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Abstract

Oxides provide an almost unlimited source of materials with exotic properties including super-
conductivity and magnetism. The emergent field of oxide electronics comes as a replacement
of the widely successful field of study that included research on transistor-like structures made
from semiconductors, that were mainly silicon based. Research in the area of oxide electronics
is mostly motivated by the fact that the limits of what can be done with the current generation
of electronics have been approached. Barium tin oxide (BaSnO3) is a transparent oxide mate-
rial with a perfect cubic perovskite structure. It is an insulator in the bulk with a wide band gap.
However, when lightly doped with La, BaSnO3 becomes conducting while retaining its trans-
parency. As a transparent conducting oxide (TCO) material, bulk single crystals of La-doped
BaSnO3 exhibit outstanding electrical and physical properties. Despite its wide band gap, bulk
La-doped BaSnOj3 displays a very high room temperature electron mobility compared to that
of conventional TCO materials. It is also stable, keeping its intrinsic and extrinsic properties
under high thermal stresses in various gas environments. These characteristics make La-doped
BaSnO3 a suitable material for applications such as optical electrodes in solar cells, smart
coatings, sensors, flat panels and liquid crystal displays as well as in optoelectronics.

In this thesis, experimental research devoted to producing epitaxial La-doped BaSnQOj3 thin films
of high electron mobility were conducted around optimizing the growth conditions and select-
ing the best single crystal substrate. The epitaxial thin films were prepared on perovskite oxide
single crystal substrates, such as SrTiO3 (001), DyScO3 (110), TbScO3 (110) and GdScO3
(110), and non-perovskite substrates, such as MgO (001), using the pulsed laser deposition
technique (PLD). Growth parameters including oxygen background pressure, substrate tem-
perature during thin film deposition as well as film and buffer layer thicknesses were optimized.
The optimization of each of these parameters exclusively focused on improving the electron
mobility. The electronic transport properties of the grown films were investigated through
Hall effect measurements, on samples structured in the van der Pauw geometry. Techniques
including reflection high-energy electron diffraction (RHEED), low-energy electron diffraction
(LEED) and atomic force microscopy (AFM) were used to investigate the surface characteris-
tics of the films. X-ray diffraction (XRD) and transmission electron microscopy (TEM) were
both utilized to analyze the structural and microstructural properties of these films, while X-ray
photoemission spectroscopy (XPS) and angle-resolved photoemission spectroscopy (ARPES)
were employed for the study of the near-surface composition and the electronic band structure.

In this present work, a new growth strategy has been developed and established to improve
the electronic transport characteristics, not only in La-doped BaSnOs thin films, but also in
other TCO systems. It is based on the enhancement of the electron mobility which follows
substantial improvements in the structural characteristics of the thin films. In particular, the
use of a buffer layer, SrZrOs, which can be deposited at extremely high temperature to improve
the crystallinity of the La-doped BaSnOs thin films provided a breakthrough. For SrZrO3 grown
at the optimal temperature of 1300 °C, an enhanced room temperature electron mobility of
140 cm? V1 s71 was achieved. This mobility value is about 30% higher than the value of
100 cm? V~! s71 reported in as-grown La-doped BaSnOj3 thin films using PLD, and is the
highest to date for films prepared by PLD without resorting to any post-growth treatment.
The enhanced electron mobility is related to other studied characteristics, including the low
density of crystallographic defects. These transport and structure properties suggest that



the films have great potential for application. Additional research activities which led to the
creation of a two dimensional electron system (2DES) at the surface of SrTiO3 (100) are also
addressed in this work. The possibility of tailoring the 2DES at the interface of Al/SrTiO3
(100) heterostructure is also explored.
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1. Alkaline Earth Stannates, the New
Candidate Material for Transparent
Conducting Oxide Technology

1.1 Introduction

Research efforts in understanding the properties of matter have led to the discovery of com-
pounds that have revolutionized the world. Rapid progress in materials science has favored
the evolution of new and competitive technologies, especially in electronics. Materials that
make electronic devices more functional, cheap, strong, light and more sustainable have been
developed throughout the years and have contributed to improving the living conditions of
populations. For instance, the ability to control the properties of materials has resulted in the
engineering of a new class of materials that are transparent and conduct electricity with uncon-
ventional functionalities. These materials are greatly used in the solar cell industry. They have
also revolutionized screen displays with liquid crystal displays (LCD), organic light-emitting
diodes (OLED) and transparent displays; and have made devices smarter with the technology
of touch panels, virtual reality and transparent-flexible electronics. These materials are still the
subject of great interest in the research community, and research activities continue towards
the enhancement of the electronic properties of epitaxial oxide thin films; the understanding
of their conductivity mechanisms, which requires establishing a proper correlation between the
transport properties and the electronic band structure; and the efforts to reduce the density of
structural defects in the thin oxide films and at the interface of oxide heterostructures. The
presented work also aims to contribute to this active field.

1.2 Why is La-Doped BaSnOj Interesting?

La-doped barium tin oxide or barium stannate (La-doped BaSnO3) is a transparent conducting
oxide (TCO) material that has attracted much attention recently due to its room temperature
high electron mobility (despite its wide band gap), and therefore for its potential in transparent
oxide electronics [1, 2, 3, 4, 5]. TCOs exhibit high electrical conductivity while retaining their
transparency. The most widely used TCO material in electronic devices is indium tin oxide.
However, because of the scarcity and the high cost of the In metal, alkaline earth stannates,
with general formula ASnO3 (A=Ba, Sr and Ca), were found as a possible replacement due to
their supreme physical and electronic properties [1, 2]. Among them, BaSnO3 was found to
have a simple crystallographic structure. It was also discovered that it could exhibit a high and
stable conductivity at high temperatures after being lightly doped with La, making it a suitable
material for applications such as optical electrodes in solar cells, smart coatings, sensors, flat
panel and liquid crystal displays as well as optoelectronic devices [6, 7, 8, 9, 10, 11]. In
fact, the present surge of interest in BaSnO3 materials comes after Kim et al. [1] discovered
in 2012 that at room temperature, a La-doped BaSnOj3 single crystal behaves like an n-type
conductor with a high electron mobility of about 320 cm? V~!s~! at a doping concentration of
8 x 101 cm™3. In device designing, however, to realize superior electronic and optoelectronic
performances, epitaxial thin films are preferred over bulk single crystals. This is because
of the limited scope of applications implementing functional materials in the bulk form. This
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limitation is associated with the large thickness (in the order of several millimeter) of the single
crystals which is far greater than the diffusion length (in the order of several micrometer) of
the free carriers, resulting in extreme charge accumulation [12]. Nevertheless, attempts to
achieve high electron mobility in epitaxial La-doped BaSnOs3 thin films comparable to that in
single crystals have always been limited by the presence of a large number of dislocations and
defects originating either from the growth method/conditions and/or the large lattice mismatch
between the substrate and the film grown on top [13, 14, 15, 16, 17]. These dislocations act as
scattering cores and reduce the number of free electrons and also lower the electron mobility
[16]. However, the implementation of La-doped BaSnO3 as an active channel in electronic
devices, such as thin-film transistors, requires the thin films to have an electron mobility above
or comparable to that in conventional semiconductor materials.

Research to date has been conducted in a systematic fashion and dedicated to improving the
electron mobility in La-doped BaSnOs3 thin films [14, 15, 16, 17, 18]. Firstly, research efforts
are focused on optimizing the growth conditions [16, 19, 20]. Parameters such as oxygen
partial pressure, laser fluence, substrate temperature during growth and film thickness are
critical for the physical properties of the films. Also, to reduce relaxation at the film-substrate
interface, a buffer layer of same or different material as the grown film is often used [17, 20,
21, 22, 23]. Furthermore, the methods by which the films are deposited play an important role
[17, 18, 19, 24, 25, 26]. Three deposition techniques including sputtering, molecular beam
epitaxy (MBE) and pulsed laser deposition (PLD) are commonly used. Secondly, efforts are
directed towards choosing the best single crystal substrate in a bid to reduce the large lattice
mismatch and temper the dislocations and defects [17, 18, 24, 25]. A lattice-matched material
such as a BaSnOs single crystal substrate is ideal, but it is difficult to make and therefore not
available on the market. Alternatively, compounds with the same structure (perovskite) are
adopted and the density of dislocations at the interface varies with the substrate used [17, 18].
For example, films fabricated with SrTiO3 substrates have more dislocations than those made
on scandate substrates such as DyScOs3, TbhScOs3, PrScO3 and SmScOs3 [17, 18]. Thirdly,
there is focus on the structural, microstructural, optical and electrical characterization as for
epitaxial semiconductor films [13, 14, 15, 16, 17, 18, 23]. This characterization is effective in
getting insight into the physical properties and elemental composition of the films, in perceiving
their crystalline structure at the atomic level and to discern the type of defects or impurities
[13, 17, 23]. These analyses are critical in determining whether the films are suitable for
specific use in electronic devices. Nevertheless, the mechanisms that provide such a high room
temperature mobility in La-doped BaSnQj3 are still poorly explained. A conduction mechanism
can be said to be well understood if an appropriate correlation is made between transport
properties and electronic structure [27]. To gain a fundamental knowledge of the electronic
transport in this system, a full comprehension of the electronic band structure is needed.

A detailed analysis of the band structure can provide quantitative information on the Fermi
velocity and scattering relaxation time, which are both strongly dependent on carrier con-
centration [4, 28]. For several years, the electronic band structure of La-doped BaSnO3 had
only been investigated through density functional theory (DFT) calculations [4, 28, 29] and
indirectly through Fourier transform infrared (FTIR) spectroscopy [30]. The computational
calculations provided important information and description of the electronic band structure.
These calculations revealed the size and the nature of the band gap, the composition of both
the conduction band minimum (CBM) and the valence band maximum (VBM), as well as
their position in the first Brillouin zone [4, 28, 29]. They also specified the effects of donor
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dopants and defects (intrinsic and extrinsic) on the electronic structure. From first principle
calculations based on hybrid DFT, the high electron mobility originates from both the electron
effective mass and the reduction in the phonon scattering rate [4, 30]. Experimental studies
of the band structure to identify which bands contribute to the high electron mobility in this
system are very challenging. Nonetheless, some progress was recently made for both BaSnOj3
and La-doped BaSnO3 thin films, confirming the structure of the bands and the nature of the
gap between CBM and VBM [27, 31, 32]. More experimental work is still needed to clarify
and obtain a better understanding of the factors that limit conduction.

1.3 Intention of this Study

In this thesis, a new growth strategy developed as part of this study to improve the electronic
transport properties in epitaxial La-doped BaSnQj thin films is demonstrated. In particular, the
enhancement of the electron mobility which follows substantial development in the structural
characteristics of the thin films is elaborated. Complementary knowledge and understanding
of both the surface and electronic band structures of these films are also provided.

Epitaxial thin films of La-doped BaSnO3 have been grown in a PLD chamber. Thorough anal-
yses of their surface, structure and electrical properties have been carried out. The transport
characteristics for PLD grown La-doped BaSnQOj3 thin films have been optimized, and a corre-
lation with the spectroscopic results have been drawn. This thesis is structured in chapters as
described below.

Chapter 2 presents an overview of the current knowledge on the La-doped BaSnQOj; system.
Details regarding La-doped BaSnO3 as a TCO material and its fascinating properties are
presented. The potential origins of the high electron mobility in the system are addressed and
the efforts by different researchers to improve it are described. Finally, the current progress in
investigating the electronic band structure is shown.

In chapter 3, the theory behind the experimental techniques used to grow and character-
ize the films is explained. The growth process, starting from the ex situ preparation of the
substrates to the PLD growth of the films is described. The methods employed for surface,
structural and electrical characterizations are detailed. These methods are: reflection high-
energy-electron diffraction (RHEED), low-energy-electron diffraction (LEED), as well as atomic
force microscopy (AFM) for the surface characterization; X-ray diffraction (XRD), transmission
electron microscopy (TEM) and X-ray photoemission spectroscopy (XPS) for the structural
characterization; and magnetoresistance in the Van der Pauw geometry for the electrical char-
acterization. This chapter concludes with the presentation of angle-resolved photoemission
spectroscopy (ARPES), which is the technique adopted to investigate the electronic band
structure of the thin films.

Chapter 4 presents and discusses all the surface, structural and electronic transport results
obtained from the growth and the characterization of the La-doped BaSnOs thin films. The
chapter starts with the optimization of the growth parameters such as the oxygen background
pressure, the substrates temperature, as well as the thicknesses of the active film and buffer
layers. The growth was optimized to achieve optimal electron mobility in the La-doped BaSnO3
thin films. Films directly grown on the substrates or using buffer layers of BaSnO3 or SrZrO3
exhibit improved high electron mobility. These transport results are the best to date for thin
films of La-doped BaSnO3; grown by PLD. The smoothness of the growth and the smoothness
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of the film surfaces are discussed, followed by analyses of the crystalline quality and strain
states of the films. Epitaxial thin films of smooth surfaces were fabricated. Secondary phases
were not detected in the films, which suggests films of high crystallinity. The in-plane and
out-of-plane lattice constants of the grown films were calculated. These values provide an
indication about the density of defects in the films. Afterwards, a microstructural analysis
of these defects was carried out. The grown films present defects such as stacking faults
and threading dislocations originating from misfit dislocations, which affect the electronic
characteristics. Misfit dislocations are generated from the large lattice mismatch between the
as-deposited film and the substrates that are used for the growth. The strategy developed by
us to reduce the density of these defects in the films and enhance their electronic transport
properties is described.

In chapter 5, the chemical composition and elemental quantification of the films are described,
followed by the electronic band structure analysis. Details are provided for the CBM and
the valence band which corroborate the results from computational simulations and previous
experimental work. At the end of this chapter, an attempt to correlate the electronic transport
and the band structure results is made.

In chapter 6, the preliminary results of a project dedicated to investigating the properties of
the interface of the Al/SrTiO3 heterostructure are addressed. A background of knowledge that
helps to understand the importance of such heterostructure is briefly presented.

The last chapter gives a summary of this study. It also includes a brief overview of the remaining
challenges in the La-doped BaSnOs3 system together with the possible considerations for future
investigations.
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2. Recent Developments in Transparent
Conducting Oxide La-Doped BaSnQO;
Systems

2.1 Introduction

In this chapter, the characteristic features of BaSnO3 and La-doped BaSnO3; materials that
make them suitable for applications in various domains are firstly discussed. Then, the factors
that are reported to contribute and also to limit the high electrical performance in oxide
heterostructures based La-doped BaSnOj3 thin films are addressed. Afterwards, research efforts
to circumvent those limitations and improve the electronic transport properties of La-doped
BaSnOs thin films are presented. Finally, theoretical and experimental studies of the electronic
structure of BaSnO3 and La-doped BaSnO3 systems are addressed.

2.1.1 Discovery, Advancement, and Applications of Transparent Conducting
Oxides

In 1907, Badeker [1] published that oxidized thin metal films of Cd prepared in a glow discharge
chamber became transparent while retaining their electrical conductivity. These thin films were
the first transparent conducting oxides (TCOs) ever reported [2]. Transparent and conductive
behaviors are generally mutually exclusive. Good conductors such as metals are opaque to
visible light. These have many closely-spaced energy levels available to electrons. So, a
photon (light) has enough energy to excite one of these electrons to move to the next energy
level and get absorbed in the process. In transparent materials (typically insulators), which
have wide band gaps on the other hand, visible light passes through without getting absorbed
or scattered. The ability of combining current flow and transparency in a material is of great
technological importance, which has led to increasing efforts in developing and designing new
TCO materials for specialized applications [2, 3, 4, 5]. For more than 5 decades, undoped
and impurity-doped binary oxides such as CdO, ZnO, SnO; and InyO3 have prevailed as the
primary n-type TCO materials. These oxides have degenerate semiconducting behavior with a
conduction band shape that guarantees plasma absorption in the infrared [2, 3, 6]. They have
an outstanding adhesion to most substrates and can be grown at room temperature (RT).
Their processing or deposition conditions depend upon the targeted application. For instance,
infrared reflectivity and high transparency are preferred over good conductivity and optimum
optical transmissivity during the manufacturing of architectural glass used as radiation filters
[2,3,5,6,7]. On the other hand, maximum optical transmission in the visible spectrum coupled
with minimum electrical sheet resistance should be achieved in TCO materials dedicated for
optoelectronic applications [2, 3, 6, 7].

The principal commercial TCOs including Sn-doped InyO3, F or Al-doped ZnO, and F-doped
SnO; have been extensively employed in the three dominant markets for TCOs which are ar-
chitectural glass applications for energy-efficient windows, flat-panel displays and photovoltaic
modules. Due to the low-cost production and the low emissivity of SnO5, F-doped SnO; has
been most often employed for window coatings in functional glass. The transparency of coated
windows can be electrically controlled (electrochromic windows) and used for heat or light
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management in the housing, aeronautic and automotive domains, among others [2, 6, 8, 9].
For optoelectronic applications, there have been sweeping strides throughout the years in dis-
plays and photovoltaics, mostly based on Sn-doped In,O3 and Al-doped ZnQO, respectively
[6, 7, 8, 10, 11, 12, 13, 14, 15, 16]. There has been significant advancement in smart displays
for the new technology of smart devices, larger flat-screen televisions of higher-definition, larger
portable computers screens of higher-resolution, touch screens and plasma displays together
with an important rise in the manufacturing of thin film photovoltaic cells.

In all the applications mentioned above, TCOs have the role of transparent conductive elec-
trodes, simultaneously transmitting light and conducting electrical current. These electrodes
are thin films deposited by various techniques including dc-magnetron sputtering of ceramic
targets in a gas mixture of Ar and O3 [17, 18, 19], and chemical evaporation onto hot glass by
spraying [19, 20]. The thin films preparation (deposition, optimization and treatment proce-
dures) leads to single crystalline films, which can often contain some crystallographic defects,
such as dislocations, grain boundaries, stacking faults and point defects (mostly oxygen va-
cancies). These defects generate additional scattering processes, that, added to the intrinsic
ionized impurity scattering, contribute to limiting the electron mobility in these TCO mate-
rials [2, 11]. The reported RT carrier mobilities for a maximum doping level in the order of
102 cm~3 vary as follows: ~ 20 — 100 cm? V~! s~ for Sn-doped Iny03, ~ 1 — 5 cm? V1
s~! for Al-doped ZnO, and =~ 15 — 50 cm? V™! s7! for F-doped SnO, [21, 22]. A summary
of the electron mobility as a function of the carrier concentration for these TCOs in single
crystal and thin film forms is shown in Fig. 2.1, along with that of some semiconductors for
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Figure 2.1: RT electron mobility as a function of the carrier density for some TCO and semiconductor
single crystals and thin films. The open symbols represent the mobility values for thin films whereas
the solid symbols represent those of single crystals. (Ba,La)SnO3 and Ba(Sn,Sb)O3 stand for BaSnO3
single crystals doped with La and Sb respectively in the Ba and the Sn sites; and Sr(Ti,Sb)O3 stands
for SrTiO3 thin film doped with Sb in the Ti site. The image was adapted from Ref. [22].
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comparison.

Although film growth processes of binary TCO compounds are relatively simple due to their
chemical composition, the cost and scarcity of In and the toxicity of Cd have triggered the
search for new eco-friendly n-type TCO compounds. An example of such materials is the
perovskite La-doped lead zirconate titanate of formula La,Pb;_.(Zr,Ti;—,)O3 also known as
PLZT. PLZT has proved its potential as a solid-state device material for applications in infrared
detectors [23], signal processing [24], photoconductor memory [25], as well as switching devices
[26]. It has also been employed in various optical applications including display devices [27],
image sensors and storage [28], photochromics and electrochromics [29].

2.1.2 Doped BaSnO3

Ternary materials with the perovskite structure are key for the next generation of n-type TCO
thin films for specialized applications [30]. Such compounds have significantly greater ad-
justable chemical composition compared to binary systems, leading to more control of the
physical, optical, chemical and electrical properties [3, 6, 7, 30]. Very recently, a particular
transparent perovskite oxide compound has been the subject of great interest, due to its phys-
ical and electrical characteristics. This is barium stannate (BaSnO3), which can be effectively
doped to form a degenerate n-type TCO, and exhibits high electrical conductivity, combined
with the ability to withstand high temperatures while retaining its intrinsic optical and struc-
tural properties [31, 32]. This material has thus been extensively investigated for potential
application in optoelectronic devices, as a replacement for Sn-doped In,O3, since the mobility
in lightly La-doped BaSnQj3 single crystals was found to be about 3 times higher than that
in Sn-doped In,03 for similar doping levels [31]. BaSnO3 had already attracted attention in
the past [32, 33, 34, 35, 36, 37]. It has been employed as gas sensors, and used in various
applications to strengthen and enhance the physical properties of other materials [33, 34]. In
an invention made in 1943 related to the production of glass enamels, it was included in the
composition of the enamel to achieve high resistance to alkalis [33]. From the mixture of per-
ovskite ceramic substances such as BaSnOs3, barium titanate (BaTiO3) and barium zirconate
(BaZrO3), materials with high dielectric constants were synthesized in 1948. Owing to their
high dielectric constants, these materials were useful for applications in electro-mechanical
devices, low frequency distribution and communication systems [34].

Beginning in the 1970s, the electrical properties of BaSnO3 were investigated and the type
of conductivity established. Prokopalo [35] found n-type conductivity originating from the
occupancy of oxygen vacancies by dopant electrons, and observed a large increase in the
conductivity at higher concentrations of the non-isovalent cation dopants. Shimizu et al.
[32] found that the n-type semiconducting nature of BaSnO3 was stable at a temperature
~ 900 °C in an oxygen partial pressure below 10? Pa; making it a suitable oxygen sensor for
the detection of the stoichiometric air to fuel ratio. To get more insight into the processes
involved in the semiconductor gas sensing, Ostrick et al. [36] simultaneously performed in
situ Hall and conductivity measurements on BaSnO3 ceramics for temperatures ranging from
650 °C to 1050 °C. They found a thermal stability in the conductivity behavior over the entire
temperature range. In the Hall measurements, a strong dependence of the carrier density
and the mobility on the oxygen partial pressure at temperatures above and below 900 °C,
respectively, were observed. In the same year (1997), they prepared thin films of BaSnOs
by radio frequency sputtering [37]. The Hall results were similar to those of the ceramic
materials and correlated with the cross-sensitivity of the films to the oxygen concentration in
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the synthetic air over the entire temperature range.

In 2012, Kim et al. [31] prepared both single crystals and thin films of BaSnO3 and La-doped
BaSnO3 (La introduced in the Ba site). They measured the variation of the resistance of
the La-doped BaSnOs film with temperature by successively annealing the film in different
gas environments such as argon, oxygen and air. They noticed a change of about 8% in the
resistance values after annealing at 530 °C for 5 hours first in argon, and then in oxygen; and
a variation of only 1.7% after transitioning from annealing in oxygen to annealing in air at the
same temperature and for the same duration, indicating excellent stability of the oxygen atoms
at high temperature. Furthermore, Bacur et al. [38] found that BaSnO3 had a stable dielectric
constant in a wide range of high frequencies (50 kHz — 500 kHz) and temperatures. These
results suggest that La-doped BaSnOs3 systems have potential use in high power electronic
and high frequency devices as well as thermally stable ceramic capacitors [31, 38]. Kim et
al. also performed Hall measurements on La-doped BaSnOs3 single crystals and thin films and
obtained a record electron mobility value in single crystals compared to similar transparent
oxide materials. The high transparency combined with the high electron mobility in the thin
films [31], points to the great potential of La-doped BaSnO3 materials in transparent oxide
electronics [39].

This chapter is dedicated to reported advances in enhancing the carrier mobility in electron-
doped BaSnOs3, more precisely in La-doped BaSnQOs3 thin films. The crystallographic structure
(perovskite) of BaSnOs is first presented, followed by the possible origins of the high mobility
from a simple one-band model observed in both La-doped BaSnOs single crystals and thin
films. Several scattering mechanisms reported to limit this high mobility as with the most
used TCOs are also covered. Finally, progress in fabricating La-doped BaSnO3 epitaxial thin
films of improved mobility are presented, along with the efforts to understand, at a more
detailed band structure level, the origin of this high conductivity.

2.2 High Mobility and Scattering Mechanisms in Doped BaSnO3;
2.2.1 The Cubic Perovskite Structure of BaSnO;

Perovskite is the name first given to the mineral CaTiOj3, discovered in 1859 in the Ural Moun-
tains by the Prussian mineralogist Gustav Rose, and named to honor the Russian mineralogist
Count Lev Aleksevich von Petrovski [40]. The name perovskite is commonly employed to
refer to a large family of compounds with the general chemical formula ABX3, where A and
B are large and medium-sized cations, respectively, and X an anion [41, 42]. In the case of
perovskite oxides, where X = O (oxygen), the A site is mostly an alkali metal or an alkaline
earth metal ion with the valence state between 14 and 3+; whereas the B site is a transition
metal or metal ion and its oxidation state is determined by electro-neutrality, considering that
the three oxygens per unit cell contribute a factor of —6. More generally, the electro-neutrality
in perovskite oxide compounds can be written as

9a + 395 = =390, (2.1)

where g4, gg and g are the charges on A, B and O ions, respectively. Oxide materials with the
perovskite structure are characterized by a variety of solid state properties such as supercon-
ductivity, ferroelectricity, piezoelectricity and magnetism [41, 42, 43, 44, 45, 46, 47, 48, 49, 50].
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Transparent perovskite oxides are captivating since they form a broad class of structurally iden-
tical compounds including insulators, semiconductors and metals, whose electronic properties
can be altered in a controllable fashion to produce novel functional properties [41, 42].

BaSnOs is an example of a perovskite oxide, which has a perfect cubic structure (space group
Pm3m), as shown in Fig. 2.2. Ba?* and Sn** ions occupy the corners and the center of
the cube, respectively, and 0%~ ions occupy the center of each face, forming a regular three-
dimensional octahedron (SnOg) around Sn**, as illustrated in Fig. 2.2(a). The octahedra is
not tilted or distorted as can be clearly seen in Fig. 2.2(b) representing a 3 x 3 x 3 supercell of
BaSn0Os. Furthermore, as shown in Fig. 2.2(c), the angle of the 0>~—Sn*"—02~ bonds is
180° and all the Sn**—0?~ bonds are of equal length. The coordination of Ba?t is illustrated

(@)

Figure 2.2: The perfect cubic structure of perovskite BaSnO3. (a) A unit cell represented with Ba®*
and Sn** ions at the corners and center of the cube, respectively, and 0% ions at the center of each
face. Sn** is coordinated to 6 O~ ions, as realized by the regular three dimensional SnOg octahedra
of 027, (b) A 3 x 3 x 3 supercell whereby all the SnOg octahedra are well aligned, not distorted or
tilted. (c) The same unit cell as in (a) showing the Sn**—0?~ bonds which are of regular lengths,
with an ideal 180° of 0?~—Sn**—0?~ bonding. (d) A unit cell represented with Sn** at the corners
of the cube such that one 0%~ ion is located in the middle of each of the 12 edges to form a network
of corner-sharing octahedra with 0>~ ions from the closest unit cells. Ba2* then sits at the center of
the cube, coordinated by the 12 0%~ ions. The unit cell is drawn from the centers of the 8 Sn atoms.
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in Fig. 2.2(d), which shows a unit cell constituted of Sn** ions at the corners of the cube
with a Ba?T ion at the center and an 02~ ion located in the middle of each of the 12 edges.
The Ba®* ion is then surrounded by a framework of octahedra built with O?~ ions from the
closest unit cells giving a coordination of 12. These descriptions confirm the perfect cubic
structure of BaSnO3 and could contribute to the origin of the high electron mobility of this
system. Several values of the lattice parameter have been reported, varying from 4.108 A [40]
to 4.116 A [31, 51, 52, 53]. The latter value has been largely reported for ceramic targets,
single crystals and epitaxially grown thin films, which are summarized in Section 2.3 of this
chapter.

2.2.2 Contributing Factors to the High Mobility in La-Doped BaSnQO3; Sys-
tems

BaSnO3 is a material in which n-type doping can be achieved by substitution with donor
electrons either on the Ba site or the Sn site. There are several reports on the electrical
properties of BaSnO3 doped with La (on the Ba site) and with Sb (on the Sn site) [22, 54, 55].
It is found that Sb doping results in less electron mobility in both single crystals and thin films.
This is due to the significant amount of electrically inactive ionized Sb dopant that remains in
the lattice as impurities and causes additional scattering. The effect of these residual impurities
is important as the Sb ions lie in the SnOg octahedra, where the conduction mechanism is
believed to occur through the 5s state of the Sn** ions and the 2p state of the O?~ ions.
The maximum RT electron mobilities reported in Sb-doped BaSnQOj3 single crystals and thin
films are respectively 79.4 cm? V™1 s71 and < 10 cm? V~! s71, for carrier densities between
1 x 102 and 4 x 10%° cm=3 [55, 56]. On the other hand, a maximum RT mobility of
320 cm? V=1 571 was found in BaSnOs single crystals doped to 8 x 10%*° cm~3 with La [31].
The comparison of the RT mobility values of La-doped BaSnOs single crystals with those of the
most popular semiconductors such as GaAs, GaN and Si, along with some other representative
TCO single crystals and thin films is shown in Fig. 2.1. It is seen that at doping concentrations
> 102 cm~3, the mobility is above that of InoO3z. However, this value is lower than that of
GaAs, and is the second-highest among TCOs after CdO [57] (not summarized in Fig. 2.1).

Heteroepitaxial growth of La-doped BaSnOgs thin films has been intensively reported. Figure 2.3
summarizes the efforts in fabricating high mobility La-doped BaSnOs3 thin films (or oxide
heterostructures based La-doped BaSnOj3 thin films) for a period of time up to early 2017.
The films were made using sputtering, PLD and MBE on various substrates including SrTiOs3,
PrScO3; and MgO. Despite all the efforts in optimizing and improving the growth conditions
in state-of-the-art facilities, the mobility in thin films has not reached that of single crystals,

and has always been limited to values smaller than 200 cm? V1 s71.

A good practice in attempting to understand the mobility limiting factors is to start with the
potential origins of the high electron mobility in BaSnO3 system. The simple cubic perovskite
structure of BaSnO3 material with the perfect 180° angle of the O—Sn—O bonds in the
corner-sharing SnOg octahedra network (see Fig. 2.2), together with a highly dispersive Sn
5s derived conduction band are key elements for its high electrical mobility [58]. In a simple
one-band model, the electron mobility (1) is inversely proportional to the electron effective
mass (m*), and directly proportional to the electron scattering relaxation time (7). This is
expressed by [59, 60, 61]
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Figure 2.3: RT electron mobility as a function of the carrier density for several La-doped BaSnOj
(BLSO) thin films deposited on different substrates by growth techniques such as PLD, MBE and
sputtering. The open symbols represent the mobility value for thin films whereas the solid symbols
represent that of single crystals. The image was adapted from Ref. [22].

> ¢ (2.2)

m*’

where g is the elementary charge. This implies that high mobility is achieved for simultane-
ous low m* and low scattering rate 7% (or simply high relaxation time between successive
scattering which result in loss in momentum). Thus, a systematic quantitative analysis of the
electron effective mass m* and the average scattering rate 77! is crucial for understanding
the electronic transport in BaSnO3. The value of m™ is extracted from the plasma frequency
(wp), which for BaSnO3 is mostly obtained by reflectivity measurements on a Fourier transform
infrared spectrometer. m* and wy, are related by [60, 61]

2
wi="9 (2.3)

P em*

The carrier concentration, n, and the dielectric constant, ¢, are determined by Hall effect
and optical spectroscopy measurements on the specimen, respectively. Different values of
m™* have been proposed from DFT calculations and optical properties measurements. From
most calculations, the RT mobility originates from both the small m* and the reduction in the
scattering rate. The dielectric function, infrared spectra and optical absorption of BaSnO3 have
been simulated using DFT to estimate or predict the values of m*. Some of the theoretical
values reported are: 0.4myq for both BaSnO3 and 3.7% La-doped BaSnO3 crystals [62]; 0.22m
for a 3% La-doped BaSnOs3 crystal [63]; 0.2my [64], 0.22m¢ [65] and anisotropic values along
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different directions in the Brillouin zone varying between 0.028m and 0.09mq [66, 67], and
between 0.469mg and 1.463myg [68] for bulk BaSnOs3; where my is the electron rest mass.
The large difference in m* values from 0.028mq to 1.463my is associated with considerations
in the implementation of the calculations. Figure 2.4 represents the experimental data of m*
at the conduction band minimum for La-doped BaSnQOs3 thin films, extracted from the plasma
frequency for free carrier absorption in the Drude model. It is seen that its value increases from
0.19myq to 0.36mg for doping levels of 1.6 x 1019 cm_3 and 7.6 x 10%% cm~—3, respectively [69].
The value of 0.2740.05mg at n = 1.5x10%° cm™3 was reported by the same research group for
La-doped BaSnO3 thin films co-doped with interstitial hydrogen [70]. Allen et al. [71] reported
the value of 0.1940.01mg at the conduction band edge of La-doped BaSnQj3 thin films, doped
to 1.6 x 10%° cm~3. The following experimental values have also been reported for La-doped
BaSnO3 thin films: 0.42mg at 2.81 x 10?2 cm™3 [56]; 0.35 4 0.02mg at 8.9 x 10'° cm~3
[72]; 0.40 4 0.01mg at n > 1.4 x 10%° cm~3 [73] and 0.396m¢ at 3.27 x 10%° cm~3 [74] by
thermopower modulation measurements.

These reported values are comparable to those of extensively studied TCO materials such as
Zn0: 0.28myg, In203: 0.35mg and SnO,: 0.23my [75], although they exhibit less RT mobility
compared to La-doped BaSnOs single crystals. As a result, it is difficult to attribute the origin
of the high electrical mobility in BaSnOs3 system to the small value of m*. Additionally, as
depicted in Fig. 2.4, m™ increases with the concentration of dopants, and continues to increase
even when the highest electron mobility is achieved at the doping level of 8 x 10*° cm~—3
[31]. The high mobility in BaSnO3 could rather be due to reduced scattering properties.
Therefore, quantitative analysis of the scattering rate and scattering mechanisms is required
to clarify the dominant factor that imparts such high electrical properties. Several scattering
mechanisms have been identified and modeled to account for their effect on the electronic
transport properties.
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Figure 2.4: Electron effective mass (m*) in La-doped BaSnOj3 thin films as a function of the La dopant
concentration. The image was adapted from Ref. [69].
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2.2.3 Mechanisms Limiting the Mobility in La-Doped BaSnO3; Thin Films

Scattering mechanisms are known to contribute in limiting the electron mobility in epitaxially
grown thin films [56, 70, 76, 77, 78, 79]. Their reducing effect is demonstrated for example
in n-type Si-doped GaN films, where scattering by dislocations is the dominant mechanism
in the low doping regime (< 5 x 10" cm~3), and ionized impurity scattering dominant in
the high doping regime [80, 81, 82]. However, these two scattering mechanisms are not the
only factors determining the electrical mobility in degenerate semiconductor systems. Lattice
scattering such as phonon scattering, scattering at stacking faults and point defects should
also be considered [80, 81]. These mechanisms have been extensively analyzed analytically,
theoretically, and experimentally, to account for their contribution to the electronic transport
properties of the thin films [60, 65, 69, 83, 84, 85, 86, 87].

a) Analytical modeling of the mobility limiting factors

In epitaxially grown thin films, the overall electron mobility, tot, is governed by the above
scattering mechanisms, and for degenerately doped semiconductors, it can be written using
Matthiesen's rule as [60, 83, 84]

1 1 1 1
=+ —+— (2.4)
Htot Hdis  Himp  Mlatt

Here jidis, ftimp, and fuae represent the mobility contribution due to dislocation, impurity
and lattice scattering, respectively. Each component in Equation (2.4) is discussed below.
The component contributing to the total mobility due to scattering by dislocations (uqs) is
expressed by [85]

8qa?(3n)3 5
pdis = —s———— (1 +¢(n)) 7, (2.5)
T w3 hNgs ( )
where
h2e(37r2n)%
¢(n) = W’ (2.6)

and h is the Planck constant, € is the static dielectric constant, n is the carrier concentration,
g and m* are the electron charge and effective mass respectively, a is the lattice constant and
Nyis is the density of dislocations, which is experimentally determined.

The component of the mobility associated with scattering at ionized impurities (uimp) is
calculated as [85]

3¢2h3n

PBm*2Niyp {In(l + C(")) - 146(&)'7)} |

HmpP = (2.7)




Section 2.2 Page 16

where Njyp is the density of ionized impurities, which is assumed to be equal to the concen-
tration of donor dopants (n-type).

As for the last term on the right hand side of Equation (2.4), the analytical model for the
contribution of lattice scattering to the mobility is given for longitudinal optical (LO) phonon
scattering [69, 88, 89] as

flate = 2aw|m*cgl + %)3f(a) {exp (27:;:; T> - 1} ’ (28)

where wj is the LO phonon frequency, kg is the Boltzmann constant, « is the coupling constant
for the electron-phonon interaction and f(«) is a slowly varying quantity of order 5/4 for
3<a<6(88.

Equations (2.5) to (2.7) show the strong dependence of dislocation and impurity scattering
on the net concentration of carriers, and therefore describe their contribution to the mobility
with respect to the doping regime. Equations (2.4) to (2.8) were also reported to describe the
mobility limiting mechanisms in n-type degenerate La-doped BaSnO3 systems [55, 62, 69, 86].
The degenerate regime is reached in La-doped BaSnO3 at doping concentrations exceeding
1x 10 cm™3 [62]. In such degenerate systems, the concentration of ionized impurity electrons
is temperature independent, and therefore, dictate the low temperature transport properties
[90, 91]. Thus, phonon scattering can be neglected at low temperature, but considered as a
major electron mobility limiting mechanism at high temperature (Equation (2.8)), along with
dislocation scattering and impurity scattering [62, 85, 86].

b) Theoretical and experimental considerations of the scattering mechanisms

The scattering mechanisms mentioned above have been abundantly simulated with DFT cal-
culations for La-doped BaSnOs3 systems, and their contribution to the total electron mobility
reported [65, 69, 86, 87]. For instance, Prakash et al. [86] have modeled the effect of scat-
tering mechanisms such as, piezoelectric (PE), acoustic phonon deformation potential (AC),
longitudinal polar optical phonon (LO), transverse optical phonon (TO), threading dislocations
(DIS), and ionized impurities (IMP). The studies were conducted by analyzing the dependence
of mobilities on temperature for as-grown La-doped BaSnO3 samples, as well as calculated
bulk BaSnO3 (including the mobility contribution of the individual scattering mechanisms).
These studies were performed considering different doping regimes, low (1.51 x 101 cm~3),
intermediate (4.06 x 102 cm~3) and high (1.02 x 10%! cm~3). The results of these inves-
tigations are shown in Fig. 2.5. Looking at the figure, it can be seen that LO scattering
governs the mobility only in the intermediate regime (see Fig. 2.5(b)), only at temperatures
above 200 K, and that its effect on the mobility is almost independent of the doping level.
On the other hand, TO, PE, and AC scattering do not directly govern the mobility in any of
the regimes (see Figs. 2.5(a) to 2.5(c)). However, TO and AC scattering show a noticeable
dependency on the doping regime. This is seen as their associated mobility values decrease
from low (Fig. 2.5(a)) to intermediate (Fig. 2.5(b)) regimes. This dependency starts to weaken
at higher concentrations of La electrons (Fig. 2.5(c)) introduced into the BaSnO3 lattice as
indicated by the very small variation (or no change at all) in the mobility values.

It is also seen that the dominant mobility limiting factors are DIS and IMP, as these limit the
mobility in the entire temperature range for low (Fig. 2.5(a)) and high (Fig. 2.5(c)) doping
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Figure 2.5: (a)-(c) Temperature dependence of electron mobility (1) for La-doped BaSnO3 samples
at different La doping levels, with the calculated contribution of several scattering mechanisms (dashed

lines) such as PE (upg), DIS (1pis), AC (pac). LO (po), TO (pto) and IMP (ump). The experimental
data (symbols) are plotted alongside the calculated values (solid lines) obtained from DFT employing
the AMSET!package. These images were adapted from Ref. [86].

regimes, respectively. IMP scattering also dominates at intermediate doping, but only below
200 K (Fig. 2.5(b)). Furthermore, the behavior of the mobility values for DIS scattering
with respect to the carrier concentration is related to both the calculated scattering rate and
dislocation density. A larger scattering rate was found for the low doping regime, and roughly
the same lower value for the other two regimes. The calculated dislocation density values are
2.3 x 1012 cm™2, 7.0 x 10! cm™2 and 2.8 x 10'? cm~2, from Fig. 2.5(a) (low regime) to
2.5(c) (high regime), respectively. Thus, the contribution of the DIS scattering to the mobility
is expected to increase from low to intermediate regime, and then decrease at high doping. This
can also be explained considering the value of the inverse screening length due to dislocation
defects which is smaller at low doping regime, combined with the effect of dislocation density.

Experimentally, it has been largely reported that threading dislocations which originate from
the structural film—substrate mismatch, are responsible for the relatively low mobility achieved
in epitaxial thin films, compared to the high mobility value reported in single crystals [76, 77,
79, 92, 93, 94, 95]. One of the major obstacles in achieving high performance thin films is the
availability of lattice matched substrates [77, 92, 93, 95]. In the growth of oxide heterostruc-
tures based La-doped BaSnQj3 thin film, the most difficult parameter to satisfactorily control
and realize higher electron mobility is the choice of the substrate [76, 77, 79, 93, 95]. All

1The AMSET model is an efficient package for ab initio computations of the electronic transport properties
in solid state materials. One of its features includes calculating the rate of scattering mechanisms using the
material properties [96].
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Figure 2.6: Plan-view STEM images of a 0.001% La-BaSnO3/LaScO3/SrTiO3 film.

Upper panel: bright field image showing stacking faults indicated with long arrows (line contrasts A),
and threading dislocations marked with short arrows (dark spots B).

Lower panel: low magnification high angle annular dark field (LM-HAADF) STEM images presenting
(a) polygon-like shapes stacking faults denoted by A, and two types of threading dislocations (B; and
B). The defects B, and A are atom resolved and shown in (b) and (c), respectively. The images were
adapted from Ref. [78].

the films summarized in Section 2.3 and fabricated with state-of-the-art techniques, such as
MBE and PLD suffered structural defects, and the best of them grown by MBE could not at-
tain a mobility value of 200 cm? V=1 s71 [76]. Indeed, microstructural characterization of the
films using transmission electron microscopy (TEM) have revealed the presence of a remarkable
number of planar defects such as stacking faults and line defects such as threading dislocations
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Figure 2.7: Plan-view STEM images of La-BaSnO3/BaSn0O3/DyScOs film. (a) LM-HAADF STEM
image presenting a single loop-shaped stacking fault, designated by a yellow arrow. Bright field (b) and
dark field (c) STEM images showing threading dislocations, indicated with dark contrasts in (b), and
bright contrasts in (c). The yellow arrow in (b) points to a TD. (d) High resolution HAADF STEM
image displaying four edge type threading dislocations, and the Burgers circuit drawn around two of
them. The yellow arrow points to the lack of closure of the Burgers circuit. The dislocation edges are
represented by the dislocation symbols L. The images were adapted from Ref. [76].

[76, 77, 78, 79, 92, 94, 95]. Experimentalists have largely reported these defects as primary
factors limiting the electron mobility in La-doped BaSnOs thin films [76, 77, 79, 92, 93, 94, 95].

Threading dislocations originate from misfit dislocations (MDs), which are generated at the
film-substrate interface when the strain due to the mismatch is released [76, 77, 79, 94, 95].
The percentage of mismatch between the film and the substrate varies with the substrate
employed for film deposition. The reported values for the commonly used substrates are:
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3.8%—3.9% with TbScOs3 (110) [97], 3.6% with GdScO3 (110) [97], 4.2% with DyScO3 (001)
[76], 5.0%—5.5% with SrTiO3 (001) [76, 77, 79, 92, 93, 94, 95, 97, 98, 99], 3.08% with
SmScO3 (110) [93], 2.18%—%2.3 with PrScO3 (110) [76, 77] and 2.2% with MgO [94]. To
reduce this large lattice mismatch, especially in films with SrTiO3 (001) substrate, researchers
resort to inserting an adhesion layer (buffer layer), generally of BaSnO3, between the film
and the substrate. Wang et al. [78] have reported that Ruddlesden-Popper faults, which
are a particular type of stacking faults, are the prevailing structural defects in PLD grown
La-doped BaSnOj3 thin films. Indeed, they performed plan-view STEM (scanning transmission
electron microscopy) measurements and recorded a high density of shear defects, together
with threading dislocations as represented in Fig. 2.6. In their LaScO3 buffered films grown
on SrTiO3 (001) substrates, they found about 2 x 10! cm~2 stacking faults. On the other
hand, in the LM-HAADF STEM micrograph of a BaSnO3 buffered film grown by MBE on
DyScO3 substrate shown in Fig. 2.7(a), Paik et al. [76] reported loop-shaped stacking faults,
corresponding to a density of 3 x 10° cm~2. This value is two orders of magnitude lower than
that found in the PLD grown films. Furthermore, they calculated 1.2 x 10'* cm~2 threading
dislocations from plan-view STEM measurements (Figs. 2.7(b) to 2.7(d)), and concluded that
both defect types contribute to the mobility limit in La-doped BaSnO3 films. The TD defects
observed in their film are indicated in Figs. 2.7(b) and 2.7(c) by the dark (illustrated by the
yellow arrow) and bright contrasts, respectively, as well as in Fig. 2.7(d) by the dislocation
symbols (L) and the lack of closure of the Burgers circuit.

2.3 Progress of Mobility Enhancement in La-Doped BaSnOj;
Thin Films

Several ways to enhance the electronic transport properties in epitaxial La-doped BaSnQO3 thin
films have been identified. Firstly, the use of lattice matched substrates [99]. Secondly, the
insertion of an insulating buffer layer between the film and the substrate to reduce or eliminate
the interfacial defects due to lattice mismatch [69, 76, 79, 86, 100]. And thirdly, resort to
post-growth treatments such as annealing in vacuum or in gas environment [94, 98, 101]. High
quality epitaxial thin films of improved electrical properties have been prepared throughout the
years on different perovskite/non-perovskite oxide single crystal substrates, mostly using the
PLD and the MBE techniques [69, 76, 79, 100, 102]. In the early years of epitaxial La-doped
BaSnO3 thin film growth, the most significant achievement in high mobility grown samples
was made by a research group at the Seoul National University [31, 62, 92]. They prepared
epitaxial thin films of Lagg1Bag.99Sn03, Lag04Bag.g6SnO3 and Lag.g7Bag.93Sn03 directly on
SrTiO3 (001) substrates using the PLD technique, and reported a RT electron mobility up
to 70 cm? V1 s7! at a doping concentration of ~ 6 x 102° cm™3 in the Lag7Bag.035n03
films. Another research group later employed the MBE technique to directly deposit the
thin films on SrTiO3 (001) substrates, and improved the RT mobility to a value as high as
~ 124 cm? V=1 571 at the carrier density of ~ 6.4 x 1019 cm~3 [77]. Figure 2.8 illustrates the
temperature dependence of the carrier densities (n and n3p), the electron mobilities (1), and
the resistivities (p and Rs) of these films. As can be seen in the upper panels in Figs. 2.8(a) and
2.8(b) (yellow markers), the carrier densities are almost independent of the temperature. This
behavior coupled with the metallic behavior of the resistivities shown in the lower panels in
Figs. 2.8(a) and 2.8(b) suggest that all these films are in a degenerately doped semiconducting
regime [62, 77]. As for the electron mobilities, it is seen that they increase with decreasing
temperature. In Fig. 2.8(a) (middle panel), the mobility increases from 300 K down to 2 K
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Figure 2.8: Temperature dependence of the carrier density (n and n3p), the electron mobility (1), and
the resistivity (p and Rs) for La-doped BaSnOj; thin films grown by (a) PLD on SrTiO3 (001), and
(b) and (c) MBE on PrScO3 (110) and SrTiO3 (001) substrates. The image in (a) was adapted from
Ref. [62], and those in (b) and (c) were adapted from Ref. [77].

[62]; but in Fig. 2.8(c), it starts to saturate below 100 K [77]. Similar temperature dependent
behavior of the carrier density, the mobility and the resistivity have been reported in MBE and
PLD grown La-doped BaSnOs thin films [70, 76, 79, 86, 93, 100, 103].

All these studies pointed out the existence in the films of several scattering sources such
as grain boundaries, threading dislocations and electrically inactive ionized impurities, which
obstruct the movement of free carriers and therefore limit the electron mobility. This was
extensively discussed in Section 2.2. To suppress the film/substrate mismatch, BaSnO3 would
be the suitable substrate. This has been reported once in literature by Lee et al. [99], who
successfully grew epitaxial thin films of La,Ba;_,SnO3 (z = 0.005 — 0.04) by PLD directly on
a BaSnOg single crystal substrate. They recorded a maximum RT mobility of 100 cm? V~1 571
at a doping level of 1.3 x 10%® cm™3, though from the TEM measurements they could not
detect any dislocations or grain boundaries in the film and at the interface. Another approach
to improve the electron mobility in La-doped BaSnQj thin films is to use substrates with lattice
parameters that are close to that of BaSnO3 material, such as perovskite scandate substrates.
Thus, an enhanced mobility up to 150 cm? V™~ s~1 with an associated carrier concentration
of ~ 7.1x10' cm~3 was recorded in epitaxial La-doped BaSnOs thin films prepared by MBE
directly on PrScO3; (110) substrates (see the red markers in Figs. 2.8(b) and 2.8(c)) [77].
The authors reported a lattice mismatch value of only —2.18% between the film and PrScO3
(110), which is smaller compared to the value of —5.4% with SrTiO3 (001) substrates, and
therefore explains the difference in mobilities in films deposited on the respective substrates
(see Fig. 2.8(c)).

These advanced results in epitaxial La-doped BaSnOs3 thin films growth triggered the impor-
tance of developing means and strategies that would lower the scattering mechanisms and
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boost the electrical characteristics in this system. As mentioned above, one strategy that has
been commonly employed is to grow an insulating layer between the film and the substrate.
This additional layer, generally made from BaSnO3 material acts as a buffer. Its primary role is
to reduce the large lattice mismatch. Furthermore, growing thick buffer layers help to reduce
the density of dislocations, as these tend to disappear in the middle of the growth [104, 105].
Thus, researchers optimized the thickness of the buffer layer and observed that higher electron
mobility was reached in films containing adhesion layers of thicknesses varying from 50 to
330 nm [69, 76, 79, 86, 100, 102, 106].

A synopsis of the progress made in fabricating high mobility unbuffered and buffered epitaxial
La-doped BaSnOj3 thin films is given in Table 2.1. As can be seen, a record RT mobility
of 183 cm? V1 s71 at the carrier concentration of 1.2 x 10?2 cm~3 is realized for oxide
MBE grown film on DyScO3 (001) substrate with a 330 nm thick BaSnO3 buffer layer [76].
This value is currently the highest reported RT mobility in La-doped BaSnO3 based thin films
considering all growth methods. The results in Table 2.1 show the significant improvement of
the electron mobility with the use of both scandate substrates and buffer layer.

However, another approach has been very recently developed. It is the post-growth treatments
of the films which contribute to annihilate extended defects induced by the disparity in the
thermal expansion coefficients of the film and the substrate [94]. Indeed, several reports in
literature suggest a considerable enhancement of the structural and electrical properties of
epitaxial thin films after annealing of the grown films in vacuum and in different gas envi-
ronments, such as hydrogen forming (Hz), argon (Ar), and nitrogen (N2). Yu et al. [98]
noted that the RT mobility of 3% La-doped films grown by PLD on SrTiO3 (001) consistently
doubled after a post-annealing treatment at high temperature (1000 °C) for 3h in Ny, as in-
dicated in the temperature dependent electron mobility shown in Fig. 2.9(a). They reported
an enhancement from 41 to 78 cm? V~1 s=1, while the carrier density remained unchanged at
~ 4 x 102 cm~3. It should be noted that the fact that the concentration of carriers do not

Table 2.1: Synopsis of the growth of La-BaSnO3 thin films with improved electron mobility.

Authors Growth Substrate Buffer layer RT mobility RT density
method (ecm?V-1ls 1) (ecm™3)
Sallis et al. [63] PLD  SrTiO3z (001) — 48.5 2.2x10%
Kim et al. [62] PLD  SrTiO3 (001) — 70 ~ 6x10%
Prakash et al. [103] MBE  SrTiO3 (001) — 105 2.5x10%
Raghavan et al. [77] MBE  SrTiO3 (001) — ~ 124 ~ 6x10%
Lee et al. [99] PLD  BaSnO; (001) — 100 1.3x10%°
Lebens et al. [107] MBE  TbScOs (110) — 81 1.65x10%
Raghavan et al. [77] MBE  PrScOs (110) — 150 ~ 7x10"°
Park et al. [106] PLD  SrTiO3 (001)  BaSnOj 66 1x10%°
Niedermeier et al. [69]  PLD MgO NiO 70 4.4x10%
Shiogai et al. [79] PLD  SrTiO3 (001)  BaSnOj; 78 8.5x10%
Shin et al. [102] PLD MgO BaSnO; 97.2 2.53x10%
Prakash et al. [86] MBE  SrTiO3 (001)  BaSnOj; 120 3x10%
Wang et al. [100] MBE Si (001) BaSn0Os 128 1.4x10%

Paik et al. [76] MBE  DyScOs; (001)  BaSnOs 183 1.2x10%
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Figure 2.9: Temperature dependent electron mobility for La-doped BaSnOs films, comparing the
electron mobility for these films before and after annealing in (a) N2 gas at 1000 °C for 3h and (b) H,
forming gas at 950 °C. The image in (a) was adapted from Ref. [98], and that in (b) was adapted from
Ref. [94].

change after annealing point to the excellent thermal stability of the BaSnO3 system. On the
other hand, Cho et al. [101] reported that the mobility doubled after vacuum annealing of the
films. They noted that vacuum annealing generates oxygen vacancies which lead to the reduc-
tion of the thermal stability of the films and result in an increase of the carrier density after the
post-annealing process. They prepared epitaxial thin films of 0.1%, 0.55%, 1%, 2%, 5% and
7% La-doped on MgO (001) substrates by PLD and reported an enhancement of the mobility
from ~ 40 to ~ 80 cm? V! s71; and the increase in the carrier density from ~ 1.35 x 10%°
to ~ 1.8 x 10%° cm~3 after annealing in vacuum for 30 min at 750 °C. Moreover, after post-
annealing treatment in Hy forming gas at 950 °C, Yoon et al. [94] observed an enhancement
of the electron mobility in 1% La-doped films prepared by PLD on SrTiO3 (001), as indicated
by the blue markers in the temperature dependent electron mobility presented in Fig. 2.9(b).
They recorded an improvement of the RT mobility to a value as high as ~ 122 cm? V1 57!
from the value before treatment of &~ 15 cm? V~1 s1: and also an increase in the carrier
concentration to ~ 1.1 x 10%° cm™3 from the initial value of ~ 5.3 x 101 cm™3. All the
efforts to enhance the electron mobility reported above indicate that there is room for novel
strategies that impede the scattering mechanisms and achieve mobilities in La-doped BaSnQO3
thin films comparable to that in single crystals.

2.4 Investigation of the Electronic Band Structure of BaSnO;
Systems

Undoped BaSnOs is an insulator in bulk form [62]. In addition, the inherent defects are
not shallow donors [65]. On the contrary, hydrogen impurities and donors such as F, La
and Sb introduce conduction electrons into the conduction band [65]. This justifies the high
conductivity observed experimentally in this material [62, 65]. However, to fully understand
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the conduction mechanism in electron-doped BaSnQOj3 system, a combined theoretical and
experimental knowledge of its electronic band structure is required. The background to this
will be discussed here.

2.4.1 Theoretical Approaches for BaSnO3; Band Structure Analysis

The theoretical investigations have mostly been done using DFT calculations, either local
density approximation (LDA) [62], generalized gradient approximation (GGA) [108], exchange-
correlation functional augmented (PBEOQ) [65], or hybrid density functional theory (HSEO06)
[64, 68, 87, 109]. Both HSE06 and PBEO calculations have been used to investigate the effect
of intrinsic (oxygen vacancy, antisite and interstitial) and extrinsic (especially donor) defects
on the BaSnO3 band structure [65]. In literature, there are several reports on the nature
(indirect or direct) and size of the band gap of BaSnOs3 crystals based on calculations, as
summarized in Table 2.2. These calculations also give detailed descriptions of the constitution
and position of both the conduction band minimum (CBM) and the valence band maximum
(VBM) [62, 64, 65, 68, 87, 108, 109, 110, 111]. It has been reported that the CBM located at
the T point of the Brillouin zone is composed of the Sn 5s orbitals, whereas the VBM located
at the R point is mostly composed of the O 2p orbitals.

As for doped BaSnO3 crystals, researchers reported on the Fermi level (Eg) shift upon electron
filling of the conduction band. For instance, Kim et al. [62] employed LDA for the first time to
compute the band structure of La-doped BaSnOj3 crystals. Figures 2.10(a) and 2.10(b) show
their calculated band structure for undoped and La-doped BaSnOg crystals, respectively. They
found that the Eg (which is located at 0 €V in the figures) in 3.7% La-doped BaSnO3 crystals
was moved upward to about 2 €V in the conduction band (compared to the Fermi position
in undoped BaSnO3), which they reported was composed of the Sn 5s states with a Sn-O
antibonding nature (see Figs. 2.10(a) and 2.10(b)). Furthermore, they reported the formation
of La 4f bands in the conduction band, 2 eV above Ef (see Fig. 2.10(b)). A similar composition
of the conduction band has been reported by Li et al. [112], who also noted a Ef shift of 1.99 eV
above the CBM in the band calculation of LagsBaggSnO3. Their electronic band structure

Table 2.2: Theoretical prediction of the nature and size of the band gap in BaSnQOj3 crystals.

Authors Nature of the band gap  Size of the band gap
(eV)
Direct 3.46
Kang et al. [113] Indirect 2.98
Sallis et al. [63] )
Indirect 22
Singh et al. [114] nairee 3
: 3.20
Scanlon [65] Indirect 5.4
Liu et al. [64] Direct 3.00
2.82
Li [. [112 Indi
i et al [112] ndirect 2 66
Kim et al. [68] Indirect 2.48
Krishnaswamy et al. Direct 2.88

[87, 109] Indirect 2.40
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Figure 2.10: Electronic band structure calculation of (a) BaSnO3 and (b) La-doped BaSnOj crystals.
(c) Calculated absorption spectra for different La-doped BaSnOj crystals showing the evolution of the
band gap with the La content. The images in (a) and (b) were adapted from Ref. [62], and that in (c)
was taken from Ref. [112].

calculations were performed for BaSnO3 crystals with several La doping concentrations using
the general potential linearized augmented plane wave (LAPW) method, with the virtual crystal
approximation to account for the doping. From their calculated absorption spectra, they
observed an increase in the optical band gap with the doping percentage (the concentration
of carriers introduced into the conduction band) as shown in Fig. 2.10(c). This behavior has
been experimentally observed in La-doped BaSnOs3 thin films and single crystals [62, 69, 115].
Despite numerous theoretical reports on the electronic structure of undoped and doped BaSnO3
crystals, experimental findings are needed to confirm the theoretical predictions and to provide
more understanding of transport mechanisms at the band structure level.
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2.4.2 Spectroscopic Measurements of the Band Structure of BaSnQO;

Several research groups have experimentally extracted the numerical value of the BaSnOj;
band gap. Kim et al. [62] recorded both indirect and direct optical band gap values of 2.95 eV
and 3.10 eV respectively, from the UV-visible-near-infrared spectra of BaSnOs single crystals.
Prokopalo et al. [116] found a value of 3.1 eV from investigating the photoconductivity on
BaSnO3 single crystals. The band gap value has also been determined from analysis of optical
absorption data. Performing RT UV-visible diffuse reflectance spectroscopy measurements on
BaSnOs single crystals, the values of 3.1 eV [58, 110] and 3.4 eV [111, 117] were reported. On
the other hand, Chambers et al. [118] investigated the band alignment at the heterojunctions
of hybrid MBE grown epitaxial BaSnO3 thin films on SrTiO3 (001) and LaAlO3 (001) and
found both direct and indirect band gaps from spectroscopic ellipsometry measurements of the
insulating films. They reported indirect band gap values of 2.91 €V on SrTiO3 and 2.95 €V on
LaAlOs3; and direct band gap values of 3.57 €V on SrTiO3 and 3.55 €V on LaAlO3. Using the
same characterization approach, Seo et al. [72] recorded the value of 3.3 eV for BaSnOs3 thin
films grown on SrTiO3 (001) by pulsed electron deposition.

Very recently, Joo et al. [119] used angle resolved photoemission spectroscopy (ARPES) to
completely characterize the electronic band structure of insulating BaSnOs thin films epitaxially
grown by PLD on Nb-doped SrTiO3 (001) substrates. Their work yielded for the first time
experimental evidence of the nature and size of the band gap by determining the position in
momentum space and the energy of both the VBM and the CBM as presented in Fig. 2.11.
In Fig. 2.11(a), the integrated density of states spectrum of the film collected in situ at 100 K
with a photon energy of 123 eV yields: O 2p states at energy between —7 eV and —4 eV,
the valence band leading edge situated at about —3.7 €V; the in-gap state () at —1.75 eV
associated with localized in-gap states; and occupied states in the conduction band close to
Er originating from electron doping induced by native defects such as oxygen vacancies or
antisite defects. In Fig. 2.11(b), the energy distribution curves (EDCs) at the high symmetry
points extracted from ARPES scans show the momentum position of both the VBM and the
CBM and demonstrate the precise nature of the band gap. The CBM is found to be at the I'
point and the VBM at the R point confirming the indirect nature of the band gap in BaSnOj3
material. Furthermore, the energetic position of the VBM is found at 3.88 €V and that of the
CBM at —0.15 eV giving a value of ~ 3.7 €V for the band gap.

A complete structural /electronic structure characterization of BaSnO3 material includes knowl-
edge of its chemical purity and elemental quantification, the oxidation state and chemical
environment of its relevant atomic levels, and its surface atomic composition (stoichiometry).
These details are provided by x-ray photoemission spectroscopy (XPS). From the XPS charac-
terization of powder BaSnO3, Larramona et al. [117] recorded that Ba 3d and Sn 3d multiplets
are respectively in Ba®t and Sn** states; and located at binding energies of Ba 3ds: 780.3 eV,

Ba 3d%: 795.6 €V and Sn Sd%: 485.7 €V, Sn 3d%: 4945 eV. In the O 1s signal, thzey detected

two components at 529.7 eV and 531.7 €V that they respectively attributed to lattice 0%~
ions and chemisorbed water. Furthermore, after a systematic elemental quantification, they
calculated the atomic composition of the surface and found the ratios O/Sn (2.60) and Ba/Sn
(0.77), which were lower than the expected stoichiometric values of 3 and 1 respectively. This
led them to conclude that the surface of the material was SnO» enriched. As for epitaxial
BaSnOj thin films grown by PLD on SrTiO3 (001), Jaim et al. [120] identified only Sn** and
Ba’T valence states evidenced by the energies of their primary regions Sn 3d§: 486.6 €V, Sn
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Figure 2.11: Valence band structure of BaSnOs3 thin film measured by ARPES. Angle-integrated
ARPES spectra (a) and energy distribution curves (EDCs) obtained at various high symmetry points
indicating the energy position of the VBM and CBM (b). The images were taken from Ref. [119].

3d3: 495 eV; and Ba 3ds: 779.4 eV, Ba 3ds: 794.7 €V; and a peak at 780.7 eV associated
wit2h Ba hydroxylate up02n air exposure. Mc>2reover, in the O 1s region which is represented
in Fig. 2.12(a), apart from the lattice oxygen at 529.3 eV (black curve), they recorded two
additional peaks; one peak at 531.3 eV (dark blue curve) which they attributed to oxygen
vacancies resulting from oxygen deficiency during growth, and the other at 533 eV (purple
curve) associated with the loosely bound oxygen at the surface of the films. After annealing
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Figure 2.12: High resolution XPS spectra of BaSnOs thin film deposited in 5 x 10~3 Torr of oxygen
partial pressure. (a) The O 1s region for the sample as-grown is shown. (b) The Sn 3d regions for the
sample before and after annealing at 825 °C under 6.67 mbar of oxygen environment are presented.
The images were adapted from Ref. [120].

of the films at 825 °C under high oxygen pressure (6.67 mbar), they detected a mixture of
Sn** and Sn2* states with a small amount of Sn metals (Fig. 2.12(b)) along with the shift
of Ba 3d% peak toward higher binding energy. This suggests that the chemical composition
of the surface has been radically altered. On the contrary, Chambers et al. [118] reported
a high degree of symmetry in the Sn 3d§ spectra when evaluating the valence band and the
conduction band offsets in BaSnO3/SrTiO3 and BaSnO3/LaAlO3 heterostructures using ex
situ high resolution XPS (the samples were made in a MBE system, exposed to air ambient
before being transferred into the vacuum chamber for spectroscopic measurement). Moreover,
they observed that the Ba 4d doublet was asymmetric and was fitted with an additional dou-
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blet component located = 1 eV at the higher binding energy side of the main Ba 4d% peak.
They assigned this extra component to oxidized or hydroxylated Ba surface component. This
suggests that their sample surface was BaO terminated.

2.4.3 Spectroscopic Measurements of La-Doped BaSnO3 Thin Films

As with BaSnQOs3, the electronic band structure of La-doped BaSnOs3 thin films has been
investigated through optical spectroscopic experiments such as reflection ellipsometry. There
are several reports on the value of the optical band gap for La-doped BaSnOs thin films.
Firstly, Liu et al. [115] reported an increase in the optical band gap from 3.49 eV to 4.0 eV
with increasing La doping content (La;Ba;_;Sn0O3) from 0 to 0.2, as shown in Fig. 2.13(a).
Later on, Seo et al. [72] reported an optical band gap value of 3.57 eV for 4% La-doped
films, shifted by 0.18 €V toward higher photon energy (Fig. 2.13(b)) compared to undoped
films. Finally, Niedermeier et al. [69] observed a direct relationship between the determined
optical band gap and the carrier concentration. In fact, they noted a shift of the optical
absorption edge from 3.7 eV to 4.4 eV when the density of the conduction electrons increases
from 1.6 x 1019 cm~3 to 4.4 x 1029 cm~3 due to the conduction band filling effect, as presented
in Fig. 2.13(c). They stated that their results point to a more pronounced nonparabolicity of
the conduction band. The above findings confirm the theoretical prediction in Ref. [112] that
the optical band gap increases when more carriers are introduced into the conduction band
due to the EF moving upward.

The first photoemission spectroscopic approaches to characterize the electronic structure of
La-doped BaSnOs3 thin films were realized for PLD and MBE grown thin films employing ex
situ XPS, x-ray emission-absorption spectroscopy (XES/XAS) and hard x-ray photoemission
spectroscopy (HAXPES) [63, 107]. It was found that the La 3d core XPS signal of samples
measured without surface preparation was very weak or undetectable [63]. On the other hand,
HAXPES spectra showed increasing La 3d core peak intensities with increasing La doping

percentage, followed with large increases of the asymmetry in the Sn 3ds core levels and shifts
2

to higher binding energies of the valence band leading edge (Fig. 2.14(b)) and core levels such
as Ba 3ds, O 1s and Ba 5p [107]. It should be noted that La 3d core electrons could be detected
2

in HAXPES because this spectroscopic technique is more bulk sensitive than XPS [63, 107].
The HAXPES spectrum of the valence band region in Fig. 2.14(a) shows occupied states in
the conduction band (filled to 0.26 €V below Ef) and an energetic separation VBM—Ef of
about 3.48 eV [63]; whereas that in Fig. 2.14(b) shows the increase in the intensity of the
filled band together with the shift to higher binding energies with the amount of La doping,
pointing to an electrostatically driven band gap renormalization [107].

The orbital character of the states at the VBM and CBM was experimentally determined by
the combination of O K-edge XES/XAS and HAXPES measurements and DFT O 2p partial
density of states (PDOS) calculations and it was found that the VBM is mostly derived from
O 2p orbitals and the CBM is derived from Sn 5s orbitals with a small contribution of O
2p character [63, 107]. On the contrary, as illustrated in Fig. 2.13(d), the EDCs extracted
near the I point in raw ARPES spectra of several thin films with different La content (from
1% to 10%) show that the valence band shifts towards lower binding energies as the La doping
level increases, indicating upwards band bending [97]. This also contradicts the calculations
and the optical spectroscopic experiments shown in Figs. 2.13(a) to 2.13(c). However, in
the case of photoemission spectroscopic measurements, this opposite trend suggests that the
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Figure 2.13: (a)-(c) Optical absorption spectra showing the increase in the optical band gap with the
La doping content in doped BaSnOj3 thin films. (d) EDCs of La-doped BaSnO3 samples measured near
the symmetry point T" with a He Il source (photon energy of 40.8 €V). The image in (a) was adapted
from Ref. [115], that in (b) was adapted from Ref. [72], that in (c) was taken from Ref. [69], and (d)
was adapted from Ref. [97].

chemical potential of the surface (surface sensitive measurements-ARPES) and that of the
bulk (bulk sensitive measurements-HAXPES) have an opposite evolution. This observation
was indeed made early in 2018 when ARPES was first used to analyze the electronic band
structure of MBE grown La-doped BaSnO3 epitaxial thin films. Extremely dispersive bands
are seen from ARPES scans of a Lag o35Bag.965Sn03 sample acquired with helium | (He |,
photon energy of 21.2 eV) over the binding energy range 4 eV to 10 eV (upper panel in
Fig. 2.14(c)). Furthermore, the valence band leading edge is found at 3.5 eV and occupied
states are seen in the conduction band below Ef, leading to an optical band gap value of 3.5 eV
measured from the angle-integrated valence band shown in Fig. 2.14(c).

Additional features are observed in the valence band (« peak), in the band gap (3 peak) and
the CBM (metallic state, labeled MS) as shown in the lower panel in Fig. 2.14(c). The peaks
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Figure 2.14: (a) and (b) are HAXPES spectra of the La-doped BaSnO3 valence band regions pre-
senting (a) occupied states in the conduction band below Er and the estimated band gap value [63],
(b) Ba 5p and valence band regions showing the increasing intensity and the shift of the filled con-
duction band states with the La doping content [107]. (c) Top: ARPES map of the band structure
of Lag.p35Bag.g65Sn03 sample and its corresponding angle-integrated photoemission spectra measured
with He |. Bottom: EDCs of the same sample measured near I" with He Il (40.8 eV) [97]. MS stands
for metallic state which is the CBM. The image in (a) was adapted from Ref. [63], that in (b) was
adapted from Ref. [107], and that in (c) was taken from Ref. [97].

« and [ are attributed to oxygen adsorption and oxygen vacancies, respectively. The intensity
of the peak « is found to increase with the increased doping, whereas the peak 8 and the MS
appear only after illumination of the sample with UV light for several hours accompanied with
an impressive increase in the MS intensity (Fig. 2.14(c)). Remarkably, while the 5 peak is
formed/depleted in La-doped BaSnOs3 thin film upon illumination/light suppression, it is seen
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in the band gap of a BaSnOs3 thin film immediately after growth as indicated in Ref. [119].
This ability of controlling surface electron density by creating/annihilating defects may be a
useful feature in the new generation of electronic devices based on La-doped BaSnOs.

2.5 Conclusion

In summary, La-doped BaSnQO3 is a material that exhibits the properties of TCOs. More
precisely, it combines high electronic transport and transparent characteristics. Owing to these
properties, La-doped BaSnO3 is a material of interest in the research community. Numerous
achievements have been made in the optimization of the structural and electrical characteristics
of thin films based La-doped BaSnQOj3, and more can still be learnt from this material.
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3. Experimental Methods

3.1 Introduction

The fabrication of thin films is motivated by the scientific expectations and the targeted
applications. These applications are strongly related to the growth techniques employed, which
also have their advantages and drawbacks. For example, for the industrial production of devices
such as Si-based integrated circuits where p-sized dimensions are needed with high throughput,
the growth method known as chemical vapor deposition (CVD) is preferred [1]. However, the
rapid progress in nanoscale device engineering and the growing need for atomically controlled
layer growth techniques have triggered the development of more versatile epitaxial growth
methods. These techniques which include molecular beam epitaxy (MBE) and pulsed laser
deposition (PLD), have the ability to produce multilayer structures, which are determinant
for applications in electronic and optoelectronic devices. As an example, both techniques are
heavily employed in the growth of epitaxial thin film semiconductors that display the high
crystal purity and crystallographic perfection essential for quantum well devices [2]. This is
made possible thanks to their capabilities of precise thickness and atomic layer growth control,
which permit the production of high-quality film layers and complex structures exhibiting
unprecedented functional properties.

PLD has particularly been recognized as a valuable nonthermal growth method. It offers the
possibility to operate far from chemical equilibrium and choose more suitable growth conditions
not readily accessible by thermal deposition techniques such as MBE [2, 3]. Additionally, as
will be also discussed in the next chapter, it has been reported that epitaxial thin films prepared
by PLD can exhibit smoother surfaces than those made using thermal techniques [4, 5, 6].
Furthermore, laser-based technology and in particular PLD has proved to be a powerful tool in
the generation of combinatorial thin films and coatings, suited for applications in areas such
as material processing, medicine (synthesis of biomaterials) and optical communication [7, 8].

This chapter is organized around two sections. In the first section, we present the PLD growth
technique. The preliminary steps, i.e. the preparation steps which are fundamental for thin
film deposition using the PLD method are reported. In the second section, we describe the
theory and working principle of the various characterization methods. These techniques are
grouped in categories of techniques such as diffraction, microscopy, magnetotransport and
spectroscopy.

3.2 Pulsed Laser Deposition

The success in fabricating epitaxial thin films exhibiting high structural and electronic properties
lies in the quality of the interface between the epitaxial layer and the host material. Therefore,
before proceeding to film deposition, there is the requirement of having a clean and well
prepared substrate. In this section, all the preliminary steps leading to the growth are addressed.
These steps include the preparation of both the substrates and the targets. In addition, the
PLD growth method is also described.

39
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3.2.1 Substrate Preparation

To prepare heterostructures based on La-doped BaSnQOj thin films, oxide single crystal sub-
strates such as the perovskites SrTiO3 (001), DyScO3; (110), ThScO3 (110) and GdScOs3
(110), and the non-perovskite MgO (001) were used. All these substrates were polished on
the growth side and were 5 x 5 x 1 mm3 in size. The substrate preparation procedure consisted
of two cleaning steps: an ex situ preparation, and an in situ preparation conducted inside the
growth chamber directly before film deposition.

a) Ex Situ Preparation Steps

The ex situ preparation was intended to remove eventual chemicals such as greases and particles
from the surfaces of the substrates was carried out in a flowbox in the chemistry lab. The
cleaning sequence is detailed below:

= Firstly, the substrates were placed on a clean working surface and wetted with iso-
propanol. Using lens paper, also wetted with isopropanol, the surfaces of the substrates
were gently polished. Both the substrate and the lens paper were frequently wetted with
isopropanol during the process.

= Secondly, the substrates (deposited on a support carrying up to 5 substrates a the time)
were inserted into a beaker filled with acetone, and cleaned in an ultrasound bath for
10 min at room temperature.

= Thirdly, the substrates were taken out, inserted in another beaker filled with isopropanol
and cleaned in an ultrasound bath for 10 min. When transferring the substrates from
one beaker to another, these were rinsed with isopropanol.

= Fourthly, the substrates were inserted into a beaker containing ultra pure water and
cleaned in ultrasound for 10 min. When transferring the substrates, these were rinsed
with water. For the MgO (001) substrates, this step was not performed. This is because
it was realized that for optimal ex situ surface preparation, MgQO substrates should not
be cleaned in water.

= Finally, the substrates were blew dry using nitrogen and put in sample boxes and trans-
ported to the growth lab.

b) In Situ Termination

The in situ preparation consisted of a thermal treatment in the growth chamber. The whole
process was conducted in an oxygen gas atmosphere maintained at the films deposition pres-
sure. The ex situ cleaned substrates were loaded into a glove box connected to the PLD
chamber, and mounted onto sample holders. Then, these were loaded into the load lock and
transferred into the growth chamber. On the sample stage, the substrate was in situ termi-
nated by annealing at a temperature of 1300 °C using a CO; laser that homogeneously heats
the substrate from its back side. The termination process followed the phases labeled | to Il in
the temperature profile shown in Fig. 3.1(a). In |, the substrate is heated to the temperature
of 650 °C at a rate of 2 K s71. Then, at a rate of 1 K s71, it is heated to the maximum
termination temperature (1300 °C). This is illustrated as Il in the heating curve (temperature
profile). The thermal preparation was optimized for an annealing time of 200 s at 1300 °C
(indicated by Ill in Fig. 3.1(a)). This surface treatment has proved to be reliable and effective
in producing well-ordered surface structures, which constitute a good template for the growth
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Figure 3.1: (a) Temperature profile indicating the different phases of the growth: substrate termination
(I to 1), cool down to the deposition temperature (IV), film deposition (V), and sample cool down to
room temperature (VI). The inset in (a) is an image of the surface of a target taken with a cellphone
camera. It shows the pattern left by the ablation laser. Surface morphologies of TbScO3 (110) substrates
terminated (b) in situ using the CO, heating laser and (c) ex situ by HF etching and annealing in a
tube furnace. These images were taken with as atomic force microscope.

of epitaxial thin films [9, 10].

Figure 3.1(b) depicts a representative in situ terminated ThScO3 (110) surface, where clear
step and terrace structures can be seen. These structures are comparable to the morphology
obtained with the standard preparation method which consists of etching in hydrofluoric acid
solution (HF) and annealing in a tube furnace [11, 12, 13, 14]. For illustration, we have
shown in Fig. 3.1(c) the surface structure of a ThScO3 (110) substrate etched in HF, and
annealed at 1000 °C in oxygen atmosphere for 2h in a tube furnace. As can be observed,
both surfaces exhibit near identical morphology. However, the termination with the CO; laser
has the advantage that it is done in situ. This favors the deposition on an already ordered
and cleaned surface, whereas an additional treatment is required in the case of substrates
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terminated ex situ in a tube furnace. Additionally, the etching process involves toxic HF
solution, and therefore requires strict safety protocol. It is also time consuming as it consists
of several steps. It should be mentioned that all the samples fabricated in the framework of
this thesis were grown on substrates cleaned and terminated in situ following the procedures
described above.

3.2.2 Thin Film Deposition

The PLD technique is based on the irradiation of a starting material known as target (which
can be of complex composition) with short and intense laser pulses. A high energy flux
(from the photons) is instantaneously transferred to the material, resulting in the removal (or
ablation) of high kinetic energy species in the form of a plasma plume which are deposited on a
substrate. This energetic effect sustains the epitaxial growth [4]. It also opens up the possibility
of flat surface growth since the ejected species are capable of travelling several millimeters
through the background gas pressure and nucleate on the substrate. In fact, depending on the
application, a PLD system can be operated in any gas atmosphere to pressures up to 0.2 mbar
[8]. Additionally, the PLD technique offers the advantages of stoichiometric growth of epitaxial
films, and the deposition of superlattice structures.

In PLD growth, targets of desired materials are employed. For this study, all the targets used
were purchased. Their surfaces are routinely cleaned before deposition. Targets of doped
La,Ba;_,Sn03, and undoped BaSnO3, BaZrO3 and SrZrO3 materials were used in this work.
The doping percentage z in the doped targets was z = 0.5%, 1%, 2%, 4% and 6%. These
correspond to doping levels of 6.80 x 10*° cm™3, 1.36 x 10%° cm™3, 2.72 x 10%° cm~3,
5.44 x 10°° cm™3 and 8.16 x 10%° cm™3, respectively. These targets were cleaned in a glove
box (also connected to the PLD system) following a rigorous procedure. The target cleaning
process consisted of: i) polishing its surface using P800 sandpaper; ii) rinsing in isopropanol
with an ultrasonic cleaner for 5 min at room temperature; and iii) drying on a hotplate for
30 min at 80 °C. Once transferred into the PLD chamber, the targets were preablated before
being employed for the growth. This was done to ensure that their surfaces are free from
any particles or foreign species. The preablation also guarantees that the ablation is brought
to a steady state. An ablation pattern on a target can be seen in the inset in Fig. 3.1(a).
Although the chamber is equipped with a shutter that opens and closes between the substrate
and the target, we chose to keep all the substrates out of the deposition chamber during the
preablation processes. When the preablation was completed, we transferred the substrate into
the growth chamber.

Upon installing the substrate onto the sample stage, the chamber was prepared for deposition.
Preparing the chamber firstly consisted of adjusting the oxygen background pressure to the
desired value. This was done by letting a controlled flow of oxygen into the chamber. Film
deposition in an oxygen environment ensures compensation of oxygen vacancies created in the
oxide substrates due to exposure to high temperatures. Secondly, the setting the reflection
high energy electron diffraction (RHEED) system was switched on and the electron beam
adjusted onto the substrate surface to define specific diffraction conditions. The adjustment
was achieved in two steps: 1- modification of the sample stage height to optimize the angle of
incidence of the beam; and 2- rotation of the sample stage around the normal direction of the
surface to optimize the azimuthal angle of beam incidence with respect to the crystallographic
orientation of the substrate. RHEED is a very important tool in epitaxial thin film growth. It
is employed for real time monitoring of the film surface growth dynamics and to determine the
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layer deposition rate and film thickness. Hence, in this work, both qualitative and quantitative
analyses of the RHEED data were carried out.

After setting the chamber, the heating laser was used for sample termination (see I-lll in
Fig. 3.1(a)). Since most of the samples fabricated in the framework of this thesis were grown
at temperatures below the termination temperature of 1300 °C, the substrate was cooled to
the deposition temperature at a rate of 1 K s™1. Phase IV in the heating curve (Fig. 3.1(a))
illustrates the cooling to the deposition temperature, in this case of 850 °C. Once the sub-
strate reached the growth temperature, we opened the attenuator of the ablation laser whose
parameters (energy density and repetition rate) were set beforehand, and proceeded to the
deposition (see phase V). After the growth, the sample was cooled down to room temperature
at a rate of 1 K s7! in an oxygen environment (see phase VI).

Figure 3.2 shows the schematics of the oxide heterostructures (samples) fabricated for this
study. As illustrated in Fig. 3.2(a), the samples were fabricated by directly depositing the
film layer on the substrate. However, since the properties of the film are greatly improved in
samples prepared with an adhesion layer as described in Section 2.3, a buffer layer made of
an insulation material was thus inserted between the film layer and the substrate as depicted
in Fig. 3.2(b). A representation of the PLD system used to prepare these samples is shown
in Fig. 3.3. It is a system equipped with an z — y — z motion controlled targets table, with
the distance target-substrate of 56 mm. It also comprises a KrF excimer ablation laser system
with a pulse width of 25 ns and a wavelength of 248 nm; a CO; laser heating system that can
produce a beam with a maximum power of 1.1 kW and 9.27 um wavelength; and a RHEED
system equipped with two-stage differential pumping and capable of operating at a maximum
pressure of 1 mbar.

All the growth parameters (including the optimized parameters) such as laser density and
frequency, oxygen background pressure, substrate temperature, and active film and buffer
layer thickness are given in Tables A.1 and A.2 in the appendix section. The preparation of

(a)

(b)

Figure 3.2: Schematics of the oxide heterostructures or samples grown as part of this thesis. (a)
The active layer La,Ba;_,SnOj3 is directly deposited on the substrate. (b) An insulting buffer layer is
inserted between the active film layer and the substrate. This buffer layer is made of either BaSnO3 or
BaZrO3 or SrZrO3 material.
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Figure 3.3: Schematic of the PLD system used to grow the samples presented in this thesis. Intense
laser pulses are directed on a target. The plasma plume of material ablated from the target is deposited
on the substrate which is kept at a high temperature by CO; laser heating. Simultaneously, the RHEED
gun shoots electrons onto the substrate surface and the diffracted beam is collected on the fluorescent
screen. The deposition of the film is conducted in a controlled oxygen background pressure.

the substrates, the deposition of the films and the electronic transport investigations were
conducted in the Department of Solid State Quantum Electronics at the Max-Planck Institute
for Solid State Research in Stuttgart, Germany.

3.3 Characterization Tools

This section is dedicated to the theory and experimental concepts of the different methods
employed in characterizing the epitaxially grown films. Several characterization techniques
were adopted: 1- the diffraction techniques which included RHEED, X-ray diffraction (XRD)
and low energy electron diffraction (LEED); 2- microscopy techniques such as atomic force
microscopy (AFM) and transmission electron microscopy (TEM); 3- magnetotransport; and
4- the spectroscopic techniques including X-ray photoemission spectroscopy (XPS) and angle
resolved photoemission spectroscopy (ARPES).

3.3.1 Diffraction Techniques

The electronic performances of thin films are highly correlated to their structural purity or
crystallinity. The analysis techniques based on diffraction are very powerful for understanding
the crystalline structure of materials. Since the growth process is essentially determinant for
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realizing high quality thin films with outstanding electrical properties, we first evaluated the
growth quality of the films in situ during deposition using RHEED. This method helps to
monitor the surface properties of the films in real time during growth. Then, ex situ diffraction
techniques such as XRD to investigate the films crystalline structure; and LEED to analyze
the surface structure and geometry of films that were cleaned in ultra-high vacuum (UHV)
were employed. All these characterization tools are based on the diffraction of an incident
beam by the specimen under study, when it is bombarded with electrons (in the case of LEED
and RHEED) or with photons (in the case of XRD) [15, 16, 17]. The impinging beam has a
specific characteristic described by the wave-particle duality, which is the de Broglie wavelength
expressed as

N 6
P 2mqV
and
he c
A g, v (3.2)

Here, A\, p, m, g and V are the wavelength, the momentum, the mass, the charge and the
acceleration voltage of the incident electron; i the Planck constant, E, the kinetic energy
of the photon, ¢ the speed of light, and v the photon frequency corresponding to the X-ray
radiation used. Equations (3.1) and (3.2) ensure that the beam of electrons and photons have
energy values which correspond to wavelengths that are comparable to atomic dimensions,
such that the beams can experience diffraction from crystal lattice [1].

a) Low Energy Electron Diffraction

The LEED experimental set-up is illustrated in Fig. 3.4(a). As can be seen, the electron beam
is accelerated from the electron gun towards the surface of the sample. It diffracts from the
topmost surface atomic layers, and is elastically scattered onto the fluorescent screen. LEED
is a surface sensitive measurement which maps the reciprocal lattice of the crystal surface [18].
The diffraction is defined by the Laue condition which is given by [15, 18]

K — K = G, (3.3)

where K; and K are, respectively, the wave vectors of the incident and scattered electron
beams, and G the surface reciprocal lattice vector. Equation (3.3) means that every diffraction
beam on the fluorescent screen corresponds to the reciprocal vector. The energy-filtering grids
placed in front of the screen suppress the lower energy electrons (inelastic secondary electrons).
Only the elastically backscattered electrons with the appropriate energy form the diffraction
pattern on the fluorescent screen (see Fig. 3.4(a)). Since LEED operates in the low energy
regime, the mean free path of the electrons is small. The mean free path determines the
distance an electron can travel in the crystal without being inelastically scattered. This means
that only two to three atomic layers are involved in the elastic scattering process. Thus, LEED
experiment imposes a two dimensional (2D) surface reciprocal lattice. This explains why, for
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Figure 3.4: (a) Schematics of the LEED experiment. The electron beam arrives perpendicularly to
the sample plane. The electrons are back-scattered and form a diffraction pattern on the fluorescent
screen. The grids suppress electrons of lower energies. (b) LEED diffraction patterns forming a 1x1
surface structure at the surface of a SrTiO3 (100) single crystal substrate. The patterns (bright spots)
form square lattices (magenta square), typical of cubic structures. The arrow points at the back of
the electron gun. (c) RHEED diffraction patterns viewed along the [110] azimuth of a La-BaSnOj thin
film. The magenta arrow indicates the specular spot. The orange rectangle represents the area from
which the RHEED intensity oscillations shown in (d) were recorded. The image in (b) was adapted
from Ref. [19]; those in (c) and (d) were adapted from Ref. [20].

val

an elastic diffraction pattern to occur, only K; and R'f' should apply in Equation (3.3), such
that the change R,':' — R!‘ is equal to the 2D surface reciprocal lattice éll [21, 22]. Therefore,
the Laue condition in Equation (3.3) does not apply in the direction perpendicular to the

crystal surface.

The specimens used in LEED experiments should have single crystalline structures with clean
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and well-ordered surfaces. LEED then helps to accurately determine their surface orientation
and symmetry. A 1x1 surface structure can be seen in Fig. 3.4(b), representing the LEED
image of the surface of a SrTiO3 (100) single crystal substrate, annealed in vacuum (pressure
< 107° mbar) at the temperature of 700 °C for 20 minutes [19]. The LEED diffraction patterns
are the bright and sharp spots that are formed on the fluorescent screen. They illustrate square
lattices in the reciprocal space, demonstrating the cubic crystallographic structure of SrTiO3
in real space. One of the square lattices is shown by a magenta square (see Fig. 3.4(b)). The
magenta arrow in the image points at the back of the electron gun, which is properly illustrated
in profile view in Fig. 3.4(a).

In this study, the LEED experiment was used as a surface tool for two purposes. First, to check
the cleanliness of the surfaces when cleaning the samples for spectroscopic measurements.
Second, to identify the orientation of the surfaces which is essential for ARPES experiments.
The LEED optics used in this work were mounted on an UHV chamber (See Section 3.3.4),
and could produce electrons accelerated with voltage up to 500 V. The image of the diffracted
spots were recorded with the help of a carefully aligned cellphone camera.

b) Reflection High Energy Electron Diffraction

The theory of RHEED is similar to that of LEED and expressed by Equation (3.3) [23]. The
set-up of a RHEED experiment is shown in Fig. 3.3. The electrons emitted from the gun arrive
at the sample surface at a very glancing incidence. They are elastically forward-scattered to
form the diffraction patterns on the florescent screen. The RHEED system used in this study
is a STAIB TorrRHEED. During operation, the electrons were accelerated at the voltage of
30 kV and the diffraction patterns on the screen were recorded with a CCD camera.

The angle at which the electrons hit the specimen surface is crucial for the diffraction pattern.
Since the energy of the incident electrons is high, their penetration depth should be kept small
to extract structural information only from the topmost surface layers. Hence, suitable calibra-
tion to keep the incidence angle as small as possible (1 to 8°) is required for the optimization
of the RHEED pattern. This also ensures that the perpendicular component of the electron
wave vector is small. Contrary to LEED, both the parallel and perpendicular components of
the wave vectors in Equation (3.3) are considered in the Laue condition for a RHEED pattern,
which results in a set of diffracted beams on either side of the specular reflected beam [15], as
shown in Fig. 3.4(c). Figure 3.4(c) illustrates the RHEED diffraction patterns of the growth
of a 60 nm thick La-doped BaSnO3 thin film, deposited on DyScO3 (001) substrate with a
330 nm BaSnOs buffer layer, using the MBE technique [20].

The investigation of the surface quality of the films during growth is associated with the analysis
of the RHEED intensity oscillations. These oscillations depict the dynamics of the growth of
the surface, and inform on the deposition mode. For example, the RHEED intensity oscillations
as a function of time portraying the surface growth dynamics of the deposition of the BaSnO3
buffer layer are shown in Fig. 3.4(d). These RHEED intensity oscillations that were recorded
from the area marked by the orange rectangle in Fig. 3.4(c) illustrate growth following a 2D
layer-by-layer mode which transits to a step-flow growth mode [20]. The layer-by-layer growth
is indicated by clear and regular oscillations observed after the opening of the shutter at about
80 s (see Fig. 3.4(d)). The step-flow growth is recognized by the decay in the amplitude of
these oscillations as observed from about 300 s into the growth until the end of the deposition.
Such transient behavior was also reported in PLD grown SrRuO3 thin films prepared on SrTiO3
(001) substrates [24, 25, 26]. For instance, it was observed that after only two oscillations, the
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overall RHEED intensity reached a steady state which persisted until the end of the growth,
indicating a growth mode transition from layer-by-layer to step-flow [24]. Further valuable
information that can be obtained from the analysis of the RHEED intensity oscillations is the
thickness of the epitaxial layer. From the number of oscillations, the thickness of the film can
be estimated, since one oscillation corresponds to the deposition of one unit cell of material
[20, 27, 28].

c) X-ray Diffraction

Compared to LEED and RHEED, XRD is rather a bulk sensitive measurement which provides
details on the arrangement of atomic planes and layers in the crystal [29]. As depicted in
Fig. 3.5(a), the technique consists of directing a source of photons at the surface of a crystal
at a certain angle w. The incident photons are elastically scattered by parallel planes of atoms
spaced by dpk;, and diffracted only for constructive interference satisfying Bragg's law [30]

n\x = thkl sin9; (34)

where X is the wavelength of the incident photons defined in Equation (3.2), n an integer
representing the diffraction order, 6 the diffracted angle such that 260 is the angle between
the incident and the scattered beams, and hkl the Miller indices used to label the different
lattice planes. The diffracted beams are collected by a detector, which, as shown in Fig. 3.5(b),
produces a pattern as an x —y plot of the intensity of the diffracted beam versus the scattering
angle (26). In such a pattern, each diffracted intensity maximum (or peak) corresponds to
diffraction from a particular crystal lattice plane and is located at a specific angle (or position)
260 governed by Equation (3.4). In other words, for a fixed value of A (which is the case in
most lab-based XRD experimental set-ups), a family of parallel planes generates a diffraction
intensity peak only at a particular angle 26. Thus, the crystal plane spacings associated with
the (hkl) planes are deduced from these respective positions. From the values of the plane
spacing dpy;, the hkl indices are also determined in order to completely characterize the (hkl)
planes. For example, for a sample with a cubic crystallographic structure of lattice parameter
a, this can be achieved using the formula [31, 32, 33]

a

P —
M R+ 2

XRD is indeed a powerful method for the structural characterization of materials. In epitaxial
thin film growth, XRD provides a wealth of information regarding the crystallinity of the grown
films. For instance, from the analysis of the diffraction peaks (or diffraction patterns) in the
XRD pattern, knowledge about the crystalline purity, as well as the degree of crystallinity and
smoothness of the grown films can be obtained. Figure 3.5(b) illustrates an example of a XRD
diffraction pattern of a 25 nm thick La-doped BaSnOs thin film prepared on a ThScOs3 (110)
substrate by MBE [28]. As can be seen in the figure, the diffracted peaks of the film only form
the (007) family of planes. These planes are indicated in the figure by (001), (002), (003) and
(004), and they suggest an epitaxial growth (pure phase growth) of the La-doped BaSnO3
thin film, which also has a single crystalline structure [20, 27, 28, 34, 35, 36]. The reflections
of the TbScOs3 (110) substrate, also forming a family of peaks marked by the % symbols, can
also be seen.

(3.5)
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Figure 3.5: (a) Schematics of the XRD experiment. A parallel beam of photons is directed at the
sample surface at an incident angle of w. The photons interfere with parallel atom planes in the crystal.
They are then scattered and diffracted by 26. The diffracted beam is collected by a detector and
analyzed. (b) XRD pattern in the 26 scan of a La-BaSnOj3 thin film prepared by MBE on ThScO3
(110) substrate. The substrate planes are indicated by the * symbols. (c) Close-up view of the pattern in
(b) around the (002) film peak and a substrate peak, showing the Laue thickness fringes. (d) Reciprocal
space map around the asymmetric (103) plane of a La-BaSnOj3 thin film and (332) reflection of the
pseudocubic DyScOs3 (110) substrate, in a MBE grown film. The images in (b) and (c) were adapted
from Ref. [28], and that in (d) was adapted from Ref. [20].

An enlargement around the (002) plane of the La-doped BaSnOs3 film and a reflection plane
of the TbScO3 (110) substrate is presented in Fig. 3.5(c). This enlargement helps to clearly
observe the Laue thickness interference fringes that are formed around the (002) diffraction
peak of the film. The presence of clear thickness fringes indicates the smoothness and the
high structural quality of the La-doped BaSnOjs thin film [20, 28, 35]. These interference
fringes also help in determining the thickness of the film using X-ray reflectivity measurements.
Additionally, based on information such as plane spacing and indexing provided by this (002)
film peak, the value of the out-of-plane (c) lattice parameter of the epitaxial layer is calculated
using Equation (3.5) [20, 27, 28, 34, 35, 36]. The value of ¢ helps in detecting and quantifying
crystal lattice defects such as misfits, strains, distortions and dislocations. The calculated
¢ value compared to the lattice parameter value (a¢) of the bulk material in the case of a
cubic lattice, informs on the strain status of the epitaxial thin film with respect to the growth
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direction (the direction perpendicular to the surface of the substrate) [20, 27, 28].

The strain state of epitaxial thin films is further assessed through reciprocal space mappings,
which are based on asymmetric Bragg geometries. Reciprocal space map measurements are
sensitive to lattice parameters both perpendicular and parallel to the growth direction. Hence,
these measurements provide the opportunity to extract both the in-plane (@) and out-of-plane
(c) lattice parameters of the films, and also to qualitatively and quantitatively characterize
their structural defects [20, 27, 28].

Heteroepitaxial growth of thin films are growth situations whereby materials of different types
(also having different lattice parameters) are brought together to form structures called het-
erostructures (structures made of different types of materials). In such growth, the starting
material (or target used to produce the thin films) generally has a larger lattice constant (ay)
compared to that of the substrate (as) on which the thin films are to be deposited. Thus,
during the deposition of the epitaxial thin layers, two situations usually occur: First, the grown
film can completely (partially) relax due to the large lattice mismatch between the as-grown
film and the substrate [20, 27, 28, 34, 36]. This is seen when after deposition, the extracted
in-plane a and out-of-plane ¢ lattice constants of the film are equal (almost equal) to those of
the initial material /target, at, indicating no distortion in the film lattice. Second, the deposited
film can build an epitaxial strained relationship with the substrate, indicating a coherent growth
or pseudomorphic growth of the thin film [37, 38, 39, 40, 41]. In this case, the in-plane lattice
parameter of the grown film is equal or close to that of the substrate, a = as, suggesting a
compressive strain in the plane direction since the initial material had a larger lattice parameter
(atr > as). This compression is followed by a tetragonal distortion in the out-of-plane direc-
tion. The compression ratio or simply the strain in the film with respect to the plane direction
denoted ¢, can be evaluated as [42]

a — Qg

€y = (3.6)

at

e, in Equation (3.6) is expressed in percentage and indicates how much the in-plane lattice
constant of the grown film deviates from the bulk lattice parameter value.

An example of a reciprocal space mapping is depicted in Fig. 3.5(d). It is the reciprocal space
map around the asymmetric (103) reflection of a La-doped BaSnOs3 film peak and the (332)
reflection of the pseudocubic DyScOs substrate peak [20]. The in-plane and out-of-plane
lattice constants of both the La-doped BaSnO3 thin film and the DyScO3 (001) substrate can
be extracted from the positions of the reciprocal vectors ), and Q., respectively. For the
case portrayed in Fig. 3.5(d), the lattice parameters of the La-doped BaSnOs3 thin film are
calculated as

1x2nr
a= , 3.7
0. (3.7)
and
2
¢ 3x2m (3.8)

Q-
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Furthermore, the size of the grains in the film can be determined from the diffraction spot of
the film in the reciprocal space map [43]. Hence, the lateral grain size, D, of the La-doped
BaSnO3 film in Fig. 3.5(d) can be extracted from the (103) reflection spot along the Q,
axis. The fitting of the contour profile of the (103) reflection with a peak function helps to
extract the integral width (FWHM) [43] and then determine the lateral grain size since both
the FWHM and D are inversely proportional to each other [44, 45].

It is important to emphasize that for the present study, the XRD data were acquired by the
XRD service in the Department of Physical Chemistry of Solids at the Max-Planck Institute
for Solid State Research in Stuttgart. The XRD measurements were carried on a two circle
Panalytical X'Pert Pro diffractometer equipped with a Cu K1 X-Ray source producing photons
of wavelength A = 1.542 A.

3.3.2 Microscopy Techniques

To image both the surface and the atomic structure of our samples with high magnification,
we employed atomic force microscopy and transmission electron microscopy.

a) Atomic Force Microscopy

The surface quality of the grown films was carefully examined with AFM, directly after the
samples were unloaded from the deposition chamber. The measurements were done using a
Cypher Scanning Probe Microscope installed on a vibration-free table in the AFM laboratory
at the Max Planck Institute for Solid State Research in Stuttgart.

As illustrated in Fig. 3.6, the AFM technique consists of scanning across the surface of the
sample with a sharp tip (probe) located at the end of a cantilever arm [16, 46, 47]. The sample
is placed on an z — y — z motion controlled scanning stage. As the probe comes into contact
with the surface (or gets close enough to the surface), a laser focused on the back of the
cantilever measures the deflection caused by the force between the atoms from which the tip
is made of and those of the sample surface. That force is qualitatively attractive or repulsive
depending on the probe-sample distance. Quantitatively, this force can be represented by
Hooke's law. The cantilever that bends acts as a spring of a certain stiffness, and the force is
then proportional to its displacement with respect to its equilibrium position when it is not in
interaction with the sample. As the tip sweeps across the surface, the change in the cantilever
position (for measurements done in contact mode) or the change in its resonance frequency or
amplitude (for measurements done in non-contact mode) is recorded to map the contours of
the surface. In both modes, the tip-sample distance is regulated in such a way that a feedback
loop maintains a constant force between the tip and the sample [46].

The signal resulting from the change in the cantilever position or amplitude, which is needed
to preserve a constant tip-sample distance (force), represents the surface topography [16,
46, 47, 48, 49]. The surface profile parameter that is of most interest in surface topography
characterization is the amplitude or height profile, which provides details about the roughness of
the surface [48, 49, 50]. The most common amplitude parameters are the average roughness
(Ra) and the root mean square (RMS) roughness (Ry). R, is defined as the arithmetical
average of the deviation of all the height profile points from the mean plane, whereas R,
constitutes the average of the measured height deviations taken from the mean plane. The
latter serves as the standard deviation of height profile values. Thus, it is more sensitive
to large deviations from the mean plane which is assumed to be at zero [48, 49, 50, 51].
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Figure 3.6: Schematics of the AFM
experimental set-up. A laser focused
on the back of a cantilever assists in
measuring its deflection as the sam-
ple surface is scanned. The feedback
electronics ensures a constant dis-
tance between the cantilever tip and
the sample. The changes in the can-
tilever position are recorded to map
the surface topography.
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This parameter is the most considered in surface topography characterization. The maximum
roughness peak height (R,,) which gives the height of the highest peak in the profile above the
mean plane can also be taken into account in the analysis.

The surface morphology of a grown sample is also indicative of the growth mechanism as
with RHEED intensity oscillations [24, 25, 26]. In addition to layer-by-layer and step-flow
growth modes, a topographic AFM image can also tell if a growth follows step-bunching
formation which is characterized by large terrace structures cross-faceting between neighboring
step edges, or if it proceeds with the formation of 2D or 3D islands [25, 26]. Figure 3.7(a) shows
a typical AFM image of a PLD fabricated BaSnO3 (130 nm)/(Sr,Ba)SnO3 (10 nm)/SrTiO3
heterostructure [52]. It shows that, in the scanned area of 1x1 um?, the surface morphology
of this sample is composed of step and terrace structures. The height profile (shown at the
bottom of the AFM image), recorded along the white solid line across the AFM image, indicates
that a step is 0.4 nm in height. As this value is consistent with the unit cell of the substrate, it
is suggested that the sample growth proceeds mainly by a 2D step-flow mechanism [24, 25, 26].
In general, the terrace widths of the films are the same as those of the substrates in 2D step-
flow growth mode [26]. To the contrary, the surface morphology in Fig. 3.7(b) which also
shows step and terrace structures rather indicates a 2D layer-by-layer growth mode [24]. This
is seen by the presence of 2D islands of different heights on the terraces. The heights of two
islands given in the height profile are measured as indicated by the red and green markers along
the solid black line across the AFM image. Figure 3.7(b) portrays the surface morphology at
an early stage (about 30 s into the deposition) of the growth of a SrRuQO3 thin film on SrTiO3
(001). As addressed in the RHEED section in Section 3.3.1, this growth progresses and transits
to step-flow mode, marked by a film surface morphology that is quasi-identical to that of the
SrTiO3z (001) substrate (see Fig. 3.7(d)) [24]. The diverse growth mode observed in the
SrRuO3/SrTiO3 heterostructure can also be found in heteroepitaxial growth of other complex
materials [26].

The surface roughness of the epitaxially grown films usually presents a dependence on the thick-
ness of the epitaxial layer. For instance, the variation of the RMS roughness with the thick-
ness t of the BaSnO3 buffer layer in a 0.5% La-BaSnO3 (80 nm)/BaSn0O3 (80 nm)/BaSn0O3
(t)/(Sr,Ba)SnO3 (10 nm)/SrTiO3 heterostructure is illustrated in Fig. 3.7(c). It can be ob-
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Figure 3.7: Typical AFM images of (a) BaSnO3 (130 nm)/(Sr,Ba)SnO3 (10 nm)/SrTiOs, and (b) and
(d) SrRuO3/SrTiO3 heterostructures. The surface height profiles shown at the bottom of the images
are extracted from the solid lines (white and black) drawn on the AFM images. The surfaces present
step and terrace structures. The insets in (b) and (d) represent the RHEED patterns associated with the
AFM images. (c) RMS roughness as a function of the thickness ¢ of the BaSnOj3 buffer layer in 0.5% La-
BaSnO3 (80 nm)/BaSn0O3 (80 nm)/BaSnO3 (t)/(Sr,Ba)SnO3 (10 nm)/SrTiO3 heterostructure. The
images in (a) and (c) were adapted from Ref. [52], and those in (b) and (d) were adapted from Ref. [24].
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served in the figure that for good surface morphology, it is preferable to have ¢ < 300 nm,
since the RMS roughness drastically increases when the buffer layer ¢ is greater than 300 nm
[52].

b) Transmission Electron Microscopy

This technique is based on the transmission of a parallel beam of high energy electrons through
a specimen which produces a magnified image of its internal structure [16]. The principle of
the measurement method is illustrated in Fig. 3.8. The electrons beam emitted from the
gun is accelerated perpendicularly towards the specimen by a high electric voltage generally
100 or 200 kV. Hence, these electrons have a wavelength described by Equation (3.1) that
is much smaller than the typical spacing of atoms in a crystal, and therefore allows a high
resolution imaging of the atomic arrangement [15]. The beam is concentrated and focused
onto a precise area of the sample by a set of electromagnetic lenses (coils). As the specimen has
been methodically prepared to be thin enough so that it is transparent to electrons, the beam is
transmitted through and captures an image of the scanned region. This image (or transmitted
beam) is then magnified by another lens, the projector lens, and made visible when it hits a
fluorescent screen placed at the base of the system. In addition to the directly transmitted
beam, the elastically and inelastically scattered electrons that arise from the interaction between
the incident beam and the atoms of the sample can be recorded and analyzed.

TEM is an effective technique for the microstructural characterization of materials as depicted
in Section 2.2.3. This measurement method provides information on the material structure,
composition, bonding, strain and even lattice defects with an atomic resolution [53, 54, 55]. For
instance, a high-resolution TEM (HRTEM) measurement helps to image the atomic structure
of a sample. It consist of forming an image contrast that accounts for both the amplitude
and phase of the diffracted beam. High-angle and medium-angle elastically scattered electrons
can be collected using an annular dark field (ADF) detector to form Z-contrast imaging. This
measurement is strongly sensitive to the atomic number Z of the elements, and thus to the

Electron gun

Figure 3.8: Schematics of the
First lens TEM experimental set-up. A beam

of accelerated electrons is perpen-

dicularly focused onto the sam-

ple by a set of coils. The elec-
Second lens trons that are directly transmitted
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Sample stage scattered, are magnified by the pro-
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rescent screen.
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composition of the specimen or more precisely to the variations in impurity concentration.
On the other hand, the analysis of the energy distribution of the electrons that have passed
thorough the sample and suffered inelastic scattering can tell about the specimen chemistry,
atomic electronic structure, valence state and thickness [56, 57]. This measurement technique
is called electron energy-loss spectroscopy (EELS). A spectrometer mounted at the base of the
TEM system records the inelastically scattered electrons and produces the spectrum of electron
energy-loss. Furthermore, defects such as misfits and dislocations can be imaged at the atomic
level by performing weak-beam dark field (WB-DF) or weak-beam bright field (WB-BF) TEM
measurements. These measurements consist of forming diffraction images where the important
detail contrasts transferred by weakly excited beams are provided in either bright field or dark
field mode.

The TEM data presented in this thesis were acquired using state-of-the-art aberration-corrected
TEM systems in the Stuttgart Center for Electron Microscopy (StEM), at the Max-Planck
Institute for Solid State Research.

3.3.3 Magnetotransport Measurements

To investigate the electronic transport properties of the grown samples, their electrical char-
acteristics such as the resistivity (p), the carrier density (n), and the electron mobility (u)
were studied. These parameters can be extracted from the Hall effect measurement, which is
one of the most frequently employed electrical characterization technique of semiconductors
[1, 58, 59, 60, 61]. The physical principle of the Hall effect consists of perpendicularly applying
a magnetic field (B) to a specimen across which a current is flowing. The presence of the
transverse magnetic field generates a force known as the Lorentz force that deflects the moving
electrons at right angles from the direction of the current. As a result, a voltage drop com-
monly called the Hall voltage (Vy) is induced perpendicularly to the current flow. The slope
of Vy(B) determines the Hall coefficient (Ry) from which n and then p are extracted [61].
In the framework of this study, the Hall effect experiments were performed using a Quantum
Design Physical Properties Measurement System (PPMS). To do so, we proceeded as follows:
firstly, the samples were structured in the Van der Pauw geometry using Au contacts as can
be seen in Fig. 3.9. Then, the conventional four-point probe method was applied on the Au
contacts to measure the temperature dependence of the longitudinal (R«) and transversal or
Hall (Ryy) resistances. Finally, the measured resistances were used to compute the transport
characteristics (p, n and p).

The sample structuring was performed following the photolithography process in a clean room.
This process consisted of covering the entire surface of the samples with a negative photoresist
(spin coating). Then the covered samples were heated on a hot plate and exposed to ultraviolet
(UV) radiation. For UV irradiation, the samples were transferred into a mask aligner, where a
mask with the desired structure was installed. The samples were slowly agitated in a solution
of water and developer to remove the photoresist from the regions non-exposed to the UV
radiation. After this process, thin metallic layers of Ti (5 nm) and Au (30 nm) were respectively
evaporated on the patterned samples. The lift-off process that followed revealed the Au
contacts on the sample as shown in Fig. 3.9 (corner and middle features at the surface). This
process consisted of dissolving the photoresist, and thus the metallic layers on top, using a
particular solution followed by ultrasonic bath in acetone and isopropanol. The structured
samples were then connected to the sample holder pins using Al-wires bonded to the Au
contacts (see Fig. 3.9), and introduced into the PPMS for measurement. An excitation current



Section 3.3 Page 56

Figure 3.9: Sample structured
in the Van der Pauw geome-
try, using metal contacts made
of Au. The Au contacts are
p connected to the sample holder
pins using Al-wires bonding.
The electric connections at the
,}' corners of the sample labeled
A, B, C and D were used for
| the measurement. The middle
o Au contacts were not used.

of 1 pA was injected into the sample during the measurements. R,, and R,, were each
measured through two channels to obtain a more precise value of the resistances. For instance,
to acquire Ry, Rux1 and Ry were measured. For R,.1, the current Ia_,g was sent between
the points A and B (vertical), and the voltage drop Vc_,p between C and D was measured,;
and for Ry, the current was provided horizontally such that Iao_,p was injected to measure
Vc_g. Similarly, to obtain Ry, we measured Ryy1 (la—c; Ve—p) and Ry (Iboe;i Vasc).
The longitudinal resistances (Ryx1 and Ryx2) were measured as a function of the temperature
(T'). The values of the resistance were determined (by the PPMS) as the sample was cooled
down from 300 K to 2 K at a rate of 2 K min~!. As for the measurements of the Hall
resistances (Ry,1 and R,y2), the magnetic field B was turned on. The values of the resistance
were recorded as a function of B at a specific (fixed) temperature T. At a given T value,
B was swept from 0 to 2 T, then from 2 T to —2 T and finally from —2 T to 0 at a rate
of 0.067 T min~!. In the end, the resistance values were such that R, = W and

Ru1+R N
Ry = w Hence, the resistivity was calculated as

s

p= oRo X1, (3.9)

where t is the thickness of the film layer. The Hall coefficient Ry, extracted from the slope of
Rxy as Ry, = sIopeRXy X t was used to compute the carrier density and mobility respectively
as

1
np = 3.10
TS R (3.10)
and
R
M=%- (3.11)

The subscript T in Equations (3.10) and (3.11) indicates that Ry,., nr and pz are obtained
at a constant temperature T'. It is noteworthy that n and p were calculated in the units of
cm™3 and cm? V71 571, respectively.
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3.3.4 Spectroscopic Techniques

The surface atomic composition, the chemical state of the elements, and the electronic band
structure (valence band structure) of the grown films were investigated using two spectroscopic
techniques, XPS and ARPES. These techniques are based on the photoelectric effect (excitation
of electrons with photons), and were performed in a UHV system [62, 63, 64]. As depicted in
Fig. 3.10, photons from a monochromatic light source emitted with the energy hv, impinge
on the surface of a sample, interact with the electrons from the sample and transfer their
energy. The photoexcited electrons gain a certain kinetic energy, overcome the sample surface
potential barrier and are ejected to the vacuum (Fig. 3.10(a)). An electron analyzer collects
the photoemitted electrons. These electrons should reach the analyzer without colliding with
particles from the surrounding, as this would result in scattering processes and subsequent
alteration of their kinetic energy [63]. Thus, UHV (pressure ranging from 10~° to 10~'? mbar)
conditions are required in the photoemission process. The photoexcitation process can be
mathematically written as [63, 65]

hv = Eyin + Eb + s (3.12)

Equation (3.12) describes the energy conservation law. It means that an electron is removed
from the sample and measured by the electron analyzer only if the excitation photon has an
energy equal to the sum of its kinetic (Eyi,) and binding (Ep,) energies and the work function
(¢s) of the sample (see Fig. 3.10(a)). The Eyi, of the photoelectrons is determined by the
analyzer, and with the help of Equation (3.12), the value of E,, is found. In practice, sample
and analyzer are in electrical contact via ground connections so that their Fermi levels are at
the same energy level. This ensures, after some mathematical considerations, that the work
function of the analyzer (¢,) is considered in Equation (3.12) instead of ¢s, which would
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Figure 3.10: Schematics of the spectroscopic experiments. (a) Energetic diagram of the photoexci-
tation process involving the energy levels within the sample. (b) Photoexcitation process viewed from
the sample surface. This geometry is consistent with an ARPES experiment where the emission angle,
0, as well as the sample rotation angle, ¢, are considered in the photoemission.
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require extra measurements and recalibration of the analyzer for each specimen loaded into
the system.

The photoemission process is physically discussed within the three-step and one-step models. In
the three-step model approach, the process is divided into three steps consisting of [66, 67, 68,
69]: 1- the photoexcitation of a bulk electron leading to the creation of a photoelectron; 2- the
travel of the photoelectron to the surface of the crystal; and 3- emission of the photoelectron
into vacuum after transmission through the surface potential barrier. To each of these steps, a
probability of occurrence is associated. The total photoemission intensity which is a function of
the Ey;, of the photoelectron and the energy hv of the photon would then be proportional to the
product of these probabilities. This model treats a single electron in the system transitioning
from its initial to its final eigenstates upon excitation, and does not account for the interaction
between the electron leaving the material and those left behind. Although phenomenological,
this model has been successful in describing the photoemission process for several decades.
However, with quantum mechanical considerations, the photoemission process should not be
expressed as separate and independent events, but rather as a one-step process [65, 70]. This
approach is more realistic as it takes into account correlation effects due to interactions in
the many-body system. The photoemission process is then fully described by the transition
probability for an excitation between N-electron eigenstates (initial state) and one of the
probable ionized (N — 1)-electron eigenstates (final state). Here, the transition probability is
defined with the consideration that for an electron to be emitted in vacuum, both the energy
and momentum of the incident photon and the system of N-electron are conserved, and there
is a finite overlap between initial and final state amplitudes. The photoemission process,
especially within the one-step approach, is a complex physical phenomenon. The complete
mathematical description of the theory behind it requires more complex quantum mechanical
tools, and is described fully in Refs [66, 67, 68, 69, 70] if the reader should need this.

a) X-ray Photoemission Spectroscopy

In photoexcitation processes using X-rays, the impinging photon has enough energy to ex-
cite both the inner shell electrons (core electrons) and the outermost shell electrons (valence
electrons) [63, 71]. The data delivered to the user are comprehensively governed by Equa-
tion (3.12). The analyzer collects the photoemitted electrons and measures their kinetic ener-
gies. Based on Equation (3.12), the acquisition software converts these energies into binding
energies since the photon energy hr and the work function ¢, are known. Thus, the XPS
spectrum which is an  — y plot of the intensities of the photoelectrons versus their kinetic or
binding energies can be obtained. A typical XPS spectrum is composed of features such as
the main core level peak(s) corresponding to the signature of a particular element (or particu-
lar elements depending on the range of electron energy scanned) in the specimen, the Auger
peak(s) (not always), the background and the satellite peak(s) (not always).

The core level peak appears at a particular energy and is associated with the actual elemental
(chemical) composition of the sample. However, to extract information such as atomic ratio,
chemical environment and chemical bonds from a raw core electron spectrum, a systematic
peak analysis much be carried out. Firstly, the background noise that may contribute to
distorting the core peak at its extreme bottoms and introduce asymmetry must be subtracted
from the main signal. There are several types of background subtraction that are commonly
applied to an XPS spectrum during data analysis [63, 71]. For the analysis of the XPS data
obtained as part of this thesis, the Shirley background subtraction method was used to account
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for the effect of inelastic scattering of photoelectrons [100, 101]. Secondly, an appropriate fit
function should be applied to the peak line shape, in order to identify all the components
that contribute to the photoemission peak signal. There are also several peak line shape
fitting functions that are usually employed in data analysis [71]. The Voigt function [102]
was used to fit the spectra. The Voigt function is the convolution of the Gaussian and the
Lorentzian distributions. It simultaneously takes into account the instrumental resolution and
the lifetime broadening due to the filling of the core hole caused by the photoemission process
by a secondary electron.

In XPS measurements, both the photoemitted and Auger electrons can be collected. For
example, in the situation illustrated at the energy level in Fig. 3.10(a), an electron from the
3p orbital of the M shell is photoexcited and emitted from the atom leaving a hole (core hole)
at this energy level. The system (in this case an atom) is then in an excited state (Koopmans'
state [72]). To return to the ground state, an electron from the 3d orbital or a higher shell
descents into the hole. The falling electron gives its energy (which is equivalent to the energetic
separation between the two levels) to another electron which also leaves the atom. This process
is the Auger effect, and the electrons that are ejected through such transitions are referred to
as Auger electrons [63, 71, 73, 74].

The background represents the noise due to secondary electrons. These are electrons that
have lost part of their energy in the photoemission process as a result of scattering processes
(electron-electron and electron-phonon interactions) [63, 71, 74]. Indeed, XPS is a very surface
sensitive method, as the depth below the surface from which the electrons can freely escape
(without suffering inelastic scattering) is small (< 10 nm) [71]. This is because the inelastic
mean free path of the electron (photoelectron) at these energies is very small (0.4 nm on aver-
age [71]). Thus, the electrons in the photoemission spectrum containing valuable information
about the specimen originate from the topmost surface layers.

A satellite structure originates from the photoionization of a core electron, and does not always
appear in an XPS spectrum. However, when it occurs, it is seen as a peak a few eV to the
higher binding energy side of the expected core level [75, 76, 77, 78]. The ionization of a
core electron induces a perturbation in the energy levels of the atom, and is accompanied by
several electronic effects [63, 76, 77, 78, 79]. For instance, following the formation of a core
hole (positively charged), the valence electrons (outermost shell) often relax to compensate
for the sudden change in the effective charge due to the loss of a shielding electron [73]. The
core electron leaving the atom can interact with these relaxing electrons and lose some kinetic
energy in the process [71, 73]. The system is then forced into an excited state, hence the
formation of features at higher binding energies called shake-up satellites [71, 73, 80, 81].
This interaction could also result in the excitation and ejection of the valence electrons from
the system to the continuum giving rise to shake-off satellites [71, 73, 80, 81].

Another category of satellites that arise from the photoionization of core electrons are plasmon
satellites, which are associated with the collective excitations of the valence band electrons
[82, 83]. There are two types of plasmon excitations, namely intrinsic and extrinsic plasmons.
As mentioned before, the excitation of a core electron is accompanied by the sudden creation
of a core hole. Intrinsic plasmons synchronously arise with the creation of the core hole,
whereas extrinsic plasmon excitations are due to inelastic scattering events associated with the
propagation of the photoelectron through the atom [82, 84]. The Coulomb potential of the
core hole in the ionized atom creates a localized trap state that is screened by the conduction
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electrons [85, 86, 87]. This results in a situation whereby two possible final states are accessible.
If the localized state remains empty, the final state is referred to as unscreened. On the other
hand, if the localized state is filled by transfer of an electron from the conduction band, the final
state is referred to as screened [88, 89]. Such satellite structures have been extensively reported
in core XPS spectra of transparent conducting oxides (TCOs) [83, 88, 89, 90, 91, 92, 93, 94],
assuming that the unrelaxed Koopmans' state resulting from the removal of a core electron
is not an eigenstate of the ionized atom, and should rather be projected onto screened and
unscreened final eigenstates [83]. Furthermore, the plasmon energies in TCOs are mostly
around 0.7 eV, comparable with intrinsic core electron line widths [89, 92]. Thus, a plasmon
satellite structure is expected to overlap the core electron feature, resulting in a spectrum with
an asymmetric line shape [88, 89, 92]. In the model developed to describe these satellites,
it was found that the screened final state is the lower binding energy component with a
dominant Gaussian character (narrower), and the unscreened state is a broader component at
higher binding energy whose Lorentzian line width is determined by the scattering rate of the
conduction electrons [83, 88, 89, 95].

Early in the application of photoemission techniques to simple metallic systems, it was found
that plasmon satellites can significantly contribute to the structure of the core levels in XPS
spectra [96]. Hence, the early research efforts in this area were oriented toward unraveling the
relative contributions of extrinsic and intrinsic structure and toward rationalizing the pattern of
multiple plasmon excitations [96]. A weak coupling model was developed several decades ago
by Langreth suggesting that the intensity of the intrinsic plasmon satellite, /, should increase
as the density of the conduction electrons (n) decreases according to the expression [ n~1/3
[86, 97].

All the spectroscopic features described above are illustrated in the photoemission spectra
shown in Fig. 3.11. Figure 3.11(a) represents an XPS spectrum acquired in the binding energy
range from 760 eV to 818 €V on a cobalt film sublimated under high vacuum on a silicon wafer
and exposed to an oxygen environment [98]. It is a scan around the Co 2p core level excited
with a Mg K, source producing photons with the energy of 1253.6 €V. Looking at the figure,
it can be observed that in the energy range scanned, the expected main core peaks, Co 2p3
and Co 2p1, are present. Note that Co 2p is split into Co 2p3 and Co 2p1 due to the spln
orbit coupllng of the 2p orbital. The background feature is |nd|cated by the black arrows in
the figure. This background is fitted together with the peaks in the Co 2p spectrum. The
Auger signals corresponding to electrons transitioning from V to K shells of the O 1s core
level (shown in the inset) are also seen in the spectrum. Two satellite features associated with
the excitation of the 2p orbital are also formed as labeled in the figure. These are shake-up
satellites [71, 82].

Plasmon satellite structures are visible in the hard X-ray photoemission spectroscopy (HAX-
PES) spectra of In 3ds core levels shown in Figs. 3.11(b) and 3.11(c). These are spectra
measured at the photorﬁ energy of 8000 €V on amorphous In;03—Zn0O thin films deposited by
dc magnetron sputtering on quartz glass substrates [92]. The sample in Fig. 3.11(b) labeled
S1 exhibits an electron density of 4.76x10%° cm~3, whereas the sample in Fig. 3.11(c) labeled
S2 has a lower electron concentration of 0.80x10%° cm~3 [92]. The plasmon satellites are
the peaks with the Lorentzian line shape (red dashed curves) at higher binding energies in the
photoemission spectra. These satellites originate from the strong asymmetry in the In 3d core
lines. This asymmetry is due to the interaction between the core holes and the conduction
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Figure 3.11: (a) XPS spectrum of Co 2p region measured with a Mg K, source producing photons of
1253.6 eV. BE stands for binding energy. The inset shows the Auger electrons of O 1s. (b) HAXPES
spectra around the In 3d§ core level measured with a photon energy of 8000 V. The blue and red dashed
curves are the screened and unscreened components, respectively, associated with the photoionization
of In 3d core electrons. The image in (a) was adapted from Ref. [98], and those in (b) and (c) were
adapted from Ref. [92].

electrons. Thus, as mentioned above, this gives rise to the broader satellite components on
the high binding energy sides associated with unscreened final states [92]. The blue dashed
narrower curves located at low binding energies are the main peaks corresponding to screened
final states [92]. Moreover, it can be observed from the figures that the relative intensity of
the screened state (blue dashed curve) decreases with decreasing carrier density (from S1 to
S2). Concomitantly, the relative intensity of the unscreened state (red dashed curve) increases
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when the number of conduction electron decreases (also from S1 to S2), in accord with the
Langreth model. This would suggest that in the limit of zero carrier concentration, only the
unscreened state will be present [88], and the peak will exhibit a perfectly symmetric line shape
as observed in the XPS spectra of Sn 3d core levels of insulting materials [83, 89, 99].

b) Angle Resolved Photoemission Spectroscopy

As for the ARPES technique, in addition to Equation (3.12), the geometry of the experiment
i.e. emission angle (#) of the photoelectrons and sample rotation angle () about the polar axis
(z-axis) should be taken into consideration (see Fig. 3.10(b)). This allows the momentum of
the electrons in vacuum to be measured. In an ARPES experiment, the excitation source (UV
light) is used to excite the valence electrons. The experiment is thus dedicated to mapping the
electronic band structure of the specimen, since the density of states of the electrons in the
sample is given by the valence band region. To map the electronic band structure of a crystal
using ARPES, the dispersion relation between the binding energy and the momentum k of the
electron propagating inside the solid should be measured. This can be achieved using the Ey;,
measured for the photoelectrons together with their momentum |R| = 7Vzthk”‘ in vacuum;
where 71 is the reduced Planck constant. As can be observed in Fig. 3.10(b), the momentum
(or wave vector) K has three components K, Ry and Ky, such that [65, 70]

Ky = 7%‘sm0cos<p

K| = Ky :7@&'”sm9$mg@ (3.13)

K, = Y=litkn 2725“” cosb;

and its components parallel and perpendicular to the specimen surface are given by RII =

Ky + Ry and IZL =K, respectively. The parallel component of the momentum is conserved
due to the translational symmetry in the plane across the surface [65]. This is translated as
the parallel component k|| of the electrons momentum inside the sample is equal to that of

the photoelectrons in vacuum, k” = KH and given by [65, 70]

sinf. (3.14)

Equation (3.14) is the dispersion relation used in ARPES experiment to map the electronic band
structure of solids [65]. A typical ARPES spectrum consists of a 2D snapshot of the energy
(Ep) versus momentum. Note that Ey, can be incorporated into the dispersion relation using
the energy conservation law given in Equation (3.12). To analyze the ARPES data, momentum
scans at constant energy values representing momentum distribution curves (MDC) and energy
scans at constant momentum values defining energy distribution curves (EDCs) are employed.
They help in extracting information about the electronic band structure such as the energy
and momentum positions of both the VBM and the CBM, and the size and nature of the band

gap.
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UVL source

\ Transfer arm on
the load lock Monochromator

Figure 3.12: Photograph of the spectroscopic chamber available at the University of Johannesburg.
The system is equipped with two chambers, the preparation chamber and the analysis chamber, an
hemispherical electron energy analyzer, a LEED optics, two photon sources with monochromators for
XPS and ARPES measurements, and a load lock through which the samples are loaded into the system.
Two transfer arms help to move the samples from the load lock to the preparation chamber, and from
the preparation chamber to analysis chamber. The base pressures in the load lock, the preparation and
the analysis chambers are ~ 1x1078 mbar, &~ 7x107' mbar and ~ 3x10~° mbar, respectively. The
vacuum is maintained with the help of several turbo pumps and an ion pump in the analysis chamber.

The XPS and ARPES data presented in this work were acquired in the Electronic Structure
Studies Research Group at the University of Johannesburg (UJ). The samples were grown at
the Max-Planck Institute for Solid State Research in Stuttgart, Germany, and transported “in
air” to our facility at UJ where the spectroscopic measurements were conducted. XPS and
ARPES are surface sensitive techniques probing only the very top surface layers. To efficiently
quantify the fraction of each element in the films, access all the states in the valence band
and determine the electronic band structure, the samples had to be systematically cleaned in
vacuum to remove any surface contamination. The cleaning procedure consisted of annealing in
oxygen environment at the temperature of about 700 °C, then performing LEED measurements,
and finally running XPS acquisitions of the C 1s region. These are done to verify the surface
quality. C 1s was the only foreign element at the surface of the films studied. The annealing
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was done for an average time of 2 hours using an e-beam heater. A high voltage of 1 kV
was applied to the filament to accelerate the electrons. The emitted electrons directly hit the
back side the molybdenum sample holder on which the sample was clamped. The maximum
power on the sample holder was 3.5 W. The temperature was indicated by a pyrometer set at
an emissivity of 0.1. The surface treatment was conducted in the preparation chamber where
the vacuum pressure was ~ 7x107°% mbar (with oxygen flow), and included several cycles of
annealing. The XPS and ARPES measurements were performed in the UHV analysis chamber
where the base pressure was ~ 3x1071% mbar.

Figure 3.12 shows the spectroscopic equipment available at UJ. It comprises two photon
sources, the X-ray source and the UV light (UVL) source. The X-ray system is equipped
with both Al and Ag anodes, and a monochromator; it can produce photons of 1486.71 eV
(Al Ky) and 2984.31 eV (Ag L,). The UVL system also comprises a monochromator and
can deliver photons of 21.2 eV (He ) and 40.8 eV (He Il). The analyzer is a PHOIBOS 150
hemispherical electron energy analyzer operating at constant pass energy, and equipped with
a microchannel plate detector and a CCD camera.

3.4 Concluding Comments

This chapter covered the technical section of this thesis. It provides an overview of the
experimental techniques that were used to grow and analyze the properties of La-doped BaSnQO3
thin films. It was decided not to cover in too much depth the concepts related to the theory and
the instrumentation of the measurement techniques employed in this study. These techniques
are properly referenced in the text, should the reader be interested to go more in-depth.
However, we presented in detail the key elements that will help the reader to understand the
results shown in this work.
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4. Surface, Structure and Transport
Properties of La-Doped BaSnO3 Thin Films

4.1 Introduction

Carrier density and carrier mobility are the fundamental electronic parameters of semiconductor
materials [1, 2, 3]. Knowledge of their physical values is crucial in modeling and manufacturing
modern electronic components and circuits [2]. These values are also a function of the surface
and structure properties of the thin film semiconductors from which the electronic components
are made [1, 3]. In this chapter, we report on the strong correlation between the electrical
transport, the surface, and the structural characteristics of the epitaxial La-doped BaSnO;
thin films grown by the PLD technique.

The purpose of this study was to grow epitaxial thin films of La-doped BaSnOs3 exhibiting
outstanding electronic transport characteristics. To this end, numerous oxide heterostructures
(samples) containing various La doping levels varying from 0.5% to 6% were studied. The
samples were grown on different single crystal substrates, without and with an insulating
buffer layer. The buffer layers were made from BaSnOs3, BaZrO3 and SrZrO3. The electronic
mobility was optimized for the films directly deposited on SrTiO3 (001), DyScOs3 (110) and
TbScO3(110) substrates, and for those prepared with BaSnO3 and SrZrO3 buffer layers, using
the targets of 2%, 4% and 6% La doping. Insulating behavior was recorded in the films grown
with a BaZrOs3 buffer layer, in those deposited on GdScO3 (110), MgAlO, (001) and MgO
(001) substrates, and in those fabricated with targets doped at 0.5% and 1% La. Thus, for
consistency in structuring the chapter, it was decided to show the surface growth dynamics of
some of these samples in the appendix section (see Appendix A.1).

This chapter is composed of four main sections which address the surface and electronic
properties of the grown samples, and their structural and microstructural characteristics. The
first section is built around the optimization of the room temperature (RT) high electron
mobility in epitaxial La-doped BaSnOj3 thin films. In this section, the optimizations of both
the oxygen deposition pressure and the substrate temperature are firstly addressed. Then,
the thickness of the film and buffer layer are optimized with samples grown using the optimal
oxygen pressure and substrate temperature. Following each optimization step, surface and
transport properties are systematically presented.

In the second section of this chapter, a comparative analysis of the optimized high electron
mobility for unbuffered and BaSnOs3 buffered films with respect to the La doping content
and the substrates is firstly carried out. Then, the surface properties of the sample grown
with a SrZrOs3 buffer layer (which enhances the electron mobility) on the optimized substrate
using the optimized La doping percentage are presented. The transport characteristics of this
sample are further compared with those of the films prepared on the other substrates with
the optimized target. The structural and microstructural characteristics of these samples are
addressed in the third and fourth sections, respectively, while drawing a correlation with their
electronic transport properties.
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4.2 Electron Mobility Optimization in La-Doped BaSnQO3 Thin
Films

In this section, the surface quality of the La-doped BaSnOs thin films and their electronic
transport data including the electron mobility, 1, the carrier concentration, n, and the resis-
tivity, p, are investigated. The surfaces were firstly analyzed in situ during the deposition of
the films using RHEED as described in Section 3.2.2, and secondly, ex situ using AFM as de-
picted in Section 3.3.2. The electronic transport properties were assessed through Hall effect
measurements as portrayed in Section 3.3.3. Here, we investigate the properties of the films
prepared directly on SrTiO3 (001), DyScO3 (110) and TbScOs3 (110) substrates, and those
of the samples fabricated with an insulating buffer layer of BaSnO3. The transport data were
optimized through optimization of the oxygen background pressure, the substrate temperature,
and the thicknesses of both the active film and the buffer layer.

4.2.1 Optimization of the Growth Pressure and Substrate Temperature

To achieve optimized electronic mobility in epitaxial La-doped BaSnOj3 thin films, the growth
pressure and the substrate temperature were first optimized, using a target with 4% La doping
content. Eight films grown on SrTiO3 (001) substrates were prepared for these purposes.
SrTiO3 was chosen as the substrate for these analyses because of its intrinsic properties, which
are recognized to play a critical role in oxide heterostructure growth [4, 5, 6, 7, 8]. For
oxygen pressure optimization, the substrates were held at the temperature of 850 °C, while
the background pressure was increased following the sequence 1.33 x 1073, 1.33 x 1072 and
1.33 x 10~! mbar. The optimization of the temperature of the substrates was conducted after
evaluating the transport properties of these three films. Five samples were then grown at the
optimized pressure, while varying the growth temperatures between 750 °C and 950 °C. The
growth parameters of all these samples, including, the thickness of the film and buffer layers,
and the energy density and repetition rate of the ablating laser, are provided in Table A.2 of
the appendix section. Their surface characteristics are shown in Fig. 4.1, where the RHEED
images are given on the upper panels, and the AFM images are represented on the lower ones
with color scales in the z direction (height). The RHEED and AFM images for the samples
used to optimize the deposition pressure are presented in Figs. 4.1(a) for the sample grown at
1.33 x 1073 mbar, and 4.1(b) for the sample grown at 1.33 x 10~! mbar. Those for the films
employed in optimizing the deposition temperature are shown in Figs. 4.1(c) and 4.1(d) for
the unbuffered and buffered samples grown at 750 °C, respectively, Fig. 4.1(e) for the buffered
sample grown at 850 °C, and Fig. 4.1(f) for the buffered sample grown at 950 °C. It should
be noted that the AFM images of the sample grown at 1.33 x 1072 mbar and the unbuffered
sample grown at 950 °C were not taken'. Therefore, the RHEED images of these samples are
shown in Appendix A.2, for consistency in the figure layout.

As can be seen in the RHEED images of the unbuffered films (Figs. 4.1(a) to 4.1(c) and the
images in Appendix A.2), broad and elongated diffraction patterns (streaks) are observed in
Fig. 4.1(a), suggesting flat surface containing small domains [3]. In Figs. 4.1(b) and 4.1(c) on
the other hand, the patterns are very sharp, implying that the surfaces are flat and smooth with

1This was because of the availability of the person responsible for sample wire bonding. At the time these
samples were grown, the AFM laboratory was fully booked and there was an urgent need to know their electronic
transport characteristics. Thus, the samples were directly bonded for measurement according to the availability
of the person doing the bonding.
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Figure 4.1: RHEED (upper panels) and AFM (lower panels) images for 4% La-BaSnO3 samples pre-
pared on SrTiO3 (001), used for the optimization of the pressure and the temperature of the substrates.
The samples in (a) and (b) are for pressure optimization, deposited at 850 °C, where (a) was grown
at 1.33 x 1072 mbar and (b) at 1.33 x 10~! mbar. The RHEED image of the sample deposited at
1.33 x 1072 mbar is shown in Appendix A.2. The samples in (c)-(f) are for substrate temperature
optimization, grown at the optimized pressure of 1.33 x 10 mbar. (c) and (d) are unbuffered and
BaSnOj3 buffered samples, respectively, grown at 750 °C, (e) is a BaSnOj3 buffered film grown at 850 °C,
and (f) is a BaSnOj3 buffered sample grown at 950 °C. The RHEED image of the unbuffered sample
grown at 950 °C is presented in Appendix A.2.

a perfect single crystalline structure [3, 9]. Comparing these five samples, it can be seen that
1.33 x 10~! mbar of oxygen background pressure is suitable for single crystalline surface growth
of La-doped BaSnOj3 thin films. As for the buffered films presented in Figs. 4.1(d) to 4.1(f) (all
grown at 1.33 x 10~ mbar), very sharp diffraction spots are formed for the samples prepared
at the temperatures of 750 °C (Fig. 4.1(d)) and 850 °C (Fig. 4.1(e)), indicating atomically
flat surfaces with an excellent single crystalline structure [3, 9], although the intensity of the
spots are modulated along the reciprocal rods in Fig. 4.1(d). When the deposition temperature
increases to 950 °C, the diffraction patterns elongate as indicated in Fig. 4.1(f). These are
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streaky diffraction patterns [9], which are identical to those in Fig. 4.1(a). Similar streaky
patterns were observed in the RHEED images of La-doped BaSnOs thin films grown by MBE
on SrTiO3z (001) and DyScO3 (001) substrates, where smooth surfaces and cube-on-cube
epitaxial growth were reported [10, 11, 12, 13]. Thus, the streaky patterns in Figs. 4.1(a) and
4.1(b) also indicate smooth surfaces.

The surface roughness parameters extracted from the surface topography (AFM images) of
the samples discussed above are summarized in Table 4.1. It is noteworthy that the error bars
for the surface roughness values presented in this study are of the order of 1073 nm. Looking
at the table, it can be seen that the root mean square (RMS) roughness values, Ry, of the
surfaces depicted in Fig. 4.1, are very small and vary between 0.039 nm and 0.089 nm. These
values indicate that the films have smooth and atomically flat surfaces [10, 11, 14, 15], in
agreement with the RHEED observations. These values are one order of magnitude smaller,
compared to the reported 0.12 to 0.5 nm in La-doped BaSnO3 thin films prepared on SrTiO3
(001) [10, 11, 16, 17, 18], 0.24 to 0.27 nm in La-doped BaSnOj3 thin films grown on BaSnO3
(001) [14], and 0.16 to 0.44 nm in PLD grown indium tin oxide thin films [19, 20, 21]. The
maximum roughness peak height, R, on the other hand, varies from 0.110 nm to 0.400 nm,
and is smaller than the variation 0.8 to 0.9 nm that was previously reported [14].

Furthermore, clear, large, straight and uniform step and terrace structures can be seen in the
AFM image in Fig. 4.1(b). From the height profile of this surface measured along a line across
the terraces, it is found that each step is 6 A in height, a value which represents more than 1 unit
cell of the SrTiO3 (001) substrate (lattice constant of 3.905 A [22]). Additionally, the surface
morphology of this sample also shows many 2D islands randomly distributed on the terraces.
Based on the RHEED and AFM data, and the descriptions provided in Section 3.3.2, it can be
assumed that this sample was grown in a 2D layer-by-layer mode. Likewise, small, uniform and
straight step and terrace structures are visible in Fig. 4.1(c), and barely distinguishable ones
in Fig. 4.1(d). The step edges in Fig. 4.1(c) are 3.6 A in height, almost corresponding to the
edge of a unit cell. Consistently with the RHEED patterns and the observations in Ref. [9],
it can be concluded that this sample also grows in a layer-by-layer mode, same as for the
samples with AFM images shown in Figs. 4.1(d) and 4.1(e). As for the surface morphology in
Fig. 4.1(f), it can be seen that the step edges are not straight, but the terraces are clear and
wide. The steps are 8 A in height, about twice a unit cell. Similar surface microstructures with
step heights of several unit cells were also reported in BaSnO3 (001) [23] and SrTiO3 (110)

Table 4.1: Surface roughness parameters extracted from the height profiles of the 4% La-BaSnO;
samples prepared on SrTiOs (001) and shown in Fig. 4.1. The values in the table are given with a
precision of the order of £1073 nm.

Samples Scan area  Average  Root mean square Maximum roughness Step height

from roughness roughness peak height

Fig. 4.1 (um?) Ra (nm) Rq (nm) Rp (nm) (A)
(a) 5x5 0.031 0.039 0.114 —
(b) 4.8%x4.8 0.043 0.053 0.140 6
(c) 5x5 0.077 0.089 0.230 3.6
(d) 7.2x7.2 0.045 0.062 0.400 —
(e) 10x10 0.055 0.068 0.186 =
(f) 15x15 0.034 0.043 0.110 8
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[24] substrates, annealed at 1250 °C in oxygen flow and 1100 °C air, respectively. In particular,
this morphology, which suggests step edge faceting, is associated with relatively large in-plane
and out-of-plane miscut angles of the substrates [23, 24, 25]. It is noteworthy that the surface
morphology in Fig. 4.1(a) is different from others, especially from that in Fig. 4.1(e) where the
step and terrace structures are not formed. This morphology is probably associated with the
oxygen background pressure during thin film deposition [17]. In fact, this sample was grown
in 1073 mbar of oxygen pressure, whereas the others were prepared in 10~! mbar.

Now, the electrical transport characteristics of these samples as a function of the oxygen
background pressure are discussed. The RT p, n and p of the samples used to optimize the
growth pressure are presented in Fig. 4.2. As can be seen, the carrier mobility increases from
6.6 +£0.2to 17.7+ 0.4 cm? V! s7! when the oxygen pressure increases from 1.33 x 1073 to
1.33 x 107! mbar. Concomitant with this increase in mobility, the carrier density reaches a
value as low as (5.39 + 0.06) x 10%° cm~3. As for the resistivity, its value abruptly decreases
from 11.1 + 0.1 to 1.928 + 0.007 mQ cm and increases again to 6.53 £+ 0.08 mQ cm at
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higher growth pressure. These relatively high values of the resistivity are consistent with the
relatively low mobility achieved in the respective samples, and are similar to those reported
in La-doped BaSnOj3 thin films prepared by PLD on MgO (001) and SrTiO3 (001) substrates
at comparable carrier concentration [26, 27]. Based on the above observations, it can be
concluded that 1.33 x 10~ mbar is the optimal oxygen deposition pressure for the realization
of the best electrical properties in the epitaxial La-doped BaSnOs thin films.

As for the optimal temperature of the substrates during thin films growth, it was observed
that the unbuffered films grown at 750 °C had a RT mobility of 17.0+0.4 cm? V-1 sl ata
carrier density of (6.38 4-0.08) x 10'° cm~3 and resistivity of 5.77 4+ 0.07 mQ cm, similar to
the electronic properties of the unbuffered film grown at 850 °C at the optimized pressure, as
presented above in Fig. 4.2. It is noteworthy that both films are of the same thickness, and
their surface characteristics (see Figs. 4.1(b) and 4.1(c) and Table 4.1) are also comparable.
However, in the buffered films, the RT mobility for the film deposited at 750 °C reached a
value as low as 3.26 + 0.02 cm? V1 s71, compared to 18.4 + 0.1 cm? V1 s realized in
the buffered film grown at 850 °C with the same film and buffer layer thicknesses. Similarly,
the RT mobility value for the buffered films prepared at 950 °C was very low. A value of
1.4840.01 cm? V! s~ was recorded. It should be mentioned that all of the unbuffered films
fabricated at 950 °C were insulating. These results led to the use of 1.33 x 10~ mbar and
850 °C as the optimal parameter values for the deposition pressure and temperature.

At a certain stage during the optimization process, all the samples fabricated on SrTiO3
(001) substrates with 4% La-doped targets were insulating. This phenomenon, which could
not be explained, repeatedly occurred even when using several different targets of 4% La
doping content to prepare the thin films on all the substrates. Since the goal of this study
was to optimize the electron mobility in the epitaxial La-doped BaSnOs3 thin films, it was
then decided to switch to using 2% and 6% La-doped targets for further optimization of the
growth parameters, such as, the thicknesses of the film and buffer layers. The film growth on
perovskite scandate substrates, such as DyScO3 (110) and ThScO3 (110), was also explored,
and it was realized that in comparison with SrTiO3z (001) substrates, the films deposited on
these substrates achieved improved mobility values, consistent with the reports summarized in
Table 2.1.

4.2.2 Optimization of the Thickness of the Active and Buffer Layers

These optimizations were conducted using a target of BaSnO3 doped at 6% with La, a target
of undoped BaSnOj3 (insulating) for buffer layer deposition, and ThScO3 (110) substrates. All
the films and buffer layers were grown at the optimized temperature and pressure described
in Section 4.2.1. The film thickness (¢) was first optimized by directly depositing the films on
the substrates, then the optimal film thickness value was used and the thickness (¢') of the
buffer layer (inserted between the film and the substrate) was optimized. As was discussed in
Section 2.3, the use of a buffer layer in thin film growth helps to reduce the interfacial defects
(between the active film layer and the substrate), and improves the electron mobility.

For the optimization of the thickness of the films, three samples were grown with the thick-
nesses ¢t = 25, 50 and 100 nm. Their surface properties are shown in Figs. 4.3(a) to 4.3(c),
respectively. As evidenced by the diffraction spots in the RHEED images (Fig. 4.3), these films
have flat and single crystalline surfaces [3, 9]. The flatness of these surfaces is also confirmed
by the very small values of the RMS roughness, summarized in Table 4.2, which also indicate
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Figure 4.3: RHEED (upper panels) and AFM (lower panels) images for 6% La-BaSnO3 (t)/TbScO3
samples, used to optimize the thickness of the films. The films are (a) 25 nm, (b) 50 nm and (c)
100 nm thick, grown at the optimized pressure and temperature.

their smoothness. Moreover, as portrayed by the AFM images (Fig. 4.3), the surface topogra-
phies of these samples present step and terrace structures. The structures in Fig. 4.3(a) are
small and uniform, but the step edges are not straight. The line profile reveals that each step
is 3.3 A in height. Larger structures are formed in Fig. 4.3(b), with faceted step edges, and
are 3.7 A in height. It is to be noted that these faceted structures are similar to those reported
at the surfaces of SrTiO3 (110) single crystal substrates annealed at high temperatures in air
[24]. The structures in Fig. 4.3(c) are closely spaced but appear to be straight. Again, based
on the above observations (RHEED and AFM) and the descriptions given in Section 3.3.2, it
can be concluded that all the three samples were grown in a 2D layer-by-layer mode.

The RT electronic transport data of these samples plotted against their thicknesses are shown
in Fig. 4.4. The highest RT mobility value, 76 =2 cm? V~! s7! was achieved in the 25 nm
thick film at a carrier density of (3.71 4 0.05) x 10%° cm~3, with a corresponding resistivity
value of 0.222 + 0.003 mQ cm. Increasing the film thickness to 50 nm resulted in a decrease
of the RT mobility value to 66 +1 cm? V=1 s71. With further increase of the film thickness to
100 nm, the mobility value decreased to 52.24-0.6 cm? V! s~1, with a very slight increment in
the carrier density and resistivity values to (4.59+0.03) x 10%° cm~3 and 0.2614-0.001 mQ cm,

Table 4.2: Surface roughness parameters obtained from the height profiles of the AFM images of 6%
La-BaSnOs (t)/TbScO3 samples shown in Fig. 4.3. The values in the table are given with a precision
of the order of £1073 nm.

Sample Scan area  Average  Root mean square Maximum roughness Step height
thicknesses roughness roughness peak height

(Fig. 43)  (um?) R, (nm) Rq (nm) Rp (nm) (A)
(a): 25 nm 5x5 0.079 0.090 0.203 3.3

(b): 50 nm  10x10 0.028 0.036 0.112 3.7
(c): 100 nm  10x10 0.037 0.045 0.100 —
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respectively. Therefore, 25 nm is the optimal La-doped BaSnO3 film thickness that gives the
best electronic characteristics.

However, it has been largely demonstrated that the electron mobility is considerably enhanced
in buffered La-doped BaSnOj3 thin films [10, 13, 18, 26, 28, 29, 30]. Thus, to improve the
RT mobility in the films, a BaSnO3 buffer layer was introduced between the 25 nm thick
film and the substrate. Buffer layers of various thicknesses (¢') were grown, and a significant
improvement of the RT mobility was achieved in the sample with the optimal buffer layer
thickness of 100 nm. Five samples were prepared by varying the thickness of the buffer layer ¢/
from 50 nm to 200 nm, as shown in Fig. 4.5. Looking at the figure, only the RHEED diffraction
spots of the films fabricated with buffer layers of thicknesses 120 nm (Fig. 4.5(c)) and 150 nm
(Fig. 4.5(d)) are very sharp, indicative of single crystalline surfaces [3, 9]. The surfaces of the
other films seem to contain small out-of-phase domains [3], as their RHEED diffraction spots
are relatively elongated. The AFM images (Fig. 4.5) show that the morphologies of all these
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Figure 4.5: RHEED (upper panels) and AFM (lower panels) images for 6% La-BaSnO;
(25 nm)/BaSn0s3 (t')/TbScO3 samples, employed in the optimization of the thickness of the buffer
layer, t'. The values of ¢’ were varied as (a) 50 nm, (b) 100 nm, (c) 120 nm, (d) 150 nm and (e)
200 nm.

surfaces are composed of step and terrace structures, which are very small, apart from that of
the film with a 100 nm thick buffer layer (Fig. 4.5(b)). For this sample, the step edges are not
straight, but are faceted and are 4.7 A in height [24]. Again, the RHEED and AFM results and
the descriptions in Section 3.3.2 imply that these samples are grown following a layer-by-layer
mode. The surface profile parameters of the five samples are given in Table 4.3, where it can
be seen that they have flat and smooth surfaces. A clear dependence of the RMS roughness
on the buffer layer thickness can be observed. This is plotted in Fig. 4.6(a). It is seen that,
starting from the unbuffered sample (¢ = 0), the roughness of the surfaces decreases with
increasing buffer layer thickness, down to the smoothest value at 100 nm thickness. Above
100 nm, the RMS roughness drastically increases, indicating that the buffer layer enhances the
surface properties of the films, up to a critical thickness. The change in the RMS roughness



Section 4.2 Page 79

6% La-BaSnO, (25 nm)/BaSnO, (t)/TbScO,

(a)
= 14T ‘ ‘ ‘ 1201 '
c I | . 300 K
S »
21907 1 s ]
@ w 80T
2 i 7 S Q
5 2
2 06 1
ﬁ 40 1
i | o
E 6.0 —
0.2 L 1 1 4 —
0 50 100 150 200 e 5.9- =
(@]
Buffer layer thickness (nm) g 1.5¢ 1
x
< 1.4} \ /
1.3 1
—~ 1.26} 1
£
O = -
G 9
E o0.70}
Q
0.14+ o 1

50 100 150 200
Buffer layer thickness (nm)

Figure 4.6: Variations of (a) the RMS roughness and (b) the RT mobility (u), carrier density (n) and
resistivity (p) of La-doped BaSnOj thin films as a function of the thickness (¢') of the BaSnOs3 buffer
layer. The films are grown on TbScO3 (110) substrates. The thicknesses of the La-doped BaSnOs
films are fixed to 25 nm, while ¢’ is varied from 50 to 200 nm. Note that the variation in (a) starts
from ¢' = 0 (unbuffered film). This is to show the importance of the buffer layer in smoothing the film
surfaces.

is shown starting from ¢' = 0 to illustrate how the buffer layer contributes to improving the
surface quality of the films grown on TbScO3 (110) substrates.

Figure 4.6(b) illustrates the variation of the RT transport characteristics of these films with re-
spect to the thickness of the buffer layer. As observed in the figure, the mobility value increases
from 55 +£2 cm? V™! s~ when the buffer layer thickness is 50 nm to 117 43 cm? V!

when the buffer layer thickness reaches 100 nm. Above 100 nm, the RT mobility considerably
decreases and its value oscillates between 66+2 cm? V=1 s~ (120 nm), 31.34+0.8 cm? V"1 571
(150 nm) and 63 +2 cm? V=1 s71 (200 nm). The same trend is observed for the carrier den-
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Table 4.3: Surface roughness parameters for La-BaSnO3z (25 nm)/BaSnOs3 (¢')/TbScO3; samples.
These parameters were extracted from the height profiles of the AFM images in Fig. 4.5. The values
in the table are given with a precision of the order of +£1073 nm.

Buffer layer ~ Scan area  Average  Root mean square Maximum roughness Step height

thickness roughness roughness peak height

Fig. 4.5 (um?) Ra (nm) Rq (nm) Ry (nm) (A)
(a): 50 nm 10x10 0.055 0.064 0.138 =
(b): 100 nm 10x10 0.036 0.046 0.138 4.7
(c): 120 nm 10x10 0.099 0.117 0.330 =
(d): 150 nm 10x10 0.101 0.118 0.278 —
(e): 200 nm 10x10 0.113 0.136 0.383 =

sity with a value of (5.95 & 0.08) x 10%° cm~3 associated with the highest RT mobility. The
RMS roughness values of the corresponding samples increase with buffer layer thicknesses as
demonstrated in Fig. 4.6(a). Similar increases in surface roughness with respect to buffer layer
thicknesses were also reported in PLD and MBE grown La-doped BaSnO3 thin films on SrTiO3
(001) and MgO (001) substrates [10, 18, 26, 28]. Thus, in the present case, the decrease in
the carrier mobility and carrier density values at thicknesses above 100 nm can also then be
attributed to the effect of the surface roughness. As expected, an opposite behavior to that of
the mobility and carrier concentration is observed for the resistivity. More precisely, its value
decreases from 0.219 £ 0.003 mQ) cm at the buffer layer thickness of 50 nm to a value as low
as 0.089 + 0.001 mQ cm at 100 nm thick buffer layer. This value increases further for buffer
layers with thicknesses above 100 nm to a value up to 1.54 £ 0.02 mQ) cm before decreasing
again in the film with ¢ = 200 nm.

The above analysis leads to the conclusion that 100 nm is the optimal buffer layer thickness
value enabling the full electronic capability of the epitaxial La-doped BaSnO3 thin films. To
confirm this result, the analysis was repeated on DyScO3 (110) substrates. Four samples con-
taining buffer layers of thicknesses ¢ = 50, 100, 200 and 300 nm were prepared as presented
in Fig. 4.7, respectively. As illustrated by the RHEED diffraction patterns in the figure and the
surface properties summarized in Table 4.4, these samples also have flat, smooth and single
crystalline surfaces [3, 9]. The topographic AFM images show a structure in Fig. 4.7(a) that is
composed of 2D islands randomly distributed on the surface with very little variation in heights,
and very small (fine) step and terrace structures in Figs. 4.7(b) to 4.7(d). These surface re-

Table 4.4: Surface roughness parameters from height profiles of 6% La-BaSnO3 (25 nm)/BaSnO;
(t"")/DyScO3 samples shown in Fig. 4.7. The values in the table are given with a precision of the order
of +£1073 nm.

Buffer layer  Scan area  Average  Root mean square Maximum roughness  Step height
thickness roughness roughness peak height

Fig. 4.7 (um?) Ra (nm) Rq (nm) Rp (nm) (A)
(a): 50 nm 10x10 0.193 0.253 0.751 =
(b): 100 nm 10x10 0.048 0.061 0.195 —
(c): 200 nm 10x10 0.042 0.052 0.133 =
(d): 300 nm 10x10 0.074 0.096 0.417 —
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Figure 4.7: RHEED (upper panels) and AFM (lower panels) images for 6% La-BaSnOs
(25 nm)/BaSn03 (t")/DyScO3 samples, used in the optimization of the thickness ¢ of the buffer
layers. t" was varied as (a) 50 nm, (b) 100 nm, (c) 200 nm and (d) 300 nm.

sults and, again, the descriptions in Section 3.3.2, suggest that the film growth proceeded in
a layer-by-layer mode.

Figure 4.8(a) shows the RMS roughness variation of the surface with ¢”. At first glance,
it can be observed that the buffer layer tends to have an effect on the surface roughness
that is opposite to that reported in buffered films prepared on TbScO3 (110) substrates (see
Fig.4.6(a)). It can be clearly observed in Fig. 4.8(a) that the smoother film is the one without
buffer layer, ¢’ = 0, and that adding a layer between the film and the DyScO3 (110) substrate
results in rougher surfaces. As for the electronic transport characteristics, it can be seen in
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Figure 4.8: Changes in (a) the RMS roughness and (b) the RT mobility (1), carrier concentration
(n) and resistivity (p) of La-BaSnOj films with respect to the thickness (¢”) of BaSnOj buffer layers.
The experiment to determine the optimal buffer layer thickness was repeated with 25 nm thick films
prepared on DyScO3 (110), varying ¢t from 50 nm to 300 nm.

Fig.4.8(b) that the RT mobility drastically decreases above t” = 100 nm, similar to that
observed in the case of buffered films deposited on TbScO3 (110) substrates (see Fig. 4.6(b)).
It can also be seen that the RT mobility values of the 50 and 100 nm thick buffered films are
quite identical, 71 £ 2 cm?V-1stand 69 +2 cm?2 V1 571 respectively. Furthermore, a
carrier density of (5.4940.07) x 102 cm~3 is associated with the RT mobility at 100 nm, which
is comparable to that obtained above with TbScO3; (110) substrate at the same buffer layer
thickness. These results coupled with the lowest resistivity value of 0.165+0.002 mQ cm (see
Fig. 4.8(b)) suggest that the best electrical properties are achieved in the film with a 100 nm
buffer layer.

In the light of all the optimizations carried out above, it can be concluded that 25 nm is
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the optimal film thickness value for both unbuffered and buffered films, while a 100 nm thick
BaSnO3 buffer layer is optimal for enhanced electron mobility in buffered epitaxial La-doped
BaSnOj3 thin films.

The variation of the transport characteristics of the buffered films (grown with the optimized
buffer layer) with respect to the thickness of the active layer was also studied. This was
systematically conducted by varying the thicknesses of the active film layer from 25 nm to
1000 nm (1 gm) on 100 nm BaSnOj3 buffered samples prepared on ThScO3z (110). It is
noteworthy that in this study, TbScO3 (110) is so far the substrate on which the optimal
electronic transport properties are achieved. Figure 4.9 presents the surface properties of the
samples employed for this analysis, and Table 4.5 summarizes their surface profile parameters.

0.0 e 0.0 e 0.0

Figure 4.9: RHEED (upper panels) and AFM (lower panels) images for 6% La-BaSnOs (¢)/BaSnO;
(100 nm)/TbScO3 samples, employed in the optimization of the thickness ¢ of the films layer in buffered
samples. The values of ¢ were varied from 25 to 1000 nm, as (a) 25 nm, (b) 50 nm, (c) 100 nm, (d)
200 nm, (e) 500 nm and (f) 700 nm. The AFM image of the 1000 nm thick film was not measured.
The RHEED image of this sample is presented in Appendix A.3.
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Table 4.5: Surface roughness parameters for La-BaSnO3 (¢)/BaSnO3z (100 nm)/TbScO3; samples.
These parameters were extracted from the height profiles of the AFM images in Fig. 4.9. The values
in the table are given with a precision of the order of +£1073 nm.

Sample Scan area  Average  Root mean square Maximum roughness Step height

thickness roughness roughness peak height

Fig. 4.9 (um?) Ra (nm) Rq (nm) Ry (nm) (A)
(a): 25 nm 10x10 0.036 0.046 0.138 4.7
(b): 50 nm 10x10 0.049 0.062 0.278 5.6
(c): 100 nm 8x8 0.057 0.070 0.205 =
(d): 200 nm 10x10 0.045 0.058 0.286 —
(e): 500 nm 10x10 0.102 0.115 0.449 —
(f): 700 nm 10x10 0.095 0.126 0.754 —

For the reader’'s convenience, the RHEED and AFM images of the 25 nm thick film that
were previously shown in Fig. 4.5(b) are repeated here as Fig. 4.9(a). Judging by the size of
the RHEED diffraction spots (Fig. 4.9) and the values of the surface roughness parameters
(Table 4.5), it can be concluded that these films have flat, smooth and single crystalline
surfaces [3, 9]. Also, it can be observed that the surface morphology of the 50 nm thick film
(Fig. 4.9(b)) presents weakly perceivable step and terrace structures in which the step edges
are not straight. The line profile on the terraces reveals that each step is 5.6 A in height.
Again, it can be assumed, based on the RHEED and AFM results and the descriptions in
Section 3.3.2, that these films grow following a layer-by-layer mode.

The change in the RMS roughness with respect to the film's thickness was also investigated as
portrayed in Fig. 4.10(a). A clear increase in the surface roughness of films with thicknesses
above 25 nm can be observed. However, one can see that even at a film thickness of 700 nm, the
RMS roughness is still as low as 0.126 nm. It should be mentioned that the surface topography
of the 1000 nm thick film was not measured. This is because after the deposition, a very low
resistance value indicating a complete metallic behavior was recorded using a multimeter. It was
then decided not to proceed with further surface characterization of this sample. Figure 4.10(b)
shows the RT transport data of the samples employed to optimize the thickness of the active
film layer in 100 nm BaSnO3 buffered samples prepared on TbScO3 (110). As can be seen,
the highest RT mobility recorded in the 25 nm film (see the Fig. 4.6(b)) drastically decreases
to 7342 cm? V! s71 when the film thickness increases to 50 nm. Above 50 nm, the mobility
further deceases and oscillates between 29 &2 and 52 =1 cm? V! s7!. These decreases in
the carrier mobility of the films could be associated with the increasing surface roughness of
the corresponding samples as shown in Fig. 4.10(a). The thicker film (1 gum) shows the lowest
mobility at an extremely high carrier concentration of (2.1 4 0.1) x 10?2 cm~3, resulting in a
very low resistivity value of (10.3 + 0.3) x 1073 mQ cm which suggests that this sample is
completely metallic. The carrier density value in the 1 um thick film is one order of magnitude
higher than the upper range of the carrier concentration in highly degenerate indium tin oxide
thin films [21, 31].

In general, a consistent trend was observed between the carrier density and the resistivity in all
the films presented in Figs. 4.1 to 4.10. It can be seen that the resistivity decreased when the
carrier density increased, and also that it increased when the density of carriers decreased. This
is typical for degenerate semiconductors, as they behave like metals which are characterized
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Figure 4.10: Variations of (a) the RMS roughness and (b) the RT mobility (x), carrier density (n)
and resistivity (p) of optimized 100 nm thick BaSnOj3 buffered samples with respect to the thickness ¢
of the La-BaSnOs3 film layer. The films are grown on ThScO3 (110) substrates. ¢ is varied from 25 nm
to 1000 nm.

by a large concentration of carriers and are therefore less resistive. Such behavior was also
reported in epitaxial thin films of indium oxide and Sn-doped indium oxide grown by MBE on
yttria-stabilized zirconia (YSZ) single crystal substrates [32].

4.2.3 Synopsis of the High Electron Mobility in Optimized Samples

In this section, a synopsis of the high electron mobilities achieved in the La-doped BaSnO3
samples prepared as part of this thesis is given. This summary contains the samples discussed
in Section 4.2.2, grown on TbScO3 (110) and DyScO3 (110), as well as the samples fabri-
cated on SrTiO3 (001), using the optimized parameters described in Sections 4.2.1 and 4.2.2.
These samples were made with targets containing 2% and 6% La doping levels. The surface
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characteristics of some of these samples were presented in Figs. 4.3(a), 4.5(b) and 4.7(a), and
for additional samples, these are given in Appendix A.4. Comparisons of the RT electronic
transport properties of unbuffered and BaSnO3 buffered films with respect to the substrates
on one hand, and with respect to the La doping percentage on the other hand are carried
out. The comparative data are summarized in Table 4.6. The results shown in the table
indicate that the highest RT mobilities are achieved in 6% La-doped unbuffered and buffered
films. In the unbuffered samples, the highest RT mobility is realized in the film grown on
SrTiO3 (001) with a value reaching as high as 91 +2 cm? V=1 s71 at a carrier density of
(4.0540.05) x 102° cm~3. In the 2% doped film deposited on SrTiO3 (001) on the other hand,
the RT mobility is limited to 6442 cm? V™1 s71 at (1.2140.02) x 102 cm~3. At comparable
carrier densities, the best value obtained in the present study is higher than those previously
reported in La-doped BaSnOs thin films directly deposited on SrTiO3 (001) using the PLD
technique [17, 33, 34, 35]. However, this value is lower than the values of 105 cm? V! 51
[36] and ~ 124 cm? V~1 s71 [12] reported in MBE grown epitaxial La-doped BaSnOs3 thin
films on SrTiO3 (001), with carrier concentrations of 2.5 x 10%° cm™3 and ~ 6 x 10*° cm~3,
respectively.

For the unbuffered films fabricated on DyScO3 (110), the mobility value is rather higher in the
2% doping than in the 6%, and reaches 69 +2 cm? V=1 s71 at (0.84 £ 0.01) x 10%° cm—3.
In those prepared on TbScO3 (110) substrates on the other hand, the mobility values at
2% and 6% doping are very close. Their values peak at 75+ 2 and 76 &2 cm? V71 s,
respectively, but with more than twice as much carriers in the 6% La-doped film ((3.71 +
0.05) x 1029 cm~3 versus (1.35 4 0.02) x 102° cm~3). The above mobility values are higher
than the value of 10.11 cm? V~! s71 reported in La-doped BaSnO3 thin film prepared by PLD
on SmScO3 (110) substrate at a similar carrier density [35]. However, these values are smaller
than 81 cm? V71 s71 at 1.65 x 10%° cm—3 [37] and 150 cm? V! s71 at ~ 7 x 1012 cm~—3
[12] recorded in MBE grown films on TbScO3 (110) and PrScO3 (110), respectively.

In the buffered films, the highest electron mobility is obtained in the film prepared on TbhScO3
(110), and reaches a maximum value of 117 £+ 3 cm? V-1 s71 at 6% doping, which is more
than three times the mobility at 2% doping. In comparison, this high mobility value is close to
the enhanced value of 122 cm? V! s~ reported after post growth annealing at 950 °C in H,
forming gas of a PLD grown epitaxial La-doped BaSnO3 thin films on SrTiO3 substrate [38].
This value is higher than the ones previously reported in BaSnO3 buffered La-doped BaSnO3

Table 4.6: Room temperature electrical characteristics (i, p and n) of the optimized high mobility
films prepared on SrTiO3 (001) (STO), DyScO3 (110) (DSO) and TbhScO3 (110) (TSO) substrates.
The values of z1, p and n in the table are in the units of cm? V™! s71, mQ cm and cm~3, respectively.

Unbuffered films BaSnO3 buffered films
7 n (x10%) p 1 n (x10%) p
STO 64 + 2 1.21 + 0.02 0.81 £0.01 38.54+0.3 1.49 4+ 0.01 1.09 + 0.01
2% DSO 69+2 0.84+0.01 1.08 +£0.01 — — —
TSO 75+2 1.35+0.02 0.62 +0.01 36+1 1.53+0.01 1.14 + 0.07

STO 91+2 4.05£0.05 0.169 £ 0.002 241 0.96 & 0.02 2.75+0.03
6% DSO 29+£1 2.55+0.03 0.83£0.01 71+2 1.24+0.02 0.714+0.01
TSO 762 3.71£0.05 0.222 4+ 0.003 117+£3 5.95+0.08 0.089 £ 0.001
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thin films grown on SrTiO3 (001) [18, 28] and MgO [26] by PLD. It is however smaller than the
highest value of 183 cm? V! s~1 reported to date in epitaxial thin films of La-doped BaSnOs,
which was obtained in a BaSnO3 buffered film grown by MBE on DyScO3 (110) [13]. As for
the buffered films prepared on DyScOs3 (110) substrates, it should be mentioned that the data
for 2% La doping are not available as this sample was not grown. Nonetheless, a mobility
value up to 71 4+ 2 cm? V7! s71 is achieved in the buffered 6% La-doped film. Contrary to
the unbuffered film, the mobility in the buffered film fabricated on SrTiO3 (001) is the lowest
at 6% doping level. It attains a value of 24 +1 cm? V™1 s71 at (0.96 + 0.02) x 102 cm~3.
This value is quite close to 38.54 0.3 cm? V! s7! recorded in the 2% doped buffered film at
a carrier density of (1.49 4 0.01) x 10%° cm~3.

In summary, the best transport properties are obtained in the epitaxial 6% La-doped BaSnO3
thin film prepared on ThScO3 (110) and containing a BaSnOj3 buffer layer. In literature, there
are numerous reports of both electronic and structural properties enhancement in epitaxial thin
films containing adhesion layer(s). For example, in GaN epitaxial layers grown on sapphire with
AIN [39, 40, 41] and GaN [42, 43] buffer layers, and in BaSnO3 buffered La-doped BaSnO3
thin films deposited on TbScO3 (110) [44] and SrTiO3 (001) [28] substrates. The primary role
of the additional buffer layer is to minimize the misfit dislocations originating from the large
lattice mismatch between the film and the substrate, which generally results in the creation
of threading dislocations that reduce the carrier mobility [28, 39, 40, 41, 42, 43, 44]. It
is therefore unexpected that the electron mobility values decrease after the insertion of the
undoped BaSnO3 adhesion layer in the films. These decreases are more pronounced in the 2%
La-doped buffered films. With the 6% doping, the mobility reduction is only observed in the
buffered film grown on SrTiO3 (001) (see Table 4.6).

4.3 Further Electron Mobility Enhancement

From the optimizations carried out above, it was concluded that the best electronic charac-
teristics were realized in epitaxial 6% La-doped BaSnOs thin films of 25 nm thick, grown with
a 100 nm BaSnO3 buffer layer on TbScO3 (110) substrates. Since the carrier mobility in this
system is limited by the large concentration of structural defects such as threading disloca-
tions as will be addressed in full in Section 4.4.3, the possibility of reducing these defects and
enhancing the electronic mobility was explored. It was opted to insert another material, in
particular SrZrO3?, between the La-doped BaSnOj thin film and the TbScO3 (110) substrate.
SrZrO3 was chosen for two reasons: Firstly, because of its lattice parameter value, 4.109 A
[45, 46], which is close to the bulk lattice parameter values of BaSnO3 ( 4.116 A [47]) and
TbScO3 (3.960 A [48]). Secondly, because of its low vapor pressure, which like in TbScOs,
allows for high temperature growth. It was hypothesized that this would lead to a lower defect
density. Thus, SrZrO3 epitaxial layers were grown at temperatures ranging from 850 °C to
1600 °C to find the optimal temperature value for the best structural, microstructural and elec-
tronic properties of the buffered films. It is noteworthy that the highest temperature growth,
1600 °C, is well below the melting temperature ~ 2100 °C of TbhScO3 [48].

Knowing that the La-doped BaSnOs thin films were grown at 850 °C (optimized growth

2The surface, structure and transport data of this sample, together with those of the best samples prepared on
TbScOs3 (110), without and with a BaSnOs buffer layer, were compiled into a paper entitled: High-temperature-
grown buffer layer boosts electron mobility in epitaxial La-doped BaSnO3/SrZrO3 heterostructures, A. P. Nono
Tchiomo et al., APL Mater. 7, 041119 (2019).
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temperature, see Section 4.2.1), after the deposition of the SrZrO3 buffer layer at temperatures
above 850 °C, the sample was immediately cooled down to the film growth temperature at
the rate of 2 K/s and the oxygen pressure was adjusted. The optimal RT electron mobility
was obtained in the films with SrZrO3 buffer layers grown at 1300 °C in 1.36 x 10~2 mbar of
oxygen. Immediately after the deposition of the buffer layer, the substrate temperature was
reduced to 850 °C and the oxygen pressure increased to =~ 1 x 10~ mbar (optimized growth
pressure) for the deposition of the active layer. The surface growth dynamics and morphology
of this sample are presented in Fig. 4.11. Figure 4.11(a) displays the surface growth of the
SrZrO3 thin film layer on TbScO3 (110) at 1300 °C. The surface structure of the subsequent
deposition of a 6% La-doped BaSnO3 thin film on the SrZrOs3 layer grown on TbScO3 (110)
is shown in Fig. 4.11(b). Again, as can be seen from the diffraction spots and the surface
roughness parameters given in Table 4.7, these samples have flat, smooth and single crystalline
surfaces [3, 9].

The growth dynamics of these two films are illustrated in Figs. 4.11(c) and 4.11(d), respectively.
These are typical RHEED intensity oscillations as a function of time [11, 13, 37], and were
extracted from the areas marked with rectangles in Figs. 4.11(a) and 4.11(b). The RHEED
intensity oscillations for the growth of the SrZrO3 film layer shows clear oscillations throughout
the deposition time, as depicted by the purple curve in Fig. 4.11(c). As for the deposition of the
active film layer, the intensity of the oscillations drops after the deposition of several monolayers
(at about 100 s into the growth cycle), but rapidly stabilizes and remains constant until the
end of the growth (brown curve in Fig. 4.11(d)). This drop in intensity is associated with a
relaxation in the film layer after reaching a certain critical thickness. These observations imply
that both the film and the buffer layer are smoothly grown in a layer-by-layer mode, yielding
epitaxial growth [11, 13, 37].

To evaluate the exact thickness of the film and the buffer layer, transformations of the RHEED
intensity oscillations raw data were performed using the algorithm and the procedures for the
analysis of RHEED data proposed by Braun [49, 50]. The results of this analysis are also
shown in Figs. 4.11(c) and 4.11(d). The cyan curves represent the component of the RHEED
intensity oscillations extracted from the raw data to obtain signals that are in phase with the
progression of the construction of the surface during the deposition [49]. This is achieved by
smoothing the purple and brown signals. The smoothing process consists of removing the 4 Hz
and the 1 Hz modulation that is attributed to the pulse repetition rate associated with the
deposition of the buffer and active layers, respectively. These signals (cyan curves) are then
transformed following the steps described in Ref. [50] to obtain the shape of the light green and
light blue curves shown in Figs. 4.11(c) and 4.11(d), respectively. Fitting of these signals with
a sine function (black curves in Figs. 4.11(c) and 4.11(d)) permits reliable characterization of

Table 4.7: Surface roughness parameters of the SrZrOs (100 nm)/TbScOs3 and 6% La-BaSnO3
(25 nm)/SrZrO3 (100 nm)/TbScO3 samples shown in Fig. 4.11. The values in the table are given
with a precision of the order of 1073 nm.

Samples Scan area  Average  Root mean square Maximum roughness Step height

from roughness roughness peak height
Fig. 411 (um?) R, (nm) Rq (nm) R, (nm) (A)
(a) 10x10 0.112 0.139 0.407 =

(b) 11x1.1  0.024 0.031 0.064 —
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Figure 4.11: Surface properties for the growth of a 6% La-BaSnO3 (25 nm)/SrZrO5 (100 nm)/TbScO3
sample. (a) and (c) represent the RHEED and AFM images, and the RHEED intensity oscillations for the
growth of the SrZrO3 (100 nm)/TbScOs3 thin film at 1300 °C. (b) and (d) show the RHEED and AFM
data for the subsequent deposition of a 6% La-BaSnQOj3 thin film on the SrZrO;3 layer. The rectangles
in the RHEED images represent the regions over which the integrated intensity oscillations (purple and
brown curves) as a function of time that are shown in (c) and (d), respectively, were recorded. These
two signals were smoothed by respectively removing the 4 Hz and the 1 Hz modulation due to the pulse
repetition rate, yielding the cyan curves. The cyan curves were transformed to obtained the light green
and blue curves in (c) and (d), respectively (see text for further information). A sine function fit (black
curves) to these latter was applied to obtained 48.7 oscillations in (c) and 55.1 oscillations in (d).

the oscillations. Thus, a total of 48.7 oscillations which are 9.24 s apart were computed from
Fig. 4.11(c), and 55.1 oscillations with a period of 9.07 s were obtained from Fig. 4.11(d). In
the absence of step-flow growth contributions, these would be equivalent to 48.7 monolayers
of SrZrO3 and 55.1 monolayers of La-doped BaSnOs, respectively [51].
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The temperature dependence of the resistivity (p), the carrier density (n), and mobility (u) of
this SrZrO3 buffered sample (brown curves) are shown in Figs. 4.12 and 4.13, along with those
of 6% La-doped BaSnO3 unbuffered and BaSnO3 buffered samples grown on SrTiO3 (001) (red
curves), DyScOs3 (110) (green curves), and TbScO3 (110) (blue curves) substrates. The sphere
symbols represent the data for the unbuffered samples, whereas the diamond symbols represent
those of the buffered samples. These transport parameters were measured and calculated as
described in Section 3.3.3, in the temperature range from 300 K to 2 K.

Figure 4.12 represents the temperature dependence of p at zero magnetic field. As can be seen
in the figure, the resistivity of each of these films presents a positive temperature coefficient,
consistent with previous studies on epitaxial La-doped BaSnOj3 thin films [10, 13, 17, 18, 34,
35, 47, 52]. As also discussed in Section 2.3, this positive temperature coefficient indicates a
metallic behavior in all the films over almost the entire temperature range. However, a weak
upturn can be perceived in the low temperature regions (below 50 K) of the samples with
the highest resistivity values in Fig. 4.12(a) and 4.12(b). Notably, an upturn is seen in the
temperature dependent resistivity of the buffered film grown on SrTiO3 (001) (red diamonds),
and in that of the unbuffered film grown on DyScOs (110) (green spheres). Similarly, an
increase in the resistivity was observed in the low temperature region of the temperature
dependent resistivity at &~ 100 K in 7% La-BaSnOs3 thin films grown by PLD on SrTiO3 (001)
and SmScO3 (110) substrates [35]; at 30 K in 7% La-BaSnO3 thin films grown by PLD on
SrTiO3 (001) substrates [53]; at 32 K in 7% La-BaSnO3 thin films grown by PLD on MgO
(001) substrates [54]; at 100 K in BaSnOs3 thin films deposited on MgO (001) substrates by
high pressure oxygen sputtering [16]; and at 80 K and 30 K in 7% Sb-BaSnO3; and Gd-BaSnO3
thin films grown by PLD on SrTiO3 (001) [55] and MgO (001) [56] substrates, respectively.
This low temperature characteristic, which can be attributed to weakly localized transport
(electrons), suggests a low temperature metal-to-semiconductor transition [10, 53, 54, 55,
56, 57, 58], as was also reported in PLD grown Sb, La and Nb-doped SrTiO3 thin films
[59, 60, 61] and Sb-doped BaSnOs3 thin films [62]. The very small variation of the resistivity
of all the films (Fig. 4.12) in the temperature range studied should also be noted. Compared
to conventional activated semiconductors where the resistivity exponentially increases with
decreasing temperature, this variation suggests almost constant resistivity values in the films
when the temperature is decreased from 300 K to 2 K.

Figure 4.13(a) shows the temperature dependence of the carrier density, n, of the films. Con-
sidering this figure, two regions can be identified: A region at high temperature, between 300 K
and 50 K, where the carrier densities are almost independent of the temperature; and a region
at low temperature, below 50 K, where the concentration of the free carriers starts to decrease.
These behaviors are comparable to previous reports [10, 12, 13, 17, 18, 34, 35, 38, 52, 58]. The
temperature independent carrier density, together with the metallic behavior of the resistivity
shown in Fig. 4.12, indicate that the transport properties in all the films are governed by elec-
trons (n-type doping), and that these films are in a degenerately doped semiconducting regime,
as was also addressed in Section 2.3. The degenerate doped regime is more pronounced in
the films deposited on SrTiO3 (001) (red curves), where the concentrations of the negatively
charged free carriers show metallic behavior down to 2 K [10, 12, 13, 18, 34, 52]. In the films
deposited on DyScOs3 (110) (green curves) and TbScO3 (110) (blue and brown curves) on the
other hand, the exponential character of n in the semiconducting regime begins to dominate
below 50 K, and n starts to decrease following the freeze-out of the ionized dopant (La3")
[35, 58].
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Figure 4.12: Temperature dependence of the resistivity (p) of 6% La-BaSnOs3 thin films (25 nm thick)
grown at 850 °C on (a) SrTiO3 (001) (red curves), (b) DyScOs (110) (green curves), and (c) and
(d) TbScO3 (110) (blue and brown curves) substrates, without (sphere symbols) and with (diamond
symbols) 100 nm thick BaSnO3 (grown at 850 °C) and SrZrO3 (grown at 1300 °C) buffer layers. The
film with SrZrOs3 is illustrated by the brown curves.

Table 4.8 gives the activation rate of the ionized La3t dopant in each of these films. As
stated in Section 3.2.2, doping a BaSnO3 target with 6% La corresponds to introducing
~ 8 x 1020 cm~3 free carriers into the BaSnO3 lattice. This doping level is represented by
the orange solid line shown in the temperature dependent carrier density in Fig. 4.13(a), and
indicates a 100% activation rate, i.e., when the target carrier density is equal to the measured
carrier density. The values in Table 4.8 are obtained considering the RT carrier density values
of the films, which were also summarized in Table 4.6 for the 6% La-doped unbuffered and

Table 4.8: Activation rate of the La dopant in the unbuffered and buffered films in Fig. 4.13 prepared
on SrTiO3 (001), DyScO3 (110) and TbScO3 (110) substrates.

Unbuffered films BaSnOjs buffered films  SrZrOj3 buffered films
SrTiO3 49.6% 46.8% —
DyScO3 31.4% 67.3% =
TbScO3 45.5% 72.9% 63.9%




Section 4.3 Page 92

(a)

-@- La-BSO/SrTiO, ‘
-¢- La-BSO/BSO/SrTIO,
-@- La-BSO/DyScO,

sﬁ ‘ *’7
~e- La-BSO/BSO/DyScO, ; M

-@- La-BSO/TbScO,

n (x102cm3)
AN

9 — —8—3$
-&- La-BSO/BSO/TbScO, s »
—o —o—9
- La-BSO/SZO/TbScO, ) @
0 100 200 300
T (K)
(b) () | | |
140F 'Y ]
300K ;e
__120¢ i ~ '
< / .
@ J \‘\
S 100¢ é .-
S 80
60 ]
L L L L L ﬁ ’,\ L L L L L L L
0 100 200 300 800 1000 1200 1400 1600
T (K) Tgrowth (OC)

Figure 4.13: (a) and (b) Temperature dependence of the carrier concentration (n) and the mobility (u)
of 6% La-BaSnO3 thin films (25 nm thick) grown at 850 °C on SrTiO3 (001) (red curves), DyScO3 (110)
(green curves) and TbScO3 (110) (blue and brown curves) substrates, without (sphere symbols) and
with 100 nm thick BaSnO3 (grown at 850 °C) and SrZrO3 (grown at 1300 °C) buffer layers (diamond
symbols). The film with SrZrOs is illustrated by the brown curves. (c) Mobility of 6% La-BaSnO3
(25 nm)/SrZrO3 (100 nm)/TbScOs3 films as a function of the growth temperature of SrZrOs.

BaSnO3 buffered films. As can be seen both from Table 4.8 and Fig. 4.13(a), the La dopant is
not fully activated in any of the films, as the activation rates are below 100% in Table 4.8 and
the n values are below the orange line in Fig. 4.13(a). This is due to charge-trapping near or at
defect cores such as grain boundaries or dislocations, as strongly suggested in previous reports
on La-doped BaSnOj3 thin films [26, 34, 35, 37]. The lowest activation rate in the unbuffered
film grown on DyScOs3 (110) (green spheres) seems to suggest that the trapping mechanism
is enhanced in that film [34]. Further discussions associating the carrier concentration to the
density of defects in the films will follow in Section 4.5.

The dependence of the electron mobility p on the temperature is presented in Fig. 4.13(b).
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From the figure, it can be clearly observed that p increases for all the films with decreasing
temperature down to the lowest measured temperature (2 K). The low temperature increases
of the electron mobility in the films are in agreement with previous reports on La-doped
BaSnO3 thin films [18, 34, 52]. This behavior is typical for semiconductor systems, and
suggests a considerable reduction of lattice scattering at low temperature, particularly phonon,
as expected in degenerate systems [18, 63, 64, 65, 66, 67]. The reduction of phonon scattering
at low temperature in degenerate semiconductors was also addressed in Section 2.2.3. However,
it is important to point out that mobility saturation in La-doped BaSnQO3 thin films below 50 K
is also reported in literature [10, 12, 13, 35].

Moreover, considering Fig. 4.13(b), it can be observed that the RT mobility increases in
samples prepared on TbScOj3 (110) (blue curves) from 76 +2 cm? V=1 s71 in the unbuffered
film (blue spheres) to 117 &3 cm? V=1 571 in the BaSnO3 buffered sample (blue diamonds),
indicating an improvement of the RT mobility. The enhancement of the mobility upon the
insertion of the BaSnOj3 buffer layer can also be appreciated in the films fabricated on DyScO3
(110) substrates (green curves). However, these improvements are still limited, most probably
by the high density of threading dislocations [28, 41, 42, 43, 44] present in those films, as will
be demonstrated in Section 4.5.

To reduce the concentration of threading dislocations, the BaSnO3 buffer layer was replaced
with SrZrO3 buffer layers grown at very high temperatures. As discussed at the very beginning
of this section, SrZrO3 material was selected because of its comparable lattice parameter and
its low vapor pressure. Several La-BaSnO3/SrZrO3 heterostructures were prepared by changing
the growth temperatures of the SrZrOg3 layer while keeping the other growth parameters such
as the oxygen background pressure, the laser fluence and laser repetition rate unchanged. In
this way, the growth temperature of SrZrO3; was optimized to achieve the highest RT carrier
mobility in the films. It was observed that at temperatures above 1300 °C, the RT mobilities of
the films started to decrease, as shown in Fig. 4.13(c) which represents the mobility in SrZrO3
buffered films as a function of the growth temperature of SrZrO3 buffer layer. This decrease
was attributed to the volatility of Sr and Zr constituents which induce non-stoichiometry
in the SrZrO3 epitaxial layers [68]. The non-stoichiometry enhances the density of defects,
such as shear and point defects [13], resulting in the reduction of the electron mobility in
the films with SrZrO3 grown above 1300 °C. Thus, 1300 °C was considered as the optimal
growth temperature for the SrZrO3. Let us recall that the sample illustrated by the brown
curves in Fig. 4.13 was fabricated with a SrZrO3 buffer layer grown at 1300 °C. For this
sample, mobilities of 140 + 4 cm? V-1 s7! at RT and 367 + 11 cm? V- 571 at 2 K were
achieved (Fig. 4.13(b)). The carrier density and resistivity associated with this high mobility
are (5.21 & 0.08) x 10%° cm~3 and 0.086 + 0.001 mQ cm, respectively. This mobility is
~ 30% higher than the value of 100 cm? V! s~1 previously reported in La-doped BaSnOs
thin films grown by PLD on the lattice matched BaSnO3 substrate [14], and 15% higher than
the reported enhanced mobility value of 122 cm? V1 s~! after post annealing of the films
at 950 °C in Hy forming gas [38]. Therefore, it can be seen that the mobility recorded in the
present study for the SrZrO3 buffered film is the highest to date for PLD grown La-doped
BaSnO3 thin films without resorting to any post-growth treatment.
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4.4 Structural Properties

After addressing the surface and electronic transport characteristics of the optimized samples,
a systematic description of their structure is needed. XRD measurements were utilized, as
described in Section 3.3.1, to probe the lattice structure of the films and assess their crystalline
quality, their thickness and both their in-plane and out-of-plane lattice parameters. The values
of the lattice constants provide knowledge on the strain states of the films, which gives an
indication of the density of defects present in the films [10, 13, 17]. For clarity, only the XRD
data of the optimized 6% La-doped BaSnO3 samples, whose electrical properties were given
in Fig. 4.13, will be discussed.

4.4.1 Phase Growth of La-Doped BaSnO; Thin Films

Typical 260 — w scans for the 6% La-BaSnO3 thin films prepared on SrTiO3 (001) (red curves),
DyScO3 (110) (green curves) and TbScO3 (110) (blue curves) substrates, without and with
BaSnOs3 buffer layers are presented in Fig. 4.14. A preferential orientation of the diffracted
planes can be seen for these films. Only intense peaks from the (007) family of the La-BaSnO3
film planes (illustrated by * symbols) are observed, without any secondary phases or randomly
oriented grains. These characteristics indicate pure phase growth of all the films on the
substrates. The (007) family planes of the cubic SrTiO3 (001) and (hh0) family planes of both
the pseudo-cubic DyScO3 (110) and TbScO3 (110) substrates are also visible (all indicated by
— symbols). These observations suggest an epitaxial growth of La-doped BaSnOj3 thin films
on SrTiO3 (001), DyScO3 (110) and TbhScOs3 (110) substrates, although ¢ scans were not
performed to confirm the crystallinity. Nevertheless, results of the 20 — w scans obtained in
this present study are in agreement with the results reported in literature, where the ¢ scans
were also not shown [10, 11, 12, 14, 17, 18, 35]. It should be noted that in the limit of the laser
parameters (energy density, frequency) that were used during these experiments, the above
results are independent of the La doping percentage, the substrates deposition temperature,
the oxygen background pressure and the thicknesses of both active and buffer layers. In other
words, in the framework of our experiments, no matter what these parameters were, the films
were always single crystalline and epitaxially grown on all the substrates.

Similarly, high crystallinity is observed in the highest mobility sample (25 nm thick 6% La-
doped BaSnOs thin film) prepared on TbScO3 (110) with a 100 nm SrZrO3 buffer layer (grown
at 1300 °C) as shown in Fig. 4.15. The epitaxial growth of SrZrO3 is presented in Fig. 4.15(a),
where one can only see the (007) planes from its cubic structure. Perovskite SrZrOs3 is known
to undergo a phase transition from orthorhombic to cubic at ~ 1130 °C [69, 70, 71]. The
(001) diffraction patterns of the active La-BaSnOj3 film layer subsequently deposited on SrZrO3
can be clearly observed in Fig. 4.15(b). It is important to highlight that the (003) diffraction
plane only appears (weakly) in the buffered films such as seen around 20 = 65° in Fig. 4.14
for the La-BaSnOs3 films in samples (b), (d) and (f), and in Fig. 4.15 for both La-BaSnO3
film and SrZrO3 buffer layer. This diffraction plane is hardly observable in thin films, and
its appearance here only demonstrates the excellent crystal quality of La-doped BaSnOs3 and
SrZrO3 films [17].

4.4.2 Crystalline Quality of the La-Doped BaSnO3; Thin Films

Close up views of 20 — w scans around the (002) planes for the samples in Figs. 4.14 and
4.15(b) are displayed in Fig. 4.16. The (002) reflections of the films directly deposited on
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Figure 4.14: X-ray diffraction patterns in 20 — w scans for epitaxial 6% La-doped BaSnO3 (25 nm)
thin films grown on SrTiO3 (001) (red curves), DyScO3 (110) (green curves) and TbhScO3 (110) (blue
curves) substrates, without and with 100 nm BaSnO3 buffer layers. The films labeled (a), (c) and (e)
are unbuffered; those labeled (b), (d) and (f) are buffered. Only the (00) family planes of La-BaSnO3
films, (007) family peaks of SrTiO3 and (hh0) family peaks of both DyScO3 and TbScOs are present,
indicating pure phase growth in the cubic perovskite structure, and single crystalline films. The film
planes are represented by x symbols, whereas the substrate planes are indicated by — symbols.
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Figure 4.15: X-ray diffraction patterns in 260 — w scans for the best mobility sample, 6% La-
doped BaSnOjs thin film grown on TbScO3; (110) with a SrZrOsz buffer layer. (a) Growth of
SrZrO3 (100 nm)/ThScO;3 at 1300 °C. (b) Subsequent growth of 6% La-BaSnOs; (25 nm)/SrZrO;
(100 nm)/ThScO3 thin film at 850 °C. Only the (00!) family peaks of both La-BaSnO3; and SrZrOs
film layers, and the (hh0) family of planes of TbScO3 substrates are present, indicating pure phase
growth and single crystalline films.
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the substrates are presented in Fig. 4.16(a), and those of the films grown with BaSnO3 and
SrZrOs3 buffer layers are shown in Fig.4.16(b). The enlargement around the (002) peaks aids
in emphasizing the high crystalline quality of our epitaxial thin films and the smoothness of
their surfaces. These are evidenced by the presence of clear Pendellesung fringes in all the
samples as can be seen in Figs. 4.16(a) and 4.16(b) [10, 11, 12, 19, 35]. This result is in
agreement with the conclusions drawn from RHEED and AFM analyses. These fringes were
used to determine the thickness of the films as described in Section 3.3.1. The fringes are more
pronounced in unbuffered films (thinner, 25 nm active layer) as seen in Fig. 4.16(a), compared
to buffered films (thicker, 25 nm active layer plus 100 nm buffer layer) where they are smeared
together as observed in Fig. 4.16(b).

Additionally, the out-of-plane lattice parameter (c) in the direction perpendicular to the films
surface can be extracted from the position of the (002) planes as described in Section 3.3.1.
The (002) peaks for the films fabricated on SrTiO3 (001) are shifted to lower angles (see the
red curves in Figs. 4.16(a) and 4.16(b)). This results in larger d-spacings, and therefore also
in expanded ¢ values compared to those for the films grown on DyScO3 (110) (green curve)
and TbScO3 (110) (blue and brown curves), for which the (002) film planes are at the same
position. These shifts are attributed to residual strain in the films. The calculated ¢ values for
the films in Figs. 4.16(a) and 4.16(b) are summarized in Table 4.9. These values are consistent
with previous reports on epitaxial La-doped BaSnOj3 thin films growth [10, 14, 17, 18, 35]. As
can be seen from the table, the films deposited on SrTiO3 (001), especially the unbuffered
film with ¢ = 4.167 £ 0.002 A, are largely expanded in the ¢ direction. On the contrary, the ¢
values for the films deposited on DyScO3 (110) and TbScO3z (110) (unbuffered and buffered)
are nearly equal to the bulk lattice constant value of about 4.126 A for polycrystalline 6% La-
doped BaSnO3 material [52, 72]. In general, a buffer layer introduced between the film layer
and the substrate considerably reduces the ¢ expansion, due to strain relaxation. It should
be pointed out that the unbuffered film prepared on TbhScO3 (110) has a ¢ value equal to
that of the bulk, which decreases upon insertion of the BaSnO3 buffer layer. The decrease
in the ¢ value is more pronounced for the film prepared with the SrZrO3 buffer layer to the
point where ¢ becomes lower than the bulk value. However, this is unexpected considering
that SrZrO3 buffer layer inserted at high temperature compressively strained the film in the
direction parallel to the surface. This will be addressed in more details in Section 4.4.3.

Figure 4.16(c) represents the two components fit (after background subtraction) of the La-
BaSnO3 (002) plane for the film grown on DyScO3 (110) with a BaSnO3 buffer layer (see
Fig. 4.16(b)). It illustrates the decomposition of the (002) diffraction peaks of the BaSnO3
buffered films in two peaks of distinctive shapes. From the figure, it is clear that the (002)
peaks for the BaSnO3 buffered films (Fig. 4.16(b)) are composed of two components located

Table 4.9: Out-of-plane (c) lattice constants calculated based on information from the (002) planes
of the epitaxial 6% La-doped BaSnOj thin films in Fig. 4.16, prepared on SrTiO3 (001), DyScO3 (110)
and ThScO3 (110) substrates, without and with BaSnO3 and SrZrOj3 buffer layers.

La-BaSnOs SrTiOs (001)  DyScOs (110)  TbScOs (110)
(4.126 A) A) (A) A)
Unbuffered films ¢ 416740002 41304+0002  4.126 4 0.002

BaSnOj3 buffered films c 4.135 + 0.002 4.124 +£0.002 4,120 £ 0.002
SrZrO3 buffered film @ — — 4.113 4+0.002
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Figure 4.16: Close up views of 20 — w scans around the (002) planes of the samples in Figs. 4.14 and
4.15(b). (a) (002) diffraction planes of the films directly grown on the substrates. (b) (002) reflections
of the films prepared with BaSnO3 and SrZrOj3 buffer layers. (c) Two components fit of the La-BaSnO3
(002) peak for the buffered film in (b) grown on DyScO3; (110).
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at the same position (diffraction angle), hence their particular shape (compared to the shape
of the unbuffered films in Fig. 4.16(a)). There is a contribution from the La-doped BaSnO3
active layer, labeled C1 (La-BaSnO3), and a contribution from the BaSnOj3 buffer layer, labeled
C2 (BaSn03). The La-BaSnOs3 (002) peak for the unbuffered film grown on DyScO3 (110)
(Fig. 4.16(a)) is plotted alongside the decomposed peaks to confirm the contribution of the
La-doped BaSnOs film layer, as it matches well with C1 (La-BaSnO3) component (see the
green curve in Fig. 4.16(c)). On the contrary, the shape of the (002) peak for the SrZrO3
buffered film in Fig. 4.16(b) (brown curve) indicates a slight offset in the relative positions of
the La-BaSnOs film peak and the SrZrO3 buffer layer peak. This offset is also well manifested
in reciprocal space mappings, as will be discussed in Section 4.4.3.

The full width at half maximum (FWHM) of the rocking curves in the w scans around the
(002) diffraction planes of the La-BaSnO3 films is also a good indication of the films’ crystalline
quality [19, 73]. The FWHM is inversely proportional to the size of the grains (crystallites)
[74, 75]. The smaller its value, the larger the crystallites size, and the lower the dislocations
and scattering by grain boundaries [74]. Figure 4.17 shows the rocking curves with respect to
the (002) peaks of the unbuffered and BaSnO3 buffered films that are presented in Figs. 4.14.
The rocking curve of the SrZrO3 buffered sample is not shown because it was not measured.
As illustrated in the figure, the FWHM values are consistent for all the films and vary from
0.043+0.001° to 0.130+£0.001°. Considering the FWHM values for the La-doped BaSnO3 thin
films listed in Table 4.10, it can be seen that these values are comparable to the values reported
in Refs. [10, 17, 34, 35, 52, 76], and smaller than the value in Ref. [53]. However, smaller
FWHM values are reported in Refs. [13, 14, 18, 37]. The FWHM values in the present La-
doped BaSnO3 thin films are also comparable to the small values varying from 0.015 to 0.400°,

(@  La-BaSnO,/SrTiO, (¢)  La-BaSnO,/DyScO, (e) La-BaSn0O,/TbScO,
e Data
—Fit
— FWHM: 0.130° — FWHM: 0.065° = FWHM: 0.048°
£ £ -
) =} =}
£ ‘ ‘ ‘ : < ; ‘ ‘ : £ ‘ ‘ ‘ ‘
©
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Figure 4.17: Rocking curves in w scans around the (002) diffraction peaks of the unbuffered and
BaSnO3 buffered films grown on (a) and (b) SrTiO3 (001), (c) and (d) DyScO3 (110), and (e) and (f)
TbScO3 (110). These are the same samples shown in Fig. 4.14. The curves were fitted using Pearson
VIl peak function and the FWHM were extracted.
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Table 4.10: FWHM values of the 6% La-BaSnO3 films shown in Fig. 4.14 alongside the FWHM values
of the La-BaSnOs films found in literature.

La-BaSnO;3 (LBSO) samples Growth method FWHM References
6% LBSO unbuffered on SrTiO5 (001) PLD 0.130° This study
6% LBSO unbuffered on DyScO3 (110) PLD 0.065° This study
6% LBSO unbuffered on ThScO5 (110) PLD 0.048° This study
6% LBSO buffered on SrTiO3 (001) PLD 0.043° This study
LBSO buffered on SrTiO3 (001) MBE 0.048° Prakash et al. [10]
4% LBSO unbuffered on SrTiO3 (001) PLD 0.086° Mun et al. [17]
7% LBSO unbuffered on SrTiO3 (001) PLD 0.090° Kim et al. [34]
7% LBSO unbuffered on SrTiO3 (001) PLD 0.093° Wadekar et al. [35]
7% LBSO unbuffered on SmScO3 (110) PLD 0.090° Wadekar et al. [35]
7% LBSO nbuffered on SrTiO3 (100) PLD 0.070° Niedermeier et al. [52]
3% LBSO unbuffered on SrTiO3 (001) PLD 0.039° Yu et al. [76]
7% LBSO unbuffered on SrTiO3 (001) PLD 0.570° Wang et al. [53]
LBSO buffered on DyScO3 (001) MBE 0.016° Paik et al. [13]
4% LBSO buffered on BaSnO5 (001) PLD 0.029° Lee et al. [14]
0.5% LBSO buffered on SrTiO3 (001) PLD 0.008° Shiogai et al. [18]
LBSO unbuffered on TbScO3 (110) MBE 0.006°  Lebens-Higgins et al. [37]

reported for PLD grown indium tin oxide thin films [19, 73]. The FWHM values reported here
are indeed very small, and indicate a high degree of crystallinity in the films [14, 35, 52, 53].
However, these values are relatively broad compared to the FWHM of the substrates that vary
between 0.003 and 0.017° as obtained from previous studies [10, 13, 37, 77]. This can be
due to strain relaxations in the epitaxial layers, which are attributed to defects such as grain
boundaries and dislocations [10, 17, 78, 79, 80].

4.4.3 Strain State of the Films

Asymmetric X-ray reciprocal space maps measurements provide more information about the
strain states of the films, which, as discussed in Section 3.3.1, are mostly indicated by the
extracted in-plane lattice constant (a) values. Figure 4.18 shows the reciprocal space map-
pings for the samples in Fig. 4.14 around the (103) reflections of La-BaSnOj3 films peaks, the
(103) reflections of SrTiO3 substrates peaks and the (103),, reflection of DyScO3 and TbScO3
substrates peaks (where the subscript p refers to pseudocubic indices). These data are for
samples fabricated on SrTiO3 (001) (Figs. 4.18(a) and 4.18(b)), DyScO3 (110) (Figs. 4.18(c)
and 4.18(d)) and TbhScO3 (110) (Figs. 4.18(e) and 4.18(f)), without and with BaSnO3 buffer
layers, respectively. The lattice parameters (a and c¢) values extracted from the position of the
(103) reflection peaks of the films as described in Section 3.3.1 are summarized in Table 4.11.

From Table 4.11, it can be observed that the unbuffered films are fully strained in the plane
direction as their a values are very close to that of the respective substrates, and tetragonally
distorted in the out-of-plane direction. The tetragonal distortion is more important for the film
grown on SrTiO3 (001), less pronounced for that grown on DyScO3 (110) and almost not exis-
tent at all for the film deposited on TbScO3 (110). These different degrees of expansion can be
explained by the difference in lattice mismatches between the as-grown film and the respective
substrates. For instance, the computed lattice mismatch to the film was found to be 5.70%



Section 4.4 Page 101

with SrTiO3 (001), 4.46% with DyScO3 (110) and 4.00% with TbScO3 (110). Recall that in
epitaxial thin films growth, the starting material usually has a larger in-plane lattice parameter
(or bulk lattice parameter) compared to that of the substrate on which the thin film has to be
grown, hence the lattice mismatch. As already discussed in Section 3.3.1, a pseudomorphic
growth occurs when the grown film has an in-plane lattice constant that is equal to that of
the underlying substrate. This suggests a lattice compression in the plane direction followed
by a distortion in the out-of-plane direction. Thus, considering the a values in Table 4.11 for
the unbuffered films for which the reciprocal space maps are shown in Figs. 4.18(a), 4.18(c)
and 4.18(e), it is remarkable that pseudomorphic growths were favored over strain relaxations,
that were expected to be favored considering the very high lattice mismatches between the
as-deposited films and the substrates [12, 13, 16, 37]. This is most probably due to the small
thicknesses of the epitaxial layers (25 nm). It can be assumed that at about 25 nm, the
growing film layers have not yet reached the critical thickness above which strain relaxations
should take place [16, 81, 82, 83, 84, 85]. Moreover, the films compression ratios in the plane
which were evaluated as described in Section 3.3.1 are as follows: —1.00% on SrTiO3 (001),
—0.48% on DyScO3 (110) and —0.90% on ThScO3 (110). In other words, the in-plane lattice
constants of the grown films are respectively 1.00%, 0.48% and 0.90% smaller on SrTiO3
(001), DyScO3 (110) and TbhScO3 (110) than the bulk lattice value of 6% La-doped BaSnOs.

Unlike the unbuffered films, all the films containing BaSnO3 buffer layers are strain relaxed
(see the values in Table 4.11 and the discussions in Section 3.3.1). In fact, the film deposited
on SrTiO3 (001) is completely relaxed as its a and ¢ values are comparable to the bulk lattice
parameters of La-doped BaSnOs, and those grown on DyScO3 (110) and TbScO3 (110) are
partially relaxed. This observation is substantiated by the estimated relaxation [86], which
indicates the strain level of the film with respect to the substrate. Indeed, the calculated
relaxations revealed that the film prepared on SrTiO3 (001) was 100.5% relaxed, implying
that the film/substrate interface slightly undergoes strain beyond that needed to relieve misfit
dislocations; the one deposited on DyScO3 (110) was 95.0% relaxed and that grown on ThScO3
(110) was 94.4% relaxed. Furthermore, the lattice strain (in the direction perpendicular to the
surface) induced by lattice mismatches are 0.22% on SrTiO3 (001), —0.05% on DyScO3 (110)
and —0.14% on TbScO3 (110). As the lattice strain is a measure of the distribution of lattice
constants (out-of-plane) originating from crystal defects, the above ratios would mean that
an important amount of residual strain is present in the film grown on SrTiO3 (001) [18, 86].
As a result, this film would contain more structural defects compared to the films prepared
on the other two substrates [18, 86]. This is further confirmed in Section 4.5 related to the
microstructural analysis. Moreover, the (103) reflection peaks of the buffered films are very

Table 4.11: In-plane (a) and out-of-plane (c) lattice constants extracted from the reciprocal space
maps in Fig. 4.18, for epitaxial La-doped BaSnOj thin films prepared on SrTiO3 (001), DyScO5 (110)
and TbScO3 (110) without and with BaSnOs3 buffer layers.

Lattice parameters

SrTiO; (001)

DyScO3 (110)

TbScOs (110)

3.905 (A) 3.950 (A) 3.966 (A)
Unbuffered films o  4.080+0002  4.106+0.002 4.089 - 0.002
¢ 416740002 4130+ 0.002 4.126 + 0.002
. a 412740002 4118 40.002 4.117 4 0.002
BaSnOs buffered films = 3510002 4.124+0.002 4.120 + 0.002
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Figure 4.18: Reciprocal space maps around the asymmetric (103) La-BaSnOs; and La-
BaSnO3+BaSn0; reflection peaks, the (103) reflection peaks of SrTiO3 substrates, and the (103),
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rocal space mappings were performed on the samples presented in Fig. 4.14. These are for films grown
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broad (also compared to unbuffered films; see Fig. 4.18), suggesting the presence of a large
number of dislocation defects in BaSnOj3 buffered films [35].

It is well established that improved electronic transport properties are achieved in La-doped
BaSnOs3 thin films containing adhesion layer(s) (especially made of BaSnO3) between the film
layer and the substrate [10, 13, 18, 26, 28, 29, 30, 44]. Thus, the active layer is deposited on
a fully matched interface, and establishes epitaxial strain relationship with the host which is a
similar material. This is very clearly demonstrated in the buffered films shown in Figs. 4.18(b),
4.18(d) and 4.18(f), where the (103) reflections of the La-doped BaSnOj3 films only present
a single peak composed of La-BaSnO3 and BaSnO3. However, such structures generally tend
to relax due to the thickness [13, 44, 83, 84, 85|, resulting in the introduction of defects
such as dislocations in the epitaxial layer as demonstrated above. It is good practice to use
lattice matched insulating layer(s) to reduce the lattice mismatch with the substrate, but it
is preferable to have as low structural defects as possible in the films for functional device
applications [10, 13, 18, 26, 28, 29, 30, 44]. In an attempt to address the issue of the large
density of defects in La-doped BaSnOj3 thin films, an insulating layer of SrZrO3s grown at
extremely high temperature, 1300 °C, was inserted between the La-doped BaSnOj film and
the TbScO3 (110) substrate, as already described in Section 4.3. As a result, not only improved
electronic transport properties above those reported to date for similar growth technique and
without post-growth treatment [38] were achieved, but also a significant reduction of the
density of structural defects was simultaneously realized as demonstrated below. In Fig. 4.19,
the reciprocal space maps around the (103) reflections of the samples grown with SrZrOs;
are shown (same samples as in Fig. 4.15). Figure 4.19(a) shows the (103) reflection of the
SrZrO3 film grown at 1300 °C on TbhScOs3 (110) substrate, and Fig. 4.19(b) shows that of
the subsequent La-doped BaSnQOj3 film deposited on the SrZrO3 layer. The difference in peak
broadening can be directly detected when comparing the film reflection in Fig. 4.19(b) with
that in Fig. 4.18(f) for the BaSnO3 buffered film grown on ThScO3 (110). As can be clearly
seen, the film peak in Fig. 4.18(f) is broad, indicating the presence of an important number
of dislocations, whereas that in Fig. 4.19(b) is sharp and suggests fewer defects in the film
[35, 87, 88]. Additionally, the La-BaSnOs3 film peak and that of the SrZrO3 buffer layer are
well separated and located on a perpendicular line to the reciprocal vector Q, (red dashed line
in Fig. 4.19(b)), demonstrating a strained relationship between the film and the buffer layer
[30, 83]. This further substantiates the low density of defects in this sample [87, 88].

Table 4.12 summarizes the values of the lattice parameters for the films in Fig. 4.19. Two
additional columns are added in the table. A column for the SrZrO3 film layer deposited on
TbScO3 (110) at 1400 °C (see Appendix B for its reciprocal space map); and another for the
film in Fig. 4.18(f) to allow a direct comparison. In order to follow the discussion below, it
should be mentioned that the bulk lattice parameter of cubic SrZrO3 (in its cubic phase above
about 1200 °C) is ~ 4.109 A [45, 46]. Looking at Table 4.12, it can be seen that SrZrQOs3 films
(insulating) grown at 1300 °C and 1400 °C are fully strained to TbScO3 (110) substrates, with
subsequent tetragonal distortions in the ¢ direction. As previously mentioned, it can also be
seen that the epitaxial La-doped BaSnOs thin film layer deposited on the substrate template
in Fig. 4.19(a) (SrZrO3 layer plus TbScO3 (110) substrate) is fully strained in the a direction
and residually strained (or partially relaxed) in the ¢ direction, as opposed to BaSnOs3 buffered
film which is almost completely relaxed. However, the fact that its ¢ value (4.113 +0.002 A)
is smaller than the bulk lattice value of La-doped BaSnO3 (= 4.126 A) should be noted.
This is absolutely unexpected in fully strained epitaxial relationships, which originate from
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Figure 4.19: Reciprocal space maps for epitaxial thin films grown on TbScO3; (110), around the
asymmetric (103) La-BaSnO3 and SrZrOjs reflection peaks, and the (103), reflection peaks of ThScO3
substrates, where p refers to pseudocubic indices. These measurements were done on (a) the SrZrO3
film that was grown at 1300 °C, and (b) the 6% La-BaSnOj3 thin film that was subsequently deposited
on the SrZrO3 layer.

compressive strains in the plane, and are normally accompanied by tetragonal distortions with
no strains or stresses in the out-of-plane direction [86]. It is not clear why this is observed
in the film, however, it is proposed that the interface defect density or reconstruction effects
might dominate the bulk strain considering the fact that the active layer is thin in line with
previous reports in literature [81, 82, 83, 84, 85].

To further demonstrate the high structural quality of this sample, the sample with the SrZrO3
buffer layer, the lateral grain size (D) for each of the samples shown in Figs. 4.18 and 4.19
was computed. The values of D were determined by fitting the contour profiles of the (103)
reflection spots of the films. These profiles are shown in Fig. 4.20 and represent the distribution
of the size of the crystalline domain (crystallites) along the Q, direction. These correspond
to horizontal cuts in the reciprocal space maps, i.e. cuts at fixed Q, values which give the
highest intensities of the peak cross section profiles. Table 4.13 summarizes the extracted
values of D. Several remarks can be made, and all are in good agreement with our previous
observations. As can be seen in the table, the films prepared on SrTiO3 (001) have the smallest

Table 4.12: In-plane (a) and out-of-plane (c¢) lattice constants for epitaxial thin films of SrZrO3 and
La-doped BaSnO3; which contain BaSnO3 and SrZrOs buffer layers. All these data are for the samples
prepared on ThScOs3 (110) for which the reciprocal space map are shown in Fig. 4.19.

Films deposited on TbScO3 (110) substrates (3.966 A)

SrZrO3 growth SrZrO3 growth BaSnO; SrZrO3
Lattice parameters at 1300 °C at 1400 °C buffered film buffered film
(A) (A) (A) (A)
a 4.085 + 0.002 4.093 + 0.002 4.117 £+ 0.002 4.103 + 0.002

c 4.128 £+ 0.002 4.114 £+ 0.002 4.120 £ 0.002 4.113 +0.002
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Figure 4.20: Contour profiles of the (103) diffraction spots of the films along the Q, axis. The profiles
are extracted from the reciprocal space maps in Figs. 4.18 and 4.19. The lateral grain sizes D, which
are inversely proportional to the FWHM, were determined by peak function fits of the profiles using

Pearson VII.
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Table 4.13: Lateral grain size D for the unbuffered and BaSnO3 and SrZrOs3 buffered films in Figs. 4.18
and 4.19, prepared on SrTiO3 (001), DyScO3 (110) and TbScO3 (110). The values are estimated from
the widths of the contour profiles of the (103) diffraction peaks of the La-BaSnOs films along the Q,
direction in the reciprocal space maps.

Unbuffered films BaSnO3 buffered films SrZrO3 buffered film

Substrates D (nm) D (nm) D (nm)
SrTiO5 (001) 43401 3.91 +0.02 —
DyScOs (110) 59+04 5.37 +£0.02 —
TbScO3 (110) 5.84+0.3 5.33+0.02 5241

D values, hence would have more grain boundary defects. Also, it appears that D is relatively
larger in the unbuffered films, confirming that these films have fewer defects (grain boundaries)
compared to the BaSnOs3 buffered films. Finally, it can be observed from the table that the
size of the crystallites is the largest in SrZrO3 buffered film, about 10 times larger compared to
that in BaSnO3 buffered films. This was expected, considering the analyses carried out above.
Microstructural investigations that follow in Section 4.5 reveal that the density of defects in
this film is greatly reduced.

A correlation was observed between the electronic and structural characteristics of the La-
doped BaSnOj3 films prepared with SrZrO3 buffer layers grown at various temperatures, from
850 °C to 1600 °C. A synopsis of this correlation is reflected in Table 4.14. Looking at the
table, it can be directly observed that all these films are strained in the plane direction and
distorted in the out-of-plane direction. However, a strong correlation exists between the RT
transport properties (carrier concentration, n, and mobility, 1,) and the in-plane (a) and out-
of-plane (c) lattice parameters. For instance, in the films prepared at 1300 °C and 1400 °C,
the tetragonal distortions in the ¢ directions are the lowest. The highest RT electron mobilities
are then achieved in these films. Also, the films with SrZrO3 buffer layers deposited at 850 °C,
1200 °C and 1600 °C have very similar ¢ values. However, their electronic transport properties
are different. Especially, the mobility value for the film grown at 850 °C is about half of the
mobility values realized in the films grown at 1200 °C and 1600 °C. Furthermore, the carrier
density in the film prepared at 850 °C is reduced by more than half, in comparison with the

Table 4.14: Synopsis of the room temperature electronic transport (carrier density n and
mobility ) and structural (in-plane @ and out-of-plane ¢ lattice parameters) properties of
different La-BaSnO3 (25 nm)/SrZrO3 (100 nm)/TbScOs3 films with respect to the growth
temperatures of the SrZrO3 buffer layer.

SrZrQ3 growth In-plane Out-of-plane Carrier density Mobility
temperature lattice constant lattice constant at 300 K at 300 K
(°C) a (A) c (A) n(x10®° cm=3)  p(cm? V7isY)
850 4.090 £ 0.002 4.136 + 0.002 1.81 +0.02 5041
1200 4.070 + 0.002 4.140 £+ 0.002 4.63 + 0.06 97 +£3
1300 4.103 £ 0.002 4.113 £+ 0.002 5.21 +0.08 140 £ 4
1300 4.103 +0.002 4.113 £ 0.002 5.23+£0.08 137 +4
1400 4.100 £ 0.002 4.115 £+ 0.002 4.66 + 0.06 127 £ 4
1600 4.060 &+ 0.002 4.142 £+ 0.002 4.95 £+ 0.06 101 +3
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carrier density in the films grown at 1200 °C and 1600 °C. These observations confirm the
assumption that low temperature grown buffer layer results in more threading dislocations in
the films that lower both the carrier density and electron mobility. In epitaxial thin films, the
strong relationship between transport and structural characteristics is even more appreciable at
the atomic level, when performing microstructural analysis that will be addressed in Section 4.5.

4.5 Defect Density

Epitaxial thin films generally suffer structural defects originating from several sources such as
the growth technique, the surface quality of the host material which is crucial for interfacial
interaction with the as-deposited film, as well as the lattice mismatch between the host and
the film deposited on top [18, 29, 35, 62, 89]. The major defects found in epitaxially grown
thin films are either located at the interface or running across the film thickness, parallel to
the growth direction [10, 13, 18, 26, 28, 29, 30, 44]. These defects induce electron scatter-
ing centers in the film lattice [10, 90, 91]. It is indeed difficult to talk about structural or
microstructural defects in epitaxial thin films without referring to their consequences on the
electronic transport properties as demonstrated in Section 2.2.3.

Dislocations are found to be one of the major structural defects influencing the electron mobility
in degenerate semiconductors [13, 44, 65, 90, 91, 92, 93, 94]. From TEM measurements, it
has been determined that the dislocations in epitaxial thin films, such as conventional n-type
GaN semiconductors [13, 65, 90, 91, 92, 93] and La-doped BaSnOs3 [13, 44, 94], are edge-
type threading dislocations. These threading dislocations are traps for electrons as they insert
acceptor cores along the dislocation lines, which attract electrons from the conduction band and
become negatively charged [90, 91]. The electrons moving across are then scattered, resulting
in reduction of electrical mobility [90, 91]. The density of threading dislocations in epitaxial
GaN thin films was reported to vary between ~ 2 x 10 cm~2 and ~ 2 x 10'® cm™2, although
the impact of scattering at charged dislocation lines on the mobility becomes important at
densities above 10° cm™2 [65, 90, 91, 93, 95, 96, 97]. A higher density, in the range of
101 cm™2, is however reported in MBE and PLD grown epitaxial La-doped BaSnOj3 thin
films, and could be the origin of the limit threshold of the electronic mobility in this system
[13, 44, 94]. In this section, the microstructural data of epitaxial La-doped BaSnOs3 thin
films that will give an idea of the correlation between structural and electronic properties are
discussed. These data are acquired with TEM measurements as described in Section 3.3.2, in
conditions where the Burgers vectors were parallel to the film/substrate interfaces.

4.5.1 Microstructural Analysis

The structure of the defects in epitaxial thin films can be revealed at the atomic level using
the TEM measurement technique, which provides information about the interface quality,
the structure of grain boundaries, the crystallographic orientation and the individual phases
[83, 84, 98, 99]. Here, qualitative and quantitative analyses of the data obtained from cross-
sectional TEM measurements on the optimized BaSnO3 and SrZrQO3 buffered samples prepared
on SrTiO3 (001), DyScO3 (110) and TbScO3 (110) substrates will be carried out. The BaSnO3
buffered samples used for the TEM measurements were grown in the same conditions and with
the same parameters as the BaSnO3 buffered films presented in Fig. 4.13. It was decided to
only perform TEM measurements on the buffered samples because of the need to correlate
their microstructure with the high electron mobility achieved in these samples. The results of
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the measurements are presented in Figs. 4.21 to 4.25. The TEM images in Fig. 4.21 are for
the film deposited on SrTiO3 (001); those in Figs. 4.22 and 4.24 are for the film grown on
DyScO3 (110); and the ones in Figs. 4.23 and 4.25 are for the film prepared on ThScO3 (110),
with BaSnOs3 and SrZrOs buffer layers, respectively. For clarity, only few contrast details will
be represented with arrows or symbols.

In all the films, three types of defects were observed, comparable to those discussed in Sec-
tion 2.2.3, namely misfit edge dislocations, stacking faults, and threading dislocations. These
dislocations are the result of the large lattice mismatch between La-doped BaSnOj3 films and
the respective substrates [10, 13, 18, 26, 28, 29, 85]. For instance, misfit dislocations are cre-
ated at or near the film/substrate interface to release lattice mismatch [100, 101, 102, 103],
followed by the generation of dislocations which thread across the film layer from the interface
to the surface [104, 105]. Interfacial misfit dislocations (white circles) along with threading dis-
locations (green arrows) and stacking faults (yellow arrows) can be seen in the high resolution
TEM (HRTEM) micrographs of the films as shown in Figs. 4.21(a), 4.21(b), 4.22(a), 4.22(b),
4.23(a) and 4.23(b). These misfit dislocations are manifested by the presence of extra atom
planes at the interface represented by the L symbols in Figs. 4.21(a), 4.22(a) and 4.23(a).
The threading dislocations seem to have been created near the interface and propagate to the
surface as shown by the green arrows in Figs. 4.21(b), 4.22(b) and 4.23(b). Furthermore, one
can observe that the stacking faults (yellow arrows) are more pronounced in the films prepared
on SrTiO3 (001) (Fig. 4.21(b)) and ThScO3 (110) (Fig. 4.23(b)) than in that prepared on
DyScO3 (110) (Fig. 4.22(b)). Additionally, polygon like shapes whose corners are indicated
with thin yellow arrows in Figs. 4.21(a), 4.21(b) and 4.23(a) are also visible in the prepared
films. These are believed to be Ruddlesden-Popper faults [94], which are a particular type
of stacking faults characterized by their polygonal shape. Indeed, similar defect shapes were
recorded in plan-view TEM measurements of PLD grown 0.001% La-BaSnO3/LaScO3/SrTiO3
[94] and MBE grown BaSnO3/SrTiO3 [106] heterostructures, where a high density of stacking
faults and threading dislocations were recorded [94].

Moreover, in the medium angle annular dark-field (MAADF) images for the films grown on
SrTiO3 (001) and ThScO3 (110), dense defects which are extended in the films and parallel to
the interface are revealed, as presented in Figs. 4.21(c), 4.21(d), 4.23(c) and 4.23(d) respec-
tively. The extended defects marked with yellow, thin yellow and green arrows are determined
to be stacking faults, Ruddlesden-Popper faults and threading dislocations, respectively; and
those parallel to the interface indicated by yellow arrows are stacking faults [13, 94]. On
the other hand, the high angle annular dark-field (HAADF) images for the film fabricated on
DyScO3 (110) characterize the relaxed interface [13] between the film and the substrate. The
relaxed interface is evidenced by the Ruddlesden-Popper faults and extended defects [13] re-
spectively illustrated by thin yellow and green arrows in Figs. 4.22(c) and 4.22(d), and the extra
atom planes at the interface in Fig. 4.22(d) suggesting interfacial edge dislocations as indicated
by the L symbols. One such dislocation delimited by the white rectangle in Fig. 4.22(d) is
enlarged and shown in the inset, where structural details at the interface can be seen. It is
an interfacial dislocation core with a Burgers circuit drawn around it [13]. The cyan arrow
indicates the closure of the circuit with a Burgers vector parallel to the interface.

In summary, the TEM data of the La-doped BaSnO3 thin films grown with BaSnO3 buffer
layers on SrTiO3 (001) (Fig. 4.21), DyScO3 (110) (Fig. 4.22) and TbScO3 (110) (Fig. 4.23)
substrates showed the presence of misfit dislocations at the film/substrate interfaces, together
with parallel (to the interface) and extended (perpendicular to the interface) defects in the
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Figure 4.21: Cross-sectional TEM images of a 6% La-BaSnO3 (25 nm)/BaSnO3 (100 nm)/SrTiO;
film. (a) and (b) are HRTEM images of the La-BaSnO3 film and the SrTiO3 (001) substrate, showing
misfit dislocations at their interface marked with white circles and L symbols; stacking faults and
threading dislocations in the film layer respectively marked with yellow and green arrows. The thin
yellow arrows point at the corners of the Ruddlesden-Popper faults. MAADF images of the (c) film
only and (d) film and substrate, revealing extended defects in the film, Ruddlesden-Popper faults (thin
yellow arrows), and sharp defects parallel to the interface (yellow arrows). (e) Bright field TEM image
revealing periodic misfit dislocations (dark spots indicated by red arrows) at the interface, spaced by
~ 10 nm; and threading dislocations (vertical dark contrasts indicated by green arrows) in the film. (f)
WB-DFTEM image showing threading dislocations (vertical bright contrasts) running across the film
from the interface to the surface and represented by green arrows.
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La-BaSnO3

Figure 4.22:  Cross-sectional TEM micrographs of a 6% La-BaSnO; (25 nm)/BaSnO3
(100 nm)/DyScOs3 thin film. (a) and (b) are HRTEM images of the La-BaSnOs film and the DyScOs3
(110) substrate, showing misfit dislocations at their interface marked with white circles; stacking faults
and threading dislocations in the film layer respectively marked with yellow and green arrows. HAADF
images of the (c) film only and (d) film and substrate, revealing Ruddlesden-Popper faults (thin yellow
arrows) and an extended defect (green arrows) in the film, and misfit dislocations at the interface
indicated by the | symbols. The inset in (d) represents a high magnification around one of the misfit
dislocations delimited by the white rectangle, where a lack of closure of the Burgers circuit is seen.

films. The presence of these defects in the films and at the interfaces suggests relaxed inter-
faces between the buffered La-doped BaSnO3 films and the substrates, in agreement with our
previous conclusions drawn upon reciprocal space maps data (see Section 4.4.3). These obser-
vations are also comparable with the relaxed interfaces reported in La-BaSnO3 thin films grown
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Figure 4.23:  Cross-sectional TEM micrographs of a 6% La-BaSnO; (25 nm)/BaSnO;
(100 nm)/TbScOs film. (a) and (b) are HRTEM images of the La-BaSnOj3 film and the ThScOs3
(110) substrate, showing misfit dislocations at their interface marked with white circles and L symbols;
stacking faults and threading dislocations in the film layer respectively marked with yellow and green
arrows. (c) and (d) are MAADF images of the film and substrate, revealing extended defects in the
film (yellow and green arrows), and sharp defects parallel to the interface (yellow arrows). The thin
yellow arrows in (a) and (c) point at the corners of the Ruddlesden-Popper faults. (e) Bright field TEM
image revealing threading dislocations in the film (vertical dark contrasts indicated by green arrows).
(f) WB-DFTEM image showing an array of misfit dislocations (bright spots indicated by red arrows)
at the interface; and threading dislocations (vertical bright contrasts) running across the film from the
interface to the surface and illustrated with green arrows.
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by PLD, MBE and high pressure oxygen sputtering on SrTiO3 (001) [12, 16, 30, 52, 94, 106],
DyScO3 (001) [13] and PrScO3 (110) [12, 107] substrates.

Quantitative analysis of the defects present in the La-doped BaSnOs films was carried out by
counting the number of contrast details in the bright field TEM and weak beam dark field
TEM (WB-DFTEM) micrographs [13, 17, 18, 26, 27, 30] of the films prepared on SrTiO3
(001), DyScO3 (110) and TbScO3 (110) substrates. The bright field TEM images for the
films grown on the respective substrates are shown in Figs. 4.21(e), 4.24(a) and 4.23(e);
whereas the WB-DFTEM images are shown in Figs. 4.21(f), 4.24(b), 4.24(c), and 4.23(f). In
these images, some of the misfit dislocations found at the film/substrate interfaces are marked
with red arrows; the stacking faults and threading dislocations found in the epitaxial layers
are marked with yellow and green arrows, respectively. It is noteworthy that the theoretical
misfit dislocation spacing (dmsfit) which is calculated from the in-plane lattice parameters of
the film (a) and the substrate (as) extracted from the reciprocal space mapping, is given by
the formula [52, 108]

a X as

(4.1)

dmisfit = .
a— as

The dark spots at the La-BaSnO3/SrTiO3 interface in the bright field image (red arrows in
Fig. 4.21(e)) are periodic misfit dislocations separated by ~ 10 nm. This spacing is larger than
the expected theoretical dmisfir value of 7.26 nm calculated from the in-plane lattice parameter
summarized in Table 4.11 for the fully relaxed buffered film prepared on SrTiO3 (001). This
discrepancy in the dislocation spacing suggests a large dislocation density in the film. On the
other hand, the equidistant misfit dislocations, seen as bright dots at the La-BaSnO3/DyScO3
interface (red arrows in Fig. 4.24(b)), are &~ 10 nm apart, a value that is in agreement with the
calculated value of 9.7 nm obtained from the analytical expression in Equation (4.1) using the
lattice parameter value for the partially relaxed buffered film deposited on DyScO3 (110) (see
Table 4.11). These bright dots can be seen at the interface in the WB-DFTEM image shown in
Fig. 4.24(b). On the contrary, an array of non equally spaced misfit dislocations are observed
as bright dots at the La-BaSnO3/TbScO3 interface in the WB-DFTEM image of the film
grown on TbScO3 (110) (red arrows in Fig. 4.23(f)). The experimental and calculated values
reported above are consistent with those found in literature for La-doped BaSnO3 thin films
deposited on SrTiO3 (001) [12, 16, 27, 52, 108, 109, 110] and DyScO3 (001) [13] substrates.
The dmisfit values reported in this present study are summarized in Table 4.15 alongside the
dmistit values found in literature.

As for the threading dislocations, it can be seen (Figs. 4.21(f), 4.23(f) and 4.24(c)), at first
glance, that these are denser in the film grown on SrTiO3 (001) in comparison with the films
deposited on the other two substrates. This observation is sustained by the density of the
vertical bright contrasts indicated by the green arrows in the WB-DFTEM micrographs shown
in Figs. 4.21(f) (SrTiO3z (001)), 4.24(c) (DyScO3 (110)) and 4.23(f) (TbScO3 (110)). In
fact, in a 16 nm thick specimen grown on SrTiO3 (001), 80 dislocation lines within 500 nm
in the specimen were counted, resulting in a dislocation density of 10 x 10 cm™2. On the
other hand, 37 and 39 dislocation lines were counted within the same distance in 14 nm and
16 nm thick specimens respectively prepared on DyScO3 (110) and TbhScO3 (110), giving a
dislocation density of 5 x 101! cm™2 for both specimens. It is therefore evident that there are
twice as many dislocations in the film deposited on SrTiO3 (001) than in the films deposited on
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Figure 4.24: (a) Bright field, and (b) and (c) WB-DF cross-sectional TEM micrographs of a 6% La-
BaSnO3 (25 nm)/BaSn0O3 (100 nm)/DyScOs thin film. Arrays of equidistant misfit dislocations, dark
dots in (a) and bright dots in (b) are visible at the interface and marked by red arrows. Their average
distance is &~ 10 nm. Few sharp and short defects parallel and perpendicular to the interface (yellow
arrows) are also visible, probably representing stacking faults. Many threading dislocations (vertical
dark contrasts in (a) and vertical bright contracts in (c)) are indicated by green arrows.

DyScO3 (110) and ThScO3 (110). These dislocation densities are recapitulated in Table 4.16,
together with previously reported dislocation density values in La-doped BaSnOs3 thin films.
As can be seen from the table, the dislocation densities in the grown films are consistent with
those reported in unbuffered and buffered La-doped BaSnQOj films grown by PLD on MgO
[26, 27], and by MBE on DyScO3 (001) [13] and Si (001) [30] substrates; and are one order
of magnitude higher than those reported in unbuffered and buffered La-doped BaSnOj3 films
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Table 4.15: Synopsis of the theoretical and experimental values of the misfit dislocation spacing
(dmistit) in the La-doped BaSnOjs films grown with BaSnOs buffer layer on SrTiO3; (001), DyScOs
(110) and TbScOs3 (110) substrates, shown in Figs. 4.21 to 4.24. The dyssir values found in literature
are given for comparison. CSD stands for chemical solution deposition and OSD stands for oxygen
sputter-deposition.

Substrates Growth method Theoretical Experimental References
dmisfic (nm) dmisfic (nm)
SrTiO3 (001) PLD 7.26 10.00 This study
SrTiO3 (001) PLD — 7.30 Sanchela et al. [27]
SrTiO3 (001) PLD = 7.40 Sanchela et al. [110]
SrTiO3 (001) PLD — 8.00 Ismail-Beigi et al. [109]
SrTiO3 (001) CSD 7.39 7.30 Wei et al. [108]
SrTiO3 (001) 0OSD 7.50 7.00-8.00 Ganguly et al. [16]
SrTiO3 (001) MBE 8.00 8.00 Raghavan et al. [12]
SrTiO3 (001) PLD 7.90 7.70 Niedermeier et al. [52]
DyScOs (110) PLD 9.70 10.00 This study
DyScO; (110) MBE — 9.50 Paik et al. [13]

grown by PLD on SrTiO3 (001) [17, 18, 27]. These dislocations are edge-type threading
dislocations, since they contrast perpendicularly to the interface [13, 17, 18, 26, 27, 30] in the
bright field TEM and WB-DFTEM images recorded with g-vector parallel to the interface (see
the green arrows in Figs. 4.21(e), 4.21(f), 4.23(e) 4.23(f), 4.24(a) and 4.24(c)). Note that g-
vector is the vector pointing (in reciprocal space) to the reflection used for imaging. The edge
character is confirmed when the beam condition is changed, with g-vector perpendicular to the
interface. This is seen in the WB-DFTEM image in Fig. 4.24(b), where only sharp and short
defects parallel to the interface indicated by yellow arrows (also in Fig. 4.24(a)) are visible,
and the vertical dark contrasts previously observed in Fig. 4.24(a) have disappeared. These
sharp defects are probably stacking faults [94], and the other defects (vertical) are undoubtedly

Table 4.16: Summary of the dislocation density values calculated from the TEM micrographs of the
La-doped BaSnOs films grown with BaSnOs3 buffer layer on SrTiO3 (001), DyScO3 (110) and ThScOs3
(110) substrates, shown in Figs. 4.21(f), 4.24(c) and 4.23(f), respectively. The dislocation density
values reported in literature for La-doped BaSnOs thin films are given for comparison.

La-BaSnO3 (LBSO) samples Growth method Density References
(cm2)
6% LBSO buffered on SrTiO3 (001) PLD 10 x 10™ This study
6% LBSO buffered on DyScOs (110) PLD 5 x 10! This study
6% LBSO buffered on TbScO3 (110) PLD 5 x 10 This study
2% LBSO buffered on MgO (001) PLD 2 x 10" Shin et al. [26]
2% LBSO unbuffered on MgO (001) PLD 2.5 x 10" Sanchela et al. [27]
LBSO buffered on DyScO3 (001) MBE 1.2 x 101 Paik et al. [13]
LBSO buffered on Si (001) MBE 1.3 x 101! Wang et al. [30]
4% LBSO unbuffered on SrTiO3 (001) PLD 4.9 x 10% Mun et al. [17]
0.5% LBSO unbuffered on SrTiO3 (001) PLD 2.1 x 10%° Shiogai et al. [18]

2% LBSO unbuffered on SrTiO3 (001) PLD 1.4 x 10" Sanchela et al. [27]
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threading edge dislocations [13, 17, 18, 26, 27, 30].

The vertical contrasts in Figs. 4.21(e) and 4.23(e) are similar to the columnar structures ob-
served in La-doped BaSnOj thin films grown by PLD on SrTiO3z (001) [94], and by high
pressure oxygen sputtering on PrScO3 (001), where they were associated with low-angle rota-
tion at grain boundaries resulting in planes twist and tilt around the growth direction and the
in-plane direction, respectively [107]. However, it is noteworthy that the TEM results discussed
in this present study do not show any evidence for grain boundaries in the grown films. All
HRTEM images show good epitaxial growth, although few extra atom planes are detected.
Such columnar structures have also been reported in GaN thin films, which were qualitatively
characterized as a mixture of threading edge, screw and mixed dislocations [93]. In the present
work, however, a complete analysis of their distribution would have required at least two acqui-
sition conditions with different types of Burgers vectors. But this was unfortunately not done
in the framework of this thesis. Nevertheless, the high defect density reported in the BaSnO3
buffered films above has been considerably reduced when using a SrZrO3 buffer layer instead.

The microstructure of the 6% La-BaSnO3 (25 nm)/SrZrO3 (100 nm)/TbScO3 sample was
also analyzed, in order to examine the role of microstructural defects in limiting the electrical
mobility in thin films fabricated with a buffer layer grown a extremely high temperature. The
cross-sectional TEM measurements of the sample showing the film, the substrate, and the
details at the interface are presented in Fig. 4.25. The HRTEM images in Figs. 4.25(a) and
4.25(b), the bright field TEM and WB-DFTEM images, respectively in Figs. 4.25(c) and
4.25(d), were all recorded in the condition whereby the g-vectors were parallel to the interface.
As can be clearly seen, this film has a lower defect density compared to the films with BaSnQOj3
buffer layer grown at 850 °C as presented in Figs. 4.21 to 4.23. An interface free of misfit
dislocation is clearly visible in the HRTEM images in Figs. 4.25(a) and 4.25(b). However,
the detailed contrasts at the interface in Fig. 4.25(b) could suggest extra atomic planes. But
the inset (Fig. 4.25(b)) representing a magnification of the interface region delimited by the
white rectangle shows a perfect cube-on-cube epitaxial relationship between the film and the
SrZrO3/TbScO3 substrate, consistent with a fully strained film [84, 85] as also reported in the
XRD analysis in Section 4.4.3.

In the bright field TEM and WB-DFTEM micrographs on the other hand, arrays of equidistant
misfit dislocations indicated by red arrows are seen as dark and bright spots in Figs. 4.25(c)
and 4.25(d), respectively. Their average distance is ~ 13 nm, consistent with the expected
12 nm value for the fully strained film calculated from Equation (4.1) and using the in-plane
lattice parameters of the La-doped BaSnOs film and TbScO3 (110) substrate, summarized
in Table 4.12. It is remarkable that the array of periodic misfit defects at the interface
did not result in dislocations running across the film as was previously seen in the BaSnOj
buffered films. In fact, 5 threading dislocations (two of which are marked with green arrows in
Fig. 4.25(c)) were counted within 500 nm of a specimen as thick as 205.5 nm, giving a density
of 4.9x10° cm™2. This value is two orders of magnitude smaller than the densities found in this
study in BaSnOj3 buffered films grown on SrTiO3 (001), DyScO3 (110) and TbScOs3 (110), and
consistent with the concentration of = 4 x 10° cm™2 reported in PLD grown 0.5% La-BaSnO3
(80 nm)/BaSnO3 (80 nm)/BaSnO3 (130 nm)/(Sr,Ba)SnO3 (10 nm)/SrTiO3 heterostructure
[18]. This result implies that the highest mobility sample grown on SrZrO3/TbScOs3 substrate
template, could have great potential for the next generation of electronic and optoelectronic
devices, since it exhibits a defect density in the 10° cm~2 range similarly found in GaN [93,
95, 97] and indium tin oxide [73, 111], thin films.
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(b)

La:BaSn03/SrZrO
_10nm_

3

TbScO,-110 SIBSEO,-110

Figure 4.25:  Cross-sectional TEM micrographs of a 6% La-BaSnO; (25 nm)/SrZrO3
(100 nm)/TbScOs3 thin film. (a) and (b) are HRTEM images of the La-BaSnOs film and the TbScO;
(110) substrate showing the film/substrate interface free of apparent defects. Although some contrast
are visible at the interface in (b), there are no extra atom planes as can be seen in the inset showing
the enlargement of an interface region delimited by the white rectangle. (c) Bright field TEM and
(d) WB-DFTEM images revealing the presence of periodic misfit dislocations (dark and bright dots,
respectively) at the interface, indicated by red arrows, with average distance of ~ 13 nm. Threading
dislocations, vertical dark contrasts in (c), are visible as indicated by the green arrows.

There are several explanations to the low threading dislocation density realized in the SrZrO3
buffered film. The first and straightforward reason is the extremely high temperature growth
of SrZrO3 buffer layer. Indeed, as illustrated before in the case of epitaxial GaAs thin films
fabricated on Si substrates, the density of threading dislocations is effectively reduced upon
high thermal stresses, which increase the velocity of their glide motion as well as climb motion
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due to reaction with point defects produced by atom diffusion [112, 113]. It was reported
that the glide motion velocity and the concentration of vacancies that enhance the climb
motion increase exponentially with temperature [114, 115, 116]. Thus, the dislocation density
reduction in the SrZrO3 buffered La-doped BaSnOg thin film was expected since the SrZrOs3
buffer layer was grown at extremely high temperature, even above that for thermal treatments
in GaAs prepared on Si which resulted in significant reduction of the threading dislocation
density. The fact that extended defects perpendicularly crossing the film from the interface
to the surface as in BaSnO3 buffered films (Figs 4.21 to 4.24) could not be observed in the
SrZrO3 buffered film (Fig. 4.25) could therefore be supported by the appearance of dislocations
climb motion after high temperature growth [112, 114, 115, 116].

Furthermore, the thermal strain originating from the difference in thermal expansion coefficients
between SrZrO3 and TbScO3 which also enhances the dislocations glide motion would explain
the dislocation density reduction in the SrZrO3 buffered film. The average thermal expansion
coefficient of SrZrO3 and TbScO3 are 2.61 x 107> K1 and 0.82 x 10~ K1, respectively,
giving a difference of ~ 3 times [48, 71]. This difference, together with the fact that SrZrO3
undergoes phase transition from tetragonal to cubic symmetry at ~ 830 °C and ~ 1170 °C [71],
respectively, suggest epitaxial strain at the interface during cool down, and as a consequence,
a reduction of the lattice mismatch. Indeed, the theoretical lattice mismatch between SrZrO3
and TbScO3 is about 3.7% [45, 48]; this value is reduced to ~ 3% after the deposition of
SrZrO3 at 1300 °C as can be seen in Table 4.12.

4.6 Concluding Remarks

The structural characteristics of the grown La-BaSnO3/SrZrO3/TbScOs3 heterostructure have
significant impact on its electrical properties as demonstrated in Section 4.3. The structural
and transport characteristics of this sample are essential for high performance in functional
device applications. The present results demonstrate that SrZrO3 layer grown on perovskite
substrates, such as SrTiO3 (001), DyScO3 (110), ThScOs3 (110) and non-perovskite substrate
such as MgO (001) at high temperature, can be employed as a substrate template for subse-
quent fabrication of high mobility La-doped BaSnO3 films with fewer dislocation defects.

It has been demonstrated that SrZrO3 buffer layer deposited at high temperature between La-
doped BaSnOs film layer and TbScO3 (110) substrate, results in an outstanding enhancement
of the electron mobility (brown curve in Fig 4.13(b)), associated with a considerable reduction
of the density of threading dislocations. However, the following observations should be made. It
is well known that scattering at threading dislocations not only lowers the electrical mobility by
scattering the charges travelling across, but also reduces the concentration of free carriers which
are trapped at the dislocation lines due to the important density of dangling bonds along the
lines [17, 90, 91]. Thus, it is not expected that the samples with the higher dislocation densities
have higher carrier concentrations. This can be perceived in Fig 4.13(a) when comparing the
BaSnO3 buffered samples prepared on DyScO3 (110) (green diamonds) and TbhScO3 (110)
(blue diamonds) with the SrZrO3 buffered sample (brown diamonds). It would be assumed
that, given the fact that the active epitaxial layer in the film is thin (25 nm), the lower density
of free charge in the highest mobility SrZrO3 buffered sample (with the lowest defect density)
implies that not only the threading dislocations are trapping electrons, but also effects such as
surface scattering or interface traps are reducing the concentration of mobile carriers. For the
samples with the highest defect densities (BaSnO3 buffered films, blue and green diamonds
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in Fig 4.13(a)), these contributions are expected to be less pronounced as the buffer layer
(BaSnO3) and the active layer consist of the same material.
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5. Ex Situ Spectroscopic Analysis of
La-Doped BaSnO3 Thin Films

5.1 Introduction

Several material properties including oxidation state, corrosion and electronic characteristics
are strongly governed by the chemical composition of the material’s surfaces and interfaces
[1, 2, 3, 4, 5]. Thus, surface analysis techniques such as electron spectroscopies (allowing
sampling at the atomic layer scale) were developed. Photoemission spectroscopy is one of
the most widely used methods for surface studies. It is effective for elemental identification,
chemical bond detection, and oxidation state determination in compounds, solids or molecules.
In this chapter, we report on the structural and electronic properties of epitaxial La-doped
BaSnO3 thin films obtained from spectroscopic measurements. More precisely, the surface
atomic composition and electronic band structure of the La-doped BaSnQOj3 thin films acquired
with XPS and ARPES are presented.

As mentioned earlier, this research project was built around two major ideas. Firstly, the idea
of preparing epitaxial thin films of La-doped BaSnO3 featuring remarkable electronic transport
properties. Secondly, the idea of linking these transport characteristics to the electronic band
structure of La-doped BaSnQOs, which at the time the project was defined was still not well
understood, at least experimentally (see Chapter 2). Thus, two important points should be
highlighted at the beginning of this section of the thesis.

Firstly, as described in Section 3.3.4, the electronic band structure in materials is assessed by
ARPES, which is a surface sensitive technique, meaning that only a few atomic layers under-
neath the surface can be probed. As also stated in Sections 3.2.2 and 3.3.4, the La-doped
BaSnO3 samples were grown at the Max-Planck Institute (MPI) for Solid State Research in
Stuttgart (Germany), and transported at ambient conditions for spectroscopic measurements
at the University of Johannesburg (UJ) in South Africa. For these two reasons, the surfaces
of the samples required thorough cleaning in UHV prior to conducting the spectroscopic mea-
surements. The sample cleaning involved annealing and proved to be challenging. This implies
that the trial and error approach had to be followed. In certain cases, the samples were an-
nealed at very high temperatures, resulting in the surface being damaged, as evidenced by the
XPS data shown in Appendix C.1. Hence, several sample surfaces, including the highest mo-
bility sample prepared with a BaSnOs3 buffer layer (Table 4.6 in Section 4.2.3), were destroyed
in the cleaning process until an optimal cleaning procedure was established. The optimized
cleaning recipe is described in Section 3.3.4. The highest mobility sample prepared with a
SrZrO3 buffer layer grown at 1300 °C (see Section 4.3) was not measured as it was used for
TEM measurements. Nevertheless, the XPS data of the sample prepared with SrZrO3 buffer
layer grown at 1400 °C (see Table 4.14) of which the surface was also believed to have been
damaged is shown in Appendix C.4.

Secondly, as demonstrated in Chapter 4, optimized transport characteristics were achieved in
2% and 6% unbuffered and buffered La-doped BaSnOs3 thin films. Therefore, only the XPS
and ARPES data of the samples with the highest mobility, unbuffered and BaSnO3 buffered
as presented in Table 4.6 will be discussed in this chapter. However, since the surface of
the BaSnO3 buffered samples was damaged by annealing as mentioned above, the data of a

125



Section 5.2 Page 126

sample grown with the same parameters (substrate, film and buffer layer thicknesses) in the
same conditions will be addressed instead, for completeness of the data analysis. The XPS and
ARPES data of the highest mobility BaSnO3 buffered sample presented in Table 4.6 are given
in Appendix C.1. The XPS data of a 4% La-doped BaSnO3 sample prepared with BaSnO3
buffer layer (lower mobility) is also given in Appendix C.2 as additional data.

This chapter is structured into two sections. In the first section, the chemical composition of
the surface of the films is addressed. The fitted XPS data for both as-inserted and cleaned
surfaces are presented, and the origin of the different peak components is discussed. In the
second section, a combined analysis of the valence band states of the films is conducted. The
XPS and ARPES valence band spectra are shown, and the electronic band structure of the
films is investigated.

5.2 Stoichiometry

In this section, the XPS data for as-inserted and cleaned surfaces are presented. The survey
and core level spectra shown were acquired with the analyzer pass energies of 60 and 20 eV,
respectively, using a monochromatized Al K, excitation source, emitting photons of energy of
1486.71 eV. All the elements constituting the surface of La-doped BaSnOj films are identified.
A thorough analysis of the angle-dependent XPS data helps to clarify the origin of the multiple
components found in the primary core levels.

5.2.1 Chemical Composition of the Surface

With the use of XPS measurements, the surface composition of the epitaxially grown La-
doped BaSnOs thin films was investigated. Here, the XPS data for 2% and 6% La-doped
BaSnO3 (25 nm thick) thin films directly deposited on ThScO3 (110) and SrTiO3z (001)
substrates, respectively, are presented. The electrical transport properties of these samples
were addressed in Section 4.2.3, with their RT electronic data given in Table 4.6. These data
were as follows: an electron mobility (1) of 75 £2 cm? V! s~ with an associated carrier
density (n) of (1.354-0.02) x 10%° cm~3 achieved in the 2% La-BaSnO3 (25 nm)/TbScOs3 film;
and 91 +£2 cm? V=1 s71 with n = (4.05 £ 0.05) x 10?° cm~3 realized in the 6% La-BaSnO3
(25 nm)/SrTiO3 sample.

It is noteworthy that the choice of carrying out a comparative analysis of the spectroscopic
data of samples with different doping levels was not made randomly. The different amount of
La doping affected the electronic structure of the samples in terms of binding energy shifts,
peak broadenings an/or changes in the line shape of the core levels [6, 7, 8]. Hence, the
effects of different doping levels in these two films, which are interpreted as different levels of
perturbation or disorder introduced into the original (pristine) lattice, was probed by XPS.

It should also be noted that these two films are grown on different single crystal substrates. As
mentioned in Section 5.1 above, the electronic properties of materials are strongly correlated
to the chemical composition of their surfaces [1, 2, 3, 4, 5]. Although the 2% and 6% films
described here are grown on different substrates, the comparative analysis of the spectroscopic
data of their surfaces holds. This can be supported by two arguments. The first argument
is that the thickness (25 nm) of the active La-doped BaSnOj3 film layers is enough (with
respect to surface spectroscopy) for the thin films to be viewed as “bulk” by a surface sensitive
measurement technique, as demonstrated in Section 3.3.4. It is therefore highly unlikely to have
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an interfacial contribution in the resulting photoelectron signals [9]. The choice of the substrate
is however determinant for optimal electronic performance in thin film growth as demonstrated
in Chapters 2 and 4. The second argument is that any of the changes mentioned above would
not be attributed to change in the chemical environment of the core electrons since it was
demonstrated in Section 4.4.1 that the La-doped BaSnOj3 thin films were epitaxially grown
(single crystalline) on either of these substrates, with no formation of secondary phases or
randomly oriented grains.

The spectroscopic data of these two samples were acquired both on the samples as-inserted
and after they were thoroughly cleaned in vacuum following the procedure described in Sec-
tion 3.3.4. It should be highlighted that the 2% La-BaSnO3/TbScO3 sample was pre-annealed
in vacuum at a very low filament current of 1.6 A (without high voltage on) and for a short
period of time (15 minutes). The temperature indicated by the pyrometer (spot on the sample
holder) was about 300 °C. This was near the limit of the measuring range of the pyrometer
so this value could be incorrect. However, the surface was still not clean, judging from the
measured core level spectra such as O 1s and C 1s, as will be shown further in this section.
Therefore, for better comparison of the spectra, this surface will be referred to as “as-inserted”.
The cleanliness of the samples was monitored by recording the LEED patterns directly after
an annealing cycle in the preparation chamber, as well as by measuring the C 1s signal after
the samples were transferred into the analysis chamber.

Evidence of a clean surface can be seen in Fig. 5.1 representing typical LEED pattern images
for a clean La-BaSnO3 (001) surface taken at various electron energies. The surface depicted
in the figure exhibits a stable 1x1 surface structure, comparable to that obtained in BaSnOj3
thin films annealed at 600 °C in oxygen [10]. Similar structure was also reported in related
perovskite systems such as BaTiO3 and SrTiO3 [11, 12, 13]. Following the description in
Section 3.3.1, it can be observed that the diffraction spots in Fig. 5.1 form square lattices
in reciprocal space which correspond to the cubic lattice structure of BaSnOs in real space.
These reciprocal lattices, one of which is drawn on the image taken at 48 €V, indicate the high
crystallinity of the films [10, 11, 12, 13].

The cleanliness of the surfaces can also be seen in Fig. 5.2 showing the XPS scans in the wide
energy range consistent with the excitation energy of a standard laboratory source (photons of
1486.71 eV emitted from the Al K, anode). As can be seen in the figure, all the expected core
electron levels (accessible with the source) originating from La, Ba, Sn and O are present in the
survey scans. However, a signal located at a binding energy of 285.95 €V attributed to C 1s is
detected in the as-inserted samples portrayed by the light green and orange curves in Fig. 5.2.
In addition, the C KLL Auger peak is present at 1224 €V. These samples are therefore not
clean, since the presence of a foreign element (adventitious carbon) means that there is surface
contamination. Upon annealing, this contamination is systematically eliminated, resulting in
clean surfaces as depicted by the blue and red curves in Fig. 5.2.

The most intense (see Fig. 5.2) and informative spectroscopic regions are Sn 3d, O 1s and
Ba 3d. The photoemission spectra of these core electrons were analyzed/fitted following the
description given in Section 3.3.4. Knowing that the 3d energy level is split into 3d5 and 3d3

due to the spin orbit coupling, the area ratio (3d3/ 3d5) of both Ba and Sn 3d core Ievels
(since the number of states in the degenerate 3 3 and IeveIs are different) was fixed to 0.667

during the fits. Also, the spin orbit splitting (energy separation of the doublet consecutive to
the splitting of the 3d energy level) was fixed at 15.323 €V for Ba 3d and 8.423 €V for Sn 3d
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Figure 5.1: Typical LEED images of the La-BaSnO3 (001) surface taken at various electron energies
indicated in the figure for each image. The white squares drawn on the image recorded at 48 eV
illustrate the square lattice of BaSnO3. Note that at the electron energy of 48 eV, the diffraction
pattern shows only first order diffraction spots. When the energy is approximately doubled to 95 &V,
the pattern shows all the second order spots.

[14, 15]. Both core levels were asymmetric and deconvoluted with multiple components. Fits
of the spectra of these regions and the spectra of the O 1s core levels for both as-inserted
and cleaned surfaces are presented in Figs. 5.3, 5.4 and 5.5, and the fitted parameters after
background (Bgrd) subtraction are given in Tables 5.1, 5.2 and 5.3 for Sn 3d, O 1s and
Ba 3d, respectively. It should be noted that the data for La 3d core levels whose signals were
detectable but very weak as can be seen in the binding energy range 820 eV to 860 €V in
Fig. 5.2 are not shown. However, combined XPS data for La 3d regions with respect to the
La doping concentration is provided in Appendix C.3 as supplemental information.

a) Sn 3d Core Level

Figure 5.3 represents the fitted spectra of the Sn 3d core levels. The parameters obtained
from the fits of the spectra are summarized in Table 5.1. Figures 5.3(a) and 5.3(b) are the
Sn 3d core electrons of the 2% La-BaSnO3/TbScO3 sample (n = 1.35 x 10%° cm~3) whereas
Figs. 5.3(c) and 5.3(d) are those of the 6% La-BaSnO3/SrTiO3 sample (n = 4.05x10%° cm~3).
As mentioned above, the Sn 3d core regions were asymmetric on the higher binding energy
side. The asymmetry of the photoemission spectra of Sn 3d was previously reported in La-
doped BaSnO3 [16, 17], BaSnOs3 [18] and SnO» [19] thin films, as well as in Sb-doped SnO,
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Figure 5.2: XPS survey scans for as-inserted (light green and orange curves) and cleaned (blue and red
curves) 2% La-BaSnO3 (25 nm)/TbScO3 and 6% La-BaSnO3 (25 nm)/SrTiO3 samples. All the core
levels from La, Ba, Sn and O elements can be seen in the spectra. The C 1s signal originating from
surface contamination with the associated C KLL Auger electron peak are also visible. The spectra
were acquired with an experimental resolution of 0.90 eV using the Al K, excitation source.

[20, 21, 22] ceramics. It was also reported that this asymmetry is a function of the amount of
band filling [17, 20, 22], as the Sn 3d core of the undoped materials shows a highly symmetric
peak [16, 20, 22], while that of the doped materials shows an asymmetry toward the high
binding energy side of the core peak that greatly increases with the level of doping [17, 20, 22].
As discussed in Section 3.3.4, the asymmetry in core photoemission spectra of metallic systems
arises from intrinsic plasmon excitations, which result in an additional component satellite to
the main core line associated with an unscreened final state [20, 22]. As was also discussed in
Section 3.3.4, an intrinsic plasmon is a localized trap state created by the Coulomb potential
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of the core hole [23, 24]. The localized trap state is created by pulling out an electron from the
conduction band [8]. Thus, the effect of doping on the line shape of the Sn 3d core level can
be perceived in terms of a screening response of the conduction electron introduced by doping
[22]. Based on these observations (which are also discussed in detail in Section 3.3.4), two
doublet components were used to fit the Sn 3d spectra assuming that the Koopmans' state
(excited state after the removal of a core electron from an atom) is projected into screened
and unscreened final eigenstates [22].

As can be seen in Fig. 5.3, Sn 3d core lines are fitted to two Voigt components which give
an excellent description of the overall line shape of the spectra. It should be noted that the
Gauss-Lorentz ratio was allowed to vary freely during the fits. In each spectrum in the figure,
the main component is the peak at low binding energy labeled “screened”. This peak has a
dominant Gaussian line shape. The component at high binding energy labeled “unscreened”
is dominantly Lorentzian. As stated above, this component is a satellite associated with
intrinsic plasmon excitations. Thus, large Lorentzian line width, would mean short core hole
lifetime, and large Gaussian would imply small Lorentzian width and long core hole lifetime.
Similar satellite structure was strongly observed in the Sn 3d and In 3d core photoemission
spectra of transparent conducting oxides (TCOs) such as Sb-doped SnO> [20, 21, 22], In,O3-
ZnO [25] and Sn-doped In203 [8, 26]. However, it is remarkable that a completely different
peak assignment was made for the Sn 3d regions in BaSnOs3 thin films [18] as described in
Section 2.4.2, as well as in SnO; thin films [19, 27, 28]. In those reports, Sn showed mixed
valence states and the Sn 3d core levels were fitted with three components associated with
Sn**, Sn?T and Sn metal (Sn®). A mix of oxidation states suggests a non-pristine surface. In
this present study, however, the valence state of Sn is 4+ as indicated by the binding energy
of the screened component in all the Sn 3d spectra [29, 30].

Looking at Table 5.1, it can be seen that the spectra of the 6% La doping (n = 4.05 x
10%° cm~3) are shifted to high binding energies as compared with the spectra of the 2% La
doping (n = 1.35 x 10%° cm™3). Considering the screened components, the shift is 0.62 eV
in the XPS spectrum of the as-inserted surface. This shift decreases to 0.12 eV after the
surface is cleaned. Binding energy shifts of the 3d orbital with increasing carrier density were
also reported in the photoemission spectra of other TCOs. For instance, shifts of 0.05 and
0.10 eV were reported in the Sn 3d core XPS spectra of Sb-doped SnO» ceramics [20, 22]; a
shift of 0.30 eV was observed in the HAXPES Cd 3d core of CdO thin films [31]; shifts up to
0.19 eV were recorded in the HAXPES In 3d spectra of In;03-ZnO thin films [25]; and a shift
of 0.78 eV was reported in the In 3d core XPS and HAXPES spectra of Sn-doped In,O3 thin

Table 5.1: Fitted parameters of Sn 3d regions for the as-inserted and cleaned samples shown in Fig. 5.3.
The peak position (P), the relative intensity (R) and the FWHM (F) are given.

As-inserted Cleaned
P(ev) R (%) F(ev) P(eV) R (%) F(ev)
Error (£0.05)  (£1)  (£0.05) | (£0.05) (£1) (+0.05)
2% Screened 486.67 52 1.17 486.68 54 1.15
1.35 x 102 cm™3  Unscreened ~ 487.18 48 1.43 487.19 46 1.34
6% Screened 487.29 68 1.31 486.80 57 1.06
4.05 x 102° cm~3  Unscreened  487.99 32 1.53 487.50 43 1.34




Section 5.2 Page 131

(a) (b)
2% La-BaSn0,/TbScO, 2% La-BaSn0,/TbScO,
oot Ty L poaa| [Gemes T e
—Fit
Sn3d,, f{ m Screened Sn 3d,,

I Unscreened

-==Bgrd

Intensity (arb. units)

il Sl e fokralo ke e PR R E R R R Pl e St Sl il
500 496 492 488 484 500 496 492 488 484
Binding Energy (eV) Binding Energy (eV)
(c) (d)
6% La-BaSnO,/SrTiO, 6% La-BaSnO,/SrTiO,

As-inserted Sn 3d,,

Intensity (arb. units)

T I T ‘ SR I T NN R ST S AT S I T S T I
500 496 492 488 484 500 496 492 488 484
Binding Energy (eV) Binding Energy (eV)

Figure 5.3: Fits of the XPS spectra around the Sn 3d regions for as-inserted and cleaned 2% La-
BaSn0O3/TbScO3; and 6% La-BaSnOs3/SrTiO3 samples. The Sn 3d spectra are fitted with two Voigt
doublet components labeled screened and unscreened. The data were acquired with an experimental
resolution of 0.58 eV. The peak heights are normalized for all four figures for easier comparison. In
this figure and most following XPS spectra, the background and fit components are shifted vertically
to make the figures clearer.

films [8]. These shifts were related to the shifts in the conduction band due to doping as will
be also addressed in Section 5.3. It should be noted that the positions of the screened and
unscreened peaks as shown in Table 5.1 are consistent with those in Refs. [20, 22].

It is important to highlight that during the fits, boundaries were set for the energy separation
between the screened peak and its satellite. These constraints were applied to the lower
limit of the position of the unscreened peak such that the satellite energy (energy separation
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between screened and unscreened peaks) would be ~ 0.5 eV in the sample with the carrier
density n = 1.35 x 102 cm™3 (2% doped film), ~ 0.7 €V in that with the electron density
n = 4.05x10%° cm~3 (6% doped sample). These choices were made considering two important
results reported in literature. First, the satellite energy corresponds to the plasmon energy,
especially the surface plasmon energy, and increases with the carrier density n [8, 20, 22, 32, 33].
Since the surface plasmon energy is proportional to the carrier density [20, 26], it was decided
on the satellite energy values reported for the photoemission of the 3d orbital in Sb-doped
SnO3, In203-Zn0O and Sn-doped In,03 [8, 20, 22, 25|, that were associated with carrier
density values comparable to the carrier densities achieved in the samples.

The second important result that guided this choice is that in TCOs, the surface plasmon energy
is around 0.7 eV, comparable with intrinsic plasmon core level line widths [20, 25]. Hence, based
on the above considerations, there could be some variations in the choice made for the satellite
energy. Nevertheless, this choice tends to be in agreement with the Langreth model [23, 34]
described in Section 3.3.4. Indeed, according to the plasmon model developed by Langreth,
the relative intensity of the unscreened high binding energy component should increase with
decreasing carrier density, as can be clearly seen in Table 5.1, when comparing the relative
intensities of the unscreened peaks for the 6% and 2% doped samples. Concomitantly, the
relative intensity of the screened low binding energy peak decreases, consistent with previous
reports [8, 20, 22, 25]. Furthermore, as also reported in literature, the unscreened peak is
broader than the screened component [8, 20, 22, 25], as evidenced by their FWHM values
contained in Table 5.1. This parameter was not constrained in the fits; and the fact that a
narrower low binding energy peak and a broader high binding energy peak are consistently
observed in the fits, only confirms the applicability of the plasmon model to the analysis of the
Sn 3d core XPS spectra in these films.

b) O 1s Core Level

The fitted XPS spectra of the O 1s core regions are depicted in Fig. 5.4. Considering the figures,
it can be seen that the O 1s peaks are asymmetric, presenting a shoulder on the high binding
energy side. This shoulder is more pronounced in the as-inserted surfaces (Figs 5.4(a) and
5.4(c)). The shape of the peaks indicates several oxygen related components at the surface.
Hence, four and three symmetric Voigt peaks of same FWHM were used for the deconvolution
of the as-inserted and cleaned spectra, respectively. The main component which is labeled Ot
is attributed to lattice oxygen in a BaO environment. The peak labeled Oy, is associated with
the formation of oxygen vacancies. This peak represents the change in the local electronic
density of the other lattice oxygen atoms when an oxygen is removed [35, 36, 37, 38, 39, 40].
Oxygen vacancies are common native point defects in oxide materials [41, 42, 43, 44], and
have been often reported in O 1s spectra of these materials [18, 43, 45, 46, 47, 48]. In the
case of epitaxial BaSnO3 and La-doped BaSnOs thin films, it has been reported that oxygen
vacancies are created during the deposition of the film, and upon annealing of the grown film
in vacuum or in forming gasses [43, 44, 47, 49]. As for the peaks labeled —OH and C-O, both
are related to contamination, associated with adsorbed oxygen (chemisorbed) resulting from
the dissociation of water on the sample surface [45, 46, 47, 50, 51, 52|, and oxygen attached
to organic residues or carbonates [45, 50], respectively.

The results of the parameters employed for the fits of the spectra shown in Fig. 5.4 are
provided in Table 5.2. As can be seen from the table, the O 1s signals from the 6% doped
sample are shifted to higher binding energies, consistent with the shifts observed in the Sn 3d
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Figure 5.4: Fits of the XPS spectra of the O 1s core levels for as-inserted and cleaned 2% La-
BaSn0O3/TbScO3 and 6% La-BaSnO3/SrTiO3 samples. The O 1s core electrons are fitted with (a) and
(c) four, and (b) and (d) three Voigt singlet components. The data were acquired with an experimental
resolution of 0.58 €V. The peak heights are normalized.

core spectra above. These shifts are therefore associated with the doping effect. Similar
shifts with increases in La doping, that increase the carrier density, were previously reported
in the HAXPES spectra of O 1s core levels of MBE grown La-BaSnO3/TbScOs3 thin films
[17]. For the as-inserted spectrum shown in Fig. 5.4(c), Oy, is shifted by 0.65 eV. The shift
is reduced to 0.38 eV in the spectrum of the cleaned surface shown in Fig. 5.4(d). The C-O
component which is only identified in the as-inserted samples presented in Figs. 5.4(a) and
5.4(c) disappears after the treatment of the surfaces as clearly illustrated in Figs. 5.4(b) and
5.4(d). The —OH component (hydroxyl groups [45, 50]) originates from sample exposure to
air. Note that like the C-O component, the —OH peak is less intense in the as-inserted surface
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Table 5.2: Fitted parameters of O 1s regions for as-inserted and cleaned surfaces shown in Fig. 5.4.
The peak position (P), the relative intensity (R) and the FWHM (F) are given.

As-inserted Cleaned

P (eV) R (%) F (eV) P (eV) R (%) F (eV)

Error  (4£0.05)  (*1)  (£0.05) | (£0.05)  (£1)  (=+0.05)
Olat 530.14 67 1.13 530.16 89 1.19
2% Ovac 531.04 16 1.13 531.06 10 1.19
135x10% ecm=3 —OH  532.07 12 1.13 532.01 2 1.19
C-0 532.98 5 1.13 — — —
Olat 530.79 54 1.15 530.54 88 1.21
6% Ovac 531.66 19 1.15 531.40 9 1.21
405%x10® cm™3  —OH  532.32 19 1.15 532.37 3 1.21
Cc-0 532.95 8 1.15 — — —

presented in Fig. 5.4(a) compared with the as-inserted surface depicted in Fig. 5.4(c) (see also
Table 5.2). The comparatively low intensities of the contaminant components in the surface
shown in Fig. 5.4(a) are most probably related to the fact that this surface was pre-annealed.
Furthermore, the relative intensity of the —OH component is lower in the cleaned spectrum
in Fig. 5.4(b) (compared with that in Fig. 5.4(d)) as indicated in Table 5.2. This could be
because both samples (surfaces) were measured (prepared) two years apart (the sample in
Fig. 5.4(a) was measured first), under perhaps different vacuum conditions. Although the
base pressures were similar in both cases, the composition of the residual molecules in the
vacuum could easily have been different. Indeed, as can be seen in Figs. 5.4(b) and 5.4(d),
—OH could not be completely removed from the surfaces, probably because the preparation
chamber contained too much H,O, and even more so when the spectra in Fig. 5.4(d) was
prepared (the surfaces were annealed at ~ 700 °C at a pressure of &~ 7x 106 mbar oxygen).
Nevertheless, its relative intensity is considerably reduced in the cleaned surfaces, confirming its
contaminant character. The surface-related character of the —OH component will be further
addressed in Section 5.2.2.

Interestingly, the relative intensities of the O peaks increase whereas those of the O,,¢
components decrease after the surfaces are cleaned (see Table 5.2). The relative intensity of
the Oyac component in the as-inserted surfaces (Figs. 5.4(a) and 5.4(c)) is probably amplified
with surface contamination (C-O). In the cleaned surfaces (Figs. 5.4(b) and 5.4(d)), Oyac is
almost in the same proportion. lIts relative intensity is slightly smaller in the cleaned surface
shown in Fig. 5.4(d) where the component due to water (—OH) is more intense (as compared
with the cleaned surface depicted in Fig. 5.4(b)). This could lead to the conclusion that the
relative intensity of the O, peak is affected by contamination, where the carbonate component
(C-0O) has an amplifying effect and the hydroxyl component (—OH) has a reducing effect.

c) Ba 3d Core Level

The fits of the XPS spectra of the Ba 3d core electrons for the as-inserted and cleaned surfaces
are reported in Fig. 5.5. The Ba 3d spectra also showed asymmetric line shapes and were fitted
with two symmetric Voigt doublets. Table 5.3 summarizes the fitted parameters of the Ba 3d
core levels. The FWHM of the Voigt peaks were set to be the same in each spectrum. Again,
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Figure 5.5: Fits of the XPS spectra of the Ba 3d core regions for as-inserted and cleaned 2% La-
BaSn0O3/TbScO3 and 6% La-BaSnO3/SrTiO3 samples. The Ba 3d core spectra are fitted with two
Voigt doublet peaks, Ba | and Ba Il. The spectra were acquired with an experimental resolution of

0.58 eV. Peak heights normalized.

the spectra of the 6% doped sample are shifted to high binding energies (with respect to the
spectra of the 2% doped sample) due to the increase in the concentration of the electrons
[17]. Such shifts were also observed in the HAXPES spectra of the Ba 3d core levels of the La-
BaSnO3/TbScO3 thin films [17]. The main doublet labeled Ba I, which is assigned to lattice
barium in the Ba?" state, is shifted by 0.53 eV for the as-inserted sample and by 0.32 eV
for the cleaned sample. The valence state of Ba, 2+, as identified by the binding energy of
the Ba | component, is consistent with previous spectroscopic results on powder and epitaxial
thin films of BaSnO3 [18, 51|, as described in Section 2.4.2. The second doublet labeled
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Table 5.3: Fitted parameters of Ba 3d regions for as-inserted and cleaned spectra presented in Fig. 5.5.
The peak position (P), the relative intensity (R) and the FWHM (F) are given.

As-inserted Cleaned
P (eV) R (%) F (eV) P (eV) R (%) F (eV)
Error  (£0.05)  (£1)  (£0.05) | (£0.05)  (£1)  (=£0.05)
2% Ba | 779.72 84 1.42 779.75 85 1.48
1.35x 10 cm=3  Ball  780.85 16 1.42 780.88 15 1.48
6% Bal 780.25 31 1.57 780.07 85 1.51
405%x10°cm=3 Ball 781.38 69 1.57 781.20 15 151

Ba Il is either due to under-coordinated barium as assigned in several reports on epitaxial
BaTiO3 thin films [11, 53, 54, 55, 56|, or to contamination. As shown in Table 5.3, the
relative intensities of the Ba Il doublets decrease after the treatment of the surfaces while
those of the Ba | doublets increase. This trend suggests that Ba Il doublet could be a surface
component related to contamination. Moreover, the very high proportion of Ba Il in the as-
inserted sample portrayed in Fig. 5.5(c) would then be related to the high level of contamination
observed in the corresponding O 1s spectrum presented in Fig. 5.4(c). The drastic decrease
of the Ba Il proportion in the cleaned surface, depicted in Fig. 5.5(d), further supports its
surface character associated with contamination. The origin and nature of the Ba Il peak are
carefully investigated in Section 5.2.2 by carrying out a systematic analysis of its fraction with
respect to the probing depth. It is to be noted that the energy separation between Ba | and
Ba Il components was constrained to vary between 1 €V and 1.5 €V, as reported in literature
for BaSnO3 and BaTiOs3 thin films [18, 53, 54, 55, 57, 58]. For all the fits shown in Fig. 5.5,
this energy separation was consistently found to be 1.13 eV (see Table 5.3).

Two satellite features labeled Sat | and Sat Il are also detected in the XPS spectra of Ba 3d
regions as can be seen in Fig. 5.5. These are satellites resulting from shake-up processes
involving Ba 3d photoelectrons and valence electrons, as was described in Section 3.3.4. These
satellites are located at the high binding energy side of the associated Ba 3ds and Ba 3d3

2 2
peaks. These satellites are broad, and their energy separation from the main peak, 10 €V on
average, is consistent with literature [59].

It is noteworthy that the Ba 3d and O 1s core lines slightly broaden with increasing carrier
density, but neither of them exhibit a pronounced asymmetry variation with increasing La
doping as observed in the Sn 3d core spectra. This discrepancy can be understood considering
that the conduction band minimum in BaSnO3 and La-doped BaSnQO3 is predominantly of
Sn 5s orbital character [17, 60, 61, 62]. As stated in Section 2.2.2, the key elements for the
high electron mobility in La-doped BaSnOs3 are the cubic structure of BaSnO3 which features
a perfect 180° angle of the O—Sn—O bonds in the SnOg octahedra, as well as the highly
dispersive Sn 5s derived conduction band [61]. This highlights the key role of the Sn in the
structural and electronic transport characteristics of La-doped BaSnQOj3 thin films.

It is also important to note that the loss of Ba:Sn stoichiometry in the nominal ratio 1:1 could
result in additional defects in the films and hinder the desired electrical properties [17, 63].
The Ba:Sn stoichiometry in the grown epitaxial La-doped BaSnQOj3 thin films was examined by
investigating the oxidation state of the Sn. To investigate the valence state of the Sn in the
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samples, EELS measurements were performed within a transmission electron microscope on a
6% La-doped BaSnO3 (25 nm) sample grown on a DyScO3 (110) substrate with a 100 nm
thick BaSnOs3 buffer layer. This is the optimized sample studied in Sections 4.2.2 to 4.5.
The EELS data were acquired during the TEM measurements at the Max Planck Institute in
Stuttgart, and represents a typical example in this study. For reference, the microstructural
properties of this sample investigated by analyzing the TEM data are shown in Figs. 4.22 and
4.24. The EELS measurements were performed on a cross-section of the sample, and the
electron beam was focused on the BaSnOj3 buffer layer and the La-doped BaSnQOs3 film layer
regions. Spectra from areas without and with La could then be compared, to see whether the
doping alters or changes the oxidation state of the Sn.

As discussed in Section 3.3.2, EELS is an analytical technique based on the inelastic scattering
of the electrons emitted from the source with those of the specimen (atomic electrons). This
interaction results in loss of energy by the electron beam. The energy dispersion gives detailed
information of the local environment of the atomic electrons, and consequently of the chemical
properties of the specimen. In Fig. 5.6(a), the signal intensities in the EELS spectrum are
plotted. This figure shows the distribution of the elements (atomic distribution) in the sample,
forming a total layer thickness of 120 nm, with a 24 nm thick La-doped layer. For better
understanding, dashed orange lines are used to divide the signal into regions indicated as (1)
to (4). In the region labeled (1), intensities of Dy, O, and Sc are visible, whereas Sn, Ba and
La are basically zero (the residual color in the La plot is noise). This is the substrate. In the
middle, indicated as (2), Sn, O, and Ba show non-zero intensities, and, as expected, Dy, Sc,
and La are zero. This is the BaSnO3 area (buffer layer). On the right side, region (3), La
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Figure 5.6: EELS data of the 6% La-BaSnO3/BaSn03;/DyScO3 sample acquired with a transmission
electron microscope. (a) Elemental mapping which shows the atomic layer distribution, 120 nm thick,
where the La-doped layer is 24 nm. The dashed orange lines serve to indicate different regions of the
sample. (b) Electron energy loss spectra for two regions in the specimen, an area with only BaSnO3
(red curve) and another with only La-BaSnOj3 (green curve). The inset shows the enlargement of the
region around the Sn-M, 5 ionized edge delimited by the blue rectangle.
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becomes non-zero along with Sn, O, and Ba. This is the La-doped part of the BaSnO3 layer.
On the very right, region depicted as (4), all signals are zero because there is no specimen in
this area. Note that the intensities are very homogeneous. There is a gradual loss of intensity
from left to right (from (1) to (4)). This is due to the fact that the specimen becomes thinner
along this direction, i.e. it is not a material property.

In Fig. 5.6(b), the ionized core La-My 5, Ba-Ms 5 and Sn-My 5 corresponding to the excitation
of 3d states, as well as O-K corresponding to the excitation of the 1s state, are presented. It
can be seen that the spectra of the BaSnO3 (red curve) and La-doped BaSnO3 (green curve)
are very similar, apart from the presence of La peaks in the latter. Most importantly, this
can be seen in the area around the Sn-My 5 core edge indicated by the arrows in the inset.
This implies that the valence state of the Sn in BaSnO3 and La-doped BaSnOs3 are the same,
ensuring good stoichiometry in these films [63]. Although the peak at ~ 490 eV is barely
detectable in this present study, the two arrows in the inset point at two very weak peaks at
~ 490 eV (Ms) and ~ 515 eV (M), which are in good agreement with those reported for
Sn-My s EELS edge in SnO; [64]. This indicates that the Sn in the epitaxial films grown in
this study essentially has an oxidation state of 4+, consistent with the XPS data shown in
Fig 5.3, as well as with the previous EELS reports on epitaxial La-doped BaSnQOj3 thin films
[63, 65].

5.2.2 Angle-Dependent XPS

To obtain more insights into the origin of the multiple components observed in the XPS spectra
of the core electrons shown in Figs. 5.3, 5.4 and 5.5, XPS acquisitions at two different electron
take-off angles 6 (angle between the analyzer and the sample surface) were performed. Firstly,
the measurements were done in the configuration used to obtain the data shown in Figs. 5.3,
5.4 and 5.5, which corresponds to a take-off angle of 90° (normal emission). Secondly, the
configuration was changed by rotating the manipulator polar angle to obtain a take-off angle of
35°. In these two configurations, the spectra were acquired with photons emitted from Al K,
anode (photon energy of 1486.71 eV) and the experimental resolution during acquisition was
0.58 eV. It is well known that the effective probing depth (herein called () is dependent on
the photoelectron escaping angle, and both are related by the expression ¢ &~ 3\ sinf), where
A is the mean attenuation length [54, 66, 67, 68]. This means that at the take-off angle of
35°, the photoelectrons emitted originate from a region nearer the surface, whereas at the
take-off angle of 90° these photoelectrons are emitted from a deeper depth within the sample.
This is because at normal emission, electrons from a given depth have a shorter path to travel
through the sample than those at 35°, and are therefore attenuated less. Additionally, to excite
electrons more from the bulk, the Ag L, anode (at normal emission) which produces photons
of much higher energy (2984.31 €V) was used. This permitted to conclusively fingerprint each
component. With this photon source, the data were acquired with an experimental resolution
of 0.96 eV. It is noteworthy that the experimental resolution with the Ag anode is worse since
the monochromatization of this anode is not as effective as with the Al anode. Thus, for
accurate comparison of the data, a rescaling of the FWHM values is performed considering
the resolution with the Al anode.

For the angle-dependent XPS analysis, a 6% La-BaSnO3 (25 nm)/BaSnO3 (100 nm)/TbScO3
sample with a carrier density of n = 4.92 x 10%° cm™3 was used. As mentioned in the
introductory section (Section 5.1), this sample was chosen as a replacement of the highest
mobility BaSnOj3 buffered sample shown in Table 4.6, as the surface of the original sample was
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believed to have been damaged (see Appendix C.1). In Section 5.2.1, the XPS data of two high
mobility unbuffered samples with carrier densities of 1.35 x 10%° cm~3 and 4.05 x 10%° cm~3
were discussed. Thus, having another sample with different electrical properties is convenient
for qualitative and quantitative discussions of the core levels and valence band electrons.

The above sample was cleaned following the procedure described in Section 3.3.4, and then
exposed to contamination in the load lock on purpose, to investigate how the hydroxide layer
would affect the states in the valence band region. The core orbitals and valence bands of
these two surfaces are presented in Figs. 5.7 to 5.11. The spectra of the clean surface (core
levels and valence bands) were taken for about 30 hours in the analysis chamber maintained in
good vacuum (= 5x107%0 mbar). After these measurements, no carbon signal was detected
and the sample was transferred into the load lock (average pressure of 1x10~8 mbar) to allow
for absorption of carbonate and hydroxyl groups on the sample surface. After 1 day in the
load lock, a more defined carbon peak could be detected. It is to be noted that this carbon
peak was anyway more than two orders of magnitude less intense than the signal from the
sample as-inserted. Measuring the core levels associated with surface exposure helped track
the changes induced in the respective orbitals and enabled a correlation with the features in
the valence band. All the spectra associated with the contaminated surface were collected
with the Al K, anode at take-off angles of 35° and 90° as shown in Figs. 5.7, 5.8 and 5.9.

Figure 5.7 shows the XPS angle-dependent spectra for the Sn 3d core line. In the figure, the
measurement gets more bulk sensitive as the photoelectron take-off angle increases from 35° to
90°, and as the excitation source is changed from Al K, (Al) to Ag L, (Ag). Only the spectrum
in Fig. 5.7(c) was taken with the Ag anode to probe bulk electrons and ensure a systematic
comparison of the surface sensitive and bulk sensitive data [66, 67, 68]. As for the analysis of
the Sn 3d core electrons shown in Fig. 5.3, two Voigt doublets associated with screened and
unscreened final eigenstates were used to fit the spectra. Considering that the carrier density
in this sample is n = 4.92 x 10%° cm~3, the satellite energy was fixed at 0.8 eV, consistent with
the reported energy separation (for comparable carrier concentration) between the screened
and unscreened components of the In 3d core lines in In;O3-Zn0O [25] and Sn-doped Iny03
[8] thin films. It should be noted that this satellite energy value is closer to the bulk plasmon
energy [25]. The parameters of the fits are summarized in Table 5.4. Again, the variation of
the relative intensity of the unscreened component for the clean surfaces in Tables 5.1 and 5.4
(at 90°, Al anode) provide support for the Langreth model. As can be seen from the tables,
the value of relative intensity of the unscreened state increases as the carrier density decreases
following the sequence 4.92 x 102° cm—3, 4.05 x 10%2° ¢m~3 and 1.35 x 10%° cm~—3.

Consider the clean surface presented in Figs. 5.7(a) to 5.7(c). As can be seen in Table 5.4, as
the measurement becomes more bulk sensitive (from Fig. 5.7(a) to Fig. 5.7(c)), the relative
intensity of the low binding energy screened state decreases whereas that of the high binding
energy unscreened satellite increases. This indicates that the satellite is more a bulk feature.
Similarly for the spectrum measured with the Ag anode as shown in Fig. 5.7(c), the unscreened
signal is in a higher proportion compared with the screened component. The bulk nature of
the satellite suggests that the core holes considerably depend on the neighboring bulk atoms
of the ionized atom [69]. In Section 3.3.4 it was discussed that the screening mechanism is a
response to the creation of a core hole during the photoionization process [20, 22, 23, 24]. In
this model, a localized state is created and can be filled (screened state) by an electron from
the conduction band or left empty (unscreened state) such as discussed in Section 3.3.4. Thus,
the line width of the unscreened final state is governed by the time scale for the conduction
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Figure 5.7: Fits of the angle-dependent XPS spectra around the Sn 3d region of the 6% La-
BaSn03/BaSn03/ThScOs3 film. The take-off angle of the electrons is varied to collect electrons from
a region near the surface (35°) and also from a deeper region (90°). The spectra in (a)-(c) are for the
clean surface, and those in (d) and (e) are for the surface voluntarily exposed to contamination in the
load lock. The data in (a), (b), (d) and (e) were collected while exciting the sample with an Al K,
anode (Al) at 35° and 90° take-off angles, whereas for the spectrum in (c) an Ag L, anode (Ag) was
used at 90° electron take-off angle. Peak heights were normalized.

electrons to screen the core hole [8, 20]. For the situation depicted in Fig. 5.7(c), where the
unscreened component has the largest FWHM value in the bulk of 2.21 eV (Table 5.4), this
implies that the core holes are less screened in the bulk. This could be assuming that the
mobile conduction electrons are more localized to the surface.

The situation portrayed in Fig. 5.7(c) whereby the relative intensity of the unscreened final state
is higher than that of the screened state is similar to that observed previously by HAXPES and
XPS [8, 22, 25]. More precisely, this situation was also encountered in the HAXPES spectra of
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Table 5.4: Peak ratios for angle-dependent XPS of the Sn 3d spectra shown in Fig. 5.7. The peak
position (P), the relative intensity (R) and the FWHM (F) are given. The FWHM values in brackets
are the ones rescaled for the resolution of the Al anode.

Clean surface Contaminated surface
P (eV) R (%) F (eV) P (eV) R (%) F (eV)
Error (£0.05) (1) (£0.05) (£0.05) (£1) (£0.05)
35° Screened 486.77 69 1.13 486.94 64 1.14
Al anode Unscreened 487.57 31 1.24 487.74 36 1.25
90° Screened 486.75 60 1.12 486.86 52 1.08
Al anode Unscreened 487.55 40 1.40 487.66 48 1.35
90° Screened 486.60 40 1.56 (1.46)
Ag anode  Unscreened 487.40 60 2.28 (2.21)

the In 3d of Iny03—ZnO thin films doped at 2.35 x 102° cm~3 [25], in the Sn 3d XPS of SnO,
thin film doped with Sb at 3.5x10%° cm~3 [22], and in the In 3d XPS spectra of undoped In,O3
thin films [8]. For the case of the undoped In2O3 film, the unusual presence of both screened
and unscreened (dominant) states was attributed to surface carrier accumulation [8]. Indeed, it
was found that surface band bending in intrinsic semiconductors induces carrier accumulation
close to the surface which results in a space charge region of about 5 nm [8, 70, 71]. However,
in conventional photoemission, with an excitation energy of ~ 1496 eV for example, 97% of
the photoexcited electrons originate from a region of about 2 nm [8, 72]. Thus, in the case of
InpO3, the XPS signal acquired using Al K, is dominated by the space charge region, hence
the presence of the screened state [8, 73].

As for the contaminated surface presented in Fig. 5.7(d) and 5.7(e), a similar behavior as in
the case of the clean surface is observed. In fact, considering Table 5.4, it can be seen that
the fraction of the screened state decreases, while that of the unscreened state increases when
the sampling becomes more bulk sensitive (from Fig. 5.7(d) to Fig. 5.7(e)). The unscreened
signal is consistently amplified in the two measurement configurations after the surface is
contaminated. This can be seen when comparing the data of the clean and contaminated
surfaces (at 35° and 90° acquisition, respectively) in the table, and also when comparing
Figs 5.7(a) and 5.7(d) on one hand and Figs 5.7(b) and 5.7(e) on the other hand. In addition
to this increase, peak shifts to high binding energies are observed. The screened components
are shifted by 0.17 eV and 0.11 eV for the measurements at 35° and 90°, respectively. The
increase in the relative intensity of the unscreened state and the shift of the components upon
surface contamination in the load lock could be linked to the resulting rise of the intensity of
the states in the conduction band [8, 17, 25]. This is comprehensively addressed in Section 5.3.

Figure 5.8 represents the fits of the angle-dependent XPS spectra of the O 1s core level, for
clean (Figs. 5.8(a) to 5.8(c)) and contaminated (Figs. 5.8(d) and 5.8(e)) surfaces. Again,
similar to the fits presented in Fig. 5.4, the spectra are fitted to four symmetric Voigt peaks
identified as oxygen attached to Ba in lattice BaO (Oyt), to oxygen vacancies (Oyac), to a
surface component or hydroxyl groups (—OH), and to surface contamination (C-O). The pa-
rameters of the fits are provided in Table 5.5. As can be seen from Fig. 5.8 and Table 5.5,
the ratio of the —OH component consistently decreases with increasing sampling depth, both
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Figure 5.8: Fits of the angle-dependent XPS spectra around the O 1s region of a 6% La-
BaSn03/BaSn03/ThScO3 sample. (a)-(c) The measurements are done on a clean surface. (d) and
(e) The data are acquired on the surface voluntarily exposed to contamination in the load lock. The
take-off angle of the electrons is varied such that those collected by the analyzer are from a region near
the surface (35°) and also from a deeper region in the bulk (90°). The spectra in (a), (b), (d) and (e)
were recorded with an Al anode at 35° and 90° take-off angles, whereas that in (c) was taken with an
Ag anode at 90°. Peak heights were normalized.

in clean and contaminated spectra. This is expected as the —OH groups are only present on
the surface. Additionally, an increase in the relative intensity of the hydroxide component is
noticeable when comparing the clean and contaminated spectra in both acquisition configura-
tions (see Table 5.5). These observations confirm the assumption made in Section 5.2.1 that
—OH peak which is located at the highest binding energy side of the main peak in the clean
spectra is a surface component.
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Table 5.5: Peak ratios for angle-dependent XPS of the O 1s spectra shown in Fig. 5.8. The peak
position (P), the relative intensity (R) and the FWHM (F) are given. The FWHM values in brackets
are the ones rescaled for the resolution of the Al anode.

Clean surface Contaminated surface
P (eV) R (%) F (eV) P (eV) R (%) F (eV)
Error (£0.05) (£1) (+£0.05) (£0.05) (£1) (£0.05)
Olat 530.41 77 1.28 530.55 66 1.17
35° Ovac 531.54 15 1.28 531.45 19 1.17
Al anode —OH 532.63 8 1.28 532.31 10 1.17
(N0) — — — 533.1 5 1.17
Olat 530.48 83 1.23 530.57 70 1.11
90° Ovac 531.42 13 1.23 531.35 20 1.11
Al anode —OH 532.57 4 1.23 532.15 7 1.11
C-0 — — — 533.04 3 1.11
Olat 530.52 76 1.63 (1.53)
90° Ovac 531.69 21 1.63 (1.53)
Ag anode —OH 532.90 3 1.63 (1.53)

C-0 — 7 Q)

As for the Oy,c signal, it can be seen looking at Table 5.5 that its relative intensity increases
in the clean surface with bulk sensitivity, i.e. from the measurement at 35° with Al anode
(Fig 5.8(a)) to the measurement at 90° with Ag anode (Fig 5.8(c)). However, a discrepancy
is observed in the measurement at 90° with Al anode (Fig 5.8(b)), as the ratio is slightly
smaller compared with the measurement at 35°. One would have expected a higher value
for consistency, as the measurement becomes less surface sensitive. Nevertheless, this small
difference is within the sensitivity of XPS spectra fitting. Therefore, Oy, ratios in Figs 5.8(a)
and 5.8(b) respectively for measurements at 35° and 90° can be considered the same. It can
also be seen that Oy,c is sensitive to contamination, as its ratio increases in the contaminated
surface for measurements both at 35° and 90°. Thus, based on the above, it can be concluded
that Oyac component shows both surface and bulk character [74, 75]. However, it has been
largely reported that oxygen vacancies are mostly surface related defects in oxide materials,
since their low formation energy favors their diffusion through the surface [76, 77, 78, 79, 80].

Also, looking at Table 5.5, an inconsistency is noticeable for the O);; component. lts relative
intensity first increases for acquisitions from 35° to 90° using Al anode (from Fig 5.8(a) to
Fig 5.8(b)) suggesting a bulk sensitivity of the component, then decreases again when Ag
anode is used (Fig 5.8(c)). The rescaled FWHM values given in the table indicate that this
discrepancy cannot be related to peak broadening associated with the experimental resolution
with Ag anode. A possible explanation could be that the bulk signal of the O,; component
is probably reduced by the residual —OH on the surface region. Indeed, it can be observed
from the table that O shows sensitivity to contamination as its ratio is reduced when the
surface is exposed to contamination. Again, this can be seen comparing the data of the clean
and contaminated surfaces for acquisitions at 35° and 90°. These are consistent with the
observation in Section 5.2.1 (see Fig. 5.5) where the fraction of the O peak increased in the
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surface where the contamination was removed.

As for Ba 3d core regions, their angle-dependent XPS are shown in Fig. 5.9, to elucidate the
origin of the multiple components. Again, as for the fits of Ba 3d core lines shown in Fig 5.5,
two symmetric Voigt doublets, Ba | and Ba Il, are used to fit the spectra. The fitted data are
given in Table 5.6. As can be observed in the table, the ratio of Ba Il considerably decreases
with bulk sensitivity measurement. This decrease is consistent for both clean (Figs. 5.9(a) to
5.9(c)) and contaminated (Figs. 5.9(d) and 5.9(e)) surfaces. In the clean surface, the rate
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Figure 5.9: Fits of the angle-dependent XPS spectra of the Ba 3d core level in a 6% La-
BaSn03/BaSn03/ThScO3 sample. In (a)-(c) the spectra are for the clean surface. In (d) and (e)
the data are for the surface exposed to contamination. The spectra in (a), (b), (d) and (e) were
acquired with an Al anode at 35° and 90° take-off angles, whereas that in (c) was measured with an
Ag anode at 90° take-off angle. Peak heights were normalized.
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Table 5.6: Peak ratios for angle-dependent XPS of the Ba 3d spectra shown in Fig. 5.9. The peak
position (P), the relative intensity (R) and the FWHM (F) are given. The FWHM values in brackets
are the ones rescaled for the resolution of the Al anode.

Clean surface Contaminated surface
P (eV) R (%) F (eV) P (eV) R (%) F (eV)
Error (£0.05) (£1) (£0.05) (£0.05) (£1) (+0.05)
35° Ba | 780.08 82 1.58 780.30 80 1.56
Al anode Ba Il 781.21 18 1.58 781.43 20 1.56
90° Ba | 780.00 85 1.53 780.18 81 1.50
Al anode Ba ll 781.13 15 1.53 781.31 19 1.50
90° Ba | 780.00 90 1.97 (1.89)
Ag anode Ba ll 781.13 10 1.97 (1.89)

of the decrease suggests that Ba Il feature would disappear at a certain depth, confirming its
surface state character, as discussed in Section 5.2.1. In similar analyses of angle-dependent
XPS measurements on BaTiO3 systems, it has been reported that Ba Il component which
was also located at the higher binding energy side in the core level, is a surface component
associated with BaCOs3 [11, 53, 54, 55, 56, 57, 58]. It is noteworthy that apart from the
carbon signal that was removed from the surface of the samples after annealing, no other
unexpected signals were recorded in the survey scans (see Fig 5.2). Furthermore, the XRD
patterns of these samples only showed pure BaSnO3 with no evidence of secondary phases. In
BaTiO3 thin films however, it has been hypothesized that the Ba Il component could more
likely be the consequence of the polar discontinuity at the TiO, surface terminated upon Pt
electrode patterning [11]. Yet, the origin and the nature of Ba Il peak is still unknown and
subject to controversy. Considering the clean and contaminated surfaces in Fig. 5.9, it is clearly
seen that there is no additional surface related component upon exposure of the surface to
contamination, and no change in the line shapes of the spectra, although the peaks are shifted
to high binding energies (see Table 5.6). However, it can be observed from Table 5.6 that
Ba Il signal is intensified with contamination in both measurement configurations. All these
observations plus the analysis conducted for the spectra in Figs. 5.5, where it was observed a
decrease in the relative intensity of the Ba Il component after surface cleaning, are consistent
with the consideration that Ba Il is a surface component, potentially attached to carbonate.
As for the Ba | component, it can be clearly seen from Table 5.6 that in the clean surface, its
ratio increases with bulk sensitivity measurements (Figs. 5.9(a) to 5.9(c)), indicating its bulk
character. It can also be seen that its relative intensity slightly decreases after the surface
exposed to contamination.

5.3 Analysis of the Valence Band Structure

As previously mentioned in Section 5.1, one of the goals of this study was to correlate the high
transport properties in the epitaxially grown La-doped BaSnOs thin films with the electronic
band structure. The structural results reported in Chapter 4 showed that the electron mobility
in the films is limited by defects. Hence, it is expected to observe features due to these in
the band structure. A direct way of accessing the electronic band structure of materials is
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by measuring their valence band using spectroscopic techniques such as XPS and ARPES.
XPS samples the density of states (DOS), whereas ARPES maps the electronic bands in the
Brillouin zone [81, 82].

For the analysis of the valence band of the films using XPS, the samples investigated in
Sections 5.2.1 and 5.2.2 and presented in Fig. 5.3 to Fig. 5.9 were used. These samples
are: 2% La-BaSnO3/TbScO3 with n = 1.35 x 102 cm™3, 6% La-BaSn0O3/SrTiO3 with n =
4.05 x 10%° cm~3, and 6% La-BaSn0O3/BaSn03/TbScO3 with n = 4.92 x 102° cm~3. As for
the study of the band structure, only the ARPES data of the 2% La-BaSnO3/TbScO3 sample
will be discussed.

Figures 5.10 and 5.11 represent the XPS spectra of the valence bands associated with the
primary core levels presented in Figs 5.3, 5.4 and 5.5 for the cleaned surface, and in Figs 5.7,
5.8 and 5.9 for the clean and contaminated surfaces, excited with Al K, at normal emission.
In Fig. 5.10, the legend of the curves is given in terms of the carrier density to identify
the samples as presented above. The cyan curve represents the valence band spectrum of the
sample with the carrier density of 4.92 x 10°° cm~3 after this sample is intentionally exposed to
contamination in the load lock. To see whether the shifts observed in the core electrons would
also reflect in the valence bands, no offset in energy was applied to align the peaks. Looking at
Fig. 5.10, it can be seen that the valence band is mainly composed of three features. Firstly, a
mixture of Sn 5s and bonding O 2p orbitals located at 10.6 €V; secondly, the states at 8.3 eV
originating from hybridized Sn 5p and O 2p orbitals; and thirdly, the bands at binding energies
between 4 and 6 eV associated with O 2p bonding or anti-bonding character. The assignment
of the peaks was conducted according to preliminary DFT calculations (not shown here) done
by one of the collaborators of our research group, Dr Robert Warmbier (affiliated with the
University of Johannesburg), and also based on the details provided in Refs. [27, 83, 84, 85].

Note that the features associated with Sn 5p states are weaker in the blue and red curves
(Fig. 5.10). Additionally, when comparing the spectrum of the clean surface represented by the
red curve and that of the corresponding contaminated surface represented by the cyan curve in
Fig. 5.10, it is observed that there is no change in the line shape of the Sn 5s peaks. This agrees
with the surface being Ba-rich, and justifies the peak assignments in the O 1s spectra where
the most intense signal was attributed to BaO. Furthermore, shifts of the valence band leading
edge to high binding energies upon increasing carrier density can be seen. These are clearly
indicated by the magenta arrow in Fig. 5.10. As described in Section 2.4.3, this observation is
in agreement with the optical absorption edge and valence band shifts observed in La-doped
BaSnO3 systems respectively by spectroscopic ellipsometry and HAXPES measurements, and
suggests an increase in the optical band gap [17, 86, 87, 88]. Interestingly, as also discussed in
Section 2.4.3, an opposite trend, i.e., shift of the valence band spectra toward lower binding
energies with increases in La doping, was reported by ARPES experiments [49]. This is in
clear contrast to the present result, and can be associated with the surface sensitivity of the
measurement technique, since this opposite trend was attributed to the opposite evolution of
surface and bulk chemical potentials [49]. The valence band shifts in this present study can
be correlated to the shifts in the core levels, especially to the asymmetry in the Sn 3d core
lines as discussed in Sections 5.2.1 and 5.2.2. Similarly, it was observed in CdO, Sb-doped
Sn0s, Inp03-Zn0, and Sn-doped InyO3 thin films that the increase in the concentration of the
conduction electrons leads to shifts of the valence band features toward high binding energies
[8, 22, 25, 31]. These shifts were attributed to the increasing occupation of the states in the
conduction band of the degenerately doped materials [8, 22, 25].
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Figure 5.10: Valence band spectra of the 2% La-BaSnO3/TbScO3; (green curves), 6% La-
BaSn03/SrTiO3 (blue curves), and 6% La-BaSnO3/BaSn03/TbScO3 (red and cyan curves) samples.
The cyan curve is the spectra of the surface exposed to contamination in the load lock. In the figure, the
samples are indicated in terms of their carrier densities. The blue, green and cyan curves are normalized
to the maximum intensity of the red curve. The magenta arrow indicates the shift of the valence band
with increasing carrier density.

To identify the features arising from occupation of the conduction bands in the grown samples,
scans around the valence band leading edges were performed as shown in Fig. 5.11. In the
figure, only the blue and green curves are normalized to the intensity of the red curve. As
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mentioned before, each spectrum in the figure was acquired over a period of about 20 hours
by adding several scans to achieve an adequate signal to noise ratio and enhance the details
in the region close to the Fermi energy (Ef). As also mentioned before, after the acquisition
of the red, blue and green spectra, the samples remained clean as no C 1s peak was detected,;
and to obtain the cyan spectrum, the sample with the carrier density of 4.92 x 10%° cm~3 (red)
was exposed to contamination in the load lock for 1 day. Looking at Fig. 5.11, it is observed
that each spectrum presents a peak at about 4 €V deriving from O 2p orbitals [44, 49]. The
presence of a band at 4 €V is confirmed by the first derivative of the spectra shown in the
left inset in Fig. 5.11, although the band is considerably weak in the samples indicated by the
blue and green curves. Moreover, a shift to higher binding energy of about 0.23 €V is clearly
visible for the valence band leading edge spectrum of the contaminated surface (cyan curve).
Additionally, a bump is detectable in all the spectra in the region around 2 €V to 0 eV (Eg).
This region which is delimited by a rectangle as depicted in Fig. 5.11 is enlarged and shown in
the right inset. The enlargement shows that all the spectra contain a weak structure close to
Er which terminates in a sharp Fermi edge. This structure is associated with occupied states in
the conduction band, and clearly peaked at ~ 0.9 €V in the red and cyan spectra. These states
have Sn 5s orbital character with a small contribution from O 2p orbital [17, 60]. Note that
the conduction bands straddle zero binding energy, Ef, indicated by the vertical dashed line in
the right inset [8, 20, 25]. This is a confirmation of an accurate binding energy calibration.

As indicated by the green and blue curves in the right inset in Fig. 5.11, the conduction
band structure is weaker for the samples with carrier densities of 1.35 x 10%° cm~3 and 4.05 x
1020 cm~3, respectively. In the sample with the carrier density of 4.92 x 102° cm~3 (red curve),
the conduction band structure is more developed and suggests a conduction band minimum
(CBM) located at about 0.87 eV below Ef. The intensity of the CBM peak is increased in the
contaminated surface as evidenced by the cyan curve. Thus, one could argue that exposure
of the surface to contamination results in doping of the sample (electrons being added to the
conduction band). This is because this increase in intensity is associated with the shift of
the valence band edge as addressed above, and is also related to the shift and increase in
the relative intensity of the components in the Sn 3d core level shown in Fig. 5.7. Indeed, as
previously mentioned for the case of CdO, In;O3—Zn0, Sn-doped In,O3 and La-doped BaSnOj3
thin films, the valence band shifts associated with the increasing density of electrons occupying
the conduction band were reported to result in the increase of the intensity of the conduction
band feature [8, 17, 25, 31, 86, 87, 88]. Based on the above, it can be concluded with
certainty that the contamination results in sample doping, as increasing occupied states in
the conduction band upon surface contamination could be identified. However, to accurately
identify the states in the valence and conduction bands, and determine the precise position of
both the valence band maximum (VBM) and the CBM, ARPES experiments are required.

Figure 5.12 shows the ARPES data of the valence band region of the sample with the carrier
density of 1.35 x 10%° cm™3, measured at room temperature with a photon energy of 21.2 eV
(He I). Figure 5.12(a) illustrates a typical 2D ARPES map of the valence band in the binding
energy range from —2.50 eV to 10.62 eV. This mapping is resolved in the I'X direction in mo-
mentum space. Valence band states are observed from about 3.10 eV to 10.62 €V, although
the bands are not well resolved. These bands can be more clearly seen in Fig. 5.12(b) repre-
senting the density of states (DOS) integrated from the ARPES map in Fig. 5.12(a). In fact,
Fig. 5.12(b) represents the energy distribution curve (EDC) which is obtained by integrating
the ARPES map over the entire momentum space (from —0.47 A=1 to 0.47 A=1). This EDC
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Figure 5.11: Valence band leading edge spectra of the samples in Fig. 5.10. The cyan curve is the
spectra of the surface exposed to contamination in the load lock. The blue and green curves are
normalized to the intensity of the red curve. The inset on the left shows the derivative of the spectra.
The cyan curve is magnified x18, the blue and green curves are magnified x40. The inset on the right
shows the enlargement of the region around Ef delimited by the black rectangle.

is very similar to the valence band spectra obtained with XPS, as shown in Fig. 5.10, with
the only difference that the EDC has a better resolution and the bands are clearer. However,
as can be seen in the inset (Fig. 5.12(b)), the conduction band feature is not developed in
the EDC, but the Fermi-Dirac edge that straddles 0 eV is visible. A linear extrapolation of
the valence band leading edge illustrated by the black dashed line in Fig. 5.12(b) reveals that
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Figure 5.12: (a) 2D ARPES map of the valence band measured from a 2% La-BaSnO3/TbScO;
sample at room temperature in the I'X direction. (b) EDC integrated over the entire momentum space
from the ARPES map in (a). The black dashed line represents a linear fit of the leading edge. (c)
ARPES map of the region indicated by the red dashed rectangle in (a). A few bands are visible and
fitted with black and blue markers as shown. The black markers are the fits of the bands with MDCs
and the blue markers are the fits with EDCs. The inset in (c) shows the La-BaSnO3 (001) Brillouin
zone.

the VBM s situated at about 3.1 eV. This value is consistent with theoretical calculations
[41, 60], and close to the value of 3.5 eV [49] reported for La-doped BaSnOs3 thin films, and
the values of 3.7 eV [44] and 3.3 eV [10] reported for BaSnOj3 thin films, all recorded from
ARPES valence band spectra.

The image in Fig. 5.12(c) represents a 2D ARPES map of the region indicated by the red
dashed rectangle in Fig. 5.12(a). This image corresponds to a scan in the binding energies
ranging from 6.7 eV to 9.8 eV around the hybridized Sn 5s and O 2p states seen in the EDC
shown in Fig. 5.12(b). Few highly dispersive bands are resolved as indicated by black and
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blue markers. The black markers represent the fits of the bands to peaks in the momentum
distribution curves (MDCs), whereas the blue markers represent the bands fitted to peaks in
the energy distribution curves (EDCs). As can be observed, the EDCs fit well the flat band
located in the middle of the image, but tend not to be the best choice for the fitting of the
other bands.

The large size of the 15t Brillouin zone limited the proportion of the reciprocal space that
could be accessed with the equipment used for ARPES experiments. Since BaSnOs has
a FCC lattice structure, the (001) surfaces form square lattices, implying that the surface
Brillouin zone analogue to the 1%t Brillouin zone in the bulk is also square as shown in the

inset in Fig. 5.12(c). The magnitude of the associated reciprocal lattice vectors b 1 and b 2
is equal to |b'y| = |b’2| = 21V2 \ith ¢ = 4.126 A the lattice constant. It follows that the

corresponding distances in thg high symmetry directions are equal to TX = MX = 1.077 A1
and TM = 1.522 A=1. The ARPES setup, more precisely the He | photon energy, allows
measurement to a maximum of 0.470 A=! in one direction in momentum space, which also
corresponds to the maximum value of the parallel component of the momentum K accessible
with the equipment. As a consequence, only ~ 44% of I'X and ~ 31% of I'M could be

accessed.

The ARPES data reported in Figs. 5.12(a) and 5.12(b) are comparable to previous ARPES
experiments reported in Refs. [44, 49]. However, it should be emphasized that the 2D
ARPES map and the EDCs reported by these authors exhibit more features than those seen in
Figs. 5.12(a) and 5.12(b). This can be in part explained by the fact that the samples in this
study were grown overseas and transported in air before ARPES acquisitions whereas these
authors report in situ ARPES measurements. For example, as described in Section 2.4.2, an
in-gap state, [3, located at —1.75 €V, and occupied states in the conduction band (with the
CBM situated at —0.15 €V) were seen in the EDCs extracted at the high symmetry points
in the raw 2D ARPES spectra of BaSnOs thin films [44]. It should be highlighted that since
BaSnOs3 is electrically insulating, the authors associated the states in the conduction band with
doping induced by oxygen vacancies or antisite defects. Similarly, as also described in Sec-
tion 2.4.3, features such as the [ state, a state labeled « located at 4 €V, occupied conduction
band states as well as a metallic state at the CBM were reported in the EDCs measured from
La-doped BaSnO3 thin films [49]. Resolved and highly dispersive bands were also reported in
the 2D ARPES map of these films in the binding energy range from 3.5 eV to 10 eV [49]. The
authors attributed the states o and 5 to oxygen adsorption and oxygen vacancies, respectively,
and the metallic state to the increase in the concentration of carriers at the surface of the
films, since it was reported that this state develops after surface illumination.

For the ARPES data presented in this present study, the major difficulty encountered in resolv-
ing the bands was associated with the preparation of the surface prior to ARPES measurements.
Collaborators at the Interface Analysis Service Group at the Max-Planck Institute (MPI) in
Stuttgart were approached. At the MPI, the ARPES measurements were also done on samples
transferred through air, and several optimizations of the surface preparation were attempted,
including minimizing air contamination while transferring the samples from the growth cham-
ber to the ARPES chamber. From the data acquired at the MPI (presented in Appendix C.5),
it is evident that the collaborators had the same challenges as the efforts to resolve the bands
were unfortunately unsuccessful.

In preparing the chapters for this thesis, we came across another report on the electronic band
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structure of BaSnOj3 thin films studied by ARPES [10] (published in May 2020). It is interesting
that the authors initially used almost the same high vacuum surface preparation as followed in
the present study. In fact, the BaSnO3 (10 nm)/Lag.04Bag.96SnO3 (100 nm)/SrTiO3 samples
studied in their report were grown in a PLD chamber and were ex situ transferred into an UHV
chamber where the surfaces were prepared and the ARPES data were taken. After annealing
the grown samples in UHV at temperatures up to 400 °C, the 2D ARPES spectra were similar
to that shown in Fig 5.12(a). However, after an annealing cycle in a tube furnace for 1 hour
at 400 °C in 1 x 10% mbar of Oy, followed by subsequent UHV annealing cycles (1 hour each)
at temperatures up to 700 °C, very clear and dispersive bands could be seen from 3.3 eV to
12 eV in the 2D ARPES map taken at low temperature, between 7 to 12K (refer Fig. 3 in
Ref. [10]). Moreover, the authors established a correlation between the surface and electronic
band structures associated with the surface treatment. It was observed that the LEED pattern
of surfaces prepared in UHV at temperatures up to 550 °C showed a 1 x 1 structure with
non-dispersive bands. However, at the temperature of 700 °C, the surfaces reconstruct into
a V2 x V/2RA45° structure. The authors emphasized that this latter structure was associated
with the highly dispersive valence bands. This could be a hint as to why these bands could
not be observed in this present study since the LEED patterns only showed 1 x 1 structures
(see Fig. 5.1). Unfortunately, at this point, a breakage of the UV source used in the ARPES
experiments prevented attempts using the same surface preparation.

To our knowledge, the three reports above (Refs. [10, 44, 49]) are the only available literature
to date on the ARPES study of the electronic structure of BaSnO3 and La-doped BaSnO3
thin films. All three together provide a complementary understanding of the electronic band
structure (nature and size of the band gap), the conduction mechanism and the effect of surface
reconstruction on the structure of the bands. The one outstanding piece of information is a
correlation between electronic structure and mobility.

5.4 Conclusion

In this chapter, the elemental composition of the surface of the epitaxially grown La-doped
BaSnO3 thin films was determined. This was systematically achieved through fitting of the
peaks in the core regions. In particular, the Sn 3d core level presented an asymmetry variation
with the carrier density and was fitted to two components, a main component screened, and
its associated unscreened satellite. It was observed that the proportion of the components in
the core levels varies depending on whether the surface is measured as-inserted or cleaned.
From angle-dependent XPS experiments, it was determined which of the components of the
core spectra show either a surface character or a bulk character. The valence bands of the
films were also measured. The valence band was found to shift to higher binding energy as the
concentration of electrons introduced into the conduction band increases. It was also observed
that contamination of the surface could result in a doping mechanism as an increase in the
conduction band states was noted in a surface intentionally exposed to contamination. The
structure of the bands in the valence and conduction bands could not be well explored. Only
a few valence bands far from Eg could be resolved and fitted with EDCs and MDCs. This was
understood in terms of the need for a very particular surface treatment.
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6. Future Perspectives: Probing the
Interface of Oxide Heterostructures

6.1 Introduction

In the work presented in Chapters 4 and 5 of this thesis, oxide heterostructures (OHs) were
fabricated by directly growing an epitaxial thin film of La-doped BaSnO3 on a single crystal sub-
strate, or by firstly depositing an insulating buffer layer on the substrate and then growing the
active La-doped BaSnOj film on top. These OHs were optimized to achieve higher electronic
transport characteristics in La-doped BaSnOs thin films prepared on SrTiO3 (001), DyScOs3
(110) and TbScO3 (110) using BaSnO3 and SrZrO3 buffer layers. As addressed in Chapter 2,
OHs based La-doped BaSnOs3 thin films are scientifically and industrially important. More
generally, OHs are promising as they offer a wide range of opportunities, not only for applica-
tions in the next generation of transparent electronics, optoelectronic and spintronic devices
[1,2,3,4,5,6,7, 8], and in energy storage and utilization [4, 5, 7, 8, 9], but also for the ex-
ploration of novel physics phenomena at oxide heterointerfaces [10, 11, 12, 13, 14, 15, 16, 17].
In particular, the heterointerfaces with SrTiO3 substrates are known to possess a wide spec-
trum of fascinating properties such as superconductivity [13, 14], metal-to-insulator transitions
[15] as well as different types of magnetic ordering [16, 17] and many more. These charac-
teristics are enclosed into a two dimensional conductive sheet, the two dimensional electron
system (2DES), which is generated at the heterointerface under specific conditions [13, 15].
Understanding the physics of complex OHs is an active field of current research.

This chapter presents the preliminary results obtained from a project dedicated to thermally
evaporating pure Al metal on SrTiO3 substrates and probing the heterointerface. More pre-
cisely, it addresses the formation of a 2DES at the surfaces of cleaned SrTiO3 substrates.
This chapter is composed of three sections. In the first section, the interest of growing the
Al/SrTiO3 heterostructure and investigating the properties of the interface is presented. In
the second section, recent efforts oriented towards creating a 2DES at the interface of OHs
and analyzing its properties are explored. In the last section, the XPS data obtained from the
preparation of SrTiO3 substrates prior to subsequent Al layer evaporation are discussed.

6.2 Why Study Al/SrTiO3 Heterostructures?

Over the past few decades, technical advances in the fabrication of 2DES in OHs have been
mainly achieved through an epitaxially grown layer of LaAlO3 on a SrTiO3 substrate, using
either PLD, MBE or sputtering at relatively high growth temperatures [18, 19, 20, 21, 22,
23, 24]. Amorphous layers of Al;O3 and LaAlO3 grown by an atomic layer deposition (ALD)
process on SrTiO3 have also been exploited to create 2DES by generating oxygen vacancies
in the SrTiO3 substrate [25, 26]. The growth of a LaAlO3 layer to generate a 2DES using
either PLD or MBE imposes a critical thickness of at least 4 unit cells that itself drastically
restricts the control of the 2DES properties [15, 27]. Although the creation of the 2DES at the
LaAlO3/SrTiO3 heterointerface has been widely studied, the production of LaAlO3/SrTiO3 at
an industrial level is problematic because of its high cost and complexity. Another approach,
which is to directly fabricate a two-dimensional sheet of conductive electrons at the surface
of SrTiOs, requires an intense ultraviolet (UV) light or X-ray synchrotron source to create
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oxygen vacancies [28, 29, 30, 31]. This process is conducted in ultrahigh vacuum (UHV) and
under oxygen pressure, in order to control the vacancies, and thus control the properties of
the 2DES. Out of the vacuum, the surface vacancies are filled and the material thus becomes
not usable for applications at ambient conditions [32, 33]. Hence, there is a need to obtain
oxide materials that retain the properties of the 2DES at the heterointerface regardless of the
conditions (in vacuum or air).

The thermal deposition (or evaporation) of a thin layer of pure Al on SrTiO3 could be the
solution, which surmounts the limits encountered in previous heterostructures. Indeed, the re-
dox reaction between the metal layer of aluminium and the oxide surface constitutes a simple
and cheap way of generating a 2DES. Moreover, this technique is convenient for industrial
production and the realization of mesoscopic devices, and has so far been used in fabricat-
ing Al/SrTiO3 and Al/Fe/SrTiO3 heterostructures and creating 2DES at the metal /substrate
interfaces [32, 33]. The Al/SrTiO3 heterostructure is particularly promising for device appli-
cations as it is candidate for achieving a high-mobility channel layer. However, little is known
on the mechanism, fabrication and electronic band structure of this system, and a proper elec-
tronic transport characterization of the interface has not yet been carried out. Therefore, for
future directions, a method to design and control the 2DES at the interface of the Al/SrTiO3
heterostructure should be established; also, a study of its novel complex phenomena in both
the band structure and on fabricated quantum devices should be conducted. The complexity
in designing this system lies in the critical thickness of the evaporated Al layer, which should
not be too thick to prevent probing of the conductive interface, and not too thin to result in a
complete insulating interface [32, 33]. Additionally, for quantum device fabrication purposes,
the 2DES feature at the interface should exhibit a high electron mobility and low carrier density
at room temperature.

6.3 Overview of the Two Dimensional Electron System

The electronic transport properties (high electron mobility and superconductivity, for example),
as well as large magnetoresistance found in 2DES systems are promising to motivate the use
of oxide materials for the fabrication of novel devices. The use of oxide materials in various
technological applications such as the fabrication of optoelectronic and spintronic devices
promises that it can replace its semiconductor counterparts [34]. Notably, the 2DES system
formed at the Al and SrTiO3 interface has attracted our attention for two reasons: 1- it has
not yet been extensively investigated, unlike the LaAlO3/SrTiOs3 interface; 2- it is promising
for the investigation of novel physics phenomena in quantum devices that exploit the property
of the interface. ARPES spectra, as reported in Ref. [32], reveal the existence of the 2DES at
the Al/SrTiO3 interface, and are to our knowledge, the only data available so far for such a
heterostructure, although a 2DES was recently reported in an Al/Fe/SrTiO3 heterostructure
where the Al served as capping layer [33]. Thus, for the purpose of giving an extensive
background on oxide heterointerfaces, it is worthwhile to first refer to LaAlO3/SrTiO3 [18, 19,
20, 21, 22, 23], and thereafter to SrTiO3 [28, 29, 30, 31], as prototypical materials in which
the interfacial 2DES has been largely investigated.

6.3.1 Origin

The mechanism by which the 2DES occurs at the interface remains controversial [35, 36,
37]. One wants to understand how an insulator surface becomes metallic. To date, two
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theoretical approaches have been considered. The first one, which applies only to the polar
LaAlO3 and non-polar SrTiO3 heterostructure, is based on an intrinsic mechanism known as
electronic reconstruction in the case of perfectly stoichiometric SrTiO3 and LaAlO3 layers
[20, 22]. SrTiO3 has two neutral layers in the unit cell, i.e. SrO and TiO2. On the contrary,
LaAlO3 has LaO and AlO; layers with +1 and —1 charge, respectively [35]. Thus, when LaAlO3
is grown on top of SrTiO3, an electrostatic potential that rapidly increases as a function of the
number of LaAlO3 unit cells is accumulated. This potential would diverge in an infinite crystal,
giving rise to the so-called polarization catastrophe [36]. A redistribution of electrons can
reduce the electrostatic potential created at the LaAlO3 surface and LaAlO3/SrTiO3 interface
due to the unbalanced charge, and thus prevent the polarization catastrophe. Figure 6.1
illustrates an example of layer stacking in the case of the n-type interface in which SrTiO3 is
TiO5 terminated and LaAlOs3 is AlO; terminated. In the case portrayed in the figure, there
will be an electrostatic stabilization due to a transfer of —0.5 charge from the AlO, layer
at the surface to the TiO; layer at the interface [36]. The same process holds in the case
of p-type interfaces, i.e. where SrTiO3 is SrO terminated and LaAlO3 is LaO terminated
[36]. The 2DES carrier density strongly depends on the thickness of the LaAlO3 layers, due
to the competition between electronic reconstruction and polar distortion [37]. However, the
electronic reconstruction that contributes to the formation of the 2DES at a critical thickness
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Figure 6.1: Layer stacking in n-type LaAlO3/SrTiO3z heterostructure. The formal charge of each
layer is indicated on the sides together with the transfer of —0.5 charge which ensures electrostatic
stabilization. This image was adapted from Ref. [36].
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of the LaAlO3 layer is favoured by the variable valence of the transition metal titanium ions
[38]. While the intrinsic electrical field in the LaAlO3 layer is likely essential to create a 2DEG
at the LaAlO3/SrTiOs3 interface, many experimental investigations have shown that this cannot
apply to bare SrTiO3, since it is an insulator [29, 30, 31, 34].

The second approach, that has been suggested by many authors as responsible for the formation
of the 2DES at the interface of LaAlO3/SrTiOs3, relies on an extrinsic mechanism attributed to
structural defects known as oxygen vacancies, applicable to all OHs [18, 19, 20, 21, 22, 23, 35].
Oxygen vacancies are created during the deposition of the LaAlO3 layers, as a result of high-
energy particle bombardment during the growth process [21]. The conducting properties of
the layer at the LaAlO3/SrTiO3 interface strongly depend on the oxidation conditions under
which they are made. It is shown that the growth of the heterostructure under different atomic
oxygen pressure reduces the carrier density at the interface [21], resulting in a change of the
SrTiO3 colour, from transparent white to grey, which is a characteristic of oxygen reduced
SrTiO3 [19].

On the other hand, based on experimental results, researchers postulated that it is not necessary
to grow a polar material (like LaAlO3) on top of the SrTiO3 surface to obtain a 2DES [29,
30, 31, 34]. Recent ARPES experiments have shown that the surface of SrTiO3 fully supports
a 2DES when it is irradiated with intense UV light. After exposure of the surface to a small
amount of oxygen, the 2DES feature completely disappears. The irradiation of the surface
creates oxygen vacancies and its sudden exposure to either atomic or molecular oxygen flow
leads to the occupation of the vacancies by oxygen electrons and the suppression of the 2DES.
This phenomenon has been observed in both Nb-doped SrTiO3 (111) and La-doped SrTiO3
(001) materials [29, 30]. It also appears that the intensity and energy of the UV source play a
role in controlling the 2DES charge density. Nevertheless, the 2DES carrier density increases
with the irradiation dose but reaches a limit beyond which there is no increase in conduction
electrons.

6.3.2 Two Dimensional Electron System at the Al/SrTiO; Interface

Recently, a new and cost-effective method to generate 2DES in functional oxides has been
proposed [32]. The method consists of depositing an atomically thin layer of pure Al on
SrTiO3 by thermal evaporation at room temperature and in UHV [32]. Al acts as a reducing
element, and due to the redox reaction, it oxidises, which creates oxygen vacancies and forms a
2DES in the first atomic planes of the oxide. This process is more efficient as the evaporated Al
homogeneously reduces the oxygen in the whole surface, while the intense UV source used to
create 2DES at SrTiOj3 surface locally creates oxygen vacancies. The momentum distribution
curves (MDCs) at Ef measured at different positions on the Al/SrTiO3 (001) interface as
shown in Fig. 6.2(a), reveal that the Fermi momenta given by the MDCs peak positions are
invariant with respect to the measurement point (see inset in Fig. 6.2(a)). Thus, the quality
of the 2DES, attributed to the evaporated Al is much better, and the Fermi surface areas as
well as the carrier density are much larger [32]. Furthermore, contrary to the LaAlO3/SrTiO3
system where a critical thickness of the LaAlQO3 layer is fundamental, the evaporation of 2 A
of the Al layer is sufficient to absorb oxygen from the surface of the oxide, because the carrier
density already saturates at this thickness (see Fig. 6.2(b)).

Furthermore, ARPES measurements performed on the 2 A Al/SrTiO3 (111) and (001) het-
erostructures at a photon energy of 47 €V at 8 K reveal concentric circular Fermi surfaces as



Section 6.3 Page 162

(a) | (b)
Al (2AY/SrTIO,(001).

centn b b b Lo Lvaalovaa v b tera beaaad

Al(2A 4A 6A)/STO(001)

Intensity (a.u.)

MW‘J\MJW\W\//\J‘\\M

IIIIIIIII|IIIIIIIII||IIIIIIII|

SN AN 02 0.0 0.2

W\\,\,v\/j\/\}, k<010> / A-l

TTT T T T T[T T T[T T T [ TI T T [ TT T TTTT TTTTTTTTT TTTTT TTTT TTTTT

T T T T
03 02 -01 00 01 02 0.3
-1
k<o10- (A7)

() (d)

-1.2
'_'55 -1.4 2
$-1.6 "
N -1.8 “
-2.0
0.4 k<01(3.>o/ o 0.4 -0.2 k<01c(>).>o/ o 0.2

Figure 6.2: (a) Momentum distribution curves (MDCs) at the Fermi energy, EF, measured at various
positions at the Al/SrTiO3 interface as shown in inset. (b) Influence of the Al layer thickness on the
2DES evidenced by the Fermi momenta peaks intensities in the MDCs at Eg. The inset shows the
Fermi surface cut. (c) Fermi surface and (d) energy-momentum intensity maps at the 2 A Al/SrTiO3
(001) interface. These images were adapted from Ref. [32].

can be seen in Fig. 6.2(c) [32]. A kink and a change in intensity in the dispersion of the two
light bands (d,,-orbital character) at about —30 meV is also observed in the energy-momentum
intensity map (see Fig. 6.2(d)). It was also demonstrated that the temperature affects the
electronic structure of the 2DES. Indeed, as can be seen in Fig. 6.3, as the temperature in-
creases up to about 303 K, the line widths of the bands increase and become large enough
that the bands mix with each other. However, that spectral weight around Eg shows that the
2DES s still present and stable at room temperature. Furthermore, from the values of the
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Figure 6.3: Energy-momentum intensity maps and corresponding EDCs and MDCs at the 2 A
Al/SrTiO3 (001) interface as a function of temperature. These images were adapted from Ref. [32].

Fermi momenta of the peaks in the MDCs and those of the binding energies of the peaks in
the energy distribution curves (EDCs) at different temperatures and at Ef, it appears that the
carrier density slightly decreases as the temperature increases.

Moreover, it was observed that a natural oxidized layer (Al,Oy) at the surface of Al metal
is about 12.4 A thick [40]. Hence, exposure of the Al/SrTiO3 (001) material to ambient
conditions raises the issue of the passivation of the Al surface against re-oxidation of the
interface. The oxidized metallic Al increases the layer thickness. Thus, the deposition of
10 A Al layer corresponds to an oxidized layer of about 12.5 A, which is close to the limiting
thickness for the passivation of Al found in Ref. [40]. The stability of the 2DES upon exposure
of Al/SrTiO3 (001) sample with an aluminium-capping layer of 10 A to air for about thirty
minutes was tested with the help of soft X-ray resonant ARPES (photon energy of 459.5
eV) conducted at low temperature [32]. The probed interface demonstrated the existence of
the 2DES, but the peak shape of the Al 2p orbital showed that the aluminium is completely
oxidized. Nevertheless, for electronic transport measurements purposes, the capping layer
must be thick enough (a critical thickness) to prevent both oxygen from diffusing through the
oxidized layer and metallic aluminium from contributing to the measurements.
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As it is intended to conduct further investigations including systematic electronic transport, two
points should be highlighted. First, with a systematic growth of Al/SrTiO3 and characterization
of the 2DES at interface, it is expected to achieve a high electron mobility (preferentially with
a low carrier density), comparable, or much better than that of LaAlO3/SrTiO3. Second, it is
expected that this interface would also exhibit fascinating properties such as superconductivity
[13], magnetism [41], Rashba spin-orbit coupling [42, 43] and the coexistence superconductivity
and magnetism [44].

6.4 Vacuum Treatment Induced 2DES at the SrTiO3 Surface

Here, the preparation of the surfaces of SrTiO3 (100) substrates, which precedes the thermal
evaporation of metal Al layers is discussed. For epitaxial growth of multifunctional layers and
heterointerface tailoring purposes, SrTiO3 which has a wide band gap (3.25 €V) and a large
dielectric constant [39] has been the material of choice owing to its interesting characteristics.
Indeed, it has a cubic structure at room temperature, but undergoes an antiferrodistortive
phase transition to a tetragonal structure at about 105 K [45, 46]. Hence, it exhibits para-
electric properties at room temperature that transit to intrinsic quantum paraelectric below
about 4 K [45, 46]. Upon mechanical stresses, SrTiO3 also displays ferroelectric properties
[47, 48, 49]. Furthermore, as a perovskite compound, SrTiO3 was found to be structurally
compatible in heteroepitaxial growth with a wide range of related compound, mostly due to
its lattice parameter which allows lattice matching. Thus, it has been extensively employed in
the epitaxial growth of quantum materials exhibiting novel topological states of matter. Due
to its high dielectric constant at low temperature, SrTiO3 has also been used as a back-gate
dielectric in many electronic devices [50, 51, 52, 53].

However, in heterostructures such as Al/SrTiOs, the characteristics of the heterointerface
described above strongly depend on the surface properties of the SrTiO3 substrate, which in
turn are extremely sensitive to treatment conditions [29, 30, 31, 34]. Prior to the thermal
deposition of Al, it was proceeded with a systematic vacuum preparation of the surface of
SrTiO3 (100). The preparation took several cycles of sputtering and annealing. The sputtering
processes were achieved at a pressure of 1.38 x 10~> mbar using argon ions. The optimized
parameters used during these processes were as follows: a 30 minute bombardment of the
surface with argon ions emitted at a current of 6 mA and accelerated to a maximum energy
of 0.8 keV. As for the annealing processes, they were performed in vacuum kept at pressures
below about 7 x 102 mbar. These were carried out using an electron beam heater, that heats
the substrate from the back side of the molybdenum sample holder on which it was glued.
The annealing was operated by electrons emission current, controlled to a power of 30 W, and
followed with subsequent flashes (2 to 3 times) to the highest temperature for approximately
10 s. The substrate temperature during annealing was around 700 to 800 °C, estimated by
the red color of both substrate and sample holder.

Figures 6.4 to 6.6 represent the fitted spectra of some core levels of SrTiO3 (100) including
Sr 3p, O 1s and Ti 2p, for the substrates as-received and cleaned (sputter-annealed). The
peak fitting parameters of these respective core electrons are summarized in Tables 6.1 to 6.3.
These core spectra were excited with an Al K, source, and the experimental resolution for

!The XPS data of these samples were compiled into a paper entitled: Surface characterization of clean
SrTiO3(100) substrates by x-ray photoelectron spectroscopy, A. P. Nono Tchiomo et al., Surf. Sci. Spectra 25,
024001 (2018).
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the acquisition was 0.78 eV. The core electrons are presented together with their satellites. In
SrTiO3, most of these satellites emanate from charge transfer shake-up processes [54]. In the
case of the O 1s spectrum, theoretical calculations along with high resolution spectra have
allowed a proper identification of the excitations responsible for its satellites [55]. Those seen
in the spectra presented in this study are as follows: the satellite located 11.6 €V from the
main peak comes from the excitation of O 2p electrons to unoccupied Sr 5s levels; that at the
energy difference of 14.1 eV, O 2p electrons to unoccupied Sr 4d levels; and the one 19.3 eV
away from the main core electron, O 2p electrons to unoccupied Ti 4sp states.

Figure 6.4 shows the Sn 3p core electrons for as-received (Fig. 6.4(a)) and sputter-annealed
(Fig. 6.4(b)) surfaces. The peak splitting in Sn 3p% and Sn 3p% is clearly seen along with the
signal originating from C 1s. As can be observed from Table 6.1, the Sn 3p core level is located
at ~ 270 eV binding energy. Furthermore, it can also be seen that the intensity of the carbon
peak which is a surface contamination is drastically reduced by a factor of approximately 5
after sputtering and annealed steps. This points to an improvement of the surface cleanliness
with substrate treatment. As a result, the shoulder in the high binding energy side of the main
O 1s region presented in Fig. 6.5(a) that was associated with contamination disappears, as can

Table 6.1: Fitted parameters of Sr 3p spectra Shown in Fig. 6.4 for as-received and cleaned SrTiO3
(100) substrates. The peak position (P), the peak intensity (I) and the FWHM (F) are given. Cts
stands for counts, Dbl stands for doublet.

As received Sputter-annealed
P (eV) | (Cts/s) F (eV) P (eV) | (Cts/s) F (eV)
Error (40.05) (+0.01) (£0.05) | (+0.05) (£0.01) (40.05)
Sr 3p Dbl 270.35 5.82x10° 2.25 269.65 6.42x 106 2.4
Cls 286.62 4.90x10° 1.6 285.33 1.00x10° 2.7

Table 6.2: Fitted parameters of O 1s core spectra shown in Fig. 6.5 for as-received and cleaned SrTiO3
(100) substrates. The peak position (P), the peak intensity (I) and the FWHM (F) are given. Cts
stands for counts, Contamin stands for contamination, and Oxy Vac stands for oxygen vacancy.

As received Sputter-annealed
P (eV) | (Cts/s) F (eV) P (eV) | (Cts/s) F (eV)
Error (£0.07) (£0.01) (£0.07) (£0.07) (£0.01) (£0.07)
01s 531.25 4.76x10° 1.31 530.61 5.82x10° 1.64
Contamin 532.98 5.88x10° 2.15 — — —
Oxy Vac — — — 531.49 7.43x10° 3

Table 6.3: Fitted parameters of Ti 2p core levels presented in Fig. 6.6 for as-received and cleaned
SrTiO3 (100) substrates. The peak position (P), the peak intensity (1) and the FWHM (F) are given.
Cts stands for counts, Dbl stands for doublet.

As received Sputter-annealed
P (eV) | (Cts/s) F (eV) P (eV) | (Cts/s) F (eV)
Error (£0.04) (£0.01) (£0.04) (£0.04) (£0.01) (£0.04)
Ti*+ Dbl 460.14 4.63x10° 1.21 459.33 7.10x10° 1.50
Ti3t Dbl — — — 457.17 7.00x10° 1.67
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Figure 6.4: Fits of Sr 3p core spectra for (a) as-received and (b) sputter-annealed surfaces of SrTiO3

(100) substrates. The spectra are fitted with doublet Voigt components and the satellites with single
Voigt components.
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substrates. The core spectra are fitted to two singlet Voigt components. The satellites are likewise

fitted by singlet Voigts.
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(100) substrates. The spectra are fitted to (a) a Voigt doublet and (b) two Voigt doublets. The
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Figure 6.7: Valence band regions for as-received and sputter-annealed SrTiO3 (100) substrates. The
inset shows the enlargement of the region indicated by the black rectangle.

be seen in the spectrum of the clean O 1s surface shown in Fig. 6.5(b). Concomitantly, a peak
related to oxygen vacancies appears at 531.49 €V in the clean spectrum, 0.92 eV away from
the O~ peak. This energy difference is comparable to the values reported in the literature
[56, 57, 58].

Figures. 6.6(a) and 6.6(b) depict the Ti 2p core spectra for as-received and sputter-annealed
surfaces, respectively. As can be observed in the figures, apart from the Ti** doublet due to
spin-orbit splitting situated at 460 €V, a new feature emerging at the low binding energy side
of the main peak attributed to Ti3* states develops. This feature which reveals substantial
changes at the surface with treatment is due to the formation of oxygen vacancy induced at the
surface by Ar™ sputtering and UHV annealing. Indeed, it is well established that the surface
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valence state of Ti in SrTiO3 becomes Ti3* when oxygen defects appear in the material,
different from the bulk Ti** of the pristine compound [59, 60, 61, 62]. Based on the data
from Table 6.3, the ratio Ti3* /Ti** sites gives 0.099, meaning =~ 10% of redistribution from
Ti*t to Ti3T states. This low rate can be explained assuming that the surface is only partially
cleaned and also that vacancies do not form as deeply as XPS probes. The presence of Ti3*
indicates the formation of a metallic surface state on SrTiO3 (100), notably a 2DES. This result
is consistent with the reports of the formation of 2DES at the surface of SrTiOj3 irradiated
in UHV [28, 29], or at the interface of LaAlO3/SrTiO3 [63], evidenced by the appearance of
Ti3*+ suggesting additional electrons in the otherwise empty 3d shell of Ti**. This is further
demonstrated in Fig. 6.7 which represents the XPS spectra of the valence band for as-received
and sputter-annealed surfaces. As can be seen in the figure, a peak (metallic state) in the
band gap of the valence band region of the clean surface features occupied states near Ef.
These in-gap states are clearly visible in the inset showing a magnification of the valence bands
of both as-received and sputter-annealed surfaces around Ef.

6.5 Concluding Remarks

It is noteworthy that the surface preparation was extremely challenging. This was in part due
to the way the substrates were attached onto the sample holder. In fact, at the time the data
presented in Figs 6.4 to 6.7 were acquired, a silver-based conductive paste was used to glue the
substrates on the sample holder. Once loaded in vacuum and heated to a very small current, it
was noted that the ensemble (substrate and holder) considerably degassed, although this was
cured in air on a hot plate for 30 min at 80 °C before being introduced into the preparation
chamber. A more effective way of attaching the substrate on the holder has been developed
since then. It consists of using a clamp that applies an homogeneous force at the corners of the
substrate and therefore prevent crystal breakage due to intense heat. This has proved to be
efficient, not time consuming and resulted in well prepared surfaces as evidenced by the data
presented in Chapter 5. Hence, the Al metal would be evaporated on a surface devoid of any
contamination. It should also be mentioned that for deposition purposes, the surface should
be prepared in an oxygen environment in order to compensate for the vacancies induced by
annealing, so that the evaporation is done on a surface which is not oxygen deficient for more
controllability. This project is part of the current research interests ongoing in the research
unit at the University of Johannesburg.
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7. General Conclusion and Outlook

7.1 Summary of the Study

In this thesis, a combined study of the growth and characterization, and electronic transport
and electronic band structure of epitaxial La-doped BaSnQO3 thin films was conducted. Thin
films of La-doped BaSnQO3 have shown to have the potential for application in the vast industry
of electronic and optoelectronic devices.

In the introductory chapter of this study, Chapter 1, the features that place La-doped BaSnO3
material as a suitable candidate for transparent conducting oxide (TCO) technology were
presented. In Chapter 2, a summary of recent research efforts dedicated to improving the
electron mobility in epitaxial La-doped BaSnOs thin films was given. This chapter constitutes
a literature review on the topic. The structural, physical and electrical characteristics of
BaSnO3; and La-doped BaSnO3; materials were described in more detail. More precisely, their
crystallographic structure, the different types of defects and scattering mechanisms that are
found to influence the electron mobilities in both single crystal and epitaxial thin film forms, and
the potential origins of these high mobilities were presented. In the case of epitaxially grown
La-doped BaSnOj3 thin films, experimental evidence points to scattering at line dislocations
as the principal source responsible for mobility reduction, since these lines act as scattering
centers and diminish the density of free carriers.

For the contribution of the present study to this active field of research, the PLD technique
was used to prepare epitaxial thin films of La-doped BaSnO3 on various oxide single crystal
substrates including SrTiO3 (001), DyScO3 (110), TbScO3 (110), GdScO3 (110) and MgO
(001). All the preliminary steps preceding the film deposition as well as all the techniques that
were adopted to characterize these films were described in the experimental section, Chapter 3.
Therein, the preparation steps that are essential for the successful fabrication of high quality
epitaxial films were presented. These steps include ex situ and in situ substrate preparation,
as well as target cleaning. Also, comprehensive explanations of the working principles of
both PLD and the characterization techniques were provided. These characterization methods
are grouped into categories of techniques including diffraction (RHEED, LEED and XRD),
microscopy (AFM and TEM), magnetotransport and spectroscopy (XPS and ARPES). Without
going deeply into the theory, substantial elements necessary for the understanding of the physics
behind each of these techniques was given. RHEED and AFM were used to analyze the
surface properties of the grown films; XRD and TEM were employed to study their structural
and microstructural properties, respectively; Hall effect measurements were adopted for the
investigation of the electrical transport characteristics of these films; and XPS and ARPES were
respectively used to analyze the elemental composition/chemical state of the near-surface and
study the electronic band structure of the films.

As reported in Chapter 4, the growth was optimized to achieve the highest electronic mobility in
the films. Firstly, the deposition pressure and temperature were optimized, and were found to
be ~ 1 x 10~ mbar and 850 °C, respectively. Secondly, the film and buffer layer thicknesses
were optimized, with values of 25 and 100 nm, respectively. Finally, both the substrate
employed for the growth and the La doping level were optimized. In a comparative study
of the transport properties of unbuffered and BaSnOj3 buffered films, it was found that the
best electrical properties are realized in films with 6% La-doping, prepared on ThScO3 (110)
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substrates with an insulating BaSnO3 buffer layer (grown at 850 °C). In those samples, the
room temperature electron mobility was as high as 117 + 3 cm? V~1s~! with an associated
carrier density value of (5.95+0.08) x 102° cm~3. This mobility value is found to be limited by
a high density of line dislocations in the films. Together with stacking faults and Ruddlesden-
Popper faults, these are the most prominent structural defects encountered in such films. In
TEM images, the line dislocations were observed as vertical contrasts threading across the film
layer from the interface to the surface, generated by the misfit dislocations that are created
at the film/substrate interface due to the large lattice mismatch. The stacking faults were
recognized as the much sharper contrasts both parallel and perpendicular to the film plane;
and the Ruddlesden-Popper faults are identified by the polygonal shape of the contrasts.

To reduce the density of defects, in particular, the density of threading dislocations in the grown
La-doped BaSnOs3 thin films and subsequently enhance the electron mobility, an insulating
SrZrO3 buffer layer grown at extremely high temperature was inserted between the active film
layer and the ThScO3 (110) substrate. This is a new approach developed as part of this project
to enhance the electron mobility in TCO systems. The growth temperature of the SrZrO3 buffer
layer was optimized by preparing several La-BaSnO3/SrZrO3 heterostructures with SrZrO3
grown at temperatures varying between 850 °C and 1600 °C. In the film prepared with the
SrZrOs buffer layer grown at 1300 °C, the optimal electron mobility value of 140+4 cm? V~1s~1
at a carrier density of (5.2140.08) x 10%° cm~3 was reached. This value constitutes the highest
room temperature mobility value reported to date for as-grown La-doped BaSnO3 thin films
using the PLD technique. This is explained by the significant reduction of the threading
dislocations, due to the high temperature growth of the SrZrO3 buffer layer. In particular,
quantitative analyses of the TEM data show a reduction of the dislocation defects by two
orders of magnitude in SrZrO3 buffered samples in comparison with the density of dislocation
in BaSnO3 buffered films.

Moreover, structural investigations show that SrZrO3 buffered films are fully strained to the
substrate in the plane direction whereas BaSnO3 buffered films are relaxed. This strained
relationship with the substrate results in a considerable reduction of the lattice mismatch, and
therefore, in the diminution of the misfit dislocations originating at the interface, yielding the
low density of structural defects observed in these films. Furthermore, it was also observed
that all the films prepared as part of this thesis (unbuffered films, and BaSnO3 and SrZrO3
buffered films) grew epitaxially on all the substrates named above, and exhibited a high degree
of crystallinity. These films are stoichiometric, as evidenced by the EELS measurements. The
analysis of the surface growth dynamics, the surface morphology and the surface structure of
all these samples showed that the surfaces are flat, smooth, and possess ordered structures.
These surface and structural characteristics are comparable to those of the successful TCO
indium tin oxide, and thus make these films suitable for applications in electronic devices.

The results of both the analysis of the chemical composition of the surface region and the
study of the electronic band structure of the grown samples are presented in Chapter 5 of this
thesis. With the help of combined XPS and angle-dependent XPS studies, the origins of the
components constituting the primary core levels Sn 3d, O 1s and Ba 3d in La-doped BaSnOj3
films were thoroughly examined through systematic fits. It was also determined that the ratio of
these components varies with the treatment of the surfaces. The Sn 3d core spectra exhibit an
asymmetry to the high binding energy side of the peak. This asymmetry consistently increases
with the amount of conduction band filling, i.e., with the concentration of the free carriers.
On the other hand, O 1s and Ba 3d core lines do not show a pronounced asymmetry variation
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with increasing doping level, but were found to slightly broaden. Moreover, Sn 3d, O 1s
and Ba 3d spectra shift toward high binding energies as the carrier density increases. These
shifts were also detected in the valence band regions with increasing carrier density. The
valence band spectra allowed the detection of the occupied states in the conduction bands.
Furthermore, it was determined that surface contamination could potentially induce surface
carrier accumulation. This is supported by the increase in the intensity of the conduction band
minimum that was detected in the valence band spectrum of a surface intentionally exposed to
contamination in the load lock. The electronic structure of both the valence and conduction
bands was not fully studied. This was due to several challenges including the preparation of
the surfaces for spectroscopic experiments and instrument breakages. However, a few valence
bands in a region far from Ef are resolved. These bands were subsequently fitted with energy
distribution curves (EDCs) and momentum distribution curves (MDCs).

7.2 Future Projects

For all the work carried out in this thesis, the optimized highest electron mobility in the epitaxial
La-doped BaSnOs thin films is realized for films prepared on ThScOs3 (110) substrates with a
SrZrO3 buffer layer grown at 1300 °C.

Future experiments would consist of exploring the growth of La-doped BaSnO3 thin films with
an extremely high temperature grown SrZrO3 buffer layer also on SrTiO3 (001), DyScO3 (110),
GdScO3 (110) and MgO (001) single crystal substrates, using the optimized growth parameters.
In a bid to increase the electron mobility in these films, a combined PLD and MBE growth could
also be conducted. This is because MBE is known to produce La-doped BaSnQOs3 thin films
with better mobility compared to PLD. Since extremely high substrate temperatures cannot
be used in MBE, the SrZrO3 buffer layer would thus be grown at a very high temperature
using PLD, and the active film layer would be subsequently deposited by MBE. Thin film
transistor devices could then be fabricated based on these high mobility samples. Furthermore,
more ARPES measurements on these samples (at room and low temperatures) would be also
needed in order to resolve the valence and conduction bands, and provide a complete ARPES
description of the electronic band structure of La-doped BaSnQs.

The direction toward another project related to the fabrication of the heterostructure formed by
thermally evaporating Al on SrTiO3 substrates is given in Chapter 6. Therein, the technologi-
cal importance of such heterostructures is described and comprehensive background knowledge
on the topic is provided. The XPS data of the Sr 3p, Ti 2p and O 1s core electrons and the
valence band regions of the surfaces of both pristine and heat-treated SrTiO3 (100) substrates
are discussed. These results open up the path to mastering the preparation of the surface of
the substrates prior to subsequent Al layer deposition. Although some preliminary results were
presented, there still exists scope for in-depth studies such as probing the Al/SrTiO3 heteroin-
terface using ARPES, as well as conducting a systematic electronic transport characterization
of the interface.
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Appendix A. Additional Surface Properties

A.1 La-Doped BaSnO3; Growth on MgO (001) and GdScO; (110)
Substrates

In addition to the samples discussed in Chapter 4, epitaxial thin films of La-doped BaSnOj;
on MgO (001) (Figs. A.1(a)-(c)) and GdScO3 (110) (Fig. A.1(d)) substrates have also been
fabricated. Their growth characteristics are presented in Figs. A.1 and A.2. Figures A.1(a) and
A.1(b) are the RHEED images for 4% La-doped BaSnO3 thin films of 50 nm directly deposited
on the substrate and 100 nm thick grown with a 25 nm BaSnOj buffer layer, respectively. These
were prepared (films and buffer layer) at the temperature of 850 °C, at 1 pulse per second and
1.5 J cm™2, in 1.33 x 1072 mbar of O,. Figure A.1(c) represents the RHEED image of a 6%
La-doped BaSnOs thin film prepared with a 100 nm BaZrOs buffer layer, which was deposited
at 900 °C in 1.35 x 1072 mbar of O, at the laser rate of 4 Hz and energy density of 2 J cm™2.
The 25 nm top layer was grown at 850 °C, 1 Hz and 1.5 J cm™2, in 1.07 x 10! mbar of O,.
Figure A.1(d) is the RHEED image of a 2% La-doped BaSnO3 thin film prepared without a
buffer layer at 850 °C, 1 Hz and 1.5 J cm™2 in 1.05 x 10! mbar of O, pressure. A summary
of the growth parameters for all these films is given in Table A.1. Considering Fig. A.1, it
can be observed that the film surfaces are flat and single crystalline, indicated by the sharp
diffraction spots in all the images.

Figure A.1: RHEED patterns viewed along the [110] azimuth for films grown at 850 °C on (a)-(c)
MgO (001), and (d) GdScO3 (110). 4% La-doped BaSnOjs thin films grown (a) without buffer layer
and (b) with BaSnOj3 buffer layer. (c) 6% La-doped BaSnOs thin film prepared with BaZrO3 buffer
layer. (d) 2% La-doped BaSnOj3 thin film grown without buffer layer. The rectangles represent the
regions over which the integrated intensity shown on the following page are measured.
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Figure A.2: Time dependent RHEED intensity oscillations for 4% La-doped BaSnQOj3 thin films prepared

on MgO (001), (a) without a buffer layer and (b) with BaSnOs3 buffer layer. The curves are extracted
from the areas indicated in Fig. A.1(a) and A.1(b), respectively.
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Table A.1: Growth parameters for La-doped BaSnOj3 thin films presented in Fig. A.1, prepared on
MgO (001) and GdScO3 (110) without and with BaSnOs3 buffer layer.

Samples Substrate O, partial Laser Laser repetition  Thickness
from temperature pressure fluence rate
Fig. A.1 (°C) (mbar) (J em™2) (Hz) (nm)
(a) 4% La-BaSn0O3 850 1.33x 1072 15 1 50
(b) BaSnOs layer 850 1.33 x 1072 1.5 1 25
4% La-BaSnOj3 layer 850 1.33 x 1072 1.5 1 100
© BaZrOs layer 900 1.35 x 1072 2 4 100
6% La-BaSnO3 layer 850 1.07 x 1071 1.5 1 25
(d) 2% La-BaSn0O; 850 1.05 x 1071 1.5 1 25

The RHEED intensity oscillations in Fig. A.2 also suggest smooth and epitaxial growth [1, 2].
Although the intensity in Fig. A.2(a) is not constant, oscillations are seen from the very
beginning of the growth till the end, with drops in the intensity. This irregularity in the
intensity of the oscillations could probably be due to the crystallographic differences of the
two materials (perovskite La-BaSnO3 and non-perovskite MgO). It could also be created by
the interaction of the electron beam with the film being deposited and the substrate [2]. On
the other hand, after inserting a BaSnO3 buffer layer between the film layer and the substrate,
regular oscillations are obtained (see Fig. A.2(b)). This last observation tends to confirm the
latter hypothesis that the irregularity of the RHEED intensity oscillations are created by the
interaction of the electron beam with the MgO (001) substrate and the growing La-BaSnO3
film.

A.2 RHEED Images for the Samples Used to Optimize the Pres-
sure and the Temperature

Table A.2: Growth parameters of the 4% La-doped BaSnOs thin films that were used to optimize the
oxygen background pressure and the temperature of the substrates on SrTiO3 (001) substrates. These
samples were discussed in Section 4.2.1 of the main text.

Samples Substrate O, partial Laser Laser repetition  Thickness
from temperature pressure fluence rate
Fig. 4.1 (°Q) (mbar) (J em™2?) (Hz) (nm)
(a) 4% La-BaSnO3 850 1.33x 1073 1.5 1 25
(b) 4% La-BaSnO3 850 1.33 x 1071 1.5 1 25
(c) 4% La-BaSnO3 750 1.08 x 107! 15 1 25
) BaSnOs layer 750 1.1 x 107! 15 1 25
4% La-BaSnOs3 layer 750 1.1x 107! 1.5 1 100
© BaSnOj3 layer 850 1.1 x 107t 1.5 1 50
4% La-BaSnOs3 layer 850 1.1x 107! 1.5 1 100
0 BaSnOs layer 950 1.1 x 107t 15 1 25
4% La-BaSnO3 layer 950 1.1x 107! 1.5 1 100

As mentioned in the main text in Section 4.2.1, the RHEED image of the sample that was used
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to optimize the pressure and grown at the temperature of 850 °C in the oxygen background
pressure of 1.33 x 1072 mbar is shown in Fig. A.3(a); that of the sample used to optimize
the substrate temperature and grown at the optimized pressure of 1.33 x 10~! mbar at the
temperature of 950 °C is shown in Fig. A.3(b). The surfaces of these films are flat and smooth,
judging from the diffraction spots. However, the surface in Fig. A.3(a) might contain small
out-of-phase domains since the diffraction patterns are elongated (streaks). This is perhaps
not surprising since it was grown at a non-optimal pressure. Table A.2 summarizes the growth
parameters of all the samples employed to optimized both the substrate temperature and the
deposition pressure.

.
Figure A.3: (a) and (b) RHEED images for 4% La-BaSnO3(25 nm)/SrTiO3 samples used for the
optimization of (a) the pressure and (b) the substrates temperature. The sample in (a) was deposited

at 850 °C, at the pressure of 1.33 x 1072 mbar. The sample in (b) was grown at the optimized pressure
of 1.33 x 10~ mbar at the temperature of 950 °C.

A.3 RHEED Image of the 1000 nm La-BaSnO3; Thin Film

As mentioned in Section 4.2.2 of the main text, the RHEED image of the 6% La-doped
BaSnO3 (1000 nm thick) thin film grown with a 100 nm BaSnO3 buffer layer on TbScO3
(110) substrate is presented in Fig. A.4. The surface of this sample is flat, smooth and single
crystalline, as indicated by the sharp diffraction spots.

Figure A.4: RHEED image of a 6% La-BaSnO3; (1000 nm)/BaSnO3 (100 nm)/TbScOs3 film. This
sample was grown for the optimization of the film thickness.
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A.4 Surface Properties of Optimized Unbuffered and BaSnO;
Buffered Samples

The surface properties of some of the samples discussed in Section 4.2.3 of the main text are
presented in Figs. A5, A.6, A.7 and A.8. These data are provided here in addition to the
RHEED and AFM data of the optimized samples discussed in Section 4.2.2. For each sample,
the RHEED image is shown on top and the AFM image at the bottom. On the bottom-right,
the extracted height profile is shown, together with the roughness profile (lower panel). The
profiles are measured along the green solid lines drawn on the AFM image. The samples in
Fig. A.5 are 2% La-BaSnO3 (25 nm)/SrTiO3 (Fig. A.5(a)), 6% La-BaSnO3 (25 nm)/SrTiO3
(Fig. A.5(b)) and 6% La-BaSnO3 (25 nm)/BaSnO3 (100 nm)/SrTiO3 (Fig. A.5(c)). The films
in Fig. A.6 are 2% (Fig. A.6(a)) and 6% (Fig. A.6(b)) La-BaSnO3 (25 nm)/DyScOs. It should
be mentioned that the data for the 2% La-doped buffered sample grown on SrTiO3 (001) and
DyScO3 (110) are not available and these are not shown. The samples displayed in Fig. A.7
are 2% La-BaSnO3 (25 nm)/TbScO3 (Fig. A.7(a)) and 2% La-BaSnO3 (25 nm)/BaSn0O3
(100 nm)/TbScO3 (Fig. A.7(b)). These samples have flat, smooth and single crystalline
surfaces, as indicated by their RHEED diffraction spots [3, 4], and the values of their surface
roughness parameters are summarized in Tables A.3, A.4 and A.5, respectively.

Table A.3: Surface roughness parameters from height profiles of La-doped BaSnO3; samples prepared
on SrTiO3 (001). These parameters are extracted from Fig. A.5. The values in the table are given with
a precision of the order of £1073 nm.

Samples Scan area  Average  Root mean square Maximum roughness Step height

from roughness roughness peak height

Fig. A5 (um?) Ra (nm) Rq (nm) Rp (nm) (A)
(a) 3x3 0.013 0.017 0.056 —
(b) 5x5 0.033 0.041 0.127 —
(c) 10x10 0.082 0.097 0.249 4

Table A.4: Surface roughness parameters from height profiles of La-doped BaSnO3; samples prepared
on DyScOs (110). These parameters are extracted from Fig. A.6. The values in the table are given
with a precision of the order of +1073 nm.

Samples Scan area  Average  Root mean square Maximum roughness Step height

from roughness roughness peak height

Fig. A.6 (um?) Ra (nm) Rq (nm) Rp (nm) (A)
(a) 6.8x6.8 0.033 0.042 0.122 3.9
(b) 9.2x9.2 0.025 0.032 0.096 3.6

From the areas marked with rectangles in Figs. A.5(c) and A.7(a), the RHEED intensity oscil-
lations as a function of time were extracted as shown in Figs. A.8(a) and A.8(c), respectively.
These are typical RHEED intensity oscillations [1, 2], although it was not always possible to
record intensity oscillations over the entire deposition window as those observed in Figs. A.8(a)
and A.8(b). The RHEED intensity oscillations for most samples resembled those presented
in Fig. A.8(c). The intensity oscillations presented in Fig. A.8(a) were recorded during the
growth of the BaSnO3 layer (buffer layer) on SrTiO3 (001). A drop in intensity is observed the
moment the attenuator opens. Then, after several monolayers, the intensity increases and the



Section A.4 Page 185

4.75 5
€
£
=
(®)]
nm )
T 1t
0.056 . . . .
0.00 WWWWMWW
-0.056 . . .
0

2
Distance (um)

Height (nm)
FN

o o
— -—
N N
~ ~

2 4
Distance (um)

o

14.6

nm

Height (nm)

0.249

0.0 -0.249

5
Distance (um)

Figure A.5: RHEED and AFM images for 2% and 6% La-doped films prepared on SrTiO3 (001)
substrates. The height and surface roughness profiles extracted along the green solid lines are given
on the right hand side of the images. The samples are (a) 2% La-BaSnO3 (25 nm)/SrTiOs, (b) 6%
La-BaSnO3 (25 nm)/SrTiO3 and (c) 6% La-BaSnO3 (25 nm)/BaSn0O3; (100 nm)/SrTiOs.
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Figure A.6: RHEED and AFM images for (a) 2% and (b) 6% La-BaSnO3 (25 nm)/DyScO3; samples.
The height and surface roughness profiles extracted along the green solid lines across the AFM images
are given on the right hand side of the images.
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Figure A.7: RHEED and AFM images for (a) 2% La-BaSnO3 (25 nm)/TbScO3 and (b) 2% La-BaSnO3

(25 nm)/BaSn03 (100 nm)/TbScO3 samples. The height and surface roughness profiles extracted along
the green solid lines across the AFM images are given on the right hand side of the images.
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Table A.5: Surface roughness parameters from height profiles of La-doped BaSnO3 samples prepared
on TbScO3 (110). These parameters are extracted from Fig. A.7. The values in the table are given
with a precision of the order of +£1073 nm.

Samples Scan area  Average  Root mean square Maximum roughness Step height

from roughness roughness peak height
Fig. A.7 (um?) Ra (nm) Rq (nm) Rp (nm) (A)
(a) 5x5 0.020 0.025 0.088 4.07
(b) 10x10 0.018 0.022 0.061 —
(a) (b)

Intensity (arb.units)
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Figure A.8: RHEED intensity oscillations as a function of time. (a) Deposition of a layer of BaSnO3
film on SrTiO3 (001). The intensity oscillations were recorded during the growth of the BaSnOj3 buffer
layer from the area indicated with a rectangle in Fig. A.5(c). (b) RHEED intensity oscillations for the
deposition of a BaSnOs3 buffer layer on DyScO3 (110). (c) RHEED intensity oscillations recorded from
the area marked with a rectangle in Fig. A.7(a) during the growth of a 2% La-doped BaSnOs thin film
directly on TbhScO3 (110). The films in (a), (b) and (c) are grown in a layer-by-layer mode, whereas
that in (c) follows a layer-by-layer growth mode at the beginning, but transits to step-flow mode during
the deposition.
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oscillations become regular till the end of the growth, with a constant amplitude. The intensity
drop at the beginning of the growth was also reported for undoped BaSnOs, grown by MBE
on DyScO3 (001), followed by oscillations amplitude decay towards the end of the growth [1].
Considering Fig. A.8(a), from the moment the intensity oscillations become regular, 9 oscilla-
tions, corresponding to the deposition of 9 unit cells of BaSnQO3, can be counted. On the other
hand, the deposition of about 25 unit cells of BaSnO3 on DyScO3 (110) can be evaluated in
Fig. A.8(b). These are the RHEED intensity oscillations corresponding to the growth of a
BaSnO3 buffer layer on DyScO3 (110). The oscillations are barely visible at the beginning of
the deposition, but after few monolayers, more regular oscillations of identical amplitude are
seen till the end of the growth. These clear intensity oscillations indicate a two-dimensional
(2D) layer-by-layer deposition mode, and an epitaxial growth of these buffer layers [5].

Figure A.8(c) represents the RHEED intensity oscillations for a La-doped BaSnOs thin film
directly grown on ThScO3 (110). As can be observed, clear and regular oscillations are visible
at the beginning of the growth, after the drop and the stabilization of the intensity. However,
the width of the intensity oscillations starts to increase at a certain time during the growth,
rendering the appreciation of the features difficult. This could be explained by observing
the corresponding diffraction pattern which is relatively broad and slightly elongated (see
Fig. A.7(a)). Thus, it can be pointed out that there exist two regions. A first region where
clear and regular oscillations are visible, and a second region that looks more like a steady
state. This could be suggesting a growth mode transition from layer-by-layer (first region) to
step-flow (second region), following relaxations introduced in the film due to lattice mismatch
[1, 4]. Nonetheless, it should be noted that this hypothesis is not sufficient because this
phenomenon was not observed for the films grown on SrTiO3 (001) and DyScO3 (110). As
demonstrated in Section 4.4.3 of the main text, these substrates have larger lattice mismatches
with La-doped BaSnO3 compared to ThScO3 (110).



Appendix B. Reciprocal Space Maps of the
SrZrO;3; Buffered Films

In this section, the reciprocal space map data of the La-doped BaSnOs thin films prepared on
TbScO3 (110) substrates with SrZrO3 buffer layers grown at various temperatures ranging from
850 °C to 1600 °C are shown. These data are shown here in addition to the data presented
in the main text in Section 4.4.3. Figure B.1 shows the reciprocal space maps around the
(103) La-BaSnO3 and SrZrOs reflection peaks, and the (103), reflection peaks of TbhScOs3.
The SrZrOs3 buffer layer is grown at 850 °C (Fig. B.1(a)), 1200 °C (Fig. B.1(b)), 1400 °C
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Figure B.1: Reciprocal space maps around the asymmetric (103) La-BaSnO3 and SrZrOs reflection
peaks, and the (103), reflection peaks of TbScOj3 for epitaxial La-doped BaSnOj3 thin films grown on
TbScO3 (110) substrates with SrZrO3 buffer layers. The subscript p refers to pseudocubic indices. The
SrZrOj3 buffer layers were grown at (a) 850 °C, (b) 1200 °C, (c) 1400 °C and (d) 1600 °C.
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(Fig. B.1(c)) and 1600 °C (Fig. B.1(d)). The contour profiles of the (103) diffraction spots
of the La-BaSnOj3 films along the Q, axis are given in Fig. B.2, respectively for the maps in
Figs. B.1(a), B.1(b) and B.1(c). The contour profile of the film with SrZrO3 grown at 1600 °C
could not be extracted since the (103) reflection of the film is incomplete (cut) as can be seen
in Fig. B.1(d). The values of the lateral grain size D are estimated from the integral breadth
of the contour profiles. As can be seen in Fig. B.2, the value of D increases with the growth
temperature. This is consistent with the assumption that high temperature grown SrZrOs
results in reduced grain boundary defects.
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Figure B.2: Contour profiles of the (103) diffraction spots of the films along the Q, axis. The profiles
are extracted from the reciprocal space maps in Fig. B.1 for the films with SrZrO3 grown at (a) 850 °C,
(b) 1200 °C and (c) 1400 °C. The lateral grain sizes D, which are inversely proportional to the FWHM,
were determined by fitting the profiles using Pearson VII peak function.



Appendix C. Additional Spectroscopic Data

C.1 Spectroscopic Data of the Higher Electron Mobility Sample
Grown with BaSnQO3 Buffer Layer

This section presents the XPS and ARPES data of the 6% La-BaSnO3 (25 nm)/BaSnO3
(100 nm)/TbScO3 sample with the mobility of 117 + 3 cm? V=1 s71 and the carrier density
of (5.95 4 0.08) x 10%° discussed in Sections 4.2.2 to 4.4. This sample was annealed at
temperatures up to about 1100°C in 7x107 mbar of O,. Figures C.1, C.2 and C.3 show the
angle-dependent XPS data of the Sn 3d, O 1s and Ba 3d core spectra, measured at take off
angles of 35°, 45° and 90°. The fitted parameters are summarized in Tables C.1, C.2 and C.3.
The data were acquired with an experimental resolution of 0.78 €V using the Al K, excitation
source. This surface was damaged as the ratio of the peaks vary inconsistently for all the core
electrons, if compared with the data presented in Section 5.2.2 of the main text. Additionally,
shifts of the peaks to higher binding energies by more than 1 eV in the spectra taken at 45°
and 90° should be noted. These shifts are more pronounced in the Sn 3d and O 1s core
levels. This could indicate charging effects, as the clamp used to hold and ground the sample
might have not made good contact with the sample surface. It is important to mention that
this sample was previously annealed in vacuum at 1000° for 30 minutes (at the Max Planck
Institute). However, these do not explain why only the data recorded at 45° and 90° are
shifted. Furthermore, it should be observed that the O 1s spectra (see Fig. C.2) are fitted
with two components (see Table C.2), compared to three components used to fit the cleaned
O 1s spectra in the main text as discussed in Chapter 5. The —OH component associated
with residual water on the surface as reported in surfaces prepared at lower temperatures in
the main text is completely removed from the surface. This is to be expected, as —OH groups
desorb more easily at higher temperatures.

Figure C.4 shows the 2D ARPES maps of the valence band measured in various binding energy
ranges at room temperature, with a photon energy of 21.2 eV along the T'X direction in
momentum space. As can be seen, the bands are not resolved. This is attributed to damage
from the high temperature annealing cycles.

Table C.1: Peak ratios for angle-dependent XPS of the Sn 3d spectra shown in Fig. C.1. The peak
position (P), the relative intensity (R) and the FWHM (F) are given.

P R F
Error (£0.05 &V) (£1 %) (£0.05 eV)
350 Screened 486.37 78 1.37
Unscreened 487.26 22 1.74
15° Screened 487.60 85 1.58
Unscreened 488.49 15 2.02
90° Screened 487.49 77 1.40
Unscreened 488.38 23 1.76

192
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Table C.2: Peak ratios for angle-dependent XPS of the O 1s spectra shown in Fig. C.2. The peak
position (P), the relative intensity (R) and the FWHM (F) are given.

P R F
Error (£0.05 eV) (£1 %) (£0.05 &V)
350 Olat 530.02 93 1.72
Ovac 531.86 7 1.72
450 Olat 531.22 90 1.98
Ovac 532.92 10 1.98
o0 Olat 531.23 97 1.92
Ovac 533.24 3 1.92

Table C.3: Peak ratios for angle-dependent XPS of the Ba 3d spectra shown in Fig. C.3. The peak
position (P), the relative intensity (R) and the FWHM (F) are given.

P R F

Error (£0.05 &V) (£1 %) (£0.05 &V)
350 Ba | 780.02 88 1.66

Ba Il 781.15 12 1.72
a5 Ba | 780.99 85 1.71

Ba ll 782.12 15 1.71

Ba | 1.01 1.81
o0 a 781.0 86 8

Ba ll 782.14 14 1.81
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Figure C.1: Fits of the XPS spectra of the Sn 3d region. The Sn 3d spectra are fitted with two Voigt
doublet components labeled screened and unscreened. The spectra were acquire at take-off angles of
(a) 35° (b) 45° and (c) 90°.
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Figure C.2: Fits of the XPS spectra of the O 1s core level. The O 1s spectra are fitted with two single
Voigt components labeled Oj;; and O,ac. The spectra were acquire at take-off angles of (a) 35°, (b)
45° and (c) 90°.
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Figure C.3: Fits of the XPS spectra of the Ba 3d core electron. The Ba 3d spectra are fitted with two
Voigt doublet components Ba | and Ba Il. The spectra were acquire at take-off angles of (a) 35°, (b)
45° and (c) 90°.



Section C.2 Page 197

(@)

3.0

45
~~~ >
2 2
N >
& o0 2
’q“) [0}
c C
] L
o 7.5 [@))
c £
= S
2 £
m 9.0 m
10.5
0.4 -0.2 00, 0.2 0.4
4.4
/>_\ 4.8 ;
z ©
>
>
% 5.2 >
c (0]
w C
o 56 L
= 2
g S
h_l 6.0 c
m
6.4

R 0o 3 K 04 02 0o 02 o4
-1 i
K(A ") K ( A1)

Figure C.4: 2D ARPES maps of the valence band of 6% La-BaSnO; (25 nm)/BaSnO;
(100 nm)/TbScO3 sample with the mobility of 117 cm? V=1 s=1. The data were recorded at room
temperature in the T'X direction. (a) The full scan of the valence band region. (b)-(d) Scans around
selected regions of the map in (a) indicated by the range of the vertical axis. This sample was annealed
at about 1100°C in 7x107 mbar of O, for 10 minutes. The bands are not visible.

C.2 XPS Data of a 4% La-Doped BaSnO3; Sample Grown with
BaSnO3 Buffer Layer

XPS data of the 4% La-BaSnOs3 (100 nm)/ BaSnOs3 (25 nm)/SrTiO3 sample with the mobility
of 18.3540.11 cm? V=1 s~ and the carrier density of (0.78140.002) x 10%° cm~3. The core
electrons were excited with the Al K, source and recorded with an experimental resolution
of 0.78 eV. This sample was used to optimize the substrate temperature and the deposition
pressure in Section 4.2.1 of the main text, and was grown at the temperature of 850 °C in
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1.33 x 107! mbar of oxygen.Figures C.5, C.6 and C.7 show the fits of the Sn 3d, O 1s and
Ba 3d spectra, respectively, for as-inserted and cleaned surfaces. The surface was cleaned
following the procedure described in Section 3.3.4. Tables C.4, C.5 and C.6 summarized the
parameters used to fit these spectra. It can be observed that the ratio of the peaks vary in
proportions comparable to those reported in Tables 5.1, 5.2 and 5.3 in the main text for these
core levels. Figure C.8 shows the XPS valence band region. The valence band leading edge
(blue curve) was acquired over a period of 20 hours in order to enhance the feature around
Er. As can be seen in the inset, the conduction band minimum is not visible for this sample.

Table C.4: Fitted parameters of Sn 3d regions for the as-inserted and cleaned sample shown in Fig. C.5.
The peak position (P), the relative intensity (R) and the FWHM (F) are given.

As-inserted Cleaned
P (eV) R (%) F (eV) P (eV) R (%) F (eV)
Error (+0.05) (+1) (+0.05) (+0.05) (£1) (+0.05)
Screened 486.90 60 1.18 486.76 66 1.11
Unscreened 487.32 40 1.57 487.18 34 1.61

Table C.5: Fitted parameters of O 1s regions for as-inserted and cleaned surfaces shown in Fig. C.6.
The peak position (P), the relative intensity (R) and the FWHM (F) are given.

As-inserted Cleaned
P (eV) R (%) F (eV) P (eV) R (%) F (eV)
Error (+0.05) (£1) (+0.05) (£0.05) (£1) (£0.05)
Olat 530.42 54 1.17 530.37 90 1.26
Ovac 531.65 20 1.17 531.36 8 1.26
—OH 532.52 20 1.17 531.96 2 1.26
C-0 533.53 6 1.17 — — —

Table C.6: Fitted parameters of Ba 3d regions for as-inserted and cleaned surfaces presented in Fig. C.7.
The peak position (P), the relative intensity (R) and the FWHM (F) are given.

As-inserted Cleaned
P (eV) R (%) F (eV) P (eV) R (%) F (eV)
Error (+0.05) (£1) (+0.05) (£0.05) (£1) (£0.05)
Ba | 780.00 60 1.52 779.88 84 1.43
Ba ll 781.13 40 1.52 781.01 16 1.43
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Figure C.5: XPS Sn 3d core regions for the (a) as-inserted and (b) cleaned 4% La-BaSnOs3 (100 nm)/
BaSnO3 (25 nm)/SrTiO3 sample. Two Voigt doublet components are used to fit the core spectra.
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Figure C.6: XPS O 1s core regions for the (a) as-inserted and (b) cleaned 4% La-BaSnO3 (100 nm)/

BaSnO3 (25 nm)/SrTiO3 sample. Four and three singlet Voigt components are used to fit the spectra
of the as-inserted and cleaned surfaces, respectively.
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Figure C.7: XPS Ba 3d core regions for the (a) as-inserted and (b) cleaned 4% La-BaSnO3 (100 nm)/
BaSnO3 (25 nm)/SrTiO3 sample. Two Voigt doublet components are used to fit the core spectra.
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XPS valence band region of the 4% La-BaSnO3; (100 nm)/BaSnO3 (25 nm)/SrTiO;

sample. The leading edge (blue curve) was measured over a period of 20 hours. The magenta curve is
normalized to the maximum intensity of the blue curve. The inset shows the enlargement of the area
indicated by the black rectangle, for the blue curve only.

C.3 XPS Data of the La 3d Regions

In addition to the XPS data of the primary core levels presented in the main text such as
Sn 3d, O 1s and Ba 3d, the core XPS spectra of La 3d are presented in Fig C.9. The green
and blue curves represent the La 3d core electrons of the 2% La-BaSnO3 (25 nm)/TbScO3
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and 6% La-BaSnOs3 (25 nm)/SrTiO3 samples discussed in Sections 5.2.1 and 5.3 of the main
text. The red and cyan curves are associated with the core levels presented in Appendixes C.1
and C.2, respectively for the 6% La-BaSnO3 (25 nm)/BaSnO3 (100 nm)/TbScO3 and 4%
La-BaSnO3 (100 nm)/BaSnO3 (25 nm)/SrTiO3 samples. As can be seen, the La 3d signal is
amplified as the concentration of the La content in the sample increases from 2% to 6%. It
can also be observed that the line shape of the signal changes depending on whether a buffer
layer is used or not. For instance, an additional feature is visible at the binding energy of
~833 eV in the spectra of the unbuffered samples (blue and green curves). The origin of that
feature is unknown. It should be noted that the intensities of all these spectra were different.
For representation, the spectra were magnified by multiplying their intensities by factors of 2.5
(red curve), 5.6 (blue curve), 1.17 (green curve) and 7 (cyan curve).

2% La-BaSnOalTbScO3
4% La-BaSnOslBaSnOS/SrTiO3

6% La-BaSn03/SrTiO3

6% La-BaSnO3/BaSn03/TbScO3

Intensity (arb. units)

860 855 850 845 840 835 830
Binding Energy (eV)

Figure C.9: XPS La 3d core regions for the 2% La-BaSnO3 (25 nm)/TbScO3 (green), 4% La-BaSnO3
(100 nm)/BaSn0O3 (25 nm)/SrTiO3 (cyan), 6% La-BaSnO3 (25 nm)/SrTiO3 (blue) and 6% La-BaSnO;
(25 nm)/BaSn0O3 (100 nm)/TbScO3 samples. These spectra are for samples cleaned in oxygen at
different temperatures. For representation, offsets in intensity were applied as x2.5 (red curve), x5.6
(blue curve), x1.17 (green curve) and X7 (cyan curve).
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C.4 XPS Data of a SrZrO3; Buffered Sample

The fits of the Sn 3d (Fig. C.10), O 1s (Fig. C.11) and Ba 3d (Fig. C.12) core XPS spectra
for as-inserted and cleaned surfaces of a 6% La-BaSnO3 (25 nm)/SrZrO3 (100 nm)/TbScO3
sample are presented in this section. Tables C.7, C.8 and C.9 give the parameters used to
perform the fits. The data were collected with an experimental resolution of 0.78 €V using the
Al K,, source. The SrZrO3 buffer layer was grown at 1400 °C, and had an electron mobility
of 127 + 4 cm? V=1 s71 at a carrier density of (4.66 + 0.06) x 102 cm~3. This sample
was annealed at 1186 °C in vacuum. The surface was believed to have been damaged during
cleaning due to the high temperature annealing. The large shift of the peaks to higher binding
energies, especially in the cleaned surface, could be associated with sample charging. The
clamp that held the sample and ensured grounding may not have made good contact with the
sample. Note that the O 1s spectrum of the cleaned surface (see Fig. C.11(b)) is completely
dominated by one component (see Table C.8). The residual —OH component due to water
that was reported in surfaces prepared at lower temperatures as discussed in the main text is
completely removed from the surface.

Table C.7: Fitted parameters of Sn 3d regions for the as-inserted and cleaned sample shown in
Fig. C.10. The peak position (P), the relative intensity (R) and the FWHM (F) are given.

As-inserted Cleaned
P (eV) R (%) F (eV) P (eV) R (%) F (eV)
Error (£0.05) (£1) (£+0.05) (£0.05) (£1) (+0.05)
Screened 487.24 63 1.25 489.68 54 1.07
Unscreened 488.04 37 1.40 490.48 46 1.49

Table C.8: Fitted parameters of O 1s regions for as-inserted and cleaned surfaces shown in Fig. C.11.
The peak position (P), the relative intensity (R) and the FWHM (F) are given.

As-inserted Cleaned
P (eV) R (%) F (eV) P (eV) R (%) F (eV)
Error (+0.05) (£1) (40.05) (:0.05) (£1) (40.05)
Olat 530.89 48 1.23 533.42 99 1.61
Ovac 532.1 21 1.23 535.16 1 1.61
—OH 532.96 23 1.23 — — —
C-0 533.86 8 1.23 — — —

Table C.9: Fitted parameters of Ba 3d regions for as-inserted and cleaned surfaces presented in
Fig. C.12. The peak position (P), the relative intensity (R) and the FWHM (F) are given.

As-inserted Cleaned
P (eV) R (%) F (eV) P (eV) R (%) F (eV)
Error (+0.05) (£1) (+0.05) (+0.05) (£1) (£0.05)
Ba | 780.46 65 1.57 783.33 85 1.59
Ba ll 781.59 35 1.57 784.46 15 1.59
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Figure C.10: XPS Sn 3d core spectra for the (a) as-inserted and (b) cleaned 6% La-BaSnO3
(25 nm)/SrZrO3 (100 nm)/TbScO3 sample. The spectra are fitted to two doublet Voigt components.
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Figure C.11: XPS O 1s core spectra for the (a) as-inserted and (b) cleaned 6% La-BaSnOs

(25 nm)/SrZrO3 (100 nm)/TbScO3; sample. Four and two singlet Voigt components are used to
fit the spectra of the as-inserted and cleaned surfaces, respectively.
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Figure C.12: XPS Ba 3d core spectra for the (a) as-inserted and (b) cleaned 6% La-BaSnO3
(25 nm)/SrZrO3 (100 nm)/TbScO3 sample. The spectra are fitted to two doublet Voigt components.
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C.5 Spectroscopic Data of a Sample Cleaned and Measured at
the Max Planck Institute

In this section, the ARPES data for a 6% La-BaSnO3 (25 nm)/BaSnO3 (100 nm)/TbScO3
sample measured at the Max Planck Institute for Solid State Research in Stuttgart, Germany
are presented. The sample was grown in the PLD chamber and ex situ transferred into the
ARPES chamber while limiting air contamination. Figure C.13 shows the LEED images of the
surface at different stage of the preparation prior to ARPES experiments. These images were
taken at different electron energies. Looking at the images, it seems as if the LEED of the
surface after annealing in UHV at temperatures up to 200 °C gets worse compared with the
LEED of the surface as inserted. However, the LEED improves again after annealing at 630 °C
for 5 minutes in 1 x 107® mbar of O, indicating the cleanliness of the surface.

Figure C.14 depicts the comparison of the ultraviolet photoemission spectroscopy (UPS) data
of the valence bands measured with He | on the surface annealed at 200 °C in UHV (magenta
curve) and 630 °C in Oy (green curve). It can be observed that the valence band spectra are
shifted with respect to each other. This is probably due to electrical charging of the surface.
Furthermore, the inset which represents the enlargement of the area close to Ef delimited by

955 eV 67 eV 93 eV

As-inserted

Annealed at
200 °C in UHV

Annealed at
630 °Cin O,

Figure C.13: LEED images from the surface of the 6% La-BaSnO; (25 nm)/BaSnO3
(100 nm)/TbScO3 sample prepared for ARPES measurements. The images are taken at various electron
energies on the surface at different stages of cleaning.
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Figure C.14: UPS spectra of the valence bands of the surface of the 6% La-BaSnO3 (25 nm)/BaSnOs
(100 nm)/TbScO3 sample annealed in vacuum (magenta curve) and in O, (green curve). The inset
shows the enlargement of the region close to Ef indicated by the blue rectangle.
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Figure C.15: 2D ARPES maps of the valence band in various kinetic energy ranges measured from
the surface annealed at 630 °C in O,. The bands are not visible.
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the blue rectangle shows no conduction band state. The conduction band feature could not
be detected in the surface prepared at 630 °C probably because this surface still contained
a small amount of contamination, as evidenced by the XPS measurement of the C 1s region
(not shown here). It is noteworthy that the surface was exposed to He | radiation for about
2 hours, and it seemed as if He | had no effect in creating or developing the states both in
the band gap and at the CBM as reported in literature [6] and discussed in the main text in
Section 5.3. In Ref. [6] however, the sample was exposed to radiation for a significantly longer
time.

Figure C.15 presents the 2D ARPES maps of the valence band acquired with He | in various
kinetic energy ranges on the surface prepared at 630 °C in Oy for 5 minutes. Looking at the
figure, neither the valence nor the conduction bands are visible. These bands could still not
be resolved on surfaces annealed in O, for a longer period of time and also at slightly higher
temperatures.
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