Epitaxial Growth of Functional Barium Stannate
Heterostructures by Pulsed Laser Deposition
- Dissertation zur Erlangung des akademischen Grades
doctor rerum naturalium (Dr. rer. nat.)
im Fach Physik, Spezialisierung: Experimentalphysik
eingereicht an der
Mathematisch-Naturwissenschaftlichen Fakultät
der Humboldt-Universität zu Berlin
von

M. Sc. Daniel Pfützenreuter
Präsident (komm.) der Humboldt-Universität zu Berlin:
Prof. Peter A. Frensch, PhD
Dekan der Mathematisch-Naturwissenschaftlichen Fakultät
Prof. Dr. Elmar Kulke

Gutachter/innen:
1. PD Dr. Martin Schmidbauer
2. Prof. Dr. Saskia Fischer
3. PD Dr. Holger von Wenckstern
Tag der mündlichen Prüfung: 01.06.2022

Abstract

The aim of this thesis is the design, growth and characterisation of the
heterostructure of a ferroelectric field effect transistor based on the oxide
perovskite materials BaSnO3, LaInO3 and (K,Na)NbO3.
BaSnO3 emerged to be a suitable material for the concept of ferroelectric field
effect transistor due to its high electron mobility and large band gap compared
to other oxide perovskite materials. However, BaSnO3 has a large cubic lattice
parameter, which is larger than that of all commercially available substrates.
In this thesis, the growth conditions for the epitaxy of BaSnO3 thin films were
optimised on SrTiO3 substrates. However, these films contain a high density
of threading dislocations due to a lattice mismatch of 5.2 % to the substrate.
This deteriorates the electrical properties of the thin films and thus limits their
electron mobility.
The structural and electrical properties of BaSnO3 thin films were significantly
improved on NdScO3 substrates by introducing a SrSnO3 buffer layer on the
NdScO3 substrate. This buffer layer led to a reduction of structural defects in the
BaSnO3 films and thus also improved their electrical properties. This allowed the
growth of a LaInO3 film on the BaSnO3 layers and thus the investigation of the
LaInO3/BaSnO3 heterointerface. Using Van-der-Pauw, capacitance-voltage and
temperature-dependent Hall effect measurements, clear evidence was found for
the formation of a two-dimensional electron gas at the LaInO3/BaSnO3 interface.
Charge carriers with a sheet carrier density of 3 · 1013 cm−2 are confined within
1 nm at the interface and have a mobility of 22 cm2 V−1 s−1 .
A significant improvement in the structural and electrical properties of the
BaSnO3 thin films was achieved by applying newly developed lattice-matched
LaInO3:Ba substrates. The use of these substrates for the epitaxial growth of
BaSnO3 thin films resulted in films without threading dislocations, as found by
transmission electron microscopy. La-doped BaSnO3 films exhibited an electron
mobility of 69 cm2 V−1 s−1 at room temperature with a charge carrier density of

3.8 · 1019 cm−3 . Only the use of lattice-matched LaInO3:Ba substrates allowed the
growth of BaSnO3 thin films without threading dislocations, resulting in films
with the highest structural quality to date.
The heterostructure of a ferroelectric field effect transistor requires the use of a
ferroelectric thin film to control the state of the transistor. However, ferroelectric
(K,Na)NbO3 thin films grown on epitaxial BaSnO3 and LaInO3 thin films exhibited
a large leakage current, which prohibited the switching of the ferroelectric
polarisation of the thin films and thus the application of the transistor.
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Zusammenfassung

Ziel dieser Arbeit ist es, die Heterostruktur eines ferroelektrischen Feldeffekttransistors auf der Grundlage der Oxid-Perowskit-Materialien BaSnO3, LaInO3 und
(K,Na)NbO3 zu entwerfen, zu wachsen und zu charakterisieren.
BaSnO3 hat sich aufgrund seiner hohen Elektronenbeweglichkeit und großen
Bandlücke im Vergleich zu anderen Oxid-Perowskit-Materialien als geeignetes
Material für das Konzept des ferroelektrischen Feldeffekttransistors erwiesen.
Allerdings weist BaSnO3 einen großen kubischen Gitterparameter auf, der
größer ist als der kommerziell erhältlicher Substrate. In dieser Arbeit wurden
die Wachstumsbedingungen für die Epitaxie von BaSnO3-Dünnschichten auf
SrTiO3-Substraten optimiert. Diese Filme enthalten jedoch eine hohe Dichte an
Versetzungen aufgrund einer Gitterfehlanpassung von 5,2 % zum Substrat. Dies
verschlechtert die elektrischen Eigenschaften der dünnen Schichten und schränkt
somit ihre Elektronenbeweglichkeit ein.
Die strukturellen und elektrischen Eigenschaften von BaSnO3-Dünnschichten
wurden auf NdScO3-Substraten und durch die Einführung einer SrSnO3Pufferschicht auf dem NdScO3-Substrat erheblich verbessert. Diese Pufferschicht
führte zu einer Verringerung der strukturellen Defekte in den BaSnO3-Filmen
und verbesserte somit auch deren elektrische Eigenschaften. Dies ermöglichte das
Wachstum eines LaInO3-Films auf den BaSnO3-Schichten und damit die Untersuchung der LaInO3/BaSnO3-Heterogrenzfläche. Mit Hilfe von Van-der-Pauw-,
Kapazitäts-Spannungs- und temperaturabhängigen Hall-Effekt-Messungen wurde
ein eindeutiger Nachweis für die Bildung eines zweidimensionalen Elektronengases an der LaInO3/BaSnO3-Grenzfläche gefunden. Ladungsträger mit einer
Ladungsträgerdichte von 3·1013 cm−2 sind innerhalb von 1 nm an der Grenzfläche
eingeschlossen und haben eine Mobilität von 22 cm2 V−1 s−1 .
Eine deutliche Verbesserung der strukturellen und elektrischen Eigenschaften
der BaSnO3-Dünnschichten wurde durch die Verwendung neu entwickelter
gitterangepasster LaInO3:Ba-Substrate erreicht. Die Verwendung dieser Sub-

strate für das epitaktische Wachstum von BaSnO3-Dünnschichten führte zu
Schichten ohne Versetzungen, wie durch Transmissionselektronenmikroskopie
festgestellt wurde. La-dotierte BaSnO3-Filme wiesen bei Raumtemperatur eine
Elektronenbeweglichkeit von 69 cm2 V−1 s−1 mit einer Ladungsträgerdichte von
3, 8 · 1019 cm−3 auf. Nur die Verwendung von gitterangepassten LaInO3:BaSubstraten ermöglichte das Wachstum von BaSnO3-Dünnschichten ohne Versetzungen, was zu Schichten mit der bisher höchsten strukturellen Qualität
führte.
Die Heterostruktur eines ferroelektrischen Feldeffekttransistors erfordert
die Verwendung einer ferroelektrischen Dünnschicht, um den Zustand des
Transistors zu steuern. Ferroelektrische (K,Na)NbO3-Dünnschichten, die auf
epitaktischen BaSnO3- und LaInO3-Dünnschichten gewachsen sind, wiesen jedoch
einen großen Leckstrom auf, der das Umschalten der ferroelektrischen Polarisation
der Dünnschichten und damit die Anwendung des Transistors verhinderte.
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1
Motivation
Data processing is based on temporary and permanent data storage and has
until now been realised by complementary metal-oxide-semiconductor (CMOS)
technology. Recently, the speed gap between fast volatile memory (SRAM,
DRAM) and slower non-volatile memory (flash memory) has become a critical
issue. [1] The development of novel device concepts for non-volatile memory,
which could overcome the speed gap, has triggered research in device technology,
material science and fundamental physics in the last years. One of the promising
concepts is a ferroelectric field effect transistor (FeFET) because of its potential
advantages of high speed, low power consumption, and non-volatility. [2, 3,
4] Within the concept of a FeFET, the charge carrier density in the channel
is controlled by the electric polarisation of a ferroelectric gate. In order to
achieve this, the charge carriers need to be accumulated in a thin area below the
ferroelectric gate. This is particularly realisable for a two-dimensional electron
gas (2DEG) where the electrons are free to move within the interface, but are
strongly confined perpendicular to it. Furthermore, a 2DEG is indispensable for
high speed memory applications, since the electron mobility is strongly increased
due to an extended mean free path of the charge carriers. For the application
of such FeFET devices, oxide perovskite materials are promising since they
offer a huge variety of physical properties, such as semiconductors, conductors,
dielectrics or ferroelectrics. [5, 6, 7]
Among those, barium stannate (BaSnO3) is one of the most promising oxide
materials to be utilised in such FeFET device. It exhibits a large band gap of
3.0 eV and has attracted a lot of attention in the scientific community because of
1
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its high electron mobility of 320 cm2 V−1 s−1 at a carrier density of 8 · 1019 cm−3 at
room temperature. [8] This is the highest electron mobility among all known oxide
materials. In 2015, Kim et al. reported an enhancement of electrical conductivity
of a BaSnO3 thin film after subsequent deposition of a thin LaInO3 layer. [9]
They attributed this to the formation of a conductive interface, a so-called 2DEG.
Because of its superior properties, Pb(Zr,Ti)O3 is often utilised in ferro- and
piezoelectric applications. [10] However, it contains lead and thus is hazardous for
human health and the environment. During the search for appropriate alternatives
to replace Pb(Zr,Ti)O3, (K,Na)NbO3 emerged as one of the promising materials.
(K,Na)NbO3 in bulk form already exhibits outstanding properties, which could
even be tuned in strained thin films. [11, 12]
Pulsed laser deposition (PLD) emerged to be the most suitable growth
technique available at Leibniz-Institut für Kristallzüchtung for the epitaxial
growth of the individual layers, as well as the entire heterostructure. Structural
and electrical characterisation of the thin films has been performed by means
of high-resolution X-ray diffraction, atomic force microscopy, various electron
microscopy techniques, Hall-effect and current-voltage measurements.
In the frame of the Leibniz competition project "Barium stannate based
heterostructures for electronic applications" (BaStet), a FeFET device
heterostructure consisting of (K,Na)NbO3, LaInO3 and BaSnO3 thin films
is utilised. The aim of this thesis is, in particular, the design, growth, structural
and electrical characterisation of the FeFET heterostructure. For this purpose,
growth conditions for the epitaxy of the individual materials need to be
determined. In order to achieve this, investigations of the structural and electrical
properties of the individual layers as well as the entire heterostructure were
carried out. This way, the correlation between the growth conditions and the
formation of defects in the thin films is investigated. Furthermore, the influence
of substrates with different lattice parameters on the epitaxial growth of BaSnO3
and (K,Na)NbO3 thin films and thus their structural and electrical properties
was studied.
The fundamental physical principles, results and material properties determined in the course of this thesis are presented in the following chapters:

2

In Chapter 2 an introduction into the physical concepts and materials
investigated within this thesis is given. The physical properties and growth
challenges of the investigated materials BaSnO3, LaInO3 and (K,Na)NbO3 are
also elaborated.
Chapter 3 introduces the techniques utilised for epitaxial growth, structural
and electrical characterisation of thin films.
Chapter 4 represents the main focus of this thesis: the growth and
characterisation of epitaxial BaSnO3 thin films on various substrates.
Optimisation of PLD growth parameters for epitaxial growth of BaSnO3:La films
was performed on SrTiO3 substrates with respect to high structural quality,
phase purity and a high electron mobility. Additionally, the use of NdScO3
substrates was studied. A strong improvement was found here through the
introduction of a SrSnO3 buffer layer, which subsequently allowed detailed
investigations of the formation of a conductive LaInO3/BaSnO3 heterointerface.
Finally, LaInO3:Ba substrates were developed for the growth of BaSnO3 thin
films with high structural quality. First, detailed investigations on the surface
stability of LaInO3:Ba substrates will be presented. This will be followed by
an extensive study of structural and electrical properties of BaSnO3 thin films
grown on LaInO3:Ba substrates.
In Chapter 5, epitaxial (K,Na)NbO3 thin films are investigated. K0.5Na0.5NbO3
films with different film thickness are grown epitaxially on different substrates
and are characterised with respect to their structural properties. Furthermore,
electric properties of K0.5Na0.5NbO3 thin films are investigated with regard to
films with different thickness and films grown on different bottom electrodes.
Finally, in Chapter 6, the results from previous chapters were applied for the
growth of the complete FeFET heterostructure, consisting of functional BaSnO3,
LaInO3 and (K,Na)NbO3 thin films. This heterostructure was investigated with
respect to its structural and electrical properties.
In Chapter 7, a brief summary of the results is presented, followed by
perspectives for future research on the FeFET heterostructure.

3

2
Heteroepitaxy of Oxide Perovskites
The focus of this chapter is the fundamental description of physical phenomena
and material properties relevant for this thesis. A brief introduction to epitaxy will
be given, followed by an in-depth description of the aim of this thesis: the epitaxial
growth of the heterostructure of a ferroelectric field effect transistor (FeFET).
Additionally, all relevant materials selected for the growth of the heterostructure
BaSnO3, LaInO3 and (K,Na)NbO3 will be described with respect to their physical
properties and the challenges which often arise during epitaxial growth.

2.1

Epitaxial Growth of Thin Films

Epitaxy describes the ordered and directional growth of a crystalline film on a
crystalline substrate. In this process, the respective film material is transported
to and subsequently deposited on a substrate. The deposited material undergoes
several microscopic processes after the adsorption at the substrate surface, such
as diffusion, desorption and nucleation, and finally covers the whole substrate
surface. The main processes are visualised in Fig. 2.1 and can occur consecutively
as well as simultaneously.
Stacks of different materials are called heterostructures and the underlying
growth process is known as heteroepitaxy. Homoepitaxy, in contrast, describes
the growth of the same material of film and substrate.
Atoms, which are adsorbed at the substrate surface, so-called adatoms, diffuse
over the surface and tend to nucleate at an energetically favourable position,
5
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which is a place with many binding partners. [13, 14] The diffusion length of
arriving particles is mainly determined by their kinetic energy and the substrate
temperature. Additionally, the energy of arriving particles has to be high enough
to overcome the effective activation energy for diffusion. However, it has to be
taken into account that too high substrate temperature and particle energy can
also lead to desorption from the surface, interdiffusion between substrate and
film, or between films of a heterostructure, and with this, the formation of defects
in the film. Desorption can happen at any time, immediately after adsorption
on the substrate surface, as well as after any diffusion process and is strongly
dependent on the chosen substrate temperature. For a detailed description of
the growth process, I refer to publications by Venables et al. [15, 16, 17]
Arrival

Surface diﬀusion

Nucelation
at step edge

Surface diﬀusion
Re-evaporation

Bindung, nucleation

Interdiﬀusion

Figure 2.1: Schematic illustration of diffusion processes during epitaxial growth.
The adsorption and diffusion of adatoms on the substrate surface leads to
the formation of clusters of adatoms due to an increased amount of binding
partners. This leads to a supersaturation of the substrate surface, which impacts
the growth mode of the film. The main growth modes found in epitaxial growth of
heterostructures are Frank-van der Merwe, Volmer-Weber, and as a combination of
both, Stranski-Krastanow. [13] The occurring growth mode is strongly dependent
on the difference of the surface free energy ∆γ, which is determined by the energy
of the film surface γf , the interface energy between film and substrate γi and the
substrate surface energy γs :
∆γ = γf + γi − γs

(2.1)

Depending on whether ∆γ is positive or negative, different growth modes
can be observed, as visualised in Fig. 2.2: Frank-van der Merwe growth, also
known as layer-by-layer growth, occurs when the surface energy of the wetted
surface is smaller than the surface energy of the bare substrate (γf + γi < γs ).
This is especially the case for a stronger bonding between film and substrate
than the interaction between the adatoms. A new layer starts to grow only
when the underlying layer is completed, which results in a very smooth and
6
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a)

c)

b)

d)

Figure 2.2: Growth modes during epitaxial growth: a) Frank-van der Merwe,
b) Volmer-Weber, c) Stranski-Krastanow and d) step-flow growth.
well-ordered film surface, as it is depicted in Fig. 2.2a. If there is only a weak
bonding between film and substrate, but a strong interaction between adatoms,
the adatoms tend to form islands, as visualised in Fig. 2.2b. It is energetically
more favourable to form islands than to cover the whole surface of the substrate
(γf + γi > γs ). This growth mode is also known as Volmer-Weber growth. In
heteroepitaxy, often Stranski-Krastanow growth is observed as a combination
of both aforementioned growth modes. In this case, the growth starts with
pseudomorphic layer-by-layer growth, and a transition to island growth or the
incorporation of misfit dislocations is observed at a certain critical film thickness,
as visualised in Fig. 2.2c. This effect is mainly described by the lattice mismatch f
between substrate and film. Typically, a transition to three-dimensional growth
is observed for heteroepitaxy in the case of a large lattice mismatch, while a
small lattice mismatch leads to incorporation of misfit dislocations. [18]
The critical film thickness tc is roughly estimated by the model of Matthews
and Blakeslee as Eq. 2.2, where b represents the Burgers vector, ν Poisson’s
ratio, α the angle between the dislocation and the Burgers vector and λ the
angle between the slip direction and the direction in the film plane, which is
perpendicular to the intersection between slip plane and interface. [19]
b 1 − ν · cos2 α
tc
tc =
ln + 1
2πf (1 + ν) cos λ
b
(︃

)︃

(2.2)

Substrate surfaces with morphological terraces allow a further growth mode
to occur (Fig. 2.2d). Here, the surface diffusion length of adsorbed particles has to
be much larger than the width of the terraces to ensure diffusion over the whole
terrace. Particles can diffuse in all directions over the whole terrace, but prefer
to nucleate at a step edge where most binding partners are available. Particles
which diffuse in the direction of a lower step are reflected at the Schwöbel barrier
at the step edge. [20] On all steps, a simultaneous lateral growth of monolayers
can be observed, which gives it the name step-flow growth. In the case of steps
with different terrace widths, the growth rate of the terraces is not even, which
7
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can lead to step-bunching. Faster growing steps might overgrow underlying steps,
leading to the formation of steps with a height of several monolayers.

2.2

Perovskites
a)

b) αpc

A-site
B-site
O

cpc
bo

ao
apc

Figure 2.3: a) Cubic perovskite structure with blue and green spheres representing
A- and B-site cations, respectively, and red spheres representing oxygen anions.
b) Relationship between pseudocubic and orthorhombic notation.
All materials investigated in this thesis have the general composition ABO3 with
A and B being cations and O oxygen anions. [21] Such materials are well known
as perovskites and offer a huge variety of physical properties (such as dielectrics,
ferroelectrics, semiconductors, ...) and their crystal symmetry strongly depends
on their A- and B-site cations. [5, 6, 7] The crystal symmetry of the composition
can be predicted by applying the Goldschmidt-tolerance factor t, which takes the
ionic radii of A- (RA ) and B-site (RB ) as well as O (RO ) ions into account. [22]
t= √

RA + RO
2(RB + RO )

(2.3)

Compounds with a tolerance factor t > 1.05 (A-site cations too large) or
t < 0.71 (cations too small, or RA ≈ RB ) do not crystallise in perovskite structure.
For a Goldschmidt-tolerance factor of t = 1, the compound crystallises in a perfect
cubic structure. The structure of a cubic perovskite is presented in Fig. 2.3a.
A-site cations occupy the corners of the cube and B-site cations are found in
the centre. O-anions occupy the centre of the faces of the cube and form a
BO6 octahedra. Tilt and distortion of the BO6 octahedra influences the perovskite
structure and thus material properties like piezo- and ferroelectricity.
Compounds with t < 0.9 often exhibit a tilting of the BO6 octahedra, because
the A-site cations are too small to fill the spaces between the octahedra. This
is compensated by tilting the BO6 ocathedra, which minimises the interstitial
8
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spaces. Consequently, the oxygen anions are no longer located at the centre of
the faces of the perovskite cube, which reduces the symmetry of the structure
and tetragonal and orthorhombic structures, for example, are formed.
Perovskites with an orthorhombic crystal symmetry exhibit lattice parameters
(ao , bo and co ), which are relatively difficult to handle and compare to cubic
perovskites. Therefore, orthorhombic lattice parameters are often transferred
into pseudocubic lattice parameters (apc , bpc = cpc ) according to Vailionis et al.
using the following equations: [23]
co
apc =
2

√︂

and bpc = cpc =

a2o + b2o
2

(2.4)

This is only an approximation, which neglects octahedral tilting and, strictly
speaking, is not a cubic but rather a rhombohedral symmetry with the distortion
angle αpc (as depicted in Fig. 2.3b).

2.3

Ferroelectricity

Ferroelectricity is the ability of a material to exhibit a spontaneous electrical
polarisation P , which can be switched by application of an external electric
field. The possibility of spontaneous polarisation is correlated to the symmetry
of the crystal and limits the number of ferroelectric materials. The crystal
symmetry must be polar and have a polar axis and thus offers the possibility of
a spontaneous polarisation. [24, 25]
The polarisation of ferroelectric perovskites arises from the displacement
of the B-site cation from the centre of the unit cell. The polarisation depends
linearly on the displacement length. Since the B-site cation can be displaced in
two states, an up and a down-polarisation state, a ferroelectric hysteresis loop
emerges when switching the polarisation by application of an electric field, as
depicted in Fig. 2.4 for the example of a ferroelectric thin film.
In a pristine state, up and down-polarisation are equally present in the thin
film and thus the total polarisation is zero. The application of an external electric
field aligns all up and down-polarised domains in the thin film in the direction of
the external field and up to a certain saturated polarisation Ps , which describes
9
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the state where all domains exhibit the same polarisation state. Mitigating the
applied electric field results in a slight reduction of the polarisation; however,
even at zero field, a remanent polarisation Pr remains, where some domains have
switched, but the majority remain in their up-state. Increasing the electric field
in opposite direction (negative direction), the coercive field Ec is reached when
remanent polarisation is removed. Further increasing the electric field aligns the
domains in the down-polarisation state up to the saturated polarisation −Ps .
Switching the direction of the electric field results in a similar behaviour and
closes the ferroelectric hysteresis loop.

P
Ps
Pr

-Ec

Ec

E

Figure 2.4: Typical P-E hysteresis loop of a ferroelectric thin film.

2.4

Ferroelectric Field Effect Transistor

A ferroelectric field effect transistor (FeFET) is a field effect transistor (FET)
where the gate is not a simple dielectric, but a ferroelectric layer. The introduction
of a ferroelectric material makes FeFETs suitable for non-volatile memory
applications and additionally makes them more energy efficient, because the
polarisation state of the ferroelectric layer is stable once it is set. [26, 27, 28]

(K,Na)NbO3
LaInO3

Drain

Source

Gate

BaSnO3

Figure 2.5: Schematic of the FeFET investigated in this work.
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In this thesis, a heterostructure consisting of a ferroelectric material, a
dielectric material and a semiconductor were investigated. The structure is
illustrated in Fig. 2.5, where (K,Na)NbO3 represents the ferroelectric material,
LaInO3 the dielectric and BaSnO3 the semiconductor. The materials chosen here
will be described in the following sections and are not of importance for a basic
understanding of the working principle of a FeFET.
Generally, the state of a transistor is defined by the charge carrier density in
the channel layer. This is controlled by the application of a gate bias and with
this, the formation of an inversion layer in the case of an FET. Since the gate is
replaced by a ferroelectric layer in case of a FeFET, the charge carrier density
at the gate is now controlled by the polarisation field of the ferroelectric layer.
Depending on the polarisation state (Pup or Pdown ) charge carriers can either be
depleted or accumulated at the gate. [27] For a full depletion of the channel, the
polarisation has to be strong. For example, a polarisation of Pr = 60 µCcm−2
has been reported for a FeFET using PbZr0.2Ti0.8O3 (PZT) as the ferroelectric
gate and similar values between Pr = 30 − 60 µCcm−2 have been published for a
FeFET based on Hf0.5Zr0.5O2. [26]

a) Channel closed

b) Channel open

Edown Pup

Eup

Pdown

–

e depletion

e– accumulation

- - - - - -

- -

- -- -

Figure 2.6: Visualisation of charge carrier movements and band structure in the
FeFET for the a) Pup - and b) Pdown -state of the ferroelectric layer. The colours
blue, grey and orange correspond to BaSnO3, LaInO3 and (K,Na)NbO3 layers,
respectively.
The FeFET based on the investigated heterostructure works as follows: At
the interface between the semiconducting BaSnO3 and the dielectric LaInO3,
a 2-dimensional electron gas (2DEG) is formed, which leads to the natural
accumulation of free charge carriers at the interface. [29] The formation of the
2DEG at the LaInO3/BaSnO3 interface will be explained in detail in Section 2.6.
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The (K,Na)NbO3 layer exhibits a ferroelectric polarisation in out-of-plane
direction, which generates an intrinsic electric field and is utilised to control
the charge carrier density in the 2DEG. For upwards polarisation, visualised in
Fig. 2.6a, the electric field is oriented downwards, which leads to repulsive forces
at the LaInO3/BaSnO3 interface and thus results in a depletion of the 2DEG.
In this case, the channel is closed and no charge transport between source and
drain is possible. In contrast, for downwards polarisation (Fig. 2.6b), the intrinsic
electric field faces upwards, resulting in attractive forces at the LaInO3/BaSnO3
interface and with this, an electron accumulation in the 2DEG. The channel is
filled with electrons, and charge transport between source and drain is possible.
The ferroelectric gate offers the possibility to switch the polarisation with a pulsed
bias applied to the gate. After breaking the external electric field, the remanent
polarisation remains and holds the selected state of the channel independent from
the gate bias. This makes it suitable for non-volatile memory applications. [26]

2.5

BaSnO3

Barium stannate BaSnO3 is a semiconducting perovskite oxide. It gained a lot
of attention during the past decade due to its remarkable electrical properties,
offering the highest electron mobility of all perovskites to date. In this section, the
structural and electrical properties of BaSnO3 will be described and challenges
for its epitaxial growth will be examined.

2.5.1

Physical Properties

BaSnO3 is an oxide perovskite material with a Goldschmidt tolerance factor of
t = 0.93. [31] A-site lattice positions are occupied by Ba2+ cations and B-site
positions by Sn4+ cations. The atomic structure of the BaSnO3 perovskite unit
cell is depicted in Fig. 2.7a and has cubic crystal symmetry at room temperature,
which is related to space group Pm3̄m. [32] The unit cell has dimensions of
ac = 4.116 Å and with that a unit cell volume of V = 69.73 Å3 . [8]
BaSnO3 is a semiconductor with a band gap of 3.0 eV, as depicted in Fig. 2.7b.
The valence band maximum can be found at the R-point of the Brillouin zone and
the conduction band minimum is located at the Γ-point. [30] This makes BaSnO3
a semiconductor with an indirect band gap. The direct band gap is found at the Γpoint and amounts to 3.2 eV. La-doped BaSnO3 is widely studied in the literature.
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a)

b)
d-states
s-states (Sn)

p-states (O)
Ba

Sn

O

Figure 2.7: a) Cubic BaSnO3 unit cell with lattice parameters of ac = 4.116 Å
and b) band structure of BaSnO3 along with density of states (DOS) identified
for each atomic orbital contribution. Adapted from [30].
La-dopants occupy Ba lattice sites and each La3+-cation contributes one free
electron, making BaSnO3 n-type semiconducting. BaSnO3 single crystals with a
La-doping concentration of 8 · 1019 cm−3 charge carriers reached an electron
mobility of 320 cm2 V−1 s−1 at room temperature. [8] This is the highest electron
mobility ever measured for a perovskite material. For a La-doped BaSnO3 epitaxial
film, an electron mobility of 183 cm2 V−1 s−1 at room temperature at a carrier
density of 1·1020 cm−3 has been reported as a record value [33]. The high charge
carrier mobility can be explained with a closer look at the density of states (DOS)
in the band structure of BaSnO3, which is plotted in Fig. 2.7b. The valence band
maximum is dominated by O-2p states and the conduction band minimum is
described by Sn-5s states. The large curvature of the conduction band at the
Γ-point originates from Sn-5s – O-2p antibonding orbital interactions. This shape
results in a small electron effective mass m∗ = 0.26me and explains the expected
high electron mobility µ according to the relationship µ = eτ /m∗ with e the
elementary charge and τ the average scattering time. [30]

2.5.2

Growth Challenges

The growth of both BaSnO3 single crystals and epitaxial films is challenging for
many reasons. BaSnO3 single crystals are fabricated by means of melt growth, for
which Ba2CO3 and SnO2 source materials are heated higher than 1800 ℃, where
the solid-state reaction BaO + SnO2
BaSnO3 takes place. [34] However, at
such a high temperature, SnO2 is extremely volatile and evaporates from the
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melt. This often leads to an off-stoichiometric composition of the melt, which
results in a high density of defects in the crystal and increases the probability of
the formation of foreign phases. Only the stoichiometric BaSnO3 phase is stable,
while slight variation of the composition results in the formation of different
phases - most commonly Ba-enriched phases that can decompose in water. [35]
In conclusion, the growth of BaSnO3 single crystals is challenging because slight
variations from the exact BaSnO3 composition often result in different chemical
and thus structural phases.
Ba-enriched phases can also be observed in epitaxially grown films. Here, BaO
is typically observed in the form of small islands in surface sensitive measurements
(e.g. atomic force microscopy). Such BaO particles can be dissolved in water at
room temperature reacting to barium hydroxide (BaO + H2O
Ba(OH)2)
and dissolve from the film surface. [35] Only the pure BaSnO3 film resides on
the substrate. Epitaxial growth of BaSnO3 thin films mainly suffers from a lack
of lattice matched substrates. Fig. 2.8 shows a list of commercially available
substrates plotted against their lattice mismatch compared to BaSnO3. [36] It is
clear that there is a huge gap around the unstrained/bulk position of BaSnO3,
indicated by a dashed line. In literature, cubic SrTiO3 is often used as a substrate
for the growth of BaSnO3 films, because it is relatively cheap and available in
good quality. However, it has a lattice mismatch of 5.2 % to BaSnO3 and thus
epitaxially grown films always contain a high density of threading dislocations
(typically in the order of 1011 cm−2 ). [37, 38, 39] Many efforts have been made
to reduce the amount of misfit dislocations and to suppress the formation of
structurally and electrically deteriorating threading dislocations by inserting
buffer layers or using various annealing procedures. [37, 40, 41, 42] However,
electric properties of La-doped electrically conductive BaSnO3 films grown on
SrTiO3 are strongly limited by the high density of dislocations found in the
films. Similar observations have been made for La-doped films grown on MgO
substrates even though the lattice mismatch is only 2.2 %. [37, 43] BaSnO3
films grown on MgO substrates are observed to grow in Volmer-Weber growth
mode, which leads to many defects in the films and again limits the structural
and electrical quality of the BaSnO3 films. Rare-earth scandate (ReScO3 with
Re = Dy, Tb, Gd, Sm, Nd, Pr) substrates offer a huge variety of pseudocubic
lattice parameters between 3.94 Å and 4.026 Å (listed in Tab. B.1). [36, 44] They
all have an orthorhombic crystal symmetry and thus exhibit a slight anisotropy
between the [11̄0] and [001] surface unit cell dimensions, which results in different
14
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strain states in the two directions. For example, the (110) NdScO3 surface unit
cell has dimensions of 2 × 4.014 Å and 2 × 4.002 Å in [11̄0] and [001] direction,
respectively (represented by red and blue symbols in Fig 2.8). This results in a
lattice mismatch of 2.5 % and 2.8 % in [11̄0] and [001] direction, respectively,
compared to BaSnO3 and thus exhibits only half of the average lattice mismatch
between SrTiO3 and BaSnO3. The use of both SrTiO3 and NdScO3 substrates for
the growth of BaSnO3 films will be elaborated in detail in Chapter 4. Conclusively,
due to the lack of lattice matched substrates, the coherent growth of BaSnO3
with high structural quality is challenging and can only be further improved
by developing novel substrates. For this purpose, LaInO3 single crystals were
developed at Leibniz-Institut für Kristallzüchtung, which are perfectly lattice
matched to BaSnO3. [45] The epitaxial growth of BaSnO3 thin films on such
lattice matched LaInO3 substrates will also be discussed in Chapter 4.

MgO
LaInO3
PrScO3
NdScO3
SmScO3
GdScO3
TbScO3
DyScO3
SrTiO3
NdGaO3
LaAlO3

Figure 2.8: Lattice mismatch of commercially available substrates and LaInO3
compared to BaSnO3 with bulk BaSnO3 marked by dashed line. Substrates with
orthorhombic symmetry (i.e. ReScO3) and (110) surface orientation exhibit a
rectangular surface unit cell with slightly different lattice parameter in [11̄0] (red
squares) and [001] (blue spheres) direction. [36]
Besides the gap of lattice matched substrates, composition control of BaSnO3
during growth is also important for epitaxy of films with the highest structural
quality, since the formation of parasitic phases is always likely in a reducing
atmosphere, where especially Sn is very volatile. [33, 46] The formation of
solely the stoichiometric BaSnO3 phase has to be controlled precisely, since
the formation of any off-stoichiometric phase will immediately deteriorate the
electrical performance of the samples grown. [47]
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2.6

LaInO3

Lanthanum indate LaInO3 is a dielectric perovskite oxide. It was mainly
investigated as a LaInO3/BaSnO3 heterostructure forming a conductive interface,
which is also known as 2-dimensional electron gas (2DEG). This experimental
finding of a conductive interface has also been confirmed by theoretical
calculations. [9, 48] In this section, both the structural and electrical properties
of LaInO3, as well as the formation of a 2DEG will be examined.

2.6.1

a)

Physical Properties

b)

c)

Figure 2.9: a) Orthorhombic structure of LaInO3 with its lattice parameters.
b) and c) calculated electronic band structure of LaInO3 with direct band gap of
5.0 eV at the Γ-point. Adapted from [49].
LaInO3 is a dielectric perovskite, where the A-site lattice positions are
occupied by La3+ and B-site lattice positions by In3+ cations. The Goldschmidttolerance factor of LaInO3 is t = 0.78. [31] At room temperature, LaInO3 has
an orthorhombic symmetry, as depicted in Fig. 2.9a with lattice parameters of
ao = 5.706 Å, bo = 5.951 Å and co = 8.216 Å, which corresponds to space group
P bnm. [45] According to Vailionis et al. the orthorhombic crystal structure can be
transferred to a pseudocubic lattice with lattice parameters of apc = 4.107 Å and
bpc = cpc = 4.123 Å. [23] LaInO3 has a direct band gap at the Γ-point of
5.0 eV (Fig. 2.9b) and is thus considered an insulator. It has a dielectric constant
of 24.6 determined for a LaInO3 crystal. [45, 49]
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2.6.2

2-Dimensional Electron Gas at LaInO3/BaSnO3
Interface

Interfaces in oxide heterostructures have been investigated with interest for a
long time. The LaAlO3/SrTiO3 heterointerface is one such example. [50, 51,
52, 53, 54, 55] Both materials themselves are electrically insulating, however
after formation of a LaAlO3/SrTiO3 heterointerface, an electrically conductive
interface is formed. A similar behaviour was observed experimentally by Kim et
al. for the LaInO3/BaSnO3 heterointerface. [9]

a)

Polarity
InO2

-0.5

LaO
InO2

+1

LaO
InO2

+1

LaO
SnO2

+1

b)
CBM
EF

-1

-1

2DEG

VBM

BaSnO3

LaInO3

c)
on MgO

on MgO

-0.5 (2DEG)

BaO
SnO2

0

BaO
SnO2

0

BaO

0

0

0

Figure 2.10: a) Schematic stack for polar discontinuity at the LaO/SnO2
interface resulting in formation of a 2DEG between LaInO3 and BaSnO3.
b) Reconstruction of electronic structure at the heterointerface. c) Experimental
proof of conductance enhancement after interface formation depending on
La-doping concentration in BaSnO3:La layer grown on MgO and SrTiO3
substrates. Adapted from [56].
BaSnO3 basically consists of periodically alternating [BaO]0 and [SnO2]0
monolayers in [001] direction, which are charge neutral. Hence, BaSnO3 is a
non-polar material compound. In contrast, LaInO3 is arranged in periodically
alternating [LaO]+ and [InO2]– layers, making LaInO3 a polar compound. The
arrangement of polar and non-polar compounds leads to a charge discontinuity at
their interface and is visualised in Fig. 2.10a. In the case of a LaO/SnO2 interface
termination the [LaO]+ monolayer contributes a free electron to the interface
and thus an electron excess emerges. This configuration is called 2-dimensional
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electron gas (2DEG), because electrons are confined at the interface. In the
opposite case of a InO2/BaO interface termination, an accumulation of holes
would be observed at the interface, since [InO2]– is one-fold negatively charged.
This configuration is known as 2-dimensional hole gas (2DHG). The effect of a
polar-non-polar interface is described by the polar catastrophe model. [50]
Apart from the interface polarisation, the bending of the BaSnO3 and LaInO3
band structures is also necessary for the formation of a 2DEG. Fig. 2.10b
illustrates the band structure at the interface, where the band gaps of BaSnO3
and LaInO3 are assumed as 3.0 eV and 5.0 eV, respectively. At the interface,
an electronic reconstruction leads to downwards bending of the BaSnO3 bands
and upwards bending of the LaInO3 bands. Depending on how strong the band
bending is, the conduction band may cross the Fermi level, resulting in the
formation of a 2DEG.
A conductance enhancement for the LaInO3/BaSnO3 heterointerface was first
observed by Kim et al. in 2015. [9] In their studies, a conductance enhancement
after interface formation was investigated in dependency of a La-doping of the
BaSnO3 layer grown on MgO and SrTiO3 substrates, as shown in Fig. 2.10c.
For BaSnO3 films grown on SrTiO3 substrates, a conductance enhancement
after the formation of an interface was only observed for a minimum La-doping
concentration of 0.1 %. This has been explained by the compensation of defects
in the BaSnO3 layer, which contains a high density of misfit dislocations as
described in Section 2.5.2. At a La-doping concentration higher than 0.5 %, no
significant conductance enhancement could be observed after the deposition of a
LaInO3 layer. This is ascribed to the intrinsic conductance of the BaSnO3 layer
doped with 0.5 % La, which screens the conductance of the interface. [56]

2.7

(K,Na)NbO3

Potassium sodium niobate (K,Na)NbO3 is a lead-free ferroelectric perovskite with
impressive piezoelectric properties. This makes it very promising as a replacement
for technological devices, where mostly lead-containing, hazardous Pb(Zr,Ti)O3
is utilised. [57] In this section, the structural and ferroelectric properties of
(K,Na)NbO3 will be described. Subsequently, the challenges that often arise
during epitaxial growth of (K,Na)NbO3 thin films will be explained.
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2.7.1

Physical Properties

Figure 2.11: Phase diagram of (K,Na)NbO3 as a function of the ratio between
KNbO3 and NaNbO3. The green frame highlights the composition range
investigated in the frame of this thesis. Adapted from [58].
The KxNa1–xNbO3 compound is a solid solution of KNbO3 and NaNbO3, which
are fully miscible, but undergo several structural phase transitions depending
on the alkaline ratio. [59] KxNa1–xNbO3 is a perovskite material with K+ and
Na+ cations occupying A-site lattice positions and Nb5+ occupying B-site lattice
positions. The Goldschmidt-tolerance factor for the two compounds KNbO3
and NaNbO3 is determined as 0.96 and 0.83, respectively. [31] From pure
KNbO3 up to K0.5Na0.5NbO3, an orthorhombic perovskite phase without oxygen
octahedra tilting is present. At a ratio higher than 50 % sodium (KxNa1–xNbO3
with x < 0.5), various morphotropic phase transitions1 can be observed, as
visualised in Fig. 2.11. [59] The most prominent one is at K0.5Na0.5NbO3, where
an orthorhombic - orthorhombic morphotropic phase boundary is present. For
KxNa1–xNbO3 compositions with less than 50 % potassium (x < 0.5), oxygen
octahedra are tilted, while they are not tilted for compositions with more than
50 % potassium (x > 0.5). A bridging phase at the morphotropic phase boundary
allows the transition from a structure with tilted oxygen octahedra to a structure
without tilting. [60] Such a bridging phase has been reported to exhibit excellent
ferroelectric and piezoelectric properties in bulk material and will be investigated
in this thesis. [61]
1

A morphotropic phase transition describes structural phase transitions depending on the
composition x in the KxNa1–xNbO3 compound.
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Since no structural phase boundaries are observed between K0.5Na0.5NbO3
and KNbO3, the occurring lattice parameters for each composition can be
calculated by linear interpolation according to Vegards law. [62] K0.5Na0.5NbO3
exhibits orthorhombic lattice parameters of ao = 5.6395 Å, bo = 5.6725 Å
and co = 7.8798 Å and KNbO3 has slightly larger lattice parameters with
ao = 5.695 Å, bo = 5.721 Å and co = 7.946 Å. [63, 64] The corresponding
pseudocubic lattice parameters for compositions relevant for the present work
are calculated according to Vailionis et al. and presented in Tab. 2.1. [23]
Table 2.1: Pseudocubic lattice parameters of different KxNa1–xNbO3 compositions
calculated by linear interpolation according to Vegards law. [62]

2.7.2

x

0.5

0.6

0.7
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apc (Å)

3.940

3.947

3.953

3.960

3.966

3.973

bpc = cpc (Å)

3.999

4.007

4.014

4.021

4.029

4.036

Growth Challenges

Growth of (K,Na)NbO3 epitaxial films contains two main challenges. The first
challenge comes from the high volatility of potassium and sodium at high
temperature. [65, 66, 67] Epitaxial growth is usually performed under reducing
atmosphere and at high temperature. Both provoke the evaporation of volatile
elements, which can result in an off-stoichiometric composition of the film and
with this a high density of defects in the form of alkaline vacancies. In order
to reduce the evaporation of potassium and sodium in pulsed laser deposition
(explained in detail in Section 3.1), targets with an excess of both elements are
fabricated. This was especially developed and optimised within my Master’s
thesis for K0.5Na0.5NbO3 targets. [68] There, an alkaline excess of 2.5 % K2CO3
and 2.5 % Na2CO3 was added to the base powder mixture (consisting of K2CO3,
Na2CO3 and Nb2O5) to compensate losses during target fabrication (sintering of
targets at 850 ℃ and 1050 ℃) and epitaxial film growth.
In addition, (K,Na)NbO3 thin films often exhibit a high leakage current. [69, 70] The actual origin of the leakage current is still unclear, but there
are many possible reasons for this: for example, oxygen vacancies due to epitaxial
film growth in reducing atmosphere or alkaline vacancies due to re-evaporation
of the volatile components at high temperature. [67]
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Methods
In this chapter, the experimental methods used in this thesis will be explained,
starting with the growth of thin films by pulsed laser deposition, followed by
structural and electrical characterisation methods used for the investigation
of thin films and heterostructures. Only a brief introduction into the applied
techniques will be given, while more detailed literature is referenced in the
respective sections.

3.1

Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a physical vapour deposition technique and
well known for its great versatility and flexibility in the choice of materials and
deposition parameters. It is therefore widely used in research on oxide films. For
this thesis, more than six different materials were grown epitaxially for different
purposes. Such flexibility is only possible with PLD, making it the most suitable
growth technique for this study.
In this section, only a brief introduction to PLD is given, while I refer to
books by Eason and Koster et al. for detailed information about PLD. [13, 14]

3.1.1

Pulsed Laser Deposition Setup

For this thesis, a commercial PLD setup from SURFACE systems + technology
was customised with modified substrate and target holders for the growth of
structured heterostructures.
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Figure 3.1: Schematic illustration of the PLD setup used for this thesis.
A basic sketch of the PLD setup is shown in Fig. 3.1 and consists of a high
energy laser, a vacuum chamber with a target carousel and a heatable substrate
holder. The vacuum chamber has a base pressure below 10−6 mbar and can
be operated at a pressure of up to 0.5 mbar. Oxygen is used as process gas.
A pulsed KrF Excimer Laser (Coherent COMPexPro 201) with a wavelength
of 248 nm and a pulse duration of 25 ns is applied. The laser beam is shaped
by an aperture and imaged by a set of mirrors and lenses on the surface of a
ceramic target. The energy of the laser pulses is measured by a fluence meter
on the opposite side of the vacuum chamber. Up to four ceramic targets can
be placed on a target carousel located on the lower part of the chamber. The
target carousel enables uniform ablation of the target material during growth
process by rotating the targets around their own axis and at the same time
oscillating the target carousel with an amplitude of the target radius. In this way,
the whole surface area of the target is ablated. Ceramic targets with a diameter
of up to 25 mm are positioned in a target-holder, which was newly developed to
guarantee a levelled surface of the target. This ensures a homogeneous growth of
epitaxial films, which would not be the case for an uneven target surface since
the plasma plume is always perpendicular to the target surface. A substrate
heater is positioned right over the ceramic target, which is hit by the laser beam.
Under high vacuum conditions, a substrate temperature of up to 1000 ℃ can be
reached by the resistive heater. However, the maximum substrate temperature
is reduced to 900 ℃ in an oxygen partial pressure higher than 10−3 mbar. On
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the substrate holder, substrates of a size up to 10 × 10 mm2 can be mounted by
applying liquid silver paste. The distance between substrate heater and target
can be varied between 45 mm and 90 mm. In order to monitor the film growth in
situ, a high pressure reflection high-energy electron diffraction (RHEED) system
kSA400 by k-Space Associates is equipped to the chamber. This system consists
of an electron gun, where electrons are emitted from a tungsten filament and
are focused and accelerated to 30 keV by a set of electric fields. The electron
beam is focused on the substrate and a diffraction pattern can be imaged on a
fluorescent screen on the opposite side of the chamber.

3.1.2

Fundamentals and Growth Parameters

For PLD, a pulsed laser beam is focused on a ceramic target, where the energy
of the laser beam is absorbed. This results in a rapid temperature increase and
a coulomb explosion of the material, since the wavelength of the laser beam
is 248 nm (5.0 eV), which is much larger than the band gap of the materials
studied in this thesis. The material and composition of the target are assumed
to be the same as the material and composition of the film. Excited particles
(ions, molecules and clusters) are highly accelerated and form a plasma plume
perpendicular to the target surface. The elastic scattering of plasma particles with
molecules of the ambient atmosphere (O2) broadens the plasma and essentially
shapes the plume. The substrate right over the target is heated to several
hundred degree Celsius, which is very cold compared to the plasma plume. Thus,
particles condensate on the substrate surface and eventually form an epitaxial film.
To enable the formation of a well-ordered and smooth film, the growth
parameters need to be adjusted for every material. The most crucial parameters
for the materials studied in this thesis are: Laser-fluence E and frequency ν, targetsubstrate distance dts , substrate temperature Ts and oxygen partial pressure pO2 .
In the following, a brief explanation of these parameters is given.
Laser Parameters
The energy of the applied laser is determined by the high voltage applied to the
laser cavity. The laser fluence E is defined by the laser energy per area and laser
pulse on the surface of the target. The laser spot size can be adjusted by the
optical setup installed to the system. It should be considered that the laser beam
has a certain energy profile and is slightly divergent. To counteract such intrinsic
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properties, an aperture is installed in the optical path. Two lenses are used to
focus and shape the laser spot on the target surface. In this way, a homogeneous
and well-collimated laser beam is generated and enables the reproducible ablation
of material from the target surface. The amount and kinetic energy of ablated
specimens are proportional to the laser fluence and thus the spatial distribution
of particles in the plasma plume. Additionally, the laser frequency ν directly
influences the supersaturation of particles on the substrate and with this, film
growth mode and growth rate. A high laser frequency on the one hand leads to
a shorter time for diffusion on the surface, but can also prevent a re-evaporating
of volatile elements, which would lead to an off-stoichiometry of the grown film.
In conclusion, laser parameters must be determined properly for every material,
because they strongly influence the growth mode, composition and structure of
the epitaxial film.

Heated substrate

Plasma plume
Figure 3.2: Snapshot of a plasma plume during film growth. Particles are
accelerated to the substrate surface and, as visible at the substrate surface,
can remove particles from the already deposited film, which are consequently
sputtered out of the film.

Target-Substrate Distance dts
The kinetic energy of particles and scattering with ambient gas molecules in the
plasma plume are dependent on the mass of respective particles. Light and heavy
specimens are differently distributed in the propagation direction of the plume
due to their different deflection at ambient oxygen molecules. Consequently, the
ratio between light and heavy particles adsorbed at the substrate is dependent
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on the distance between target and substrate, and thus the composition of the
film is influenced by the target-substrate distance. At a distance close to the
target, a risk of highly energetic particles arriving at the substrate is expected,
which leads to a high potential of back sputtering of atoms that have already
been deposited (as it is visible at the substrate in Fig 3.2). In the opposite case,
where the substrate is far above the target, an non-uniform film thickness is often
observed over the substrate surface. In addition to effects on the film composition,
the growth rate is also influenced by the distance, and increases the closer the
substrate is to the target.
Substrate Temperature Ts
The diffusion of adsorbed particles is correlated to the substrate temperature.
The higher the temperature, the longer the diffusion length of adatoms. This leads
to a better structural ordering of the film and eventually layer-by-layer growth.
However, with increasing substrate temperature, desorption also increases, which
reduces the growth rate and increases the amount of structural defects. Volatile
elements are particularly likely to desorb from the substrate surface and can lead
to an off-stoichiometry of the grown film.
Oxygen Partial Pressure pO2
Oxide films in PLD are usually grown under an oxygen partial pressure between
10−5 mbar and 10−1 mbar. The oxygen partial pressure has a crucial influence
on film growth. It influences the oxidation of the metal ions, determines the
kinetic energy of particles in the plasma and the spatial distribution of particles
in the plasma.
Growth under low oxygen pressure leads to the formation of a high amount
of oxygen vacancies in the film. Moreover, as already pointed out for the targetsubstrate distance, ablated specimens have a high kinetic energy, which can be
reduced by scattering with ambient gas molecules. A high oxygen partial pressure
leads to many scattering events on the path from target to film and reduces the
energy of the particles. However, lighter particles are more deflected than heavier
particles. This drastically changes the distribution of light and heavy particles in
the plasma from the direct path between target and substrate. A high oxygen
partial pressure also reduces the growth rate, due to more scattering events.
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3.1.3

Fabrication of Structured Samples

The fabrication of structured samples is an important part of this thesis.
Structuring is necessary to enable electric measurements (e.g. Van-der-Pauw
measurements) at the interface between two films, or to fabricate FET devices.
Here, investigations of the electric properties of the interface between BaSnO3
and LaInO3 are of particular interest. A special substrate holder, which does not
only hold the substrate at a fixed position, but also enables the use of stencil
masks, was designed and is presented in Fig. 3.3. Substrates (yellow) with a
size of 5 × 5 mm2 are fixed with silver paste on the substrate holder. Stencil
masks (purple) with a total size of 10 × 10 mm2 can be attached on top of the
substrate with a fixation plate (green). In this position, substrate and stencil
masks are always well aligned to each other. The applied stencil masks are
made of Si and enable accurate structuring since the desired pattern can be well
defined by etching.
a)

b)

BLS
O4

BLS
O4

c)

BLS
O4

LIO BLS
O4

BLSO

BLSO

BLSO

Substrate

Substrate

Substrate

Figure 3.3: Fabrication of structured heterostructures: a) Coating of whole
substrate surface (yellow) with BaSnO3:La (BLSO) by using the bare substrate
holder (grey). b) Deposition of highly conductive BaSnO3:4 % La (BLSO4)
contacts in the four corners of the substrates by applying a suitable stencil
mask (purple), which is fixed by a fixation plate (green). c) Growth of dielectric
LaInO3 (LIO) between the contacts by application of a different stencil mask.
The fabrication of structured samples for investigations at the LaInO3/BaSnO3
interface was performed in three consecutive steps. First, the entire surface of the
substrate was coated with BaSnO3 without the use of a stencil mask. In a second
step, a stencil mask with a pattern that enabled coating of the four corners of
the sample was attached to the substrate. Deposition of 50 nm BaSnO3:4 % La
through the stencil mask ensured conductive ohmic contacts for measurements
in a Van-der-Pauw configuration. In a last step, a square stencil mask which
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slightly overlapped with the previously grown BaSnO3:La contacts was applied
to the sample and a LaInO3 thin film was deposited through the mask. In doing
so, the previously deposited BaSnO3:La contacts were not coated entirely with
LaInO3 and could still be used for additional measurements in Van-der-Pauw
configuration at the LaInO3/BaSnO3 interface.

3.2

Structural Characterisation of Thin Films

In this section, all techniques used for the structural characterisation of epitaxial
thin films are described, beginning with investigations of surface properties by
means of atomic force microscopy. This if followed by more detailed structural
insights into the atomic structure of the films determined by X-ray diffraction,
and finally electron microscopy techniques.

3.2.1

Atomic Force Microscopy

b)
Force

a)
Laser
diode

Photo
detector

Cantilever
Sample

Repulsion
(Contact)
Distance
Attraction
(non contact)

Tip

Figure 3.4: a) Schematic illustration of an AFM and b) Lennard-Jones potential
visualising attractive and repulsive forces between tip and surface with respect
to their distance. Adapted from [71].
Atomic force microscopy (AFM) is applied to investigate the surface
morphology and roughness of thin films and substrates. In principle, a sharp tip
with a nominal radius of 2 nm is attached to the apex of a cantilever (Fig. 3.4).
The tip approaches the surface of the respective sample until both are in
contact (contact mode). The force between tip and surface is described by a
Lennard-Jones potential (Fig. 3.4b), where either attractive Van-der-Waals or
repulsive Coulomb interaction dominates the force between tip and surface,
depending on their distance. The deflection is measured via a laser spot on the
backside of the cantilever, which is reflected onto a photodiode. The sample
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surface is scanned by precise movement of the cantilever in x and y direction via
application of piezoelectric crystals, while the force between tip and sample is
kept constant by adjusting the z-position of the cantilever. The deflection of the
cantilever depending on its x and y position results in a map of the topography
of the sample surface.
In this thesis, a Bruker Dimension Icon AFM device is used for all
measurements. The device is operated in PeakForce Tapping mode, where the tip
periodically taps the sample instead of being in constant contact. This extends the
lifetime of the tip and reduces harm to the sample surface. Images are captured
with a resolution of 384 × 384 pixels with a scanning rate of 0.7 Hz. With the
device, a vertical resolution of 0.1 nm is feasible, while the lateral resolution is
usually in the range of 1 nm depending on the quality of the tip.

3.2.2

High-Resolution X-ray Diffraction

High-resolution X-ray diffraction (HRXRD) was performed to investigate
various structural properties of epitaxial thin films such as film thickness,
defect density, strain state and phase analysis. For a detailed introduction to
HRXRD measurements, I refer to books by Schmidbauer and Spieß et al., while
a brief summary of principles important for this thesis will be given in the
following. [72, 73]
The basic principle of X-ray diffraction relies on the Bragg-equation (Eq. 3.1),
where a crystal structure is considered as an infinite periodic repetition of unit
cells forming net planes with a distance dhkl . The Bragg equation is only fulfilled
for X-rays inciding under a certain angle θB , the so-called Bragg angle, which is
characteristic for every material.
λ = 2dhkl · sin θB
(3.1)
The distance dhkl between the net planes of a crystalline material with
orthorhombic or cubic crystal symmetry in a certain direction is determined by
the Miller indices (h, k, l) and the lattice parameters (a, b, c) according to:
orthorhombic:
cubic:

1
dhkl
1
dhkl

=

⌜
⃓(︄ )︄2
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√
=
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Figure 3.5: Schematic illustration of the scattering geometry in HRXRD
measurements in an extended Ewald construction.
The basic principle of the Bragg equation can be transferred to reciprocal
space (Fig. 3.5), where the incidence beam is parameterised as a wave vector ⃗k i
with length 2π/λ inciding the sample under an angle ω, which is measured between
the X-ray source and the sample surface. The diffracted beam is consequently
emitted as wave vector ⃗k f with the same length. The Bragg equation is only
fulfilled in reciprocal space if the scattering vector ⃗q = ⃗k f − ⃗k i is equal to a
⃗ . This is commonly known as the Laue equation:
reciprocal lattice vector G
⃗
⃗q = G

(3.4)

Deriving from the schematic illustration in Fig. 3.5, known as extended Ewald
construction, the scattering vector ⃗q can be described by the angles ω and 2θ in
angular space. Accordingly, ⃗q can be split into its components parallel q∥ and
perpendicular q⊥ to the sample surface, which are described by the following
equations:
2π
q∥ =
(cos (2θ − ω) − cos (ω))
(3.5)
λ
2π
(sin (2θ − ω) + sin (ω))
(3.6)
q⊥ =
λ
In this thesis, two main types of HRXRD measurements were performed,
namely 2θ − ω and Rocking curve (ω-scan) measurements. For 2θ − ω
measurements, both detector and sample are rotated with a relative angular ratio
of 2 : 1. The direction of the scattering vector ⃗q is kept constant, while its length
is varied, resulting in information about the distance between the netplanes of
the crystal structure. In contrast, for Rocking curve measurements, the angular
position of the detector (2θ) is fixed and only the angle of the sample (ω) is
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varied. The angle between k⃗i and k⃗f remains unchanged and the length of the
scattering vector ⃗q is constant, while its direction is varied.
A combination of both measurements is called reciprocal space
mapping (RSM), where the fact that both scan types are perpendicular
to each other on a local scale is utilised. Such measurements require a very long
time, since a Rocking curve measurement has to be performed for every length
of ⃗q . This could be resolved by application of an area detector, which scans a
2θ-area around every ω-angle and thus reduces the measurement time drastically.
For this thesis, two devices were applied: a Bruker D8 Discover and a Rigaku
Smartlab. The Bruker device was mainly used for 2θ − ω measurements as
well as Rocking curve measurements, while the Rigaku device was additionally
used for reciprocal space mappings, because it is equipped with a HyPix-3000
area detector. Both devices operate with CuKα1 radiation with a wavelength
λ = 1.5406 Å in parallel beam geometry. A 2-bounce Ge (220) channel cut
monochromator is used in combination with a Göbel mirror to select Cu-Kα1
radiation and several slits are applied to collimate the beam. [74] The beam
diffracted at the specimen is measured by a detector after passing several slits
and a Soller aperture, which together ensure high angular resolution.

Figure 3.6: a) 2θ − ω scan of a (K,Na)NbO3 thin films grown on DyScO3
substrate around the symmetric (110) Bragg reflection of the DyScO3 substrate.
b) Reciprocal space map of a SrSnO3 thin film grown on a (110) NdScO3 substrate
in the vicinity of the asymmetric (332) substrate peak. The position of bulk
SrSnO3 is indicated by a black x.

30

3.2 Structural Characterisation of Thin Films

Heteroepitaxy of thin films allows the structure of the grown films to
be altered by the application of substrates with different lattice parameters.
From 2θ−ω measurements around symmetric Bragg reflections on such structures,
the vertical lattice parameter as well as the thickness of the single layers can
be determined, as depicted in Fig. 3.6a. The vertical lattice parameter of the
film can be derived from the relative angular distance between the film and
substrate peaks:
df − ds
θf − θs
∆d
=
=−
(3.7)
ds
ds
tan θs
Here, df and ds describe the vertical lattice parameters of film and substrate
respectively, where the lattice parameter of the substrate is considered as a
known reference. θf and θs describe the Bragg angles of film and substrate,
respectively. Using Eq. 3.7, the vertical lattice parameter of an epitaxial film can
be calculated as:
]︄
[︄
θf − θs
(3.8)
df = ds · 1 −
tan θs
Thin films with high structural quality and thus a sharp interface between
substrate and film as well as a smooth film surface and uniform film thickness
exhibit thickness fringes on each side of the film peak. An evaluation of the
distance between the minima of the fringes (∆θmin ) provides information about
the film thickness t.
λ · sin θf
t=
(3.9)
∆θmin · sin(2θf )
RSM measurements around an asymmetric Bragg reflection give information
about in-plane and out-of-plane lattice parameters of the grown films and thus
allow the evaluation of their strain state. An exemplary RSM of a SrSnO3 film
grown on a (110) NdScO3 substrate is presented in Fig. 3.6b. The RSM is
performed around the asymmetric (332) Bragg reflection of the NdScO3 substrate
and shows the SrSnO3 film peak right below the substrate peak. The main
in-plane contribution of the film peak appears at the same reciprocal q∥ position
as the substrate. However, the film peak in Fig. 3.6b shows a slight asymmetric
broadening in the direction of the nominal q-position of unstrained bulk SrSnO3
(indicated by black x). This is considered as an onset of partial plastic relaxation
of the film structure. In the case of a fully relaxed layer, a broad film peak would
appear with its main contribution at the position of the bulk value.
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3.2.3

Electron Microscopy

Electron microscopy is used when inter-atomic investigations are necessary. It
allows the imaging of atomic distances in the Å-range and provides information
about the formation of defects, which is important for the growth and optimisation
of epitaxial thin films.
In this thesis, scanning electron microscopy (SEM) was applied in combination
with energy dispersive X-ray spectroscopy (EDX) using a FEI Nova 600
to image the surface morphology of selected samples and investigate their
local chemical composition. Transmission electron miscroscopy (TEM) and
scanning transmission electron microscopy (STEM) was performed using a
FEI Titan 80-300 microscope operated at 300 kV. Cross sectional TEM samples
were prepared by plane parallel polishing of the specimen. Argon ion-milling
was executed at liquid nitrogen temperature and beam energies between
4.0 and 0.2 keV using a precision ion polishing system (PIPS).
For a detailed introduction to TEM measurements, I refer to Williams and
Carter, while a brief introduction to the techniques applied for this thesis will be
given in the following. [75]
Scanning Electron Microscopy
SEM is applied in combination with EDX to investigate the surface morphology
and chemical composition of the sample. For this purpose, the sample surface
is scanned with a focused electron beam, where secondary electrons are excited
in the investigated material and are used to record an image of the surface
morphology. Simultaneously, X-rays are emitted in electron microscopy and
can be utilised for local chemical material analysis. X-rays can be detected
in the electron microscope with the help of an X-ray detector. The measured
EDX spectrum provides information about the local element composition of
the material. In addition, EDX element distribution images (mappings) can be
created within the scope of EDX analysis. For this purpose, the distribution of
the elements in the surface is displayed as an image.
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Transmission Electron Microscopy
For TEM, free electrons are emitted by a field emission electron gun and are
accelerated by high electric fields. Subsequently, condenser lenses are applied to
form a parallel electron beam, which illuminates the specimen. Electrons passing
the specimen are scattered in an elastic, coherent scattering process (Bragg
scattering). Thus, the exiting beam consists of transmitted and Bragg diffracted
electrons. The application of an aperture allows the selection of one of the two
contributions. Selection of the Bragg-scattered electrons results in the so-called
dark field image, while a bright field image is detected for transmitted electrons.
The difference in contrast between the two imaging modes is a consequence of the
deviation from Bragg’s law due to disorder in the lattice caused by dislocations,
vacancies or interstitials, for example.
In this thesis, mainly two TEM modes were applied: high resolution TEM (HRTEM) and scanning TEM (STEM). The contrast observed
in HRTEM images is achieved by a phase shift of the electron wave as it interacts
with the potential of the atoms in the material. This phase shift is correlated
to the thickness of the specimen and results in a signal with high intensity at
positions of atomic columns. In STEM mode, a focused electron beam scans over
the specimen, where electrons are elastically scattered at each scanning point.
An annular detector collects electrons scattered in either high angles (high angle
annular dark field HAADF) or low angles (LAADF) from the optical axis and
creates a dark field image. The contrast in such images is usually influenced by
the average atomic number of the investigated atomic columns, which determines
the scattering angle of the electrons.

3.3

Electrical Characterisation of Thin Films

In this section, techniques and models applied for the electrical characterisation
of thin films are described briefly. Semiconducting BaSnO3:La thin films
were electrically characterised by means of Hall effect measurements, while
(K,Na)NbO3 thin films often exhibit a leakage current, which was investigated by
Current-Voltage measurements to reveal potential charge transport mechanisms.
For a detailed introduction to the theory of electric characterisation techniques
and transport models, I refer to books by Sze et al. and Kittel. [25, 76]
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3.3.1

Hall effect Measurement

V
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Figure 3.7: 4-point probe configuration for Hall effect measurements.
Hall effect measurements were performed to investigate the electric properties of
semiconducting thin films such as resistivity, charge carrier concentration and
mobility. Measurements in Van-der-Pauw geometry allow the direct determination
of the film resistivity in a 4-point probe setup (Fig. 3.7). A constant current is
applied between two of the contacts, while the voltage drop is measured between
the other two contacts. The resistance R can then be determined between all
contacts using Ohm’s law Rij,kl = Vkl/Iij , with i, j the contacts, which supply a
constant current I and k, l the contacts, between which the voltage drop V is
measured. The overall resistivity ρ of the sample with film thickness t is then
given by:
πt R12,34 + R23,41
ρ=
(3.10)
ln(2)
2
It is important to note that some requirements need to be fulfilled for a
reliable measurement: The contacts should be sufficiently small and be attached
at the circumference of the sample. Furthermore, the sample needs to be
homogeneous in film thickness and composition within the measured area.
The contacts used for Hall effect measurements at room temperature are
composed of an In/Ga-eutectic solution, which is liquid at room temperature
and applied in small droplets to the corners of the sample. For temperaturedependent Hall effect measurements, contacts made of 80 nm Ti covered by 30 nm
Au are evaporated through a shadow mask on the corners of the sample using
an e-beam evaporator. Hall effect measurements were performed using a Lake
Shore HMS7504 with a magnetic field strength of B = 0.3 T. The application of
the magnetic field perpendicular to the sample surface allows the calculation of
the Hall mobility by measuring the change of resistance with and without the
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magnetic field according to Eq. 3.11.
µH =

t R13,24 (0) − R13,24 (B)
B
ρ

(3.11)

With results from Eq. 3.10 and 3.11 the charge carrier concentration of the thin
film is given by:
1
N=
(3.12)
qρµH
Hall effect measurements also give information about the majority charge carriers
(electrons or holes), which can eventually be deducted from the sign of N .

3.3.2

Current-Voltage Measurement

Current-Voltage (I-V) measurements were performed at room temperature to
investigate the leakage current behaviour in (K,Na)NbO3 thin films. For this
purpose, thin films were grown on an epitaxial electrically conductive bottom
electrode (e.g. SrRuO3) or on an electrically conductive substrate (e.g. SrTiO3:Nb).
For I-V measurements, 80 nm thick Pt-contacts were deposited as Schottky
contacts through a shadow mask on the thin (K,Na)NbO3 film using an e-beam
evaporator. In this way, contacts with a diameter of 150 µm, 200 µm and 300 µm
were prepared. A photograph of the contact structure is presented in Fig. 3.8a. The
bottom electrode was contacted by applying conductive silver paste all around the
substrate edges. The entire sample structure fabricated for I-V measurements is
sketched in Fig. 3.8b. Measurements were performed by application of a Keithley
237 source measure unit and an aixACCT AIXDBLI test system.
a)

b)

top contact
Pt

conductive
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bottom electrode
substrate

1 mm

Figure 3.8: a) e-beam evaporated pattern of Pt-contacts on a sample surface.
b) Heterostructure and 2-point measurement configuration for I-V measurements.
I-V measurements enable the determination of a charge transport mechanism
in the thin film. Many different charge transport mechanisms are known for
thin films and are influenced by different film properties such as doping level,
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thickness, defect density and defect type, which essentially lead to the formation
of defect states within the band gap. The most simple charge transport model is
Ohm’s law, given by:
J = σE

(3.13)

with J the current density defined as J = I/A with A the contact area, σ the
electrical conductivity and E the applied electric field. More complex transport
models consider the formation of a barrier, band bending, tunneling and the
contribution of traps to the charge transport. Such models include Schottky
emission, Fowler-Nordheim tunneling and Poole-Frenkel emission. Since the
focus of this study was on the growth and structural properties of perovskite
thin films, the analysis of the electrical properties of ferroelectric (K,Na)NbO3
films was performed only with consideration of the Schottky model. Even if
this does not allow for a complete description, it does predict fundamental
dependencies. Considering the investigated heterostructure in the Schottky model
as a metal-semiconductor interface, band bending should be observed due to
the different work function of the metal electrode W and the electron affinity of
the semiconductor EEA , leading to an effective barrier height Φ, which can be
controlled by application of an external electric field E as Φ = W − EEA + E.
The current density through this barrier is described by the Schottky model:
(︄

qΦ
J = A T · exp −
kB T
∗

)︄ [︄

2

(︄

qE
· exp
ηkB T

)︄

]︄

−1

(3.14)

with A∗ the Richardson constant, T the temperature, q the elementary charge,
kB the Boltzmann constant and η the ideality factor. From the equation it can be
concluded that the respective device has a reverse and a forward direction, which
makes it a so-called Schottky diode. For an ideal Schottky diode, an ideality
factor η = 1 applies, however for a real device, larger values can be obtained,
which mainly affect the current in forward direction and can for example be
ascribed to insulating interface layers.

36

4
Epitaxy of Barium Stannate Thin
Films
In this thesis, BaSnO3 thin films were grown at Leibniz-Institut für
Kristallzüchtung for the first time. For this purpose, the PLD technique
was applied and growth conditions had to be determined for the growth of
epitaxial, stoichiometric and phase-pure BaSnO3 thin films. Different substrates
were employed to investigate their influence on the epitaxial growth of BaSnO3
thin films. First, (100) SrTiO3 substrates were applied for optimisation of growth
conditions, while (110) and (111) SrTiO3 substrates were used to study different
BaSnO3 growth orientations. (110) NdScO3 substrates were employed during
a research stay at Seoul National University to investigate the formation of a
2DEG at the LaInO3/BaSnO3 interface. Finally, LaInO3 was developed as the
ideal substrate for epitaxy of BaSnO3 thin films with the highest structural quality.
The results presented in this chapter were not only obtained by myself:
J. Stöver and M. Pietsch conducted Hall effect measurements, O. Bierwagen
performed capacitance-voltage (C-V) measurements, M. Zupancic and
R. Schewski provided TEM measurements and S. Bergmann helped with
SEM/EDX measurements. Theoretical data were calculated by W. Aggoune.
I supervised R. Ravindran during her master thesis, which focused on the
optimisation of BaSnO3 growth conditions using PLD. My experimental
contribution is focused on sample preparation, HRXRD and AFM measurements.

37

4. Epitaxy of Barium Stannate Thin Films

4.1

Optimisation of Growth Conditions

In order to develop a suitable growth routine for BaSnO3 thin films by PLD,
deposition parameters such as substrate temperature, laser parameters, gas
pressure and target-substrate distance have to be optimised. As a starting
point, the growth parameters for PLD published in the literature were applied.
Kim et al. found a suitable substrate temperature Ts of 750 ℃, an oxygen partial
pressure pO2 of 0.13 mbar and a laser energy E of 1.5 J/cm2 at a pulse repetition
rate ν of 10 Hz. [9]

Figure 4.1: a) HRXRD 2θ − ω scans in the vicinity of the (200) SrTiO3 substrate
Bragg reflection of BaSnO3:4 % La films grown at different target-substrate
distances and b) carrier density N and Hall mobility µ gained from Hall effect
measurements of the same films as a function of the target-substrate distance dts .
In the literature, the target-substrate distance dts is described as one of
the most crucial PLD parameters to obtain phase-pure BaSnO3 films. [77]
Therefore, this parameter was systematically changed between 50 and 65 mm.
As an optimisation approach, 110 nm thick BaSnO3 films with 4 % La-doping
were grown on SrTiO3 substrates at different target-substrate distances. In
Fig. 4.1a, HRXRD 2θ − ω scans in the vicinity of the (200) Bragg reflection
of the SrTiO3 substrate are depicted. The HRXRD pattern of BaSnO3:La thin
films grown at a distance dts of 50 mm exhibit the SrTiO3 substrate and BaSnO3
film peaks at 46.5° and 43.8°, respectively, and additionally two very distinct
peaks at 42.7° and 44.8°. They are presumably related to a Sn-rich phase, but
could not be assigned to a specific chemical composition. Well pronounced
thickness oscillations are visible on both sides of the film peak, which indicate a
smooth surface and interface as well as high structural quality. The two extra
peaks vanish with the application of a distance of 55 mm, but the observed
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thickness oscillations of the BaSnO3:La film become slightly irregular, indicating
inhomogeneities in the film. These inhomogeneities completely disappear in
the film grown at a distance of 60 mm, and very regular thickness oscillations
occur around the BaSnO3:La film peak, indicating a high structural quality of
the thin film. At a distance of 65 mm the regular arrangement of the thickness
oscillations is lost and a more irregular arrangement emerges. Some oscillations
have a higher amplitude than others, thus appearing as a superposition of two
oscillations. This is related to a disturbed lattice, which is presumably correlated
with a Ba-excess of the film where Ba-enriched regions are formed.
In order to understand what happens when the target-substrate distance is
changed, the scattering events of Ba and Sn with oxygen molecules have to be
considered. In the chosen oxygen partial pressure of pO2 = 0.13 mbar, the Ba
and Sn species experience a large number of collisions with O2 molecules on their
path towards the substrate. The lighter Sn with an atomic number of Z = 50
experiences larger momentum loss and a higher scattering angle than the heavier
Ba with an atomic number of Z = 56 for each scattering event. Hence, multiple
collisions with oxygen molecules during propagation of the plasma plume lead to
a broader angular distribution of Sn than that of Ba in the substrate direction.
This ultimately leads to an increased incorporation of Ba species in the film
with increasing target-substrate distance dts or vice versa, with Sn rich phases at
smaller target-substrate distances. [78, 79]
Such variation of the cation ratio in the BaSnO3 films strongly affects their
electric properties. Fig. 4.1b depicts the corresponding results from Hall effect
measurements of films grown at different distances. Here, the charge carrier
density and Hall mobility at room temperature are of great interest. It is clear
that the cation ratio and thus the structural quality of the BaSnO3:La films are
strongly related to their electric performance. Thus, as it has been concluded
from HRXRD measurements, the Hall mobility has its highest value for the
stoichiometric film grown at a target-substrate distance of 60 mm and reaches
58 cm2 V−1 s−1 at a carrier density of 3.6 · 1020 cm−3 . Interestingly, it can be
observed that the mobility of the samples drops drastically to 10 cm2 V−1 s−1 at
an increased distance of 65 mm, while it decreases to 20 cm2 V−1 s−1 at a distance
of 55 mm. It is assumed that variation of the target-substrate distance leads
to different cation rations and thus to different kinds of defects. The reduced
carrier mobility and density in both off-stoichiometric films are assumed to be
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2–
related to the formation of point defects, like Ba-vacancies (VBa
) in Sn-rich films
4–
or Sn-vacancies (VSn
) in Ba-rich films. These can capture electrons, but also act
as scattering centres for free electrons. [80, 81, 82] The drastic decrease in carrier
density for films grown under Ba-rich conditions is very likely to be related to
–
the occupation of Sn-vacancies by La-dopants (LaSn
). These in turn lead to the
+
formation of acceptor defects, which are likely to compensate La-donors (LaBa
).
This results in self-compensation of the initially introduced electrons and thus a
reduced charge carrier density. [77, 80, 81] In addition, the observation of an
irregular HRXRD pattern can be related to the formation of Ba-rich clusters,
which act as additional scattering centres for free electrons and reduce the
electron mobility.

In contrast, Ba-vacancies formed under Sn-rich conditions are firstly occupied
by La-dopants, which can be up to 4 % for the case of 4 % La-doping. Sn-rich
phases are formed only in the case of a larger deviation from the stoichiometric
composition. These phases are visible in the HRXRD pattern at dts = 50 mm
(see Fig. 4.1a).
From the investigations presented, an optimised target-substrate distance dts
of 60 mm could be determined. Here, a pure BaSnO3 is formed in the thin film
and no additional phases were observed. The target-substrate distance emerged
as a sensitive parameter; however, since the Hall mobility is still limited to
58 cm2 V−1 s−1 other PLD parameters are expected to influence the structural
and electric properties of the grown BaSnO3:La films. Such PLD parameters,
including substrate temperature Ts , laser spot size and pulse repetition rate ν as
well as oxygen partial pressure pO2 , were investigated in the frame of a Master’s
thesis by R. Ravindran with the topic “Epitaxial Growth of Undoped and Ladoped BaSnO3 Thin Films by Pulsed Laser Deposition”. [83] Additionally, the
lateral homogeneity of film deposition on the substrate carrier was investigated
here. As a result, the optimised growth conditions are given in Table 4.1. These
parameters were fixed for all depositions.
Table 4.1: Optimised growth conditions for epitaxial growth of phase pure
epitaxial BaSnO3 thin films by PLD.
Ts

p O2

dts

E

ν

750 ℃

0.13 mbar

60 mm

50 mJ

10 Hz
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4.2

Growth of BaSnO3 on Different Substrates

BaSnO3 films were grown on various substrates with different lattice mismatch in
order to investigate the impact of the lattice mismatch on the formation of misfit
and threading dislocations and to improve the electric properties of the films.
Moreover, SrTiO3 substrates are available with different surface orientations and
allow the study of surface energy and morphology of BaSnO3 films grown with
different orientations.
The substrates investigated were chosen with respect to their lattice mismatch
to BaSnO3. Commonly, film growth is optimised on commercially available
(100) SrTiO3 substrates, which exhibit a lattice mismatch of 5.2 % to BaSnO3.
In order to improve the structural quality of the films, the lattice mismatch is
reduced by a factor of two by choosing (110) NdScO3 substrates. Such a lattice
mismatch of 2.6 % is still large and results in a high density of misfit dislocations.
Consequently, the growth of a new substrate was developed by Galazka et al.
in 2021. [45] Orthorhombic LaInO3 substrates with (110) surface orientation offer
pseudocubic lattice parameters similar to those of BaSnO3 and are auspicious
for films with low defect density and great electric properties. [84]

MgO
LaInO3
PrScO3
NdScO3
SmScO3
GdScO3
TbScO3
DyScO3
SrTiO3
NdGaO3
LaAlO3

Figure 4.2: Lattice mismatch of commercially available substrates and LaInO3
compared to BaSnO3 with unstrained BaSnO3 marked by dashed line. Substrates
with orthorhombic crystal structure (i.e. ReScO3) and (110) surface orientation
exhibit a rectangular surface unit cell with slightly different lattice parameter in
[11̄0] (red squares) and [001] (blue spheres) direction. [36] Green circles indicate
substrates utilised for this thesis.
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4.3

SrTiO3

Strontium titanate (SrTiO3) substrates are among the most often used substrates
for the epitaxy of oxide thin films, because they are available in both good
quality and high quantity and posses ideal cubic structure.

4.3.1

(100) SrTiO3

The epitaxial growth of BaSnO3 thin films under optimised growth conditions
was followed by detailed structural investigations of the grown films. Fig 4.3a
depicts an AFM micrograph of the surface of a BaSnO3 film with an area of
4 × 4 µm2 , where a rms surface roughness of 0.3 nm could be determined. The
AFM micrograph shows a smooth and terraced surface morphology with a
step height of 0.4 nm, which corresponds to the height of one BaSnO3 unit
cell (compare Fig. 4.3b). The line scan shows that the surface of the terraces
is not perfectly smooth, due to the formation of small islands on the terraces.
Such islands emerge as a consequence of the large lattice mismatch between
SrTiO3 and BaSnO3 to release lattice strain, which is often accompanied by
Stranski-Krastanow growth mode and results in the formation of small islands on
the film surface, as can be observed in the 1 × 1 µm2 AFM micrograph presented
in Fig. 4.3c.

a)

b)

c)
1 u.c. BaSnO3

1 µm

400 nm

Figure 4.3: a) 4×4 µm2 AFM micrograph of a BaSnO3 film grown on (100) SrTiO3
with a rms surface roughness of 0.3 nm. b) line scan perpendicular to the steps
observed in the AFM micrograph (see blue line in a)) exhibiting a step height
of one BaSnO3 unit cell. c) AFM micrograph with a higher magnification (scan
range: 1 × 1 µm2 ) revealing the formation of small islands on the terraces.
For a more macroscopic view of the sample structure, HRXRD 2θ − ω
measurements in the vicinity of the (200) SrTiO3 substrate peak were performed,
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as depicted in Fig. 4.4a. A distinct BaSnO3 film peak is visible at 2θ = 43.8°,
which corresponds to the bulk value of BaSnO3 and a vertical lattice parameter of
4.116 Å. Pronounced thickness fringes on both sides of the film peak are ascribed
to a well-ordered film with both a sharp interface to the substrate and a smooth
film surface. From the width of the thickness fringes, a film thickness of 110 nm is
calculated. A Rocking curve measurement around the (002) film peak, depicted
in Fig. 4.4b, exhibits a sharp peak with a FWHM of 0.029°. A RSM around
the asymmetric (204) Bragg reflection of the SrTiO3 substrate gives precise
information about the in-plane film structure and is presented in Fig. 4.4c. The
substrate peak is sharp and can be considered as a reference for the resolution of
the device even though the actual resolution limit is better. Compared to the
SrTiO3 peak, the BaSnO3 film peak appears at smaller in-plane q∥ and vertical q⊥
values. This is related to the larger lattice parameter of bulk BaSnO3 compared
to SrTiO3. Since the BaSnO3 film peak emerges at the expected position for
unstrained, stoichiometric BaSnO3 (indicated by white x), it can be concluded
that the BaSnO3 thin film is fully relaxed. It appears at its bulk position, where
in-plane and vertical lattice parameters are determined as d∥ = 4.12 Å and
d⊥ = 4.116 Å, respectively. Compared to the substrate peak, the film peak is
more broadened in a horizontal direction. Such horizontal broadening is often
ascribed to in-plane defects like misfit dislocations, which are expected at high
densities due to a lattice mismatch of 5.2 % between SrTiO3 substrate and
BaSnO3 film.

a)

(200) SrTiO3
BaSnO3

b)

c)

(204) SrTiO3

x

(204) BaSnO3

Figure 4.4: a) HRXRD 2θ − ω scan around the (200) SrTiO3 substrate peak and
b) Rocking curve measurement around the (002) BaSnO3 film peak. c) RSM
in the vicinity of the asymmetric (204) SrTiO3 Bragg reflection. The white x
indicates the position of bulk BaSnO3.
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For more detailed investigations, TEM bright field measurements of a BaSnO3
film grown on (100) SrTiO3 are presented in Fig. 4.5a. There, the interface
between BaSnO3 thin film and SrTiO3 exhibits a dark contrast compared to the
SrTiO3 substrate. This contrast originates in strong strain fields, which emerge
due to the large lattice mismatch between BaSnO3 and SrTiO3 of 5.2 %. The
strain is released by incorporation of misfit dislocations in the lattice. These
eventually lead to the formation of so-called threading dislocations in the entire
BaSnO3 layer. Such threading dislocations can be seen in Fig. 4.5a in the form
of vertical stripes throughout the entirety of the BaSnO3 film. From their spacial
distance, a threading dislocation density in the order of 1011 cm−2 could be
estimated, which is similar to values reported by other groups. [37, 38, 39]
HRTEM measurements with higher magnification at the interface are presented
in Fig. 4.5b and confirm the high density of misfit dislocations, where a distance
of ≈ 8 nm is measured between two misfit dislocations. Based on the lattice
parameters of SrTiO3 and BaSnO3, theoretical considerations result in a distance
of 8.1 nm between two misfit dislocations, which aligns with experimental
observations.

b)

a)

BaSnO3

BaSnO3

T

T

SrTiO3

SrTiO3

5 nm

50 nm

Figure 4.5: a) TEM bright field measurement of a BaSnO3 thin film on a
(100) SrTiO3 substrate and b) HRTEM measurement at the BaSnO3/SrTiO3
interface.
SrTiO3 substrates are always the first choice as substrate for the epitaxial
growth of any new oxide perovskite material, because it is available in high
quality and quantity. Since it exhibits a cubic crystal symmetry such as BaSnO3,
it has also been the obvious choice for the epitaxial growth of BaSnO3 thin
films. However, due to the large lattice mismatch between SrTiO3 and BaSnO3 a
high density of misfit dislocations is incorporated into the thin film to release
lattice stress. Consequently, this is correlated to a high defect density and thus
also to strongly deteriorated electric properties of BaSnO3:La layers. A strong
44

4.3 SrTiO3

improvement of both structural and electrical properties of BaSnO3 thin films
would be expected for films grown on better lattice-matched substrates like
NdScO3 and LaInO3 and will be elucidated in Sections 4.4 and 4.5, respectively.

4.3.2

(110) and (111) SrTiO3

Epitaxial BaSnO3 thin films were also grown on SrTiO3 substrates with (110)
and (111) surface orientation to investigate different surface symmetries and
terminations. Theoretically possible surface terminations are presented in
Table 4.2 including the respective calculated surface energy Es determined
by means of density functional theory (DFT). [85]
Table 4.2: Calculated surface energies for different BaSnO3 surface terminations
by Aggoune et al. using density functional theory. [85]
Surface

(110)

(111)

Termination

BaO

SnO2

BaSnO

O2

BaO3

Sn

Es (J/m2 )

1.072

1.140

2.585

2.455

1.688

1.633

b)

c)

[001]

a)

(100)

[010]

d)

[100]

[010]

[001]

[010]

Figure 4.6: a) Visualisation of (100), (110) and (111) surface planes in green, blue
and orange, respectively, in a BaSnO3 unit cell. BaSnO3 unit cells with b) (100),
c) (110) and d) (111) surface orientation with highlighting of possible surface
terminations.
In addition, in Fig. 4.6a the (100), (110) and (111) surface planes are visualised
by green, blue and orange planes, respectively. Cutting the BaSnO3 unit cell
into two parts always results in two complementary surface terminations, as
visualised in Fig. 4.6a. For example, cutting the (001) BaSnO3 surface leaves
a BaO and a SnO2 terminated slab of the unit cell. In this way, the surface
termination of (110) and (111) BaSnO3 slabs are determined and result in the
formation of BaSnO3/O2 and BaO3/Sn terminations, respectively. BaSnO3 unit
cells with different surface orientation can be extracted and are presented in
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Fig. 4.6b-d. The surface terminations possible for the three investigated BaSnO3
slabs are marked in green, blue and orange. Clearly, for growth with (100) surface
orientation only BaO and SnO2 surface terminations are possible. In contrast, for
growth with (110) surface orientation, not only the BaSnO and O2 termination
can be observed, but BaO and SnO2 terminations are also expected. These occur
with an angle of 45° to the (110) surface plane in the form of (100) facets with
lower surface energy. For growth with (111) surface orientation, any surface
termination is possible, as it can be extracted from Fig. 4.6d. BaO or SnO2
terminations would be expected under an angle of 50.8° with respect to the
(111) surface plane forming (100) facets. BaSnO or O2 terminations would be
expected under an angle of 35.3° with respect to the (111) surface plane forming
(110) facets. According to Wulff construction law, all aforementioned surface
terminations are possible for the different growth orientations and lead to a
formation of facets to reduce the surface energy of the BaSnO3 films. [86]
Epitaxial Growth of BaSnO3 Thin Films on (110) SrTiO3 Substrates

a)

b)

1 µm

400 nm

Figure 4.7: AFM micrographs of a) an (110) SrTiO3 substrate and b) a BaSnO3
thin film grown on the respective substrate.
The surface topography of the SrTiO3 substrate with (110) surface orientation
is shown in Fig. 4.7a and exhibits a smooth and terraced surface with a rms
surface roughness of 0.2 nm. A 100 nm thick BaSnO3 film grown on the
respective substrate exhibits a different surface topography, where no terraces
are visible, but instead stripes are observed parallel to the step edges of the
substrate (Fig. 4.7b). This is remarkable, since both materials SrTiO3 and
BaSnO3 exhibit a cubic symmetry, meaning that a 90° variation of the stripes
would be expected as well. However, it can be assumed that this degree of
freedom is restricted by the stepped surface morphology of the SrTiO3 substrate
used and only stripes parallel to the step edges are formed.
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a)

b)

(220) SrTiO3

(042) SrTiO3
BaSnO3

(042) BaSnO3

Figure 4.8: a) HRXRD 2θ − ω scan around the (220) SrTiO3 substrate peak and
b) RSM in the vicinity of the asymmetric (042) SrTiO3 substrate reflection.
Further structural characterisation has been performed by means of HRXRD
2θ − ω scans as presented in Fig 4.8a. The (220) SrTiO3 substrate peak appears at
67.8° and the (220) BaSnO3 film peak at 63.8°, which is exactly the (220) BaSnO3
bulk position and corresponds to a vertical lattice parameter of d⊥ = 5.821 Å.
RSM measurements around the asymmetric (042) SrTiO3 Bragg reflection,
presented in Fig. 4.8b, show the BaSnO3 thin film at its bulk position, which
corresponds to an in-plane lattice parameter d∥ = 5.82 Å, which verifies that
the film is fully relaxed. It can also be observed that the BaSnO3 peak is much
more extended horizontally than vertically. This is again correlated to a high
density of misfit dislocations originating in the large lattice mismatch of 5.2 %
between BaSnO3 and SrTiO3. Since only a BaSnO3 peak related to the (110) film
orientation could be observed, it can be concluded that even though the BaSnO3
film is fully relaxed, it still grows homomorphically on the (110) SrTiO3 substrate.
More detailed structural characterisation was conducted by means of TEM
measurements depicted in Fig. 4.9. First, a flat interface is observed in TEM
bright field measurements between the substrate and film (Fig. 4.9a), while
the surface of the film is wavy. This corresponds with observations from AFM
measurements (Fig. 4.8b), where a striped surface was detected. In the vertical
entirety of the BaSnO3 film, a high density of threading dislocations is visible,
as was also observed for the films grown on (100) oriented SrTiO3 substrates.
The wavy structure on the film’s surface is investigated in more detail by using
higher magnification. The corresponding image of a representative surface area is
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Figure 4.9: a) TEM bright field measurement of a BaSnO3 thin film on a
(110) SrTiO3 substrate and b) HRTEM measurement of a (100) facet on the
BaSnO3 film surface.
presented in Fig. 4.9b. The HRTEM measurement presents the atomic structure
of the features on the surface and reveals their trapezium-like shape. They
appear to have a typical height of 3-4 nm and a width of about 15-20 nm. The
trapeziums can be described with (110) and (100) planes as shown in Fig. 4.9b.
This observation fits quite well with the AFM micrographs (Fig. 4.7b). Such
faceting can be explained by the reduction of the total surface energy of the
grown film. The angle to the surface of such facets is estimated as 45°, which
aligns with theoretical predictions.

Epitaxial Growth of BaSnO3 Thin Films on (111) SrTiO3 Substrates

a)

b)

1 µm

400 nm

Figure 4.10: AFM micrographs of a) an (111) SrTiO3 substrate and b) a BaSnO3
thin film grown on the respective substrate.
Similar structural investigations were conducted for BaSnO3 films grown on
SrTiO3 substrates with (111) surface orientation. The bare substrate shows a
smooth and terraced structure with a rms surface roughness of 0.2 nm (Fig. 4.10a).
After growth of a 100 nm thick BaSnO3 layer on the respective substrate, an
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AFM micrograph (Fig. 4.10b) shows a surface covered by many islands with the
size of a few nanometres. For this surface, a rms surface roughness of 2.1 nm
could be determined from the AFM micrograph.

a)

b)

(222) SrTiO3

(420) SrTiO3
BaSnO3

(420) BaSnO3

Figure 4.11: a) HRXRD 2θ − ω scan around the (222) SrTiO3 substrate peak
and b) RSM in the vicinity of the asymmetric (420) SrTiO3 substrate reflection.
HRXRD 2θ − ω scans around the (222) SrTiO3 substrate peak are presented
in Fig. 4.11a. The (222) substrate peak is visible at 86.2° and the corresponding
(222) BaSnO3 film peak occurs at 80.8°. This corresponds to a vertical lattice
parameter of d⊥ = 4.736 Å, which is the expected (111) net-plane distance of
bulk BaSnO3. The appearance of only BaSnO3 peaks related to the (111) growth
direction indicates the homomorphic growth of BaSnO3 on the (111) oriented
SrTiO3 substrate. RSM measurements around the asymmetric (420) SrTiO3 Bragg
reflection, presented in Fig. 4.11b, show the BaSnO3 film peak at its bulk position.
This verifies that the BaSnO3 thin film is fully relaxed. The BaSnO3 film peak is
extended in horizontal and vertical direction. A broadening in horizontal direction
is correlated with the formation of misfit dislocations, which are expected due to
the large lattice mismatch between SrTiO3 and BaSnO3 of 5.2 %. A broadening
in out-of-plane direction however, is related to structural defects along the growth
direction of the film. Above the film peak, a weak additional peak is visible. From
experience, this peak is often observed in samples with a barium excess, which is
very likely to form a BaO extra phase on top the BaSnO3 thin film, as described
in Chapter 2.5.2. [35] In conclusion, the vertical extension of the BaSnO3 film
peak is caused by the formation of an additional phase, which disturbs the lattice.
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Figure 4.12: a) TEM bright field measurement of a BaSnO3 thin film on a
(111) SrTiO3 substrate and b) HRTEM measurement of a feature on the BaSnO3
film surface.
More detailed investigations of the structural characteristics of BaSnO3 thin
films grown on (111) SrTiO3 substrates were gained from TEM measurements
presented in Fig. 4.12. TEM bright field measurements (Fig. 4.12a) confirm
observations from RSM scans, where a high density of misfit dislocations was
assumed. The TEM measurements furthermore reveal a distinct shape of the
features on the surface of the BaSnO3 film. On the left side of the surface features,
a smaller angle to the surface is observed compared to the right side. It should be
noted that the observed features are staggered on the film surface, which makes
them difficult to distinguish. However, by means of HRTEM measurements it
was possible to extract a single feature and investigate its surface orientation in
detail, as presented in Fig. 4.12b. In this way, it was possible to determine the
surface orientation of all three sides of the feature. On the left side of the feature,
a (110) facet is observed; however, the angle to the surface seems to be much
larger than expected. A closer look however reveals that the (110) facet is reduced
to a stack of many (110) facets, which presumably helps to reduce the surface
energy. The angle to the surface of such single facets was measured as 34.5°,
which corresponds to previous considerations. The formation of a (110) facet is
not expected to be energetically favourable, since it exhibits the highest surface
energy, as presented in Tab. 4.2. In comparison, the formation of a (111) surface
at the top of the feature is energetically expected. This surface exhibits a smooth
and flat morphology. (100) facets occur on the right side of the feature. They
exhibit a stepped surface, similar to the (110) facet on the left side. This leads to
a larger angle to the surface and presumably helps to reduce the surface energy.
The angle to the surface of a single (100) facet is measured as 51.5°, which
coincides with previous considerations.
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In summary, BaSnO3 thin films grown on substrates with different surface
orientation exhibited facets with lower surface energy. BaSnO3 films grown in
(110) direction tended to form (100) facets to reduce their surface energy, which
led to a striped surface structure. BaSnO3 films grown on SrTiO3 substrates
with (111) orientation formed a much more complex surface structure. Such
films exhibited (110) and (100) facets, which occurred under different angles to
the surface, thus revealing a complex surface morphology, in line with previous
theoretical considerations. The formation of such facets will be investigated
more extensively by means of detailed TEM investigations by M. Zupancic. The
surface termination of the facets is of key interest here and will be examined by
STEM-EDX measurements, for example.

4.4

NdScO3

The high misfit dislocation density found in BaSnO3 films grown on SrTiO3
is ascribed to the large lattice mismatch of 5.2 %. NdScO3 has significantly
larger lattice parameters and only half the lattice mismatch to BaSnO3, which is
expected to result in a reduced threading dislocation density. This should thus
lead to a higher electron mobility of La-doped BaSnO3 films.
The investigations presented in this section were performed during a three month
research stay as a guest scientist in the group of Prof. K. Char at Seoul National
University and will be submitted for publication in Applied Physics Letters.

4.4.1

Growth of BaSnO3 Thin Films on NdScO3 Substrates

In order to investigate the structural and electrical properties of La-doped
BaSnO3 thin films on (110) NdScO3 substrates, two sample designs with different
buffer layer structures were fabricated and are schematically visualised in
Fig. 4.13. Both heterostructures consist of a 120 nm thick non-conductive buffer
layer covered by a semiconducting 50 nm thick BaSnO3:1 % La electrically active
layer. The buffer layer of structure A is essentially a 120 nm thick undoped
BaSnO3 layer, while structure B has a buffer layer made of 60 nm SrSnO3 and
60 nm BaSnO3, the purpose of which will be explained later.
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a)

BaSnO3:La

b)

BaSnO3:La
BaSnO3

BaSnO3
SrSnO3
NdScO3

NdScO3

Figure 4.13: a) Structure A consisting of a 120 nm thick BaSnO3 insulating buffer
layer and a 50 nm thick electrically active BaSnO3:1 % La layer. b) Structure B
consisting of a 120 nm thick insulating buffer layer made of 60 nm SrSnO3 and
60 nm BaSnO3 and a 50 nm thick electrically active BaSnO3:1 % La layer.
Orthorhombic NdScO3 substrates with (110) surface orientation offer a surface
unit cell with dimensions of 2 × 4.014 Å and 2 × 4.002 Å in [11̄0] and [001]
direction, respectively. [36] This results in a slightly anisotropic compressive
lattice strain compared to BaSnO3 of 2.5 % in [11̄0] and 2.8 % in [001] direction.

a)

b)

c)

(332) NdScO3

(220) NdScO3
BaSnO3

BaSnO3

Figure 4.14: a) HRXRD 2θ − ω scan around the (220) Bragg reflection of the
NdScO3 substrate and b) Rocking curve measurement around the (002) BaSnO3
film peak. c) RSM measurement in the vicinity of the asymmetric (332) NdScO3
reflection with black x indicating the BaSnO3 bulk position.
First, structure A - visualised in Fig. 4.13a - is characterised with regard to its
structural quality. A HRXRD 2θ − ω scan of the given structure between 42° and
46° (Fig. 4.14a) shows the (220) NdScO3 substrate Bragg reflection at 45.2° and
the (002) BaSnO3 film peak at 43.8°. This corresponds to a vertical lattice
parameter of 4.116 Å, which is equal to the bulk value of BaSnO3. Pronounced
thickness fringes are not observed around the BaSnO3 film peak, indicating a
rough surface and interface. A Rocking curve measurement around the (002) film
peak, depicted in Fig. 4.14b, exhibits a FWHM of 0.063°. A strong diffuse
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background scattering is observed, which is related to a high density of structural
defects in the film. [87, 88, 89] The FWHM value is more than twice that of
BaSnO3 films grown on SrTiO3 and provides an indication of the poor structural
quality of the film. A RSM measurement in the vicinity of the asymmetric
(332) NdScO3 Bragg reflection, presented in Fig. 4.14c, shows the (103) reflection
of the BaSnO3 film. The film peak appears at the position of the bulk value
indicated by a black x. It is obvious that the film peak is significantly broadened
in horizontal direction, which indicates a large number of extended defects in
in-plane direction. Again, the peak is even more broadened than was observed for
BaSnO3 films grown on SrTiO3. Although the lattice mismatch between NdScO3
and BaSnO3 is much smaller than that between SrTiO3 and BaSnO3, the defect
density is considerably higher. Presumably, the anisotropic surface unit cell of
the NdScO3 leads to the formation of different BaSnO3 domains, which in turn
result in the formation of many structural defects like grain boundaries and
dislocations.
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b)
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Figure 4.15: a) TEM bright field measurement showing the vertical entirety of a
BaSnO3 film on a NdScO3 substrate and a coloured bar indicating the material
stack of the grown heterostructure using the same colour code as in Fig. 4.13.
b) HRTEM measurement around the BaSnO3/NdScO3 interface.
TEM measurements were performed to gain better insights into the
BaSnO3/NdScO3 interface, as well as information about structural properties of
the film on a microscopic scale. TEM bright field measurements, shown in Fig.
4.15a, reveal a sharp interface between substrate and film, decorated with a high
density of misfit dislocations. From this, a threading dislocation density in the
order of 1011 cm−2 could be estimated, which corresponds to an average distance
of 21 nm between two threading dislocations. TEM measurements with larger
magnification, presented in Fig. 4.15b, underline the sharp interface between
film and substrate and exhibit lattice distortions in the BaSnO3 layer, caused by
strain fields originating from threading dislocations.
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Resistance measurements in Van-der-Pauw geometry reveal an inhomogeneous
resistance between 0.5 kΩ and 11 kΩ depending on the arrangement of the
measurement tips. This is assumed to be correlated with the anisotropic lattice
strain of the NdScO3 substrate or the formation of different structural variants
of the BaSnO3 layer, depending on the substrate direction. Rocking curve
measurements in both substrate directions did not show any difference, which
might have been expected due to slightly different strain states. Hence, the
actual origin of the inhomogeneities in the film remains unclear.
In order to improve the structural quality of the BaSnO3 films, the 120 nm
thick undoped BaSnO3 buffer layer is split into 60 nm thick SrSnO3 and 60 nm
thick BaSnO3 buffer layers, as visualised in structure B in Fig. 4.13b. SrSnO3
offers an orthorhombic lattice structure like NdScO3 with lattice parameters
ao = 5.709 Å, bo = 5.703 Å and co = 8.065 Å in space group P bnm, which can
be simplified as a nearly perfect pseudocubic structure with lattice parameters
apc = 4.033 Å and bpc = cpc = 4.035 Å. [90, 91, 92, 93] Consequently, its lattice
parameters are in between those of the (110) NdScO3 surface unit cell and
bulk BaSnO3. Epitaxial SrSnO3 films on a (110) NdScO3 substrate experience
compressive lattice strain of 0.5 % in [11̄0] direction and 0.8 % in [001] direction.
Again, the strain state is slightly anisotropic in the two in-plane directions,
however the total lattice stress is much smaller than between BaSnO3 and
NdScO3.

a)

b)

c)

(220) NdScO3
BaSnO3

(332) NdScO3
SrSnO3

BaSnO3

SrSnO3

Figure 4.16: a) HRXRD 2θ − ω scan around the (220) Bragg reflection of the
NdScO3 substrate and b) Rocking curve measurement around the (002) BaSnO3
film peak. c) RSM measurement in the vicinity of the asymmetric (332) NdScO3
reflection with black x indicating the bulk positions of SrSnO3 and BaSnO3.
A HRXRD 2θ − ω scan around the (220) NdScO3 Bragg reflection shows
contributions of all three films (Fig. 4.16a). The SrSnO3 film peak appears
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at 44.7°, which corresponds to a vertical lattice parameter of 4.056 Å. A fully
strained SrSnO3 film grown on a NdScO3 substrate with c-growth direction
would exhibit a vertical lattice parameter of 4.055 Å, according to Poission’s
ratio and linear elasticity theory. [94, 95] This coincides with the measured
vertical lattice parameter and indicates pseudomorphic film growth. A RSM
measurement (Fig. 4.16c) in the vicinity of the asymmetric (332) NdScO3
substrate reflection exhibits the SrSnO3 contribution directly below the substrate
peak. The maximum in-plane q∥ contribution of the SrSnO3 film peak is at the
same position as the NdScO3 substrate reflection, which confirms pseudomorphic
film growth. However, the asymmetric shape of the SrSnO3 contribution in the
direction of the black x (indicating the SrSnO3 bulk value) reveals a slight onset
of plastic lattice relaxation. Since the maximum peak is still at the fully strained
position, the surface unit cell of the SrSnO3 film exhibits the same dimensions as
the (110) NdScO3 substrate.
The film peak of the subsequently grown BaSnO3 film appears at 43.9° in
the 2θ − ω scan (Fig. 4.16a), resulting in a vertical lattice parameter of 4.124 Å.
According to Poission’s ratio and linear elasticity theory, a fully strained BaSnO3
film on a SrSnO3 film with in-plane lattice parameters of the NdScO3 substrate
would be expected to exhibit a vertical lattice parameter of 4.18 Å. [94, 95]
However, the measured vertical lattice parameter is larger than the BaSnO3 bulk
value. A Rocking curve measurement (Fig. 4.16b) around the (002) BaSnO3
Bragg reflection exhibits a FWHM value of 0.046°, which is much smaller than
that of a BaSnO3 film without SrSnO3 buffer layer (0.069°), but still larger than
that of a BaSnO3 film grown on a SrTiO3 substrate (0.029°). In addition, the
observed diffuse background scattering is drastically reduced and the Rocking
curve appears much sharper. This can be correlated with an improved structural
quality and thus a lower density of extended defects.
TEM bright field measurements presented in Fig. 4.17a show the vertical
entirety of the grown heterostructure (structure B). The interface between
SrSnO3 and NdScO3 substrate is sharp and no contrast variations are observed.
Furthermore, the SrSnO3 thin film appears uniform, indicating coherent and
homogeneous film growth without irregularities. This can also be concluded from
HRTEM measurements presented in Fig. 4.17b, where a sharp interface with
perfect structural order of the SrSnO3 film is visible.
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In Fig. 4.17a, a strong dark contrast occurs at the interface between the
BaSnO3 and SrSnO3 layers. This is related to the large amount of threading
dislocations visible in the BaSnO3 film, which lead to the formation of strong
strain fields at the BaSnO3/SrSnO3 interface. The average distance between two
threading dislocations is determined as 40 nm, which corresponds to a threading
dislocation density of 6 · 1010 cm−2 . This is lower than for films grown on bare
NdScO3 substrates. In addition, threading dislocations in the BaSnO3 film do
not necessarily extend throughout the entire BaSnO3 film stack, but are rather
limited to the electrically insulating 60 nm thick BaSnO3 film, while the upper
50 nm thick electrically conductive BaSnO3:La layer contains a smaller amount of
threading dislocations. HRTEM measurements (Fig. 4.17c) revel a sharp interface
between BaSnO3 and SrSnO3, decorated with a high density of misfit dislocations.
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SrSnO3
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Figure 4.17: a) TEM bright field measurement showing the vertical entirety
of the heterostructure and a coloured bar indicating the respective material
stack using the same colour code as in Fig. 4.13. b) HRTEM measurement
around the SrSnO3/NdScO3 interface and c) HRTEM measurement around the
BaSnO3/SrSnO3 interface.
Van-der-Pauw measurements of the BaSnO3:1 % La top layer reveal a uniform
sheet resistance of 19 mΩcm, which is comparable to BaSnO3 films grown on
SrTiO3 substrates. Hall effect measurements at room temperature allow for
measurement of a charge carrier mobility of 35 cm2 V−1 s−1 at a charge carrier
density of 9.2 · 1019 cm−3 .
In a comparison of sample structures A and B, it can be concluded that
the growth of BaSnO3 on (110) NdScO3 substrates results in a complex defect
structure of lattice distortions and threading dislocations, which deteriorate the
structural and electrical quality of the films. The introduction of a SrSnO3 buffer
layer with bulk lattice parameters between those of BaSnO3 and NdScO3 leads
to a remarkably improved structural quality of the BaSnO3 films. The reason for
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this is not well understood and is cause for speculation: Since the SrSnO3 lattice
is coherently strained to the (110) NdScO3 substrate lattice, the strain at the
subsequently formed interface between BaSnO3 and SrSnO3 is the same as the
strain between BaSnO3 and NdScO3. However, the surface termination of the
SrSnO3 layer could either be SrO or SnO2, which might in the case of a SnO2
surface termination promote the growth of BaSnO3 and thus help to improve
its structural quality. Unfortunately, conditions like termination and strain at
an atomic scale at the SrSnO3/BaSnO3 heterointerface are difficult to detect
by means of TEM measurements and were not investigated in detail. However,
similar observations on the impact of a preferable surface termination have
been published for SrTiO3 homoepitaxy, where a TiO2 substrate termination is
necessary to ensure coherent and regular SrTiO3 film growth. [54, 96]
The reduced density of threading dislocations in the BaSnO3 film grown on a
SrSnO3 buffer layer helps to improve the electric properties of the 1 % La-doped
BaSnO3 film. This structure can now be further employed for the fabrication of
structured samples for detailed investigations on the LaInO3/BaSnO3 interface.

4.4.2

Verification of a Conductive LaInO3/BaSnO3 Interface

Investigations of the electric properties of the interface between LaInO3 and
BaSnO3 require a structuring of the sample heterostructure, as was described
in Section 3.1.3. A schematic cross section of the intended heterostructure
is depicted in Fig. 4.18a. The basis of this heterostructure is the previously
introduced structure B (Fig. 4.13b). Instead of a 50 nm thick BaSnO3:1 % La
film, different samples with 12 nm thick BaSnO3 with La-doping concentrations
between 0.0 % and 0.4 % were grown on an electrically insulating buffer layer
made of 90 nm BaSnO3 and 60 nm SrSnO3. Subsequently, BaSnO3:4 % La
contacts were deposited using the respective stencil mask. For all five samples,
measurements of the sheet resistance of the either undoped or slightly La-doped
BaSnO3 channel layer were performed in Van-der-Pauw geometry using the
deposited ohmic contacts. The results are depicted in Fig. 4.18b (blue curve) and
show that the channel is insulating for all investigated doping concentrations. A
slight increase in conductance is noted for a La-doping concentration of 0.35 %
and 0.4 %. However, the conductance remains below 10−10 Ω−1 and is therefore
considered to be insulating.
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After the deposition of a 10 nm thick LaInO3 layer on the insulating
heterostructure and subsequent measurement of the sheet resistance in Van-derPauw geometry, an increase in conductance was found (Fig. 4.18b, red curve).
For a La-doping concentration between 0.0 % and 0.3 %, the increase in
conductance was less than one order of magnitude. However, at a La-doping
concentration of 0.35 % the conductance increased by four orders of magnitude.
For a La-concentration of 0.4 % conductance was enhanced by more than five
orders of magnitude. This finding is similar to what has been observed before in
the literature. [9, 56]

a)

b)

BaSnO3 10 nm LaInO3
4%La
12 nm BaSnO3:La
90 nm BaSnO3
60 nm SrSnO3
(110) NdScO3

Figure 4.18: a) Schematic cross sectional view of the heterostructure fabricated for
investigations of the electric conductance of the LaInO3/BaSnO3 heterointerface.
b) Conductance measurement of the heterostructure before and after deposition
of LaInO3 on the BaSnO3:La layer.
With increasing La-doping concentration in the BaSnO3 channel layer, charge
carriers (electrons) were introduced. These compensate deep acceptor states in
the BaSnO3 film caused by structural defects. Such trap states are assumed to be
filled at a La-doping concentration of 0.3 %, which corresponds to an intentionally
introduced carrier concentration of ≈ 5 · 1018 cm−3 . For a La-doping range larger
than 0.3 %, excess charge carriers contribute to the conductance of the film.
Consequently, the conductance of the BaSnO3:La layer increases slightly. The
strong enhancement of the conductance by four to five orders of magnitude for
La concentrations larger than 0.3 % after the deposition of LaInO3 is attributed
to the formation of a conductive interface between the LaInO3 and BaSnO3 films.
Charge carriers are accumulated at the interface and create a so-called 2DEG, as
described in Section 2.6. The highest La-doping concentration investigated in this
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thesis was 0.4 %, because the intrinsic conductance of higher doped BaSnO3:La
films would screen the increased conductance of the LaInO3/BaSnO3 interface.
The charges introduced screen the charges accumulated at the interface, thus
the formation of a 2DEG can no longer be measured. This observation has been
reported by Kim et al. for LaInO3/BaSnO3 heterointerfaces grown on SrTiO3
and MgO substrates, where a high intrinsic conductance of the BaSnO3 channel
was observed at a threshold of 0.5 % La-doping concentration (presented in
Section 2.6 in Fig. 2.10). [56]

a)

c)

b)

Figure 4.19: C-V measurements after formation of the LaInO3/BaSnO3 heterointerface of samples with a) 0.4 % and b) 0.35 % La-doping of the channel. c) Charge
carrier density with respect to the distance from the sample surface of the two
investigated samples. The coloured bar in the lower part of c) represents the
layers of the heterostructure.
Capacitance-voltage (C-V) measurements were performed at room
temperature after interface formation on the samples with 0.4 % and
0.35 % La-doping of the BaSnO3 channel layer and are presented in
Fig. 4.19a and b. It can be observed for both samples that the capacitance
is nearly constant for a voltage interval between -1 V and 1 V. This is often
observed for heterostructures with a conductive interface like LaAlO3/SrTiO3
and AlGaN/GaN and is related to the confinement of charge carriers at the
interface. [97, 98] The C-V measurements were evaluated with respect to a local
charge carrier density and are plotted against the distance from the sample
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surface in Fig. 4.19c. In this way, it can be distinguished whether the charge
carriers are distributed uniformly within the BaSnO3:La film or are indeed
confined at the LaInO3/BaSnO3 interface. [99, 100, 101, 102] The coloured
bar in the lower part of the plot represents the layers of the investigated
heterostructure (as in Fig. 4.13b). Both measurements show a distinct peak
in the charge carrier density at a distance of 10 nm from the sample surface.
Integration over this peak results in a charge carrier density of 8 · 1012 cm−2 and
3 · 1013 cm−2 for the samples with 0.35 % and 0.4 % La-doping concentration,
respectively. The FWHM of the peaks of the charge carrier density is less
than 1 nm for both samples. With increasing distance from the surface, the
determined charge carrier density decreases. This corresponds with expectations,
since the BaSnO3 and SrSnO3 buffer layers are undoped and thus electrically
insulating. The decrease in the charge carrier density is also observed in the
slightly La-doped 10 nm thick BaSnO3 channel layer. This indicates that the
charge carriers introduced to this channel layer are fully compensated by trap
states from point defects, for example, and thus do not contribute to the overall
conductance of the heterostructure.
Van-der-Pauw measurements, depicted in Fig. 4.18b, showed a strong
enhancement of the conductance of the heterostructures with 0.35 % and
0.4 % La-doping of the BaSnO3 channel layer after deposition of the LaInO3
top layer. This indicated the formation of a conductive interface between
LaInO3 and BaSnO3. Together with the C-V measurements discussed, clear
evidence of an accumulation of electrons at the LaInO3/BaSnO3 interface
was presented. This can only be explained by a confinement of electrons at
the interface between LaInO3 and BaSnO3 and thus the formation of a 2DEG. [29]
Hall effect measurements were performed in a temperature range between
25 K and 320 K on the samples with 0.4 % and 0.35 % La-doping concentration of
the BaSnO3 channel layer after the formation of the conductive LaInO3/BaSnO3
interface and are presented in Fig. 4.20. The measured sheet resistance (Fig. 4.20a)
of both samples increases at decreasing temperature. The resistance of the lower
doped sample is three times higher at room temperature, and five times higher
at 25 K. Additionally, the 0.4 % La-doped sample exhibits a minimum resistance
at 150 K.
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a)
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Figure 4.20: a) Sheet resistance, b) carrier density and c) carrier mobility
determined by means of Hall effect measurements in a temperature range between
20 K and 320 K at the LaInO3/BaSnO3 interface of samples with 0.4 % (blue
spheres) and 0.35 % (black squares) La-doping concentration in the BaSnO3
layer.
The sheet carrier density (Fig. 4.20b) shows similar characteristics for both
samples. At room temperature, the 0.4 % La-doped sample is measured to have
a carrier density of 4 · 1013 cm−2 , while the 0.35 % La-doped sample has a carrier
density of 2.7 · 1013 cm−2 . With decreasing temperature, a significant decrease in
the carrier density is observed for both samples. At a temperature of 25 K, a
carrier density of 2.8 · 1013 cm−2 and 1.5 · 1013 cm−2 is measured for the 0.4 %
and 0.35 % La-doped samples, respectively. Such characteristics are well known
for semiconductors, where charge carriers freeze at low temperature and thus the
resistance increases. [103]
The sheet carrier density, determined by Hall effect measurements, is
significantly higher than what was estimated by C-V measurements. This
discrepancy is assumed to be related to the large size of the applied BaSnO3:4 % La
contacts in the corners of the sample, which is often observed as an increased
charge density in the Hall-effect measurements. [104] The actual carrier density
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should thus be in between the results from Hall effect and C-V measurements.
Theoretical calculations predict a charge carrier limit for a perfect 2DEG at the
LaInO3/BaSnO3 interface of 2 · 1014 cm−2 . [48] This is one magnitude higher
than the experimental results of this thesis. The lower charge carrier density
determined here is correlated to the high density of structural defects, such as
dislocations in the BaSnO3 layer. Such defects lead to strong strain fields and
thus shield charge carriers.
The carrier mobility (Fig. 4.20c) is determined as 22 cm2 V−1 s−1 and
10 cm2 V−1 s−1 at room temperature for the 0.4 % and 0.35 % La-doped samples.
Within the investigated temperature range, the carrier mobility of the 0.35 %
La-doped sample is constant, while the mobility of the 0.4 % La-doped sample
increases slightly to 28 cm2 V−1 s−1 at 25 K. The carrier mobility determined for
the samples with a 2DEG at the LaInO3/BaSnO3 interface is significantly lower
than the room temperature mobility of a La-doped BaSnO3 layer with similar
bulk carrier density. Thus, the high density of misfit dislocations alone does
not determine the limitation of the carrier mobility in the 2DEG. Interfacial
cation intermixing at the LaInO3/BaSnO3 interface is a phenomenon that is
often observed at oxide interfaces. This can lead to reduced carrier mobility due
to a mixed interface termination and consequently a high density of scattering
centres. [105, 106]
Following these findings, it can be concluded that even though the introduction
of a SrSnO3 did not necessarily change the surface unit cell dimensions for the
growth of BaSnO3, it clearly improved the structural quality of the subsequently
grown heterostructure (structure B). More detailed investigations by means of
TEM measurements on the microstructure of the films should be performed
to better understand the formation of defects in the BaSnO3 films. This is
fundamentally important to further optimise the electric properties of the
LaInO3/BaSnO3 heterointerface and eventually utilise it in applications. Such
investigations are part of ongoing research within the BaStet project and will be
performed in the course of the PhD thesis of M. Zupancic.
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Due to their large lattice mismatch commercially available SrTiO3 and NdScO3
substrates did not result in BaSnO3 thin films with high structural quality.
Neither did the introduction of a SrSnO3 buffer layer lead to an adequate
structural quality. The only possibility to drastically improve the structural
quality of the films is the use of a substrate crystal with lattice parameters
similar to BaSnO3. This would ideally be a BaSnO3 single crystal, which can
be used for homoepitaxy. However, as already explained in Section 2.5.2, the
growth of BaSnO3 single crystals is very challenging and has not yet resulted
in sufficiently large crystals. On the other hand, the development of LaInO3
crystals was very successful and resulted in single crystals with a decent size for
the production of wafers for epitaxy. As explained in Section 2.6.1, LaInO3 is
a perovskite with orthorhombic crystal structure, which can be simplified as a
pseudocubic crystal structure with lattice parameters close to those of BaSnO3.
LaInO3 has not been used as a substrate for the epitaxial growth of thin
films to date. Therefore, in this section, the preparation of LaInO3 substrates
before growth and their surface stability will be explained. This will be
followed by a detailed structural and electrical analysis of BaSnO3 films grown
on such substrates. The findings are summarised in a paper published in
Nanotechnology. [84]

4.5.1

Preparation and Surface Stability of (110) LaInO3
Substrates

Prior to the thermal preparation of (110) LaInO3 substrates, a cleaning procedure
was performed in order to remove contamination from chemical mechanical
polishing. In this process, the substrates were cleaned in an ultrasonic bath for 10
min each in acetone, isopropyl and deionised water. Subsequently, the substrates
were annealed in a tube furnace in pure oxygen for one hour at 600 ℃ to induce
surface reconstruction of the substrate surface. The annealing temperature of
600 ℃ was recommended by Galazka et al. for (001) LaInO3 substrates. [45] They
investigated annealing at different temperatures and observed degradation of the
surface at temperatures higher than 600 ℃. A similar annealing temperature
limit in pure oxygen was determined for (110) LaInO3 substrates. However, this
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temperature is far below the growth temperature of BaSnO3 thin films and
would not facilitate the growth of epitaxial films with high structural quality.
Therefore, detailed investigations of the surface of LaInO3 (110) substrates were
necessary, the results of which are described in the following.
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Figure 4.21: AFM micrographs of the (110) surface of a) as received and b)
thermally treated LaInO3 substrates and c) as received and d) thermally treated
LaInO3:Ba substrates. Adapted from [84].
The surface stability was investigated by means of AFM and in situ RHEED
measurements. The substrates were heated up to 750 ℃ in 0.13 mbar oxygen
atmosphere in the PLD setup, while the surface structure was monitored
with RHEED. Additionally, AFM micrographs of LaInO3 and LaInO3:Ba
substrates were recorded before and after thermal treatment and are presented
in Fig. 4.21a-d. As received, the undoped LaInO3 substrates exhibit a smooth
substrate surface with a rms surface roughness of 0.3 nm (Fig. 4.21a). However,
after thermal treatment, the surface morphology changes and small islands
with lateral dimensions of a few tens of nanometres and a height of 10-15 nm
surrounded by a smooth surface could be observed (Fig. 4.21b), resulting in a rms
surface roughness of 1.5 nm. In contrast, LaInO3:Ba substrates (Fig. 4.21c and d)
did not exhibit a significant change in the surface morphology during thermal
treatment. The rms surface roughness before and after thermal treatment
remained 0.3 nm.
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Figure 4.22: In situ RHEED patterns between 600 ℃ and 750 ℃ in steps of 50 K
of a) LaInO3 and b) LaInO3:Ba substrates. Adapted from [84].
The in situ RHEED patterns of the LaInO3 and LaInO3:Ba substrates were
captured between 600 ℃ and 750 ℃ in steps of 50 K and are presented in
Fig. 4.22a and b. The (110) surface of undoped LaInO3 shows a streaky pattern
up to a substrate temperature of 650 ℃ indicating a smooth surface topography
as has been observed by AFM at room temperature. Half-order reflections can
be observed between the main-order streaks, which reveal the orthorhombic
symmetry of LaInO3. [107, 108] Above 650 ℃, a sudden transition to a spotty
RHEED pattern, arranged in a rectangular grid, can be observed. This change
from a streaky to a transmission-like pattern is explained by the transition from
an atomically smooth and well-ordered surface to a rough surface containing
islands or irregularly arranged steps, leading to a rather 3-dimensional diffraction
pattern. [107] At 750 ℃ the same diffraction pattern is observed. However, the
spots are sharper and higher diffuse background scattering is noted, indicating a
higher disorder on the surface. This fits well to the AFM measurements, where
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a high density of islands on the LaInO3 substrate surface was observed after
thermal treatment. (110) oriented LaInO3:Ba substrates, in contrast, show a
different behaviour. At 600 ℃, the in situ RHEED pattern also shows strong
main-order reflections and additional weak half-order reflections, which are
already known from undoped LaInO3 substrates. Furthermore, the occurrence
of Kikuchi lines indicates an atomically smooth and well-ordered substrate
surface. [109] The increase of the substrate temperature to 750 ℃ does not
significantly change the RHEED pattern, which reveals that the surface of the
LaInO3:Ba substrate remains stable even at this high temperature. This is in
agreement with observations from AFM measurements, where no particles or
islands could be observed after thermal treatment.
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Figure 4.23: SEM/EDX mapping of a LaInO3 substrate after thermal treatment.
a) SEM image of a typical cluster of islands. Intensity map of the b) La L-line,
c) In L-line, d) Ga L-line and e) O K-line of three large islands surrounded by
the smooth LaInO3 surface. Adapted from [84].
A more detailed understanding of the island formation on the surface of
LaInO3 substrates is gained by SEM/EDX measurements. In order to ensure
reliable investigations, a LaInO3 substrate was annealed at 1000 ℃ to increase
the dimensions of the islands. These larger islands are still surrounded by
a smooth substrate surface, as depicted in a SEM image in Fig. 4.23a. The
intensity distribution of La-L-, In-L-, Ga-L- and O K-lines fluorescence in the
captured area was determined by means of EDX measurements and is presented
in Fig. 4.23b-e. Even though a quantitative analysis is not possible, it is obvious
that the islands on the substrate surface exhibit a different chemical composition
to the surrounding material. The La L-line intensity seems to be constant over
the investigated area and is not influenced by the presence of islands, leading
to a homogeneous distribution of La in the substrate. In contrast, the In L-line
intensity (Fig. 4.23c) is strongly reduced at the islands, while it is constant in the
surrounding area. The Ga L-line intensity is much higher at the islands, while it
is weak in the surrounding area. The intensity of the O K-line is also increased
at the islands. This leads to the assumption that the islands are a clustering
66

4.5 LaInO3

of gallium-oxide impurities in the LaInO3 substrate, which might diffuse to the
substrate surface at an elevated temperature.
In order to identify the origin of the Ga atoms in the LaInO3 and LaInO3:Ba
crystals, inductively coupled plasma optical emission spectrometry (ICP-OES)
measurements were performed on the crystals as well as on the source materials,
La2O3 and In2O3. For both crystals, a Ga-concentration between 120 and
240 wt. ppm was determined in the measured specimens. The two powdered
starting materials of La2O3 and In2O3 are considered to be the main source for
the Ga-contamination, even though they are declared to be 5N purity powders.
ICP-OES measurements, however, reveal a Ga-contamination of both powders
below the detection limit of 50 wt. ppm, which is below the concentration found
in the crystals. The Ga concentration in powders and crystals is slightly different
but of the same magnitude. It could therefore be assumed that the higher
concentration of Ga contamination in the crystals compared to the starting
materials is related to Ga segregation in the melt during growth and losses of In,
which is substituted by Ga. Other sources of Ga contamination, such as crosscontamination from the growth station, polishing, and annealing, can be excluded.
As previously mentioned, Ga impurities partially occupy In-lattice sites of
the perovskite and presumably form the solid solution La(In,Ga)O3. If such
substrates are heated to elevated temperatures, the Ga ions become mobile and
diffuse through the lattice. This was also observed for LaGaO3 and NdGaO3
crystals, where Ga diffusion is observed even at a relatively low temperature. [110,
111, 112] Such an explanation is also plausible for Ga impurities in LaInO3,
due to a much larger lattice parameter/binding length in LaInO3 and the small
ionic radius of Ga3+ cations (0.62 Å) compared to In3+ cations (0.8 Å).The
diffusion of Ga ions to the surface is then expected to result in the formation of
gallium-oxide containing islands. The determination of the exact composition
and structure of the islands was not possible due to their small size and random
distribution on the substrate surface.
For LaInO3:Ba substrates, a Ga L-line signal was detected as well, but
with a homogeneous intensity distribution, as depicted in Fig. 4.24. This is
similar to what was observed for the smooth region on the LaInO3 substrate.
The homogeneous signal of the Ga L-line is attributed to the presence of Ga
impurities, which are found in both crystals according to ICP-OES measurements.
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However, no local increase in the Ga contamination in the form of Ga-enriched
islands or particles was observed for the LaInO3:Ba substrate. Supposedly,
Ba2+ cations with their significantly larger ionic radius of 1.35 Å compared
to 1.03 Å for La3+ increase the in-lattice packing density and thus introduce
a diffusion barrier to all species, including interstitials. Analogous surface and
phase stabilisation in oxides is well known for many other materials such as
ZrO2:Y and SrCoO3:Sc. [113, 114]

a)

b)

c)

d)

e)

__
100 nm

La

In

Ga

O

Figure 4.24: SEM/EDX mapping of a LaInO3:Ba substrate after thermal
treatment. a) SEM image of the sample surface. Intensity map of the b) La L-line,
c) In L-line, d) Ga L-line and e) O K-line of the LaInO3:Ba surface. Adapted
from [84].
For the epitaxial growth of BaSnO3 thin films by PLD, elevated temperatures
of 750 ℃ are necessary. Based on the presented findings, (110) LaInO3:Ba crystals
were selected as substrates. LaInO3 substrates have been found to be unsuitable
for the epitaxial growth of BaSnO3 thin films due to the increased Ga diffusion
to the surface and the resulting island formation, which significantly degrades
the interface between substrate and film.

4.5.2

Epitaxial Growth of BaSnO3 on LaInO3

(110)LIO II [001]BSO
[001]LIO II [010]BSO

[110]LIO II [100]BSO
Figure 4.25: Epitaxial relation between the orthorhombic (110) LaInO3 (LIO)
substrate surface unit cell (black) and the cubic BaSnO3 (BSO) unit cell (blue).
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Prior to the epitaxial growth of BaSnO3 thin films on LaInO3:Ba substrates,
structural considerations were made. The crystallographic relationship between
BaSnO3 and the (110) surface unit cell of LaInO3 is presented in Fig. 4.25. As
already described in Section 2.6.1, LaInO3 has an orthorhombic crystal structure
with lattice parameters ao = 5.7227 Å, bo = 5.9380 Å and co = 8.2143 Å. [45]
This results in a rectangular surface unit cell of the (110) surface with dimensions
2 × 4.107 Å and 2 × 4.123Å in [001]LIO and [11̄0]LIO direction, respectively.
Compared to BaSnO3 with a cubic lattice structure and a lattice parameter of
4.116 Å similar lattice dimensions are present on the (110) LaInO3:Ba substrate
surface. In [001]LIO direction, a compressive lattice stress of −0.2 % is applied to
the BaSnO3 unit cell, while a tensile lattice stress of 0.17 % is applied in [11̄0]LIO
direction if the BaSnO3 thin film grows in [001]BSO direction, as depicted in
Fig. 4.25. However, no noticeable change in the vertical lattice parameter of the
BaSnO3 thin film compared to its bulk value is expected, since the strain states
in [001]LIO and [11̄0]LIO direction nearly compensate each other.

b)
a)

(002) BaSnO3
(220) LaInO3

1 µm

Figure 4.26: a) AFM micrograph of a BaSnO3 film doped with 0.5 % La grown
on a (110) LaInO3:Ba substrate. b) 2θ − ω HRXRD scan in the vicinity of the
(220) Bragg reflection of the substrate. Adapted from [84].
BaSnO3 thin films with a thickness of 100 nm were grown on electrically
insulating LaInO3:Ba substrates with (110) surface orientation and no intentional
off-cut. The AFM micrograph (Fig. 4.26a) of a BaSnO3 thin film with a Ladoping concentration of 0.5 % exhibits a smooth film surface with a rms surface
roughness of 0.3 nm and the same surface morphology as a bare LaInO3:Ba
substrate, which indicates 2-dimensional film growth. A HRXRD 2θ − ω scan
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in the vicinity of the (220) Bragg reflection of the LaInO3:Ba substrate is
depicted in Fig. 4.26b. The BaSnO3 film peak appears as a shoulder on the
right side of the substrate peak. This shows that the film is indeed grown with
(001) surface orientation, as previously described. Furthermore, it indicates that
the film has a slightly smaller vertical lattice parameter than the LaInO3:Ba
substrate. The angular position of the LaInO3:Ba substrate peak corresponds
to the (220) net plane distance of LaInO3 (2.062 Å), while the (002) net
plane distance of the BaSnO3 is slightly smaller (2.058 Å). The occurrence
of a multitude of thickness fringes on both sides of the substrate and film
peak implies a high structural quality of the film, as well as a sharp and wellordered film surface and interface between LaInO3:Ba substrate and BaSnO3 film.

a)

b)
(024) BaSnO3

(-204) BaSnO3

c)
BaSnO3
LaInO3:Ba

(444) LaInO3:Ba

(260) LaInO3:Ba

Figure 4.27: RSM measurements in the vicinity of the a) (444) and b) (260) Bragg
reflections of the LaInO3:Ba substrate. c) Line scans through (260) LaInO3:Ba
substrate and (2̄04) BaSnO3 film peak in b) along the in-plane direction q∥ .
Adapted from [84].
RSM measurements were performed to investigate the strain state of the
BaSnO3 film in both in-plane directions. For this purpose, RSMs were recorded
in the vicinity of the (444) and (260) asymmetrical Bragg reflections of the
LaInO3:Ba substrate and are presented in Fig. 4.27a and b, respectively. The
respective BaSnO3 film contributions can be identified as the (024) and (2̄04)
asymmetric Bragg reflections; however, since BaSnO3 has a cubic symmetry,
(024) and (2̄04) essentially describe the same Bragg reflection. It is clear for both
measurements that the BaSnO3 film peaks occur at the same q∥ values as the
LaInO3:Ba substrate peaks, which indicates coherent film growth of BaSnO3 on
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LaInO3:Ba. For the (444) reflection, film and substrate peak contributions overlap
and cannot be distinguished. However, it can be derived from the thickness
oscillations above and below the LaInO3:Ba peak that the BaSnO3 film peak must
be at the same q∥ position. Furthermore, the film peak is slightly shifted to larger
q⊥ values, which aligns with the 2θ − ω measurement. In contrast, the RSM in the
vicinity of the (260) Bragg reflection of the LaInO3:Ba substrate shows two clearly
separated peaks, where the BaSnO3 film peak occurs at a much larger q⊥ value
than the substrate peak. The q⊥ value of the (2̄04) BaSnO3 film peak is the same
as it was for the (024) peak in Fig. 4.27a in the vicinity of the (444) LaInO3:Ba
substrate peak. This is attributed to the orthorhombic symmetry of the
LaInO3:Ba substrate and the cubic symmetry of the BaSnO3 film. [23, 115, 116]
Since the substrate and film contribution can be separated in the vicinity of
the (260) LaInO3:Ba reflection, both peaks can be evaluated individually by
q∥ -line scans (Rocking curve scans) through the (260) substrate and (2̄04) film
peak, respectively. These profiles are presented in Fig. 4.27c. For the LaInO3:Ba
substrate peak, a FWHM of 0.0020 Å−1 (≈ 0.017°) is determined, while the
BaSnO3 film peak exhibits a FWHM of 0.0025 Å−1 (≈ 0.021°). Hence, both
peaks have nearly the same FWHM values, which underlines the high structural
quality of the film. The background scattering of the film peak is slightly higher
than the background scattering around the substrate peak. This is presumably
related to a higher density of point defects than in the substrate, which lead to
diffuse scattering of the X-rays. However, the scattering is significantly lower
than what was previously observed for BaSnO3 films grown on other substrates
such as SrTiO3 and NdScO3.
A more detailed study of the structural properties on a microscopic scale of
BaSnO3 films grown on (110) LaInO3:Ba substrates was performed by means
of HRTEM and STEM measurements, with particular respect to the interface
quality and structural order of the films. Fig. 4.28a shows a TEM bright field
image along the [11̄0] direction of the LaInO3:Ba substrate. The vertical entirety
of the epitaxial film confirms the formation of a single-crystalline film with one
surface orientation and without foreign phases; no threading dislocations are
visible in the captured area. Thus, only BaSnO3 thin films epitaxially grown on
the novel LaInO3:Ba substrate exhibit a threading dislocation density in the
range of 107 cm−2 . Threading dislocations in the order of 1011 cm−2 are always
found in BaSnO3 thin films grown on any commercially available substrate, such
as SrTiO3 or NdScO3, as previously discussed. [37, 38, 39] Even if the layer
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LaInO3:Ba
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Figure 4.28: a) TEM bright field image of a BaSnO3 film on a (110) LaInO3:Ba
substrate. STEM HAADF image of the BaSnO3/LaInO3:Ba interface region with
b) high magnification of the interface region between substrate and film and
c) visualisation of stripe contrast in the BaSnO3 film. Adapted from [84].
does not show extended defects, a pronounced dark contrast is observed at
the interface between substrate and film. In order to investigate this in more
detail, STEM measurements were performed. A STEM HAADF measurement
of the interface region (Fig. 4.28b) further confirms the coherent growth of the
BaSnO3 film on the (110) LaInO3:Ba substrate. The image is superimposed by
ball-and-stick models of orthorhombic LaInO3 and cubic BaSnO3 structures.
Instead of a sharp interface between substrate and film, an extended interface
region of about 3 nm is observed. This is more clearly visible in a larger STEM
image with lower magnification in Fig. 4.28c. It is obvious that the dark contrast
in the TEM bright field image is not caused by extended defects since the lattice
shows a high structural perfection, but with an increased background contrast.
Such background contrasts are characteristic for the presence of a high amount
of point defects. Fig. 4.28c depicts a STEM HAADF image taken with a high
camera length of 400 mm, which leads to an annular dark field-like contrast.
While a bright contrast can be monitored at the interface, several stripe-like
contrasts with a periodicity of about 6 nm can be observed in the film. High
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resolution imaging reveals an increased background intensity in this striped area.
This indicates a high amount of local lattice distortions, introduced by strain
fields of the point defects.
From a structural point of view, BaSnO3 thin films on LaInO3:Ba substrates
are significantly improved compared to those on SrTiO3 and NdScO3 substrates.
This is also expected to influence the electrical properties of La-doped BaSnO3
films. Therefore, BaSnO3 thin films with different La-doping concentration
between 0.5 % and 2.0 % were grown and investigated by means of Hall effect
measurements at room temperature to determine charge carrier density, sheet
resistance and charge carrier mobility. Interestingly, independent of the La-doping
concentration, a carrier mobility of 77 cm2 V−1 s−1 could not be exceeded. Reasons
for this could be the disorder at the interface or at the interface near region, or
point defects incorporated by high energetic particles during PLD growth.
In order to show the influence of the interface on electrical properties, a
BaSnO3:2 % La film was grown on both a Ba-doped and an undoped LaInO3
substrate. Here, a carrier mobility of 77 cm2 V−1 s−1 at a carrier density of
2.3 · 1020 cm−3 was determined for the film grown on LaInO3:Ba, while a carrier
mobility of 30 cm2 V−1 s−1 at a carrier density of 1.7 · 1019 cm−3 was measured
for a film grown on the undoped LaInO3 substrate. This verifies that defects
generated in the BaSnO3 film by the deteriorated surface of the undoped LaInO3
substrate lead to a high density of defects in the BaSnO3 film, which act as
acceptors and drastically reduce the intentionally introduced charge carrier
concentration.
Temperature-dependent Hall effect measurements between 20 K and 320 K
performed on a 0.5 % La-doped BaSnO3 film grown on LaInO3:Ba are shown in
Fig. 4.29. A carrier density (Fig. 4.29a) of 3.8 · 1019 cm−3 could be determined
at room temperature, which corresponds to an activation rate of 53 % of the
intentionally introduced charge carriers, assuming the incorporation of all Ladopants on Ba-sites in the lattice. The determined activation rate is correlated to
a high amount of compensating point defects acting as deep acceptor states. The
carrier density does not change over the investigated temperature range, indicating
metallic conduction as expected for a degenerately doped semiconductor. [33,
38, 42, 117, 118, 119] The sheet resistance (Fig. 4.29b) decreases from 230 Ω to
160 Ω between room temperature and 20 K in correspondence with the increase
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in electron mobility from 69 cm2 V−1 s−1 to 99 cm2 V−1 s−1 (Fig. 4.29c). Below
100 K, the increase in mobility plateaus, which is often observed for BaSnO3
films and is assumed to be caused by ionised dopant and other defect-related
scattering mechanisms. [33, 38, 42, 119]

a)

c)

b)

Figure 4.29: a) Carrier density, b) sheet resistance and c) carrier mobility as a
function of temperature for an 100 nm thick 0.5 % La-doped BaSnO3 film on a
(110) LaInO3:Ba substrate. Adapted from [84].
The epitaxial growth of BaSnO3 thin films by PLD has been performed
for many years on various substrates. However, their structural and electrical
properties were always limited by the high density of threading dislocations (in
the order of 1011 cm−2 ), which are a consequence of a large lattice mismatch
between substrate and film. [119, 120, 121, 122] The implementation of the
novel lattice-matched LaInO3 substrate for the first time enabled the growth of
BaSnO3 thin films with high structural quality. The structural data presented
clearly verify the successful growth of BaSnO3 thin films without the presence
of extended defects found by means of TEM measurements, as long as the
LaInO3 substrates are doped with barium. The requirement for the doping of
the LaInO3 substrates resulted from an unintentional Ga contamination, which
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led to the degradation of the surface at a high temperature and in reducing
atmosphere. In contrast, Ba-doping of the LaInO3 crystals emerged as an
effective way to suppress Ga-diffusion through the crystal and thus stabilised
the substrate surface. Consequently, BaSnO3 thin films epitaxially grown on
Ba-doped LaInO3 substrates represent a major improvement in film quality
with regard to dislocation formation, compared to BaSnO3 films grown on any
commercially available substrate. [33, 38, 40, 43, 77] This results in excellent
electric properties of La-doped BaSnO3 thin films, which are comparable to
the best values published by other groups for films grown by PLD. However,
the electron mobilities are still significantly lower than those measured for
films grown by molecular beam epitaxy. [33, 38] The large amount of point
defects at the interface between substrate and film as well as in the film are
considered to be main scattering centres for the charge carriers, limiting the
mean free paths of the electrons. These defects are predominantly caused by the
bombardment of the growing film surface with highly energetic ions/particles,
which are always present in PLD. A further improvement of the electrical data is
therefore expected when the specific origin of the interface defects and stripe
accumulation in the films are identified and remedied by readjusting the PLD
growth conditions. However, the aim of this study was to demonstrate the
epitaxial growth of BaSnO3 films without extended defects and good electrical
properties, while investigations of the point defects are part of ongoing research
and are beyond the scope of this thesis.
These results indicate the high quality of the BaSnO3 epitaxial films, which
was shown to be reproducible despite the Ga contamination. However, further
measurements and optimisation of growth process with regard to the origin of
point defect formation at the interface and in the film are necessary to fully exploit
the potential of the films for application in electronic devices. The identification
of Ga contamination requires several elaborate single-crystal growth experiments,
which was not part of this thesis.

4.6

Conclusions

In this chapter, the epitaxial growth of BaSnO3 thin films on SrTiO3, NdScO3
and LaInO3:Ba substrates was demonstrated. First, suitable growth conditions
were determined for the epitaxial growth of BaSnO3 thin films on (100) SrTiO3
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substrates, as listed in Tab. 4.1. BaSnO3:La films exhibit a Hall mobility of
58 cm2 V−1 s−1 at room temperature at a carrier density of 3.8 · 1020 cm−3 . Due to
the large lattice mismatch of 5.2 % between BaSnO3 film and SrTiO3 substrate, a
high density of threading dislocations is found by means of TEM measurements
in the films. This leads to drastically deteriorated structural and electrical
properties of the films.
The epitaxial growth of BaSnO3 thin films on orthorhombic NdScO3 substrates
was expected to result in films with lower dislocation density. This, however,
was only possible for the application of SrSnO3-coated NdScO3 substrates. The
application of SrSnO3/NdScO3 substrates resulted in epitaxial BaSnO3 thin films
with improved structural and electrical properties. This allowed investigations of
the formation of a conductive interface between LaInO3 and BaSnO3. A slight
La-doping concentration of 0.35 % in the BaSnO3 film was sufficient to observe
an increase in conductivity of more than four magnitudes after the deposition
of a LaInO3 thin film and thus the formation of a LaInO3/BaSnO3 interface.
C-V and temperature-dependent Hall effect measurements provided additional
evidence that the increase in conductance is correlated to the formation of a
conductive interface between LaInO3 and BaSnO3, a so-called 2DEG.
Since the use of SrSnO3/NdScO3 substrates did not significantly improve
the structural quality of the BaSnO3 films compared to films grown on SrTiO3
substrates, a novel lattice-matched substrate was developed. (110) LaInO3:Ba
substrates have a lattice mismatch of only 0.2 % to BaSnO3 and with that are
auspicious for the growth of BaSnO3 thin films with highest structural quality.
The application of LaInO3:Ba substrates for the epitaxial growth of BaSnO3 thin
films results in a misfit dislocation density smaller then 104 cm−1 . No threading
dislocations were found by means of TEM. For the first time, a BaSnO3 thin film
without any extended defects could be investigated. This enables new possibilities
for the fabrication of a FeFET, since it is now feasible to grow BaSnO3 thin films
with high structural quality.
A tabular comparison of the structural and electrical properties of BaSnO3
thin films grown on the investigated substrates is presented in the appendix in
Tab. C.1.
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5
Epitaxy of Potassium Sodium
Niobate Thin Films
In this chapter, the epitaxial growth of potassium sodium niobate (K,Na)NbO3
thin films by means of PLD is investigated. For this purpose, ceramic targets
with the intended KxNa1–xNbO3 composition were fabricated by applying a
sinter routine developed in the frame of my Master’s thesis. [68] (K,Na)NbO3
thin films were grown on different substrates and investigated with respect
to their structural and electrical properties. As described in Section 2.7 the
K0.5Na0.5NbO3 composition is expected to exhibit the best ferroelectric properties
and is thus investigated in detail in this chapter.
First, structural properties of K0.5Na0.5NbO3 thin films will be evaluated with
respect to their strain state and critical film thickness on different substrates.
Subsequently, the electrical properties of the grown films will be investigated.
The electrical properties of the films were investigated with respect to their
dependency on the film thickness, the substrate and the bottom electrode
material and were evaluated by applying the model of a Schottky diode. This
provides a basic understanding of the charge transport in K0.5Na0.5NbO3 thin
films.
The results presented in this chapter were not only obtained by myself:
J. Stöver and J. Martin supported in the fabrication of Pt-top contacts and
I-V measurements, while my experimental contribution consisted of sample
preparation, AFM and HRXRD measurements.
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5.1

Epitaxy of (K,Na)NbO3 Thin Films

The growth conditions for the epitaxial growth of K0.5Na0.5NbO3 thin films
were determined in the frame of my Master’s thesis with respect to high
structural quality of the films and are presented in Tab. 5.1. [68] In order to
investigate the electrical properties of K0.5Na0.5NbO3 thin films, epitaxial SrRuO3
or La0.33Sr0.67MnO3 bottom electrodes were grown as thin films on electrically
insulating substrates (DyScO3 and SrTiO3). Both bottom electrodes were also
grown by means of PLD and the applied growth conditions are listed in Tab. 5.1.
The growth of both materials was optimised for epitaxy of 20 nm thick films with
respect to a smooth film surface and a fully strained structure. Fig. 5.1a presents
an AFM micrograph of a DyScO3 substrate with a terraced surface morphology
and a rms surface roughness of about 0.3 nm. The terraces are maintained
after epitaxial growth of a 20 nm thick SrRuO3 film, as depicted in Fig. 5.1b.
The SrRuO3 thin film exhibits a rms surface roughness of 0.3 nm. HRXRD
2θ − ω measurements around the (110) DyScO3 substrate peak of the respective
sample show the SrRuO3 film peak below the substrate peak and pronounced
thickness fringes on both sides of the film peak (Fig. 5.1c). A film thickness of
20 nm can be derived from the distance of the thickness fringes. Additionally
used SrTiO3:Nb substrates are electrically conductive; therefore, the growth of
a conductive bottom electrode is not necessary for electric characterisation of
K0.5Na0.5NbO3 films.
Since the SrRuO3 and La0.33Sr0.67MnO3 bottom electrodes are fully strained
on the DyScO3 and SrTiO3 substrates and exhibit nearly the same surface
morphology as the bare substrates (Fig. 5.1a and b), their influence on the
structure of the K0.5Na0.5NbO3 thin films is negligible.
Table 5.1: Growth conditions for the epitaxy of (K,Na)NbO3, SrRuO3 and
(La,Sr)MnO3 thin films.
Parameter
Ts (℃)
pO2 (mbar)
dts (mm)
E (J/cm2 )
ν (Hz)

(K,Na)NbO3
600
0.05
45
1.2
5
78

SrRuO3
750
0.05
60
1.2
5

(La,Sr)MnO3
750
0.15
60
1.2
3

5.2 Structural Characterisation
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Figure 5.1: 4 × 4 µm2 AFM micrographs of a) a bare DyScO3 substrate and b) a
SrRuO3 film on a DyScO3 substrate. Both exhibit a stepped surface morphology
with a rms surface roughness of 0.3 nm. c) HRXRD 2θ − ω scan around the
(110) DyScO3 substrate peak.

5.2

Structural Characterisation

The structural characterisation of K0.5Na0.5NbO3 thin films was performed by
means of AFM, HRXRD 2θ − ω scans and RSM measurements. In this section,
the structural properties of films grown on SrRuO3/DyScO3 and SrTiO3:Nb
substrates are discussed with respect to their strain state and defect density.

K0.5Na0.5NbO3 Thin Films on (110) DyScO3 Substrates
DyScO3 substrates are covered by 20 nm thick fully strained SrRuO3 epitaxial
bottom electrodes for the subsequent electrical characterisation of K0.5Na0.5NbO3
thin films, which will be described in Section 5.3. K0.5Na0.5NbO3 thin films
grown on SrRuO3/DyScO3 substrates experience an average compressive in-plane
lattice strain of 0.6 %.
Fig. 5.2a depicts a representative AFM micrograph of the surface of a
K0.5Na0.5NbO3 film grown on a SrRuO3/DyScO3 substrate. Typically, a stepped
surface with a rms surface roughness of 0.3 nm is observed for the grown
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films. This is similar to the surface of the SrRuO3 bottom electrode (Fig. 5.1b).
Fig. 5.2b presents HRXRD 2θ − ω scans of K0.5Na0.5NbO3 thin films with film
thickness from 46 nm to 200 nm around the (110) DyScO3 substrate reflection.
All films exhibit pronounced thickness fringes around the K0.5Na0.5NbO3 film
peak. These indicate a high structural quality of the film, a sharp interface
between film and SrRuO3 bottom electrode, and a smooth film surface. All
film peaks appear at about the same 2θ angle, which corresponds to a vertical
lattice parameter of d⊥ = 4.051 Å. A fully strained K0.5Na0.5NbO3 layer grown
on DyScO3 is expected to exhibit a vertical lattice parameter of d⊥ = 4.033 Å,
according to Poisson’s ratio and linear elasticity theory. [94, 95] This is smaller
than that of the PLD-grown films and is assumed to be mainly related to oxygen
vacancies, which are often found in PLD-grown thin films due to the low oxygen
partial pressure applied, and typically cause an increased unit cell volume. [118,
123, 124, 125]
The SrRuO3 film peak is observed at the same angular position as the
(110) DyScO3 substrate peak. The broad thickness oscillations visible especially
in the black and red data correspond to the SrRuO3 layer and reveal a film
thickness of 20 nm.

b)

(K,Na)NbO3

a)

(110) DyScO3
SrRuO3

200 nm
1

95 nm

1 µm

(001) (K,Na)NbO3

1

46 nm

Figure 5.2: a) 4 × 4 µm2 AFM micrograph of the surface of a 200 nm thick
K0.5Na0.5NbO3 film on a SrRuO3/DyScO3 substrate with a rms surface roughness
of 0.3 nm. b) HRXRD 2θ − ω scans of 46 nm, 95 nm and 200 nm thick
K0.5Na0.5NbO3 films grown on (110) DyScO3 substrates covered by 20 nm thick
SrRuO3 around the (110) DyScO3 substrate peak. The dashed line indicates the
bulk position of the (001) K0.5Na0.5NbO3 Bragg peak.
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Figure 5.3: RSM measurements in the vicinity of the asymmetric (444) DyScO3
substrate reflection of a) 46 nm, b) 95 nm and c) 200 nm thick K0.5Na0.5NbO3
films grown on SrRuO3 bottom electrodes. In b), the white x indicates the
position of stoichiometric K0.5Na0.5NbO3.
In order to determine the strain state of the K0.5Na0.5NbO3 thin films,
RSM measurements were performed in the vicinity of the (444) asymmetric
Bragg-reflection of the DyScO3 substrate, as depicted in Fig. 5.3. All RSM
measurements exhibit the DyScO3 substrate peak at q⊥ = 6.37 Å and above
the contribution of the epitaxial SrRuO3 bottom electrode. The K0.5Na0.5NbO3
film peaks are found below the substrate peak at around q⊥ = 6.2 Å−1 . Clearly,
the main contribution of the K0.5Na0.5NbO3 film peaks of all three samples
appears at the same q∥ position as the (444) DyScO3 substrate peaks. This
indicates that fully strained films can be obtained up to a film thickness of 200 nm.
According to the model of Matthews and Blakeslee, an average lattice strain
of 0.6 % leads to a critical film thickness of 80 nm for the formation of misfit
dislocations in the film. [19] However, this estimation is commonly about a
factor of two smaller than what can be observed experimentally. This is because
an equilibrium system is assumed, where it is energetically more favourable to
introduce dislocations than to sustain lattice strain. However, this is not the case
for PLD growth where high energetic particles are adsorbed on the substrate
surface. The critical film thickness is rather kinetically limited by nucleation and
movement of dislocations and their interaction, which increases potential barriers
and impedes the incorporation of dislocations. [126, 127]
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From the RSM measurements presented in Fig. 5.3 it can be observed that
the in-plane contribution of the K0.5Na0.5NbO3 film peaks is broader for films
with increasing film thickness. In-plane q∥ line scans through the respective film
peaks can be considered as Rocking curve measurements. Here, the FWHM is
an indicator of the defect density of the respective film. For a film with a film
thickness of 46 nm, a FWHM of 0.016 Å−1 (≈ 0.13°) could be determined. The
FWHM increases up to 0.023 Å−1 (≈ 0.19°) for the film with a thickness of
200 nm. In spite of the absence of plastic lattice relaxation, it appears that the
density of defects increased in the studied films. Such defects are assumed to be
mainly related to point defects like oxygen, potassium and sodium vacancies.
Oxygen vacancies are often observed in PLD-grown films due to the low oxygen
partial pressure used during film growth. [123, 124, 125] In addition, potassium
and sodium vacancies are likely to form in (K,Na)NbO3 thin films, because
of their high volatility at elevated temperatures. [65, 66, 67] However, since
all films were kept at 600℃ for the same time (15 min), a similar amount of
potassium and sodium vacancies from evaporation is expected. A more probable
origin of the increasing amount of point defects is assumed to be caused by the
fundamental growth principle of PLD: With every laser pulse, a certain amount
of high energetic particles bombards the substrate, as described in Section 3.1.
The growth rate per laser pulse is constant, and consequently, the growth of a
thick film requires a higher amount of laser pulses than the growth of a thin
layer. Thus, more high energetic particles bombard a thick film and can lead to
the formation of point defects. On the other hand, it should be considered that
the PLD growth process takes place far from the thermodynamic equilibrium.
This can result in supersaturation of arriving particles on the sample surface
with increasing film thickness. Such supersaturation reduces the diffusion length
of particles on the film surface and thus promotes the formation of islands on the
film’s surface. This eventually leads to an increase in defect density and hence
an increase in FWHM of the Rocking curve.

K0.5Na0.5NbO3 Thin Films on (100) SrTiO3:Nb Substrates
K0.5Na0.5NbO3 thin films are grown on SrTiO3:Nb substrates. Since the SrTiO3:Nb
substrate is electrically conductive, the growth of an epitaxial bottom electrode
is not necessary. However, this comes at the cost of an increased average lattice
mismatch of 1.6 % between film and substrate.
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b)

(200) SrTiO3:Nb
(K,Na)NbO3
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100 nm
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(002) (K,Na)NbO3

Figure 5.4: a) 4 × 4 µm2 AFM micrograph of the surface of a 100 nm
thick K0.5Na0.5NbO3 film on a SrTiO3:Nb substrate with a rms surface
roughness of 0.4 nm. b) HRXRD 2θ − ω scans of 36 nm, 50 nm, 80 nm and
100 nm thick K0.5Na0.5NbO3 films grown on SrTiO3:Nb substrates around the
(200) SrTiO3:Nb substrate peak. The dashed line indicates the bulk position of
the (002) K0.5Na0.5NbO3 Bragg peak.
Fig. 5.4a depicts an AFM micrograph of an area of 4 × 4 µm2 of a 100 nm
thick K0.5Na0.5NbO3 film grown on a SrTiO3:Nb substrate. The surface exhibits
a terraced structure with a rms surface roughness of 0.4 nm. Fig. 5.4b presents
HRXRD 2θ − ω scans of K0.5Na0.5NbO3 films on SrTiO3:Nb substrates with a
film thickness from 36 nm to 100 nm around the (200) SrTiO3:Nb substrate
peak. Thickness fringes are only observed for the 36 nm thick film, while thicker
films do not exhibit pronounced thickness fringes. The position of the film peak
shifts from 44.5° for the film with 36 nm film thickness to 44.6° for the film with
50 nm film thickness and eventually to 44.8° for the two films with 80 nm and
100 nm film thickness. The shift of the film peak is caused by a change in the
vertical lattice parameter d⊥ of the thin films and summarised in Tab. 5.2.
A change from 4.065 Å for the thinnest film to 4.035 Å for the thickest film
is determined. A fully strained K0.5Na0.5NbO3 thin film on a SrTiO3 substrate is
expected to exhibit a vertical lattice parameter of 4.058 Å, according to Poisson’s
ratio and linear elasticity theory. [94, 95] This is smaller than the vertical lattice
parameter of the 36 nm thick film, but larger than the vertical lattice parameter
of the three other samples. Similar to observations of K0.5Na0.5NbO3 films grown
on SrRuO3/DyScO3 substrates, fully strained films exhibit a vertical lattice
parameter that is slightly larger than the theoretical prediction, which is assumed
to be correlated with an oxygen deficiency in the films. Since, most of the films
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grown on SrTiO3:Nb substrates exhibit a vertical lattice parameter smaller than
the theoretical fully strained value, the start of plastic lattice relaxation can
be assumed. Therefore, the (002) position of bulk K0.5Na0.5NbO3 is indicated
by a dashed line in Fig. 5.4b. All films investigated appear on the left side
of the position of bulk K0.5Na0.5NbO3, which reveals that none of the films is
fully relaxed. The absence of thickness fringes in combination with a decreasing
vertical lattice parameter indicates a deteriorating structural quality of the films
with increasing film thickness.
Table 5.2: Vertical lattice parameters of K0.5Na0.5NbO3 films with different
thickness grown on SrTiO3:Nb substrates.
Film thickness t
36 nm
50 nm
80 nm
100 nm

Lattice parameter d⊥
4.062 Å
4.054 Å
4.035 Å
4.035 Å

RSM measurements of K0.5Na0.5NbO3 films with different film thickness
were performed in the vicinity of the asymmetric (103) SrTiO3 substrate
reflection (Fig. 5.5). This provides more detailed information about strain state
and defect density in the films. All RSM measurements exhibit the SrTiO3
substrate peak in the upper half of the image and the respective K0.5Na0.5NbO3
film peak at the lower half of the image. For a 36 nm thick K0.5Na0.5NbO3
film (Fig. 5.5a), the maximum contribution of the film peak occurs at the same
in-plane position q∥ as the SrTiO3 substrate peak, indicating pseudomorphic
film growth. The film peak of a 50 nm thick K0.5Na0.5NbO3 film exhibits a
distinct broadening towards a larger in-plane lattice parameter, while the main
contribution of the film peak remains at the q∥ position of the SrTiO3 substrate.
Such peak broadening in the direction of a larger in-plane lattice parameter is
much more developed for an 80 nm thick film. This indicates partial plastic
relaxation of the K0.5Na0.5NbO3 lattice and thus some stress from the SrTiO3
substrate remains in the film. The bulk position of K0.5Na0.5NbO3 is indicated
by a white x in Fig. 5.5c. The in-plane lattice parameter develops into larger
lattice parameters with increasing film thickness. This corresponds with the
observed change of the vertical lattice parameter presented in Tab. 5.2, which
decreases with increasing film thickness. The same observation was made for
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a 100 nm thick K0.5Na0.5NbO3 film grown on a SrTiO3:Nb substrate. The
broadening of the film peaks of the two thicker films does not occur in the
direction of the bulk position, but rather horizontally. Such a peak shape is
well known for films with an in-plane mosaicity, where blocks of unit cells are
slightly rotated towards each other, leading to a tilting of the K0.5Na0.5NbO3
unit cells. [128, 129, 130] Such an effect can be assumed to require less energy
than the incorporation of a high density of misfit dislocations and thus serves
to reduce the stress from the lattice mismatch between SrTiO3 and K0.5Na0.5NbO3.

a)

b)

c)

d)

(103) SrTiO3

x

(K,Na)NbO3

Figure 5.5: RSM measurements in the vicinity of the asymmetric (103) SrTiO3
substrate reflection of a) 36 nm, b) 50 nm, c) 80 nm and d) 100 nm thick
K0.5Na0.5NbO3 films grown on SrTiO3:Nb substrates. In c), the white x indicates
the position of bulk K0.5Na0.5NbO3.
According to the model of Matthews and Blakeslee, a critical film thickness of
21 nm is expected for K0.5Na0.5NbO3 films grown on SrTiO3 substrates. [19] This
is aligns with observations from RSM and HRXRD measurements, assuming
a misestimation of a factor of two, as previously explained. A film with 36 nm
thickness is determined to be fully strained, while a film with 50 nm film
thickness reveals a distinct onset of plastic lattice relaxation.
In addition to the strain state, a basic understanding of the defect density
can be derived from RSM measurements. For this purpose, in-plane line scans
(Rocking curve scans) were recorded through the maximum of the film peaks.
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The fully strained K0.5Na0.5NbO3 film with a film thickness of 36 nm exhibits
a FWHM of ∆q∥ = 0.033 Å−1 (≈ 0.38°). With increasing film thickness to
50 nm, a FWHM of 0.044 Å−1 (≈ 0.51°) can be measured. The determined
FWHM values of the films grown on SrTiO3:Nb substrates are much larger than
what was measured for films grown on SrRuO3/DyScO3 substrates. The overall
film quality is always determined by the structural quality of the substrate
utilised. The structural quality of SrTiO3:Nb substrates is worse than that of
DyScO3 substrates. Rocking curve measurements reveal a FWHM of 0.031° for
the (200) SrTiO3 substrate reflection compared to a FWHM of 0.013° for
the (220) DyScO3 substrate reflection. The poorer structural quality of the
SrTiO3 substrates, combined with an increased lattice strain, deteriorates the
structural quality of the thin films. In addition, partial lattice relaxation leads
to a broadening of the film peak compared to the fully strained film due to
the incorporation of misfit dislocations. Combined, this leads to a broadening
of the film peak, since the film exhibits an onset of partial lattice relaxation
and thus contains a larger number of misfit dislocations compared to the fully
strained film. The samples with a film thickness of 80 nm and 100 nm exhibit
FWHM values of 0.08 Å−1 (≈ 0.93°) and 0.09 Å−1 (≈ 1.05°), respectively. This
corresponds with previous observations, since both films are partially relaxed
and also exhibit an in-plane mosaicity. Furthermore, 2θ − ω scans previously
predicted a deteriorated structural quality of the films due to the absence of
thickness fringes.
In summary, it can be stated that the growth of smooth and epitaxial
K0.5Na0.5NbO3 thin films is possible on both SrRuO3/DyScO3 and SrTiO3:Nb
substrates. Fully strained films with a thickness up to 200 nm could be grown
on SrRuO3/DyScO3 substrates. In contrast, the critical film thickness of
K0.5Na0.5NbO3 films grown on SrTiO3:Nb substrates is limited to 36 nm. For
films with a larger thickness, an immediate onset of plastic lattice relaxation is
observed. However, even films with a thickness of 100 nm are still only partially
and not fully relaxed. All films exhibit a smooth film surface with a rms surface
roughness smaller than 0.4 nm.
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5.3

Electrical Characterisation

A perfect K0.5Na0.5NbO3 film exhibits remarkable piezo- and ferroelectric
properties as well as a dielectric constant of at least 235. [6, 131] The application
of an external electric field would thus offer the possibility of switching the
ferroelectric polarisation. This polarisation state, however, is only stable if
the material is an insulator. In reality, a leakage current is often observed in
(K,Na)NbO3 thin films as well as ceramics and single crystals. This leakage
current deteriorates the ferroelectric properties of the (K,Na)NbO3 thin films. [69,
70, 132, 133, 134]
In this thesis, the electrical properties of K0.5Na0.5NbO3 thin films in particular
were investigated. For this purpose, K0.5Na0.5NbO3 films were grown on electrically
insulating DyScO3 and SrTiO3 substrates coated with epitaxial SrRuO3 and
La0.33Sr0.67MnO3 bottom electrodes, as well as on electrically conductive
SrTiO3:Nb substrates. In this way, a heterostructure suitable for examining
the electrical properties of K0.5Na0.5NbO3 thin films could be determined.

46 nm
95 nm
200 nm

Figure 5.6: J-V measurements of K0.5Na0.5NbO3 films with a film thickness of
46 nm, 95 nm and 200 nm grown on SrRuO3/DyScO3 substrates.
First, K0.5Na0.5NbO3 films with different thickness were grown on
SrRuO3/DyScO3 substrates. The corresponding I-V measurements are presented
in Fig. 5.6 in the form of J-V curves and were performed in a voltage range
from -1.0 V to +1.0 V on Pt-contacts with a contact diameter of 200 µm. For a
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comparison of the measurements with the results presented later, the current
density was calculated according to J = I/A with I the measured current and
A the contact area. The J-V curves of K0.5Na0.5NbO3 films with a thickness of
46 nm and 95 nm exhibit a larger current flow in the direction of negative bias
than the film with 200 nm film thickness. Both the 46 nm and 95 nm thick
film exhibit ohmic charge transport according to Eq. 3.13, where the current
density depends linearly on the applied bias. The linear dependency is derived
from the symmetric shape around 0 V in the logarithmic scale. The 200 nm
thick film, however, is non-symmetric and thus behaves differently. A 100 times
smaller current density is observed at a negative bias of -1 V than at a positive
bias of +1 V. Such a characteristic can also be described as a Schottky diode,
as introduced in Section 3.3. However, since the difference in current density
between negative and positive bias is only two magnitudes, the leakage current
flow in negative bias is still high.

SrRuO3/SrTiO3
(La,Sr)MnO3/SrTiO3
(La,Sr)MnO3/SrTiO3:Nb
SrTiO3:Nb

Figure 5.7: J-V measurements of 80 nm thick K0.5Na0.5NbO3 films grown on
SrRuO3/SrTiO3, (La,Sr)MnO3/SrTiO3 and (La,Sr)MnO3/SrTiO3:Nb epitaxial
bottom electrodes and SrTiO3:Nb conductive substrates.
In order to investigate the influence of the SrRuO3 bottom electrode
on the observed leakage current in the K0.5Na0.5NbO3 thin films, different
bottom electrodes were utilised. For this purpose, 20 nm thick SrRuO3 and
La0.33Sr0.67MnO3 films were grown on electrically insulating SrTiO3 substrates.
In addition, La0.33Sr0.67MnO3 was grown epitaxially on an electrically conductive
SrTiO3:Nb substrate. Subsequently, K0.5Na0.5NbO3 thin films with a thickness
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of 80 nm were grown on the aforementioned bottom electrodes as well as on a
bare SrTiO3:Nb substrate. The corresponding I-V measurements were performed
on circular Pt contacts with a diameter of 200 µm and are presented in the
form of J-V curves in Fig. 5.7. The current density of K0.5Na0.5NbO3 films grown
on epitaxial La0.33Sr0.67MnO3 and SrRuO3 bottom electrodes was measured in
a voltage range from -1 V to +1 V. Within this range, a linear (symmetric)
behaviour of the current density is observed for all three samples. The film grown
on a SrRuO3 bottom electrode exhibits the highest current density at -1 V of
J = 8 Acm−2 , while the films grown on La0.33Sr0.67MnO3 are found to have a
slightly lower current density of J = 1 Acm−2 . The measured current density is
most certainly limited by the conductivity of the different bottom electrodes.
SrRuO3 is known to exhibit a higher conductivity than La0.33Sr0.67MnO3, which
explains the lower current density measured in K0.5Na0.5NbO3 films grown
on La0.33Sr0.67MnO3 bottom electrodes. [135, 136] No significant difference is
observed between the two samples with La0.33Sr0.67MnO3 bottom electrodes. In
contrast, the K0.5Na0.5NbO3 film grown on a bare SrTiO3:Nb substrate shows
a different electrical behaviour. The leakage current density is five magnitudes
lower at +1 V and even nine magnitudes lower at -1 V compared to the other
samples. The observed J-V curve corresponds to the behaviour of a Schottky
diode, where no current flow is desired in reverse bias, and a strong increase of
the current is measured for forward bias. The increase in current density below
-2 V is described as the leakage current of the device.
A comparison of the K0.5Na0.5NbO3 films grown on epitaxial bottom
electrodes with the sample grown on a conductive SrTiO3:Nb substrate reveals
a negative influence of the epitaxial bottom electrodes on the leakage current
in the K0.5Na0.5NbO3 films. Since the aim of this study was the determination
of a heterostructure suitable for measurements of the electric properties of
(K,Na)NbO3 thin films, no further investigations of the specific influence of the
epitaxial bottom electrodes on the leakage current were performed. Instead,
electrically conductive SrTiO3:Nb substrates will be utilised in the following
for more detailed investigations of the leakage current in K0.5Na0.5NbO3 thin films.
K0.5Na0.5NbO3 thin films with film thickness from 36 nm to 100 nm were
grown on SrTiO3:Nb substrates. The corresponding I-V measurements were
performed in a voltage range between -5 V and 2 V on Pt-contacts with a
diameter of 200 µm and are depicted as J-V curves in Fig. 5.8. Films with a
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thickness of up to 50 nm exhibit a current density above 10−4 Acm−2 at -1 V.
Furthermore, the difference in current density between -1 V and +1 V is about
two magnitudes. This is similar to a Schottky diode with a large leakage current,
as was observed for a 200 nm thick K0.5Na0.5NbO3 film grown on a SrRuO3 coated
DyScO3 substrate. Films with a thickness larger than 50 nm show a much lower
leakage current density in reverse bias. In this regard, both samples are measured
to have a current density of 10−8 Acm−2 at -1 V , which is four magnitudes lower
than the thinner samples. However, an increase in current density is observed
for a reverse bias larger than -2 V. Here, the leakage current density increases
from 10−8 Acm−2 to 10−5 Acm−2 between -2 V and -5 V. A rapid increase in
current density is also observed for forward bias. As a result, the current density
increases for both the 80 nm and 100 nm thick K0.5Na0.5NbO3 films, more than
nine magnitudes from 0.5 V to 1.5 V.

36 nm
50 nm
80 nm
100 nm

Figure 5.8: J-V measurements of K0.5Na0.5NbO3 films with film thickness of
36 nm, 50 nm, 80 nm and 100 nm grown on SrTiO3:Nb substrates.
Such characteristics are desired for a Schottky diode in forward direction.
Hence, the model of a Schottky diode is applied to extract more detailed
properties of the K0.5Na0.5NbO3 thin films and to obtain a better understanding
of their electrical characteristics. The application of the Schottky model (Eq. 3.14
introduced in detail in Section 3.3) allows determination of the Schottky
barrier height Φ and of the ideality factor η. An exemplary simulation of
the J-V measurement of the 100 nm thick K0.5Na0.5NbO3 thin film is shown
in Fig. 5.9a. The presented interpolation reveals a Schottky barrier height of
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Φ = 1.06 eV and an ideality factor η = 2.7. The same evaluation was applied to
the thinner films grown on SrTiO3:Nb substrates and is plotted in Fig. 5.9b. The
Schottky barrier height of a 36 nm thick K0.5Na0.5NbO3 thin film is determined
as 0.84 eV, while it is increased to 1.06 eV for a 100 nm thick film. The observed
increase in the Schottky barrier seems to correlate in a linear way with the film
thickness. The corresponding ideality factor determined by applying the Schottky
model varies between 2.7 and 3.8.

a)

b)

Figure 5.9: a) Simulation of a J-V measurement of a 100 nm thick K0.5Na0.5NbO3
film on a SrTiO3:Nb substrate. b) Barrier height Φ and ideality factor η
determined for K0.5Na0.5NbO3 thin films with different film thickness on
SrTiO3:Nb substrates.
Theoretically, a Schottky diode exhibits an ideality factor of one, while
real Schottky diodes typically have an ideality factor of up to two. [76] Since
the ideality factor determined for the investigated K0.5Na0.5NbO3 thin films
is much larger than two, the applied Schottky model does not describe the
current-voltage characteristics of the heterostructure accurately. This can also
be concluded from the observed linear dependency of the Schottky barrier height
from the K0.5Na0.5NbO3 film thickness. Such behaviour cannot be described
by a pure Schottky model and requires some adaptation. For example, a
metal-insulator-semiconductor (MIS) model would consider the introduction of
an insulating layer between semiconductor and metal contact. In the investigated
heterostructure, the semiconductor is represented by the conductive SrTiO3:Nb
substrate and the metal contact by the Pt top-contact. The insulator can be
considered as the K0.5Na0.5NbO3 thin film. An increased K0.5Na0.5NbO3 film
thickness would act as a thicker barrier and thus reduce the probability of
tunneling of electrons, for example, which would eventually lead to a reduced
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leakage current. Hence, the K0.5Na0.5NbO3 thin film can be better described as
an insulating layer than as a semiconductor with high charge carrier density in
the Schottky model.

5.4

Conclusions

K0.5Na0.5NbO3 thin films can be grown fully strained up to a thickness of 200 nm
on DyScO3 substrates and up to 36 nm on SrTiO3:Nb substrates. Films grown
on SrTiO3:Nb substrates with a thickness larger than 36 nm exhibit an onset
of plastic lattice relaxation, but do not fully relax to the bulk K0.5Na0.5NbO3
structure up to a film thickness of 100 nm. The film structure exhibits an in-plane
mosaicity, which is assumed to be energetically more favourable to release the
lattice strain than the incorporation of a high density of misfit dislocations.
Since (K,Na)NbO3 was not the main focus of the materials investigated in
this thesis, only a brief analysis of the leakage current was performed. The
bottom electrode was determined as a crucial parameter for the measurement of
the electric properties of the thin films. Epitaxial SrRuO3 and La0.33Sr0.67MnO3
bottom electrodes were found to have a negative influence on the electrical
properties of the K0.5Na0.5NbO3 thin films. The application of electrically
conductive SrTiO3:Nb substrates, in contrast, allows for the evaluation of the
electrical properties of the thin films. The investigations conducted were restricted
to the application of the Schottky model, where an increasing barrier height Φ
was observed between Pt-top contact and K0.5Na0.5NbO3 film with increasing film
thickness. Such thickness dependency cannot be described by a pure Schottky
model and a MIS model was suggested instead. In order to achieve a more detailed
understanding of the charge transport in the thin films, more measurements are
necessary. Furthermore, other models such as Fowler-Nordheim Tunneling or
Poole-Frenkel emission should considered and evaluated in detail. However, this
was beyond the scope of this thesis and will be the focus of future studies.
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6
Epitaxy of FeFET Heterostructure
The epitaxial growth of the complete FeFET heterostructure was the overall aim
of this thesis. It was introduced in Section 2.4 and consists of three different
layers, as depicted in Fig 2.5. A semiconducting BaSnO3 thin film is covered by
a dielectric LaInO3 layer to form a 2DEG at their interface. As the top layer, a
ferroelectric (K,Na)NbO3 thin film is deposited to facilitate control of the charge
carrier density in the 2DEG.
The results presented in this chapter were supported by J. Martin, who helped
with the fabrication of Pt-top contacts and I-V measurements. My experimental
contribution consisted of sample preparation and HRXRD measurements.

6.1

Epitaxial Growth of Heterostructure

The epitaxial growth of the FeFET heterstructure was performed by means of
PLD. The optimum growth conditions used for each layer were determined in
previous chapters and were applied for the growth of the full stack. An overview
of the growth conditions is given in Tab. 6.1. The first step was to deposit a
100 nm thick BaSnO3 film on the utilised substrate. This was followed by the
growth of a 10 nm thick LaInO3 film. Subsequently, the sample is cooled from
750 ℃ to 600 ℃, where the deposition of a 100 nm thick (K,Na)NbO3 film was
performed. All layers were grown without breaking of the vacuum.
The in-plane lattice mismatch between KxNa1–xNbO3 and LaInO3 varies
between 4.2 % and 2.5 % depending on the alkaline ratio x between 0.5 and 0.9.
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Therefore, KxNa1–xNbO3 thin films with varying composition x were investigated.
For this purpose, different KxNa1–xNbO3 targets were fabricated by applying a
sinter routine developed in the frame of my Master’s thesis [68].
Table 6.1: Growth conditions for epitaxy of BaSnO3, LaInO3 and (K,Na)NbO3
thin films.
Parameter
Ts (℃)
pO2 (mbar)
dts (mm)
E (J/cm2 )
ν (Hz)

BaSnO3
750
0.13
60
1.2
10

LaInO3
750
0.01
60
1.2
10

(K,Na)NbO3
600
0.05
45
1.2
5

The results presented in Chapter 4 demonstrated the high potential of
LaInO3:Ba substrates for the epitaxial growth of BaSnO3 thin films with high
structural quality. However, since the growth of LaInO3:Ba substrates is in
an early development phase, only a small amount of substrates was available,
limiting the number of BaSnO3 growth experiments. Therefore, the growth of
the complete FeFET heterostructure on LaInO3:Ba substrates was restricted to
KxNa1–xNbO3 thin films with the compositions x = 0.5 and x = 0.9. As described
in Section 2.7, films with x = 0.5 exhibit the best ferroelectric properties, while
the smallest lattice mismatch to LaInO3:Ba is obtained for films with x = 0.9.
Since only a limited number of LaInO3:Ba substrates was available, additional
experiments on the growth of KxNa1–xNbO3 thin films on the LaInO3/BaSnO3
heterostructure were performed using SrTiO3 substrates. For these experiments,
BaSnO3:2 % La films were utilised for the subsequent electrical characterisation
of the KxNa1–xNbO3 layers.

6.2

Structural Characterisation

Structural characterisation of the FeFET heterostructure was performed by
means of HRXRD 2θ − ω scans and RSM measurements. A detailed study on
the structural properties of BaSnO3 thin films grown on LaInO3:Ba and SrTiO3
substrates was presented in Chapter 4 and will not be elaborated in detail here.
The main focus of this section is on the structure of the KxNa1–xNbO3 layer in
the FeFET heterostructure.
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FeFET on (110) LaInO3:Ba Substrates
The epitaxial growth of the FeFET heterostructure on (110) LaInO3:Ba substrates
enabled the deposition of fully strained BaSnO3 and LaInO3 thin films with
high structural quality, due to the minor lattice mismatch between substrate
and films as described in Chapter 4. The ferroelectric KxNa1–xNbO3 thin film,
however, experiences a large tensile lattice stress when epitaxially grown on
the LaInO3/BaSnO3/LaInO3:Ba heterostructure. A K0.5Na0.5NbO3 thin film
experiences tensile lattice stress of 4.2 % and 3.1 % along the [001] and [11̄0]
directions of the LaInO3:Ba substrate, respectively. Increasing the potassium
content to x = 0.9 results in a slightly lower lattice mismatch of 3.6 % and 2.5 %
along the [001] and [11̄0] directions of the LaInO3:Ba substrate.

a)

b)

(220) LaInO3:Ba
BaSnO3
K0.5Na0.5NbO3
LaInO3

K0.5Na0.5NbO3

LaInO3

c)

(620) LaInO3:Ba
K0.5Na0.5NbO3
LaInO3

BaSnO3
(444) LaInO3:Ba

BaSnO3

Figure 6.1: a) HRXRD 2θ − ω measurement around the (220) LaInO3:Ba
substrate peak of the FeFET heterostructure with K0.5Na0.5NbO3 ferroelectric
layer. RSM measurements around the asymmetric b) (444) and c) (620) LaInO3:Ba
substrate reflections.
Fig. 6.1a depicts a HRXRD 2θ − ω scan around the (220) LaInO3:Ba
substrate reflection. The contribution of the BaSnO3 layer appears at the same
position as the LaInO3:Ba substrate peak. The LaInO3 film peak occurs as a
shoulder on the left side of the substrate peak. The slight shift of the LaInO3
film peak to a smaller angle with respect to the LaInO3:Ba substrate peak
indicates a vertical expansion of the LaInO3 lattice. This is presumably related
to an off-stoichiometric composition of the film. The K0.5Na0.5NbO3 film peak
occurs on the right side of the substrate peak. From the angular position of the
K0.5Na0.5NbO3 film peak, a vertical lattice parameter of 4.009 Å can be evaluated.
As previously described, the KxNa1–xNbO3 lattice is smaller than the LaInO3:Ba
lattice and thus tensile lattice strain is expected. Tensile strain would lead to a
reduced vertical lattice parameter. The grown film, however, exhibits a slightly
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increased vertical lattice parameter compared to the K0.5Na0.5NbO3 bulk value of
3.999 Å. This can have various causes, which cannot be clarified by the HRXRD
2θ − ω measurement. On the one hand, an off-stoichiometric composition of
the films caused by oxygen, potassium or sodium vacancies would lead to an
increased unit cell volume and consequently to a larger vertical lattice parameter
of the tensile strained film. On the other hand, the K0.5Na0.5NbO3 film could
also be fully relaxed and the lattice expansion is caused by an in-plane mosaicity,
as it was observed for K0.5Na0.5NbO3 films grown on SrTiO3:Nb substrates.
RSM measurements were performed to obtain more detailed information
about the structural properties of the thin films. In Fig. 6.1b and c, RSM
measurements in the vicinity of the asymmetric (444) and (620) LaInO3:Ba
substrate reflections are presented. Around the asymmetric (444) LaInO3:Ba
substrate peak, three film peaks emerge. The BaSnO3 film peak and LaInO3:Ba
substrate peak appear at the same position, as was observed and described in
Section 4.5. The LaInO3 film peak appears at the same in-plane q∥ position as
the substrate peak, which means that LaInO3 is fully strained to the BaSnO3
film and the LaInO3:Ba substrate, but at a larger vertical q⊥ position than
the substrate peak. This coincides with observations from HRXRD 2θ − ω
measurements, where an off-stoichiometric composition was assumed to explain
the peak shift. The K0.5Na0.5NbO3 film peak appears at larger vertical q⊥ and
in-plane q∥ values, which correspond to lattice parameters of d⊥ = 4.008 Å and
d∥ = 3.977 Å and is slightly larger than the bulk value of K0.5Na0.5NbO3. RSM
measurements in the vicinity of the (620) LaInO3:Ba substrate peak enable
the distinction of the BaSnO3 contribution from the substrate peak (Fig. 6.1c).
This observation was described in Section 4.5. The LaInO3 film peak appears
at the same in-plane q∥ position as the (620) LaInO3:Ba substrate peak, but at
a smaller q⊥ position. This is about the same q⊥ position that was observed
around the (444) LaInO3:Ba reflection (Fig. 6.1b). The K0.5Na0.5NbO3 film
peak also appears at the same reciprocal positions as determined around the
(444) LaInO3:Ba substrate reflection. It can be concluded that the K0.5Na0.5NbO3
thin film is almost fully relaxed, but is slightly expanded in both in-plane
directions, as well as in out-of-plane direction. An increased unit cell volume is
often observed for oxygen-deficient thin films. [118] Thus, it is concluded that
while the K0.5Na0.5NbO3 thin film is fully relaxed, it contains a large density of
oxygen and alkaline vacancies.
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Figure 6.2: a) HRXRD 2θ − ω measurement around the (220) LaInO3:Ba
substrate peak of the FeFET heterostructure with K0.9Na0.1NbO3 ferroelectric
layer. RSM measurements around the asymmetric b) (444) and c) (620) LaInO3:Ba
substrate reflections.
In order to reduce the lattice mismatch between the LaInO3:Ba substrate
and the KxNa1–xNbO3 thin film, the potassium content was increased to
K0.9Na0.1NbO3. This led to increased lattice parameters of the K0.9Na0.1NbO3
film and thus a decreased lattice mismatch. A HRXRD 2θ − ω scan around the
(220) LaInO3:Ba substrate reflection is presented in Fig. 6.2a. The contributions
of the BaSnO3 and LaInO3 layers are the same as previously observed in Fig. 6.1.
The film peak of the K0.9Na0.1NbO3 layer, however, appears at a slightly smaller
2θ angle. The angular position corresponds to a vertical lattice parameter of
4.027 Å and is thus exactly the same lattice parameter as bulk K0.9Na0.1NbO3.
The intensity of the K0.9Na0.1NbO3 film peak is weak in comparison to the
K0.5Na0.5NbO3 film peak in Fig. 6.1a, even though they have the same film
thickness. This indicates a deteriorated structural quality of the K0.9Na0.1NbO3
thin film. In order to further investigate the structural properties of the
heterostructure, RSM measurements were performed in the vicinity of the
asymmetric (444) and (620) LaInO3:Ba substrate reflections and are depicted
in Fig. 6.2b and c, respectively. The structural properties of the BaSnO3 and
LaInO3 layers are the same as previously discussed. The occurrence of a separated
LaInO3 film peak is again correlated to an off-stoichiometric composition of the
thin film. The K0.9Na0.1NbO3 film peak in Fig. 6.2b occurs with a low intensity
at a q∥ position of 3.13 Å−1 and a q⊥ position of 6.24 Å−1 . This corresponds to
lattice parameters of d∥ = 4.015 Å and d⊥ = 4.028 Å, indicating an increased
in-plane lattice parameter in the [001] direction, while the out-of-plane lattice
parameter corresponds to the K0.9Na0.1NbO3 bulk value. A RSM measurement
around the (620) LaInO3:Ba substrate reflection provides information about the
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strain state of the thin films in [11̄0] direction of the substrate and is presented
in Fig. 6.2c. The BaSnO3 and LaInO3 film reflections indicate fully strained films
with high structural quality. The K0.9Na0.1NbO3 film peak appears at the same
position as observed around the (444) LaInO3:Ba substrate reflection. Thus,
the in-plane lattice parameter of the K0.9Na0.1NbO3 film is also increased in the
[11̄0] direction of the substrate. According to Poisson’s ratio and linear elasticity
theory, a vertical lattice parameter of 3.884 Å would be expected for a fully
tensile strained K0.9Na0.1NbO3 film grown on a LaInO3:Ba substrate. [94, 95]
Since the K0.9Na0.1NbO3 thin film is fully relaxed in the out-of-plane direction,
but exhibits increased in-plane lattice parameters, it can be assumed that the
film is off-stoichiometric. Vacancies of oxygen, potassium and sodium cations
lead to an increased unit cell dimensions, which can be assumed to exhibit some
residual tensile lattice stress. In this way, a significant in-plane expansion would
result in a compression of the vertical lattice parameter, which appears for this
sample at the position of bulk K0.9Na0.1NbO3.
It can be concluded that both investigated KxNa1–xNbO3 thin films with
x = 0.5 and x = 0.9 exhibit almost complete plastic relaxation due to the large
lattice mismatch between the LaInO3:Ba substrate and the KxNa1–xNbO3 films.
The growth in low oxygen partial pressure led to a high density of oxygen and
alkaline vacancies in the films and thus to an expansion of the lattice.

FeFET on (100) SrTiO3 Substrates
In Chapter 4, it was described that the structural quality of BaSnO3 thin
films grown on SrTiO3 substrates is strongly deteriorated due to a large lattice
mismatch between substrate and film, causing the incorporation of a large
density of threading dislocations. However, since the BaSnO3 layer is always
fully relaxed on SrTiO3 substrates, its lattice parameters are similar to those of
BaSnO3 thin films grown on LaInO3 substrates. This allows for a comparison
of the structural properties of the KxNa1–xNbO3 thin films grown on top of the
heterostructure.
Fig. 6.3a depicts HRXRD 2θ − ω scans of FeFET heterostructures with
different KxNa1–xNbO3 compositions (x = 0.5 and x = 0.9) around the
(200) SrTiO3 substrate reflection. For both scans, the BaSnO3 film peak appears
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at the bulk position at around 43.9°, while that of LaInO3 occurs as a shoulder
on the left side of the BaSnO3 film peak, as it was also observed for films grown
on LaInO3:Ba substrates. The angular position of the KxNa1–xNbO3 film peaks
shifts to smaller angles with increasing K/Na ratio x. This corresponds to an
increasing vertical lattice parameter of the films with increasing K/Na ratio.
From the angular position of the film peaks, vertical lattice parameters of 4.029 Å
and 4.051 Å could be determined for film compositions with x = 0.5 and x = 0.9,
respectively.

a)

b)
BaSnO3:La
KxNa1-xNbO3
x=0.9
x=0.5
LaInO3

(200) SrTiO3

c)
(103) SrTiO3

K0.5Na0.5NbO3

(103) SrTiO3

K0.9Na0.1NbO3

BaSnO3

BaSnO3

LaInO3

LaInO3

Figure 6.3: a) HRXRD 2θ − ω measurements around the (200) SrTiO3 substrate
reflection of the FeFET heterostructure with different KxNa1–xNbO3 compositions
with x = 0.5 (black) and x = 0.9 (red). RSM measurements in the vicinity of the
asymmetric (103) SrTiO3 substrate reflection of the same samples with b) x = 0.5
and c) x = 0.9.
RSM measurements were performed in the vicinity of the asymmetric
(103) SrTiO3 substrate reflection (Fig. 6.3b and c). They show the BaSnO3
films at their bulk position and below the contribution of the LaInO3 film. The
two film peaks appear at the same position in both samples. This corresponds
with observations from HRXRD measurements. The KxNa1–xNbO3 film peaks
occur in the middle of the respective RSM. From their positions, the lattice
parameters of the KxNa1–xNbO3 thin films can be determined as d∥ = 3.977 Å
and d⊥ = 4.031 Å for x = 0.5 and d∥ = 4.002 Å and d⊥ = 4.054 Å for x = 0.9.
Both compositions exhibit lattice parameters larger than the respective bulk
KxNa1–xNbO3 compositions. This is again correlated to the formation of oxygen
and alkaline vacancies, but is also ascribed to the poor structural quality of the
BaSnO3 films grown on SrTiO3 substrates. These represent a bad starting point
for the growth of KxNa1–xNbO3 thin films and thus facilitate the formation of a
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high density of defects. Rocking curve measurements in the form of q∥ line scans
through the maximum of the KxNa1–xNbO3 film peaks exhibit FWHM values of
0.11 Å−1 (≈ 1.28°) and 0.13 Å−1 (≈ 1.51°) for films with x = 0.5 and x = 0.9,
respectively. This shows that films with both compositions exhibit similarly poor
structural quality due to plastic lattice relaxation. The incorporation of a high
density of misfit dislocations, combined with a large amount of point defects
such as oxygen and alkaline vacancies, leads to a horizontal broadening of the
film peaks.

6.3

Electrical Characterisation

Figure 6.4: J-V measurements of KxNa1–xNbO3 thin films with x = 0.5 (black)
and x = 0.9 (red) grown on the FeFET heterostructure on SrTiO3 substrates.
KxNa1–xNbO3 thin films with x = 0.5 and x = 0.9 and a film thickness of 100 nm
were grown on LaInO3-covered BaSnO3:2 % La films on SrTiO3 substrates,
representing the FeFET heterostructure. In order to conduct I-V measurements
on the FeFET heterostructure, the BaSnO3 thin films were doped with 2 % La
to be utilised as the bottom electrode. I-V measurements were performed in
a voltage range between -2 V and 2 V on Pt-contacts with a diameter of
200 µm and are depicted as J-V curves in Fig. 6.4. Both J-V measurements
exhibit a similar shape, where the current density is one order of magnitude
lower in the direction of reverse bias than in forward bias. Such characteristics
can be described by a Schottky diode with a high leakage current and were
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previously observed for (K,Na)NbO3 films grown on epitaxial bottom electrodes,
as discussed in Section 5.3.
The observed high leakage current in the (K,Na)NbO3 thin films is not
surprising. It was already concluded from the structural data that the (K,Na)NbO3
films are almost fully relaxed on the LaInO3/BaSnO3 heterostructure. This is
correlated with the incorporation of a high density of structural defects in the
thin films, which deteriorate the electrical properties of the films. [137] The
high leakage current prevents investigations of ferroelectric switching of the
(K,Na)NbO3 thin films, because it prohibits the stabilisation of the ferroelectric
state.
Unfortunately, the control of the charge carrier density in the 2DEG at
the LaInO3/BaSnO3 interface by switching the ferroelectric polarisation of the
(K,Na)NbO3 thin film could not be achieved in the FeFET heterostructure. This
is mainly due to the observed leakage current in the ferroelectric layer, which
prevents the stabilisation of a polarisation state. A brief study of the electric
properties of (K,Na)NbO3 thin films was presented in Chapter 5 and revealed
a negative influence of epitaxial bottom electrode materials on the leakage
current properties of the ferroelectric film. Within the FeFET heterostructure,
BaSnO3:La served as an epitaxial bottom electrode for investigations of the
electric properties of the (K,Na)NbO3 thin film. The combination of a high
density of misfit dislocations and point defects such as oxygen and alkaline
vacancies, together with the uncertain influence of epitaxial bottom electrodes,
resulted in strongly deteriorated electric properties of the (K,Na)NbO3 thin
films.

6.4

Conclusions

The entire FeFET structure was grown epitaxially on two different substrates,
LaInO3 and SrTiO3. From a structural point of view, the choice of the substrate
only influences the quality of the BaSnO3 and LaInO3 thin films, which are
necessary for the formation of the 2DEG at their interface. Since the ferroelectric
(K,Na)NbO3 film is always grown on top of the LaInO3 layer, which exhibits
large in-plane lattice parameters of 4.107 Å and 4.123 Å and thus has a lattice
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mismatch of at least 2.5 %, the (K,Na)NbO3 films are always fully relaxed.
Plastic lattice relaxation is based on the formation of a large density of misfit
dislocations leading to a poor structural quality and high leakage currents
independent from the substrate. Together with the low oxygen background
pressure in the PLD process and the consequently large amount of oxygen and
alkaline vacancies, switching of the 2DEG could not be realised within the grown
FeFET heterostructure.
In order to implement such a FeFET device, it would be necessary to use a
ferroelectric material, which has similar or even better larger lattice parameters
than BaSnO3 and LaInO3. This would allow the growth of fully compressively
strained ferroelectric films as the topmost layer. Incorporation of compressive
lattice strain in ferroelectric thin films has the advantage to enhance their
out-of-plane polarisation. This is especially favourable in terms of a reliable
control of the carrier density in the 2DEG by means of ferroelectric switching.
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Summary
Within the scope of this thesis, the design and growth of epitaxial BaSnO3,
LaInO3 and (K,Na)NbO3 thin films was investigated for their application in
a FeFET device. For this purpose, growth conditions were determined for
the reproducible epitaxial growth of each material. In doing so, extensive
investigations of the growth of BaSnO3 thin films on SrTiO3, NdScO3 and
LaInO3:Ba substrates highlighted the importance of carefully selecting the
substrate material with regard to its lattice mismatch to BaSnO3.
BaSnO3 thin films grown on SrTiO3 substrates were found to exhibit a
threading dislocation density in the order of 1011 cm−2 due to the large lattice
mismatch of 5.2 % between the film and substrate. This eventually led to strongly
deteriorated electrical properties of the BaSnO3:La films and underlined the
need for a better lattice-matched substrate. (110) NdScO3 substrates exhibit
a significantly lower lattice mismatch of 2.6 % to BaSnO3. The use of bare
orthorhombic NdScO3 substrates, however, did not significantly improve the film
structure due to their anisotropic surface dimensions, leading to the formation of
a complex defect structure of lattice distortions and threading dislocations. The
introduction of a SrSnO3 buffer layer on the NdScO3 substrate helped to improve
the structural quality of the BaSnO3 thin films by significantly reducing the
defect density. Such heterostructures with SrSnO3 buffer layer and thus BaSnO3
thin films with high structural quality could be utilised for investigations of the
LaInO3/BaSnO3 heterointerface. Hall effect and C-V measurements presented
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clear evidence of the the formation of a 2DEG at the LaInO3/BaSnO3 interface,
due to the confinement of electrons.
The development of novel lattice-matched LaInO3:Ba substrates at LeibnizInstitut für Kristallzüchtung for the first time enabled the growth of BaSnO3
thin films with a threading dislocation density of 1 · 107 cm−2 and thus the lowest
threading dislocation density published in the literature to date. This allowed
for temperature-dependent Hall effect measurements, where a carrier mobility of
99 cm2 V−1 s−1 could be determined for a charge carrier density of 3.8 · 1019 cm−3
at 20 K.
The epitaxial growth of K0.5Na0.5NbO3 thin films was investigated on
SrRuO3/DyScO3 and SrTiO3:Nb substrates. K0.5Na0.5NbO3 films with a thickness
of 200 nm could be grown without plastic lattice relaxation on SrRuO3/DyScO3
substrates. Films grown on SrTiO3:Nb substrates exhibited an onset of plastic
lattice relaxation at a critical film thickness of 50 nm. This was attributed to the
different lattice strain of 0.6 % and 1.6 % incorporated in the K0.5Na0.5NbO3
thin films on the DyScO3 and SrTiO3:Nb substrates, respectively. Investigations
of the electric properties of K0.5Na0.5NbO3 thin films revealed that electrically
conductive SrTiO3:Nb substrates are the most suitable bottom electrode for their
electrical characterisation. An evaluation of I-V measurements demonstrated
that K0.5Na0.5NbO3 thin films grown on SrTiO3:Nb substrates can be considered
insulating. From the results obtained, the metal-insulator-semiconductor (MIS)
model is suggested to be suitable for modeling their electric properties.
Finally, in accordance with the aim of this thesis, the epitaxial growth of
the entire FeFET heterostructure was investigated on LaInO3:Ba and SrTiO3
substrates. In this way, the reproducibility of previously determined growth
conditions and the high structural quality of BaSnO3 and LaInO3 thin films
grown on LaInO3:Ba substrates was presented. The KxNa1–xNbO3 top layer was
found to exhibit plastic lattice relaxation independently of its K/Na composition
x due to the large lattice mismatch to underlying BaSnO3 and LaInO3 thin films.
This led to a high density of misfit dislocations in the thin films, and consequently
to a high leakage current, which prohibited the ferroelectric switching of the films.
In conclusion, the growth of each investigated material and subsequently
the whole FeFET heterostructure was presented successfully. In the course of
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this, clear evidence for the confinement of electrons at the LaInO3/BaSnO3
heterointerface due to the formation of a 2DEG could be presented. Furthermore,
the development of the novel LaInO3:Ba substrate for the first time enabled the
growth of BaSnO3 thin films with highest structural quality to date and have set
a new starting point for the research on BaSnO3 thin films and LaInO3/BaSnO3
interfaces.

Outlook
This thesis showed that (K,Na)NbO3 thin films always exhibit plastic lattice
relaxation when grown as topmost layer of the intended FeFET heterostructure.
This is ascribed to the large lattice mismatch to LaInO3 and BaSnO3 of more
than 2.5 %, which leads to the formation of a high density of structural defects.
Those eventually deteriorate the ferroelectric properties of the thin film and
prohibit its use as a ferroelectric gate. To avoid plastic lattice relaxation and
defect formation or even to incorporate compressive strain in the thin film, a
material with a larger lattice parameter is necessary. Ferroelectric materials with
a lattice parameter of more than 4.12 Å are typically lead containing materials,
such as PbZrxTi1–xO3 with a high Zr-ratio. However, they contain lead and thus
are hazardous to human health and the environment.
An alternative approach to maintaining the ferroelectric (K,Na)NbO3 layer
could be the use of SrSnO3 instead of BaSnO3, because it exhibits smaller lattice
parameters. SrSnO3 was already investigated in the frame of this thesis and could
be grown fully strained on (110) NdScO3 substrates. La(In,Ga)O3 also exhibits
smaller lattice parameters than pure LaInO3. This would enable the growth of a
fully strained dielectric La(In,Ga)O3 film on the semiconducting SrSnO3 layer to
form a 2DEG at their interface. The formation of a 2DEG was already reproted for
the La(In,Ga)O3/BaSnO3 interface and is assumed to exhibit similar properties
for the La(In,Ga)O3/SrSnO3 interface. [138] K0.9Na0.1NbO3 thin films have been
investigated for many years at Leibniz-Institut für Kristallzüchtung. Strain
engineering allows the tuning of the ferroelectric properties of the KxNa1–xNbO3
films and the formation of various kinds of ferroelectric domains. [139, 140] The
extensive experience of Leibniz-Institut für Kristallzüchtung in this field could
make this alternative approach for a FeFET based on SrSnO3, La(In,Ga)O3 and
K0.9Na0.1NbO3 feasible.
105

References
[1] W A Wulf and S A McKee. “Hitting the memory wall: Implications of the
obvious”. In: ACM SIGARCH computer architecture news 23.1 (1995),
pp. 20–24.
[2] J Hoffman et al. “Ferroelectric field effect transistors for memory
applications”. In: Advanced Materials 22.26-27 (2010), pp. 2957–2961.
[3] J Hoffman, X Hong, and C H Ahn. “Device performance of ferroelectric/correlated oxide heterostructures for non-volatile memory applications”. In: Nanotechnology 22.25 (2011), p. 254014.
[4] Y Fujisaki. “Overview of emerging semiconductor non-volatile memories”.
In: IEICE Electronics Express 9.10 (2012), pp. 908–925.
[5] J H Barrett. “Dielectric constant in perovskite type crystals”. In: Physical
Review 86.1 (1952), p. 118.
[6] L Von Helden et al. “Ferroelectric monoclinic phases in strained
K0.70Na0.30NbO3 thin films promoting selective surface acoustic wave
propagation”. In: Nanotechnology 29.41 (2018), p. 415704.
[7] Y Maeno et al. “Superconductivity in a layered perovskite without copper”.
In: Nature 372.6506 (1994), pp. 532–534.
[8] H J Kim et al. “High mobility in a stable transparent perovskite oxide”.
In: Applied Physics Express 5.6 (2012), p. 061102.
[9] U Kim et al. “All-perovskite transparent high mobility field effect using
epitaxial BaSnO3 and LaInO3”. In: APL materials 3.3 (2015), p. 036101.
[10] N Izyumskaya et al. “Processing, structure, properties, and applications of
PZT thin films”. In: Critical reviews in solid state and materials sciences
32.3-4 (2007), pp. 111–202.

107

REFERENCES
[11] D Braun. “Strain-phase relations in lead-free ferroelectric KxNa1–xNbO3
epitaxial films for domain engineering”. PhD thesis. Technische Universitaet Berlin (Germany), 2017.
[12] L von Helden. “Ferroelectric domains in potassium sodium niobate thin
films: impact of epitaxial strain on thermally induced phase transitions”.
PhD thesis. Humboldt-Universität zu Berlin (Germany), 2019.
[13] R Eason. Pulsed Laser Deposition of Thin Films: Applications-Led Growth
of Functional Materials. John Wiley & Sons, 2007.
[14] G Koster, M Huijben, and G Rijnders. Epitaxial Growth of Complex Metal
Oxides. Elsevier, 2015.
[15] J A Venables and G D T Spiller. “Nucleation and growth of thin films”.
In: Surface Mobilities on Solid Materials (1983), pp. 341–404.
[16] J A Venables. “Atomic processes in crystal growth”. In: Surface Science
299 (1994), pp. 798–817.
[17] C Ratsch and J A Venables. “Nucleation theory and the early stages
of thin film growth”. In: Journal of Vacuum Science & Technology A:
Vacuum, Surfaces, and Films 21.5 (2003), S96–S109.
[18] W Lai et al. “Metal-organic-vapor phase epitaxy of InGaN quantum dots
and their applications in light-emitting diodes”. In: Chinese Physics B
24.6 (2015), p. 067303.
[19] J W Matthews and A E Blakeslee. “Defects in epitaxial multilayers:
I. Misfit dislocations”. In: Journal of Crystal growth 27 (1974), pp. 118–125.
[20] R L Schwoebel and E J Shipsey. “Step motion on crystal surfaces”. In:
Journal of Applied Physics 37.10 (1966), pp. 3682–3686.
[21] H R Wenk and A Bulakh. Minerals: their constitution and origin.
Cambridge University Press, 2016.
[22] V M Goldschmidt. “Die Gesetze der Krystallochemie”. In: Naturwissenschaften 14.21 (1926), pp. 477–485.
[23] A Vailionis et al. “Misfit strain accommodation in epitaxial ABO3
perovskites: Lattice rotations and lattice modulations”. In: Physical Review
B 83.6 (2011), p. 064101.
[24] J Sellmann. “Impact of Strain and Composition on Structural and Piezo/Ferroelectric Properties of Epitaxial NaNbO3 and KxNa1–xNbO3 Thin
Films and Superlattices Grown by PLD”. PhD thesis. 2016.
108

REFERENCES
[25] C Kittel. Einführung in die Festkörperphysik. Oldenbourg Wissenschaftsverlag, 2013.
[26] J Y Kim, M J Choi, and H W Jang. “Ferroelectric field effect transistors:
Progress and perspective”. In: APL Materials 9.2 (2021), p. 021102.
[27] V T Tra et al. “Ferroelectric control of the conduction at the
LaAlO3/SrTiO3 heterointerface”. In: Advanced Materials 25.24 (2013),
pp. 3357–3364.
[28] T Mikolajick et al. “Next generation ferroelectric materials for semiconductor process integration and their applications”. In: Journal of Applied
Physics 129.10 (2021), p. 100901.
[29] Y M Kim et al. “Interface polarization model for a 2-dimensional electron
gas at the BaSnO3/LaInO3 interface”. In: Scientific reports 9.1 (2019),
pp. 1–9.
[30] T N Stanislavchuk et al. “Electronic band structure and optical phonons
of BaSnO3 and Ba0.97La0.03SnO3 single crystals: Theory and experiment”.
In: Journal of Applied Physics 112.4 (2012), p. 044108.
[31] R D Shannon. “Revised effective ionic radii and systematic studies of
interatomic distances in halides and chalcogenides”. In: Acta crystallographica section A: crystal physics, diffraction, theoretical and general
crystallography 32.5 (1976), pp. 751–767.
[32] H Mizoguchi, H W Eng, and P M Woodward. “Probing the electronic
structures of ternary perovskite and pyrochlore oxides containing Sn4+ or
Sb5+”. In: Inorganic chemistry 43.5 (2004), pp. 1667–1680.
[33] H Paik et al. “Adsorption-controlled growth of La-doped BaSnO3 by
molecular-beam epitaxy”. In: Apl Materials 5.11 (2017), p. 116107.
[34] Z Galazka et al. “Melt growth and properties of bulk BaSnO3 single
crystals”. In: Journal of Physics: Condensed Matter 29.7 (2016), p. 075701.
[35] W J Lee et al. “Realization of an atomically flat BaSnO3 (001) substrate
with SnO2 termination”. In: Applied Physics Letters 111.23 (2017),
p. 231604.
[36] R Uecker et al. “Properties of rare-earth scandate single crystals (Re=NdDy)”. In: Journal of Crystal Growth 310.10 (2008), pp. 2649–2658.

109

REFERENCES
[37] A V Sanchela et al. “Large thickness dependence of the carrier mobility
in a transparent oxide semiconductor, La-doped BaSnO3”. In: Applied
physics letters 112.23 (2018), p. 232102.
[38] S Raghavan et al. “High-mobility BaSnO3 grown by oxide molecular beam
epitaxy”. In: Apl Materials 4.1 (2016), p. 016106.
[39] Z Wang et al. “Epitaxial integration of high-mobility La-doped BaSnO3
thin films with silicon”. In: APL Materials 7.2 (2019), p. 022520.
[40] J Shiogai et al. “Improvement of electron mobility in La:BaSnO3 thin films
by insertion of an atomically flat insulating (Sr,Ba)SnO3 buffer layer”. In:
AIP Advances 6.6 (2016), p. 065305.
[41] H J Cho et al. “Effects of vacuum annealing on the electron mobility of
epitaxial La-doped BaSnO3 films”. In: APL materials 7.2 (2019), p. 022507.
[42] S Yu, Db Yoon, and J Son. “Enhancing electron mobility in La-doped
BaSnO3 thin films by thermal strain to annihilate extended defects”. In:
Applied Physics Letters 108.26 (2016), p. 262101.
[43] J Shin et al. “High mobility BaSnO3 films and field effect transistors on
non-perovskite MgO substrate”. In: Applied Physics Letters 109.26 (2016),
p. 262102.
[44] J Schwarzkopf et al. “Strain engineering of ferroelectric domains in
KxNa1–xNbO3 epitaxial layers”. In: Frontiers in Materials 4 (2017), p. 26.
[45] Z Galazka et al. “Melt growth and physical properties of bulk LaInO3
single crystals”. In: physica status solidi (a) 218.16 (2021), p. 2100016.
[46] A Prakash et al. “Hybrid molecular beam epitaxy for the growth of
stoichiometric BaSnO3”. In: Journal of Vacuum Science & Technology A:
Vacuum, Surfaces, and Films 33.6 (2015), p. 060608.
[47] A Prakash et al. “Adsorption-controlled growth and the influence of
stoichiometry on electronic transport in hybrid molecular beam epitaxygrown BaSnO3 films”. In: Journal of Materials Chemistry C 5.23 (2017),
pp. 5730–5736.
[48] K Krishnaswamy et al. “BaSnO3 as a channel material in perovskite oxide
heterostructures”. In: Applied Physics Letters 108.8 (2016), p. 083501.
[49] W Aggoune et al. “Fingerprints of optical absorption in the perovskite
LaInO3: Insight from many-body theory and experiment”. In: Physical
Review B 103.11 (2021), p. 115105.
110

REFERENCES
[50] A Ohtomo and H Y Hwang. “A high-mobility electron gas at the
LaAlO3/SrTiO3 heterointerface”. In: Nature 427.6973 (2004), pp. 423–426.
[51] J Mannhart and D G Schlom. “Oxide interfaces-an opportunity for
electronics”. In: Science 327.5973 (2010), pp. 1607–1611.
[52] S Thiel et al. “Tunable quasi-two-dimensional electron gases in oxide
heterostructures”. In: Science 313.5795 (2006), pp. 1942–1945.
[53] G Herranz et al. “Engineering two-dimensional superconductivity and
Rashba spin-orbit coupling in LaAlO3/SrTiO3 quantum wells by selective
orbital occupancy”. In: Nature communications 6.1 (2015), pp. 1–8.
[54] M Huijben et al. “Structure-property relation of SrTiO3/LaAlO3 interfaces”. In: Advanced Materials 21.17 (2009), pp. 1665–1677.
[55] H Chen, A M Kolpak, and S Ismail-Beigi. “Electronic and magnetic
properties of SrTiO3/LaAlO3 interfaces from first principles”. In: Advanced
Materials 22.26-27 (2010), pp. 2881–2899.
[56] Y Kim et al. “LaInO3/BaSnO3 polar interface on MgO substrates”. In:
APL Materials 6.9 (2018), p. 096104.
[57] J Schwarzkopf and R Fornari. “Epitaxial growth of ferroelectric oxide
films”. In: Progress in crystal growth and characterization of materials
52.3 (2006), pp. 159–212.
[58] J F Li et al. “(K,Na)NbO3-Based Lead-Free Piezoceramics: Fundamental
Aspects, Processing Technologies, and Remaining Challenges”. In: Journal
of the American Ceramic Society 96.12 (2013), pp. 3677–3696.
[59] D Yang et al. “First-principles calculations of electrical properties,
structure, and phase transition of K1–xNaxNbO3 solid solutions”. In:
Physical Chemistry Chemical Physics 19.40 (2017), pp. 27368–27373.
[60] M Ahtee and A W Hewat. “Structural phase transitions in sodiumpotassium niobate solid solutions by neutron powder diffraction”. In: Acta
Crystallographica Section A: Crystal Physics, Diffraction, Theoretical and
General Crystallography 34.2 (1978), pp. 309–317.
[61] M Ahart et al. “Origin of morphotropic phase boundaries in ferroelectrics”.
In: Nature 451.7178 (2008), pp. 545–548.
[62] A R Denton and N W Ashcroft. “Vegard’s law”. In: Physical review A
43.6 (1991), p. 3161.
111

REFERENCES
[63] L Wu et al. “Influence of compositional ratio K/Na on physical properties
in (KxNa1–x)NbO3 ceramics”. In: Journal of Applied Physics 103.8 (2008),
p. 084116.
[64] A G Kalinichev et al. “Elastic properties of orthorhombic KNbO3 single
crystals by Brillouin scattering”. In: Journal of applied physics 74.11
(1993), pp. 6603–6608.
[65] A Safari and M Hejazi. “Lead-free KNN-based piezoelectric materials”.
In: Lead-Free Piezoelectrics. Springer, 2012, pp. 139–175.
[66] E Benítez et al. “Ferroelectric properties and phase transitions of high
performance vertically aligned KNN nanowire-arrays grown by pulsed laser
deposition”. In: Physica E: Low-dimensional Systems and Nanostructures
123 (2020), p. 114143.
[67] C W Ahn et al. “The effect of K and Na excess on the ferroelectric
and piezoelectric properties of K0.5Na0.5NbO3 thin films”. In: Journal of
Physics D: Applied Physics 42.21 (2009), p. 215304.
[68] D Pfützenreuter. “The Effect of Cu- and Mn-Doping on K0.5Na0.5NbO3
Targets for the Epitaxial Growth of Ferroelectric Films Using Pulsed Laser
Deposition”. MA thesis. Humboldt-Universität zu Berlin (Germany), 2017.
[69] M Abazari and A Safari. “Effects of doping on ferroelectric properties and
leakage current behavior of KNN-LT-LS thin films on SrTiO3 substrate”.
In: Journal of Applied Physics 105.9 (2009), p. 094101.
[70] L Wang et al. “Structures, electrical properties, and leakage current
behaviors of un-doped and Mn-doped lead-free ferroelectric K0.5Na0.5NbO3
films”. In: Journal of Applied Physics 115.3 (2014), p. 034103.
[71] Universität Greifswald. AFM (Rasterkraftmikroskop). accessed 02.12.2021.
url: https : / / physik . uni - greifswald . de / arbeitsgruppen / ag helm/methoden/afm-rasterkraftmikroskop/.
[72] M Schmidbauer. X-ray Diffuse Scattering from Self-Organized Mesoscopic
Semiconductor Structures. Vol. 199. Springer Science & Business Media,
2004.
[73] L Spieß et al. Moderne Röntgenbeugung. Vol. 2. Springer, 2009.

112

REFERENCES
[74] M Schmidbauer, A Kwasniewski, and J Schwarzkopf. “High-precision
absolute lattice parameter determination of SrTiO3, DyScO3 and NdGaO3
single crystals”. In: Acta Crystallographica Section B: Structural Science
68.1 (2012), pp. 8–14.
[75] D B Williams and C B Carter. “The Transmission Electron Microscope”.
In: Transmission electron microscopy. Springer, 1996, pp. 3–17.
[76] S M Sze, Y Li, and K K Ng. Physics of Semiconductor Devices. John
wiley & sons, 2021.
[77] D Yoon et al. “Simultaneous reduction of multi-dimensional defects in Snexcess BaSnO3 epitaxial films induced by surface chemical reconstruction”.
In: Physical Review Materials 5.1 (2021), p. 014602.
[78] D M Packwood, S Shiraki, and T Hitosugi. “Effects of atomic collisions
on the stoichiometry of thin films prepared by pulsed laser deposition”.
In: Physical review letters 111.3 (2013), p. 036101.
[79] S Wicklein et al. “Pulsed laser ablation of complex oxides: The role of
congruent ablation and preferential scattering for the film stoichiometry”.
In: Applied physics letters 101.13 (2012), p. 131601.
[80] L Weston et al. “Origins of n-type doping difficulties in perovskite
stannates”. In: Physical Review B 97.5 (2018), p. 054112.
[81] D O Scanlon. “Defect engineering of BaSnO3 for high-performance
transparent conducting oxide applications”. In: Physical Review B 87.16
(2013), p. 161201.
[82] W Y Wang et al. “Atomic mapping of Ruddlesden-Popper faults in
transparent conducting BaSnO3-based thin films”. In: Scientific reports
5.1 (2015), pp. 1–9.
[83] R Ravindran. “Epitaxial Growth of Undoped and La-doped BaSnO3 Thin
Films by Pulsed Laser Deposition”. MA thesis. Freie Universität Berlin
(Germany), 2020.
[84] D Pfützenreuter et al. “Epitaxial BaSnO3 thin films with low dislocation
density grown on lattice matched LaInO3 substrates”. In: Nanotechnology
32.50 (2021), p. 505609.
[85] W Aggoune and C Draxl. “Theory contribution to the experimental work
on the surface and interface terminations”. Personal conversation. July
2021.
113

REFERENCES
[86] G Gottstein. Physikalische Grundlagen der Materialkunde. SpringerVerlag, 2007.
[87] P F Miceli and C J Palmstrøm. “X-ray scattering from rotational disorder
in epitaxial films: an unconventional mosaic crystal”. In: Physical Review
B 51.8 (1995), p. 5506.
[88] P F Miceli et al. “Specular and diffuse reflectivity from thin films
containing misfit dislocations”. In: Physica B: Condensed Matter 221.1-4
(1996), pp. 230–234.
[89] O Durand et al. “Interpretation of the two-components observed in high
resolution X-ray diffraction ω scan peaks for mosaic ZnO thin films grown
on c-sapphire substrates using pulsed laser deposition”. In: Thin Solid
Films 519.19 (2011), pp. 6369–6373.
[90] P Y Chen et al. “Epitaxial BaSnO3 and SrSnO3 perovskite growth on
SrTiO3 (001) via atomic layer deposition”. In: Journal of Vacuum Science
& Technology A: Vacuum, Surfaces, and Films 37.5 (2019), p. 050902.
[91] E Baba et al. “Optical and transport properties of transparent conducting
La-doped SrSnO3 thin films”. In: Journal of Physics D: Applied Physics
48.45 (2015), p. 455106.
[92] K P Ong et al. “Transparent conducting properties of SrSnO3 and ZnSnO3”.
In: APL Materials 3.6 (2015), p. 062505.
[93] D J Singh, Q Xu, and K P Ong. “Strain effects on the band gap and
optical properties of perovskite SrSnO3 and BaSnO3”. In: Applied Physics
Letters 104.1 (2014), p. 011910.
[94] G N Greaves et al. “Poisson’s ratio and modern materials”. In: Nature
materials 10.11 (2011), pp. 823–837.
[95] H G Hahn. Elastizitätstheorie. Springer, 1985.
[96] J M LeBeau et al. “Stoichiometry optimization of homoepitaxial oxide
thin films using x-ray diffraction”. In: Applied Physics Letters 95.14 (2009),
p. 142905.
[97] S Keun Kim et al. “Capacitance-voltage analysis of LaAlO3/SrTiO3
heterostructures”. In: Applied Physics Letters 102.11 (2013), p. 112906.

114

REFERENCES
[98] S M Dinara et al. “Enhancement of two dimensional electron gas concentrations due to Si3N4 passivation on Al0.3Ga0.7N/GaN heterostructure:
strain and interface capacitance analysis”. In: AIP Advances 5.4 (2015),
p. 047136.
[99] A Papadogianni et al. “Hall and seebeck measurements estimate the
thickness of a (buried) carrier system: identifying interface electrons in
in-doped SnO2 films”. In: Applied Physics Letters 107.25 (2015), p. 252105.
[100] R Baron et al. “Electrical behavior of group III and V implanted dopants
in silicon”. In: Journal of Applied Physics 40.9 (1969), pp. 3702–3719.
[101] S R Blight et al. “Automated Hall profiling system for the characterisation
of semiconductors at room and liquid nitrogen temperatures”. In: Journal
of Physics E: Scientific Instruments 21.5 (1988), p. 470.
[102] S K V Farahani et al. “Influence of charged-dislocation density variations
on carrier mobility in heteroepitaxial semiconductors: The case of SnO2
on sapphire”. In: Physical Review B 86.24 (2012), p. 245315.
[103] K Eom et al. “Oxide two-dimensional electron gas with high mobility at
room-temperature”. In: arXiv preprint arXiv:2110.02305 (2021).
[104] R Chwang, B J Smith, and C R Crowell. “Contact size effects on the van
der Pauw method for resistivity and Hall coefficient measurement”. In:
Solid-State Electronics 17.12 (1974), pp. 1217–1227.
[105] H Zaid et al. “Atomic-resolved depth profile of strain and cation
intermixing around LaAlO3/SrTiO3 interfaces”. In: Scientific reports 6.1
(2016), pp. 1–13.
[106] L Qiao et al. “Epitaxial growth, structure, and intermixing at the
LaAlO3/SrTiO3 interface as the film stoichiometry is varied”. In: Physical
Review B 83.8 (2011), p. 085408.
[107] W Braun et al. “In situ thermal preparation of oxide surfaces”. In: APL
Materials 8.7 (2020), p. 071112.
[108] V Leca, D H A Blank, and G Rijnders. “Termination control of
NdGaO3 crystal surfaces by selective chemical etching”. In: arXiv preprint
arXiv:1202.2256 (2012).
[109] H Y Sun et al. “Chemically specific termination control of oxide
interfaces via layer-by-layer mean inner potential engineering”. In: Nature
communications 9.1 (2018), pp. 1–8.
115

REFERENCES
[110] K Yamaji et al. “Vaporization process of Ga from doped LaGaO3
electrolytes in reducing atmospheres”. In: Solid State Ionics 135.1-4 (2000),
pp. 389–396.
[111] J H Rector et al. “Twin-free YBa2Cu3O7–δ films on (001) NdGaO3 showing
isotropic electrical behaviour”. In: Journal of alloys and compounds 251.1-2
(1997), pp. 114–117.
[112] K H Young et al. “Substrate interdiffusion in Tl2Ba2CaCu2O8 thin films
and its effects on microwave device performance”. In: Applied surface
science 59.2 (1992), pp. 147–157.
[113] L B Chen. “Yttria-stabilized zirconia thermal barrier coatings-a review”.
In: Surface Review and Letters 13.05 (2006), pp. 535–544.
[114] P Zeng et al. “Efficient stabilization of cubic perovskite SrCoO3–δ by B-site
low concentration scandium doping combined with sol-gel synthesis”. In:
Journal of Alloys and Compounds 455.1-2 (2008), pp. 465–470.
[115] A Vailionis, W Siemons, and G Koster. “Room temperature epitaxial
stabilization of a tetragonal phase in ARuO3 (A= Ca and Sr) thin films”.
In: Applied physics letters 93.5 (2008), p. 051909.
[116] A Vailionis, W Siemons, and G Koster. “Strain-induced single-domain
growth of epitaxial SrRuO3 layers on SrTiO3: A high-temperature x-ray
diffraction study”. In: Applied physics letters 91.7 (2007), p. 071907.
[117] C A Niedermeier et al. “Solid phase epitaxial growth of high mobility
La:BaSnO3 thin films co-doped with interstitial hydrogen”. In: Applied
Physics Letters 108.17 (2016), p. 172101.
[118] H M I Jaim et al. “Stability of the oxygen vacancy induced conductivity in
BaSnO3 thin films on SrTiO3”. In: Applied Physics Letters 111.17 (2017),
p. 172102.
[119] A Prakash et al. “Wide bandgap BaSnO3 films with room temperature
conductivity exceeding 104 Scm−1 ”. In: Nature communications 8.1 (2017),
pp. 1–9.
[120] H Mun et al. “Large effects of dislocations on high mobility of epitaxial
perovskite Ba0.96La0.04SnO3 films”. In: Applied Physics Letters 102.25
(2013), p. 252105.

116

REFERENCES
[121] J Cheng et al. “Electron transport of perovskite oxide BaSnO3 on
(110) DyScO3 substrate with channel-recess for ferroelectric field effect
transistors”. In: Applied Physics Letters 118.4 (2021), p. 042105.
[122] H Yun et al. “Microstructure characterization of BaSnO3 thin films on
LaAlO3 and PrScO3 substrates from transmission electron microscopy”.
In: Scientific reports 8.1 (2018), pp. 1–10.
[123] M. Hiratani et al. “Growth of SrTiO3 thin films by pulsed-laser deposition”.
In: Thin Solid Films 227.1 (1993), pp. 100–104.
[124] M Tyunina et al. “Epitaxial growth of perovskite oxide films facilitated
by oxygen vacancies”. In: Journal of Materials Chemistry C 9.5 (2021),
pp. 1693–1700.
[125] C Wang et al. “Effects of oxygen pressure on lattice parameter, orientation,
surface morphology and deposition rate of (Ba0.02Sr0.98)TiO3 thin films
grown on MgO substrate by pulsed laser deposition”. In: Thin solid films
485.1-2 (2005), pp. 82–89.
[126] M D Biegalski et al. “Critical thickness of high structural quality SrTiO3
films grown on orthorhombic (101) DyScO3”. In: Journal of applied physics
104.11 (2008), p. 114109.
[127] J Cao and J Wu. “Strain effects in low-dimensional transition metal
oxides”. In: Materials Science and Engineering: R: Reports 71.2-4 (2011),
pp. 35–52.
[128] D Schick et al. “Following strain-induced mosaicity changes of ferroelectric
thin films by ultrafast reciprocal space mapping”. In: Physical review letters
110.9 (2013), p. 095502.
[129] W Liu et al. “Effect of thickness-dependent crystal mosaicity and chemical
defect on electric properties in yttrium-stabilized epitaxial HfO2 thin
films”. In: Applied Physics Letters 110.12 (2017), p. 122904.
[130] Z Liang et al. “Effect of mosaicity on energy storage performance of
epitaxial BaZr0.35Ti0.65O3 films”. In: Applied Physics Letters 118.16 (2021),
p. 162901.
[131] K Singh et al. “Dielectric properties of potassium sodium niobate mixed
system”. In: Materials research bulletin 36.13-14 (2001), pp. 2365–2374.

117

REFERENCES
[132] D Lin, K W Kwok, and H L W Chan. “Piezoelectric and ferroelectric
properties of KxNa1–xNbO3 lead-free ceramics with MnO2 and CuO
doping”. In: Journal of alloys and compounds 461.1-2 (2008), pp. 273–278.
[133] Y Saito and H Takao. “High performance lead-free piezoelectric ceramics
in the (K,Na)NbO3 LiTaO3 solid solution system”. In: Ferroelectrics 338.1
(2006), pp. 17–32.
[134] Y Wang, J Cao, and Z Li. “Effects of co-doping of Sr element and KNN
group on the dielectric properties of BNT-BT ceramics”. In: Ferroelectrics
573.1 (2021), pp. 166–172.
[135] T Kamo et al. “RF magnetron sputtering growth of epitaxial SrRuO3
films with high conductivity”. In: Japanese Journal of Applied Physics
46.10S (2007), p. 6987.
[136] S Majumdar and S van Dijken. “Pulsed laser deposition of La1–xSrxMnO3:
thin-film properties and spintronic applications”. In: Journal of Physics
D: Applied Physics 47.3 (2013), p. 034010.
[137] A P Chen et al. “Strong oxygen pressure dependence of ferroelectricity
in BaTiO3/SrRuO3/SrTiO3 epitaxial heterostructures”. In: Journal of
Applied Physics 114.12 (2013), p. 124101.
[138] Y M Kim, Y Kim, and K Char. “The role of coherent epitaxy in forming
a two-dimensional electron gas at LaIn1–xGaxO3/BaSnO3 interfaces”. In:
Communications Materials 2.1 (2021), pp. 1–7.
[139] M Schmidbauer et al. “Strain engineering of monoclinic domains in
KxNa1–xNbO3 epitaxial layers: a pathway to enhanced piezoelectric
properties”. In: Nanotechnology 28.24 (2017), 24LT02.
[140] L Bogula et al. “Ferroelectric phase transitions in multi-domain
K0.9Na0.1NbO3 epitaxial thin films”. In: Nano Futures 4.3 (2020),
p. 035005.

118

A
Scientific Visibility
Peer Reviewed Publications
1. M. Sander, R. Bauer, V. Kabanova, M. Levatino, M. Wulff,
D. Pfützenreuter, J. Schwarzkopf and P. Gaal, Demonstration of a
picosecond Bragg switch for hard X-rays in a synchrotron-based pump–probe
experiment, J. Synchrotron Rad. 26 (2019), 1253-1259.
2. S. Liang, D. Pfützenreuter, D. Finck, L. von Helden, J. Schwarzkopf and
R. Wördenweber, Tunable surface acoustic waves on strain-engineered
relaxor K0.7Na0.3NbO3 thin films, Appl. Phys. Lett. 116 (2020), 052902.
3. L. Dai, G. Niu, J. Zhao, H. Zhao, Y. Liu, Y. Wang, Y. Zhang, H. Wu,
L. Wang, D. Pfützenreuter, J. Schwarzkopf, C. Dubourdieu, T. Schröder, Z.G. Ye, Y.-H. Xie and W. Ren, Toward van der Waals epitaxy of transferable
ferroelectric barium titanate films via a graphene monolayer, J. Mater.
Chem. C 8 (2020), 3445.
4. D. Schmidt, R. Dauer, S. Chung, D. Novikov, M. Sander, J.-E. Pudell,
M. Herzog, D. Pfützenreuter, J. Schwarzkopf, R. Chemikov and P.
Gaal, A new concept for temporal gating of synchrotron X-ray pulses, J.
Synchrotron Rad. 28 (2021), 375-382.

119

A. Scientific Visibility

5. D. Pfützenreuter, M. Zupancic, Z. Galazka, R. Schweski, K. Irmscher,
M. Albrecht, J. Schwarzkopf, Epitaxial BaSnO3 thin films with low dislocation density grown on lattice matched LaInO3 substrates, Nanotechnology 32
(2021), 505609
6. D. Pfützenreuter, S. Kim, H. Cho, Y. Kim, M. Zupancic, K. Char,
J. Schwarzkopf, Improved Epitaxial growth of BaSnO3 films on NdScO3
substrates, In preparation.

Conference Contributions
1. D. Pfützenreuter, M. Schmidbauer, J. Stöver, K. Irmscher, D. Klimm and
J. Schwarzkopf, Cu- and Mn-doping in ferroelectric K0.5Na0.5NbO3 epitaxial
films grown by PLD, Talk, Deutsche Physikalische Gesellschaft, Spring
Meeting, 2019, Regensburg, Germany.
2. D. Pfützenreuter, J. Stöver, D. Klimm, K. Irmscher and J. Schwarzkopf,
Doping of ferroelectric K0.5Na0.5NbO3 epitaxial films using PLD, Poster,
International School of Oxide Electronics, 2019, Cargèse, France.
3. D. Pfützenreuter, J. Stöver, D. Klimm, K. Irmscher and J. Schwarzkopf,
Influence of interface formation and doping on ferroelectric K0.5Na0.5NbO3
thin films grown by PLD, Poster, International Workshop on Oxide
Electronics, 2019, Kyoto, Japan.
4. D. Pfützenreuter, J. Stöver, K. Irmscher, J. Martin and J. Schwarzkopf,
Investigations on leakage current in epitaxial K0.5Na0.5NbO3 thin films
grown by PLD, Talk, Deutsche Physikalische Gesellschaft, Spring Meeting,
2020, Dresden, Germany – cancelled due to COVID-19 pandemic.
5. D. Pfützenreuter, S. Kim, M. Zupancic, M. Albrecht, K. Char,
J. Schwarzkopf, Improved epitaxial growth of BaSnO3 thin films on
NdScO3 substrates, Talk, The American Ceramic Society, Electronic
Materials and Applications, 2021, Online Conference.
6. D. Pfützenreuter, M. Zupancic, Z. Galazka, M. Albrecht, J. Schwarzkopf,
High mobility BaSnO3 films on lattice matched LaInO3 substrates, Talk,
European Materials Research Society, Spring Meeting, 2021, Online
Conference.
120

7. D. Pfützenreuter, M. Zupancic, Z. Galazka, R. Schewski, K. Irmscher,
M. Albrecht, J. Schwarzkopf, Epitaxial BaSnO3 thin films without extended
defects on lattice matched LaInO3 substrates, Poster, Deutsche Physikalische
Gesellschaft, Annual Meeting, 2021, Online Conference.
8. D. Pfützenreuter, M. Zupancic, Z. Galazka, R. Schewski, K. Irmscher,
M. Albrecht, J. Schwarzkopf, Epitaxial BaSnO3 thin films without extended
defects on lattice matched LaInO3 substrates, Poster, International Workshop
on Oxide Electronics, 2021, Online Conference.

121

B
Lattice Parameters of Substrates
Table B.1: Lattice parameters and (110) surface dimensions of ReScO3 substrates
(Re=Dy, Tb, Gd, Sm, Nd). The substrate preparation has been performed in
pure oxygen for 10 h at the temperature Tprep reported in [44].
Material
DyScO3
TbScO3
GdScO3
SmScO3
NdScO3

ao (Å)
5.442
5.466
5.480
5.527
5.575

bo (Å)
5.719
5.731
5.746
5.758
5.776

co (Å)
7.904
7.917
7.932
7.965
8.003
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[11̄0] (Å)
7.894
7.920
7.940
7.981
8.028

[001] (Å)
7.904
7.917
7.932
7.965
8.003

Tprep (℃)
1050
1100
1050
1050
1000

C
Comparison of Properties of
Barium Stannate Films
Table C.1: Comparison of structural and electrical properties of BaSnO3:x % La
(BLSOx) films grown on SrTiO3 (STO), NdScO3 (NSO), SrSnO3/NdScO3
(SSO/NSO) and LaInO3:Ba (LIOBa) substrates.
BLSO1/STO
BLSO1/NSO
BLSO1/SSO/NSO
BLSO0.5/LIOBa
BLSO1/STO
BLSO1/NSO
BLSO1/SSO/NSO
BLSO0.5/LIOBa

d⊥
4.116 Å
4.116 Å
4.124 Å
4.116 Å
Resistance
0.6 kΩ
0.5-11 kΩ
3.8 kΩ
0.2 kΩ

d∥
4.116 Å
4.116 Å
4.116 Å
4.116 Å
Resistivity
3 mΩcm
19 mΩcm
2 mΩcm
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FWHM
0.029°
0.069°
0.046°
0.021°
Carrier density
1.1 · 1020 cm−3
9.2 · 1019 cm−3
3.8 · 1019 cm−3

TD density
1 · 1011 cm−2
2 · 1011 cm−2
6 · 1010 cm−2
1 · 107 cm−2
Carrier mobility
99 cm2 V−1 s−1
2 −1 −1
35 cm V s
69 cm2 V−1 s−1
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