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“We especially need imagination in science. It is not all mathematics, nor all logic, but it is somewhat
beauty and poetry.”

Maria Mitchell1

1(1818 – 1889) American astronomer, librarian, naturalist, educator and suffragette.
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Acronyms

AFM atomic force microscope.

CAD computer-aided design.

EBSD electron backscatter diffraction.

ETO europium titanate.

HMS Hall- and magnetoresistivity setup.

HTS high-temperature Seebeck measurement device.

PLD pulsed laser deposition.

RHEED reflection high-energy electron diffraction.

SEM scanning electron microscope.

STO strontium titanate.

TEM transmission electron microscope.

VdP Van der Pauw method.

XRD X-ray diffraction.

YSZ yttria stabilized zirconia.
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1 Introduction

The present work can be classified in the fundamental research on thermoelectricity and implemen-
tation of the oxide thermoelectric material EuTiO3 into silicon technology. The groundwork for
thermoelectricity was laid more than 200 years ago with the experiments of Thomas Johann Seebeck
[1], whowas researching the field of electromagnetism at that time. He connected two differentmetals
in a loop and noticed that a temperature increase on one of the two junctions led to deflection of a
magnetic needle, which was placed within the loop (see fig. 1.1 a)). The explanation of this experiment
was given a few years later, after the formulation of Ohm’s- [2] and Ampère’s law [3]. In 1834, Jean
Charles Athanase Peltier observed the inverse effect where an electrical current flowing through
two junctions of two different metals led to the cooling of one junction and heating of the other,
depending on the direction of the current [4]. A combined description was finally given by William
Thomson (also known as Lord Kelvin) in 1857 [5]. Thomson’s work also showed that these junctions
of different metals, called thermocouples, are a type of heat engine and that it might, in principle, be
possible to use them either as a device for generating electricity from heat or as a heat pump. Since
generally reversible thermoelectric effects are always accompanied by the irreversible phenomena
of Joule heating and thermal conduction, thermocouples exhibit a relatively low-efficiency as a heat
pump [6]. In 1911, Edmund Altenkirch analyzed the problem of energy conversion using thermo-
couples. He showed that the performance could be improved by increasing the magnitude of the
differential Seebeck coefficient, increasing the electrical conductivities of the two thermocouple
branches and reducing their thermal conductivities. At that time, there were no thermocouples
available in which the combination of these properties was good enough for efficient energy conver-
sion. The efficiency finally reached a tipping point in the 1950s by introducing semiconductors as
thermoelectric materials, allowing practical Peltier refrigerators to be made [6, 7]. Finally, with work
on semiconductor thermocouples like ZnSb/Constantan [7], the construction of thermoelectric
generators with a high enough efficiency became possible (see fig. 1.1 b)). Nevertheless, the perfor-
mance of thermoelectric generators has always remained inferior to that of the best conventional
machines. Therefore, thermoelectric generators are only found in niche applications such as electri-
cal power generation in radioisotope thermoelectric generators for very distant satellites [8] (see fig.
1.1 c)), waste heat recovery for combustion engines [9] or to increase the efficiency of solar cells [10,
11]. A detailed overviewof the state-of-the-art devices and applications is given in the literature [12, 13].

In the second half of the twentieth century, thermoelectric materials like tellurides, clathrates, skut-
terudites and metallic alloys were investigated intensively. However, a significant disadvantage is
that most thermoelectric materials are toxic and unstable at high temperatures [15, 16].

Oxide thermoelectric materials have the advantages of low cost, environmentally friendly man-
ufacturing and chemical stability at high temperatures. However, oxide thermoelectric materials
exhibit only modest thermoelectric properties due to their low carrier mobility and high thermal
conductivity compared to traditional thermoelectric materials. An exception can be found with
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2 chapter 1. introduction

certain perovskite-type oxide materials. They often present optimal charge carrier concentrations,
high flexibility in their composition and properties that can be easily tuned by ionic substitutions
[17]. The study of the thermoelectric properties of bulk perovskite-type EuTiO3 already showed

19481823 2005

a) b) c)

Figure 1.1: a) schematic drawing of Seebecks experiment in1823, oil lamp powering a radio by means of
one of the first commercial thermoelectric generators, made of ZnSb/constantan. Built in the USSR at
the beginning of 1948. c) radioisotope thermoelectric generator on the new horizons satellite which was
launched in 2006. Images from a) [1], b) [7] and c) [14].

promising results [17–20], which was motivated based on its small bandgap (≈1 eV) and the presence
of a sharp and localized peak of the electronic density of states near the Fermi level. Considering
that Eu is a rare-earth metal, it is evident that implementing large-scale industrial applications is
challenging. Nevertheless, it was already shown that Eu could be substituted in a high amount [17,
18], and understanding the fundamentals of the complex electronic transport behavior of EuTiO3
and other related materials is crucial to finding new and improved thermoelectric compounds.

In this theses, I will demonstrate a new approach implementing the perovskite-type EuTiO3 into
silicon technology in thin epitaxial films and, therefore, combining the benefits of the material
itself with the benefits arising from thin-film thermoelectrics [21]. The thesis will start with the
construction of a pulsed laser system, necessary to grow high-quality epitaxial thin films. The precise
control of the laser fluence throughout the unique optical path of the laser beam is used in the next
chapter to analyze the laser-target interaction with various target materials. The first approach
to growing high-quality epitaxial films of EuTiO3 will be made on SrTiO3 substrates in different
crystallographic orientations. Finally, the thesis will finish with the implementation of EuTiO3
epitaxial thin films on silicon with the help of a YSZ buffer layer.



2 Theoretical background

This chapter intends to pave the way for understanding the theoretical background of the thermo-
electric properties of EuTiO3−δ . Based on the measurements and results from chapters 6 and 7, the
main focus lies here on the description of the electronic transport and the Seebeck coefficient.

2.1 Thermoelectrics

2.1.1 Current state of science and technology

The performance of a thermoelectric material is commonly described by the dimensionless figure of
merit ZT, which is defined by

ZT =
S2 · )
ρ · κ =

S2 · σ · )
κ

=
PF
κ
), (2.1)

where S is the Seebeck coefficient, ρ is the electrical resistivity, κ is the thermal conductivity,) is the
temperature, σ = 1

ρ is the electrical conductivity and PF is the so-called power factor which in turn
is defined by

PF = S2 · σ. (2.2)

Generally speaking, a ZT value greater than 2 is comparable with other energy conversion technolo-
gies. Most of the state-of-the-art thermoelectric materials have their maximum ZT value between
1 and 2.5 as shown in fig. 2.1. So far, the highest recorded device efficiency was around 5 for a
Heusler-alloy consisting of a thin layer of iron, vanadium, tungsten and aluminum on a silicon
substrate [22].
The development of the first thermoelectric materials started in the 1950s with Bi2Te3 [29, 30], PbTe
[31] and Si-Ge alloys [32]. However, due to the toxicity of telluride and lead in these compounds,
investigations into less toxic alternatives have attracted strong attention. Several promisingmaterials
and material classes have been reported since, e.g., copper and tin chalcogenides [33], oxide-based
materials [34, 35], intermetallic compounds [36, 37] and organic polymers [38–40].
Oxide materials currently generally exhibit a much smaller ZT value than 2, but show a much higher
chemical and thermal stability, thus allowing higher operating temperatures and more significant
temperature gradients than, e.g., telluride and selenide compounds [40]. Therefore oxides present an
up-and-coming material class for high-temperature applications.
The first high Seebeck coefficients in oxides were proposed byHicks andDresselhaus in 1993 [41] and
the first report ofNaFCoO2 was published in 1997 [42]. Oxide-based thermoelectricmaterials exhibit
high Seebeck coefficients but only medium to low electrical conductivity and moderate thermal con-
ductivity. Nanostructuring, doping and defect engineering areways to overcome these disadvantages.
With these methods, ZT values of around 1 could already be reached [40]. A disadvantage of some
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4 chapter 2. theoretical background
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Figure 2.1: Timeline of the maximum ZT values for different families of thermoelectric materials. Adapted
from [23]. ZT values from SrTiO3 taken from [24–27] and for ZnO from [28].

oxide thermoelectrica is also the abundance in the earth’s crust of some of the constituents. However,
the abundance of the constituents of the investigated compound EuTiO3 is far lower than those
of the most widely used thermoelectric materials BiTe and SbTe1. Considering this still compara-
ble lowZT value, the inherent advantages of oxidesmainly lie in their high-temperature applicability.

TheZT values in fig. 2.1 represent the peakZT values that do not necessarily cover awide temperature
range. The aforementioned Heusler-alloy with a ZT of around 5 for example reaches this value only
within a small temperature range between 300 °C to 400 °C [22]. However, the average ZT value
ZTave covers a wide temperature range [44] and, together with the Carnot efficiency, determines the
maximum achievable power conversion efficiency of a thermoelectric material [45, 46]:

ηmax =
)h − )c

)h︸  ︷︷  ︸
Carnot efficiency

( √
ZTave + 1 − 1

√
ZTave + 1 + 1 − ()h − )c/)h)

)
. (2.3)

This description of ηmax assumes a negligible contact resistance and an optimized load whereby )h
is the temperature of the hot side and )c is the temperature of the cold side.
Generally, the three parameters S, σ and κ (see eq. 2.1) are strongly intercorrelated, which means
that an adjustment to one of these materials properties often adversely influences the other proper-
ties. For a single parabolic band, S and σ, for example, typically show an opposite dependency as
a function of the charge carrier concentration [45, 47], meaning that a significant Seebeck coeffi-
cient S is generally accompanied by a decrease in electrical conductivity. A possible solution is, for
example, an electrical conductivity based on hopping transport induced by grains in thematerial [48].

1Abundances in the major rock types and the upper continental crust in 10−4 wt % [43]:
Eu: 1.3, Te: 0.001, Bi: 0.009, Se: 0.05, Sb: 0.5



2.2. seebeck effect 5

For a better understanding of the correlation between the electrical conductivity and the Seebeck
coefficient, the following sections will go into detail about the underlying fundamental principles.

2.2 Seebeck effect

S N

K

A

s n

oil
lamp

Figure 2.2: Schematic drawing of Seebeck’s instrument when he discovered the deflection of the magnetic
needle after heating one of the metal junctions. K and A are the two metals copper and antimony, which
enclose a magnetic needle. Image redrawn from [49].

The basic principle of the Seebeck effect is that a temperature gradient in a conducting material leads
to a charge carrier diffusion. For metals, the diffusion can be explained by the absolute value of the
average velocity of charge carriers which is higher on the hot side, leading to an effective diffusion
towards the cold side. As a result of this charge carrier diffusion, a voltage drop between the hot
and the cold sides can be measured. This voltage Δ* , called thermovoltage, varies between different
kinds of metals for the same temperature gradient Δ) . For the case Δ) → 0 this voltage can be
described with the Seebeck coefficient S by

S =
Δ*

Δ)

����
Δ)→0

. (2.4)

Since the Seebeck effect originates from the dominant charge carriers, the sign of S indicates whether
they are holes (S > 0) or electrons (S < 0).
Fig. 2.2 shows a schematic drawing of the instrument Thomas Johann Seebeck used in 1823 when
he discovered the effect named after him. He connected the two metals copper K and antimony A
and placed a magnetic needle enclosed within. He observed that the orientation of the magnetic
needle, which is aligned along the earth’s magnetic field without any heat gradient on the two
different metals, realigns after heating either of the joints. The two metals possess different Seebeck
coefficients; a temperature gradient along with them results in a nonequal voltage gradient along
each of the metals. According to Ohms law, this offset in both voltage gradients creates a current
in the metal, which is relatively high due to the low resistivity of the metals. Finally, the current
leads to amagnetic fluxwhich exerts a force that pushes themagnetic needle from its resting position.

The following description of S is based on [18, 50], a detailed calculation of S can be found in [51].
Generally, for a large S, the conduction should be carried out by only a single type of charge carriers
[45]. Conduction from mixed n-type and p-type will lead to both charge carriers moving to the cold
end, canceling out the induced Seebeck voltages. For metals or degenerate semiconductors with a
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single parabolic band in an energy-independent scattering approximation [52], S is given by:

S =
8c292

�

34ℎ2 ;∗
S)

( c
3<

)2/3
, (2.5)

with 9� the Boltzmann constant, ℎ the Planck constant and 4 the elementary charge. This equation
shows that S is proportional to the effective mass ;∗

S and proportional to the charge carrier concen-
tration <−2/3 [53]. ;∗

S refers to the density of states effective mass, which increases with flat bands
with a high density of states at the Fermi surface. Since the mobility is also related to ;∗

C, heavy
charge carriers will also move with a slower velocity and result in small mobilities 2. A large effective
mass thus produces a high thermopower but leads to a low electrical conductivity [45].
This is a simplification of the relationship between the effective mass and mobility; to give an exact
relationship is complex and depends on the electronic structure, scattering mechanisms, and the
symmetry (or asymmetry) of the electronic band [55]. The optimum thermopower is often at a com-
promise between high effective masses and high mobilities.
A high effective mass and low mobility are typically found in materials with narrow bands such
as ionic compounds; high mobilities and low effective masses are usually found in materials made
from elements with small electronegativity differences [45]. Oxides are generally in a regime with
low mobilities and high effective masses [16, 56].

The description of S in eq. 2.5 implies a material in which the Fermi surface consists of a single
parabolic band. A fundamental understanding of S is still not found today. Non-quantitatively it
is often described as being dependent on the symmetry (or asymmetry) of the electronic band,
therewith the dependence of the electronic density of states (�$() around the Fermi level. In short:
A high and steep �$( leads to a large S [53]. This band structure approach to improving the ZT
value has been the foundation of a recent popular strategy called band structure engineering [57–59].
Other mechanisms for the enhancement of S, which are still being researched on are, e.g., energy
filtering effect [60, 61], high band degeneracy [62, 63], resonant level [64, 65] and spin entropy [66] to
name a few.
A more general description of the relation between S and the microscopic band structure and
transport parameters can be given by an approximate formula derived from the Bethe-Sommerfeld
expansion of the Mott relation for degenerate statistics, and single-band conduction [67, 68]:

( =
c2

3
9�

4
9�)

{
3[ln(σ(�))]

3�

}
�=��

=
c2

3
92
�
)

4

{
�$((�)
<(�) + 1

μ(�)
3μ(�)
3�

}
�=��

, (2.6)

where 4 is the carrier charge, �$((�) is the energy dependent electronic density of states, <(�) is
the energy dependent charge carrier concentration, μ(�) is the energy dependent carrier mobility
and �� is the Fermi energy. The applicability of this relation is rather limited, it still shows that a
large �$((�) and a strong energy dependence of μ(�) leads to a high S. These arguments act as the
guideline for band structure and transport engineering [67].

2;∗
S in eq. 2.5 and ;∗

C in the mobility are not the same. This relation was discussed extensively in the work by Gibbs et
al. [54].
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2.3 Electronic transport

The description of the electronic transport in semiconductors is based on [69]. The driving force �
for a charged particle ? of a certain type 7 is given by the negative of the potential gradient of the
electrical potential Φ:

� = −?7
3Φ

3F
= −?7�, (2.7)

where � = − 3Φ
3F

is the electrical field.
The flux 87 of charged particles ?7 is the product of the carrier concentration <7, the mobility μ7 and
the force �:

87 = <7μ7� = ?7<7μ7︸︷︷︸
σ7

� = σ7�, (2.8)

where σ7 is the electrical conductivity of a charged particle 7.
The total electrical conductivity σ is generally the sum of the partial conductivities σ7 of different
charge carriers:

σ =
∑
7

σ7. (2.9)

For semiconductors, and more specifically, for oxides, cations and anions, electrons and holes
contribute to the electrical transport. The total electrical conductivity is therefore often written
as sum of the ionic conductivity σion = σcations + σanions and the electronic conductivity σel =

σelectrons + σholes :

σ = σion + σel. (2.10)

Generally, only one type of charge carrier dominates the electrical transport, and as an approximation,
contributions from minority carriers are neglected. In the case of oxides, the mobilities of electrons
and holes are usually several orders of magnitude larger than those of ions. Therefore, even if the
concentration of electrons or holes is smaller than that of the ionic charge carriers, electronic
conduction may usually predominate. For many oxides, the electrical conductivity increases with
increasing temperature since more electrons are thermally excited into the conduction band [70,
71]3. The absolute value of the electrical conductivity is much smaller than in metals. The principal
reason for the increase in electrical conductivity is that the number of electronic defects increases
with increasing temperature. Neglecting the ionic contribution, the electrical conductivity can be
written as:

σel = 4<4μ4︸︷︷︸
σelectrons

+ 4<>μ>︸︷︷︸
σholes

(2.11)

With 4 the charge of the electrons/holes, <4,> their concentrations and μ4,> their mobilities. For
intrinsic, undoped semiconductors with increasing temperature, electrons from the valence band
can be excited across the bandgap E6 into the conduction band, leaving a hole in the conduction
band. In an intrinsic semiconductor, the concentrations of electrons and holes are therefore equal.
Although, with differences in mobility, one of the charge carriers may dominate. The concentrations

3These electrons can origin from impurities, dopants, vacancies or in some cases even ions contribute to the electrical
transport.
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of electrons and holes thereby follow the Boltzmann distribution

< ∝ > ∝ 4
− �6

29�) , (2.12)

where �6 is the energy gap between the conduction- and the valance band,) the temperature and 9�
the Boltzmann constant. As shown in eq. 2.12, the number of charge carriers increases exponentially
with increasing temperature and decreasing magnitude of �6 , while in many semiconductors, the
mobility μ is proportional to )l [18]4. The electrical transport is mainly carried out by holes and
electrons, whereby a semiconductor dominated by holes is defined as p-type, and semiconductors
dominated by electrons, n-type.

Apart from intrinsic conduction, extrinsic conduction via donors plays an essential part in the
electrical conductivity of oxides. A donor is a defect with an electronic state close to the conduction
band. The electrons occupying this state can thus easily get thermally excited into the conduction
band at room temperature. The hole, however, is stuck to the donor since the density of donors is
typically in a range where the next donor is too far away for the hole to reach with the given thermal
excitation energy. A detailed view of the electrical conduction mechanism of EuTiO3 is provided in
the following section 2.4.4.

Semiconductors typically show a temperature dependency of the electric conduction with two or
three regions:

I At low temperatures, dopants may not be fully ionized, and the electrical conduction is dominated
by the exponential dependency of the ionization energy of the dopants.

I At intermediate temperatures, all dopants are ionized, and the temperature dependency of the
mobility thereby governs the temperature dependency of the electrical conduction.

I Intrinsic ionization above the bandgap dominates the conduction mechanism at the highest
temperatures.

Although a small band gap seems favorable according to eq. 2.12, the excitation of both, majority and
minority carriers may lead to the so-called bipolar effect, which is a negative process deteriorating
the thermoelectric properties, particularly at higher temperatures [72]. Therefore the bandgap should
be in a range where good mobility and a negligible contribution of the minority carriers are achieved.
Mahan [73] presented a guideline for non-degenerate semiconductors, estimating the bandgap in
the range of 109�) for maximal thermoelectric performance. With this estimation, ETO exhibits its
maximal ZT around 1160K.
In addition to a simple increase in thermal energy, the charge carrier concentration can be adjusted by
extrinsic doping or intrinsic defects. Extrinsic doping, where a foreign atomic species is introduced
to the crystal structure, is commonly used to adjust <. In the case of ETO, a variety of dopants
have already been investigated, including Nb, La, Sr, Ba, Ca, and Mg [17, 18, 74, 75]. Intrinsic doping
includes a variety of different defects, such as vacancies, lattice disorder, lattice defects, etc. For
this thesis, intrinsic defects play an important role in the electrical conduction mechanism of ETO.
ETO, as well as many more perovskite-type oxides such as SrTiO3−δ [76, 77] or LaCoO3±δ [78], show
significant changes in the electrical conductivity starting already with slight oxygen deficiencies.

4l = −3/2 for acoustic vibrational scattering and l = 3/2 for ionized impurities scattering [18].
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2.4 Europiumtitanate

2.4.1 Crystal structure

EuTiO3 has a perovskite-type crystal structure with the cations Eu2+ and Ti4+ surrounded by O2− as

Eu

Ti
O

Figure 2.3: Crystal structure of perovskite
EuTiO3 in the cubic phase. Taken from
[79].

shown in fig. 2.3. At room temperature ETO exhibits a cu-
bic structurewith a Pm3m space group and a lattice param-
eter of a = 3.9082 Å [80]. The perovskite crystal structure
is unstable in air at high temperatures since Eu prefers
a higher oxidation state of Eu3+. Therefore, a strongly
reducing atmosphere is required for the ETO synthesis,
otherwise the pyrochlore-type phase of Eu2Ti2O7 will be
obtained. Since Eu has a smaller electronegativity than
Ti5, Eu is more susceptible for the reduction as compared
to Ti. Ideally, all Eu ions must go to the lower valent state
+2, while Ti should remain in +4 to form the required
perovskite-type crystal structure Eu2+Ti4+O3

−2.

Eu2O3 + 2 TiO2
Air

Eu2Ti2O7 {1}

Eu2O3 + 2 TiO2
H2 2 EuTiO3 {2}

However, it has been observed that once the EuTiO3 structure forms, reduction in Ti becomes more
probable at higher flow rates of the reducing gas (e.g., H2), where the concentration of Eu3+ ions
remains constant [81].
ETO is in many ways similar to the well-known perovskite-type SrTiO3 (STO), which exhibits a
phase transition from cubic Pm3m to tetragonal I4/mcm at around 110K [82]. Although the exact
temperature is still unclear, ETO was found to have a similar transition caused by a tilt in the oxygen
octahedra. In most reports, the transition temperature is located around 285K [83–86].

2.4.2 Magnetic properties

The electrical and magnetic properties of ETO originate mainly from the half-filled 4f shell of Eu.
The 7 electrons in the 4f shell occupy a high-spin state (S= 7

2 ), resulting in a G-type antiferromagnetic
order below 5.5K [87]. Katsufuji et al. [87] could also show that there is a strong magnetoelectric
coupling present which originates from the strong spin-lattice coupling. The strong spin-lattice
coupling also leads to an increase of the dielectric constant with decreasing temperatures, a dramatic
decrease at the antiferromagnetic transition temperature and an enhancement with a magnetic field
[87].
Since the magnetization can be influenced by an external electric field and the dielectric constant
can be controlled by a magnetic field, ETO became highly interesting in multiferroic research [88,
89].

2.4.3 Thermoelectric properties

As described in section 2.2, the thermoelectric properties depend on the electronic density of states
(�$() around the Fermi level. Typically ATiO3 perovskites show little contribution of the A-site
cations to the top of the valance band. The main contribution to the top of the valance band are

5Electronegetivity: Eu 1.1, Ti 1.5 [81]
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Figure 2.4: (a) Density of states of EuTiO3 and in comparison (b), density of states of SrTiO3. Fig. taken from
[79].

transitions from occupied O 2p and empty Ti 3d states like in STO. In contrast, the top of the valance
band in EuTiO3 is formed by the 4f electrons of the Eu2+ cation [90] (see fig. 2.4). In fig. 2.4 the zero
points of energy in the DOS plots are aligned with the highest occupied level and are also shown by
the vertical red lines. The high gradient in the DOS around the highest occupied level makes ETO a
fascinating material for thermoelectrics (see section 2.2).
The optical bandgap is formed between the occupied Eu-4f and empty Ti-3d states with 0.93 eV.
It had already been shown that pressed and sintered EuTiO3±X powder shows a high Seebeck
coefficient and an n-semiconducting type behavior at high-temperatures [17, 74]. Most research
concerning thin films of ETO are done by PLD and MBE, where ETO is being grown on STO
substrates since the lattice mismatch is below 1%6. A huge deficit in the use of STO as a substrate
material are the induced oxygen vacancies in STO caused by the reducing atmosphere during
the growth of ETO. The oxygen vacancies in STO lead to a considerable increase in the electrical
conductivity [91] and therefore, the STO substrate acts as a short circuit for the ETO layer, which
prevents thermoelectric measurements of the ETO layer.

2.4.4 Electrical conductivity of ETO

The description of the electrical transport of ETO is based on [81], which presents a systematic study
of the electrical response for ETO as a function of stoichiometry. For ETO, generally, annealing
under a reducing environment is required to avoid the formation of the pyrochlore Eu2Ti2O7 phase
[92, 93]. However, the resultant compound may not be ideally reduced with all Eu in +2 state, Ti in
+4 state, and with no oxygen vacancies. The presence of ions in multiple valent states (Eu2+/Eu3+

and Ti3+/Ti4+) can initiate charge carrier hopping processes in ETO [81].
As described in section 2.4.1, Eu is more susceptible to reduction than Ti. Ideally, Eu ions should
go to the lower valence state +2, while Ti should remain in +4 to form the intended Eu2+Ti4+O2−

3 .

6aETO = 3.9082 Å, aSTO = 3.945 Å
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Figure 2.5: Schematic representation of a) Eu2+Ti4+O2−
3 , b) Eu2+

1−FEu3+
F Ti4+1−FTi3+F O2−

3 and c) Eu2+Ti4+O2−
3−δ ,

taken from [81].

However, it has been shown that reduction of Ti4+ to Ti3+ becomes more probable, while the
concentration of Eu3+ remains constant once EuTiO3 is formed. In the case where Ti4+ reduces,
the resulting compound will be Eu2+

1−FEu3+
F Ti4+1−FTi3+F O2−

3 [94]. A further cause of the reducing
atmosphere is that oxygen leaves the system, resulting in the formation of an additional oxygen
deficiency Eu2+

1−FEu3+
F Ti4+1−FTi3+F O2−

3−δ. Fig. 2.5 represents the above described variations from the
ideal EuTiO3 stoichiometry. The absence of the O2− ion leaves two electrons at its former site,
creating a neutral oxygen vacancy, which can be ionized through first and second ionization. If
one of these electrons combines with Ti to Ti3+ and the other one remains trapped, the oxygen
vacancy is called singly charged V•

O, if both electrons contribute to the electrical conductivity, the
vacancy is called doubly charged V••

O. Therefore, these electrons can initiate an oxidation-reduction
process between Ti3+ and Ti4+ and give rise to hopping polarization [95]. In the case where no oxygen
vacancies are present, electrons can hop between Eu2+/Ti3+ and Eu3+/Ti4+, whereby, based on the
bond lengths, hopping between Ti3+ and Ti4+ ions will be more probable than the hopping between
Eu2+ and Eu3+ ions. With additional oxygen vacancies, the hopping can occur between Ti3+ and
Ti4+ through either the singly charged V•

O or doubly charged V••
O oxygen vacancy. This process is

temperature dependent, whereby hopping will start when the thermal energy is high enough to
ionize the oxygen vacancy, creating a V•

O. With a further increase of the thermal energy, the second
trapped electron will become free, creating a V••

O. An even further increase of the thermal energy
leads to hopping of the oxygen vacancy itself, in which the oxygen vacancy shifts to one of the 6
oxygen sites in the perovskite structure [96] (see fig. 2.5 c)). The hopping mechanism, including singly
and doubly charged vacancies, is reported to occur at lower temperatures compared to the hopping
of the oxygen vacancies themselves, for example, between 450 K to 700 K in the case of KNbO3 [96].
Therefore, there can be a total of five types of charge carrier hopping mechanisms in ETO, which are
hopping between Eu2+ and Eu3+, Ti3+ and Ti4+, hopping associated with oxygen vacancies in the
form Ti3+-V•

O-Ti4+ and Ti3+-V••
O-Ti4+ and finally the oxygen vacancy shifts to one of the 6 oxygen

sites in the perovskite structure.





3 Technical background

3.1 Pulsed laser deposition

Pulsed laser deposition (PLD) is the key technique in this work for producing high-quality crystalline
thin films. This section is dedicated to introducing this technique and will go into detail for a better
understanding of the growth process and the PLD system itself.

The PLD process was first demonstrated in 1965 by Smith and Turner [97] for the preparation
of semiconductors and dielectric thin films. For more than 20 years, PLD remained a niche tech-
nique. Due to the improvement of high energy laser systems and especially after the successful
growth of superconductive YBa2Cu3O7−F thin films [98], this method became widely-used for
different materials and has been continuously improved until the present day [99]. The process’s
applicability and acceptance rests mainly on its simplicity, broad application in different fields, and
wide chamber pressure ranges, including highly reactive background gases. PLD is meanwhile used
in the deposition of insulators, semiconductors, metals, polymers, and even biologicalmaterials [100].

a

b

c

d

e

Figure 3.1: Illustration of the ablation process. The UV-laser (a) is directed at the target (b), which can be
rotated and moved. The evaporated material from the target emerges from the target in the form of a plasma
plume (c) propagating towards the substrate (d) on the heater (e), where the material condensates.

The basic principle is shown in fig. 3.1. A pulsed laser beam, in this setup, a KrF-excimer laser (Co-
herent COMPex 205 F), is focused onto a target of the material to be deposited as a thin film. Each
laser pulse vaporizes a small amount of the target material, creating a plasma plume that propagates
towards the heated substrate and eventually condensates on it. Due to the short pulse width of about

13
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20 ns and the high energy density (typically 6 J cm−2), the process can be considered in the adiabatic
approximation. This means that the duration of the process is so fast that no heat is exchanged with
the surrounding [101]. The energy deposited by the laser pulse is first converted to the internal energy
of the target and vapor cloud before it partially dissipates to the kinetic energy of the ablated particles.
After the formation of the plume, the plasma propagates along the normal vector of the target plane
towards the substrate, in which the propagating plasma interacts with the still ongoing laser pulse
leading to an increase in kinetic energy of the plasma [100]. During the propagation between the
target surface and the substrate, the plasma’s kinetic energy is mainly reduced by scattering with the
background gas. Scattering with the background gas can moderate the plume energy from several
hundred electron volts to less than 1 eV [102].
This specific feature of the ablation process enables the stoichiometric transfer of complex material
stoichiometries. The stoichiometric transfer between the target and the substrate, combined with the
compatibility of a background gas pressure ranging from ultrahigh vacuum to around 1mbar, makes
this process in particular attractive for the film growth of complex oxides like the ones investigated
in this work.

To avoid the creation of a deep laser spot crater on the target due to the removal of material at the
laser spot, the target is typically rotated along the surface normal to maximize the used target surface.
Another problem occurs due to the formation of molten droplets of the target material at the edge
of the laser spot, which is subsequently deposited on the film surface. The formation of droplets can
be reduced, on the one hand, by the target roughness and, therefore, the target preparation, on the
other hand, by the angular of incidence of the laser beam [103]. Since the occurrence of droplets
along the direction of the laser beam is preferable, a small angle of incidence of the laser spot is
favorable. With a small angle of incidence of the laser beam, the beam’s interaction with the plume
is also reduced.
On the other hand, a well-defined laser spot is reached with an angle of incidence parallel to the
target plane normal vector, considering the laser optics. Since this is impossible to achieve and also
in contradiction to the optimal angular of incidence to reduce droplets, an angular of incidence of
45° is a typical compromise.

3.1.1 Laser-target interaction

The discussion of the laser-target interaction is mainly based on [104], which gives a detailed discus-
sion of this matter.
The laser provides a unique energy source for the PLD process due to its short wavelength and high
intensity. The absorption of laser radiation in materials results in various effects, such as heating,
melting, vaporization, plasma formation, and ablation. Which of these effects dominates the interac-
tion process depends primarily on the characteristics of the laser radiation like the laser wavelength,
the intensity, the length of the pulse, and the optical and thermophysical properties of the target
material. Within the thermophysical properties, the electronic structure of the target material plays
a crucial role [105, 106]. For insulators and semiconductors, the target materials in this thesis, laser
absorption occurs through excitation involving mainly electronic interband transitions. If the pho-
ton energy ℎa is smaller than the bandgap of the target material �6 , only weak phonon excitation is
possible. For higher laser intensities, interband transitions may occur due to tunneling, sequential
multiphoton excitation via defect states or coherent multiphoton excitation [104, 107]. If the photon
energy is higher than the bandgap, interband excitation of electrons can occur directly, creating
electron-hole pairs. The energy from this excitation is subsequently transferred to phonons. For
elevated temperatures, additionally intraband transitions may occur due to the increased number of
charge carriers [104]. Therefore, the absorption leads to a nonequilibrium electronic distribution
that thermalizes via electron-electron and electron-phonon interactions.
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In the following paragraphs, crucial factors affecting the laser-material interactions are discussed.

Intensity the laser intensity, or fluence, is attenuated inside the target according to Beer-Lamberts
law

� (H) = �04
−αH , (3.1)

where α is the absorption coefficient and �0 is the laser intensity just below the surface after consid-
ering the reflection loss. Heating caused by the fluence can trigger various processes, such as phase
and microstructural modifications or sintering. The very localized heating causes large temperature
gradients, inducing thermal stresses, excitation of acoustic waves, surface hardening, bending and
cracking. Melting can cause droplets of the target material sprinkling on the substrate surface for
really high laser fluences.

Wavelenght The wavelength _ of the laser not only determines the absorption process, as men-
tioned above, but also the penetration depth X of the light radiation into the material according to
the expression

X =
1
α
=

_

4c94
, (3.2)

where 94 is the extinction coefficient [108]. Typically oxides exhibit much higher absorbance in the
UV range than visible and infrared regimes. However, for most of the metal oxides, the penetration
depth of UV laser radiation is according to eq. 3.2 limited to the range of 200 nm to 300 nm [108].

Thermal conductivity In dielectric solids, the thermal conductivity 9 is primarily governed by
the movement of phonons. This phonon movement persists until the phonons are scattered either
through phonon– phonon interactions or phonon-lattice interactions mainly through imperfections.
9 of a solid is expressed as

9 =
1
3
2>D:, (3.3)

where 2> is the specific heat, D the phonon velocity in the solid, and : the phonon mean free path.
Oxides generally exhibit a low thermal conductivity and may confine laser-induced heat, leading to
a steep, confined temperature gradient within the material. Laser processing can therefore create
small heat-affected and melt zones. Since the introduced heat is not well conducted in nearby areas,
a low cooling rate results, which can induce slow recrystallization of these zones, which eventually
will affect the composition and structure of the irradiated areas.

Process environment The process environment, a vacuum or a gas environment, can cause an
indirect effect on the laser-material interaction. The process environment mainly impacts the kinetic
energy of the laser-generated plasma plume. For example, a high background gas pressure leads to
low kinetic energy of the particles within the plasma plume. Due to the lower kinetic energy, the
laser beam interacts with the plume, excites particles in the plume, and reaches the target surface
with a lower intensity.
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3.2 Structural, crystallographic and topological measurement techniques

The following sections describe the various measurement techniques used within this thesis in detail.

3.2.1 Reflection high-energy electron diffraction

Reflection high-energy electron diffraction (RHEED) is a widely used method for surface characteri-
zation of crystalline samples. The method is based on the diffraction of electrons at the surface atoms
and on detecting the diffraction pattern on a fluorescent screen. Therefore a focused mono-energetic
electron beam with an energy in the range of 20 keV to 30 keV is directed onto a sample with a small
angle of incidence θ of 3 ° to 5 °, leading to a penetration depth of the electrons into the surface of
only a few monolayers. The anatomically flat surface is effectively a two-dimensional lattice for the
electron beam. Consequently, the reciprocal lattice consists of rods extending out of the 2D plane of
the crystal surface infinitely in the out-of-plane direction, as there are no diffraction conditions in
the direction perpendicular to the surface.The intersections of these rods with the Ewald sphere with
the radius 90 = 2c/_ centered on the incident electron beam onto the sample give the directions
where the diffraction condition is satisfied. Fig. 3.2 shows the schematic representation of the Ewald
construction. Owing to the high energy of the electron beam, the radius of the Ewald sphere is
much larger than the distance between reciprocal lattice points1. As shown in fig. 3.3 a), the RHEED
diffraction pattern of a perfectly smooth, crystalline sample surface shows diffraction spots that are
arranged circularly on so-called Laue rings.
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Figure 3.2: Ewald construction for electron diffraction in a typical RHEED geometry. The sample’s surface
is effectively a two-dimensional lattice for the electron beam. Consequently, the reciprocal lattice consists
of rods extending out of the 2D plane of the crystal surface infinitely in the out-of-plane direction. Image
adapted from [109].

1For an acceleration voltage of 30 kV, the radius is around 924 nm−1.
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Typically only a diffraction pattern from the first Laue ring !0 is visible on the fluorescent screen,
since higher-order Laue rings exhibit a much larger dimension than the fluorescent screen.

RHEED patterns can be used to determine the in-plane lattice constant. This can be achieved by
calculating the distance of the diffraction spots on the screen, based on the Ewald construction from
fig. 3.2. This method requires a careful measurement of all relevant system dimensions, which can be
difficult or subject to errors. A more simple method, which is also used in this thesis, is comparing
a diffraction pattern from a known crystal with the unknown diffraction pattern to be measured.
In this thesis, the diffraction pattern of the silicon substrate is always recorded before the ablation
of the thin film. From the silicon diffraction pattern, a pixel to lattice constant dependency can be
calculated, which can be subsequently used to determine the film lattice constant from the diffraction
pattern of the film.
For a RHEED-system, connected to a PLD system, protecting the electron gun from the oxidizing
atmosphere during the growth process and prevent scattering of the electrons with oxygen as back-
ground gas is essential. Therefore the RHEED-system used in this work is a differentially pumped
vacuum system. The schematic is shown in fig. 4.4 and described in more detail in section 4.2.
Besides the information about the lattice constant, RHEED-patterns provide information about the
surface structure. Fig. 3.3 gives a summary of the origin of different RHEED-patterns observed in
this thesis. The following part is adapted from [110].

When films have an atomically flat surface and a perfect single-crystalline structure, as shown in
fig. 3.3 a), its reciprocal rods are very sharp. Under the assumption that the electron beam only
interacts with the top-most atomic layer, the reciprocal rods appear without intensity modification.
Then the resulting diffraction pattern consists of diffraction spots on the Laue circle with the same
intensity. However, in reality the electron beam penetrates several atomic layers into the surface.
This modulation of the intensity along the reciprocal rods results in variations in the intensities
of different diffraction spots caused by interference among waves scattered from different atomic
layers. Often, bright, straight line/band features in the diffraction pattern can be observed, which
originate from inelastic scattering processes called Kikuchi-lines.
As shown in fig. 3.3 b), for a surface composed of small domains, the reciprocal rods are broader than
in fig. 3.3 a), and inversely proportional to the average size of the domains. The intersections between
the Ewald sphere and the reciprocal rods therefore become larger ellipses, resulting in elongated
and broader diffraction spots, called streaks.
As shown in fig. 3.3 c), a surface with rough multilevel terraces of different widths leads to modulated
reciprocal rods since they are superpositions of split rods with various spacing. The reciprocal
rods have sharp nodes with strong intensities where constructive interference of one terrace is
satisfied, while they become broader and weaker in between. This produces diffraction patterns
having elongated streaks with intensity modulation in the perpendicular direction.
As shown in fig. 3.3 d), on a rough surfacewith three-dimensional islands, the electron beam transmits
through the sticking out parts of islands and produces a transmission diffraction pattern which
cannot be considered a reflection pattern anymore. Epitaxially grown islands on the surface show a
reciprocal lattice equal to a three-dimensional crystal, a three-dimensional array of reciprocal points.
Islands with crystal facets on the side walls cause small streaks to appear around the diffraction
spots, which are reflections from the facets and therefore perpendicular to the facets.
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Figure 3.3: Illustration of various kinds of film surfaces in real-space morphology, reciprocal space and their
RHEED patterns. Adapted from [110].

The RHEED system, which is used in this thesis, is equipped with the beam rocking option [111].
Technically, beam rocking allows precise incidence angle variation onto the sample surface. However,
in this setup the incident angle variation is limited by the nozzle and the hole. The electron beam can
be aimed through the hole by combining the rocking with the deflection on the same axis. A rocking,
hence a variation of the angle of incident onto the sample surface, is still possible, but limited because
the nozzle hole acts as a pivot point for the electron beam.

3.2.2 Atomic force microscopy

Atomic force microscopy (AFM) is based on the interactions between an ideally atomically sharp
tip and the sample surface. The tip is mounted on a cantilever which can be stimulated to oscillate
near its resonance frequency. The cantilever is lowered down to the sample surface, a few tenths of
a nm until it experiences Van der Waals forces of the surface atoms and is subsequently scanned
across the sample surface [112]. This operating mode is the so-called non-contact mode and obtains
the highest spatial resolution. The cantilever also acts as a mirror for a laser beam focused on the tip.
The reflected beam hits the surface of a four-quadrant photodiode. Depending on the distance of the
tip to the surface, the atomic forces on the tip slightly change the resonance frequency and, with
that, the amplitude and phase shift of the oscillation. Depending on the operation mode of the AFM,
this signal is used to regulate the piezo actuator for the z-height or is directly measured and assigned
to the x-y-position. The AFM used in this thesis is a Bruker Dimension Icon with ScanAsyst Air tips
used in the non-contact mode. The recorded images were processed with the open-source analyzing
software Gwyddion [113].
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3.2.3 X-ray diffraction
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Figure 3.4: a) The Bragg condition in the Bragg-Brentano geometry b) the coordinate system of a typical
XRD device.

X-ray diffraction (XRD) is a standard method to analyze the crystallography of crystalline samples.
The underlying principle of this method is the elastic scattering of X-rays on the valence electrons in
a given material. In a crystalline sample, atoms are arranged periodically and form diffracting planes
for the incoming X-rays. The wavelength used in XRD is typically in the range of the diffracting
plane distance 3. In this work, a Seifert 3003 PTS equipped with a Cu-tube and a wavelength of
1.5406Å was used. The Miller indices h, k, and l typically describes the diffracting planes. Fig. 3.4
a) shows the incoming and the scattered X-ray beam on a crystalline sample. When the angular θ
satisfies the Bragg-equation [114]

<_ = 23sin(θ), (3.4)

the scattered X-rays interfere constructively and reach amaximum in intensity. < is a positive integer,
θ the angular of the incident x-ray beam, and 3 the distance between the diffracting planes. The lattice
constant can be calculated by scanning the incident beam along θ, measuring the scattered intensity
and the knowledge about the crystal structure. In this work, only cubic lattices are considered, where
the lattice constant 0 can be calculated by

0 = 3
√

h2 + k2 + l2. (3.5)

The measurements in this work are all measured in a system with a so-called Eulerian cradle for
supporting the sample. The X-ray source is thereby fixed and the detector and the sample holder
can be rotated in a circle around the same axis. As shown in fig. 3.4 b), the angle between the sample
plane and the incident-, as well as the angle between the sample plane and the scattered beam, is
always equal. This measuring geometry is called Bragg-Brentano geometry and will be referred to as
θ − 2θ since the angle between the incident and the scattered beam is 2θ.

To study defects such as dislocation density, mosaic spread, curvature, misorientation, or inhomo-
geneity, the so-called rocking curve is commonly used. In a rocking curve, the detector is set to a
specific Bragg angle which satisfies the Bragg equation, and the sample is tilted along ω. Suppose
the detector is set to a particular Bragg angle, and the sample is tilted along ϕ. In that case, the
resulting ϕ-scan can be used to determine the crystallographic in-plane orientation of the sample.
The combination of both, a rotation and tilt of the sample, is called a pole figure.

Phase identification of X-ray diffractorgrams are usually done by comparison with a crystallographic
database such as ICCD [115] or COD [116], which are also used in this work.
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3.2.4 Scanning electronmicroscopy

Scanning electron microscopy (SEM) can provide information on surface topography, crystalline
structure, chemical composition, and electrical behavior of the top of around 1 µm of a sample
[117]. For the characterization of oxides, the emission of secondary and backscattered electrons, the
excitation of X-rays, and the inelastically scattered electrons are of special interest. The inelastically
scattered electrons are described in more detail in subsection 3.2.4.1. All SEM measurements in this
work are conducted on a Zeiss Merlin with a Gemini 2 column. Fig. 3.5 a) shows the basic SEM optics
of the Gemini 2 column. The incident electrons have energies that can be varied between 0-30 keV.
The electrons are emitted from a Schottky field emission gun. A hairpin filament is heated to produce
thermal emission of electrons, which electromagnetic condenser lenses will demagnify. The beam is
then focused on the sample surface by magnetic lenses and scanned over the sample surface. The
electrons penetrate the sample surface in a teardrop-shaped volume (see fig. 3.5 b)) whose overall
dimensions are determined by the incident electron beam energy, the atomic masses of elements
in the sample and the angle at which the electron beam hits the surface. The penetrations depth is
typically in the range of nm−−µm, for GaAs it reaches for example 1 µm for electrons with 20 keV
and normal incidence [117].

As shown in fig. 3.5 b), the interaction of the electron beam with the sample surface produces sec-
ondary electrons (SE), backscattered electrons (BSE), and X-rays2, which are collected by various
detectors in the SEM chamber. SE electrons are ejected from conduction or valence bands of atoms
within a few nm below the sample surface with typically low energies around <50 eV. They are either
generated at the position where the focused electron beam impinges on the sample or in multiple
scattering events, which reach the sample surface at some distance from the point where the incident
beam hits the surface. The in-lens detector (see fig. 3.5 a)) is very efficient in collecting electrons that
are emitted very close to the position of the incident beam since the electrostatic lens accelerates
the emitted electrons and thus also sucks the very slow electrons into the column [118]. The Zeiss
Merlin system uses a second SE detector, an Everhart-Thornley-Detector, which is located off to
the side in the microscope chamber, giving good topological contrast. The BSE can be detected by
a semiconductor detector, which was not used in this work. The X-ray photons (see fig. 3.5 b)) can
be detected by a large area analytical silicon drift EDS detector. By placing the sample in a special
geometry in respect to the electron gun, the BSE can also be used for spatially-resolved analysis of
the crystal orientation, which will be discussed in the following section.

2In addition, also Auger electrons and even visible light.
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Figure 3.5: a) Electron beam gun and optical path in a ZEISS Gemini 2 Optics, adapted from [119]. b)
Electrons penetrating the sample surface in a teardrop-shaped volume, generating backscattered and
secondary electrons from different depths.

3.2.4.1 Electron backscatter diffraction

The sample orientation to measure electron backscatter diffraction (EBSD) is shown in fig. 3.6, where
the sample is tilted by 70°. A part of the incident beam is inelastically scattered at the sample surface.
With the commonly applied sample tilt of 70° and the fact that 97% of the scattered electrons do not
suffer from significant energy loss [120], the main contribution to the electron backscatter pattern
originates from electrons, scattered along the original direction of the incident beam.
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Figure 3.6: a) Camera view inside the SEM chamber with the Gemini optics on the top. The sample is in
the middle and tilted by 70°, the EDX nozzle on the top right, and the EBSD-detector on the bottom right.
Marked are the two Kossel cones for a hypothetical set of lattice planes. b) The incident electron beam and
scattered electrons satisfying the Bragg equation for the given set of crystallographic planes, form the origin
of two Kossel cones.
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Fig. 3.6 b) shows the incident beam onto the crystal surface and the orientation of one set of lattice
planes. Some of the scattered electrons are incident on atomic planes at angles that satisfy the Bragg
equation 3.4 for a given set of crystallographic planes. The origin of the diffracted radiation is the
surface of a cone (Kossel cone) which extends about the normal of the reflecting atomic planes with
a half angle of 90°−θ. Fig. 3.6 a) shows a drawing of two hypothetical Kossel cones in the actual SEM
chamber and the EBSD-detector screen on the right. The intersection of the Kossel cones with the
detector plane are hyperboles, which appear as straight lines on the detector due to the small angles
(Kikuchi lines). The distances between the lines are proportional to 2θ and thus (for small angles)
inversely proportional to the crystallographic planes [121]. The EBSD pattern usually consists of
several intersecting diffraction patterns, each associated with a family of diffracting planes which
can be seen for an ETO surface in fig. 3.7. The EBSD-software compares the recorded pattern with a
theoretical model of the diffraction pattern (see fig. 3.7 c)). Together with this theoretical model, the
local orientation can be described with the 3 Euler angles ϕx, y, z. Additionally, for each diffraction
pattern, the pattern quality is measured by the intensity of the Kikuchi bands and quantified by the
so-called band contrast (BC). To determine the crystallinity of a given sample, the kernel average
misorientation (KAM) is awidely used technique.TheKAM is ameasure of local grainmisorientation,
derived from EBSD data. For the KAM calculation, the misorientation between the center point of
the kernel and all surrounding points in the kernel are calculated and averaged. This average gives
the local misorientation value of the center point.
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Figure 3.7: a) electron backscatter pattern of an ETO surface, epitaxially grown on YSZ. b) detected and
indexed Kikuchi lines with zone axes marked with the corresponding miller indices. c) Kukuchi bands
around a ETO unit cell.

3.2.5 Transmission electronmicroscopy

Transmission electron microscopy (TEM) can provide imaging with sub-Ångström resolution and a
wide spectrum of other information within this scale. Similar to the optical system of a SEM (see
3.2.4), TEM is also based on the interaction of high energetic electrons with the atomic lattice of
a sample material. In contrast to SEM, where electrons are scattered and deflected on the sample
surface, in TEM, electrons penetrate through the sample material and the transmitted electrons are
detected. The sub-Ångström resolution (<100 pm) is reached with an acceleration voltage of 200 kV
to 300 kV3. The high-energy electron beam also excites atoms in the sample to emit characteristic
X-rays, which can be detected, and the elemental composition can be specially resolved.
The electrons generated in an electron gun have to pass a complex system of condenser, objective,
and projection lenses with several apertures in between to reach the desired spot size and spot quality.
Since the electrons have to penetrate the sample, it is necessary to prepare the sample beforehand.
The typical cross-sectional sample preparation is done by cutting it into several pieces and gluing
them face-to-face. The sample stack is glued into a brass ring, followed by reducing the thickness to
around 20 µm by sandpaper and dimple-grinding. The final step is Ar+-ion milling which reduces
the thickness further until a small hole appears in the middle of the sample. With this method, a

3E.g., for an acceleration voltage of 200 kV, a wavelength of 2.51 pm can be reached.
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cross-section of the sample with a thickness of less than 10 nm is produced.
The operation mode of the TEM is determined by the settings of the lenses and apertures. For
example, an aperture placed in the back focal plane of the objective lens, allowing only the direct
beam to pass, is called bright field mode. In this case, the image results from a weakening of the
direct beam by its interaction with the sample. Dense areas and areas with heavy atoms are enriched,
and crystalline regions appear with dark contrast. If the direct beam is blocked by the aperture and
only one or more diffracted beams are allowed to pass the objective aperture, the operation mode
is called dark field. Stacking faults or particle size can be observed since diffracted beams strongly
interact with the specimen’s planar defects.

The crystalline samples investigated in this thesis are either imaged in the high-resolution-TEM
(HRTEM) or the scanning-TEM (STEM) mode. In the HRTEM mode, the electron beam is adjusted
into a parallel beam at the sample plane. The sample is tilted with a specific zone axes along the
incident beam. The interaction of the incident beam with the sample creates an image of the crystal
structure with high-resolution phase-contrast based on interference.
High-resolution atomic imaging where the contrast is correlated with the atomic number can be
achieved by STEM. In this mode the electron beam is focused onto the sample plane and scanned
over the surface. A ring detector gathers the specially resolved image information from the intensity
of the transmitted electrons [122, 123].
All measurements shown in this thesis are carried out on a Jeol NEOARM F200.

3.2.6 Geometrical phase analysis

The geometrical phase analysis is mainly used to determine strain in TEM images. This analysis
technique compares the phase of a set of perfect planes in the frequency domain, which is defined by
a specific 6-vector, to the planes of a strained area, determined by a mask at the 6-vector, measured
from a TEM image. Each phase can be used to calculate the displacements in the direction of the
lattice plane. To get the whole strain field, the phase needs to be calculated for two non-co-linear
6-vectors. A detailed description can be found in the literature [124].
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3.3 Thermoelectric measurement techniques

In the following subsections , two home-built thermoelectric measurement techniques are described
in detail, which are used to thermoelectrically characterize the thin films.

3.3.1 High temperature Seebeck measurement device
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Figure 3.8: a) High temperature measurement setup for determination of the Seebeck coefficient and
electrical conductivity. b) Side view of the part for the Seebeck measurement showing the thermoelectric
contacts and the schematic to alternately measure the temperature and the Seebeck voltage. Adapted from
[51].

The High-temperature Seebeck measurement device (HTS) is a home-built setup for measuring
the temperature-dependent electrical conductivity, as well as the temperature-dependent Seebeck
coefficient between 300K to 700K [125]. As shown in fig. 3.8, the setup consists of two heating
elements that are thermally separated from each other, and both the Seebeck sample as well as the
electrical conductivity sample can be placed. Both measurements of the temperature-dependent
electrical conductivity and the temperature-dependent Seebeck coefficient can be conducted si-
multaneously. The electrical conductivity is measured with the Van der Pauw method (VdP) [126],
ideally on a 10 x 10mm2 thin film sample which is positioned centrally on the heater. The sample
with a homogeneous thin film is electrically contacted by 4 contacts, ideally connected punctually at
the edges of the sample. Two neighboring contacts are used to drive a current �AB through the film,
whereby the other two remaining contacts are used to measure the voltage drop +CD between them.
With these measurement values, a pseudo resistivity 'AB,CD = +CD/�AB is calculated. Subsequently
with a permutation of the contacts, the pseudo resistivity 'BC,DA = +DA/�BC can be measured and
calculated. Together with the thickness of the film 3, the electrical resistivity ρ can be calculated by
the following equation:

exp
(
− c3

ρ
RAB,CD

)
+ exp

(
− c3

ρ
RBC,DA

)
= 1. (3.6)

Analytically this equation cannot be solved. Therefore, ρ is calculated numerically via fixed point
iteration

ρ<+1 = ρ<

(
exp

(
− c3

ρ
'AB,CD

)
+ exp

(
− c3

ρ
'BC,DA

))
, (3.7)
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whereby ρ<+1 is being iterated until the value ρ< saturates. Alternatively, the determination of ρ can
also be calculated by the approximation [126]:

ρ =
c3

ln 2
· 'AB,CD + 'BC,DA

2
· 5 , (3.8)

with the geometry factor 5 , which, in turn, is dependent on the ratio 'AB,CD/'BC,DA.

The Seebeck coefficient can be measured by various methods, which can be found in the work of
de Boor [127]. The method with the lowest error in the temperature measurement is the 2-point
configuration [128, 129] which is also used in this setup. In this configuration, a thermocouple (Alumel-
Chromel) is used as an electrical contact to measure the thermovoltage and locally measure the
temperature. This can be achieved by one thermocouple for the hot and one for the cold side
of the sample. The parallel measurement of the thermovoltage and the temperatures is done by
measuring the thermocouple voltages +)1 , +)2 and thermovoltages +Chromel, +Alumel in a cyclic order.
The temperatures )1 and )2 are calculated from the thermocouple voltages. The Seebeck coefficient
of the sample can then be calculated with the known Seebeck coefficients of the thermocouple legs
(Chromel and (Alumel:

+Chromel = ()2 − )1) ((Sample − (Chromel) (3.9)
+Alumel = ()2 − )1) ((Sample − (Alumel). (3.10)

The temperature-dependent measurement of the Seebeck coefficient is achieved by heating one
heater to a defined offset Δ) from the second heater while keeping the temperature of the sec-
ond heater fixed. If the temperature difference reaches the desired value of Δ) , the temperature
of the first heater is kept constant, while the temperature of the second heater is increased by
2 · Δ) . While the two heaters are alternatingly increased in temperature, the thermocouple voltages
and thermovoltages are measured. The calculated temperature difference Δ) , together with the
thermovoltages are subsequently used to calculate the Seebeck coefficients ((Sample − (Chromel) and
((Sample − (Chromel).
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3.3.2 Hall- and magnetoresistivity setup

electromagnet

peltier cooler/heater

copper
housing

sample

plate with
contact pins

vacuum recipient

Figure 3.9: Schematic drawing of the Hall- and magnetoresistivity setup. The sample is placed in a copper
housing and contacted with 4 pins. The copper housing is then mounted into a vacuum chamber, equipped
with Peltier coolers and lowered into an electromagnet.

The Hall- and magnetoresistivity setup (HMS) is another home-built setup for measurements of the
temperature and magnetic field-dependent resistivity and the Hall effect using the Van der Pauw
method between 220 K to 420 K.The schematic setup is shown in fig. 3.9.The sample is placed in a cop-
per cube where four spring-loaded electrical contact pins, mounted on a plate, can be lowered onto
the sample surface. The copper cube is placed between two multistage Peltier elements in a vacuum
recipient, which, in turn, can be placed between the pole shoes of an electromagnet. The combination
of the two multistage Peltier elements with the encapsulated design ensures a high temperature

�AD

A B

�

C D

*H,BC
*ρ,BC

� =0 � ≠0
Figure 3.10: Schematic rep-
resentation of the measured
voltage*BC = *H,BC +*ρ,BC.

accuracy and stability of ±0.1K. The temperature measurement of
the sample takes place in the copper cube, a few mm away from the
sample. The vacuum chamber additionally allows measurements in
vacuum ( 1 × 10−2 mbar4 ) or nitrogen atmosphere. The magnetic
field can be varied between −1.0T to 1.0T with an accuracy of
1mT. The measurement of the electrical resistivity is done by the
VdP method as already described in section 3.3.1. In addition, this
setup uses this VdP geometry to measure the Hall voltage. This can
be achieved by applying a constant current �AD on two contact pins
(see fig. 3.10), lying diagonally to each other. With a magnetic field
perpendicular to the sample surface, a voltage*BC can be measured
on the two remaining contacts. The voltage drop between contacts
B and C consists of the Hall voltage*H,BC and the offset voltage*ρ,BC.*ρ,BC is caused by the fact
that due to contact voltages and possible inhomogeneities, both contacts do not lay on the same
electrical potential at � = 0. Especially for thin films with a low Hall voltage, the offset voltage
can be several orders of magnitude higher than the Hall voltage. For the semiconducting samples

4The scroll pump limits the vacuum pressure
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investigated in this thesis, the offset voltage can also exhibit a strong temperature dependency and
a contribution from the high Seebeck coefficient due to small temperature gradients along with
the samples. To minimize the effect of the offset voltage, the measurement configuration in fig. 3.10
is cyclically changed, leading to an alternation of the sign of the offset voltage. By calculating the
arithmetic mean value of the effective voltage*BC this alternating sign leads to a minimization of
the offset voltage, assuming a small electrical contact surface of each pin, a homogeneous film with
no holes and ideal contacts on the edge of the sample. A detailed derivation of the minimization of
the offset voltage can be found in [130].





4 Setup of the pulsed laser
deposition system

This chapter deals with the construction and development process of the pulsed laser deposition
(PLD) system, which builds the foundation of the epitaxial layer growth for this work. The focus
lies on details on the vacuum technique, the different mechanical parts, the laser system, and the
software of the PLD system.

4.1 General structure
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Figure 4.1: CAD image of the vacuum chamber and some peripheral devices like the target mechanics, turbo
molecular pump and pressure sensor.

An overview of the vacuum chamber is given with the CAD image in fig. 4.1. The chamber is built
in such a way that the sample can be placed on the sample holder without using thermal glue or
mechanical clamps holding the sample in position. This reserves the bottom flange of the chamber
for the mounting of the mechanics allowing the target holder to move along the z-direction. Two
flanges perpendicular to the z-axis are reserved for the RHEED system, and the other two are used
for the vacuum door and the flange with the mechanics for the target movement. This latter flange
also supports all electrical feedthroughs for the heater and the temperature sensor, and Bayonet

29
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Neill Concelman (BNC)-connectors for electrical measurements inside the chamber. At last, the
turbo molecular pump is mounted heads down on top of the chamber.

laser entrance windowsample holder and heater

heat shield and
target holder railstarget holder

shutter gas inlet x

z

y

Figure 4.2: Cross-section CAD image of the vacuum chamber, the sample holder and target holder mechan-
ics.

Fig. 4.2 shows a cross-section of the deposition chamber with all major parts labeled. The laser
entrance window is at the bottom of the chamber at an angular of 45° with respect to the z-axis.
Next to the sample holder, a gas inlet is mounted to deliver the background gas next to the heated
sample. Also marked is a shutter that can be rotated by a servo motor, situated outside the chamber,
and moved between the sample and the target.
The arrangement of the shutter, sample holder and the gas inlet is shown in more detail in fig. 4.3.
The shutter can be used to in-situ start an ablation without actually growing the material on the
sample. This method is generally used to remove a small layer of the target to assure a consistent
target surface and remove potential contamination on the target.
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Figure 4.3: Magnified CAD image of the sample holder in fig. 4.2.

4.2 Vacuum system

The vacuum system fulfills twomain goals: to ensure a steady and clean background gas environment
during the film growth and an ultra-high vacuum for the RHEED system. To satisfy both contra-
dictory requirements, the system has to be pumped differentially. Therefore, two turbo molecular
pumps are used, one for the RHEED gun and one for the main deposition chamber. Both turbo
molecular pumps share one rotary pump for the pre-vacuum, as shown in fig. 4.4. The RHEED
system reaches into the chamber with a nozzle to maximize the path of the electron beam in UHV.
At the end of the nozzle, the electron beam is aimed through a small hole with a diameter of 100 µm
which minimizes the leakage between the low vacuum of the deposition chamber and the high
vacuum in the RHEED system. This hole is the only connection between the UHV of the RHEED
gun and the comparably low vacuum in the deposition chamber. The method of aiming the electron
beam through this hole is further explained in chapter 3.2.1.
The background gas, necessary during the film growth of certain oxides, is provided by three mass
flow controllers for the different variety of gases. The chamber can be filled with either nitrogen,
argon, or oxygen, which is crucial for the growth of perovskites and other oxides. Using pure oxygen
in the vacuum system makes it necessary to use a rotary pump oil inert to oxygen. Completely
fluorinated oils are commercially available and widely used as pump oils for the use with oxidizing
gases [131]. The rotary pump is run with a lubricant consisting of perfluoropolyether (PFPE).
The base pressure of the main chamber is 1 × 10−6 mbar and 1 × 10−7 mbar of the RHEED gun,
respectively. Both turbo molecular pumps can be bypassed at the exhaust and the inlet to vent the
deposition chamber without waiting for the turbomolecular pumps to stop rotating completely.
With an additional valve directly between the rotary pump and the main chamber, the rotary pump
can generate a pre-vacuum in the range of 10−3 mbar. This pressure is enough to open the gates of
the turbomolecular pumps even though they did not fully come to a hold. With this combination
of valves and gates, the substrate transfer time is brought down to a minimum. The direct line
from the deposition chamber to the rotary pump is also additionally equipped with a needle valve
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preventing the deposition chamber from being exposed to sudden changes in the pressure due to
the fast switching characteristics of the solenoid pneumatic valve, which could lead to damage to
the vacuum system and in particular the vacuum door.
The main deposition chamber and the RHEED system are equipped with pressure sensors. Both
sensors are so-called full-range sensors based on a heat conduction sensor (Pirani) for low vacuum
and a hot cathode sensor (Bayard Alpert ionization sensor) for high vacuum. Although the vacuum
in the RHEED system does not exceed a pressure of 8 × 10−6 mbar1, it is essential that both pressure
sensors can withstand an oxygen environment during the use of the hot cathode. The pressure sensor
at the deposition chamber, for example, uses a yttria coated iridium cathode [132].
The different kinds of background gases are connected via flow controllers and a needle valve to the
chamber. The flow controllers regulate the background gas flow to reach the desired pressure in the
deposition chamber during the growth. They can either be set to a specific flow or be constantly
adjusted automatically by the PLD software using a PID algorithm to obtain a constant chamber
pressure. Nitrogen is mainly used for flushing the chamber after the growth and argon as an inert
gas for the ablation in an oxygen-free atmosphere but with a background pressure greater than the
base pressure.

solenoid pneumatic valve

flow controller

needle valve

pneumatic gate turbomolecular
pump

rotary
pump

Exhaust

Rheed system

PLD chamber
Nitrogen

Oxygen

Argon

Figure 4.4: Schematic diagram of the vacuum system. The PLD chamber and the RHEED system are
separately pumped to realize a differentially pumped system.

4.2.1 Vacuummechanics

The mechanics for moving the sample and the target inside the chamber were constructed so that
most of the moving parts – especially most gears and bearings – are situated outside the chamber.
Only the bare minimum is used inside the vacuum system to prevent fast wear and tear due to
the absence of lubricants in the vacuum. The two main mechanical parts are the target holder for
3 different targets and the rotateable and movable sample holder. All motors used to rotate and
move the targets and rotate and move the sample holder are stepper motors. This assures a precise
positioning of the different parts in the chamber. All stepper-driven axes have reference switches to
zero out their movement upon start-up of the machine.
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Figure 4.5: CAD image of the target mechanics for 3 different targets. The targets can be moved along the
x-axis and rotated by a bevel gear drive around the z-axis.

4.2.2 Target holder

The PLD system is designed to operate with up to 3 different targets. The target must be in the
focal point of the laser optics to obtain the right laser fluence and optimal sharpness of the imaged
aperture. Therefore, the different targets have to be precisely positioned and be able to rotate along
their surface normal. The rotation along the surface normal, together with an oscillation along the
x-axis (see. fig 4.5), is essential to use the entire target surface and not only a single spot which would
lead to a dimple in the target surface and therefore a fast consumption of the target material and

laser spot
meander path

x

rot

Figure 4.6: Schematic representation of the
laser spot path on the target while rotating and
oscillating the target along the x-axis.

an offset between the focal point and the target sur-
face. The superposition of these two motions leads
to a meandering path of the laser spot on the target,
which is shown in fig. 4.6. After one circumnavigation
of the target around the rotation axis, the path leaves
a star shape of ablation spots. Since the rotation and
oscillation in the x-direction are not synchronized,
the next circumnavigation will lead to a shifted pat-
tern and, therefore, the ablation of the entire target
surface.
Fig. 4.5 shows an CAD image of the target mechanics
in vacuum. The 3 targets are mounted onto a holder,
which is attached to a vacuumbellow to allow amove-
ment along the x-direction. Inside the bellow, a metal axis is guided to the holder. A bevel gear drive
transforms the rotation around the x-axis to the z-axis. The first version of this target holder used a
worm gear drive for the transformation, which is a widely used system in vacuum mechanics [133,
134]. However, in the case of this target holder, the wear of the worm gear drive was so big that the
mechanics got jammed after some months of usage. The gradual decay of the worm gear is shown
in fig. 4.7. After only half a month of usage, the worm gear shows clear abrasion on the teeth. This
abrasion increases until the teeth are round and the gear systems start to jam. Why the abrasion is so
high in this particular system could not be determined. A big influence is most likely the temperature
during the ablation process. The thermal radiation from the heater heats the target arm to around

1based on a deposition chamber pressure of 5 × 10−4 mbar, which is the typical pressure for perovskites
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150 °C to 200 °C. This temperature was measured during ablation with a thermocouple attached to
the target holder, whereby the sample temperature was at 800 °C.

time of usage

Figure 4.7: Image of the used bearings from the target holder after different operation times. From left to
right: half a month of usage, one month of usage, and two months of usage. The gradual decay of the teeth is
clearly visible.

To protect the target from the thermal radiation, a heat shield is placed between the target holder
and the heater shown in fig. 4.2. The shield consists of two layers of polished steel with a hole for the
target to move to during the ablation. Apart from shielding the targets and the mechanics from the
thermal radiation, it also serves as a protective cover for the two targets not in use. Attached to the
shield are two rails where the entire target mechanics moves onto with two bearings (see fig. 4.5).
These rails stabilize the holder and prevent movements along the z-direction and, therefore, out of
the laser focus. As shown in fig. 4.5, the target material in the shape of a cylinder with a diameter
of 20mm and a height of 7mm is fixed inside a metal cup; this cup is then screwed on a threaded
cylinder connected to the bevel gear drive. With this arrangement, one can renounce gluing the
target to a holder.

4.2.3 Sample holder assembly

The requirements for the sample holder assembly are that samples can be heated to a maximum
temperature of 900 °C, the sample holder can be moved in z-direction into the RHEED beam, and
that the holder can be rotated along the z-axis to align the substrate along the incident RHEED
beam.
To achieve all of these requirements, the sample holder assembly was constructed as shown in the
CAD image in fig. 4.8. The sample is placed on a perforated piece of high-temperature steel mounted
right above a silicon carbide (SiC)-heater. To measure the temperature as close to the sample as
possible, a thermocouple is mounted inside the high-temperature steel at a distance of 2mm away
from the sample. The SiC-heater is mounted on a macor ceramic2 [135] which is placed inside of a
high-temperature steel trough.The sample holder is electrically isolated from the rest of the chamber,
which is achieved by ceramic rods between the sample holder and the sample holder mechanics. This
isolation makes applying a bias voltage to the sample during ablation possible. The sample holder is
mounted on a vacuum bellow which allows the movement along the z-axis. Inside of this bellow is a
metal axis for the rotation around z.

2Macor is a workable glass-ceramic and stable up to 1000 °C [135].
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Figure 4.8: CAD image of the sample holder assembly. The sample holder assembly consists out of the
sample holder with an included SiC-heater, mounted on a rotatable platform which is for its part mounted
on a vacuum bellow to allow movement along the z-axes.

4.3 Imaging laser optics
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Figure 4.9: Schematic drawing of the simplified laser path. a, b, c are the distances for the different aperture
sizes. d, e and f are fixed distances (see tab. 4.1).
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Position
Distance
(mm)

0 (9 x 3 aperture) 652

1 (12 x 4 aperture) 494

2 (15 x 5 aperture) 318

3 2669

4 48

5 (working distance) 575
Table 4.1: Distances for the laser path in fig. 4.9.

The laser system works with a KrF excimer laser COMPex 205 F fromCoherentwith a wavelength of
248 nm and a pulse duration of≈25 ns. The cross-sectional dimensions of the multimode laser pulses
at the exit of the cavity are ≈10 x 24mm2, measured at FWHM. The scheme of the laser beam path
is depicted in fig. 4.9. After the laser beam has passed through a continuously adjustable dielectric
attenuator, it is focused by the aperture lens onto a rectangular aperture with an open width of
9 x 3mm2 (alternatively also 12 x 4mm2 and 15 x 5mm2). The aperture is positioned so that the
beam’s rim and thus the inhomogeneous laser fluence area is blanked out. Fig. 4.10 shows the laser
spot before a) and after b) the aperture. The aperture opening is then focused onto the PLD target
surface by the focusing lens at a reduction ratio of 5 to 1. The adjustable dielectric attenuator allows
the laser pulse energy to be adjusted without changing the laser system‘s high voltage settings. It
prevents both changes in laser pulse duration and possible fluence variations across the laser beam
cross-section. The pulse energy is generally set to 550mJ at a cavity voltage of 21.2 kV3. The distances
in fig. 4.9 marked with 0, 1 and 2 are variable and need to be adjusted to the 3 different aperture sizes.
The distances are summarized in table 4.1. A detailed investigation of the beam spot quality inside
the deposition chamber is given in chapter 5 and a detailed summary of the parameters in the test
results of the system parameters from Coherent, Inc. in 4.2.

a) b)

Figure 4.10: Photocopy of a thermal paper held into the laser beam before a) and after b) the aperture (the
proportions are correct the scaling is not). The irradiated area changes in color and indicates roughly the
laser profile, showing how the aperture cuts out the inhomogeneous rims of the laser profile.

3The cavity voltage highly depends on the age of the laser gas. The given value is for a freshly filled laser cavity.
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4.4 Hardware

A schematic drawing of all devices needed to control and monitor the deposition process is given
in fig. 4.11. The central control unit is a computer running with a Windows OS and LabVIEW as a
system-design platform and development environment. The software written in LabVIEW-code is
managing the user inputs as well as all communications with peripheral devices and monitoring
those. Sensors like mechanical sensors at the vacuum valves and reference switches for the stepper
motors are read out by an Arduino Mega 2560. This microcontroller unit is further used to commu-
nicate with the stepper drives via I2C, read out the output values of the heater power supply, and
generate a pulse-width modulated signal for the shutter servo motor. The Arduinomicrocontroller
is communicating with LabVIEW on the basis of the LINX-library [136]. A more detailed description
of the software is given in section 4.5.

The heater’s temperature control is done as a security precaution by an external PID controller.
The PID controller will continue its program and safely operate the heater even with software or
computer failure.
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Figure 4.11: Schematic drawing of all devices which are needed for the control and surveillance of the
deposition process. The arrows symbolize the flow of information or electrical power and its direction as
well as the data protocol.

4.5 Software

Thepreviously described hardware is controlled andmonitored by a LabVIEW-codewhich is written
in the event-driven state machine programming architecture. This specific architecture was chosen
due to its many advantages over sequential architecture. Sequential architectures use to execute
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tasks in precisely the same order every time. Programs written in the state machine architecture can
respond immediately to user-induced events, internal events and events initiated by external devices.
A deposition can be executed manually by setting the temperature and moving the targets manually
through the software interface or by simply starting a sequence with predefined parameters for
these input values. A further advantage of this architecture is the clear arrangement of the code itself.
LabVIEW-codes, due to the graphical programming nature, tend to be challenging to understand
when reaching a certain code size. This makes them vulnerable to errors and challenging to add
new features. The precise arrangement of the event-driven state machine programming architecture
represents a good solution for these issues.
The software’s graphical user interface (GUI) is shown in fig. 4.12. Fig. 4.12 is supposed to give only
an overview of the software features. A detailed description of the different software functions is
given in a separate software manual.
The GUI is divided into different tiles for the various input parameters. In the top-left tile, tem-
perature profiles can be created and either stored as a temperature program and later used in a
deposition program or directly sent to the temperature controller and executed. Further down, the
pressure sensor outputs are plotted over time together with the pressure set-point, which can be set
in a program or manually in the next tile on the right.
At the bottom left are input options for the target rotation, choosing a deposition program and an
emergency stop button. With the tile in the middle, the targets and the sample holder can be moved,
a background gas can be given inside the chamber controlled by flow controllers, or pressure can be
set. Additionally, the vacuum valve positions are shown and can be operated by simply clicking on
the valve.
The top right shows the view from a camera pointed at the target surface. The green cross is, at this
moment, the laser‘s focal point. The tile underneath the camera view is mainly for general settings
and the creation of deposition programs. The tile on the bottom right serves to control and monitor
the laser attenuator.

Figure 4.12: Overview of the graphical user interface of the LabVIEW-software operating the PLD chamber.
The software is divided into several tiles representing the various input parameters for the operation of the
machine.
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4.6 Attenuator

The attenuator module is provided by Coherent, Inc. and is based on two dielectric filters and a
shutter the laser beam is guided through, as shown in fig. 4.13. The shutter is a simple cylindrical
piece of metal with a notch the laser beam can pass through. By turning along the cylindrical axes,
the laser beam is fully blocked. The attenuation is achieved by turning two dielectric filters between
15° to 45° in the opposite direction. The input value for the attenuator is in % and marked in fig. 4.14
at the top of the graph.

shutter

beam dump dielectric filter

laser beam

Figure 4.13: Photography of the attenuator with removed top. Marked are the main parts and the two
rotational axes of the dielectric filters.

An energymonitorwas placed behind the laser entrancewindow to determine the laser fluence inside
the deposition chamber. The energy monitor was calibrated beforehand and showed a response of
225.41mJ V−1. The area of the laser spot in the target plane was determined by shooting several
pulses on a polycarbonate foil in the target holder separately for all 3 different apertures. The craters
created were optically measured in a microscope. Fig. 4.14 shows the calculated fluence at the target
surface for all 3 apertures depending on the filter angular for a fixed laser energy of 550mJ. The
attenuator continuously covers a range between 0.3mJ cm−2 to 11.5mJ cm−2. The maximum energy
density at the target surface is smaller than shown in the specifications provided by Coherent, Inc.
(see. 4.2), which is most likely caused by reflection and absorption at the laser entrance window.
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Figure 4.14: Fluence on the target for all 3 different aperture sizes, dependent on the angular of the dielec-
tric filters inside the attenuator.

Beam delivery system

Illumination system parameter Specification Measured

Beam mask plane (FWHM)
in front of the aperture (9x3mm2) (LA) 11mm x (SA) 4mm

Beam size at substrate plane 1.8mm x 0.6mm 1.8mm x 0.6mm

Energy density at substrate [0◦] 21 J cm−2 22.9 J cm−2

Energy density at substrate [45◦] 15 J cm−2 16.2 J cm−2

Beam mask plane (FWHM)
in front of the aperture (12x4mm2) (LA) 15mm x (SA) 5mm

Beam size at substrate plane 2.4mm x 0.8mm 2.4mm x 0.8mm

Energy density at substrate [0◦] 12 J cm−2 12.9 J cm−2

Energy density at substrate [45◦] 8.5 J cm−2 9.1 J cm−2

Beam mask plane (FWHM)
in front of the aperture (15x5mm2) (LA) 19mm x (SA) 7mm

Beam size at substrate plane 3mm x 1mm 3mm x 1mm

Energy density at substrate [0◦] 7.5 J cm−2 8.2 J cm−2

Energy density at substrate [45◦] 5.3 J cm−2 5.8 J cm−2

Demagnification ratio 5x 5.0

Working distance > 500mm 575
Table 4.2: Specifications and measured parameters of the laser system. The measurement was conducted by
Coherent, Inc..



5 Investigation of the surface
modification of different target
materials

The uniform beam profile achieved by the laser optics described in section 4.3 makes a detailed
investigation of the laser-target interaction possible. This chapter covers the laser-matter interaction
for different target materials and an analysis of the laser spot quality on the target surface. The
laser spot quality is measured by the topological analysis of ablation craters on a polycarbonate
target with different laser fluences. The laser-matter interaction is analyzed by AFM-, SEM-, and
profilometer-scans of ablation craters also with varying laser fluences on 3 different substrate types.
The investigations from this chapter have been published in [137].

5.1 Introduction

For the investigation of the laser-target interaction, three different single-crystalline oxide tar-
gets – SrTiO3 (STO), LaAlO3 (LAO), and Y3Al5O12 (YAG) – were used, which represent common
target materials used within the department. For the analysis of the laser spot quality, a polycar-
bonate target was used for bench-marking both the energy density distribution and image quality.

scan lines

laser spot

target surface

x

y

Figure 5.1: Schematic represen-
tation of the laser spot on the
target surface and the two scan
lines from the profilometer.

Polycarbonate is a commonly used material for excimer laser beam
profile recording due to its high absorption coefficient at 248 nm
[138]. Each of the target materials was irradiated with different laser
fluences resulting in 6 craters on each target. All target surfaces were
mirror polished and irradiated at 1 × 10−3 mbar oxygen pressure.
Each crater was produced with 30 laser pulses of constant laser flu-
ence and a laser pulse repetition rate of 1Hz. The three targets have
band-gaps of 3.2 eV (STO) [139], 5.6 eV (LAO) [140] and 6.5 eV (YAG)
[141] respectively. STO is the only one where single-photon excita-
tion is the dominant absorption mechanism from those materials.
In both LAO and YAG, the absorption is dominated by nonlinear
effects and multiphoton absorption. In contrast to the bandgaps of
all three materials, the thermal conductivities, thermal expansion coefficients, and melting points lie
closely together which is shown in table 5.1.

Each target had a surface area of 10 x 10mm2 and varying thicknesses. To assure that the target
surface is precisely in the focus point of the laser optics, a special holder was designed and 3D printed,
which fits into the target holder and takes up the substrate. The target hangs headfirst in the holder,
making it suitable for different target thicknesses. A CAD image of the holder can be found in the

41
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Target
Thermal

conductivity
(WK−1 m−1)

Expansion
coefficient

(K−1)

Melting
temperature

(°C)

Mohs
hardness

STO 12 [139] 3-3.87 × 10−5 [142, 143] 2080 [144] 6[145]

LAO 10 [140] 5.5-6.5 × 10−6 [146] 2134 [147] 6.5 [148]

YAG 12 [141] 8 × 10−6 [141] 1970 [149] 8.5 [150]
Table 5.1: Thermophysical properties of the various target materials.

appendix C in fig. C.1. The craters were subsequently analyzed with a profilometer to determine the
crater profile along with two perpendicular directions (see red lines in fig. 5.1). The different oxide
samples were analyzed with AFM and SEM, including EBSD-scans.

5.2 Polycarbonate

As mentioned in the introduction to this chapter, the polycarbonate (PC) foil is used to bench-mark
the laser spot’s energy density distribution and image quality on the target surface. The PC-foil,
which was provided by Coherent, Inc. had a thickness of 470 µm. Fig. 5.2 shows the profilometer
scans of the different craters on the polycarbonate foil. Fig. 5.2 a) (1) is measured along with the short,
fig. 5.2 a) (2) along the long side of the crater.
The scans show in both scan directions a crater with exceptionally steep edges. The depth profiles
present a very well-defined crater with increased crater depth with increasing laser fluence. The
crater bottom remains well defined up to a laser fluence of 4 J cm−2, at higher fluences, an uneven
crater bottom is visible, which can be caused by carbonization of the polycarbonate, which occurs
due to the high thermal energy [151]. The crater shows a rectangular shape independent of the laser
fluence.
The depth profiles along the short side present a somewhat different – non-homogeneous – crater
floor. All profiles show a v-shape and an asymmetric depth profile. As mentioned in chapter 4, the
laser has to hit the target under an angular of 45° due to technical reasons. This laser beam angle of
incidence affects only one dimension of the laser spot on the target surface. In the present case, it
was the crater dimension along the short laser spot side. The inclination leads to a rotation of the
focus plane on the target. In fig. 5.2 a) (1), the laser spot is effectively only in focus in the middle of
the crater. Moving away from the center results in moving away from the focus of the laser spot
and, therefore, a decrease in the fluence.
This angle of incidence is, as already explained in chapter 4, unavoidable. To reduce the effective
error due to the defocusation of the laser spot, it is advisable to plan the laser path so that this effect
only affects the smaller side of the laser spot, as shown in fig. 5.2.

The presented depth profiles show a rectangular spot with a size of 800 x 1800 µm2. The aperture
used in this experiment had an opening of 3 x 9mm2 leading to a reduction ratio of 3.75:1, 5:1
respectively. This differs from the aimed reduction ratio of 5:1 for the short side of the created crater,
which is most likely an effect of the prior described angle of incident of the beam onto the target,
which affects only the short side. Fig. 5.2 b) shows in the top part a differential interference contrast
(DIC) image of the laser crater, irradiated with 4 J cm−2. Since DIC images provide a topographically
accurate representation, this image further shows the high-quality of the laser optics. Furthermore,
the laser scanning microscopy image in fig. 5.2 b) (bottom) of the crater rim irradiated with 6 J cm−2
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presents a very steep slope with a lateral dimension of only ≈50 µm.

The shown depth profiles present a well-aligned imaging optics with the typical flaws, which are
unavoidable due to technical reasons. The benefit of the imaging optics system is visible in the
homogeneity of the craters in the PC-foil, especially in the dimension not affected by the tilted focus
plane.

a) b)

Figure 5.2: a) Depth profiles in two directions of the laser craters on polycarbonate from different laser
fluences. Each crater was produced by 30 pulses with the respectively marked laser fluence. b)-top Differ-
ential interference contrast image of the crater irradiated with 4 J cm−2, marked are the scan lines from a).
b)-bottom Crater rim from the crater irradiated with 6 J cm−2.

5.3 Single-crystalline STO targets

For the single crystalline STO, three different crystal orientations – (100), (110), and (111) – were

1
2

3 4

6
5

x
y

Jcm−2

1

2mm

Figure 5.3:Microscopy image of
the (100)-STO target after the laser
irradiation on 6 different positions.
The crater with 1 J cm−2 is magnified
in the right.

chosen to investigate the effect of the orientation on the mor-
phology of the irradiated areas. The basic setup was the same
as the one used for the PC-foil. The targets were placed in the
3D-printed holder facing down and irradiated on 6 different
positions at 1 × 10−3 mbar oxygen atmosphere. Each ablation
crater has beenproduced by applying 30 laser pulses of constant
laser fluence between 1 J cm−2 to 6 J cm−2 and a laser pulse rep-
etition rate of 1Hz. An image of the target after the irradiation
is shown in fig 5.3. After each set of 30 pulses with a constant
laser fluence, the target was rotated for the next set of pulses
with a higher laser fluence resulting in the presented concen-
tric array of craters. The craters show the expected rectangular
shape and have almost the same dimensions as previously mea-
sured at the PC-foil (see. fig. 5.4). The crater with the lowest
laser fluence of 1 J cm−2 is the only one with a visible gradient
within the crater. This is most likely due to the proximity to
the ablation threshold of 0.6 J cm−2 [152]. The two other crystal orientations showed the same crater
formation under the microscope, which is why they are not shown separately here.
The depth profiles of the craters on the (100) oriented sample were measured with a profilometer
shown in fig. 5.4. The scans present the almost same dimensions of the craters as already seen on
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the PC-foil. The scans reveal a much rougher surface and an accumulation of material at the steep
crater rims. Scans of the depth profiles were performed on all different orientations. The scans
of the (110) and (111) orientations showed no particular variation from the one shown in fig. 5.4.
They can be found in the appendix C in fig. C.2 and C.3. For comparing the ablated material per
pulse of the different orientations, the ablated depth per single laser pulse was calculated from the
profilometer depth profiles. For these values, a linear fit was applied to the wider of the two depth
profiles in a range between 500 µm to 1700 µm. Fig. 5.5 shows the ablated thickness per single laser
pulse dependent on the laser fluence and the ablation threshold of SrTiO3. All three single-crystal
orientations show the same dependency of the ablated thickness concerning the laser fluence. With
increasing laser fluence, the ablated layer thickness per single laser pulse increases sublinearily. This
behavior can be explained by absorption, and mirror effects due to the laser-generated plasma and
free charge carriers, which increase with increasing laser fluence [153].

−5

−4

−3

−2

−1

0

1

2

3

4

0 200 400 600 800 1000 1200

a)

D
ep
th

(µ
m
)

Scanlength (µm)

1 J cm−2
2 J cm−2
3 J cm−2
4 J cm−2
5 J cm−2
6 J cm−2

−5

−4

−3

−2

−1

0

1

2

3

4

0 500 1000 1500 2000 2500

b)

D
ep
th

(µ
m
)

Scanlength (µm)

1 J cm−2
2 J cm−2
3 J cm−2
4 J cm−2
5 J cm−2
6 J cm−2

Figure 5.4: Depth profiles along the two directions of the laser craters on (100) STO target. Each crater was
produced by 30 pulses with the respectively marked laser fluence. The short a) and long b) side refers to the
two red marked scan lines in fig. 5.1.
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Figure 5.5: Crater depth per single laser pulse for the single crystal targets of STO with an (100), (110) and (111)
orientation depending on the laser fluence.
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5.3.1 Topography andmorphology of the ablation craters

For a detailed investigation of the crater topography and morphology, the ablated craters on the
different samples were measured with AFM and SEM. The SEM-measurements were also combined
with EBSD-scans which will be later on described in detail.
Fig. 5.6 shows the AFM-scans in the center of the ablation crater from the three different crystal
orientations at a laser fluence of 5 J cm−2. The images show cracks on the surface with partially
upward curved layer separations on all tree orientations. The crack density shows a dependency on
the crystal orientation and increases from the surface orientation (100) to (110) and further to (111).
The dependence of the crack density with the target orientation, showing most likely a preferred
crack formation along the primary lattice planes, is in good agreement with nanoindentation tests
performed on STO [154], where the crack formation happened preferably along the (110) plane when
the (001) surface was indented. Dependence of the crack density with the laser fluence is vaguely
visible; the corresponding AFM-images are shown in the appendix in C.4. The formation of cracks
induced by short laser pulses in ceramics has already been observed and has been attributed to a
thermal process comprising shockwave excitation in the material [155]. For a laser wavelength of
248 nm, the resulting photon energy is ≈5 eV which is high in comparison to the bandgap of STO 1.
Therefore, thermal interactions seem to predominate on the nanosecond timescale2. Due to the low
heat conductance, the large expansion coefficient, the high melting point (see. tab. 5.1), an excessive
temperature gradient resulting in thermal shock is introduced at the laser spot leading to cracking
of the material along the crystallographic planes [152] (see section 3.1.1).

a)

(100) (110) (111)

c)b)

Figure 5.6: AFM-scans in the ablation crater center with 5 J cm−2 from SrTiO3 in a) (100)-, b) (110)- and c)
(111)-orientation.

Fig. 5.7 shows three different SEM images of the crater rim irradiated with a laser fluence of 3 J cm−2.
The images show the same dependence of the crack density with the crystal orientation as seen in
the AFM-scans in fig. 5.6. The images also show that parts of the rectangular cracks extend beyond
the irradiated area, which supports the theory that cracks form due to thermal stress. The rim of the
crater in all 3 SEM images is only a few 10 µm wide. Comparing this inhomogeneous area to the
entire surface of the irradiated area leads to an inhomogeneous proportion of 3.5%, which further
points out the precision of the laser setup.
Moreover, the images show the formation of holes on the surface of the irradiated areas, which
might be due to the formation and release of volatile oxygen during the melting and recrystallization
process at the surface. A more detailed investigation of this process was done by a SEM-cross-section
image discussed later on.
Fig. 5.7 c) shows tiny droplets of molten material beyond the crater rim, which cannot be observed in
a) and only vaguely in b). Comparing the droplets with the observed holes in the irradiated surface
for all 3 surfaces, it seems plausible to assume a correlation between the formation of holes and the

13.2 eV
2laser pulse-width: 20 nm
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number of droplets. Depending on the timescale of the hole-formation, the formation could lead to
an ejection of molten material, which would explain the increase in droplets.

20 µm 20 µm

(100) (110) (111)

20 µm

a) c)b)

Figure 5.7: SEM images at the rim of the ablation crater from three SrTiO3 orientations. All three craters
were irradiated with a laser fluence of 3 J cm−2.

The images in fig. 5.7 do not permit any conclusion about the crystallinity of the irradiated areas
after the recrystallization. To measure the crystallinity of the irradiated surfaces, EBSD images from
all three orientations and all six laser fluences were taken, and the average kernel misorientation
(KAM) was calculated. The KAM data overlayed with the band contrast (BC) is shown with the
corresponding SEM images for all three orientations in fig. 5.8. The laser fluence was 4 J cm−2 for
all surface orientations. The KAM angular indexed with 0° is the out-of-plane orientation of the
particular orientations. The absolute deviation of this out-of-plane vector is shown in the color-code.
The data shows that all surfaces are crystalline and oriented along the original target orientations.
The misorientation increases with the crack density, mainly attributed to the upwards curved layer
separations.

Formore information about the origin of the holes visible in fig. 5.7, an SEM-cross-section imagewas
taken from the crater presented in fig. 5.7 b), which is shown in fig. 5.9. The sample was prepared by
scratching the sample from the back right underneath the crater to create a predetermined breaking
point and breaking it. The image shows a partially delaminated layer with a thickness of ≈350 nm.
Further measurements on craters irradiated with different laser fluences showed no dependency of
this partially delaminated layer thickness with the laser fluence. Visible are holes underneath the
delaminated layer, most likely from the previously mentioned decomposition liberating volatile
oxygen during melting and recrystallization. STO is known for its oxygen exchange chemistry
starting already at very low temperatures of about 200 °C to 300 °C [76, 156]. This exchange dynamic
is most likely the origin of the observed outgassing and, subsequently, the formation of holes and
funnels.

To support the theory of outgassing of oxygen during the irradiation with the laser beam, an EDX-
linescan was measured from the nonirradiated area of the target into the crater. The measurements
were done on the crater created with the highest laser fluence of 6 J cm−2 for all STO orientations.
Fig. 5.10 a) shows the SEM image of the measured crater rim on the (100) oriented STO target and the
corresponding EDX-linescan in b). The (111) and (110) orientation measurements showed comparable
results and no composition dependency with the STO orientation. The EDX-scan presents two
domains separated by the crater rim, whereby the oxygen signal decreases within the crater area.
Linear fits (dotted red lines), averaging the oxygen content within and outside of the crater, leading
to a decrease of the oxygen content by 2%. The increased noise on the data measured from the crater
of all element signals is due to the surface roughening within the crater. This makes a measurement
of the change of the Sr to Ti ratio difficult, which showed no difference within the error margin. The
decrease of the oxygen content within the crater is a strong argument for the outgassing during the
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Figure 5.8: Images a), c) and e) show SEM images of the ablated areas of (100), (110) and (111) oriented SrTiO3
with a laser fluence of 4 J cm−2. Images b), d) and f) show the corresponding overlays of the KAM and BC.
The color-code on the right shows the grain angle misalignment.

400 µm
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voids

Figure 5.9: SEM side view of the crater cross-section of STO with an orientation (011) tilted by 30°. Visible is
the delaminated layer with a thickness of around ≈350 nm and holes below this delaminated layer.
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a) b)

Figure 5.10: SEM image of the crater rim irradiated with a laser fluence of 6 J cm−2 on a (100) STO target
in a) and the corresponding EDX-scan profile for the elements Sr, Ti and O in b). The EDX-scan shows a
reduction in the oxygen content in the irradiated area.

irradiation.

This leads to the conclusion that not only a thermal process comprising shockwave excitation in
the material [155] leads to the delamination, but also the decomposition liberating volatile oxygen
during the melting and recrystallization process seems to be a significant contributor to the crack
formation in single-crystalline STO targets. A possible solution to avoid the delamination during
the irradiation is the reduction of the laser pulse duration, which was already shown by the use of a
fs-laser [157].

5.4 Single crystalline LAO- and YAG-targets
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Figure 5.11:Microscopy images of LAO a) and YAG b) after the laser irradiation with 6 different laser
fluences. The grain like appearance is due to the surface upon which the targets are placed.

The measurement of the surface modification of LAO and YAG was done analogously to the PC-foil
and the different STO orientations. Fig. 5.11 shows microscopy images of the target surfaces of LAO
a) and YAG b) after the laser irradiation with 6 different laser fluences on 6 different positions on
the targets. Both targets show no change in the surface irradiated with a laser fluence of 1 J cm−2.
The surface changes significantly only at a fluence of 2 J cm−2 and higher for LAO and 3 J cm−2 and
higher for YAG. The grid-like structure on the LAO target in fig. 5.11 a) is due to the twin boundary
microstructure, typical for LAO.
Fig. 5.12 shows magnified microscopy images from craters of LAO a) irradiated with a laser fluence
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of 3 J cm−2 and YAG b) irradiated with a laser fluence of 4 J cm−2. The LAO surface in fig. 5.11 a)
presents a flat surface with arbitrarily shaped bubbles that appear to be underneath the surface with
a diameter of 10 µm, whereas the surface of YAG in b) exhibits large chipped areas with a conchoidal
fracture like texture.

50 µm 50 µm

a) b)

Figure 5.12: Microscopy images of a single crater on a) LAO with a laser fluence of 3 J cm−2 and b) YAG with
a laser fluence of 4 J cm−2.

Fig. 5.13 shows the depth profiles measured with a profilometer of the craters on the LAO target. The
profiles along both scan directions show the same shape as presented in fig. 5.4 for the STO sample.
The steep crater rims also present an accumulation of material and a rough crater floor. The area
with irradiation of 1 J cm−2 shows only a rough surface and no significant ablation of material. The
depth profiles of YAG in fig. 5.15 present a similar picture but with an even higher threshold for a
surface change of more than 2 J cm−2.
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Figure 5.13: Depth profiles along the two directions of the laser crater on the LAO target. Each crater was
produced by 30 pulses with the respectively marked laser fluence. The short a) and long b) side refers to the
two red marked scan lines in fig. 5.1.

The depth per pulse calculated with the same method as already described in 5.3 is shown in fig.
5.14 for both LAO and YAG. The target ablation threshold can be roughly determined to 1 J cm−2

and 2 J cm−2 respectively for LAO and YAG. The difference in the ablation threshold between LAO,
YAG, and STO is mainly a consequence of the need for nonlinear photon absorption mechanisms
due to their wide bandgaps. Above the ablation threshold, the ablated thickness per pulse increases
sublinearly for LAO, whereas in the case of YAG, a linear increase can be assumed.
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Figure 5.14: Crater depth per single laser pulse for the single-crystal targets LAO and YAG. Also marked are
both estimated ablation thresholds.
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Figure 5.15: Depth profiles along the two directions of the laser crater on the YAG target. Each crater was
produced by 30 pulses with the respectively marked laser fluence. The short a) and long b) side refers to the
two red marked scan lines in fig. 5.1.

5.4.1 Topography andmorphology of the ablation craters

The topography and morphology of the LAO and YAG targets were analyzed with AFM, SEM
and laser confocal scanning microscopy. In addition SEM line scans between the irradiated and
non-irradiated target surfaces were taken. A SEM analysis accompanied by EBSD was not possible
due to excessive build-up of an electrostatic charge during the SEM measurement of both target
materials, which made a long-time scan impossible. Fig. 5.16 shows an extract from the AFM-scans
of craters on the LAO and YAG targets. All further scans are shown in fig. C.5 in the appendix.
The AFM-scans of the YAG target were conducted only between the chipped areas, not to damage the
AFM-tip due to the huge height difference of several hundred nm. The scan in the crater irradiated
with 2 J cm−2 on LAO in fig. 5.16 a) shows a very smooth surface that does not change with the
irradiation of higher laser fluences. The YAG target shows for low laser fluences an almost identical
surface morphology (see. fig. 5.16 b)). With an increased fluence, elongated structures, reminiscent of
molten material splashes are detectable, as shown in fig. 5.16 c).

Fig. 5.17 and fig. 5.18 show optical microscopy and laser microscopy images of the floors of the craters
from LAO and YAG, respectively. In the case of YAG, no significant dependency of the topography
with the laser fluence could be observed. Therefore fig. 5.17 only shows the crater floor, irradiated
with the highest fluence of 6 J cm−2. The image presents a flat surface with tiny bubbles on the left
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a)

LAO (2 J cm−2) YAG (3 J cm−2) YAG (6 J cm−2)

c)b)

Figure 5.16: AFM-scans in the ablation crater center for a) LAO and b), c) for YAG.

side of the image and large chipped areas with conchoidal fractures on the right side. Comparing
this surface to the surface features from STO leads to the assumption of a similar underlying process,
where a thermal process comprising shockwave excitation in the material builds up energy in the
crystal, which is subsequently released by fractures. In the case of YAG, the large Mohs hardness
(see. table 5.1) could be responsible for the energy release in the form of conchoidal fractures. In
contrast to the YAG crater, the crater bottoms of the LAO target show more significant changes with
increasing laser fluence. Fig. 5.18 presents very smooth surfaces for all crater floors and an increase
in the number of thin hairline cracks on the LAO surface with increasing laser fluence. The laser
microscopy images also show the in fig. 5.12 observed subsurface structures that have an inverse
dependency of their number with increasing laser fluence. These structures can be attributed to
irregular cracks located underneath the surface, which could already be observed on LAO [158] with
KrF excimer-laser irradiation. The observed dependency of their number with the laser fluence
could be caused by a variation of the distance of these cracks from the surface with increasing laser
fluence. Since the focus of the laser microscope is on the target surface, an increased distance of
these subsurface cracks brings them out of focus, which can be observed in fig. 5.18.

50 µm 50 µm

a) b)

Figure 5.17: a) Optical microscopy image of the crater created with 6 J cm−2 on YAG and the corresponding
laser microscopy image in b).

Similar to the cross-sections of STO in section 5.3, SEM cross-sections were also investigated for
the LAO- and YAG-target, which is shown in fig. 5.19. The cross-sections also show a top layer that
stands out in terms of contrast to the rest of the material. The layer has a thickness of ≈290 nm for
LAO and ≈350 nm for YAG respectively. In contrast to the layer in STO in fig. 5.9, both layers show
no signs of voids, cracks, or delamination features.

For the spatially-resolved energy-dispersive X-ray spectroscopy of the crater floors, both samples
were coated with a 15 nm thick carbon layer to avoid the charging effect of the two electrically
isolating substrates. Fig. 5.21 shows in a) a SEM image of the crater rim on the YAG target surface
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Figure 5.18: Optical microscopy images of the crater bottom for the LAO crystal target and the correspond-
ing laser microscopy images on the right. For 1 J cm−2 no significant crater bottom could be observed.

irradiated with a laser fluence of 6 J cm−2 and the corresponding EDX scan in b). The EDX-signal
reveals no change in the target stoichiometry between the crater and the non-irradiated surface.
The EDX-measurement of the LAO crater rim, irradiated with 6 J cm−2 is shown in Fig. 5.20. The
EDX-measurement shows a slight change of around 1% for both the oxygen and aluminum content
between the crater and the non-irradiated target surface. Due to the increase in noise on the crater
signal and, therefore, also an increase in the signal error, there is most likely no change in the
stoichiometry between the irradiated and non-irradiated area. The very flat surface observed in
the AFM-images combined with the hairline cracks, which – in contrast to the surface features
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observed on STO – do not bend upwards at the edges, gives rise to the conclusion that no significant
outgassing takes place, and the stoichiometry of both target materials is unaffected by the laser
irradiation.

350 nm

200 µm 600 µm

a) b)

290 nm

Figure 5.19: SEM side view of the crater cross-section of LAO a) and YAG b) with an orientation tilted by
30°. Visible is the delaminated layer with a thickness of around ≈290 nm for LAO and ≈350 nm for YAG.

a) b)

Figure 5.20: SEM image of the crater rim irradiated with a laser fluence of 6 J cm−2 on a LAO target in a)
and the corresponding EDX-scan profile for the elements La, Al and O in b). The EDX-scan shows only a
slight reduction in the oxygen content in the irradiated area.

a) b)

Figure 5.21: SEM image of the crater rim irradiated with a laser fluence of 6 J cm−2 on a YAG target in a) and
the corresponding EDX-scan profile for the elements Y, Al and O in b). The EDX-scan shows no reduction in
the oxygen content in the irradiated area.
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5.5 Summary

This chapter proved the enormous benefits of imaging laser optics regarding a homogeneous irradi-
ation of the various target materials. The polycarbonate foil, acting as a benchmark test, showed
the perfect alignment of the laser and the imaging optics. The irradiation of the three different
target materials STO, LAO, and YAG revealed various surface features in the irradiated areas. The
lack of quantitative dynamic thermophysical parameters of STO, LAO, and YAG during all stages
of the ablation process makes it difficult to determine the decisive material properties explaining
the observed differences. Assisted by the oxygen release and oxygen diffusion in STO in reducing
atmosphere, the shockwave energy leads to the delamination of a thin layer. The formation of voids
and holes, also originating from the oxygen release, further encourages the formation of cracks
and, therefore, delamination, driven by the large expansion coefficient of STO (see tab. 5.1). In the
case of the target materials LAO and YAG, the energy is mainly released by conchoidal fractures
in the case of YAG and hairline thin cracks and irregular under-surface cracks in the case of LAO.
This finding is probably due to their more significant hardness and higher temperature stability
concerning oxygen release and oxygen diffusion in a reducing atmosphere compared to STO. The
observed differences between YAG and LAO could also be the consequence of the lower melting
point of YAG in comparison to LAO (see tab. 5.1), leading to rapid melting of the top layer followed
by recrystallization. This hypothesis can also be supported by the observation of bubbles within this
molten layer in the microscopy image in fig. 5.17 and the increase in splashes of molten material in
the AFM-images in fig. 5.16.



6 Epitaxial growth of ETO on STO

This chapter shall be devoted to the epitaxial growth of EuTiO3 (ETO) on SrTiO3 (STO), a compound
that is very crystallographically similar. The outstanding thermoelectric properties of ETO are
already described in section 2. The growth of the epitaxial layers was achieved by the in chapter
4 described PLD system. Based in the results from the previous chapter, the PLD target is a poly-
crystalline, and not a single crystalline target. This chapter is divided into a first part, discussing
the crystallographic growth, focusing on the effect of the PLD growth parameters: temperature
and fluence. A second part covers the thermoelectric characterization of the grown ETO layers.
Typically the chamber pressure during the ablation has a comparable influence on the growth as the
above-mentioned growth parameters. Due to the high tendency of Eu to oxidize into the highest
oxidation state, an oxygen background during the growth immediately leads to the formation of
the pyrochlore phase Eu2Ti2O7, effectively making a direct epitaxial growth impossible due to the
different space group Fd-3m and much larger lattice parameter of 10.193 Å [159]. This is why for all
measurement sequences, ETO was grown without any background gas at around 8 × 10−6 mbar.
The laser pulse repetition rate was 2Hz for all ETO samples.

6.1 STO-sample preparation

a) b)

Figure 6.1: AFM-images from an a) untreated (100) STO surface with a mixed termination and b) a (100)
STO surface after the etching process and annealing, showing a single terminated surface.

The epitaxial growth of ETO on STO must start from a well-defined single terminated substrate.
Commercially available substrates usually are mirror polished and present, therefore, a partially
non-crystalline surface and a mixed SrO- and TiO2-terminated surface. On that account, the sample
has to be etched before the ablation. This process is based on the hydration of the SrO-terminated
surface and subsequently etching it.
The etching process was carried out in aqua regia solution, an effective alternative for the widely
used, but highly hazardous to handle hydrofluoric acid. The precise steps to prepare the samples

55
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are summarized in C.4. A detailed analysis of the etching process was carried out in [160]. Fig. 6.1 a)
shows an untreated STO sample surface with two terminations. The two terminations can either be
identified by the step height between the different terraces, which can bemeasured to≈0.2 nm, or the
shape of the terrace edges. In [160], it could be shown that sharp edges are generally SrO-terminated
and round edges are TiO2-terminated. Fig. 6.1 b) shows a STO sample surface after etching and
annealing. The surface shows terraces with a step height of ≈0.39 nm, which corresponds to the
lattice parameter of STO. Also, the terrace edges are consistently round in their shape.

6.2 ETO-target preparation

The goal for the composition of the ETO target was a single-phase EuTiO3−δ-target. The target was
synthesized by solid-state reaction using high purity 99.99% Eu2O3 and 99.99% TiO2. The two educts
where stoichiometrically mixed and sintered at 1100 °C for 2 h in reducing atmosphere (10% H2, 90%
Ar). The product was ball milled and sintered again under the same conditions. This procedure was
repeated until the powder diffractogram, depicted in fig. 6.2, showed single-phase EuTiO3. After the
final calcination step, the powder was ball milled again, pressed in cylindrical form with a diameter
of 20mm, a height of 7mm and sintered the last time, leading to a high-density black target.
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Figure 6.2: XRD Θ-2Θ-scan measured in a power diffractometer of the EuTiO3−δ powder right before
pressing the powder into cylindrical shape. The diffractogram shows only peaks which can be addressed to
the EuTiO3-phase.

6.3 Crystallographic characterization

Two sets of measuring sequences were conducted to analyze the effect of the laser fluence and the
substrate temperature on the growth of ETO on STO. In the first set, the temperature of the substrate
was varied and the laser fluence was kept constant. In the second set, the laser fluence was varied
and the temperature of the substrate was kept constant.
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6.3.1 Effect of the substrate temperature on the growth of ETO on STO

It was already shown that the substrate temperature at the growth of STO plays a significant role in
the morphology, electronic structure and film quality in general [161]. Due to the many similarities
between STO and ETO, the substrate temperature was the first parameter for a measuring sequence.
The laser fluence was chosen to be 5.19 J cm−2, representing a mean value abstracted from literature
values [75, 162, 163]. The substrate temperature was varied between 570 °C and 730 °C. The crystal
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Figure 6.3: a) XRD Θ-2Θ-scans of the ETO on STO temperature sequence around the STO (200)-peak
position. b) FWHM calculated from the film peaks in a) in respect to the substrate temperature.

growth was subsequently analyzed by XRD and AFM.
Fig. 6.3 a) shows the Θ-2Θ-scans of the ETO-layers ablated at different substrate temperatures. The
scans show a pronounces STO (200) substrate peak at 2Θ: 46.55° and an ETO (200) layer peak, which
is shifted to lower angles concerning 2Θ. The (200) reflection was chosen since it shows a much
higher intensity than the (100) reflection. The scans indicate an epitaxial growth since no other peaks
than the substrate and the shifted layer peak are detectable. The layer peaks vary in their shape and
position, and for the layer grown at 730 °C, no more separate layer peak is visible. The variation in
the position can be addressed to slight changes in the laser fluence due to contamination of the laser
entrance window of the chamber during the growth of the samples in this measuring sequence. This
shift will be further discussed in the following subsection. A complete overlap of the layer peak with
the substrate peak seems implausible for the layer grown at 730 °C since, as shown in subsection
6.3.2, an overlap is only possible for very small laser fluences (<1.5 J cm−2).
The most significant feature is the change of the peak shape with the substrate temperature. The
width of the peak is directly connected to the crystal quality [164] and, therefore, a good indicator
for the optimization of the substrate temperature. In fig. 6.3 a) each layer peak was fitted with a
Gaussian function and the FWHM calculated, which is shown in fig. 6.3 b). The FWHM depending on
the substrate temperature shows a minimum around 635 °C which also corresponds to the highest
peak in fig. 6.3 a), indicating the optimal growth temperature.

The AFM scan of the ETO-layer with the highest FWHM value grown at 635 °C and a laser fluence
of 5.19 J cm−2 is shown in fig. 6.4. The image presents a terrace-like structure with a slightly granular
surface. The layer thickness of ETO is around 50 nm. All layer thicknesses are measured by pro-
filometer scans. For theses measurements, a small metal finger covers a small area of the substrate
during the growth, leaving a non ablated area on each sample. Between this area and the ablated
layer, the layer thickness can be determined. This was done on all samples, presented in this thesis.
The terrace-like surface could indicate a layer-to-layer growth since no islands are visible on this
sample. The very smooth surface and the terraces also support the optimized growth temperature of
635 °C.
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Figure 6.4: AFM scans of a 50 nm thick layer of ETO grown at a substrate temperature of 635 °C and a laser
fluence of 5.19 J cm−2.

6.3.2 Effect of the laser fluence on the growth of ETO on STO

Analogously to the temperature sequence in the previous paragraph, a laser fluence sequence was
conducted, keeping the substrate temperature at 635 °C and varying the laser fluence between
1.5 J cm−2 to 10.82 J cm−2. The laser entrance window was cleaned before each new sample, effec-
tively reducing the error for the laser fluence observed in fig. 6.3 a).
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Figure 6.5: XRD Θ-2Θ-scans of the ETO on STO fluence sequence around the STO (200)-peak position. All
samples were grown at a substrate temperature of 635 °C and varying laser fluences.

Fig. 6.5 shows the Θ-2Θ-scans around the STO (200) substrate peak at 2Θ: 46.55°. As already seen
before, all ETO film peaks show a shifted (200) reflection. The XRD-data suggest a dependency of
the peak shift with the laser fluence whereby an increase of the laser fluence also leads to a larger
shift to smaller values of 2Θ. The shift can be attributed to a lattice parameter expansion in the
out-of-plane direction. This expansion depending on the laser fluence has already been observed
by Run Zhao et al. [163]. They showed that the expansion is uni-axial in the out-of-plane direction
and most likely produced by increased thermal stress with increasing laser fluence. The increase of
thermal stress produces a crack extension that only the vertical lattice expansion appears to enlarge.
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Except for the ETO reflection of the sample grown with 10.82 J cm−2, all peaks show a symmetric
peak profile indicating a homogeneous out-of-plane expansion. The change in the shape at a laser
fluence of 10.82 J cm−2 could indicate that for higher laser fluences, the lattice parameter expansion
reaches a maximum and relaxes slightly towards the bulk value. To further analyze this uni-axial
expansion, the sample grown with 5.19 J cm−2 from fig. 6.5 was annealed twice at 950 °C in reducing
atmosphere (5% H2, 95% Ar) for 3 hours respectively. Between both annealing steps, an XRD-
diffractogram was measured to investigate the change in the out-of-plane expansion. Fig. 6.6 shows
all three XRD-diffractograms from the as-deposited and both annealing steps. The as-deposited
measurement shows the expected shift to smaller angles of 2Θ. However, the measurement after
annealing the sample for 3 hours at 950 °C in reducing atmosphere leads to a broadening and shift of
the peak to higher angles of 2Θ, indicating relaxation of the out-of-plane lattice parameter. Further
annealing for 3 hours at 950 °C in reducing atmosphere leads to an almost perfect overlap of the
layer peak with the substrate-peak. Only a small broadening of the two overlapping peaks is visible,
indicating an almost perfect lattice constant match between the substrate and the grown ETO film.
Also visible are Laue oscillations around the combined peaks. Due to the sensibility of these Laue
oscillations to the crystallinity of the film and both interfaces (substrate-film and film-air), these
oscillations further confirm a successful relaxation of the strain within the film and especially on the
interface between STO and ETO, which is according to [163] the main reason for the strain in the
ETO film.
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Figure 6.6: XRD Θ-2Θ-scans of an ETO film grown on STO at 635 °C with a laser fluence of 5.19 J cm−2

as-deposited, after annealing at 950 °C in reducing atmosphere for 3 hours and after a second annealing step
with the same parameters.

6.3.2.1 Substrate orientation

To determine the role of the substrate orientation on the growth of ETO on STO and especially the
strain of the ETOfilm, another laser fluence sequencewas grown on (111)-oriented STO substrates. As
already done before, all samples were grown at a substrate temperature of 635 °C with an ETO film
thickness of around 70 nm. Fig. 6.7 shows three ETOfilms grownon (111)-oriented STOwith different
laser fluences. Analogously to the measurements on the (100)-oriented substrate, the reflection from
the ETO film shifts to smaller angles of 2Θwith increasing laser fluence. This shows that the primary
mechanism leading to the lattice expansion is independent of the substrate orientation.
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The following subsection will cover a more detailed comparison of the quantitative change in the
lattice parameter.
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Figure 6.7: XRD Θ-2Θ-scans of three different ETO film grown with different laser fluences on STO around
the STO (111)-peak position. All samples were grown at a substrate temperature of 635 °C, the ETO film
thicknesses were around 70 nm.

6.3.2.2 RHEED analysis

A sensible measurement technique for determining the in-plane lattice constant is the evaluation of
RHEED patterns recorded during the ablation. Therefore RHEED patterns of all samples – (100) and
(111) substrate orientation – were recorded for the sequences where the laser fluence was varied. For
each sample, two images of the resulting RHEED patterns were analyzed, one from the substrate
and one from the grown ETO film. Fig. 6.8 shows, as an example, both recorded images and the
corresponding intensity profiles underneath for an ETO film grown with the highest fluence of
10.82 J cm−2. For better visualization, the images were converted in a 32 bit grayscale format and
then inverted. The intensity profiles were fitted with Gaussian functions to determine the distance
in pixels between them. From these peak distances of both RHEED patterns, the mean value was
calculated. Due to the linear relation between the peak distances and the lattice parameter, the ratio
between the mean peak distances of fig. 6.8 a) and fig. 6.8 b) results in the lattice mismatch in %
between the STO substrate and the ETO film.
The initial RHEED-pattern from the substrate shows a clear diffraction pattern with Kikuchi-lines
and the first-order Laue circle !1, which is expected from a single crystalline substrate surface.
After the growth of 50 nm ETO, the RHEED-pattern still shows Kikuchi-lines. The modulated
streaks suggest a multilevel stepped surface of a single crystalline surface. The calculated in-plane
mismatch of 0.95% is much lower than the out-of-plane mismatch of 3.08%, calculated from the
peak shift from the XRD measurement in fig. 6.5. With an asymptotic standard error of 0.44% for the
determination of the peak position from the RHEED patterns, which does not cover the error due
to the image resolution, it ismost likely that the in-plane lattice constant is identical for STOandETO.

The calculated mismatches for all different laser fluences are summarized in fig. 6.9, together with
the calculated out-of-plane mismatch derived from the XRD-data from fig. 6.5 and fig. 6.7. The
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Figure 6.8: RHEED analysis of a grown ETO layer. a) image of the Rheed pattern of the STO substrate and
b) after the ablation of 50 nm ETO at 635 °C and a laser fluence of 10.82 J cm−2. Underneath both images are
the intensity profiles of the above marked areas in yellow and the corresponding distances between the peak
maxima.

out-of-plane mismatch Δ0 shows a sub-linear dependency with the laser fluence for both substrate
orientations. Between 6 J cm−2 and 8 J cm−2 a flattening of the slope of Δ0 is visible. Δ0 for both
substrate orientations starts to separate within this fluence range. The flattening of the slope indi-
cates a possible saturation for the mismatch at higher fluences which seems to be dependent on
the substrate orientation and, therefore, also the film orientation. The in-plane mismatch is almost
identical for both substrate orientations and shows no dependency with the laser fluence. Due to
the error margin of the in-plane data, it is most likely that all grown ETO films exhibit an in-plane
lattice constant, fully matched on the substrate.
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Figure 6.9: Laser fluence dependent lattice parameter expansion of ETO grown on STO with two different
substrate orientations. The in-plane data was calculated from the RHEED patterns during the film growth.
The out-of-plane data was calculated from the XRD scans.
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6.3.3 Growth and strain analysis via transmission electronmicroscopy

The focus of the TEM analysis was pointed towards two goals. On the one hand, the analysis of the
growth of ETO on STO in general, and on the other hand, the origin of the strain in the ETO layer.
To answer as many questions as possible, a sample of (100)-oriented STO was prepared, and a 90 nm
thick film of ETO was grown on top at 635 °C with a laser fluence of 2.38 J cm−2. Additionally, a
second 30 nm thick film of STO was grown on top of ETO. During the growth of STO, no oxygen
was used as background gas to avoid the oxidization of the ETO film underneath. All other growth
parameters were similar to those used to grow the ETO layer. The additional layer of STO should
give information on whether it is possible to reduce the strain by embedding the ETO in STO.
Fig. 6.10 shows the Θ-2Θ-scan around the STO (200)-peak position. The scan shows a sharp but
highly asymmetrical peak at 2Θ: 46.55°. The peak is smeared out towards lower angles of 2Θ, pre-
senting a small step. Comparing fig. 6.10 to fig. 6.5 leads to the assumption that the small step is
caused by the ETO film, the smeared out part might be attributed to the STO layer on top of it.
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Figure 6.10: XRD Θ-2Θ-scan of a 90 nm thick film of ETO grown on STO at 635 °C with a laser fluence of
2.38 J cm−2 and a 30 nm thick film of STO grown on top of ETO with the same growth parameters.

To avoid any structural change during the sample preparation for the TEM analysis, it was decided
to forego the traditional TEM preparation of cutting and gluing the sample face-to-face in a brass
ring, followed by dimple-grinding and Ar+-ion milling. The TEM sample was prepared by cutting a
lamella with a focused ion beam (FIB) and a lift-out method where the cutout FIB-lamella is glued
with platinum to a needle. A cross-section STEM image of the multilayer system is shown in fig.
6.11 a). The multilayer is visible from bottom to top, with the bright ETO layer in the middle and a
granular Pt layer on top of the STO capping layer. The contrast in the image is mainly due to the
difference in the atomic number between Eu (Z=63) and Sr (Z=38). Throughout the entire ETO
layer, vertical structures are visible, which seem to originate from the STO-ETO interface. ETO also
shows a bulge in the middle of the image reaching into the STO layer, accompanied by a columnar
structure throughout the entire thickness, originating in a dark spot on the STO-ETO interface. The
dark area could indicate local contamination at the STO-ETO interface. Continuous contamination
during the growth leading to this columnar structure seems rather unlikely since the source of the
contamination can only be from the target or some contamination present in the vacuum chamber.
Both would lead to a homogeneous distribution within the ETO layer rather than a structured
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columnar contamination. More likely is either a local stoichiometry variation or cavities with yet
unknown origin.
The brighter area in the STO substrate is due to carbon contamination from adjusting the TEM
parameters by zooming into this area. Fig. 6.11 b) shows the FFT of the entire image on the left.
Unfortunately, no splitting of the diffraction peaks is visible. A uni-axially strained ETO layer would
lead to splitting of the diffraction spots in the y-direction rather than in the x-direction. It might be
possible that the splitting is still present but not detectable due to the resolution.
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Figure 6.11: STEM and strain analysis of the STO-ETO-STO multilayer. a) shows a STEM image of the
multilayer with columnar structures along the growth direction. b) shows the FFT of a), presenting a clear
diffraction pattern with no visible splitting of the diffraction peaks. c) and f) are a high-resolution image
of the STO-ETO interface and a magnified image of the ETO-STO interface. Both areas are marked with
dashed yellow rectangles in a). d), e) and g), h) are the corresponding strain maps from c) and f), determined
from GPA. The orange dashed rectangles are the reference areas for the strain-determination, respectively.

Furthermore, a strain analysis was done on the two marked areas in fig. 6.11 a) (yellow dashed boxes).
A high-resolution STEM image was used for the first interface between the substrate and the ETO
layer. For the second interface, a magnified cropped image was used. The strain was determined via
geometrical phase analysis (GPA), which is described in more detail in chapter 3.2.6 and [124]. The
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areas marked with a dashed red square were selected as reference areas. Fig. 6.11 c) shows an abrupt
transition from the STO to the ETO layer without any intermixing. Also visible is a slight drift of
the sample during the scan, which is noticeable by a wavy distortion in the lattice. On the right side
(fig. 6.11 d) and e)) the diagonal entries of the strain matrix n in x- and y-direction are presented. The
coordinate system is shown in the top right. Both images exhibit discontinuities on the borders
perpendicular to the particular axis, which is a calculation artifact with no quantitative meaning.
The mapping along the y-direction (nG G) presents a clear increase in strain at the interface, which
continues into the ETO layer. The perpendicular direction nFF shows no such features. Fig. 6.11 f)
presents the magnified area of the interface between ETO and STO. The strain mappings in 6.11
g) and h) show that the strain from the ETO layer continues into the upper STO layer. Also, the
perpendicular direction nFF exhibits more pronounced signs of strain along this axis. The strain in
the ETO layer seems to originate from the interface between the ETO layer and the STO substrate.
Only the out-of-plane lattice constant at the initial deposition appears to be affected and shows
a negligible influence on the in-plane arrangement. Interestingly enough, the out-of-plane lattice
parameter remains at the same expansive value throughout the entire thickness of the ETO film.

For a further analysis of the columnar structures in fig. 6.11 a), an EDX-mapping was conducted
on a similar feature to the one visible in fig. 6.11 a), which is shown in fig. 6.12. The STEM image
shows the STO-ETO-STO multilayer with a granular Pt layer and Moiré-patterns on various spots.
The quantified EDX-maps of all elements present in the multilayer system is shown in fig. 6.12 b)–e).
Comparing the elements Eu, Ti, and O, the elemental maps suggest that the darker areas in the STEM
image originated from the absence of atoms. A possible explanation for the absence could be the
continuous outgassing of oxygen from the STO substrate leading to the formation of a chimney-like
structure for the escaping gas into the ETO layer.
Furthermore, the mappings of the elements Sr, Ti, and O show a tremendous difference between the
composition of the STO substrate and the STO layer grown on top of the ETO layer. This is most
likely due to the growing conditions of STO, which were chosen to be identical to the ones for the
growth of ETO. The absence of oxygen, necessary to grow ETO in the correct stoichiometry, could
be barely enough to sustain a STO growth. This is also in agreement with the strain in the top STO
layer shown in fig. 6.11. The columnar structures observed in the TEM-images in fig. 6.11 and fig. 6.12
are furthermore the origin of edge dislocations. These edge dislocations, which are shown in fig. 6.13
are, within the investigated areas, only visible around the columnar structures.
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Figure 6.12: STEM image a) with a similar feature as seen in fig. 6.11 and the corresponding quantitative
EDX-mappings b)-e).

ETOSTO

Figure 6.13: STEM image of the STO-ETO interface. The dark spot is the origin of one of the columnar
structures from fig. 6.11 and fig. 6.12. The dashed lines mark three edge dislocations in the ETO layer.
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6.3.4 Thermoelectric characterization

The thermoelectric characterization was performed via four-terminal measurements with the van
der Pauw (vdP) method, and the temperature-dependent Seebeck voltage was measured simultane-
ously. The detailed process and the measurement setup are described in more detail in section 3.3.1.
From the temperature-dependent Seebeck voltage, the Seebeck coefficient can be derived.
All measurements were conducted in the same measurement set up under the same conditions
between room temperature and 750K. The measurements were done on all samples of the previ-
ously described laser fluence sequence of ETO grown on (001)-oriented STO substrates. To prevent
oxidation of the ETO layer, especially at higher temperatures, the measurement setup was kept in a
vacuum at around 8 × 10−6 mbar, which corresponds to the growth conditions of ETO. The ETO
layer thickness was always tried to keep constant at 70 nm. Variations from the aimed thickness were
detected via profilometer measurements and taken into account to calculate the specific resistivity ρ.
The temperature-dependent specific resistivity ρ and Seebeck coefficient S for all ETO layers grown
on STO between 1.5 J cm−2 and 10.82 J cm−2 are shown in fig. 6.14. For better visualization, the
specific resistivity is shown in a logarithmic scale and both the loop from 300K to 750K and back
from 750K to 300 K are shown and labeled accordingly. The temperature measurement range is not
the same for all samples due to slight variations in the heat conductance between the heater and
the sample. Since both the heater and the sample have their temperature sensor and the input value
for the PID controller is the sensor on the heater, a variation in the heat conductance can reduce
the maximum temperature range. The vdP-voltage was set to a value of 9 V at room temperature
to ensure a reasonable current measurement range with decreasing temperature. This is necessary
since an automatic change of the current range leads to abrupt changes in the calculated specific
resistivity. This is caused by a Schottky-like behavior of the contact-film connection. The measuring
contacts for all measurements were pressed onto a small dot of silver conducting paste, applied to
the ETO surface to reduce the contact resistivity.

The temperature-dependent specific resistivity decreases with increasing temperature for all laser
fluences, which is expected for a semiconductor. The range of the specific resistivity changed from
around three orders of magnitude from the lowest laser fluence to about two orders of magnitude
for the highest laser fluence. For laser fluences equal to or higher than 5.19 J cm−2, the Seebeck
coefficient was negative throughout the entire temperature range and showed a minimum around
400K (see. fig. 6.14 c) -6.14 e)) . For the ETO layer grown with 2.38 J cm−2, it was not possible to get
reliable data to derive the Seebeck coefficient. Although the Seebeck coefficient could be derived
for the ETO layer grown with 1.5 J cm−2, the Seebeck coefficient exhibits a large error, calculated
according to de Boor and Müller [165]. Also, the temperature dependency is inverse compared to the
other measurements, which points towards a measurement error.
The specific resistivity shows for an ETO layer grown at low laser fluences a distinct kink between
400K and 500K. The main mechanisms for the electrical conductance in ETO are most likely
impurities of Eu3+, which increase cation valence and oxygen vacancies, which act as electron
dopants. Both of these impurities contribute to more charge carriers [166]. The latter mechanism has
also been reported on STO [166, 167]. Based on the stoichiometrical ETO target and the reducing
atmosphere during the ETO growth, a significant contribution of impurities of Eu3+ can be neglected
and the primary conduction mechanism can most likely be attributed to oxygen vacancies in ETO.
However, since in STOoxygen vacancies also occur very easily at lowpressure and high temperatures,
it is difficult to isolate the transport properties of the ETO layer from the transport properties of the
substrate [162, 168].
The kink in the specific resistivity between 400K and 500K could also be observed in previous
measurements on pure and Nb-doped STO [91]. This gives rise to the assumption that the ETO
layer is highly isolating when grown at low laser fluences leaving the electrical transport dominated
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by the STO substrate. Analogously, the contribution of the ETO layer to the electrical transport
rises with increasing laser fluence, and therefore, the kink in the temperature-dependent specific
resistivity vanishes. Additionally, all loops show a hysteresis. As for the hysteresis within the specific
resistivity, the formation of more oxygen vacancies due to the high temperature and low pressure
could increase electrical conductivity. Whether the formation occurs in the substrate or the ETO
layer remains unclear.
The Seebeck coefficient shows no significant correlation with the temperature or laser fluence.
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Figure 6.14: Temperature dependent specific resistivity ρ and Seebeck coefficient S for ETO layers grown
on STO with different laser fluences.

6.4 Summary

This chapter proves the successful growth of ETO on STO substrates in (100)- and (111)-orientation.
The effect of the substrate temperature on the growth resultedmainly in a variation of the crystallinity
observed by a variation of the peak form in XRD measurements. Growing ETO with different laser
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fluences leads to a uni-axial lattice parameter expansion in the out-of-plane direction. The uni-
axial nature of the growth could be shown by comparing the out-of-plane sensible XRD data with
the in-plane sensible RHEED measurements. The strain in the ETO layer could be furthermore
confirmed via TEM analysis. The TEM analysis also revealed funnel-like structures that originated at
the STO-ETO interface. Based on the present data, the mechanisms behind these structures are not
clear. EDX-mappings showed that they are indeed hollow and might be originated by continuous
outgassing of oxygen from the STO substrate during the growth driven by the high substrate
temperature and the low background pressure. These structures also favor the formation of edge
dislocations. The thermoelectric characterization showed generally a semiconducting behavior for
the temperature-dependent resistivity for strained and almost unstrained ETO layers. However, as
the STO substrates are highly susceptible to oxygen vacancies at low pressure and high temperatures,
it is difficult to isolate the transport properties of the ETO layer. Nevertheless, a tendency of a more
significant influence of the ETO layer on the conduction mechanism for higher laser fluences was
visible.



7 Heteroepitaxial growth of ETO
on YSZ/Si

The previous chapter showed the homoepitaxial growth of ETO on STO and pointed out the
difficulties in the electrical characterization of the ETO layer due to the unclear contribution of
the STO substrate to the electrical conductivity and the Seebeck coefficient. In this chapter, the
substrate was replaced with a silicon substrate with (001)-orientation. Silicon has many advantages
compared to the previously used STO: silicon represents the cornerstone of modern semiconductor
electronics, does not require detailed preparation steps and is comparably cheap, just to name a few.
To avoid any contribution of Si to electrical measurements of ETO thin films, an isolating layer is
needed between them. Yttria stabilized zirconia (YSZ) is known for reproducible epitaxial growth on
Si [169, 170], is electrically isolating, and it could already be shown that YSZ is growing heteroepitaxial
on STO1 [171]. These features make the substrate system, consisting of a Si substrate and a YSZ buffer
layer, the ideal starting point for the electrical characterization of ETO thin films. The growth
characterization described in this chapter has been published in [172].

7.1 YSZ buffer layer grown on Si (001)

A detailed investigation of the growth of YSZ on Si can be found in [169, 170], therefore, only
parameters specific to this thesis and the PLD machine will be discussed.
The Si (001)-substrates are commercially available n-type wafers with a diameter of 100mm. All
wafer specifications are summarized in the tab. C.1. The wafer is cut into 10 x 10mm2 large samples,
which were subsequently rinsed in isopropanol and dried under nitrogen flow. The YSZ-target was
a commercially available, highly dense target with the composition (Y2O3)0.09(ZrO2)0.91.

The growth parameters, in particular the substrate temperature and laser fluence, were optimized
beforehand, which will not be shown here. The optimization showed that the oxygen background
pressure had a relatively small effect on the growth of the YSZ layer.
To reduce the roughly 5 nm thick native oxide layer on the Si substrate, the first 500 pulses during
the growth of YSZ were performed in vacuum analogously to [170]. For the further growth, the
oxygen background pressure was increased to 5 × 10−4 mbar. Fig. 7.1 shows the Θ-2Θ-scan of a
100 nm thick YSZ layer grown on a Si (001)-substrate with a laser fluence of 6 J cm−2, a substrate
temperature of 800 °C and an oxygen background pressure of 5 × 10−4 mbar. The inset shows the
rocking curve on the YSZ (002)-peak with a Gaussian fit to determine the FWHM. These growth
parameters represent the ideal values determined from temperature- and laser fluence sequences
for the growth of YSZ on Si. The criterion for an optimizing growth was always the crystalline
quality, determined by XRD-scans, the FWHM of the YSZ (002)-peak and the FWHM of the rocking
curve. The diffractogram in fig. 7.1 shows a very sharp peak at 2Θ: 34.65° with a FWHM of 0.216°.

1Which raises the hope that ETO is able to grow epitaxially on YSZ.
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Figure 7.1: XRD Θ-2Θ scan of a 100 nm thick YSZ film grown on Si (001) with a laser fluence of 6 J cm−2,
a substrate temperature of 800 °C and an oxygen background pressure of 5 × 10−4 mbar. * is the Cu KV

reflection of YSZ (002) and ** is the forbidden Si (002)-reflection. The inset shows the l-scan around the
YSZ (002)-reflection at 2Θ: 34.65° and the corresponding FWHM. The FWHM underneath is calculated from
the YSZ (002) Θ-2Θ-reflection.

The sharp peak presents a very well crystallized YSZ-layer and the peak position, assuming a fully
cubic system, a lattice parameter of 0.5175 nm. This value corresponds with the literature value of
0.5143 nm [173]. The rocking curve with a FWHM of 0.605° further confirms the very high crystal
quality of the YSZ-layer.
Further analyzis was done with AFM, which is depicted in fig. 7.2. Fig. 7.2 a) presents a very smooth
surface with a small granular structure. The granular structure can be seen in more detail in fig.
7.2 b) and consists of a terrace-like structure. The step height between the different layers could be
measured with 0.522 nm (see fig. 7.2 c)), which corresponds with the lattice constant calculated from
the Θ-2Θ scan in fig. 7.1.

7.2 Growth optimization of ETO on YSZ

The starting point for all samples which are discussed in this chapter is the growth of a 100 nm thick
YSZ layer, grown with the parameters described in the previous section. The growth of the ETO
thin film on YSZ was done analogously to the process described in section 6.2, with the same target
and also without oxygen flow to avoid the formation of Eu3+ during the growth.
Figure 7.3 shows the Θ-2Θ diffractogram of a 200 nm thick ETO layer grown on YSZ/Si with a laser
fluence of 11 J cm−2 and a substrate temperature of 830 °C. The ETO layer shows a pronounced peak
at 2Θ: 39.56° which is shifted by δ = 0.4° in respect to the ETO (111)-reflection position, calculated
from the bulk lattice parameter of 0.3905 nm [174]. Also visible is the YSZ (002)-reflection and the
corresponding Cu Kβ-peak of this reflection marked with *. The sharp peak at 2Θ: 32.98°, marked
with **, is the forbidden Si (002)-reflection which has already been well described in literature [175].
The ETO layer shows an orientation almost entirely along the (111)-direction with a tiny proportion
of a (101)-oriented phase. A temperature and fluence sequence was conducted to investigate further
the dependency of these two phases on the laser fluence and the substrate temperature.
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b)

c)

a)

Figure 7.2: AFM-images from a 100 nm thick YSZ film grown on Si (001) (see. fig. 7.1). The height profile in c)
is measured at the marked line in b), showing a step height of 0.522 nm.
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Figure 7.3: XRD Θ-2Θ scan of an ETO film grown on YSZ/Si with a laser fluence of 11 J cm−2 and a
substrate temperature of 830 °C. * is the Cu Kβ reflection of (002)YSZ. ** is the forbidden (002)Si reflection.
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7.2.1 Effect of the substrate temperature and laser fluence on the growth of ETO
on YSZ/Si

The sequences were conducted with a substrate temperature between 790 °C and 850 °C with steps
of 20K and a laser fluence between 11 J cm−2 and 3 J cm−2 with steps of 2 J cm−2. For the two in-
termediate temperatures of 830 °C and 810 °C, ETO layers grown with a laser fluence of 1.5 J cm−2

were added. These values were chosen according to typical growth parameters from literature [89,
163, 176, 177]. For a more comparable result, the number of pulses was increased with decreasing laser
fluence to keep the thickness of the ETO layer constant between the different samples. Unfortunately,
profilometer measurements of all samples showed that there is still a variation of the ETO layer
thickness depending on the laser fluence. The most likely reason for this variation is a contamination
of the laser entrance window at the vacuum chamber. The absence of a background gas during the
growth of the ETO layer led to an increase in the mean free path of the particles in the vacuum
cahamber. More particles reach the glass surface of the laser entrance window and deposit on the
glass, increasing the laser UV radiation absorption. To counteract this effect, the laser window was
disassembled after each temperature series and polished, making the temperature sequences more
comparable. To take the decrease of the fluence during a sequence into account, fig. 7.4 e) shows
errorbars with an estimation of the decrease of the laser fluence.
The crystal growth was subsequently analyzed by XRD, which is shown in fig. 7.4. The XRD scans
in fig. 7.4 only show the areas around the ETO (111)- and (101)-reflection positions since no other
reflections could be determined.
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Figure 7.4: a)–d) XRD-scans of ETO thin films grown with varying substrate temperatures and different
laser fluences. e) shows the difference in the lattice constant 0 from the bulk value of EuTiO3 depending on
the laser fluence, calculated from a)–d) by applying a Gaussian fit to the (111) peak.

In each graph (fig. 7.4 a)–d)), the temperature is held constant, and the laser fluence has been varied.
The diffractograms show an increase in the formation of the ETO (101) crystallographic orientation
with a reduction of the substrate temperature. At a substrate temperature of 830 °C, no (101)-phase
can be found.
Significant is the dependency of the peak position on the laser fluence, where an increase in the
fluence leads to an increase in the peak shift towards smaller angles. This was already reported in
the previous chapter (see 6.3.2) for the growth of ETO on STO. Fig. 7.4 e) summarizes the peak shift
dependent on the laser fluence. The peak shift was calculated by fitting a Gaussian distribution to
the (111)-peak in the XRD data in fig. 7.4 a)–d). From the absolute position of the ETO (111)-reflection,
the lattice constant was calculated, and from it, the change of the lattice constant Δ0.

The change in the lattice constant with increasing laser fluence shows a sublinear behavior and
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suggests a saturation at higher laser fluences. Δ0 of the ETO layer grown on YSZ reaches signifi-
cantly smaller values than Δ0 for ETO grown on STO (see fig. 6.9 ). The present data do not support
any further conclusion about the origin of this smaller value of Δ0. A reason could be the ETO
(111)-growth orientation of ETO on YSZ and a non-uniaxial strain in all directions, which will be
discussed later.
The topography of the grown ETO films from this sequence was subsequently analyzed with AFM,
which showed a negligible influence of the substrate temperature on the topography of the grown
ETO layer. Therefore only the sequence free from other phases grown at 830 °C is shown in fig. 7.5.

11 J cm−2

5 J cm−2 3 J cm−2 1.5 J cm−2

9 J cm−2 7 J cm−2

a) b) c)

d) e) f)

Figure 7.5: AFM images of ETO films grown at 830 °C with different laser fluences showing the change in
the topography wit increasing laser fluence.

For higher laser fluences between 11 J cm−2 and 7 J cm−2, the AFM-images present a granular surface
with no visible dependency of the topography on the laser fluence (see. fig 7.5 a)-c)). However, the
topography changes for lower laser fluences between 5 J cm−2 and 1.5 J cm−2. The AFM-images (see.
fig 7.5 d)-f)) still present a granular surface, but the shape changed from rounded grain boundaries to
grains with a clear triangular base shape. Since the samples used for this sequence show a dependency
of the thickness with the laser fluence due to the contamination of the laser entrance window, it is
important to neglect the influence of the thickness on the grain shape of the ETO layer. Therefore
a thickness sequence was grown with the same growth parameter as in fig 7.5 e) (830 °C, 3 J cm−2).
The thicknesses was varied between 5 nm and 200 nm, which is shown in fig. 7.6. For an ETO-layer
thickness of 5 nm, the AFM-image shows a flat surface, most likely from YSZ and a noncontinuous
layer consisting most likely of small grains of ETO. This gives rise to the assumption that ETO grows
in the island growth mode on YSZ. An increase in the layer thickness to 10 nm (see fig. 7.6 b)) leads
to a continuous layer with grains in various shapes and sizes around 20 nm. A further increase to
50 nm and up to 200 nm shows grains with sizes between 50 nm to 100 nm which do not seem to
grow further in size by increasing the layer thickness. It seems reasonable to suppose that with
this grain size, a certain maximum is reached since above a layer thickness of 50 nm no further
increase in the grain size is visible. The triangular shape of the grains is aso pronounced, especially
at a layer thickness of 200 nm (see fig. 7.6 e)). The grain boundaries intersections show, in most cases,
an orientation of 60° towards each other (see fig. 7.6 f)), possibly reflecting the 3-fold rotational
symmetry of the ETO (111) surface. This shows the change in the topography, seen in fig. 7.5, is most
likely caused by the laser fluence. Combining this result with the XRD analysis in fig. 7.4 leads to
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the assumption that a low laser fluence results in an ETO-film growth with almost no out-of-plane
strain and a 3D growth with 50 nm to 100 nm big triangular grains.

5 nm

100 nm 200 nm

10 nm 50 nm
a) b) c)

d) e)
200 nm

60°

f)

Figure 7.6: AFM-images of ETO grown on YSZ/Si with different ETO-layer thicknesses. a)–e) present the
surfaces for thicknesses between 5 nm to 200 nm. In f) angles with 60° are highlighted on the 200 nm thick
layer.
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7.3 Strain analysis in (111)-oriented ETO thin films

The temperature and laser fluence sequence described in the previous section (see. fig. 7.4) presents a
similar behavior in the dependency of the ETO in-plane lattice parameter with the laser fluence as
seen in chapter 6 for the growth of ETO on STO. The orientation of the ETO-layer grown on YSZ/Si
in (111)-direction offers now the opportunity to measure the unit cell along 3 different orientation
directions via XRD and therefore gather more data for a possible explanation of the expansion. The
expansion of the lattice parameter can be directly attributed to a strain in the ETO-layer, which -in
the case of the growth of ETO on STO- has only an out-of-plane component, shown in the previous
chapter and in [163].
Fig. 7.7 shows the ETO unit cell oriented along the (111)-axis. With this orientation, it is possible to
access, in addition to the (111)-plane, the (100)- and (101)-plane via XRD measurements. This was
achieved by aligning the samples along with the ETO (111)-reflection and tilting the sample by 54.74°
along the χ-axis for the ETO (100)-plane and by 35.26° along χ for the ETO (101)-plane (see. 7.7).

a bc
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(100)
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Ti
Eu
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Figure 7.7: a) Scheme of the (100) and (101) direction in respect to the (111) direction in a EuTiO3 unit cell. b)
Sample orientation in the XRDs coordinate system.

This measurement was done on an ETO-layer, which was grown at 830 °C and the highest laser
fluence of 11 J cm−2, which leads to the highest strain according to fig. 7.4. The Θ-2Θ-scan for this
set of parameters is shown in fig. 7.3 with an ETO (111)-reflection at 2Θ: 39.56°. The Θ-2Θ-scans
for the ETO (100)- and (101)-orientations are shown in fig. 7.8. Analogously to the ETO (111)-plane,
both orientations show shifted peaks leading to the assumption of a non-uniaxial expanded unit
cell, which is in contrast to the uni-axial strain found along the c-axis in the growth of ETO on
STO in (001)-direction [163]. To exclude the fact that the large lattice mismatch between YSZ and
ETO is causing the strain in ETO along the (100)- and (101)-orientation, the measurements from
fig. 7.8 were repeated for ETO-layers grown with 1.5 and 3 J cm−2. Both layers, grown with 1.5
and 3 J cm−2, showed no shift of the (111)-peak in fig. 7.4 b). The measurements along the (100)- and
(101)-orientation showed also no shift, which excludes the lattice mismatch between YSZ and ETO
as the reason for the strain.
The resulting strain calculated in all 3 directions based on the XRD measurements are summarized
in table 7.1.

These measurements support the assumption from subsection 7.2.1, that the smaller value of Δ0 in
fig. 7.4 e) is caused by the (111)-oriented growth of ETO on YSZ and with that, a non-uniaxial strain
in all directions.
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Figure 7.8: XRD Θ-2Θ scans of the ETO layer from fig. 7.3 tilted by 54.74° (top) and 35.26° (bottom) along j .

(hkl) 2Θ (◦) a (nm) strain (%)

(111) 39.56 0.3944 0.97
(101) 32.04 0.3949 1.10
(100) 22.44 0.3960 1.38

Table 7.1: Lattice plane, peak position, lattice parameter and strain calculated from the Θ-2Θ-scans of the
(111), (101) and (100) orientations. Calculated from fig. 7.3 and fig. 7.8.

7.3.1 Strain induced ferromagnetic transition

A further method determining stain in epitaxial ETO-films was theoretically calculated by Craig and
Rabe [178] in 2007 and experimentally shown by K Fujita et al. [179] in 2009, where a growth-related
strain in epitaxial ETO-films shows an antiferromagnetic to ferromagnetic transition below 4K.
Now, literature had only presented this transition in ETO-films grown on STO, LAO or DyScO3 [89,
163, 176, 177].
To show the presence of the antiferromagnetic to ferromagnetic transition on ETO-films grown on
YSZ/Si, the magnetic moment of all ETO-films from the fluence sequence grown at 830 °C were
measured between 1.5 K and 10K. All measurements were done under field cooling (FC) conditions
with a magnetic field of 10mT.
Fig. 7.9 shows the temperature dependence of the magnetic moment with varied laser fluence. The
ETO-layer grown with 1.5 J cm−2 shows a vanishingly small magnetic moment which would be
expected from a non-strained and therefore antiferromagnetic ETO-layer. The ETO-layer grown
with 3 J cm−2 shows a gradual increase in the magnetic moment below 4K. Significant changes are
visible in the ETO-layers with 5 J cm−2 and higher. Here,the antiferromagnetic to ferromagnetic
transition is visible around 3.5K.
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Figure 7.9: Temperature dependence of the magnetic moment with varying laser energy fluences under FC
conditions for ETO-films grown at 830 °C.

7.4 In-plane orientation

The XRD data presented in the previous sections provide a good understanding of the out-of-plane
crystallographic growth of ETO on YSZ and the correlation between the strain and the laser fluence.
Unclear remains the in-plane orientation within the ETO film and also concerning the underlying
YSZ layer.
A ϕ-scan of the ETO (100)-reflection was measured to determine the in-plane orientation. This was
done by aligning the sample along with the ETO (111)-plane and subsequently tilting the sample
by 54.74° along the χ-axis into the ETO (100)-plane. The resulting ϕ-scan is shown in fig. 7.10. The
measurement shows a 12-fold symmetry around the (111)-axis with an equidistant peak distance of
Δϕ = 30°. The 12-fold symmetry indicates 4 in-plane orientations rotated by 30° respectively. The
enveloping curve on the peaks shows a slight oscillation, indicating a non-uniform distribution of
the ETO in-plane orientations.
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Figure 7.10: XRD ϕ-scan of the ETO (100)-reflection in fig. 7.8.

To measure the orientation of ETO-films concerning the YSZ layer, a pole figure of the ETO (200)-
reflection around ψ: 54.74°±20° was measured. The pole figure is shown in fig. 7.11. Marked are
12 ETO (200)-reflections and 4 Si (220)-reflections from the substrate. The ETO (200)-reflection
was chosen since the measurement was conducted with a monochromator and the (200)-reflection
possess a higher intensity than the (100)-reflection. The pole figure shows clearly the in fig. 7.10
observed 12 fold symmetry of the ETO layer and in addition 4 very sharp silicon substrate reflections,
originated from the Si (220)-planes. YSZ is known to grow with the YSZ (220)-direction along the Si
(220)-direction [180], therefore, the measurement shows that the analyzed ETO film aligns perfectly
along the silicon substrate, with no offset in the in-plane orientation, and therefore also with the
YSZ layer.
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Figure 7.11: XRD pole figure of an ETO layer grown on YSZ/Si ±15° around ψ: 54.74° with the detector set
on the ETO (200)-reflection angular. Marked are the 12 ETO (200)-reflections and the 4 Si (110)-reflections
from the substrate, showing the relative orientation between the substrate and the ETO film.
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With these measurements, the crystal orientation between ETO films and the YSZ buffer layer can be
fully described and summarized in a growth scheme shown in fig. 7.12 for an EuO-sublattice and the
YSZ surface. Fig. 7.12 combines the previously measured crystal orientations gathered from the pole
figure and the ϕ-scan with a minimization of the distances between the zirconium/yttrium atoms
and the europium atoms of 4 YSZ and 6 ETO unit cells. It is important to note that the covalent
bond between zirconium/yttrium and europium is just an assumption. But since a covalent bond
between, for example, oxygen from the EuO-layer and zirconium/yttrium would only lead to a
translation of the EuO-layer concerning the YSZ surface, it is a valid representation of the interface.
To clarify whether the ETO-unit cell is pointing in or out of the drawing layer, they are marked in
gray and white. Gray pointing into the layer and white out of the layer. All four orientations have an
equivalent lattice mismatch 0.(/−0�)$

0.(/
in both directions of 6.53% and −7.93%, marked in fig. 7.12,

which only applies for the unit cells where the lattice mismatch is marked in gray. All neighboring
unit cells increase the lattice mismatch with increasing distance from this initial ETO unit cell. This
is most likely the reason for the formation of grains in the ETO film.

30◦

⇔−7.93%

30◦

Y

Eu

30◦

30◦

m 6.53%

Figure 7.12: Scheme of the unit cell arrangement of the EuO-sublattice and the YSZ-surface. The lattice
mismatch is equivalent in all four arrangements. The gray shaded areas of the EuO-sublattice point into the
drawing layer, the white areas out of the plane.

7.4.1 EBSD analysis of the ETO surface

The AFM-images of ETO-films with an increasing film thickness (see. fig. 7.6) showed an increase in
the grain size with increasing film thickness. To further analyze the crystal structure of these grains,
the thickness series shown in fig. 7.6 was investigated in SEM combined with an EBSD-detector.
The SEM image, taken with the in-lens detector, is shown in fig. 7.13 for the sample with a 200 nm
thick ETO-film. The image shows a uniformly textured surface with a grain size of around 50 nm.
This is in good agreement with the AFM-scan in fig. 7.6 e). The image does not show the triangular
texture observed in the AFM images. This is because the SEM settings were optimized for the
EBSD measurement, hence a high acceleration voltage and a high beam current, which lowered the
resolution for the in-lens detector.
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200 nm

Figure 7.13: SEM image of a 200 nm thick ETO layer grown on YSZ/Si.

Fig. 7.14 shows the orientation mapping with the three Euler angles ϕx, ϕy and ϕz. The coordinate
system and the color-coding in form of an inverse pole figure are shown in the bottom right of fig.
7.14, additionally, the color values from the Euler mappings are marked in the color-coding. The
orientation mappings show that all detected crystal orientations have the same alignment along
with the out-of-plane axis (see ϕz). This is expected since the XRD-data also showed only an ETO
(111)-phase. The two other Euler angles ϕx and ϕy show, due to the cubic crystal symmetry, a similar
pattern, which is mainly a (101)-orientation. The area in the inverse pole figure, marked with ϕx, y,
shows an offset from the (101)-corner which is also expected since the (101)-axis is tilted by 54.74° in
respect to ϕx (see. fig. 7.7). The orientation mappings further confirm the (111)-growth of ETO on
YSZ with grains rotated in-plane. The exact distribution of grains and their orientation towards
each other can be calculated from the orientation mappings in fig. 7.14. With the software AZtec-
Crystal from Oxford Instruments a pole figure could be calculated, and the 12 peaks assigned to
the 4 different orientations. The resulting orientation map and the pole figure are shown in fig. 7.15,
whereby the pole figure also shows the color-code of the grains in the orientation map. The map on
the left is also overlayed with the band contrast for better visualization of the grains.

The orientation map in fig. 7.15 shows mainly areas with diameters of 100-200 nm with the same
orientation, which shows that the crystallographic orientation can remain the same between several
topologically separated grains. The pole figure and the orientation map show a slightly preferred
growth direction (green). Due to the small scan area, this result is most likely not representative for
the entire layer, although the oscillation of the enveloping curve in fig. 7.10 also suggests a slightly
preferred in-plane orientation of ETO. The available data do not permit final judgment on this
matter. Finally, two more samples with different ETO-film thicknesses were investigated with the
same method of determining the crystal orientation. The orientation mappings are shown in fig. 7.16
for a 50 nm-thick ETO-film in a) and a 100 nm-thick ETO-film in b). The measurements show the
same grain size dependency with the film thickness as already seen in the AFM images in fig. 7.6,
where the grain size increases with increasing ETO film thickness. This could indicate a columnar
growth of ETO on YSZ where the column diameter is increasing with increasing film thickness up
to a maximum of around 100-200 nm.
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Figure 7.14: Euler maps of the three angles ϕx, ϕy and ϕz. The maps show a surface with the (111) -crystal
orientation in out-of-plane direction (see. ϕz) and a in-plane rotated (101)-crystal orientation (see ϕx, ϕy).
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Figure 7.15: In-plane crystal orientation measured by the in-plane Euler angular ϕx and ϕy (see fig. 7.14). The
image is generated by overlaying the bandcontrast with the information about the crystal orientation from
both in-plane Euler angles. The color-code corresponds to the four orientations extracted from the pole
figure (see fig. 7.12).

7.5 RHEED analysis

Similar to the RHEED analysis for ETO grown on STO in section 6.3.2.2, the growth of ETO on YSZ
was monitored via RHEED. The different samples from the laser fluence and temperature sequence
showed no significant variations between them, which is why the RHEED discussion will be only
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200 nm

a)

200 nm

b)

Figure 7.16: In-plane crystal orientation measured by the in-plane Euler angular of the sample surface of a
50 nm a) and 100 nm b) thick layer of ETO grown on YSZ. The color-code corresponds to fig. 7.15.

done on one representative sample2 from this sequence. The lattice constant from the RHEED
patterns was calculated on the bases of the Si substrate, whereby the chosen area of the RHEED
pattern for the peak profile is always shown with a yellow box (see fig. 7.17). The RHEED diffraction
patterns for the Si substrate surface, the YSZ-surface, and two azimuth angles UA of the ETO-surface
are shown in fig. 7.17. The grid structure on all RHEED diffraction patterns is an artifact from the
CCD camera.
Fig. 7.17 a) shows the diffraction pattern of the Si substrate surface heated up to 830 °C.The diffraction
pattern shows elongated diffraction spots on the 0th order Laue circle caused by interference among
waves scattered from different atomic layers and various Kikuchi-lines, which demonstrates a very
smooth crystalline surface.
Fig. 7.17 b) shows the diffraction pattern of the YSZ surface at the end of the growth of a 100 nm thick
layer. The diffraction pattern shows elongated streaks with intensity modulations perpendicularly,
originating from a multilevel terraces surface. The diffraction pattern agrees with the small terraces
observed in the AFM image in fig. 7.2. From the comparison of the peak distances with the peak
distances in fig. 7.17 a), a d-spacing of 0.507 nm can be calculated which agrees with the YSZ lattice
constant of 0.522 nm, calculated from the XRD measurements (see section 7.1). The difference
between these two calculated lattice constants is mainly due to the lower precision of the graphical
method for the RHEED patterns.
Fig. 7.17 c)–e) shows the diffraction patterns of a 100 nm thick ETO-layer along two azimuth angles
UA = 0° and UA = 30°. UA = 0° refers to the angle between the incident beam and the YSZ (010)-axis.
For the two diffraction patterns with different azimuth angles, the sample was rotated along the
surface normal, which repeated every 30°. Fig. 7.17 d) and e) show the same diffraction pattern;
only the intensity profile is measured on another area. Both diffraction patterns show a point-like
(transmittance-like) intensity distribution, indicating that the growth mode turns into a three-
dimensional growth mode. This point-like pattern also remains the same until the deposition is
completed. Such point-like patterns indicate large islands, while the absence of streaks shows that
the large islands are not flat. The diffraction patterns originate from superpositions of various lattice
structures on the ETO surface, making it very difficult to assign the peaks to a specific ETO lattice
plane. For completeness, recurring peak distances were measured and the d-spacing was calculated,
which is summarized in tab. 7.2.

2The sample was grown at a substrate temperature of 830 °C and a laser fluence of 7 J cm−2.
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Figure 7.17: Images of RHEED diffraction patterns for a) Si, b) YSZ and c)–d) ETO with different azimuth
angles UA. The chosen area of the RHEED patterns for the peak profiles are shown with a yellow box. The
azimuth angles UA for a)–c) were the same, for d) and e) the sample was rotated by ΔUA = 30°.

7.6 TEM analysis of the ETO-film

For a more detailed investigation of the presumable columnar growth of ETO on YSZ, a TEM
analysis was conducted. The cross-sectional sample preparation for the STEM analysis was prepared
by cutting and gluing the sample face-to-face in a brass ring, followed by dimple-grinding and
Ar+-ion milling.
Fig. 7.18 shows a STEM image of the entire layer stack starting from the silicon substrate at the bottom
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image crystal
averaged
distance
(Pixels)

d-
spacing (nm)

a) Si 36.23 0.5431
b) YSZ 38.83 0.507
d) ETO 29.08 0.677

c)/e) ETO 49.90 0.394
Table 7.2: Average peak distance and the corresponding d-spacing calculated on the basis of the Si substrate
for all diffraction patterns in fig. 7.17.

and an EDX linescan, which was measured along the layer stack. The ETO layer on top shows vertical
lines, whichwill be discussed in detail in fig. 7.19.TheEDX linescan in fig. 7.18 shows a clear separation
between the different layers. Therefore, it is a reasonable assumption that no intermixing between
the different layers occurred. The stoichiometric Eu to Ti ratio can be calculated to 57.14/42.86.
This offset from the aimed 50/50 ratio was further confirmed by a SEM-EDX analysis of the fluence
sequence, which resulted in a stoichiometric Eu to Ti ratio of 54.22/45.78. This study was done with
all samples grown at 830 °C from fig. 7.4. The study showed a consisted error in the stoichiometry,
which therefore originates most likely from the target.
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Figure 7.18: STEM-image of the entire Si-YSZ-ETO layer stack with silicon at the bottom and ETO at the
top of the image. The orange line symbolizes the scan direction of the EDX scan shown on the right. Clearly
visible is the distinct separation between the different layers.

The vertical lines in the ETO film were further studied in a high-resolution STEM image, which
is shown in fig. 7.19. The image shows a 50 nm-thick ETO layer and a few unit cells of YSZ at the
bottom. The contrast in both layers originates from the difference in the atomic number. Therefore,
it represents the location of the Eu- in the upper, and Zr-atoms in the bottom layer. The sample
was oriented along with the Si (010)-axis. Due to the sample preparation process, and especially the
Ar+-ion milling, an amorphized layer on the ETO layer is formed, recognizable in the top part of
the image by a 10 nm thick granular layer. In the left part of the image, equidistant layers are visible
with a distance of 0.2282 nm, which corresponds to the (111)-lattice plane distance of ETO. On the
right side, two single crystalline grains are visible in which the corresponding crystal orientations
could be determined and are shown in the insets above. The TEM-analysis illustrates very clearly
the columnar growth and the in section 7.4 proposed orientation of the ETO film.
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Figure 7.19: STEM image of the ETO layer and a few unit cells of YSZ at the bottom. The insets show the
magnified rectangular areas and the corresponding crystal orientations with the overlayed unit cells of ETO
and crystal axes with miller indices.

7.7 Thermoelectric properties of ETO thin films on YSZ

Thermoelectric measurements were conducted on the temperature and laser fluence sequences,
which were described in detail in subsection 7.2.1. The measurements include the temperature-
dependent specific electrical resistivity between 220 K and 420K and the number of charge carriers
in this temperature range, as well as the temperature-dependent specific electrical resistivity be-
tween 300K and 700K and the corresponding Seebeck coefficient. The measurements in these two
temperature regimes were carried out in two different setups. The temperature range between 220 K
and 420K can be accessed by the HMS-setup (see 3.3.2) and the temperature range between 300K
and 700 K can be accessed by the HTS-setup (see 3.3.1). All presented measurements were conducted
in a vacuum to prevent oxidization, especially at elevated temperatures.
Discussed will be the laser fluence sequences for samples grown at 810 °C and 830 °C. The two
other sequences grown at 850 °C and 790 °C are shown in the appendix in C.6. They showed rather
inconsistent measurement results or couldn’t be measured due to the high electrical resistivity of the
ETO film. Measuring pins for all measurements were pressed onto a small dot of silver conducting
paste which was applied to the ETO surface to reduce the contact resistivity.

Fig. 7.20 shows the thermoelectric measurements of ETO layers grown with different laser fluences
at a fixed sample temperature of 810 °C. The measurements in the top left show the specific resistivity
between 220 K and 420 K. All measurements were done by cooling the sample to 223.15 K, heating it
to 423.15 K and subsequently cooling it down again to room temperature. The measurement curves
show the expected semiconducting behavior of an exponential decrease in the specific resistivity
with increasing temperature. A dependency of the absolute value of ρ with the laser fluence is
vaguely visible. Generally, a reduction of ρ with decreasing laser fluence is noticeable. Almost all
measurement curves reach the starting value of ρ after one measurement cycle. The two ETO films,
grown at 11 and 5 J cm−2, show a small hysteresis between 300K to 420K. Since all other curves
reach their starting value of ρ, an influence of the measurement setup is a plausible explanation for
this hysteresis.
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Figure 7.20: Thermoelectric measurements for ETO layers grown at 810 °C and different laser fluences. The
specific resistivity ρ and the charge carrier density < on the left were measured simultaneously, the same
applies to ρ and the Seebeck coefficient S on the right whereby datapoints marked with are measured
while the sample was heated up, datapoints with are measured while cooling down.

Thetemperature-dependent number of charge carriers is presented below this temperature-dependent
measurement of ρ. Due to the strong influence of the Schottky character of the measurement con-
tacts, reliable measurement of the number of charge carriers was very difficult. Therefore only
measurements with a reasonable error range are shown and discussed, whereby the small number
of measurement points allows only a limited discussion basis.
The measurements show that the dominant type of charge carriers are electrons with a density of
around 1 × 1019 cm−3. Since stoichiometric EuTiO3 is an isolator with a bandgap of 0.93 eV, no
conductivity would be expected in the investigated temperature range. As already discussed in the
previous chapter, the observed conductivity is due to a non-stoichiometrical oxygen content leading
to EuTiO3−δ [74]. Based on the number of charge carriers, the measured ETO film volume and the
contribution of 2 electrons per oxygen vacancy, it is possible to roughly estimate the stoichiometric
offset of the oxygen content to δ = 0.09 3.
Presented in the top right is the specific resistivity between 300 K and 700K and the corresponding
Seebeck coefficient S at the bottom right. Both ρ and S are measured simultaneously in one loop,
starting with a heating cycle at room temperature up to 700 K (marked with ) and a cooling cycle
down from 700K to room temperature (marked with ). The semiconducting characteristics of ρ
also remain in this temperature range. Exceptions show the layers grown with 3 J cm−2 and 7 J cm−2.
These layers show a much lower ρ and also a significant change in ρ(T) between 350 K and 500 K in
the cooling cycle. Since these layers show no other special feature in the previous measurements
(see 7.2.1), the observed feature is most likely a shortcut to the silicon substrate or similar electrical

3Thecontribution fromEu3+ to the conductivity is also not considered since it only plays aminor role in the conduction
mechanism [81].
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issues. The same behavior is visible for the layer grown with 9 J cm−2 and 790 °C (see. C.6).
The temperature-dependent Seebeck coefficient is negative over the whole temperature range, con-
firming <-type conductivity, which was also observed in the charge carrier density. It is important
to note that the measurement setup underestimates the Seebeck coefficient due to the vacuum
conditions and connected to it the lower heat conductivity between the heaters and the sample.
External Seebeck measurements showed values in the range of more than −500 µVK−1 for the
presented ETO layers4.
For all measurements, S(T) shows a pronounced peak around 500K to 550K, which could already
be observed in bulk EuTiO3−δ [17, 74]. In [17] the origin of the peak in the Seebeck coefficient is
attributed to the hybridization of the localized Eu 45 orbitals with the partially filled Ti 33 states. It
is further discussed that the destabilization of the local 45 moments throughout hybridization might
be caused by lattice instabilities. These instabilities could occur due to Eu atomic displacements,
which were already described by Bessas et al. [181].
A temperature-dependent diffraction analysis in the TEM around 500K to 550K, measured on the
sample described in section 7.6, did not show any signs of lattice instabilities within themeasurement
accuracy. A further contrary indication is the fact that the lattice instabilities in [181] occurred below
room temperature.
A more detailed discussion of the temperature-dependent specific resistivity and Seebeck coefficient
is given further below by discussing the ETO layer grown at 5 J cm−2 separately in fig. 7.22 and 7.23.

Fig. 7.21 shows the thermoelectric measurements for ETO grown at 830 °C and different laser
fluences. The specific resistivity ρ(T) between 500K and 550K shows similar absolute values of ρ;
the slope differs slightly from the exponential shape, seen in fig. 7.20. A noticeable difference is a
pronounced offset between the initial value of ρ and the end value of ρ. The offset appears only at
higher temperatures, indicating a variation in the oxygen stoichiometry. A measurement error is
unlikely since the measurement of ρ between 300 K and 700 K (fig. 7.21 top right) shows comparable
offsets between the heating and cooling cycles and is measured in a different setup. Apart from
the offsets, an increase of the temperature by 20K while growing ETO seems to have a negligible
influence on the temperature-dependent specific resistivity. A stronger influence is visible for the
Seebeck coefficient, which was reduced by almost a factor of 2 for all measurements. The growth
quality of the film could cause the deterioration of the Seebeck coefficient. The XRD-analysis in
subsection 7.2.1 showed for films grown at 830 °C an entirely (111)-oriented ETO layer, whereas for
films grown at 810 °C a mixed (101)/(111)-oriented ETO layer was measured. Gao et al. could already
show in [182] that the grain size of a thermoelectric material has a big effect on the Seebeck coefficient.
He demonstrated an increase in the Seebeck coefficient with decreasing grain size. Although the
AFM investigation in section 7.2.1 showed a negligible influence of the substrate temperature on the
topography analyzed by AFM, it can be argued that the mixed-orientation leads to a less pronounced
columnar growth. This would lead to a smaller grain size in the out-of-plane direction and, therefore,
a higher Seebeck coefficient.

4External measurements were performed by Fraunhofer IPM in Freiburg. Final measurements were not done before
the completion of this thesis and could therefore not be added.
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Figure 7.21: Thermoelectric measurements for ETO layers grown at 830 °C and different laser fluences. The
specific resistivity ρ and the charge carrier density < on the left were measured simultaneously, the same
applies to ρ and the Seebeck coefficient S on the right whereby datapoints marked with are measured
while the sample was heated up, datapoints with are measured while cooling down.

For a more detailed investigation of the temperature dependent thermoelectric properties, ρ(T)
and S(T) of an ETO layer grown at 5 J cm−2 and 810 °C was measured in 2 loops. The first loop was
measured between 300K and 500K and the second loop between 300K and 700K. Fig. 7.22 shows
the first loop between 300K and 500K and the corresponding Arrhenius plot on the right. The
measuring cycles are indicated with arrows in the respective colors. The specific resistivity shows
the exponential characteristics of ρ(T) and the almost linear S(T) growth. The absolute value of S(T)
is around 40 µVK−1 higher after one measuring cycle. To determine the activation energies Ea of
the charge carriers, ln(ρ) depending on the inverse temperature 1/T is shown in fig. 7.22 on the right.
The activation energies were calculated with the Arrhenius formula

ρ(T) = ρ0 exp
(

Ea

9�T

)
, (7.1)

by applying a linear fit in fig. 7.22. This method of using the linear part of the plot to extract the
activation energy implicitly assumes that Ea does not change much with temperature over the
considered range, which is a good assumption for ETO [81]. The Arrhenius plot on the right shows
that the exponent of ρ(T) does not change within the temperature range; only between the two
cycles the activation energies changes. This change in Ea is most likely caused by the formation of
oxygen vacancies. This leads to an increase in the number of charge carriers at higher temperatures
due to the reducing environment during the measurement. The activation energies lie in a range
around 100meV, which indicates that the observed mechanisms can be a thermally activated charge
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carrier hopping processes since it matches well with the reported activation energies required to
initiate charge carrier hopping in other metal oxides [81, 183].
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Figure 7.22: ρ(T) and S(T) for an ETO film grown at 810 °C and 5 J cm−2 between 300K and 500K on
the left and ln(ρ(T) ) depending on the inverse temperature 1/T on the right. The activation energies were
calculated by a linear fit according to eq. 7.1.

For the measurement of ρ(T) and S(T) between 300K and 700K, which is shown in fig. 7.23, the
temperature dependent power factor was additionally calculated according to

power factor =
S2

ρ
. (7.2)

The measuring cycle direction are indicated with arrows in the respective colors. ρ(T) shows a
similar behavior as seen in fig. 7.22. ρ decreases exponentially with increasing temperature, whereby
the absolute value of ρ is smaller after one measuring cycle. The temperature-dependent Seebeck
coefficient shows the expected maximum around 500K. Both cycles show a similar dependency
with the temperature; only the peak value differs by about 20 µVK−1 between both measurements.
The temperature-dependent power factor in fig. 7.22 shows the contribution of both S(T) and ρ(T)
according to eq. 7.2. The peak in the Seebeck coefficient leads to a local maximum around 525K
when the sample is being heated up. The global maximum is determined by the high conductivity
of the ETO layer at high temperatures. For the second part of the loop, the cool down cycle, the
increased Seebeck coefficient leads to a global maximum in the power factor.

Fig. 7.24 shows the corresponding Arrhenius plot for the measurement of ρ(T) in fig. 7.23. The com-
parison between fig. 7.23 and fig. 7.24 shows that both, the Seebeck coefficient as well as the electrical
conductivity, present a change in the slope between 500 K and 600 K. Sagarna et al. presented in [17]
an almost identical dependency of ln(ρ(1/T)) for sintered porous EuTiO3−δ. From the Arrhenius
plot also the band gap Eg can be calculated by Eg = 2·Ea. The activation energy, calculated between
550K and 700K, for the first cycle and respectively the band gap Eg= 0.88 eV corresponds with the
optical band gap of ETO reported by Lee et al. of 0.93 eV [184].
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In 2.4, the electrical conductivity in ETO was described by a total of five types of charge carrier
hopping mechanisms [81]:

I hopping between Eu2+ and Eu3+

I hopping between Ti3+ and Ti4+

I hopping associated with oxygen vacancies

• between Ti3+ and Ti4+ through first ionization of oxygen vacancies

• between Ti3+ and Ti4+ through second ionization of oxygen vacancies

• oxygen vacancy movement.

However, the activation energy of the latter mechanism is much higher and, therefore, only occurs in
a high-temperature regime.On this basis, the conductionmechanismbeing observed in fig. 7.24 could
be explained by a hopping transport between 300 K and 500 K with an activation energy of 0.118 eV,
followed by a conduction regime above 500K dominated by oxygen vacancies and also an increase
in their number. This increase of oxygen vacancies also leads to an increase in charge carriers and,
therefore, to a reduction of the activation energy in fig. 7.24 between the heating and cooling cycle
in the regime above 500 K. This assumption is also supported by the slope of the Seebeck coefficient
in fig. 7.23 which reaches a maximum between 500K and 550K. Since the Seebeck coefficient is
inversely proportional to the free charge carrier concentration (see 2.2), the Seebeck coefficient
also decreases in absolute terms when the increased number of oxygen vacancies generates more
charge carriers. However, this assumption remains a hypothesis without a temperature-dependent
measurement of the carrier density.

7.8 Summary

In this chapter, implementing an EuTiO3 thin film onto a silicon-based substrate could be shown
using a yttria-stabilized zirconia buffer layer. ETO showed growth in (111)-direction on (001)-oriented
silicon ((001)-oriented YSZ respectively). Contrary to the growth of ETO on STO (see chapter 6),
XRD-analyzes showed a homogeneously expanded unit cell in the grownETO layers.The strain in the
unit cell is strongly dependent on the laser fluence which was used to grow the particular layer with,
whereby a high laser fluence also leads to a higher strained unit cell, compared to a lower laser fluence.
A XRD pole figure was used to develop an in-plane growth scheme of ETO on YSZ, which grows in 4
different in-plane orientations. EBSD supported SEM and TEM measurements furthermore showed
that this in-plane growth leads to the formation of columnar crystal structures, which grow from
an initial diameter of around 20 nm to a maximum of around 200 nm. All investigated ETO films
showed n-type conductivity, dominated by hopping transport. The temperature-dependent Seebeck
coefficient showed a maximum around 550K, which corresponds to a change in the electrical
transport mechanism, most likely originating from the mobilization of oxygen vacancies.



8 Summary

The aim of this work was the implementation of the perovkite type EuTiO3 onto a silicon-based
substrate system. Furthermore, the aim was to investigate on epitaxially grown layers of EuTiO3,
which made it necessary to use pulsed laser ablation for the growth.
Therefore, this work started with the conception and construction of a fully automatized pulsed
laser deposition system. The system was specifically designed with the aim of growing high quality
oxide layers. A RHEED system is used to in-situ monitor the film growth. Throughout this work,
various features of this PLD system, like the complex laser optics, a movable and rotatable substrate
holder and the multiple target holder proved to be important tools for he growth of high-quality
epitaxial oxide films.
The special laser path, where an aperture is projected with a ratio of 5:1 onto the target, opened up the
possibility of investigating the laser-target interaction depending on different targets and different
laser fluences. A polycarbonate foil, acting as a benchmark test, showed the perfect alignment of the
laser and the imaging optics. The laser-target interaction was investigated on three different target
materials, SrTiO3, LaAlO3, and Y3Al5O12, which revealed fundamentally different topographies
resulting from the interaction of the UV laser with the various targets. The crucial factor for the
observed differences can be pinpointed on a thermal process comprising shockwave excitation and
the release of the thus built-up energy in the crystal. The release of this built-up energy was depen-
dent on the material in form of a cracked surface in the case of SrTiO3 and LaAlO3 and conchoidal
fractures in the case of the Y3Al5O12 target. The decomposition liberating volatile oxygen during
melting and recrystallization during the irradiation with the laser was shown to play a dominant
role in forming of a delaminated layer, especially for the SrTiO3 targets. Especially the cracking of
the surface and connected to it the fragments of the target are important results for the laser-target
interaction and the conception of PLD systems and the choice of the target material.

As a preliminary stage to the growth of EuTiO3 on a silicon-based substrate system, EuTiO3 was
grown on SrTiO3, a compound that is very crystallographically similar. A detailed growth analysis
was conducted concerning the two growth parameters: substrate temperature and laser fluence. The
effect of the substrate temperature on the growth resulted mainly in a variation of the crystallinity,
which was observed by a variation of the peak form in XRD measurements. Growing EuTiO3 with
different laser fluences lead to an uni-axial lattice parameter expansion in the out-of-plane direction.
The uni-axial nature of the growth was shown by comparing the out-of-plane sensible XRD data
with the in-plane sensible RHEED measurements and confirmed via a TEM analysis.
The TEM analysis also revealed that the formation of the funnel-like structures originates at the
SrTiO3-EuTiO3 interface. EDX mappings showed that these funnel-like structures are hollow, which
suggests they were created by continuous outgassing of oxygen from the SrTiO3 substrate during
the growth, driven by the high substrate temperature and the low background pressure. Therefore,
this could be a further effect attributed to the rich oxygen dynamics of SrTiO3.
The thermoelectrical properties of the grown EuTiO3 thin films were subsequently analyzed. They
showed a semiconducting behavior for the temperature-dependent resistivity for strained and
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almost unstrained EuTiO3 thin films grown on SrTiO3. However, the measurements showed a sig-
nificant influence of the SrTiO3 substrate on the electrical measurements as the substrates are highly
susceptible to oxygen vacancies at low pressure and high temperatures. Nevertheless, a tendency
of a more significant influence of the EuTiO3 layer on the conduction mechanism for higher laser
fluences was visible.

Finally, for the implementation of EuTiO3 onto a silicon based substrate system, yttria-stabilized
zirconia was used as a insulating buffer layer between the conductive silicon substrate and the
EuTiO3 thin film. With this substrate system, implementing an EuTiO3 thin film onto a silicon-based
substrate could be shown. EuTiO3 showed an epitaxial growth in (111)-direction on (001)-orientated
silicon ((001)-orientated YSZ, respectively). In contrast to the epitaxial growth of EuTiO3 on SrTiO3
in the previous investigations, XRD-analyses showed a homogeneously expanded unit cell. Anal-
ogously to the growth of EuTiO3 on SrTiO3, the strain in the EuTiO3 thin films showed a linear
dependency on the laser fluence.
For detailed investigations of the epitaxial growth orientation, a XRD pole figure was used to develop
an in-plane growth scheme of EuTiO3 on YSZ, which showed 4 different in-plane orientations.
Furthermore, EBSD-supported SEM and TEM measurements showed that this in-plane growth
leads to the formation of columnar crystalline structures, which grow from an initial diameter of
around 20 nm to a maximum of around 200 nm.
Finally, with the insulating yttria-stabilized zirconia buffer layer between the silicon substrate and
the EuTiO−3 thin film, measurements of the thermoelectrical properties of the EuTiO−3 thin film
were possible. All investigated EuTiO−3thin films showed n-type electrical conductivity, most likely
dominated by a hopping transport between 300K and 500K with an activation energy of 0.118 eV,
followed by a conduction regime above 500K, dominated by oxygen vacancies. The thermoelec-
tric measurements also pointed towards an increase in the number of oxygen vacancies during
measurement above 500 K. The temperature-dependent Seebeck coefficient was negative along the
entire measured temperature range and showed a maximum around 550K which corresponded
to the observed change in the electrical transport mechanism, most likely originating from the
mobilization of oxygen vacancies.

8.1 Outlook

Literature shows that the investigations of the thermoelectic properties of EuTi3 have mainly been
done on polycrystalline samples and epitaxial thin films on SrTiO3 or LaAlO3 [89, 163, 176, 185]. With
this work, a new substrate system ca be added to this list.

The growth of EuTiO3 thin films on YSZ enables the electrical measurement of various effects, which
had already been observed on bulk material, polycrystalline thin films, or epitaxial thin films on
SrTiO3. The most prominent effects are the thermoelectric effect which was also investigated in this
thesis. The high Seebeck coefficient of EuTiO3 could be exploited for the construction of a high-
temperature oxide thin film-based thermoelectric generator together with the p-type Ca3Co4O9,
which had already been proven to grow on YSZ [186] epitaxially. With additional substitution of Eu
with alkaline-earth metal cations (Mg2+, Ca2+, Sr2+, Ba2+), the thermoelectric properties of EuTiO3,
and therefore the efficiency of the thermoelecric generator, can be further enhanced according to
[18]. The strong correlation between the laser fluence during the growth of epitaxial EuTiO3 thin
films and the strain of these films offers the opportunity to conduct strain-dependent measurements
of the magnetocaloric effect, which had already been shown to have a strong dependence on the
strain and reduced dimensionality in EuTiO3 [187]. Moreover, since EuTiO3 has a small direct band
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gap of 0.93 eV, which is close to the ideal value of around 1.115 eV to 1.135 eV[188] for solar cells,
EuTiO3 is a strong candidate for the use in multiferroic photovoltaic solar cells [189]. Especially, since
it had already been shown that strain in EuTiO3 films, which was shown in this thesis that it can be
precisely be tuned, affects the bandgap [190]. It could even be possible to fabricate an EuTiO3thin
film with a gradual bandgap change throughout the film with a continuous variation of the laser
fluence during the growth.

In conclusion, it can be stated that the presented substrate system consisting of silicon with a yttria-
stabilized zirconia buffer layer offers a starting point for a variety of research on the perovskite
EuTiO3. The sensitivity of the material to the growth parameters with effects on the stain in the
material or the columnar growth further offers ways to tune the material according to the required
needs.
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C Appendix

C.1 Target holder for 10x 10mm2 targets

The target holder used in chapter 5 is shown in fig. C.1. A 10 x 10mm2 target can be mounted face-down into the
3D printed cylindrical adapter. The target surface’s position is independent of its thickness since the support
point is on the surface of the target. 5.1

mounting plate connected to
the rotation mechanics

x

z

y

10 x 10 mm2 target

3D printed target holder

target mounting cap

Figure C.1: CAD image of the target adapter used for the laser spots in chapter 5.

C.2 Depth profiles for (110) and (111) orientated SrTiO3

Fig. C.2 and fig. C.3 show the depth profiles of the craters on the (110)- and (111)-orientated samples, measured
with a profilometer. These scans show no particular variation from the craters from the (100)-orientated samples
shown in fig. 5.4. It can be concluded that the orientation of the samples does not influence the depth of the
crater.

111
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Figure C.2: Depth profiles along the two directions of the laser craters on the (110)-oriented STO target. Each crater was
produced by 30 pulses with the respectively marked laser fluence.
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Figure C.3: Depth profiles along the two directions of the laser craters on the (111)-oriented STO target. Each crater was
produced by 30 pulses with the respectively marked laser fluence.

C.3 AFM

Fig. C.4 presents a matrix of AFM-scans from all 6 laser fluences and all 3 target orientations. The STO craters
are discussed in subsection 5.3.1. They show only a dependency of the crack density with the target orientation. A
dependency with the laser fluence is not visible. Analogously, fig. C.5 presents a matrix of AFM-scans from LAO
and YAG depending on the laser fluence, which is discussed in subsection 5.4.1. The AFM-scans for LAO show
no dependency of the topography on the laser fluence. For YAG, an increased number of elongated structures,
reminiscent of molten material splashes, are detectable.
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Figure C.4: AFM-scans from all 6 laser fluences of all 3 target orientations of STO. The scans were conducted in the
center of each crater.
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Figure C.5: AFM-scans from all 6 laser fluences of the LAO and YAG target. The scans were conducted in the center of
each crater.
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C.4 STO-sample preparation procedure

In the following, the sample preparation for all STO substrates which were used in this thesis is described step
by step. The preparation procedure was mentioned in subsection 6.1.

Step (a): Sample cleaning
This step can, depending on the level of contamination on the sample, be optional. Normal contaminations can
usually be cleaned by a soft cloth (the fibers of kimwipes are generally too stiff and lead to scratches) soaked in
deionized water gently rubbing on the substrate surface. For non-hydrophilic contaminations a second step
with a cloth soaked in isopropanol is recommended.

Step (b): Sr(OH)2 formation
For the hydratation of the SrO terminated surface it is sufficient to simply place the sample for 60min in
deionized water at room-temperature.

Step (c): Etching
The etching process is achieved by soaking the sample in a highly concentration aqua regia solution. The aqua
regia solution is prepared by mixing

I 3mL 32M HCL

I 1mL 65M HNO3

It is crucial to let the solution rest upon mixing for at least an hour. The perfect etching time proofed to be
12min.

Step (d): Annealing
The last step is the annealing step which is done in a tube furnace at 950 °C under oxygen atmosphere for 3 h.

C.5 Silicon wafer

All silicon wafers used in this thesis are purchased by SIEGERT WAFER. The specifications are summarized in
table C.1.

Specification Value
Diameter 100±0.3mm
Material Silicon
Growth: CZ
Grade: Prime
Type/Dopant: N/Ph
Orientation: <100> ±0.5°
Resistivity: 1-5Ω cm
Thickness: 525±20 µm
Surface Finish Single Sided Polished
Flats: 2, SEMI-Std.
TTV: <5 µm
Bow: <30 µm
Warp: <30 µm
Particles ≥0.3 µm: 10

Table C.1: Silicon Wafer specifications used in this thesis. Data provided by SIEGERT WAFER.
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C.6 Thermoelectric properties of ETO

Fig. C.6 and fig. C.7 present the thermoelectric measurements for the samples, grown at 790 °C and 850 °C, which
are discussed in section 7.7.
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Figure C.6:Thermoelectric measurements for an ETO layer grown at 790 °C and different laser fluences. The specific
resistivity ρ and the charge carrier density < on the left were measured simultaneously, the same applies to ρ and the
Seebeck coefficient S on the right whereby datapoints marked with are measure while the sample was heated up,
datapoints with are measured while cooling down.
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Figure C.7:Thermoelectric measurements for an ETO layer grown at 850 °C and different laser fluences. The specific
resistivity ρ and the charge carrier density < on the left were measured simultaneously, the same applies to ρ and the
Seebeck coefficient S on the right whereby datapoints marked with are measure while the sample was heated up,
datapoints with are measured while cooling down.
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