a) displays two X-ray diffractograms in the upper part, one measured directly on
the bulk target and one on a pulverized sample of the target material. A comparison with
the theoretical powder diffraction pattern in the lower part of Fig. 4.3(a) evidences that
the target is phase pure since no diffraction peaks, which are not assigned to BBO, are
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Fig. 4.3.: (a) Upper part: Experimental ω-2θ pattern of the bulk BaBiO3 target and
a powder sample of the target material. Lower part: Theoretical powder pattern of the
monoclinic room temperature phase of BaBiO3 calculated with lattice parameters from
Ref. [181]. (b) Typical atomic force microscopy image of the employed TiO2-terminated
Nb:STO(001) substrates. The step height corresponds to one STO unit cell.

detected. The intensity distribution between the reflexes of the bulk target does not match
with the theoretical pattern, which shows that the crystalline domains of the bulk target
are aligned along preferred directions. As a cross check, the powder sample of the target
material nicely reproduces the theoretical intensity distribution. The area of the target
surface used to ablate the film material is sanded ex situ before every growth process to
ensure defined and reproducible deposition conditions.
Since pristine STO is a large gap insulator, metallic Nb:STO substrate crystals from Cry-
sTec GmbH with doping levels of 0.05–0.5 w% Nb are employed throughout this study
to facilitate the use of electron based analysis techniques, such as XPS and LEED. To
achieve an atomically-flat crystal surface with a TiO2-termination as a well-defined basis
for the film growth, the Nb:STO(001) substrates are treated according to a procedure
of Koster et al. [201] by wet chemical etching with buffered hydrofluoric acid and a sub-
sequent thermal annealing in flowing oxygen atmosphere. Figure 4.3(b) shows a typical
atomic force microscopy image of the resulting surface of the Nb:STO(001) substrates
utilized for the growth of BBO films. The step height of one STO unit cell confirms the
presence of a single, distinct surface termination.

4.2.2. Two Step Deposition Process of BaBiO3 on SrTiO3

The films analyzed in this section are deposited by PLD in an oxygen background pressure
of pO2 = 4.0 · 10−2 mbar, at a substrate temperature of TS = 530 ◦C, with a laser fluency
of FL = 1.2 J/cm2, and a laser repetition rate of 1 Hz. A detailed analysis of the particular
influence of the individual growth parameters on the formation of crystalline BBO is given
further below in section 4.3.
The deposition process of the BBO films is monitored by RHEED, which allows to draw
some first conclusions on the microscopic structural arrangement at the BBO/Nb:STO-
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interface. Figure 4.4(a) displays the typical evolution of the RHEED intensity of the zeroth
order RHEED spot during the growth of an about 5 nm thick BBO sample. The lower part
of the figure depicts the diffraction patterns at different stages (A)-(E) of the deposition
process. Note that the incident angle of the electron beam is aligned such, that the (00)-
diffraction spot of STO, marked by the red circle in picture (A), is separated from the
close-by intersection of two Kikuchi lines (green arrow).2

The inset of Fig. 4.4(a) displays a zoom-in into the first 20 s of the deposition. The
intensity is changing in distinct steps, each relating to one laser pulse. The arrows mark
the occurence of two intensity maxima, which are in general observed during the growth
of BBO on STO and indicate a coherent ordering of the film material on the substrate.
In RHEED pattern (B), at the first intensity maximum, the spacing between the (00)
and the (01) diffraction spot is the same as in pattern (A), as indicated by the dotted
black lines. Apparently, up to this point, as also no new diffraction spots become visible,
the deposited material is strained to the substrate. Note, that the interfacial film layers
may be defective, as shown later, and may thus not cover the substrate completely. In
this case, the pattern (A) is possibly a superposition of the pattern of substrate and film.
At the second RHEED maximum, the coherent intensity is strongly damped, such that
first order diffraction spots are not resolved. Hence, at this stage of the growth, it is not
possible to give a persistent statement about the in-plane strain in the film.
Subsequently, the overall signal reaches a minimum at (C), where hardly any coherent
diffraction is detected. In the following, the intensity increases again and a streaky RHEED
pattern (D) appears. Its intensity steadily rises till saturation is reached at about 60 s.
The pattern remains until the end of deposition (E). The dotted black lines in (D) and
(E) show that the distance between the (00) and (01) diffraction spots is reduced, which
signals a relaxation of the in-plane lattice constant from the one of STO to the larger
lattice constant of bulk-like BBO apc

BBO between the growth stages (B) and (D).
The Laue spots in the patterns (D) and (E) are broadened to barely discernible, weak
streaks in horizontal direction, indicating a rather rough or defective surface. In fact,
as can be deduced when tilting the sample in the RHEED beam, the visible intensity
maxima in pattern (D) and (E) originating from a superposition of the smeared-out Laue
reflections with Kikuchi lines (exemplarily indicated by the green dashed lines in (E)),
which themselve are strongly broadened and too weak to be clearly discernible in the
image.
Until the end of the growth (E) the RHEED pattern remains virtually unchanged. Still,
the intensity of the pattern is continuously modulated by weak oscillations, suggesting a
uniform, almost layer-by-layer-like film growth of the relaxed BBO lattice. The oscillations,
however, have a rather weak amplitude, such that it is not inherently clear that they
represent the growth of unit cells of BBO. Figure 4.4(b) displays the RHEED intensity
during the growth of another, thicker film, and Fig. 4.4(c) shows an XRR scan of the same
sample measured after growth. Figure 4.4(b) evidences overall 41 RHEED oscillations
after the global intensity minimum. Supposing that also the first two maxima after the
start of deposition correspond to the growth of layers of peudocubic BBO and under the
assumption that each of the 41 oscillation signals the growth of one pseudocubic BBO unit
cell layer of cpc

BBO = 4.33 Å thickness, we obtain a film thickness of 18.6 nm from RHEED.

2This geometry is necessary to properly resolve weak RHEED oscillations in the later growth stages.
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Fig. 4.4.: (a) Upper part: Evolution of the intensity of the (00)-RHEED spot (red circle in
the lower part) during the deposition of an exemplary 5 nm thick BBO film on STO. Lower
part: RHEED diffraction patterns at the different stages (A)-(E) of the growth that are
marked in the upper graph. (b) Intensity evolution of the (00)-RHEED spot recorded during
the growth of a different, thick BBO film. The inset is a zoom-in for better visualization of
the RHEED oscillations. In total 41 oscillations are identified after the intensity minimum.
(c) X-ray reflectometry measurement of the sample from (b) with a model fit simulated
with the ReMagX software package [202]. (a) and (b) are adapted from Ref. [200].

The complementary XRR measurement in Fig. 4.4(c), fitted with the ReMagX software
package [202] under assumption of a homogeneous BBO film on the Nb:STO substrate,
yields a thickness of 18.0 nm and a surface roughness of 1.0 nm. Thus, both methods agree
well within 3 % of the total thickness. We hence conclude that indeed each of the observed
oscillation reflects the growth of single crystal layers, which match in height with one BBO
unit cell.
Note, the first three maxima of Fig. 4.4(b) have an average time spacing of 10 s (laser
at 1 Hz repetition rate), while the following remaining oscillations have a periodic time
of 9.2 s. This modulation evidences the distinctness of the first deposited layers after the
start of deposition. Hence, the two maxima marked in the inset of Fig. 4.4(a) do not
necessarily indicate the formation of single layers of BBO unit cells, but may signal the
deposition of a differing structure, as is resolved in the following section 4.2.3.
In summary, the film growth of BBO is divided into two stages, where at first the initially
deposited material appears to be strained to the substrate. Subsequently, after a transition
phase with a diffuse RHEED pattern, a largely relaxed BBO lattice is formed.

4.2.3. Epitaxial Structure of BaBiO3/SrTiO3

Having successfully deposited BBO, we gain a detailed view on the structural relationship
of film and substrate by employing X-ray diffraction. Figure 4.5 displays the XRD ana-
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(a) (b)

(d)(c)

Fig. 4.5.: XRD characterization of BBO/STO. (a) ω-2θ-scan of a 17 nm thick sample. The
epitaxial relationship is BBO(001)‖STO(001). The inset is a zoom-in on the BBO(002)
Bragg peak evidencing clear thickness fringes. (b) Reciprocal space map of the (103) Bragg
peaks of STO and BBO showing that the film is not strained to the substrate. The dashed
line indicates the positions of Bragg peaks of a cubic unit cells in the reciprocal space. (c)
zoom-in into the (103) peak of the BBO film. Compared to a cubic lattice, the unit cell is
slightly compressed in z-direction. (d) Measurement of the {103}-Bragg peaks at different
azimuthal angles φ. The BBO film lattice exhibits a four-fold rotational symmetry. The
figure is adapted from Ref. [200].

lysis of an exemplary sample with a 17 nm thick BBO film. The ω-2θ-scan in Fig. 4.5(a)
points towards phase pure BBO that is predominantly oriented in [001]-direction, since
no reflexes of differing, other phases or crystal orientations are visible. Thus, the resul-
ting epitaxial relationship of film‖substrate is BBO(001)‖STO(001), which confirms the
result of previous deposition studies [176, 178, 179]. The evaluation of the visible thick-
ness fringes of the film’s Bragg peaks yields a crystalline film thickness of 16.2±0.2 nm,
evidencing that the lattice is coherently ordered along the z-direction virtually over its
whole thickness.
Figure 4.5(b),(c) and (d) display an analysis of the in-plane Bragg peaks of the {103}-
family. The reciprocal space map (RSM) in Fig. 4.5(b) confirms the result of RHEED
that the film lattice is not strained to the STO substrate, as the in-plane lattice constants
of the two materials are apparently different. The plotted dashed line in the RSM marks
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the positions of Bragg reflexes of cubic unit cells with varying lattice constants. As visible
in the close-up in Fig. 4.5(c), the film’s unit cell is in fact compressed in z-direction in
comparison to a cubic lattice. The lattice parameters of the film, read out of the RSM,
are apc

BBO ≈ bBBOpc = 4.375 Å and cpc
BBO = 4.331 Å and hence fit well to the bulk lattice

parameters of BBO (cf. section 4.1)
In the φ-scan in Fig. 4.5(d), measured by rotating the sample around its surface normal
when aligned to the BBO(103)-reflex, a peak is detected every 90◦ at the very same 2θ
angle. This evidences a 4-fold rotational symmetry of the film structure. With the mono-
clinic bulk phase of BBO having no rotational symmetry, this observation complies with
a microcrystalline structure of four inequivalent monoclinic crystal domains, each rotated
by 90◦ with respect to each other, on the 4-fold rotational symmetric STO(001) surface.
Alternatively, the BBO films may have tetragonal symmetry, with a suppression of the
octahedral tilting, which has been suggested by Kim et al.[179] as a result of synchrotron-
based diffraction experiments on BBO/STO heterostructures.
In summary, we see that the crystal structure of the samples of the present study is
well-ordered and that the deposition is indeed fully epitaxial, despite the large mismatch
between film and substrate. To understand how this epitaxial order is maintained on a
microscopic scale we employed transmission electron microscopy (TEM) on the sample of
the above XRD analysis.
Figure 4.6(a) shows a high annular angular dark field (HAADF) image measured by TEM
by scanning an focused electron beam across a cross sectional lamella of the sample and
detecting the transmitted electrons that are scattered at high angles.3 The electron beam
is oriented along the STO[010]-direction. A HAADF-image is characterized by its atomic
number or Z contrast, i.e. heavy elements with more protons appear brighter than light
elements. Thus, while the oxygen anions are not resolved at all in the measurement, the
two heavy cations of the BBO film are well visible. The intensity of Ba is slightly lower
than that of Bi, due to its lower Z. Analogously, for STO, only the two cation are visible,
with the atomic columns of Sr appearing brighter than those of Ti.
At the bottom of Fig. 4.6(a) the perovskite structure of the Nb:STO substrate is resolved,
while in the upper part of the image, the well-ordered lattice of the BBO film with the
same crystallographic orientation is visible. In contrast to these two areas, at the interface,
a more darkish layer of 1–2 nm thickness with a less clear structure is observed.
Figure 4.6(b) shows a zoom-in into the interfacial lattice inside the orange rectangle in
image (a). The HAADF Z contrast allows the denoted determination of the atomic species
in the well-ordered lattice regions. In agreement with the RHEED pattern of section 4.2.2,
the first one or two film layers are well aligned with the atomic columns of the substrate.
Above these layers the lattice is reordered with the reduced intensity pointing towards an
increased number of defects or structural disorder. Note, that substantial electron beam
damage during the measurement is observed in this interfacial region, which may intensi-
fy the structural deviations. This beam damage also prevents a spectroscopic analysis of
the elemental composition by means of electron energy loss spectroscopy (EELS) in this
region.

3The TEM measurements were done by Lei Jin (Ernst-Ruska-Centre for Microscopy and Spectrosco-
py with Electrons, Research Centre Jülich) and Martin Kamp (Physikalisches Institut and Röntgen
Center for Complex Material Systems, Universität Würzburg)
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Fig. 4.6.: (a) HAADF-TEM image of the interface of BBO and Nb:STO evidencing the
occurrence of a distinct interfacial layer. The yellow lines indicate atomic columns of the
BBO lattice that are in registry with the corresponding substrate columns showing the
epitaxial matching of lattice domains. (b) Zoom-in into the interfacial lattice of the orange-
rectangle in (a). The first one to two atomic layers of the film are aligned with the substrate
lattice. Beyond that the lattice seems rather disordered for a few atomic layers until a
well-ordered BBO lattice becomes manifest. (c) Uniaxial lattice deformation in horizontal
direction εxx and vertical direction εzz of the lattice inside the green rectangle in (a). The
in-plane strain is continuously relieved in the interfacial layer. The horizontal deformation is
modulated across 1.7 nm indicating the thickness of the interfacial layer. (d) Line profiles
along the red and blue arrows in (a) demonstrating a lattice shift of half a unit cell in
vertical direction between lattice regions A and C. The figure is adapted from Ref. [200].

Still, a residual crystalline lattice order is visible in the interfacial region, which apparent-
ly compensates the large lattice misfit with the substrate and allows the development of
epitaxial order in the above lying BBO lattice. The way this is accomplished, is visualized
in Fig. 4.6(c), showing the local deformation of the lattice inside the green rectangle in
Fig. 4.6(a). To evaluate the deformation, the individual positions of the atomic columns in
the HAADF-image are determined by means of a peak finding algorithm based on fitting
2D Gaussians to the intensity maxima. These relative positions of the atomic colums are
used to calculate the local unit cell deformation εxx and εzz, in horizontal and vertical
direction, respectively, in reference to undistorted BBO unit cells far away from the in-
terface [203].
The lower part of Fig. 4.6(c) shows a constantly negative deformation, since the unit cell
of STO is smaller than the one of undistorted BBO. εxx evidences that the in-plane strain
of the first film layers is gradually relieved across the interfacial layer. At the same time,
in the right panel of Fig. 4.6(c), εzz is strongly modulated from the first film layer up to
a distance of 1.7 nm from the interface, corroborating the disorder present in this region.
Beyond the distance of 1.7 nm, both εxx and εzz fall below the detection limit and the
lattice resembles the one of unstrained BBO.
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Fig. 4.7.: TEM dark field images of a 17 nm thick BBO film on Nb:STO. The images are
generated by selecting the encircled areas A and B of the diffraction pattern on the right
hand side. The BBO films exhibit a large-scale grain structure. The figure is adapted from
Ref. [200].

As highlighted by the yellow lines in Figure 4.6(a), the resulting BBO lattice is orde-
red in registry with the substrate through lattice domains, where 8 to 9 BBO unit cells
match with 9 to 10 unit cells of STO, respectively. The yellow lines each mark the lattice
columns where substrate and film unit cells are aligned vertically. The variation of the
lattice domain size fits well to the average value of

apc
BBO

apc
BBO − aSTO

≈ 9.3 (4.1)

STO lattice constants, expected for fully compensating the 12 % lattice mismatch. Thus
it is confirmed that the BBO lattice above the interfacial layer is effectively strain free.
A closer look into the structure of the relaxed film in Fig. 4.6(a) reveals that the atomic
contrast of the two cation sites in the lattice is actually reversing in horizontal direction.
This reversal is schematically sketched in the top part of the figure and is further illustrated
in subfigure (d), showing the line profiles of two adjacent atomic rows along the red and
blue arrows in Fig. 4.6(a). The depicted reversal of contrast matches with a shift of the
lattice stacking by half a unit cell in vertical direction and thus constitutes an anti-phase-
like grain boundary. In between the two grains A and C is a region B were the contrast of
both cation sites appears equal. This is explained by the orientation of the grain boundary,
which is not parallel to the direction of the electron beam. Hence in the overlapp region
B both domains are probed at the same time and add up to an averaged intensity.
The observation of such a grain boundary suggests to have a look at the large scale
structure of the BBO film lattice beyond the atomic scale. The right hand side of Fig. 4.7
displays a diffraction pattern of the above sample measured with a collimated electron
beam that is also oriented along the [010]-direction of STO. By selecting certain regions
of this diffraction pattern it is possible to generate a so-called dark-field image, where
only those parts of the image appear bright that constructively contribute to the intensity
of the designated section of the diffraction pattern. This technique is usually used to
investigate defect structures in samples, but also provides information on the microscopic
structure of a specimen.
The dark field images A and B in Fig. 4.7 are generated by selecting in each case the
intensity in the encircled areas of the diffraction pattern for the image acquisition. Certain
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Fig. 4.8.: (a) AFM image of a 5 nm thick BBO film. (b) LEED picture of a BBO film
with R45◦(3

√
2×
√

2) surface reconstruction and a two-fold rotational symmetric domain
structure. (c) Valence band of the sample of Figs. 4.5 and 4.6. To account for a charging
shift during photoemission (cf. section 4.4.2), the spectrum of the thin film and the scraped
crystal is shifted manually in binding energy to align the onsets of the main VB feature at
around 2 eV. *data from Nagoshi et al. [190]. (a) and (b) are adapted from Ref. [200].

parts of the film appear bright in one or the other image, indicating that the film is
indeed made up of grains, that have an estimated lateral size of 10 to 40 nm. However, in
some regions of the dark field images the contrast is less clear. Sporadically, some grain
boundaries also seem to run not only in vertical but also in horizontal direction. Several
possible circumstances may be named to explain the observed contrast between the grains.
These include inter alia differences in the local stoichiometry, lattice distortions, and a
misorientation of the grain’s lattice with respect to the electron beam, i.e. mosaicity.
The lateral grain size may be compared to X-ray diffraction. From the width of the
(103)-Bragg peak in qx-direction in Fig. 4.5(d) it is possible to calculate an estimate for
the average crystallite size in the sample. By applying the Scherrer equation, one obtains
lateral crystallite dimensions of about 13 nm in in-plane direction. This size coincides with
the range estimated from the TEM dark-field images, but is in its lower limit. A deviation
in the result for the crystallite size between TEM and XRD is very common. The Scherrer
equation in XRD gives an average size, but the actual size distribution and the specific
geometrical shape of the crystallites are not taken into account. Further, dislocations or
residual strain can break the coherence inside larger grains, but may not be visible in
TEM dark-field [204]. For clarity reasons the term grain is used for the structure, whose
dimensions are determined by TEM, while crystallite is used for a fully coherent lattice
region, with the size obtained from XRD. The results suggest that the largest grains in
Fig. 4.7 are in fact aggregates of several smaller crystallites.

4.2.4. Surface Properties of BaBiO3/SrTiO3

The large scale structure of the BBO films is also reflected in their surface morphology.
Figure 4.8(a) shows an exemplary atomic force microscope (AFM) image of a 5 nm thick
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BBO sample. The films have a granular surface structure, as evidenced also by the height
profile in the lower panel. The calculated root-mean-square surface roughness of the shown
sample is 0.3 nm. The steps of the substrate surface, running in vertical direction, are still
observed. The visible islands in the AFM image with a lateral size of several ten nano-
meters presumably coincide with the large grains visible in dark-field TEM. However, the
structures are smoothed out due to the limited lateral resolution of about 10–20 nm.
Complementarily, LEED allows an investigation of the periodicity of the surface struc-
ture on the atomic scale. As visualized by the clear diffraction pattern in Fig. 4.8(b),
the surface of the films is well-ordered. The BBO films exhibit an R45◦(3

√
2 ×
√

2) re-
construction with respect to the pseudocubic surface unit cell. The reconstruction has a
two-fold rotational symmetry, such that it is possible to discriminate two surface domains
that are rotated by 90◦ with respect to each other, indicated by the red and blue marks
in 4.8(b). The LEED coherence length is about 5–10 nm [205], which is smaller than the
average crystallite size. Thus, from the LEED pattern, it cannot be concluded wether each
crystallite hosts only one distinct surface domain or if the surface domains are occuring
independent of the crystallite structure.
As the initially alluded theoretical predictions for BBO concern possible surface states
[193], the surface structure of the samples is of special significance. Very little is publis-
hed in literature on the surface of BBO and particularly no study has been found that
reports on possible surface reconstructions. In order to investigate the real space nature
of the R45◦(3

√
2 ×
√

2) reconstruction on the atomic scale, a series of DFT calculations
has been conducted. However, a simple relaxation of the atomic sites of the BBO unit
cell for the various temperature-dependent phases, when the translational symmetry is
broken at the surface, did not lead to an adequate agreement.4 Hence, it is suggested that
the reconstruction is actually based on a complicated atomic rearrangement, possibly in-
cluding adatoms or a local modification of the stoichiometry from BaBiO3 at the surface
of the films. To reveal the origin of the reconstruction, further studies are necessary with
techniques that are able to resolve the local atomic structure, for example with scanning
tunneling microscopy.
A further tool that can be utilized to evaluate a sample’s near-surface quality is, due to its
limited information depth, photoemission. Figure 4.8(c) depicts the valence band of the
sample analyzed in section 4.2.3, measured in situ with Al Kα radiation in comparison to
two spectra of bulk BBO crystals. These two reference spectra are taken from a study of
Nagoshi et al., which compares the valence band of BBO single crystal surfaces, prepared
either by sputtering (not shown here), scraping or fracturing [190]. Both, sputtering and
scraping, are suggested to lead to structural and stoichiometric modifications extending
several nanometers below the surface. The regarding alteration of the electronic struc-
ture is well visible in the valence band as a broadening of the spectral onset at binding
energies smaller than 2 eV (cf. brown dotted line, data of scraped BBO in Fig. 4.8(c)).
In contrast, a step-like feature, with occupied states almost touching the Fermi-energy, is
found for well-ordered, stoichiometric BBO (cf. black dotted line, data of fractured BBO
in Fig. 4.8(c)).

4The calculations were conducted by Gang Li (Institut für Theoretische Physik und Astrophysik, Univer-
sität Würzburg, Germany; now: School of Physical Science and Technology, ShanghaiTech University,
China) for the different temperature dependent BBO phases.
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The spectral shape of the measured valence band of the 17 nm sample in Fig. 4.8(c) widely
resembles the two reference spectra. The valence band onset, however, is rather smeared
out as for the scraped crystal, which points to a defective film surface structure. This
suggests, that although a basic adjustment of the growth parameters was done initially
and XRD evidenced a phase pure film, there is space for further improvement in the BBO
thin film preparation with PLD — which is the topic of the following section 4.3.

4.2.5. Discussion

It is shown that BBO thin films with an epitaxially well-ordered crystal structure are
successfully prepared on the (001)-face of STO, despite the lattice mismatch of 12 %.
The BBO lattice is ordered in registry with the substrate by so-called domain matching,
where lateral domains of the size of 8 to 9 BBO unit cells are aligned with 9 to 10 STO
unit cells. This principle for epitaxial order has been observed in other large mismatch
systems before, e.g. on TiN/Si(100) or ZnO/α-Al2O3, and is assumed to be prevalent for
lattice mismatches beyond 7 % [13, 14]. However, usually domain matching growth mani-
fests itself in the introduction of periodic misfit dislocations in the film lattice directly at
the heterointerface, resulting in a strain relieve within the first unit cell. The remaining
film lattice virtually grows dislocation free. Here, we observe a special case of domain
matching epitaxy, where a structurally distinct interfacial layer decouples the film from
the substrate and effectively accommodates the large misfit strain. Each lattice matching
domain compensates an absolute lateral lattice misfit of one STO lattice constant. Thus
within one of the domains, the interfacial layer takes the role of one misfit dislocation in
the conventional domain matching growth of other large mismatch heterostructures. The
growth mode identified here may be prototypical for other large mismatch systems, in
particular for the growth of thin films and multilayers of related bismuthate compounds
like Ba1−xKxBiO3, BaPbO3 or KBiO3 on perovskite substrates.
With the strain being released within the first 1.7 nm of the film, as observed already
during deposition by RHEED, the remaining BBO lattice grows virtually dislocation free.
However, TEM and XRD as well as measurements of the surface morphology show that
the BBO film has a microcrystalline structure. We can ascribe this to some extent to
an inhomogeneous nucleation at the beginning of deposition. Assuming the films indeed
have the monoclinic symmetry of bulk BBO, there are four nonequivalent rotational ori-
entations for crystal nuclei on the substrate surface. Furthermore, as evidenced by the
occurrence of the anti-phase boundaries in the lattice, the first atomic layer adjacent to
the interfacial layer is apparently not uniformly either BaO or BiO2. With the coalescence
of two of these disparate crystallites, grain or crystallite boundaries are formed that per-
sist also during ongoing film growth.
In summary, it is clarified how the overall epitaxial order in the BBO/STO heterostruc-
ture is actually maintained and the formation of structurally well-ordered BBO is enabled.
However, as evidenced by XPS, the electronic structure of the here analyzed sample is
not yet fully comparable to that of cleaved bulk crystals.

95



4. The BaBiO3/SrTiO3 Heterostructure - Deposition of a Perspective Topological Insulator

4.3. Influence of Pulsed Laser Deposition Conditions on
the Formation of BaBiO3

In order to improve the quality of the BBO films, we now turn to a study of the effects of
a variation of the PLD growth parameters—substrate temperature, oxygen background
pressure and laser fluency—on the structure and the stoichiometry of the deposited thin
films.
In this section, three series of thin film samples with thicknesses between 12 and 18 nm
are discussed. In each series one particular deposition parameter is tuned over a certain
range, while all other growth conditions are held constant. The range over which the pa-
rameters are varied approximately corresponds to the variety of different values published
throughout literature for the growth of stoichioimetric BBO and BKBO, i.e. TS = 480–
610◦C, pO2 = 10−2–10−1 mbar, and FL = 0.5–1.6 Jcm−2 [176, 179, 191, 199]. The laser
pulse frequency is set to 1 Hz for all fabricated samples.
It turns out, that in particular the determination of the cation stoichiometry with XPS
and the measurement of the rocking curve with XRD offer good benchmarks to assess the
impact of the growth parameters on the quality of the BBO thin films. The basic conclusi-
ons drawn in this section on the influence of the individual growth parameters are relying
on relative changes of the stoichiometry between different samples. However, for better
comprehensibility absolute numbers for the cation off-stoichiometry x in Ba1+xBi1−xO3

are calculated by calibrating the area ratio of Bi 4f and Ba 4d to the corresponding ratio
of the nominally stoichiometric target material with x = 0 (cf. section 4.2.1).
The cation and oxygen stoichiometry of the BBO samples is evaluated from the area of
the O 1s, Bi 4f and Ba 4d core levels in XPS measurements, as exemplary depicted in
Fig. 4.9(a). After correction for the inelastic background (see section 2.4.3), the red sha-
ded areas of the spectra are integrated and set into relation with each other. A relative
error of 3 % is assumed for the determination of the core level area, specifying the error
bars of the stoichiometry data in the following sections 4.3.1–4.3.3.
In contrast to the core levels of the cations, the area of the O 1s core level of the target is
strongly affected by surface contamination and is hence not a good reference. Therefore,
the O 1s : Bi 4f area is calibrated to the ratio deduced for the structurally best in situ
sample of this study (growth parameters at the end of this section in Tab. 4.1), which is
assumed to have an ideal ratio of the number of atoms of NO/NBi = 3, supposing that
the sample has no oxygen vacancies.
The rocking curve of a film’s Bragg peak can be utilized as a clear-cut measure for the
structural quality of a thin film. The line width of the rocking curve, a measure for the
misorientations of the analyzed Bragg plane in the crystal, is determined by crystal imper-
fections such as mosaicity, strain and defects. Figure 4.9(b) shows exemplarily the rocking
curve of the BBO(002) peak of the 17 nm thick film of the TEM and XRD evaluation of
section 4.2.3 and a fit of two superimposed Gaussian peaks G1 and G2. Apparently, part
of the crystallites (G1) in the film are well oriented along the z-direction (full width at half
maximum of G1, FWHM(G1) = 0.03 ◦), while there is a second part (G2) with a broad
distribution of misorientations of several tenths of a degree (FWHM(G2) = 0.76 ◦). This
result reflects again the distinct grain-like structure of the films observed in the TEM dark
field images in Fig. 4.7. The areal ratio of G2 and G1 in Fig. 4.9(b) is 6.5. To improve the

96



4.3. Influence of Pulsed Laser Deposition Conditions on the Formation of BaBiO3

in
te

ns
ity

 (
ar

b.
 u

ni
ts

)

532 530 528 526
binding energy* (eV)

94 92 90 88 86164 160 156

x 3

XPS Al K�

Bi 4f Ba 4dO 1s

x 1.8

core level area
inelastic background

(a) (b)

Fig. 4.9.: (a) Exemplary O 1s, Bi 4f and Ba 4d core level spectra to evaluate the area
(red shaded) of the spectral lines after background correction. *The binding energy is
corrected for charging as described in section 4.4.2. (b) Rocking curve of the 17.5 nm
sample of section 4.2.3. Two fractions of BBO crystallites with Gaussian-like distributed
tilting angles are observed: G1 with only minor misorientations well below 0.1◦ and G2
with broadly distributed misorientations below 1.0◦.

structural quality of the lattice it is desirable to minimize this value and thus decrease the
fraction of the strongly misaligned crystallites. The error of the determined areal ratio of
G2 and G1 is estimated to 10%.
Note that the width of the rocking curve of the STO substrates, which determines a lower
limit and the scattering range for the width G1, is typically varying between 0.015–0.030◦

for different substrates. From this the error for the determination of the width of G1 is
estimated to ±0.075◦. Although the FWHM of G1 is indicated as well for the sake of
completeness, in the following we concentrate on the areal ratio of G2 and G1.

4.3.1. Substrate Temperature

The first parameter to look at is the substrate temperature TS during growth, which is
varied over a range of 500 to 620◦C. All samples of this series are deposited at an oxygen
background pressure of pO2 = 5 ·10−2 mbar and a laser fluency of FL = 1.3 Jcm−2. The re-
sults of the characterization of the samples with XRD and XPS are gathered in Fig. 4.10.
Looking at the ω-2θ-scan in Fig. 4.10(a) it becomes immediately clear that the film ma-
terial is not ordering well at substrate temperatures beyond TS ≈ 600◦C. At TS = 620◦C
barely any coherent intensity of the BBO(002) reflex is detected. Already at TS = 590◦C,
as deducible from Fig. 4.10(c), the lattice constant increases, pointing towards more defects
in the film compared to a growth at lower substrate temperatures. This result coincides
with the analysis of the rocking scans in Fig. 4.10(b) and (d), which evidences a growing
amount of strongly misoriented crystallites for TS = 590◦C compared to TS = 560◦C.
On the opposite site, at a temperature of TS = 500◦C, also a small increase of the number
of misaligned crystallites is observed. This could be an indication towards the thermal
energy of the deposited material on the substrate surface being slightly too low, redu-
cing the overall order of the crystallites in the formed BBO lattice. The lowest ratio of
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Fig. 4.10.: XRD- and XPS-results for varying the substrate temperature TS for the depo-
sition of BBO on Nb:STO at pO2 = 5·10−2 mbar oxygen background pressure and a laser
fluency of FL = 1.3 Jcm−2. (a) ω-2θ-scans of the BBO(002) Bragg peak and (c) the thereof
evaluated z-lattice constants. (b) Rocking curve of the BBO(002) Bragg peak in depen-
dence of the growth temperature and (d) the corresponding derived area ratio of G2 and G1
(left axis) and the width of G1 (right axis). (e) and (f) display the cation off-stoichiometry
x and the ratio of the amount of O and Bi NO/NBi, respectively.

the areas of G2 to G1 of about 2 is achieved in the intermediate temperature range of
TS = 530–560◦C.
The cation stoichiometry in Fig. 4.10(e) evidences a slight decrease of the Bi concentra-
tion with increasing growth temperature. This is likely related to the high volatility of
Bi-species and the relatively high vapor pressure in comparison to Ba [206]. Consequently,
the re-evaporation of Bi from the substrate surface can be presumed to show a stronger
temperature dependence than the one of Ba leading to a relative decrease of the Bi content
at high TS. Thus, instead of being incorporated in the film lattice, Bi has a tendency to
re-evaporate from the substrate at high TS, setting an upper limit for the growth tempera-
ture. Beyond TS = 560◦C, with further increasing TS, also NO/NBi, plotted in Fig. 4.10(f),
is slightly decreasing, possibly due to the segregation of Bi2O3-like defect phases or an
increasing number of oxygen vacancies in the sample. The determined absolute stoichio-
metries of the sample in this series deviate from the aspired x = 0, NO/NBi = 3 values,
showing that the other two deposition parameters pO2 and FL need to be adjusted as well.
Conclusively, the best substrate temperature for the formation of the BBO lattice ap-
parently lies in the range between 530 < TS < 560◦C.
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Fig. 4.11.: XRD- and XPS-results for varying the oxygen pressure pO2 for the deposition
of BBO on Nb:STO at a substrate temperature of TS = 560 ◦C and a laser fluency of
FL = 1.3 Jcm−2. (a) ω-2θ-scans of the BBO(002) Bragg peak and (c) the thereof evaluated
z-lattice constants. (b) Rocking curve of the BBO(002) Bragg peak in dependence of the
oxygen pressure and (d) the corresponding derived area ratio of G2 and G1 (left axis) and
the width of G1 (right axis). (e) and (f) display the cation off-stoichiometry x and the ratio
of the amount of O and Bi NO/NBi, respectively.

4.3.2. Oxygen Background Pressure

Next we take a look at the influence of the oxygen background pressure on the growth.
Figure 4.11 depicts the results of the XRD and XPS characterization of a series of BBO
films deposited in oxygen pressures of 2 · 10−2 < pO2 < 2 · 10−1 mbar. Based on the re-
sults of the previous section, the substrate temperature for this sample series is fixed at
TS = 560◦ and again a laser fluency of FL = 1.3 Jcm−2 is chosen.
The ω-2θ- and rocking-scans in Fig. 4.11(a) and (b) evidence a crucial influence of
the growth pressure on the BBO lattice formation. No thickness fringes are visible in
Fig. 4.11(a) for the sample deposited at pO2 = 2 · 10−2 mbar. At the same time, the c-
lattice constant is slightly enlarged (Fig. 4.11(b)) to 4.35 Å and the rocking curve in (c) is
strongly broadened, reflected by a maximum value of both quantities, the area ratio of G2
to G1 and the width of G1 in Fig. 4.11(d). Thus, it can be concluded that too low pressu-
res do not result in a proper coherent order of the film. The rocking curve sharpens with
increasing growth pressure with an optimum around pO2 = 8·10−2 mbar (see Fig. 4.11(d)).
Films deposited at intermediate pressures 4 · 10−2 < pO2 < 8 · 10−1 mbar exhibit c-lattice
constants of 4.32–4.33 Å resembling the value of bulk BBO. At the highest investigated
pressure, the lattice constant increases again, while the mosaic structure, probed by the
rocking scan, apparently is similar for all samples grown in pO2 ≥ 5 · 10−2 mbar.
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Photoemission (Fig. 4.11(e),(f)) reveals that the modifications of the lattice structure are
correlated with strong variation of the films’ stoichiometry. The overall cation stoichiome-
try in (e) turns from Ba-deficiency (x < 0) at the lower growth pressures to Bi-deficiency
(x > 0) at pressure ≥ 1 · 10−1 mbar.
Studies on off-stoichiometric crystals show that in the case of x < 0 some of the excess
Bismuth precipitates in a Bi2O3-rich phase that is prevalent beside a perovskite-like, pos-
sibly also Bi-enriched, phase [207, 208]. In accordance, the O : Bi ratio in Fig. 4.11(f)
decreases for the films grown at lower pressures and weak additional diffraction peaks ap-
pear in an overview ω-2θ-diffractogram, which may be ascribed to the polymorph phases
of Bi2O3. The occurrence of the additional second phase apparently concurs with the lack
of a proper long range order of the perovskite BBO lattice.
When the Bi : Ba ratio falls below unity, which is here the case for films grown at pressu-
res higher than 8 · 10−2 mbar, the just mentioned studies on off-stoichiometric BBO bulk
samples suggests that the excess Ba-atoms are substituting Bi on the octahedral coordi-
nated B-lattice sites [207, 208]. Furthermore, it is reported that the oxygen concentration
in the Ba1+xBi1−xOy lattice is virtually unchanged from y = 3 for x < 0.33 [207], which
explains that NO/NBi is increasing with x. Because the radius of Ba2+ in 6-fold coordina-
tion (1.35 Å) is larger than the one of the relevant bismuth cations Bi5+ (0.76 Å) and Bi3+

(1.03 Å) [86], the lattice constant increases as well in the case of the significant Ba-excess
at 2 · 10−1 mbar growth pressure [209].
The data shown evidences that growth of well-ordered epitaxial BBO takes place in a
pressure regime, where the interaction of the background gas with the particles of the
plasma plume is significant. The results may be interpreted as follows: At low oxygen
pressures, the evaporated particles’ motion is mainly affected by interactions within the
high density plasma plume itself. Barium with its larger atomic radius has a larger scatte-
ring cross section and a lower atomic mass than Bi. Bismuth widely conserves its direction
of motion along the surface normal of the target, while Ba is preferably scattered out of
the plasma plume by collision with other plume particles. Bismuth thus has a higher pro-
bability to reach the substrate on a direct trajectory. The samples grown in this pressure
regime hence become Ba-deficient.
At high pressures, however, the probability increases for all plume particles to collide with
the background gas and at some point the entire plasma plume is effectively thermalized.
The evaporated particles now reach the substrate only via diffusive motion. Together with
the tendency of Bi to reevaporate from the substrate, the films become Bi-deficient.
The correct cation stoichiometry hence can only be achieved in an intermediate pressure
regime, demonstrating that the oxygen background pressure is the most sensitive para-
meter for the PLD growth of BBO. As shown above, the growth pressure window where
the BBO films are well-ordered and in particular close to stoichiometric lies between 0.06
and 0.1 mbar.

4.3.3. Laser Fluency

Figure 4.12 outlines the characteristics of the samples grown at different laser fluencies.
The sample series covers a fluency range of FL = 0.7–1.5 Jcm−2, while the other growth
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parameters are held at pO2 = 8 · 10−2 mbar oxygen background pressure, at TS = 560 ◦C
substrate temperature, and a laser repetition rate of 1 Hz. The only clear differences in
the ω-2θ-scans in Fig. 4.12(a) are changes in the width of the interference fringes, which
are due to the film thickness of the samples ranging from 12–17 nm. The lattice constant,
depicted in Fig. 4.12(c), is only slightly changing (on the scale of the measurement error)
between the samples deposited at FL = 0.7 and FL = 1.5 Jcm−2 by about 0.01 Å. The
rocking curves in Fig. 4.12(b) are nearly staying constant within the experimental reso-
lution throughout the whole sample series, with a weakly pronounced minimum of both
analyzed quantities at FL = 1.1 Jcm−2 in Fig. 4.12(d).
The modulus of the cation off-stoichiometry x, plotted in Fig. 4.12(e) is slightly decrea-
sing with laser fluency. A viable explanation for this finding is that the ablation process
from the target material is off-stoichiometric depending on the laser fluency. The ablation
process of PLD is based on the deposition of the energy of the laser pulse within the ab-
sorption length of the light in the target. Under optimum conditions the deposited energy
is sufficient to ablate several layers of the target material at once, thus widely maintaining
the stoichiometry of the target in the plasma [6]. However, if the energy fluency of the
laser is small, i.e. too low to dissociate several layers of material at once, evaporation due
to thermal heating of the target surface layer may dominate the material ejection [6, 210].
For a multicomponent target like BBO this means that the most volatile component, here
Bi, is evaporated preferentially, effectively altering the stoichiometry of the deposited film.
The observed change in the cation ratio basically resembles the gradual transition bet-
ween these two ablation regimes. The NO/NBi-ratio follows the trend of the cation ratio
in accordance to the observations made above in the analysis of the oxygen background
pressure dependence.
Within the experimental resolution of the XRD analysis, the laser fluency, at least in
the examined range, does not have much influence on the structural quality of the samp-
les. In consideration of the evaluated changes in stoichiometry, laser fluencies between
0.9 < FL < 1.5 Jcm−2 all appear to yield reasonable results.

4.3.4. Signatures of the Off-Stoichiometry in the Photoemission
Spectra

As briefly delineated in this section, signatures of a cation off-stoichiometry in the BBO
films can be observed directly in the photoemission spectra. Figure 4.13 shows three
exemplary core levels and the valence band of the off-stoichiometric samples of the oxygen
background pressure series, deposited at pO2 = 2·10−2 (x = −0.10) and pO2 = 2·10−1 mbar
(x = 0.16) in comparison to the BBO film with nearly ideal stoichiometry (x = 0.00) grown
at pO2 = 8 · 10−2 mbar. All spectra depicted in Fig. 4.13 are normalized to same integral
spectral weight.
The Bi 4f core level doublet in the stoichiometric case has the slight asymmetry to higher
binding energies that is typically observed in the CO phase of BBO (cf. Fig. 4.2) [189,
190]. The same asymmetry is also present in the case of Ba-excess pointing towards a
persistence of the charge-ordered state on the Bi-O sublattice in this sample. In contrast,
for x = −0.10, the two core level lines are almost symmetric, despite the relatively low
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Fig. 4.12.: XRD- and XPS-results for varying the laser fluency FL for the deposition of
BBO on Nb:STO at a substrate temperature of TS = 560 ◦C and an oxygen background
pressure of pO2 = 8·10−2 mbar. (a) ω-2θ-scans of the BBO(002) Bragg peak and (c) the
thereof evaluated z-lattice constants. (b) Rocking curve of the BBO(002) Bragg peak in
dependence of the laser fluency and (d) the corresponding derived area ratio of G2 and G1
(left axis) and the width of G1 (right axis). (e) and (f) display the cation off-stoichiometry
x and the ratio of the amount of O and Bi NO/NBi, respectively.

proportion of excess Bi. This shows that the poor long-range lattice order of this sample
is impairing its electronic structure. The Bi 4f core level spectrum rather resembles the
shape expected for a simple Bi3+-compound like Bi2O3.
The Ba 4d core level, conversely, has a line shape that deviates significantly from the
stoichiometric sample only in the film with surplus Ba. An additional spectral doublet
shifted to lower binding energies in the spectrum of the film with x = 0.15 signals the
occurrence of Ba in a differing chemical environment. An evaluation of the spectral weight
of the low binding energy component reveals that it accounts for about 5 ± 1% of the
total intensity of the Ba 4d core level spectrum. Associated with this spectral feature are
possibly Ba atoms that occupy octahedrally coordinated Bi sites in the off-stoichiometric
film, as has been discussed above in section 4.3.2.
However, as the cation off-stoichiometry of the sample is actually x = 0.15 and the low
binding energy component represent only 5 ± 1% of the Ba 4d weight, further excess Ba
atoms have to be present in other chemical states. It is suggested that a fraction of Ba-
cations possibly resides also in a disordered BaO-like defect phase. The Ba 4d5/2 line of
BaO has been reported to occur at binding energies around 89.5–89.8 eV [211, 212]. Thus
such BaO-like species in the films are not expected to contribute electrons to the low
binding energy shoulder of the core level spectrum, but rather exhibit a Ba 4d doublet
that is superimposed with the one of (stoichiometric) BBO (Ba on the A sites of the
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Fig. 4.13.: XPS measurements with Al Kα radiation of the O 1s, Bi 4f, Ba 4d core levels and
the valence band of three BBO films. The samples were deposited at pO2 = 2 · 10−2 mbar
(x = −0.10), pO2 = 8 · 10−2 mbar (x = 0.00) and pO2 = 2 · 10−1 mbar (x = 0.16) and
coincide with the corresponding samples characterized in Fig. 4.11. All depicted spectra are
normalized to same integral spectral weight. *The binding energy is corrected for charging
as described in section 4.4.2.

perovskite-like BBO lattice) and thus can not be easily discerned in the Ba 4d spectrum
of the film with x = 0.15.
Similar to the multiple spectral Ba 4d feature, a distinct additional spectral component
is observed in the O 1s core level of the x = 0.15 sample, which is chemically shifted
to higher binding energies around 531 eV. The spectral weight of this species is about
12 ± 3% of the total O 1s weight. For the oxygen atoms in BBO, if the central atom of
the octahedra, Bi, is substituted by Ba, one would rather expect a decrease of the O 1s
binding energy. Also, with binding energies between 527.9 eV to 530.0 eV [211–213] the
O 1s line of BaO is expected to lie closer to the observed main O 1s line. Furthermore, it
can not be excluded that the films grown in high oxygen pressures exhibit an increased
tendency for adsorbing other oxygen-based contamination that contribute at high binding
energies to the O 1s spectrum. It is thus difficult to persistently specify the microscopic
origin of the additional components of the O 1s core level spectrum.
In the valence band, the excess of Bi and the poor long range lattice order of the sample
with x = −0.10 is reflected by a gradual increase of the intensity at the valence band
maximum, similarly to the thin film spectrum in Fig. 4.8(c). On the other hand, in the
case of surplus Ba (x = 0.15) the spectral shape largely coincides with the one of ideal
cation stoichiometry, with the step-like valence band onset below 2 eV binding energy,
typical for pristine BBO (cf. Fig. 4.8(c)). However, the intensity of the step feature is
slightly suppressed for x = 0.15. The step feature in BBO is derived from Bi 6s-O 2p-
hybridized states, which are fewer, in relative terms, compared to the total valence band
weight, when the Ba- is outweighing the Bi-content.

4.3.5. Discussion

By variation of the growth parameters an effective suppression of the fraction of the stron-
gly misaligned grains, associated with G2 in the rocking scans, to values as low as 27%
of the total rocking curve area is achieved. The overall improvement of the film structure
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is also deducible in the reciprocal space map in Fig. 4.14 of a film deposited under the
optimized conditions denoted in the third column of Tab. 4.1. The lattice constants are
calculated to a = b = 4.363 Å and c = 4.325 Å, again confirming a compression of the unit
cell in c-direction as expected for the monoclinic BBO. The comparison of the intensity
profiles of the Bragg peak along the in-plane direction (red) with the one discussed in sec-
tion 4.2.3 (blue) signifies a considerable increase of the lateral dimension of the coherently
ordered lattice segments. From the reduced width of the distribution an average crystallite
size of 38 nm is calculated, three times larger than the 13 nm determined previously for
the sample of section 4.2.3.5

In the line profile along the out-of-plane direction in Fig. 4.14(c) Laue oscillations are well
visible as can already be expected from their occurrence in the ω-2θ scan in Fig. 4.12(a).
The fit of these oscillations shown here yields a thickness of 14.7 nm of the coherent-
ly scattering lattice. An equivalent analysis of the oscillations of the BBO(002) peak
(Fig. 4.12(a)) results in an average crystallite thickness of 16.8 nm. This value is very
close to the total film thickness of 17.5 nm, determined by XRR. The ω-2θ-scan has been
measured within two weeks after growth, while the RSM has been recorded subsequent
to further sample characterization several month later. The difference between the two
results for the thickness of the coherently ordered lattice therefore is ascribed to a slow
degradation of the BBO sample surface happening under ambient conditions on the time
scale of months.
In summary, BBO films with a significantly improved crystalline order and stoichiometry

are obtained. In the course of the optimization of the growth parameters, it is found that
for PLD of BBO the material transfer from target to substrate has a strong tendency
to result in off-stoichiometries in the deposited film. Furthermore, it is expected that the
growth parameters can not be assumed as fully independent from each other. In particular,
the process of plume thermalization, determining the cation stoichiometry of the arriving
particles on the substrate, depends on both, the initial energy and density of the plume,
as well as on the background gas density. The substrate temperature determines not only
the crystallization of the deposited film material on the substrate, but also affects the
rate of re-evaporation of volatile Bi from the surface, again changing the stoichiometry.
A stoichiometric deposition is only achieved by balancing out all these effects as shown
by the successive adjustment of the different growth parameters. The determined ranges
for the substrate temperature, the oxygen growth pressure and the laser fluency, that
facilitate the successful growth of high quality BBO are summarized in Tab. 4.1. Note,
that these optimum conditions cannot be generalized for other PLD setups, as they typi-
cally depend on the specific growth geometry, the pressure and temperature gauges and,
in particular, on the specifically employed target material. Nevertheless, the method for
growth optimization of films presented here, relying on the combined analysis of the sam-
ple stoichiometry and the structural properties, is adaptable to adjust the parameters to
other growth setups.

5Note, the samples of the present section are prepared after an upgrade of the PLD sample manipulator
geometry, which implied a change of the target-substrate distance from approximately 50 mm to 54 mm
in comparison to the growth of the films in section 4.2. This slightly alters the effect of pO2

and FL

on the growth and prevents a direct one to one placement of the growth conditions of section 4.2 into
the here analyzed parameter space.

104



4.4. Electronic Structure of BaBiO3/Nb:SrTiO3

Fig. 4.14.: (a) Reciprocal space map of the BBO(103) Bragg peak of a BBO film deposited
under the conditions denoted in the third column of Tab. 4.1. The intensity color scale is
cut at 300 cts s−1. The black dashed line indicates cubic unit cells with equal in- and out-of-
plane lattice constants. (b) The intensity profile (red) along the red dashed line in (a) used
to evaluate the in-plane Bragg peak broadening in comparison to the respective profile of
Fig. 4.5(d) of a film grown before the comprehensive optimization of the growth parameters.
(c) Intensity profile in out-of-plane direction along the green dashed line in (a), fitted with
a Laue pattern (black dashed line).

parameter acceptable range employed values
substrate temperature TS 530–560 ◦C 560◦C

oxygen pressure pO2 0.06–0.1 mbar 0.08 mbar
laser fluency FL 1.1–1.5 Jcm−2 1.1 Jcm−2

Tab. 4.1.: Growth parameters of stoichoimetric, well-ordered BBO films. The employed
values denote the parameters used for the samples of section 4.5.

As a consequence of the major overall structural improvements of the films achieved in
this section, the valence band spectrum, shown in Fig. 4.13, now also resembles the one of
cleaved bulk BBO (cf. Fig. 4.8(c)), indicating that the electronic structure of the samples
is comparable to single crystalline BBO. A closer examination of the electronic structure
of the BBO films is the subject of the following sections.

4.4. Electronic Structure of BaBiO3/Nb:SrTiO3

With the film’s growth being sufficiently optimized, we employ PES for a more detailed
evaluation of the electronic properties of the BBO/Nb:STO heterostructure and the BBO
thin film itself.
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Fig. 4.15.: O 1s core level spectra of an about 5 nm thick BBO film on Nb:STO and position
of the peak maximum (inset) in dependence of the emission current of the Al Kα X-ray tube,
evidencing an irradiation intensity-dependent retardation of the photoelectrons. Grey filled
are further reference spectra, indicating the position of the O 1s lines of a bare Nb:STO
substrate and a BBO/SrRuO3/Nb:STO heterostructure with an about 8 nm thick BBO
film measured at 20 mA emission current.

4.4.1. Band Alignment in BaBiO3/Nb:SrTiO3

This section deals with the electronic band alignment at the heterointerface of BBO and
Nb:STO as well as its important consequences for photoemission experiments on the he-
terostructure. Figure 4.15 compares, illustrated by red and blue lines, the O 1s core level
spectra of a BBO film grown on Nb:STO, measured with an Al Kα X-ray tube at four
different emission currents. Note, for a fixed X-ray intensity the kinetic energy position of
the core level is stable during irradiation. The inset shows the fitted kinetic energy positi-
on of the core level in dependence of the emission current. The light and dark gray spectra
in Fig. 4.15 present the O 1s lines of a bare Nb:STO substrate and a 8 nm thick BBO film
deposited on a SrRuO3 film on top of a Nb:STO substrate, which become relevant further
below.
Apparently, the O 1s core level of the BBO film shifts with increasing X-ray intensity to
lower kinetic energies, which points towards an irradiation-dependent retardation of the
photoelectrons due to a build-up of a positive potential in the sample. Such a situation
is characteristic for a poor galvanic contact of the sample surface with the analyzer. As
a consequence the charge being emitted through the photoemission process is not fully
replenished through the grounding of the Nb:STO substrate.
One can expect that Nb:STO itself, as an n-doped crystal that exhibits a distinct metallic
conduction, provides a good electrical contact to the grounded sample holder. BBO on
the other hand is an insulator. However, the kinetic energies of the core level lines exhibit
only minor variations between BBO/Nb:STO samples with different film thickness (not
shown). This points on one hand towards some residual conductivity in the BBO films,
possibly related to defect states, and also rules out the film itself being decisive for the
charging. As a consequence, it is inferred that actually the transfer of electrons between
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Fig. 4.16.: The band alignment of the BaBiO3/SrTiO3 heterostructure. (a) Decomposition
of the valence band of a 4 nm thick BBO film on Nb:STO measured by XPS in normal
emission geometry into the contributions from STO (inset) and a 10 nm thick BBO film. (b)
Resulting band scheme at the heterointerface deduced from the offset of the O 2p onsets
of the BBO and STO contributions to the valence band. The Fermi energy is located
somewhere inside the blue shaded energy range and unoccupied states are colored in green.
(c) Tentative large-scale band scheme of the heterostructure, including an upward band
bending with the formation of a potential barrier that restricts the electron transfer from
the substrate to the film.

the Nb:STO substrate and the BBO film is the bottleneck responsible for the charging.
The particular origin for this restriction of electron transport, as shown in the following,
is found in the particular arrangement of the electronic bands at the interface.
The band alignment at the heterointerface is determined based on valence band photo-
emission, as illustrated in Fig. 4.16(a). A BBO/Nb:STO sample with a 4 nm thick BBO
film is exemplarily analyzed. Note that Fig. 4.16(a) is plotted against the kinetic energy of
the photoelectrons, as the discussed charging of the sample does not permit to calculate
an absolute binding energy without further assumptions. To point out the position of the
chemical potential without charge accumulation, the Fermi edge of a well-contacted Au
reference sample is indicated in Fig. 4.16(a). The 4 nm thick film is thin enough that the
valence band spectrum of the heterostructure sample, probed with Al Kα radiation, is a
superposition of photoelectrons emitted from the substrate and those stemming from the
BBO overlayer.6

To separate the two contributions, the spectrum is fitted with the sum of two reference
spectra for the valence bands of BBO and Nb:STO. The latter is measured on a bare
Nb:STO substrate and is plotted in the inset of Fig. 4.16(a). In Nb:STO, the Nb-dopants
introduce thermally activated electrons into the lowest Ti 3d states of STO and pin the
chemical potential to the bottom of the conduction band. Hence, the binding energy of
the onset of the O 2p is directly associated with the size of the band gap of SrTiO3, ESTO

g .

6According to equation 2.20, the probing depth 3λe of the XPS measurement of the valence band for
STO and BBO is approximately 8 nm.
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The value of ESTO
g = 3.3 eV, indicated in the spectrum of the bare Nb:STO reference in

the inset of Fig. 4.16(a), matches well with reports in literature [90]. As a reference for
the valence band of BBO the XPS data of a 10 nm thick BBO film is used.
The fit of the valence band spectrum of the heterostructure in Fig. 4.16(a) allows for
both a scaling in intensity and a shift in kinetic energy of the two reference spectra. The
deconvolution of the spectrum yields a relative band offset of the main feature of the
BBO and Nb:STO valence bands, which has predominant O 2p character, of 0.24 eV (grey
lines). With this result, taking into account a band gap of BBO of EBBO

g = 0.5 eV [214],
the band picture of the heterointerface in Fig. 4.16(b) can be draw. The specific position
of the Fermi energy in the system cannot be determined directly, due to the unknown
size of the charging potential. However, in Fig. 4.16(a) no occupied states are visible in
the measurement above the characteristic step-like onset of the BBO valence band, which
constitutes the lower edge of the CO band gap of BBO (cf. section 4.4.3). Hence, it is
deduced that the chemical potential is located somewhere inside the blue shaded band
gap region of BBO in Fig. 4.16(b). The green colorized areas in Fig. 4.16(b) accordingly
mark the unoccupied states.
From the band scheme in Fig. 4.16(b) it is directly inferred that the chemical potential
of the probed Nb:STO layers close to the interface to BBO is actually residing deep in-
side the STO band gap. The conduction band as well as the Nb-impurity states are in
fact depopulated and a depletion layer is formed in the upmost substrate layers in the
heterostructure. Apparently, deduced from the size of the band gaps and the determined
band offset, the chemical potential in the interfacial substrate layers of the BBO/Nb:STO
heterostructure is located 1.4–1.9 eV below the conduction band in comparison to the
Nb:STO bulk. Thus, in vicinity of the interface the bands of Nb:STO are bent upwards,
as schematically shown in Fig. 4.16(c), forming a Schottky-like potential barrier in the
substrate. This barrier, with an energetic height of 1.4–1.9 eV, restricts a direct electron
transfer from the contacted back of the substrate to the probed sample surface and thus
provides a viable explanation for the previously discussed charging during PES measure-
ments.
Figure 4.17(a) compares the line shape of the O 1s core level of a bare Nb:STO substrate
and two BBO/Nb:STO heterostructures with 1 nm and 4 nm thick BBO films. The spectra
are normalized to the same area and plotted over binding energies relative to the peak ma-
ximum. Again, the measurements of the heterostructures are a superposition of spectral
contributions from the substrate and the film.7 Interestingly, due to the specific size of the
band bending, only one distinct O 1s line is observed in the spectra of the heterostructure.
The O 1s core level of the substrate coincidentally overlaps with the one of the film as
a consequence of the particular alignment of the bands in the heterostructure. With the
Fermi energy residing in the band gap of Nb:STO, at the interface all STO core levels are
effectively shifted to lower binding energies in comparison to the bare substrate (cf. the
O 1s line of bare Nb:STO in comparison to the one of the heterostructure in Fig. 4.15).
Additionally, a slight increase of the width of the O 1s core level is visible for the hete-
rostructure with the 1 nm thick BBO film, while the shape of the peak of the substrate
and the 4 nm BBO/Nb:STO sample are almost equal. It can be supposed that this incre-

7According to equation 2.20, the probing depth 3λe of the XPS measurement of the O 1s core level for
STO and BBO is approximately 5 nm.
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Fig. 4.17.: (a) Comparison of the O 1s core level spectra of BBO/Nb:STO heterostructures
and a bare Nb:STO substrate. Only one distinct O 1s line is observed for all samples.
(b) Ti 2p3/2 spectral shape of a bare Nb:STO substrate in comparison to the one of a
BBO/Nb:STO sample with a 1 nm thick film evidencing a slight broadening of the substrate
core level in the heterostructure. The inset shows the raw data illustrating the energetic
upward shift of the Ti 2p core level in the heterostructure. All depicted spectra are measured
by XPS in normal emission geometry.

ase of the line width is a footprint of the potential slope in the Nb:STO substrate at the
interface of Fig. 4.16(c). The band bending connected to the potential barrier manifests
in a corresponding decrease of the core level binding energies in the substrate towards the
interface. Consequently, since the photoemission experiment integrates over the spectral
contributions of all atoms within the probing depth, the band bending should result in a
broadening of all substrate core levels as visible for the sample with 1 nm BBO, similar to
the situation described in appendix A and chapter 3.6.2 for the Ta 4f core level of KTO.
In contrast, the intensity from the upmost substrate layers is strongly damped for the
4 nm sample and makes up only a minor contribution to the spectrum, consequently the
virtually unbroadened O 1s core level of the BBO film is visible.
Figure 4.17(b) depicts the Ti 2p3/2 line of a Nb:STO substrate and a BBO/Nb:STO sam-
ple with 1 nm film thickness plotted in the same manner as Fig. 4.17(a). Apparently, the
Ti 2p core level of the heterostructure is as well slightly broader than the corresponding
line of the bare substrate, substantiating the presumption that the peak broadening is
indeed related to a band bending in the substrate. However, the absolute size of the ob-
servable peak broadening appears to be quite weak, when compared to the deduced height
of the potential barrier of 1.4–1.9 eV. This could be a hint that the spatial extent of the
potential barrier is significantly larger than the probing depth of the XPS measurement.
Alternatively, the discussed equilibrium state with a positive potential in the film forming
under irradiation could result in a partial compensation of the potential offset between
the bulk and the upmost layers of the substrate. In this case, the band slope is flattened
out during the actual photoemission measurement and the size of the effectively observed
peak broadening of the substrate is accordingly reduced.
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The formation of the potential barrier is the consequence of an upward bending of the
bands of the Nb:STO substrate at the interface. Such a band situation is, however, not
unique to the BBO/Nb:STO heterostructure and similar interfacial potential barriers can
be found in various other oxide heterostructures [215–217]. The formation of a depletion
layer in the substrate is an experimental difficulty that is of particular relevance here for
the interpretation of the binding energy scale of PES measurements, but is also relevant
for prospective electronic transport experiments on related structures that involve conduc-
tion through the interface. A possibility to circumvent charging of the BBO films during
PES is the introduction of a metallic buffer layer into the heterostructure, as pointed up
in the next section.

4.4.2. Calibration of the Binding Energy Scale to a Common
Reference

Due to the relatively sharp line shape of the O 1s core level that is almost independent of
the film thickness, it is a good fixpoint for a calibration of a relative binding energy scale of
XPS measurements of different BBO/Nb:STO samples. Therefore, where explicitly noted
throughout this thesis, the binding energy scale of PES measurements on BBO/Nb:STO
samples is adjusted by aligning the respective O 1s lines to a common reference position.
This procedure allows to directly compare XPS spectra of the various BBO/Nb:STO
samples with each other on a common energy scale, independent of the irradiation induced
charging shifts.
The O 1s core level of a BBO film that is deposited on a Nb:STO(001) substrate, which
has previously been capped with an additional 8 unit cell thick metallic SrRuO3 (SRO)
buffer layer, is utilized here as a reference line. By the introduction of the extra SRO layer
into the heterostructure, a charging of the BBO films during irradiation can be readily
prevented as shown in Ref. [191], resulting in a well-defined chemical potential for the BBO
films during a PES measurement. As deducible from Fig. 4.15 the O 1s core level of the
BBO/SRO/Nb:STO heterostructure is shifted relative to the corresponding spectrum of
BBO/Nb:STO by about 1.2–1.6 eV to higher kinetic energies. The corresponding reference
binding energy for the O 1s core level, used for the calibration of the energy scale of
BBO/Nb:STO samples, is derived to 528.8 eV.

4.4.3. Valence Band of BaBiO3

The intriguing predictions stated initially as the motive for the preparation of BBO thin
films are the result of density functional theory (DFT) calculations [5, 175]. With the
optimized BBO thin films resembling adequately the lattice structure of bulk crystals,
we are now able to compare the valence band of the samples directly to the electronic
structure of pristine BBO predicted by DFT.8

The representative experimental data in Fig. 4.18 is measured by PES on a 10 nm thick
BBO film that is deposited on an 8 unit cell thick SrRuO3 (SRO) buffer layer on an

8 The DFT calculations are done by Gang Li (Institut für Theoretische Physik und Astrophysik, Univer-
sität Würzburg, Germany; now: School of Physical Science and Technology, ShanghaiTech University,
China).
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Fig. 4.18.: Valence band photoemission spectrum of BaBiO3 deposited on SrRuO3-capped
Nb:STO3 in comparison to DFT calculations. (a) top panel: angle integrated valence band
measured with XPS and UPS. middle panel: calculated total DOS of BBO. The dashed
line is the total DOS convoluted with a Gaussian of 400 meV width and multiplied by
the Fermi-Dirac distribution. bottom: calculated orbital- and lattice site-projected DOS.
Biext and Bicol denote states of Bi atoms in the center of the expanded and collapsed
oxygen octahedra, respectively. (b) Band structure of the monoclinic I2/m unit cell of
BBO. (c) Comparison of the theoretical calculation with the (negative) second derivative
in momentum direction of an angle-resolved photoemission measurement conducted at
hν = 150 eV close to the Γ-X-line of the Brillouin-zone (1 0 9).

Nb:STO(001) substrate. In the top panel of Fig. 4.18(a) the angle integrated valence band
recorded with He Iα (hν = 21.2 eV) and Al Kα (hν = 1486.6 eV) radiation is shown. As
deducible, the metallic SRO layer practically serves as a grounding electrode for the BBO
films and pins the chemical potential close to the valence band maximum.
The spectral shape of the two shown measurements is quite different. This is mainly ascri-
bed to the relative variation of the photoionization cross sections of the involved orbitals
with the photon energies. However, with the measurement with He Iα radiation being
very surface sensitive, the difference of the two spectra could also be partly due to a mo-
dification of the electronic structure at the surface of the films (e.g. related to the surface
reconstruction as observed in LEED in Fig. 4.8(b)).
The middle panel of Fig. 4.18(a) depicts the calculated total DOS. The dashed line is the
DOS broadened by a 400 meV wide Gaussian multiplied by a Fermi-Dirac distribution, to
mimic the experimental broadening and electron occupation. The basic spectral features
of the measurements, in particular the step-like valence band onset and the broad intensi-
ty distribution between 2 and 4 eV with a local maximum at higher binding energies, are
qualitatively well reproduced by the calculations.
The orbital- and lattice site-specific composition of the DOS is plotted in the lower panel
of Fig. 4.18(a) and directly reflects the charge-ordered state of BBO. It is deducible that
the characteristic valence band step-like feature close to the chemical potential is mainly
derived from hybridized states of Bi and the oxygen ligands of the expanded octahedra
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(Biext) with Bi 6s and O 2p character. Accordingly, unoccupied states are separated by the
CO gap above the Fermi energy, which can largely be assigned to the collapsed oxygen
octahedra (Bicol) that, in the CO state, in total host fewer electrons than the expanded
octahedra. The broad intensity maximum between 2 and 4 eV originates mainly from
electrons in O 2p orbitals that are hybridized with Ba and Bi states and mediate the
crystalline bonding with the cations.
Figure 4.18(b) depicts the band structure calculated for the monoclinic I2/m room tem-
perature phase of BBO. The open and closed circles denote the Bi 6p and 6s character
of the bands, respectively. At the Γ-point, at 2 eV above the Fermi energy, a band gap
with an inversion of the band order is labeled. This band gap is predicted to host the
topologically protected surface state mentioned previously in the introduction of the cur-
rent chapter 4. The calculation indicates a size of the direct gap at the M-point around
the chemical potential of about 1.1 eV, which is smaller than the size of 2 eV that has
been experimentally determined for the direct CO gap of BBO in a number of reflectivity
studies [218–220]. Similarly, an indirect band gap of the size EBBO

g = 0.5 eV [214, 221]
is reported in literature for BBO single crystals, while the DFT calculations yield about
0.2 eV. Such quantitative deviations of calculations and measurement are ascribed to the
general tendency of DFT to underestimate the size of band gaps [222].
Figure 4.18(c) depicts an experimentally measured section of the band structure of the
sample of Fig. 4.18(a) along the Γ-X-direction, in comparison to the respective section of
subfigure (b). The experimental data shown corresponds to the (negative) second deriva-
tive in angular direction of a momentum resolved photoemission measurement (ARPES),
conducted at a photon energy of hν = 150 eV. The photon energy is chosen to cut the
reciprocal space close to the Brillouin-zone (BZ) center of BZ(1 0 9), assuming an inner
potential of V0 = 13 eV as has been determined for BBO by Plumb et al. [191]. In accor-
dance with the calculations, a hole band that is almost touching the Fermi energy at the
X-point is visible. The fragmented intensity on the left side of the band maximum is an
artifact from noise that is enhanced, when plotting the second derivative of the measu-
rement. The dispersing energy bands at higher binding energies in the calculations are
only selectively resolved in the ARPES measurement, presumably due to experimental
geometry and final state dependencies of the transition matrix elements.
As a result, the clearly resolved band structure and the good agreement with the calcula-
tions are further evidence for the high quality of the BBO films prepared in the course of
this study.

4.5. BaBiO3/SrTiO3 in the Thin Film Limit—a Route to
Metallic BaBiO3?

The change of the dimensionality of a lattice, when reducing the thickness of a complex
oxide thin film to only a few unit cells is a unique way to alter the physical properties of a
material without applying any external doping. Known examples for thickness-controlled
phase transitions appearing in oxides are the intriguing metal-insulator transitions in va-
nadates, nickelates and iridates [216, 223, 224] or the change from a ferromagnetic to an
antiferromagnetic state in ultrathin manganate films [225]. The trigger of all these phe-
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nomena is the modification of the complex interplay of the numerous degrees of freedom
in the transition metal oxides by changes of the number of nearest neighbors, the orbital
order, the magnetic coupling or even by subtle structural modifications.
Another example of a thickness-dependent phase transition has been recently reported by
Kim et al. for BBO films deposited on STO substrates [179]. A combined study of Raman
spectroscopy, synchrotron-based XRD and optical conductivity on a series of BBO films
of different thicknesses lead to the result that upon reduction of the film thickness to less
than 5 nm, the lattice symmetry spontaneously transforms from monoclinic to cubic. The
authors associate this phase transition to a film thickness-controlled suppression of the
charge order on the bismuth sublattice. It is further speculated that with the breakdown
of the CO, the bismuthate films turn from semiconducting to metallic, though experi-
mental evidence is lacking so far [179]. With the gained ability to deposit BBO films with
reproducibly high structural quality, it suggests itself to attempt to study this interesting
observation as well in order to gain a comprehensive understanding of the transition. In
particular, it is intriguing to track the footprints of the proposed breakdown of the charge
order spectroscopically by PES. Having already observed in the previous section 4.4.1 that
the 4 nm thick film of this study apparently is not metallic, we now investigate several
samples with different film thicknesses in the nm range in close detail.
In a first step, a series of BBO samples with different thicknesses is prepared: All films are
deposited on 0.5 w% Nb-doped STO under the conditions listed in Tab. 4.1. The thickness
of the first film, grown with 351 laser pulses, is determined by XRR to 17.5 nm. Starting
from this calibrated value, the remaining thinner samples are deposited with a propor-
tionally smaller number of ablation pulses to achieve a gradation of the film thickness of
0.4(≈1 unit cell), 1, 2, 3, 4, 6, 10, and 17.5 nm.
The following section opens with a characterization of the samples with Raman spectros-
copy in regard of observing the same spontaneous structural transition as published by
Kim et al. Subsequently, the stoichiometry and chemical state of in the films are discussed
on the basis of in situ XPS measurements.

4.5.1. Structural Transition in Thin BaBiO3 Films

Raman spectroscopy is a sophisticated, non-destructive method that relies on inelastic
light scattering. To this end, a monochromatic photon beam is directed onto the sample
and the scattered radiation is detected energy-resolved in a monochromator setup. Du-
ring the interaction with the sample, the incoming photons have a chance to induce low
frequency excitations like phonons or magnons. These excitations become visible in the
spectrum of the emitted radiation as distinct features at characteristic energy or Raman
shifts relative to the elastically scattered photons and can, for instance, be used to draw
conclusions on properties including the lattice symmetry, strain, or the material compo-
sition.
Figure 4.19(a) exemplarily illustrates the Raman measurements of BBO films on STO
with thicknesses of 0.9–56.3 nm of Kim et al. from Ref. [179]. The most prominent feature
in the Raman spectrum of BBO with an energy shift of about 565 cm−1 is associated with
the excitation of a breathing phonon that corresponds to an oscillatory expansion and
contraction of the oxygen octahedra (inset of Fig. 4.19(a)) [226]. Obviously, the breathing
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Fig. 4.19.: Raman measurement of BBO/STO in dependence of the BBO thickness pu-
blished by Kim et al. [179]. (a) Raman response of the films measured with an incident
wavelength of λ = 633 nm. The inset schematically shows the breathing phonon mode at a
Raman shift of approximately 565 cm−1. (b) Peak intensity of the oxygen breathing mode
relative to the STO background. When the thickness of the films is decreased below about
5 nm the breathing phonon is spontaneously suppressed. The figures are adapted with per-
mission from Ref. [179] Copyrighted by the American Physical Society. The unit of the
thickness scaling has been changed from unit cells to nm.

mode is dominating the Raman spectra of the thickest samples. With decreasing film
thickness, the peak intensity declines continuously until, at a critical thickness of around
5 nm, the phonon excitation apparently vanishes completely. Figure 4.19 (b) shows the
trend of the peak intensity of the phonon mode with the film thickness in respect to the
STO reference baseline (black spectrum in (a)).
The sharp drop of the phonon intensity has been suggested to reflect a spontaneous trans-
formation of the film from the monoclinic bulk lattice to an ideal cubic perovskite (Pm3m)
lattice below 5 nm thickness [179], which is understood as follows [226]: In Raman spec-
troscopy only phonons with even parity can be excited by first order scattering processes
(Raman active). The breathing phonon is Raman active in the monoclinic structure of
bulk BBO, where the tilting and the breathing lattice distortions of the oxygen octahedra
are present. Contrary, in an ideal cubic Pm3m perovskite, due to the inversion symmetry
of the crystal, all phonons are of odd parity and the breathing mode phonon is not visible
in the Raman spectrum. For BBO a transition from monoclinic to the ideal cubic perov-
skite corresponds to the suppression of the tilting and breathing lattice distortions of the
Bi-O octahedra. The observation of such a structural transformation with Raman spec-
troscopy is for instance reported for the p-doping series of BBO with K in Ba1−xKxBiO3

(BKBO) [226]. When the crystal turns from monoclinic and orthorhombic (0.1 < x < 0.4)
into a cubic phase at x = 0.45, the breathing phonon disappears in the spectrum.
Notably, the cubic phase of BKBO is metallic (and superconducting), which has been
related to the breakdown of the charge order of the Bi-O sublattice [226]. In the same
sense, the sharp transition in BBO thin films is suggested by the authors of Ref. [179] to
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Fig. 4.20.: (a) Raman response of BBO films of different thicknesses of the present study
measured with light of the wavelength λ = 633 nm. (b) Relative intensity of the breathing
Raman mode at about ≈ 565 cm−1 in dependence of the BBO thickness (red dots, left axis).
At a thickness of 2.0 nm the phonon mode vanishes. The intensity is fitted with the help of
the schematic model of the heterostructure shown in the figure. It is assumed that a layer
at the interface with a critical thickness dc is not contributing to the phonon excitation.
The intensity of the phonon mode scales, under consideration of the exponential absorption
of the laser light with the film volume above this interfacial layer. The line widths of the
phonon mode significantly increases with decreasing film thicknesses (blue squares, right
axis). (For details about the evaluation see appendix B)

reflect a suppression of the charge- ordered state in thin films, but in this case without
the requirement of extrinsic dopants.
Figure 4.20(a) shows the corresponding data set for the sample series of the present study,
measured with a confocal Raman spectrometer setup with a HeNe-laser at a wavelength
of λ = 633 nm.9 Every sample is aligned by successively scanning the focus of the micros-
cope perpendicular to the sample surface to the focal position exhibiting the maximum
intensity of the breathing phonon mode. The spectra are shown as measured. Consistently,
the breathing phonon is well-resolved by a distinct peak at 564±1 cm−1 and declines in
intensity with decreasing BBO thickness. However, for this sample set, the excitation can
be observed down to film thicknesses as small as 3.0 nm. Below this value, the spectrum
resembles the one of bare STO.
To get a more quantitative insight, the phonon peaks are fitted with Lorentzian line
profiles, after subtracting a background signal, as shown in appendix B. The results of
this evaluation, the phonon intensity Iph, given by the total area of the Lorentzian, and
the peak’s FWHM are plotted in Fig. 4.20(b). It is easily deducible that in contrast to
Fig. 4.19 no sharp suppression of the breathing mode is visible. It rather seems that the
strength of the excitation is decreasing continuously with the film thickness.
This scenario is illustrated by the guiding function (dashed red line) for Iph that corre-
sponds to the schematic model of the heterostructure shown in the figure, which assumes
that only the film volume beyond a critical thickness of dc is adding to the Raman re-

9The Raman measurements have been conducted by Sebastian Elsässer (Physikalisches Institut, Uni-
versität Würzburg).
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sponse. Taking also into account that contributions from buried layers are exponentially
damped by absorption of the incident and scattered light in the material, the following
formal relationship is obtained:

Iph ∝
∫ dBBO−dc

0

e−2αl dl ∝ 1− e−2α(dBBO−dc), (4.2)

with the absorption coefficient α and the total film thickness dBBO. The best fit to the
data yields an absorption length of BBO for the light with wavelength λ = 633 nm of
1/α = 12.2 nm and dc = 3.1 nm. Due to the limited number of data points at large dBBO

the uncertainty of α is quite large. Still, the order of magnitude of few tens of nm for
the absorption length appears realistic, as the excitation energy is close to the size of the
direct band gap of BBO of 2 eV, possibly resulting in an enhanced absorption.10

The continuous vanishing of the phonon is accompanied by a peak broadening of the
Raman response as indicated by the blue squares in Fig. 4.20(b). The width of the Raman
response is increasing from about 29 cm−1 for the 17.5 nm sample to 63 cm−1 at 3 nm BBO
thickness. Likewise, a doubling of the width of phonon responses has been observed in
microcrystalline Si at diameters of 2–3 nm [227] and was predicted also for thin films,
when the film thickness is approaching a similar size [228]. These size effects in Raman
spectroscopy can be explained by the tight spatial confinement of the phonon in the
thinnest films. According to the uncertainty principle, the phonon momentum transfer
of usually |q| = 0 during Raman scattering is less sharply defined. As a result, a wider
momentum and thus also energy range of the phonon dispersion is probed and accordingly
broadens the Raman response [227]. The increase of the FWHM can thus be seen as a
sign that the phonon is blurring out slowly, caused by decreasing the scattering volume
or rather the thickness of the coherent film lattice.
In summary, the sharp transition of the BBO film to a cubic lattice at a thickness of
5.0 nm is not observed for the present sample set. The phonon response is rather gradually
declining down to a critical film thickness of 2–3 nm.
These results seem to be at odds with the study of Kim et al.[179], as no abrupt suppression
of the breathing phonon is observed below 5 nm. The film’s structural symmetry appears
to stay the same down to a film thickness of 3 nm. It is conceivable that the signal of
the phonon excitation is easily missed during alignment of the Raman spectrometer, in
particular for films with a small thickness below 5 nm. Also, it can be speculated that the
discrepancies of the two studies are caused by differences in the BBO growth procedures,
which may lead to a higher stability of the monoclinic BBO structure in our films. Still,
we also observe that a critical thickness of the film of about 3 nm is necessary for the
appearance of the phonon mode in the Raman spectrum.
A direct insight into the (surface) structure of the films, in particular also below the
critical thicknesses, is obtained by employing LEED. Figure 4.21 depicts the diffraction
patterns of the samples of the thickness series recorded in situ after the deposition process.
The BBO films with thicknesses from 17.5 nm to 3 nm all exhibit an R45◦(3

√
2 ×
√

2)

10Consistently, the Raman response has a maximum in the same photon energy range, ascribed to the
resonance of the incident light with the optical band gap and a strong electron-phonon coupling in
BBO [226].
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BBO thickness

Fig. 4.21.: Evolution of the LEED pattern of the BBO/STO samples in dependence of
the nominal film thickness. For the 0.4 nm and 1 nm thick samples an (1 × 1) surface
reconstruction is observable, while thicker films exhibit the characteristic R45◦(3

√
2×
√

2)
reconstruction.

pattern as it is typically observed for the BBO films (cf. section 4.2.4). At 2 nm the same
reconstruction already seems to be present at the surface, but the diffraction spots are
strongly blurred, pointing towards disorder or a smaller size of the surface domains. The
sample thus appears to be on the verge of developing the BBO lattice symmetry of the
thicker films. In contrast, when further decreasing the film thickness to 1 nm, a weak (1×1)
reconstruction becomes visible, which increases in intensity at 0.4 nm film thickness. This
pattern could stem from the quadratic surface unit cell of the film or originates from
the STO substrate, which is probed by LEED through the thin and possibly incomplete
overlayer.
This observation of a diffraction pattern, which equals the one of the substrate, crosses
over to a more disordered state, and finally forms the robust structure of BBO, complying
with the observations made by means of RHEED during sample growth in section 4.2.2.
TEM (cf. section 4.2.3) evidenced that this behavior is explained by the formation of the
structurally differing layer during the initial stages of the BBO deposition. The thickness
of this interfacial layer has been specified to about 1.7 nm. The here discussed LEED
patterns point towards the structural distortions being present in the films, also when
the deposition is stopped within these first 1.7 nm thickness. Thus, it is obvious that the
suppression of the phonon below 3 nm can also be traced back to these lattice modifications
at the interface. The vivid interpretation is that the 1.7 nm thick interfacial layer, due to
its strained and disturbed structure, does not host the breathing phonon and has to be
subtracted from the film volume effectively contributing to the BBO Raman response.
Consequently, for the 2 nm BBO film, which is in average less than one unit cell thicker
than the distorted layer, it is not possible to excite the breathing phonon, due to the
insufficient size of the coherent bulk-like BBO lattice.
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Fig. 4.22.: (a) O 1s, (b) Ba 4d, and (c) Bi 4f spectra of BBO/Nb:STO samples with dif-
ferent film thicknesses. (d) The cation off-stoichiometry x in Ba1+xBi1−xOy determined in
dependence of the film thickness from the spectra in (b) and (c) as described at the begin-
ning of section 4.3. (e) Peak position of the Bi 4f 7/2 line in dependence of the film thickness.
(f) Comparison of the Bi 4f 7/2 line shape for films of 1, 2 nm and 17.5 nm thickness. For
details see text. *The binding energy is corrected for charging as described in section 4.4.2.

4.5.2. Film Thickness Dependence of the Core Level Spectra

We just established that the films below a critical thickness of 3 nm are structurally
distinct, which matches well with the observation of the interfacial layer in section 4.2.3.
But how do these structural modifications influence the electronic state of the thin films?
The method of choice to investigate this is photoemission, since it allows, due to its high
surface sensitivity, to gain information on the electronic states and stoichiometry, also
in the thinnest examined films of the present sample set. To this end, the samples were
transferred in situ after the BBO growth to an analysis chamber to survey them by means
of XPS.
Figures 4.22(a)–(c) show a direct comparison of the O 1s, Ba 4d, and Bi 4f core levels of
the different samples of the BBO thickness series. All depicted spectra are measured in
normal emission geometry and are normalized to the same integral intensity. The cation
off-stoichiometry of each sample is plotted in Fig. 4.22(d) and is evaluated as described
at the beginning of section 4.3. Subfigures (e) and (f) depict the position of the Bi 4f 7/2

line and its line shape for the different film thicknesses. Let us go through the results of
the measurements one by one.
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O 1s Core Level The absolute binding energy of the spectra in Fig. 4.22 (a)–(c) is cali-
brated, as discussed in section 4.4.2, by aligning the O 1s core levels of all samples to the
reference line of a BBO/SRO/Nb:STO sample. This allows to compare the spectra of all
samples, despite the previously discussed positive potential build-up during photoemissi-
on. Accordingly, all shown O 1s core level share the same energetic position.
A weak shoulder is visible at the high binding energy side of the core level. This spectral
feature is slightly rising when the surface sensitivity is increased by measuring at a smaller
emission angle, and thus is assigned to contributions from the sample surface, for instance
from contaminations the samples have picked up from the residual gas in the vacuum
chamber.
Furthermore, the O 1s line width is increasing for the thinnest films. With the probing
depth 3λe of the XPS measurements of the O 1s core level being about 5 nm (according
to equation 2.20), the spectrum represents a superposition of spectral contributions from
different depth of the sample. Therefore, the broadening can be ascribed to a change of
the share of detected photoelectrons from different regions of the heterostructure. Firstly,
it is presumed that the O 1s binding energy of the film layers adjacent to the substrate is
altered in comparison to the overlying relaxed bulk-like BBO lattice due to the observed
structural modifications and, as shown below, to a differing chemical environment of the
oxygen atoms. Secondly, the band bending in the upmost layers of the Nb:STO crystal,
as has been inferred in section 4.4.1 from Fig. 4.17, is also expected to induce a energetic
broadening of the O 1s line. Taken together, while for the 17.5 nm thick film virtually
all detected O 1s photoelectrons originate from the bulk-like BBO lattice, for small film
thicknesses the recorded O 1s spectra are a superposition of spectral contributions from
bulk-like BBO layers, the modified interfacial film lattice, and the upmost STO layers.

Cation Stoichiometry The variations of the Ba 4d and Bi 4f spectra in Fig. 4.22 (b)
and (c) are better comprehensible when first taking into account the changes in the cation
off-stoichiometry x of the films with the chemical formula Ba1+xBi1−xOy, illustrated in
Fig. 4.22(d). The cation stoichiometry is calculated as described in section 4.3 from the
intensity ratio of Ba 4d and Bi 4f, with error bars denoting 5 % uncertainty of the intensity
ratio. The dashed horizontal line indicates the reference stoichiometry of the BBO PLD
target (x = 0). Note, due to the integrating nature of XPS, Fig. 4.22(d) shows an average
of the stoichiometry throughout the film with contributions from different depth weighted
by the exponential damping of the electrons.
While the cation stoichiometry of the thick films is close to x = 0, samples with a BBO
thickness below 6 nm apparently become Bi-deficient (dotted line in Fig. 4.22(d) is a guide-
to-the-eye). This deficit is rising for the thinnest film to x = 0.34± 0.02.
A conceivable cause for the deviation could be a modification of the target stoichiometry,
happening during growth of the first layers. To exclude such effects, the used target area
is ablated (for cleaning) before the film growth with >400 laser pulses. 400 laser pulses
correspond to the ablation of the same amount of material used to grow a 20 nm thick
BBO film. It appears unlikely, that, after this extensive cleaning ablation, the target stoi-
chiometry is changing substantially only during the film growth of the first nanometers,
which would be necessary to explain the observed modifications of the film stoichiometry.
As a cross check, two 1 nm thick films are grown in direct succession by ablating from the
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same target spot. In between the growth of the two films the target area is ablated again
by 400 laser pulses. Indeed a change of x by ∆x = 0.05 is measured between these two
samples, pointing towards some change of the target stoichiometry during growth. Howe-
ver, the absolute difference is too small to explain the significant difference of ∆x > 0.3
between the 0.4 nm and the >6 nm thick films.
Furthermore, a stoichiometric alteration of the intially deposited film material on oxide
substrates has been observed before during molecular beam epitaxy of BBO on MgO
crystals [229]. In a consecutive study, Norton et al. found that the sticking coefficient of
Bi on the sample surface increases significantly when a layer of Ba has been deposited
beforehand [230]. On the Nb:STO substrates, the situation seems to be similar. The obser-
ved alteration of the cation stoichiometry apparently has a more general, thermodynamic
cause that is related to the volatility of bismuth rather than being of specific PLD- or
substrate-related origin.
Note that beam damage through the electron irradiation during TEM is preferentially
observed in the interfacial region (cf. section 4.2.3). Hence, it is speculated that due to a
weaker stability of the crystalline bonds in the firstly deposited layers of the film, which
arises from the lattice modifications necessary to accommodate the epitaxial mismatch
strain, the reevaporation of Bi is favored during the initial growth stages.

Ba 4d Core Level The Ba 4d spectra of the films are plotted in Fig. 4.22(b). For samples
with BBO thicknesses of 6 nm and beyond, the Ba 4d core level resembles the sharp spin-
orbit split doublet expected for bulk BBO [190], with Ba occupying solely the perovskite
A lattice site. When reducing the film thickness down to 0.4 nm, the peak maximum
shifts to lower binding energies by up to 380 meV. Simultaneously, the core level broadens
substantially from an initial FWHM of 0.95 eV for 17.5 nm thick BBO to 1.71 eV, when
reducing the thickness to 0.4 nm.
As the only stable oxidation state of Ba is Ba2+, the observed changes are most likely
associated with a change of the local environment of Ba in the film. In bulk Ba1+xBi1−xOy

a Ba-excess, as it is observed here, has been associated with the substitution of Bi with
Ba atoms on the octahedral coordinated lattice sites [207]. It is possible that something
similar is happening in the thin films. However, the strong peak broadening in the spectra
cannot be modeled by simply adding a second doublet line to the Ba 4d core level that is
growing in intensity with increasing Ba-excess. The XPS data hence points more towards
different Ba-species with rather inhomogeneous chemical environments in the thinnest
films, which also reflects the layer-wise changing structure we observed in the interfacial
layer (cf. section 4.2.3).

Bi 4f Core Level Pronounced changes are also visible in the Bi 4f spectra in Fig. 4.22(c).
For a film thickness of 4 nm and beyond the Bi 4f core levels are practically indistinguish-
able and agree with the line shape expected for bulk BBO [190]. The core level shifts to
higher binding energies, when the film thickness is decreased from 17.5 nm to 0.4 nm. As
evaluated in Fig. 4.22(e) for the Bi 4f 7/2 line, the maximum shift is 590 meV in respect to
a bulk-like reference line of a BBO/SRO/Nb:STO-sample.
The spectrum of the 0.4 nm film stands out in Fig. 4.22(c), as it exhibits a small addi-
tional doublet line observed at about 2.6 eV lower binding energies than the main lines.
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This additional spectral weight grows with the time of X-ray irradiation, which further
evidences the above mentioned instability of the atomic bonding to Bi in the interfacial
region. The size of the binding energy difference between the two spectral features of mo-
re than 2 eV actually points towards a photon induced conversion from Bi in an oxidized
state to elemental bismuth, i.e. Bi0 [231].
In Fig. 4.22(f) spectra of the Bi 4f 7/2-peak of the 1 nm and 2 nm thick films are compa-
red to the one of 17.5 nm thick bulk-like BBO. In order to compare the line shapes, the
binding energy of the spectra is calibrated relative to the energy of the respective peak
maximum. In comparison to the Ba 4d core level, the Bi 4f core level exhibits just a weak
line broadening by about 0.1 eV when reducing the BBO thickness. Much clearer deduci-
ble is, however, that an asymmetry towards high binding energies as is characteristic for
the Bi 4f core level of charge-ordered BBO is developing when the film thickness increases,
which is highlighted by the arrow in Fig. 4.22(f). Thus, the asymmetric Bi 4f line shape
of bulk-like BBO is apparently not present in the spectra of the thinnest films.
How can we interpret the above observations? In an ionic picture Ba is bound to its
oxidation state Ba2+. In films with Ba-excess the system hence has to react somehow to
compensate additional holes to maintain charge neutrality. As Bi is a multivalent atom
its oxidation state could be lifted from nominally 3+ in the state with charge order on the
oxygen octahedra [192] to 5+, as has been suggested by Itoh et al. for off-stoichiometric
Ba-rich bulk crystal samples of BBO [207]. In photoemission, the gradual increase of the
cation off-stoichiometry is expected to result in the likewise gradual growth of additional
spectral features associated with Bi5+, similar as it is observed for changes of the cation
valence state in other oxide systems (cf. e.g. Fig. 3.4(d)). However, in Fig. 4.22(f) we
observe only a single line, meaning that either no change of the Bi valency is taking place,
or that the binding energy split between the spectral components of the different oxida-
tive states of Bi is too small to be resolved. The Bi 4f spectra for tetra- and pentavalent
Bi of the reference compounds Bi2O3 and NaBiO3 suggest that indeed the difference in
binding energies of the two oxidation states may be of the order of the peak width [190,
231]. Therefore, despite the fact that we see no significant change of the spectral distri-
bution in Fig. 4.22(f), one cannot fully exclude a change of the valency of the Bi cations,
being hidden within the experimental line width. Alternatively, a use of distinct integer
valences may even not be a meaningful concept due to the rather covalent nature of the
Bi-O bond. In this case, the smaller number of electrons on the Bi-O sublattice with in-
creasing x could result in a rigid shift of the Bi 4f core level to higher binding energies,
as it is observed here. Another conceivable scenario is, that the additional positive charge
from the Ba-excess is compensated by an adjustment of the oxygen stoichiometry y of the
Ba1+xBi1−xOy films.
When comparing Fig. 4.22(d) and 4.22(e), it becomes clear that the shift of the binding
energy of the Bi 4f core level relative to the one of the reference sample is developing in
parallel with the alteration of the cation stoichiometry. Furthermore, TEM and LEED
evidence that these changes come along with a substantial modification of the lattice
structure in the vicinity of the substrate, taking place on the same length scale. Thus,
the thermodynamic conditions defined by the unfavorably large mismatch strain between
BBO and STO apparently induce both, structural modifications and a reduction of the
Bi-sticking coefficient at the interface. Consequently, due to the modifications in the stoi-
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Fig. 4.23.: (a) Valence band spectra of BBO/Nb:STO samples with different film thick-
nesses. The transition from the STO-dominated valence band for thin films to the BBO
valence band at larger film thicknesses is visualized. (b) Decomposition of the valence band
of the 1 nm thick BBO sample. The typical step-like onset derived from Bi 6s-O 2p states
is missing in the thin film. (c) Development of the intensity ratio of the valence bands of
STO and BBO in the XPS measurements in dependence of the film thickness. The data
is normalized to the ratio measured for the 0.4 nm thick BBO sample, with error bars
indicating an accuracy of 5% of this reference value. *The binding energy is corrected for
charging as described in section 4.4.2.

chiometry and lattice structure, the local environment and crystal field of the Bi cations
is altered, which in turn leads to the shift of the binding energy of the Bi 4f core level.

4.5.3. Film Thickness Dependence of the Valence Band Spectra

Core level spectroscopy confirmes that not only the lattice structure, but also the stoichio-
metry is altered in the films below 3 nm thickness, changing the electronic configuration
of the involved elements. The question remains, how the actual valence states of BBO are
evolving under these conditions when reducing the film thickness.
Figure 4.23(a) depicts the valence band of the samples in dependence of the film thick-
ness measured by XPS. Again, the relative binding energy scale is calibrated by aligning
the O 1s-line of the samples with the one of a BBO/SRO/Nb:STO reference sample. The
binding energy is referred to the chemical potential of this reference sample. Note, that
this does not necessarily represent the chemical potential of all samples, as the absolute
binding energy of the O 1s-line might be different in the structurally modified thin films.
Still, as no Fermi-Dirac-like cut-off of the valence band maximum is deducible, it is con-
cluded that the BBO films do not turn metallic in the thin film limit contrary to the
proposal of Kim et al. [179].
Instead the step-like feature at the valence band onset is vanishing for the distorted
structure below a BBO thickness of 2 nm. This is visualized in Fig. 4.23(b), showing a
decomposition of the valence band of the sample with a 1 nm thick film into the contri-
butions from STO and BBO, in analogy to section 4.4.1. The decomposition works quite
well, with the only clear deviation that the valence band maximum states between 0 eV
and 1.5 eV binding energy are missing in the experimental spectrum. With the valence
band maximum in BBO being mainly derived from the Bi 6s-O 2p-hybridized orbitals of
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the Bi-O octahedra, these states are not determining the electronic properties of the struc-
turally distorted BBO layers of the thinnest films.
A similar decomposition of the valence bands has been performed for all samples with thin
films of 6 nm thickness and below. While the band alignment between film and substrate
is found to be independent of the BBO thickness, it is possible to evaluate the trend of
the intensity ratio between the STO and the BBO contributions with film thickness. The
results are plotted in Fig. 4.23(c). The shown fit function assumes a laterally homogeneous
growth of the films with the nominal thickness. The intensity contribution of the film is
integrated over the film thickness dBBO under consideration of the exponential damping
due to the limited inelastic mean free path of the electrons. Similarly, the STO intensity
is damped depending on the cover layer thickness dBBO. The intensity ratio of the spectral
contributions from substrate and film is thus described by:

ISTO

IBBO

∝
e
− dBBO
λBBO

∫∞
0
e
− l
λSTO dl∫ dBBO

0
e
− l′
λBBO dl′

=
A0

edBBO/λBBO − 1
, (4.3)

with λBBO=25.3 Å (λSTO), being the inelastic mean free path of the electrons in BBO
(STO) according to equation 2.20 and A0 being a scaling parameter. We see that the
data in Fig. 4.23(c) is nicely reproduced by the model function and the STO intensity
converges to zero for larger film thicknesses. This signals on one hand the reasonability
of the above made valence band decomposition. Furthermore, as the data is following the
expected trend, it is a further evidence for the deposition of BBO taking place laterally
uniformly (cf. RHEED analysis in section 4.2.2). The good match of the model function
furthermore is a reassurance for the thickness of the thin films, which may be seen as one
uncertainty factor for the comparison of the presented samples with the results of Kim et
al. in section 4.5.1.

4.5.4. Summary

The investigation of the structural and spectroscopic properties of BBO thin films in
dependence of their thickness is presented. In accordance with Ref. [179] Raman spectros-
copy and LEED point towards a structural alteration of the BBO lattice in the thin film
limit. However, no evidence is found for a spontaneous transition to a cubic phase, but
a gradual vanishing of the BBO bulk phonon with the film thickness is observed. The
phonon mode disappears at a thickness below 3 nm, which is in line with the initial grow-
th of a film lattice that is structurally different to bulk BBO. This layer persists at the
interface also during further deposition and eventually forms the interfacial layer detected
in section 4.2.3. By employing XPS, it is deduced that the structural modifications are
attended by a distinct Bi-deficiency of the initially formed film layers. The connected film
thickness-dependent differences in the local lattice environment of the Ba and Bi cations
entail pronounced changes of the Bi 4f and Ba 4d core level spectra. Accordingly, the va-
lence states of the films below 3 nm thickness are modified as well in comparison to the
electronically bulk-like thicker BBO layers, though all investigated films stay insulating.
In summary, the interpretation of a breakdown of the CO state due to a sole reduction
of the lattice dimensionality falls too short. The analysis presented here demonstrates
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that rather the epitaxy-related modifications of the BBO lattice structure along with
the altered stoichiometry in proximity to the interface are responsible for the observed
thickness-controlled phase transition. The results show the importance of a comprehen-
sive review of the structure, the chemical composition, and the electronic properties of
samples, when evaluating the origin of thickness-dependent phenomena in oxide thin films.

4.6. Conclusion and Outlook

The study presented in this chapter investigates the epitaxy of the perspective topological
insulator host material BaBiO3 on Nb:SrTiO3(001) substrates by means of pulsed laser
deposition. It is shown that, despite an extraordinary large lattice mismatch with the sub-
strate of 12%, well structured, phase pure BBO films with bulk-like electronic properties
are synthesized. This highly ordered growth of BBO is facilitated by a formation of the
thin film lattice that takes place in two consecutive steps.
Initially, the deposited material forms a distinct layer of about 1.7 nm thickness that helps
to accommodate the large mismatch strain and decouples the film’s lattice from the sub-
strate. This layer is not only structurally different from the subsequently formed BBO
lattice, but exhibits a considerable Bi deficit in comparison to stoichiometric BBO, as is
inferred from a spectroscopic characterization of films with different thicknesses in the nm
range. These modifications of the BBO lattice at the interface to the STO substrate are
furthermore identified as the origin of a recently reported thickness-controlled structural
transition in epitaxial BBO in the thin film limit.
In the second growth stage, after formation of the interfacial layer, a strain free bulk-like
BBO lattice develops with a single epitaxial orientation of BBO(001)‖STO(001). This
relationship is fixed by the lateral ordering of the film lattice in registry with the substra-
te by domain matching. As evidenced by TEM, the films additionally exhibit anti-phase
crystal domains and a large scale polycrystalline grain structure.
It is demonstrated that in particular the assurance of the 1:1 cation stoichiometry of the
deposited material by the careful adjustment of the central growth parameters substrate
temperature, oxygen background pressure, and laser fluency is pivotal to achieve well-
ordered structural and single crystal-like electronic properties in the fabricated thin films.
Consistently, the stoichiometric BBO samples prepared unter optimized growth conditi-
ons — provided the film thickness is larger than the extent of the structurally modified
interfacial layer — present a valence band structure that is well in line with the DFT
calculations for the BBO bulk.
Looking ahead, the knowledge on the epitaxy of bismuthates gained here and the obtained
sample quality, are good starting points for further investigations towards the predicted
topological insulator phase of BBO. To populate states at the topological band gap of
the material, it is necessary to realize electron doping of one electron per unit cell [5].
One conceivable way to achieve this could be a substitution of Ba2+ with other A cations
like Sc3+, Y3+, or La3+ [232]. However, the perovskite bismuthates of the named cations
ABiO3 are predicted to be unstable in their bulk form [233] and also a preparation of these
compounds in thin films is yet to be demonstrated.
A promising alternative approach to achieve considerable n-doping, resulting from the
ability to deposit high-quality epitaxial BBO, is interfacial charge transfer, which has
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been observed to occure in certain perovskite oxides heterostructures [234]. Thus, a next
step could be to implement BBO films into multilayers with other perovskite oxides.
Heterostructures to be investigated in this regard are for instance SrNbO3/BBO and
LaTiO3/BBO, which both are supposed to exhibit an interfacial n-doping of BBO due to
the particular valence band alignment at the interface [235].
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The scope of this thesis is the preparation and comprehensive characterization of interface
and thin film sample systems of the high-Z perovskite oxides KTaO3 (KTO) and BaBiO3

(BBO).
KTO in its pure form is a band insulator with an electronic configuration of 5 d0. How-
ever, it is shown that by pulsed laser deposition of a disordered LaAlO3 (dLAO) film on
the KTO(001) surface at room temperature and oxygen pressures below 5 · 10−2 mbar, it
is possible to introduce local n-doping in the upmost layers of the KTO crystal through
the creation of oxygen vacancies. As a result, a metallic quasi two dimensional electron
system (q2DES) emerges at the heterointerface dLAO/KTO, which is readily accessible
for electronic transport and Hall effect measurements. The amount of electrons in the
q2DES can be actively manipulated by an adjustment of the oxygen background pres-
sure during growth and by the thickness of the deposited dLAO film. Apart from that,
a decrease of the sheet carrier density n2D with the age of the sample is observed. The
samples exhibit single carrier conduction for n2D < 6 · 1013 cm−2, while at higher doping
levels multiple conduction channels are contributing to the metallic transport. Staying
with the samples with single carrier conduction, the electrons exhibit mobilities of up to
7000 cm2/Vs at cryogenic and up to 30 cm2/Vs at room temperature. These values remar-
kably exceed those of similar q2DES systems of the prototypical perovskite SrTiO3(STO),
which is ascribed to the smaller effective mass of the electrons and to potential differences
in the spatial spread of the conduction channels in the two materials. Deduced from the
dependency of the mobility on the sample temperature, the predominant process domi-
nating the conduction at T < 10 K is defect scattering, while at room temperature inter-
actions of the electrons with longitudinal optical phonons are mostly decisive. Between
10 K < T < 100 K Fermi-liquid-like behavior is observed, pointing towards the significan-
ce of electron-electron interactions in the intermediate temperature regime.
Hard X-ray photoemission (HAXPES) is used to spectroscopically investigate the electro-
nic structure of the q2DES. The analysis of the Ta 4f core level yields that at T = 60 K the
majority of Ta 5d electrons is located within a distance of < 4 nm from the dLAO/KTO
interface. Furthermore, high photon intensities are found to induce irradiation-dependent
changes in the Ta 5d occupation, which are related to electronically active contamina-
tions and a beam-induced generation of further oxygen vacancies. The band structure
of the conduction electrons in the buried q2DES is probed by the novel technique of
momentum-resolved HAXPES (HARPES). There, an alteration of the electronic struc-
ture with respect to bulk KTO is identified, which is ascribed to the ascending positive
potential constraining the mobile electrons to a narrow, almost two dimensional sheet at
the interface. In seeming contradiction to this, the Fermi surface structure of the system
exhibits a clear three dimensional periodicity in momentum space. However, inferred from
a simplified model consideration, already a finite spread of the electron system along the
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surface normal of few nanometers is sufficient to generate the observed Fermi surface
structure.
In summary, the preparation of a high mobility q2DES in a material with substantial SOC
is proven successful. The next step is to explore the usability of the system for the imple-
mentation of spintronics functionalities in all-oxide devices by advanced spin-dependent
transport measurements. The presented HARPES experiments demonstrate that high
energy photoemission is a unique tool, which enables in particular the characterization
of the three dimensional momentum-resolved band structure of buried electron systems.
The technique thus is able to provide valuable complementary information for a deeper
understanding of the physics of high-Z materials and their interfaces.
In the second part of this thesis the synthesis of thin films of BBO which is predicted to
emerge, driven by spin-orbit coupling, as a topological insulator under electron doping, is
investigated. Since BBO possesses an exceptionally large pseudocubic unit cell, its deposi-
tion on the utilized standard oxide substrate STO involves an extraordinary large epitaxial
lattice mismatch of about 12 %. Consequently, the epitaxial growth of BBO films on STO
does not take place in a straightforward formation of a fully coherent film lattice, but in
an intricate two stage process. In a first step, in close proximity to the interface, the large
in-plane strain is relieved by the development of an 1.7 nm thick, structurally distinct
layer, which effectively decouples the lattice of the film from the substrate. On top of this
interlayer, a fully relaxed BBO lattice is formed that is epitaxially ordered in registry with
the substrate lattice by domain matching. As resolved by transmission electron micros-
copy, the films exhibit a large scale microcrystalline structure, which includes anti-phase
domains that evidence that the nucleation layer of the BBO lattice is not uniformly either
BaO or BiO2. Furthermore, part of the crystallites in the film exhibit a significant tilting
in the range of 0.5–1.0◦ with respect to the primary orientation of BBO(001)‖STO(001).
Based on the relative share of these strongly misoriented crystallites and the spectrosco-
pic determination of the cation stoichiometry, a systematic optimization of the deposition
conditions is realized. As a result of this procedure, the fabrication of BBO thin films with
bulk-like valence band structures and crystalline domains with average lateral dimension
of several 10 nm is achieved.
With the deposition of BBO on Nb:STO the valence bands of the two materials align
with respect to each other at the interface. The evaluation of the band picture of the he-
terostructure by means of XPS resolves the formation of a Schottky-like potential barrier
in Nb:STO that constrains the electron transport from the substrate to the film.
In addition, in order to investigate a recently reported film thickness dependent spon-
taneous phase transition in BBO/STO, a series of samples with graded BBO thickness
is analyzed. Indeed, evidenced by the vanishing of a BBO bulk phonon mode in Raman
spectroscopy, a structural modification is found when the film thickness is reduced below
3 nm thickness. However, the suppression of the phonon mode takes place gradually and
thus is not identified here as a thickness-controlled first order phase transition of the BBO
lattice. Simultaneously, when reducing the BBO thickness below 3 nm, the films become
Bi-deficient and exhibit substantial changes in the chemical state of the incorporated ca-
tions. Taken together with the occurence of the aforementioned interfacial layer of 1.7 nm
thickness, it is inferred that the film thickness-dependent modification in BBO/Nb:STO
only reflect the formation of the modified film lattice during the initial growth stage.
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According to photoemission, the valence band structure of the here prepared BBO films
with thickness > 3 nm is in good agreement with density functional calculations for bulk
BBO that include spin-orbit coupling. The ability to reproducibly prepare such high qua-
lity films and the comprehensive gained knowledge on the deposition of BBO, opens the
possibility to implement the material in multilayer structures with other perovskite oxides.
Electronic reconstructions at heterointerfaces are suggested to facilitate the heavy elec-
tron doping of BBO necessary to verify the referenced predictions, in order to eventually
realize an oxide-based large-gap topological insulator.
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Appendix

A. Band Bending Model for the Peak Asymmetry of the
Ta 4f Core Level

The photoemission spectra of the substrate core levels of the metallic dLAO/KTO hete-
rostructures exhibit a distinct asymmetry towards higher binding energies. The extent of
the asymmetry is depending on the electron emission angle (cf. Fig. 3.16) as well as on
the specific doping level, that is determined from the Ta 4f core level by evaluating the
ratio of the spectral weight associated with Ta4+ and Ta5+ (cf. Fig. 3.13).
These asymmetries are well known from other low dimensional systems and are directly
correlated to the charge accumulation at the interface. In this space charge region, the
electrical potential of the oxygen vacancies is bending the valence band of KTO down-
wards to larger binding energies, such that the Ta 5d conduction band states are moved
below the chemical potential and accommodate the additional charge carriers. As a con-
sequence, also the binding energy of the core levels in the upmost KTO layers increases.
Since photoemission is not resolving individual atomic layers, but rather sums up spectral
contributions from different sample depths, weighted by the exponential damping, the
band bending results in an asymmetric broadening of the spectra.
Formally, the band bending can be, in a classical picture, described by the Poisson equa-
tion, which relates the charge density distribution ρ(r) to the spatial variation of the
electrostatic potential Φ(r):

∆Φ(r) = −ρ(r)

ε0εr
, (A1)

with εr being the dielectric constant and ε0 the vacuum permittivity. Note, that depen-
dencies of εr on the electric field are neglected. The specific charge distribution ρ(r) is
unknown in the dLAO/KTO sample. Therefore, a simplified distribution assuming a con-
stant charge from the interface down to a spatial depth dbb, is used to model the Ta 4f
spectra of section 3.6. This so-called

”
Schottky-approximation“ is often used to describe

the potential barriers of space charge regions at the interfaces of n-type semiconductors
and metals [236]. According to equation A1, the respective binding energy shift follows a
parabolic function perpendicular to the interface:

Ebb(z) =
∆Ebb
d2
bb

(z − dbb)2, (A2)

which is parametrized by dbb and the extremal energetic depth of the band bending ∆Ebb.
Figure A1(b) depicts the just discussed relationship of the charge density, electric field,
and band bending potential exemplarily for the values dbb = 3 uc and ∆Ebb = 0.56 eV,
assuming the perovskite crystal structure of KTO with alternating TaO2 and KO layers
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Fig. A1.: Upper part: Exemplary decomposition of the Ta5+ component of the Ta 4f core
level into the different spectral contributions influenced by band bending from different
depth in the sample. The Ta4+ weight is estimated by a single Voigt-line for simplicity.
Lower part: Model for the band bending within the space charge layer at the interface
assuming a homogeneous distribution of charges over a depth dbb from the interface. The
exemplary used values dbb = 3 uc and ∆Ebb = 0.56 eV are the results of the fits shown in
Fig. 3.17.

depicted on the right hand side. Figure A1(a) shows the respective decomposition of one
Ta 4f spectrum from Fig. 3.16(b) into the spectral contributions originating from different
depths of the sample. The Ta 4f spectra are summed up layer-wise up to dbb, with the
binding energy being determined by equation A2. The relative intensity of the spectral
contribution of the n-th TaO2 layer within the depth dbb, is assigned by the Beer-Lambert
law:

In = I0 · exp

(
− n · a
λe · cos(θ)

)
, (A3)
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B. Evaluation of the Raman Spectra of BaBiO3/Nb:SrTiO3

with a being the lattice constant of the substrate material (here aKTO = 3.99 Å). The
inelastic mean free path of the electrons λe = 46 Åis calculated by equation 2.20 for PES
of the Ta 4f core level in KTO with an excitation energy of 3 keV. The integral intensity
from the layers below dbb, with bulk-like binding energies, can be calculated with the aid
of the geometric series by

Idbb→∞ = I0 ·
exp

(
− dbb
λe·cos(θ)

)
1− exp

(
− a
λe·cos(θ)

) . (A4)

Taking equations A3 and A4 into account, a change of the probing angle θ modifies the
relative ratio between the spectral contributions from the space charge region and the bulk-
like states. The spectral line shape is stronger distorted from the intrinsic profile by the
band bending for more surface sensitive measurements, in accordance with Fig. 3.16(b).
Thus, by analyzing the angle dependent changes of the spectral line shape, the two para-
meters dbb and Ebb can eventually be determined. Accordingly, both quantities are used
as fitting parameters to fully model the angle dependent Ta 4f data set in Fig. 3.17.

B. Evaluation of the Raman Spectra of
BaBiO3/Nb:SrTiO3

The Raman response of the breathing phonon for the BaBiO3/Nb:SrTiO3 samples of
the film thickness series in Fig. 4.20(a) is evaluated quantitatively by fitting the peak at
564 cm−1.
For illustration, the measurement of Fig. 4.20(a) is shown again in Fig. B2(a). The mea-
surement of the sample with a nominal thickness of 0.4 nm (blue line), which shows no
sign of excitations from the BBO film, widely resembles the Raman response of an STO
crystal. The broad features at 200–400 cm−1 and 600–800 cm−1 constituting the STO re-
sponse are due to second order Raman scattering processes [237].1 The peak of the BBO
breathing mode occures at the minimum between these two features and is separated as
shown in Fig. B2(b) by subtracting the 0.4 nm spectrum from each spectrum. This is in
particular necessary to evaluate the peak of the weak intensity phonon responses of the
BBO films with 3 nm and 4 nm thickness. For film thicknesses > 4 nm, as deducible from
the sides of Fig. B2(b), the subtraction overcorrects the contributions from the substrate
to the spectra. However, the consequential distortions of the central part of the peak are,
due to the high relative intensity of the phonon response, insignificant for the conclusions
made in section 4.5.1.
Eventually, the spectra in Fig. B2(b) are fitted by Lorentzian lines in the Raman shift ran-
ge between 465 and 650 cm−1, with the results of the fits being depicted in Fig. B2(c). The
obtained values for the absolute area of the Lorentzians and their FWHM in dependence
of the BBO film thickness are displayed Fig. 4.20(b).

1STO in its ideal cubic room temperature phase is expected to have no first-order Raman active mode
[237].
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[20] P. Schütz, F. Pfaff, P. Scheiderer, M. Sing, and R. Claessen, Applied Physics Letters
106, 063108 (2015).

[21] B. E. Warren, X-Ray Diffraction (Dover Publication, Inc., New York, 1990).

[22] L. J. van der Pauw, Philips Technical Review 20, 220 (1958).

[23] A. A. Ramadan, R. D. Gould, and A. Ashour, Thin Solid Films 239, 272 (1994).

[24] D. C. Look, Electrical Characterization of GaAs Materials and Devices (Wiley,
Chichester [u.a.], 1989).

[25] F. Gunkel, C. Bell, H. Inoue, B. Kim, A. G. Swartz, T. A. Merz, Y. Hikita, S.
Harashima, H. K. Sato, M. Minohara, S. Hoffmann-Eifert, R. Dittmann, and H. Y.
Hwang, Physical Review X 6, 031035 (2016).

[26] K. Siegbahn, Nobel Lecture (1981).

[27] H. Hertz, Annalen der Physik 267, 983 (1887).

[28] W. Hallwachs, Annalen der Physik 269, 301 (1888).
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[129] P. Schütz, D. V. Christensen, V. Borisov, F. Pfaff, P. Scheiderer, L. Dudy, M. Zapf,
J. Gabel, Y. Z. Chen, N. Pryds, V. A. Rogalev, V. N. Strocov, C. Schlueter, T.-L.
Lee, H. O. Jeschke, R. Valent́ı, M. Sing, and R. Claessen, Physical Review B 96,
161409 (2017).

[130] O. Copie, V. Garcia, C. Bödefeld, C. Carrétéro, M. Bibes, G. Herranz, E. Jacquet,
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[140] J. Röseler, Physica Status Solidi (b) 25, 311 (1968).

[141] F. M. Peeters, X. Wu, and J. T. Devreese, Physical Review B 37, 933 (1988).

[142] S. Das Sarma, Physical Review B 27, 2590 (1983).

[143] A. S. Barker, Physical Review 145, 391 (1966).

[144] Z. Wang, S. M. Walker, A. Tamai, Y. Wang, Z. Ristić, F. Y. Bruno, A. d. l. Torre,
S. Riccò, N. C. Plumb, M. Shi, P. Hlawenka, J. Sánchez-Barriga, A. Varykhalov,
T. K. Kim, M. Hoesch, P. D. C. King, W. Meevasana, U. Diebold, J. Mesot, B.
Moritz, T. P. Devereaux, M. Radović, and F. Baumberger, Nature Materials 15,
835 (2016).

[145] A. E. M. Smink, J. C. de Boer, M. P. Stehno, A. Brinkman, W. G. van der Wiel,
and H. Hilgenkamp, Physical Review Letters 118, 106401 (2017).

[146] J. Gabel, Private communication.

[147] U. Gelius, P. F. Hedén, J. Hedman, B. J. Lindberg, R. Manne, R. Nordberg, C.
Nordling, and K. Siegbahn, Physica Scripta 2, 70 (1970).

[148] M. Sing, G. Berner, K. Goß, A. Müller, A. Ruff, A. Wetscherek, S. Thiel, J. Mann-
hart, S. A. Pauli, C. W. Schneider, P. R. Willmott, M. Gorgoi, F. Schäfers, and
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[170] D. C. Vaz, A. Barthélémy, and M. Bibes, Japanese Journal of Applied Physics 57,
0902A4 (2018).

[171] L. Fu and C. L. Kane, Physical Review Letters 100, 096407 (2008).

[172] C. W. J. Beenakker, Annual Review of Condensed Matter Physics 4, 113 (2013).

[173] R. J. Cava, B. Batlogg, J. J. Krajewski, R. Farrow, L. W. R. Jr, A. E. White, K.
Short, W. F. Peck, and T. Kometani, Nature 332, 814 (1988).

[174] L. F. Schneemeyer, J. K. Thomas, T. Siegrist, B. Batlogg, L. W. Rupp, R. L. Opila,
R. J. Cava, and D. W. Murphy, Nature 335, 421 (1988).

[175] G. Li, B. Yan, R. Thomale, and W. Hanke, Scientific Reports 5, 10435 (2015).

[176] D. Mijatovic, G. Rijnders, H. Hilgenkamp, D. H. A. Blank, and H. Rogalla, Physica
C: Superconductivity 372, 596 (2002).

143

https://onlinelibrary.wiley.com/doi/abs/10.1002/9783527680566.ch21
http://dx.doi.org/10.1016/0039-6028(84)90196-1
http://dx.doi.org/10.1016/0039-6028(87)90199-3
http://dx.doi.org/10.1016/0039-6028(87)90199-3
http://dx.doi.org/10.1103/RevModPhys.83.407
http://dx.doi.org/10.1103/RevModPhys.83.407
http://dx.doi.org/10.1016/j.elspec.2018.01.008
http://dx.doi.org/10.1016/j.elspec.2018.01.008
http://dx.doi.org/10.1103/PhysRevLett.113.086801
http://dx.doi.org/10.1103/PhysRevLett.113.086801
http://dx.doi.org/10.1103/PhysRevLett.106.166807
http://dx.doi.org/10.1103/PhysRevB.55.13473
http://dx.doi.org/10.1143/JJAP.48.097002
http://dx.doi.org/10.1143/JJAP.48.097002
http://dx.doi.org/10.1038/nmat1569
http://dx.doi.org/10.1038/nmat4726
http://dx.doi.org/10.7567/JJAP.57.0902A4
http://dx.doi.org/10.7567/JJAP.57.0902A4
http://dx.doi.org/10.1103/PhysRevLett.100.096407
http://dx.doi.org/10.1038/332814a0
http://dx.doi.org/10.1038/335421a0
http://dx.doi.org/10.1038/srep10435
http://dx.doi.org/10.1016/S0921-4534(02)00803-1
http://dx.doi.org/10.1016/S0921-4534(02)00803-1


Bibliography

[177] H. Yamamoto, K. Aoki, A. Tsukada, and M. Naito, Physica C: Superconductivity
412-414, 192 (2004).

[178] A. Gozar, G. Logvenov, V. Butko, and I. Bozovic, Physical Review B 75 (2007).

[179] G. Kim, M. Neumann, M. Kim, M. D. Le, T. D. Kang, and T. W. Noh, Physical
Review Letters 115, 226402 (2015).

[180] B. Meir, S. Gorol, T. Kopp, and G. Hammerl, Physical Review B 96, 100507 (2017).

[181] B. J. Kennedy, C. J. Howard, K. S. Knight, Z. Zhang, and Q. Zhou, Acta Crystal-
lographica. Section B, Structural Science 62, 537 (2006).

[182] K Brandenburg, Diamond - Crystal and Molecular Structure Visualization, Bonn,
Germany, 2006.

[183] A. S. Verma and V. K. Jindal, Journal of Alloys and Compounds 485, 514 (2009).

[184] C. M. Varma, Physical Review Letters 61, 2713 (1988).

[185] D. E. Cox and A. W. Sleight, Solid State Communications 19, 969 (1976).

[186] I. Hase and T. Yanagisawa, Physical Review B 76, 174103 (2007).

[187] G. K. Wertheim, J. P. Remeika, and D. N. E. Buchanan, Physical Review B 26,
2120 (1982).

[188] M. S. Hegde, P. Barboux, C. C. Chang, J. M. Tarascon, T. Venkatesan, X. D. Wu,
and A. Inam, Physical Review B 39, 4752 (1989).

[189] Z.-X. Shen, P. A. P. Lindberg, B. O. Wells, D. S. Dessau, A. Borg, I. Lindau, W. E.
Spicer, W. P. Ellis, G. H. Kwei, K. C. Ott, J.-S. Kang, and J. W. Allen, Physical
Review B 40, 6912 (1989).

[190] M. Nagoshi, T. Suzuki, Y. Fukuda, K. Ueki, A. Tokiwa, M. Kiruchi, Y. Syono, and
M. Tachiki, Journal of Physics: Condensed Matter 4, 5769 (1992).

[191] N. C. Plumb, D. J. Gawryluk, Y. Wang, Z. Ristić, J. Park, B. Q. Lv, Z. Wang,
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