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Zusammenfassung 

In dieser Arbeit wird der Einfluss von biaxialer Verspannung auf die elektronischen Eigenschaften 

epitaktisch gewachsener Oxydschichten am Beispiel von zwei Perowskitsystemen, (BaxSr1-x)TiO3 

und (KxNa1-x)NbO3, analysiert und diskutiert. Wir zeigen, dass die Phasenübergangstemperatur 

der oxydischen Schichten mittels der oberflächenorientierten biaxialen Spannung eingestellt 

werden kann. Kompessive Verspannung führt hierbei zu einer Reduktion der Übergang-

stemperatur, während Zugspannung zu einer Erhöhung der Übergangstemperatur führt. Mit der 

Veränderung der Übergangstemperaturen lassen sich dann die elektronischen Eigenschaften (u.a. 

Dielektrizität, Piezoelektrizität und sogar Leitfähigkeit) der Schichten gezielt modifizieren. 

Mögliche Anwendungen dieses ‚Engineerings‘ der elektronischen Schichteigenschaften werden 

in der Arbeit demonstriert. 

    Verspannungen von bis zu ±1.7% werden in den Perowskitschichten mit Hilfe der Gitterfehl-

anpassung zwischen dem Film und dem Substrat generiert. (BaxSr1-x)TiO3 (x = 0, 0.125, 0.37, 1) 

und K0.7Na0.3NbO3 Schichten mit einer Dicke von 5 nm bis 200 nm werden hierzu auf unter-

schiedlichen Scandaten ((110) orientiertes DyScO3, TbScO3, GdScO3, and SmScO3) mittels 

Laserdeposition bzw. metallorganischer chemischer Dampfphasendeposition epitaktisch 

abgeschieden. Für die Charakterisierung werden metallische Elektroden (Pt oder Ti/Pt) auf der 

Schichte mittels Elektrodenstrahllithographie und Lift-off-Technologie angebracht. Die 

strukturellen Eigenschaften der verspannten Schichten werden dann eingehend mittels Röntgen-

diffraktometrie, Rutherford-Rückstreuung, time-of-flight Sekundärionenmassenspektroskopie 

und Rasterelektronenmikroskopie analysiert. Kryoelektronische Messungen im Temperatur-

bereich von 5 bis 500K zeigen dann die elektronischen Eigenschaften der Schichten. 

   Die Hauptresultate dieser Arbeit sind: 

(i) Sowohl kompressive Spannung als auch Zugspannung führt zu einer spannungs- und 

materialabhängigen Verschiebung der Übergangstemperatur von bis zu einigen 100 K. 

So bewirken z.B. 1.2 % Zugspannung eine Erhöhung der Übergangstemperatur von 

~300 K in SrTiO3, während schon -0.6 % kompressive Spannung eine Reduktion der 

Übergangstemperatur von ~300 K in K0.7Na0.3NbO3 bewirken. 

(ii) Die dielektrische Konstante kann durch die Modifizierung der Übergangstemperature 

gezielt verändert werden. So kann sie z.B. für SrTiO3 bei Raumtemperatur von ca. 300 

(unverspanntes SrTiO3) auf ca. 8000 erhöht werden, indem die Übergangstemperatur 

auf Raumtemperatur angehoben wird.  

(iii) Die piezoelektrischen Eigenschaften der Oxydschichten lassen sich ebenfalls mittels 

Verspannung verändern. Dies zeigt sich z.B. an Oberflächenwellen, die in verspannten 

extrem dünnen (z.B. 27 nm) K0.7Na0.3NbO3 Filmen beobachtet werden. Die 

Signalstärke der Oberflächenwellen korreliert ebenfalls mit der Übergangstemperatur 

und kann potentiell für extrem empfindliche Sensorsysteme verwandt werden. 
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(iv) Schließlich wird auch die Leitfähigkeit von verspannten SrTiO3 Schichten durch die 

Erhöhung der Mobilität der Elektronen und auch Sauerstofffehlstellen stark erhöht. 

Unter Verwendung geeigneter Elektrodendesigns, die das elektrische Feld und dadurch 

die Temperaturverteilung in der Oxydschichte beeinflussen, kann hiermit ein 

Memristorverhalten und sogar eine Plastizität des Widerstandsverhaltens eingestellt 

werden. Beides kann z.B. für Anwendungen von der Simulation biologischer Synapsen 

bis hin zu neuromorphem ‘Engineering’ eingesetzt werden. 
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Abstract 

In this work the impact of biaxial strain on the electronic properties of epitaxial grown oxide thin 

films is analyzed and discussed using two perovskite systems, (BaxSr1-x)TiO3 and (KxNa1-x)NbO3. 

We show that the phase transition temperature of the oxide films can be tuned via in-plane biaxial 

strain. Compressive strain leads to a reduction of the transition temperature, tensile strain increases 

the transition temperature. As a result, the electronic properties (i.e. dielectric constant, piezo-

electric effect, and even conductivity) are modified. Possible applications of this “engineering” of 

the electronic properties of oxide films are demonstrated. 

    Strain of ±1.7% in perovskites thin films is generated by the mismatch of the lattice parameters 

of film and substrate. (BaxSr1-x)TiO3 (x = 0, 0.125, 0.37, 1) and K0.7Na0.3NbO3 films with a 

thickness ranging between 5 nm and 200 nm are deposited on various scandites ((110) oriented 

DyScO3, TbScO3, GdScO3, and SmScO3) using either pulse laser deposition or metal-organic 

chemical vapor deposition. For the characterization metallic electrodes (Pt or Ti/Pt) are prepared 

on the oxide film using e-beam lithography and lift-off technology. The structural properties of 

the biaxial strained thin films are carefully examined via X-ray diffraction, Rutherford 

backscattering spectrometry, time-of-flight secondary ion mass spectroscopy, and scanning 

electron microscopy. Cryoelectronic measurements are used to analyze the electronic properties 

in a temperature range of 5 K to 500 K. 

    The major results are: 

(i) In oxide ferroelectric thin films, both compressive and tensile biaxial strain result in a 

material and strain dependent shift of the phase transition temperature of up to several 

100 K. For instance, 1.2 % tensile strain shifts the transition temperature by ~300 K in 

SrTiO3 while -0.6 % compressive stress leads to a reduction of the phase transition 

temperature by ~300 K in K0.7Na0.3NbO3. 

(ii) The dielectric constant can be modified at a desired temperature (typically room 

temperature) via the shift of the phase transition towards this temperature. For instance 

in case of SrTiO3 the permittivity is enhanced from ~300 (unstrained bulk SrTiO3) to 

~8000 by moving the phase transition temperature to room temperature.  

(iii) The piezoelectric properties of the oxide films are also tailored via strain. As a result 

surface acoustic waves can be generated in strained thin (e.g. 27 nm) K0.7Na0.3NbO3 

films. The strength of the surface acoustic wave signal correlates to the phase transition 

of the films and might be used for extremely sensitive sensor systems. 

(iv) Finally, the conductivity of strained SrTiO3 films is enhanced due to the increased 

mobility of electrons and oxygen vacancies. Using an adequate electrode design which 

affects the electric field and thus temperature distribution in the film, memristor 

behavior and even a plasiticity of the resistive behavior can be obtained. The latter can 
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be used for applications ranging from the simulation of a biological synapsis to neuro-

morphic engineering. 
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1. Introduction 

 

    The development of modern electronic devices has revolutionized our quality and way of life 

over the past decades. One of the most basic but nevertheless most important devices in the 

information technology is the field-effect transistor. Shockley, Bardeen, and Brattain demonstrated 

the transistor in 1947 and later in 1956 they shared the Nobel Prize in Physics. At that time, a 

typical size of the transistor was several cm. Thanks to the development of the thin film 

technologies (e.g. deposition and lithography) the size of the electronic device has been reduced 

and its performance has been improved quit a lot. For instance, nowadays they work faster (from 

100 kHz in the first electronic general purpose computer ENIAC to several GHz of the modern 

computer), the size becomes smaller (a single transistor is reduced to few nm size[1] nowadays), 

and integration into complex electronics is possible. Nevertheless, for further improvement of the 

devices, the improvement (engineering) of the different components of the device is necessary.  

 

Figure 1-1: Sketch of the intention of this work. Thin oxide films (ABO3 perovskite structure) grow 

epitaxially and are biaxial strained on lattice-mismatched substrates (ABO3 perovskite structure with a 

different lattice constant compared to the film). As a result of the strain varies properties of the film, ranging 

from the ferroelectric, piezoelectric to conductive properties are changed (engineered). This engineering 

of the film properties is studied in this work.  

 

    Metal oxides represent one widely used family of materials to product advanced electronic 

devices. In order to further miniaturization of microelectronic components, metal oxides with high 

dielectric constant (high k) are necessary for instance for the gate dielectric or another dielectric 
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layers of electronic devices.[2] For instance, HfO2 with a dielectric constant of 25[3] is used as a 

gate dielectric in modern transistors. Nevertheless, there are other candidates with even higher 

dielectric constant. For example, TiO2 provides the dielectric constant of approx. 80,[4] and SrTiO3 

has a dielectric constant of approximately 300 at room temperature.[5] However, besides looking 

for alternative materials, there are also other ways to improve the performance of existing material. 

For example SrTiO3 has a much higher dielectric constant of ~25000 at its transition temperature. 

Unfortunately this transition temperature is close to 0 K.[6] Since the phase transition is generally 

strongly related to the structural properties of the material, it would be interesting to modify the 

material’s structure to engineer its electronic properties. This is the major purpose of this work 

(see Figure 1-1).  

The growth of strained oxide layers has evolved from predominantly curiosity driven basic 

research to a major technology in the field of semiconductor devices.[7, 8] The coupling between 

strain and polarization is pronounced especially in ferroelectric materials. In particular, thin film 

ternary (e.g. titanate or niobate) oxide ferroelectrics show profound features, e.g. giant permi-

ttivity, large piezoelectricity, or tunability, in the range of the phase transition temperature from 

the ferroelectric to the dielectric state. It has been long demonstrated that for single crystals the 

piezoelectric and dielectric properties can be strongly modified by the application of hydrostatic 

pressure.[9, 10] However, one of the great disadvantages lies in the restriction of the pressure (e.g. 

technically only small pressure can be applied and cracks appear typically already at a strain level 

of ~0.2 % [11] for bulk ceramics. Thanks to the development of the thin film technology, the 

application of ferroelectric is not restricted to bulk ceramics. For thin films, due to the clamping 

of the film to a substrate (see Figure 1-1) large strain can be applied and cracking occurs at much 

larger strain levels. Nowadays more and more ferroelectric films can be produced with a good 

quality by various preparation techniques. The strain has been used to enhance the charge mobility 

of semiconductors in thin film transistors.[12] The transition temperature to ferromagnetism [13] 

and superconductivity [14] may also be altered due to the strain in the film. In the case of 

ferroelectric materials, the onset of polarization is accompanied by a spontaneous strain of the 

material. Consequently, an applied strain can affect the ferroelectric properties, e.g. the stability of 

the ferroelectric phase, the transition temperature, and the electronic and electromechanical 

properties. In accordance with thermodynamic prediction [15] the ferroelectric transition 

temperature can be shifted by hundreds of degrees in strained ferroelectrics. 

For heteroepitaxially grown thin films, mechanical stress is naturally induced by the underlying 

substrate. The stress is caused by the lattice mismatch and the difference in thermal expansion 

coefficients between substrate and film. Even more interesting thing is the combination of 

substrates and films with different crystallographic symmetries. In this case, the structural 

mismatch will be different in different crystallographic directions. As a result, not only the 
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structural but also the electromechanical properties of the layer might be different in different 

crystallographic directions. 

    Emboldened by the success of theory and experiment, the strain may tune other properties more 

than  

(i) the transition temperature and, thus, dielectric properties of ferroelectrics. 

(ii) For instance, all ferroelectrics are piezoelectrics. In piezoelectric material, the coupling 

between mechanical and electrical energy results in an electric polarization when stress 

is applied. The piezoelectric effect is largest close to the phase transition.[16] Thus it 

is of interest to analyze the impact of strain on the piezoelectric properties.  

(iii) Strain might also affect the electric conductivity of materials. This provides an option 

to improve the performance of memristive devices. 

    In this thesis, we try to tackle and discuss all these questions: 

(i) Many electric properties of oxide materials alter at the phase transition. Therefore, can 

we tailor the phase transition to the desirable temperature via strain? Do both types of 

strain (tensile and compressive) affect the phase transition?  

(ii) What kinds of electric properties can be affected by strain in oxide ferroelectrics and 

how can we characterize the impact of strain on the electric properties of these films? 

(iii) Are these altered properties applicable and do they improve the performance of electric 

devices?  

    To answer these questions, we first review the theoretical background on oxide ferroelectric 

materials in chapter 2. The sample preparation and characterization techniques (especially the 

lithography and temperature management of thin films) are introduced in chapter 3. The engineer-

ing of the phase transition, piezoelectric effects (in the form of surface acoustic wave (SAW) 

experiments), and electric conductance (e.g. memristive behavior) are presented in chapter 4, 5, 

and 6, respectively. In the end, the conclusions are summarized in chapter 7. 
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2. Theoretical background 
 

    In this chapter, first the structural properties of perovskites, including (Ba,Sr)TiO3 and 

(K,Na)NbO3, are shown (see chapter 2.1), the polarization of ferroelectrics is discussed (see 

chapter 2.2), and the phase transition from ferroelectric to paraelectric in solid state is introduced 

in terms of the Landau theory (see chapter 2.3). Then for the engineering of the phase transition, 

two possible methods, doping and strain, are introduced (see chapter 2.4). The basics of the 

piezoelectric effect and its potential application in SAW devices are discussed in chapter 2.5 and, 

finally, the electron transport and ion transport (especially oxygen vacancies), in metal oxides are 

introduced in chapter 2.6. 

 

2.1 Perovskites 

    In this work, the films and most of substrates are perovskites with the general chemical formula 

ABO3. The A-site represents one or two types of cations and B-site is another type of cation with 

smaller size (see Figure 2-1). The B-site is surrounded by six oxygens, forming a BO6 octahedron. 

A large number of perovskite-type oxides with various properties can be obtained by substituting 

A and B cations. The simplest ABO3 structure is cubic, such as SrTiO3 at room temperature. 

 

Figure 2-1: (a) Cubic unit cell of SrTiO3 belonging to the space group Pm-3m, and (b) orthorhombic unit 

cell structure of DyScO3. In the case of DyScO3 which is used as a substrate in this work, the (110) plane 

and [001], and [11̅0] directions are marked, because all scandate substrates used in this work have a 

(110) cut. (note the size of unit cell is not to scale) 

 

2.1.1 (BaxSr1-x)TiO3 

    Strontium titanate (SrTiO3) is a promising dielectric material for device applications including 

capacitors and gate dielectrics. As shown in Figure 2-1, the O2- is face centered in the unit cell and 

Sr2+ is located at the corners (A-site) of the unit cell. The center of the unit (B-site) is occupied by 

Ti4+. The stoichiometric SrTiO3 is an insulator with a band gap of 3.2 eV at 0 V.[17] Normally 

SrTiO3 single crystals are transparent. However, in the non-stoichiometric material the color can 
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turn to brown. This change of the transparency is due to the free carriers that are induced by dopants 

and/or oxygen vacancies.[18]  

    The real part of the dielectric constant (permittivity) of SrTiO3 (𝜀 = 300 at 300 K) is higher than 

for most other common ceramic and polymer materials.[3] Thus it represents a potential candidate 

for so-called high-k applications like dielectric layers in transistors. Below room temperature its 

permittivity is even larger, it reaches values up to 25000 at liquid He temperature (4.2 K), see 

Figure 2-2. For a number of applications a high permittivity is desirable. 

 

Figure 2-2: dielectric response of SrTiO3 single crystal as a function of temperature from 0 K to 30 K  under 

various d.c. electric field.[6] 

 

    An enhancement of the permittivity at a given temperature (e.g. room temperature) can be 

achieved via doping or by applying strain in the material. One of the major aims of this work is to 

engineer the dielectric properties of the perovskites via doping and strain.  

By substituting Sr by Ba in BaxSr1-xTiO3, a structural change from cubic to tetragonal (P4mm) 

structure can be obtained at room temperature. The Curie-Weiss temperature depends on x in 

BaxSr1-xTiO3 and can be fitted with a simple polynomial (see Figure 2-3(a)). The cubic to tetragonal 

ferroelectric phase transition, which is of first order in pure BaTiO3, transforms to a second-order 

phase transition at x ≈0.2.[19] Later Vendik et. al presented the polynomial fit of this de-

pendence.[20] In our work we used a linear and a polynomial dependence to describe the x-
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dependence of TC. The results are discussed in chapter 4.2 and these values show only a small 

deviation from the theoretical predictions.  

 

Figure 2-3: Temperature dependence of dielectric constant at frequency of 1 kHz in (BaxSr1-x)TiO3 

ceramics. (adapted from (a) ref.[19], when x>0.2 the transition is from high temperature cubic phase (point 

group m3m) to tetragonal (point group 4mm), orthorhombic (mm2) and trigonal phase (3m), and (b) 

ref.[20]) 

 

2.1.2 (KxNa1-x)NbO3 

    Sodium potassium niobate ((KxNa1-x)NbO3) represents a more complex type of ABO3 

perovskite with K and/or Na as A-site and Nb as B-site. One of the interesting properties of this 

material is its large electromechanical coupling factor expressed by its piezoelectricity.[21] This 

provides the possibility to also tune the piezoelectric properties via doping and strain. The lattice 

parameters of KxNa1-xNbO3 single crystal are given in the Figure 2-4. 
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Figure 2-4: The pseudocubic lattice parameters of bulk KxNa1-xNbO3 as a function of x (x=0: ref.[22], 

x=0.25 and 0.75: ref.[23], x=0.5: ref.[24], x=1: ref.[25, 26]).  

 

    In order to estimate the lattice mismatch of film and substrate, we describe (KxNa1-x)NbO3 via 

pseudocubic lattice parameters. In this notation, the orthorhombic unit cell with 𝑎 ≠ 𝑏 ≠ 𝑐 and 

𝛼 = 𝛽 = 𝛾 = 90° can be represented by a tilted pseudocubic unit cell.[27, 28] The resulting 

perovskite type ABO3 subcell for KNbO3 at room temperature is shown in Figure 2-5. In case of 

(KxNa1-x)NbO3 some of the K atoms are substituted by Na atoms. 

 

Figure 2-5: Illustration of the perovskite type KNbO3 subcell using a pseudocubic lattice. 

 

     Figure 2-6 provides the phase diagram of (KxNa1-x)NbO3.[29] For potassium concentrations x 

< 50% the material shows a large number of phase transitions. Above 50% potassium, these is in 

principle only one important transition, which could affect the ferroelectric properties of this 

material, i.e. the transition from the cubic (at high temperature) to the tetragonal (at low 
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temperature) state. This is the reason, why we chose a concentration of 70% potassium for our 

samples (see chapter 5). The transition temperature from the cubic to the tetragonal state is at about 

693 K (420 °C) for K0.7Na0.3NbO3.  

 

Figure 2-6: Phase diagram of KxNa1-xNbO3. In each phase the tilt system is indicated according to the 

scheme of Glazer (1972)[30]. Vertical arrows indicate one-corner displacements and inclined arrows two-

corner displacements of the cations. The phase X is the paraelectric state, while others, K, L, J, and F are 

ferroelectric states with different polarization states. (adapted from ref.[29])  

 

    Generally, any deformation of the perovskite structure results in (i) a change of lattice para-

meters and/or (ii) a slightly shift of the atomic positions of some or all atoms, e.g. a tilt of the BO6 

octahedron. As a consequence, the B-site cation is often off-centered in order to attain a stable 

bonding situation. The resulting dipole is responsible for the ferroelectricity shown in most 

perovskites. 

 

2.2 Ferroelectricity 

A ferroelectric material is characterized by a spontaneous and switchable polarization, i.e. 

spontaneous dipoles that can be switched in an applied electric field. A dipole moment 𝝁 is 

generated by two particles of charge 𝑞 that are separated by a distance of 𝒓: 

𝝁 = 𝑞 ∙ 𝒓 (2-1) 

In order to possess the spontaneous dipole moment, the centers of the positive and negative 

charges may not coincide in a ferroelectric. Therefore the ferroelectric cannot be centrosymmetric 

(e.g. cubic structure). A macroscopic polarization is typically formed by the spontaneous local 

dipole moments. The polarization is defined as the total dipole moment per unit volume (𝑉): 
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𝑷 =
∑𝝁

𝑉
 

(2-2) 

Depending on the crystal structural, materials can be polarized along different possible axes. A 

region with an identical orientation of the polarization is called a ferroelectric domain. In a 

ferroelectric sample, domains with different orientations can coexist. The domain orientation can 

be switched from one state to another state under an external electric field.  

 

Figure 2-7: Typical P-E hysteresis loop. The sketches show the macroscopic state of polarization under an 

external electric field. 

 

Experimentally, the ability to switch the polarization can be observed by a measurement of the 

polarization as a function of the applied electric field. The result is a P-E ferroelectric hysteresis 

loop (see Figure 2-7). Starting at the virgin state when P = 0 and E = 0 and increasing the external 

electric field, the polarization gradually increases towards a saturation state “a”, where all domains 

coherently orient along the electric field. The extrapolation of the polarization in this state to zero 

field defines the spontaneous polarization Ps. When the field is decreased to zero, the polarization 

decreases but does not return to zero. At E = 0 it reaches the remanent polarization +Pr. When the 

field is reversed to the opposite direction, the macroscopic polarization switches at the so-called 

coercive field –Ec. A further decrease leads to a saturation of the polarization and if the field is 

reversed it behavers similar as described for decreasing electric fields. P-E loops represent typical 

means to analyze the properties of ferroelectric materials. 
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2.3 Ferroelectric phase transition 

    One of the major parameters for the engineering of the ferroelectric properties is given by the 

variation of the ferroelectric phase transition, which is a structural phase transition in the ferro-

electric material. This transition occurs at a certain characteristic temperature, the transition 

temperature. Typically above the transition temperature a higher symmetry (e.g. cubic) is observed 

which form is associated with the paraelectric (dielectric) state, whereas the noncentro symmetric 

(e.g. tetragonal) below the transition temperature usually shows a ferroelectric behavior in the 

perovskite oxides. 

 

Figure 2-8: Sketch of the crystal structure of BaTiO3 (a) below and (b) above the phase transition 

temperature.  

 

    Figure 2-8 shows an example, the unit cell of BaTiO3 for the two phases. Above 393 K BaTiO3 

possesses a cubic unit cell with the Ti4+ atoms at the body center. It undergoes a displacive 

structural phase transition to tetragonal structure at 393 K and Ti4+ moves a small amount along 

the z axis, while the O2- moves a bit in the opposite direction. This displacements of the atoms 

break the cubic symmetry and the center of mass of the positive charges (Ba2+, Ti4+) does not 

coincide with the center of mass of the negative charges (O2-). As a result, a spontaneous electrical 

polarization appears, and the material becomes ferroelectric. 

    It is obvious from figure 2-8 that the phase transition from the paraelectric to the ferroelectric 

state can be characterized by structural or electronic temperature-dependent analysis. However in 

real systems this often delivers values for the transition temperature that depend among others on 

the homogeneity of the sample, the choice of experiment, and even the criterion. Therefore we 

chose the Curie-Weiss temperature TC, which can be determined more unambiguously and which 

is typically close to the phase transition temperature, to characterize the phase transition and, 

especially, its engineering. In the following, we will describe the Curie-Weiss law and Curie-Weiss 

temperature TC and introduce the often used thermodynamic Ehrenfest classification with 

transition temperature T0. 
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2.3.1 Curie-Weiss law 

    One way to characterize the phase transition is the use of the Curie-Weiss temperature TC. It 

should be noted that the Curie-Weiss temperature and the temperature of the phase transition are 

not identical. Nevertheless, in most systems they are close to each other and often it is not easy to 

determine an exact temperature for the phase transition. 

The electric susceptibility 𝜒 describes the degree of polarization of a material in response to an 

applied electric field. The ratio between the polarization 𝑷 and the electric field 𝑬 defines the 

susceptibility: 

 𝜒 = 𝜀 − 1 =
𝑷

𝜀0𝑬
 

(2-3) 

where 𝜀0 and 𝜀 are the permittivity of free space and of the given material, respectively. In the 

paraelectric state the temperature dependence of the electric susceptibility obeys the Curie-Weiss 

law: 

𝜒 =
𝐶

𝑇 − 𝑇𝐶
 (2-4) 

where C is the Curie constant and T is the temperature.  

Using these two equations and assuming, that 𝜀 ≫ 1, we obtain the temperature dependence of 

the permittivity in the paraelectric state: 

1

𝜀
≈

1

𝐶
(𝑇 − 𝑇𝐶).  (2-5) 

This linear temperature dependence allows us to determine TC and C in our experimental results. 

    Microscopically, the thermal vibrations of the atoms in the solid lead to increasing fluctuations 

as temperature arising and finally lead to a change of the structure of the crystal. The detailed 

microscopic theory is different from material to material. However, macroscopically the 

thermodynamic Landau theory provides a useful descriptions for many different ferroelectrics.  

 

2.3.2 Landau theory  

    The order parameter represents the quantity which can be used to describe the order of a system. 

For instance, the order parameter of a liquid, a ferromagnet, or a ferroelectric is the density, 

magnetization, or polarization, respectively.[31] Phase transitions are generally classified 

according to the Ehrenfest classification. The order of a phase transition is defined to be the order 

of the lowest-order derivative, which changes discontinuously at the phase boundary, i.e.: 

(i) The first order phase transitions, or discontinuous transition, happens due to the lack of 

a symmetry relationship between the two phases, i.e. there’s no point where the two 
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phases are indistinguishable. In this case the phase transitions is accompanied by 

release of heat (latent heat). 

(ii) The second order, or continuous, phase transitions, refers to the continuously decrease 

of the order parameter (e.g. spontaneous polarization in ferroelectrics) at the transition 

temperature.  
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Figure 2-9: Sketches of 1st order and 2nd order phase transitions. Free energy as a function of the 

polarization (a) first order, at T > T0, T = T0, T = TC < T0, and T < TC, (b) second order at T > T0, T = T0, 

and T < T0. Spontaneous polarization P(T), permittivity and its inverse as a function of temperature for (c) 

1st order and (d) 2nd order phase transitions. 

For the ferroelectric phase the free energy F can be described by:[32] 

F(T) = 𝐹0(𝑇) +
1

2
𝑎𝑃2 +

1

4
𝑏𝑃4 +

1

6
𝑐𝑃6 + ⋯− 𝐸𝑃 

 (2-6) 

where 𝐹0(𝑇) describes the temperature dependence of the high temperature phase near the phase 

transition. 𝑃 is the polarization, 𝐸 is the electric field, and a, b, c are the unknown and temperature 

dependent coefficients. To simplify this expression, we neglect the dependence of the parameters 

on 𝑃 and consider E=0. The value of P in thermal equilibrium is given by the minimum of F as a 

function of P. The equilibrium polarization satisfies the extremum condition: 
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𝜕F(T)

𝜕𝑃
= 𝑎𝑃 + 𝑏𝑃3 + 𝑐𝑃5 + ⋯ 

(2-7) 

    In order to obtain a ferroelectric state the coefficient of the term in P2 in eq. (2-6) goes through 

zero at the temperature T0: 

𝑎 = 𝑎0(𝑇 − 𝑇0) (2-8) 

 

where 𝑎0 is taken as a positive constant. The first order and second order phase transition can be 

describe as: 

(i) consider 𝑏 < 0, in this case 𝑐 should be positive in order to keep F to be positive. This 

is sketched in Figure 2-9(a). If T < T0 (a < 0), the free energy may have a minimum at 

non-zero P. This case describes a first order phase transition.  TC  is Curie-Weiss 

temperature and T0 is the transition temperature; 

(ii) when b > 0, 𝑐 can be neglected. The polarization for zero applied electric field is: 

𝑎0(𝑇 − 𝑇0)𝑃 + 𝑏𝑃3 = 0 (2-9) 

and the free energy has a minimum at the origin when 𝑎0 > 0 or 𝑃2 = 𝑎0(𝑇 − 𝑇0)/𝑏 

when 𝑎0 < 0 (Figure 2-9(b)). This case describes a second order phase transition since 

the polarization goes continuously to zero at the transition temperature.  

    In the following, the phase transition is characterized by the measurement of the Curie-Weiss 

temperature (see example in Appendix C). 

2.4 Engineering the phase transition 

    During the phase transition, the macroscopic and microscopic properties of materials show 

interesting changes: 

(i) the dielectric response shows a peak near the phase transition temperature.[33, 34]  

(ii) the piezoelectric coefficient is enhanced near the phase transitions,[16] and 

(iii) the material shows an increase of conductivity at the phase transition.[35-37] 

    As a consequence, it is of great interest to shift the phase transition temperature to the operation 

temperature (e.g. room temperature) in order to create materials with superior properties. The 

electric properties of oxides can be altered using doping or in case of epitaxial films the misfit 

strain between film and substrates (i.e. clamping effect), or a combination of both.   

 

2.4.1 Doping 

    The substitution of cations at the A-site of the ABO3 perovskites results in a change of the 

microstructure and, therefore, the ferroelectric properties. Generally the substitutions in 
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perovskites obeys the Goldschmidt tolerance factor, which is imposed by the ionic radii of the 

cations:[38] 

𝑡 =
𝑅𝐴 + 𝑅𝑂

√2(𝑅𝐵 + 𝑅𝑂)
 

(2-10) 

where 𝑅𝐴 , 𝑅𝐵 , and 𝑅𝑂  are ionic radii of A-site and B-site cations, and oxygen, respectively. 

Generally perovskites exhibit a tolerance factor of 0.78 < 𝑡 < 1.05.[39] Too large A-site cations or 

too small cations cannot crystalize in the perovskite structure under equilibrium conditions. The 

variation in ionic radii induces either deformations or rotations of BO6 octahedra, which leads to 

a decrease of the symmetry. As a result, the unit cell symmetry is lowered from cubic to tetragonal, 

orthorhombic, or rhombohedral crystal structure (see Figure 2-10).  

 

Figure 2-10: Sketch of perovskite structure distortion from cubic (high temperature) to tetragonal, 

orthorhombic, and rhombohedral (low temperature) for BaTiO3. Red dot indicates the distortions of the 

off-centered B-cation. 

 

    One of the most direct methods to introduce ferroelectricity into SrTiO3 is doping with other 

cations (e.g. Ba2+, Ca2+, or Bi2+). For pure SrTiO3 t ≅ 1 and for BaTiO3, t ≅ 1.06. Actually t > 1 

means that the Ti4+ ion is too smaller and/or that the Ba2+ is large.[40] In BaxSr1-xTiO3 with x > 

0.2, the crystal structure undergoes a sequence of phase transitions from cubic to different 

ferroelectric phases: tetragonal, orthorhombic, and rhombohedral as shown in Figure 2-10. For x 

< 0.2, the Curie-Weiss temperature TC varies proportional to (𝑥 − 𝑥𝑐)
1/2, where 𝑥𝑐 = 0.035 is the 

critical concentration. For 𝑥 > 𝑥𝑐 BaxSr1-xTiO3 reveals a clearly “classical” ferroelectric behavior, 

i.e. dielectric response without frequency dependence, whereas for 𝑥 < 𝑥𝑐 its permittivity shows 

a strong frequency dispersion,[41] i.e. here BaxSr1-xTiO3 shows a so called “relaxor” or “glass-

like” ferroelectric behavior.  
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2.4.2 Strain 

Strain in perovskites provides another option for the engineering of the dielectric properties of 

the materials. In this study, we mainly focus on the strain induced by an underlying substrate. It is 

worth to note that bulk crystals typically crack under moderate strains of only 0.1%, while in 

biaxial films the strain can reach up to a few percent before crack occurs. The limit of strain without 

crack formation in thin film is given by the Griffith criteria:[42] 

𝜖𝑠 = (1 − 𝜐)√
2𝛾

𝜋𝐸𝑡
 , (2-11) 

where 𝜐  is the film’s Poission’s ratio, 𝛾 is surface energy, 𝐸 is the Young’s modulus, and 𝑡 is the 

thickness. According to Frank and van der Merwe,[43] the biaxial strain is defined as:  

𝜖𝑠 =
𝑎−𝑎0

𝑎0
, (2-12) 

where 𝑎0 is the lattice parameter of the film material under stress free conditions and 𝑎 is the 

measured in-plane lattice parameter of the strained film. It has been demonstrated that the biaxial 

strain can shift the transition temperature of ferroelectrics and superconductors,[44] it is even used 

to enhance the mobility of charge carriers in semiconducting material.[45] The in-plane strain 

modifies the structure of films by: 

(i) The change of the in-plane lattice parameters. Typically, the in-plane modification is 

partially compensated by the change of opposite sign of out of plane lattice parameters 

(Poisson effect). As a result, a structure distortion (e.g. from cubic to orthorhombic) 

can be triggered.[34, 46] 

(ii) Modification of the density of dislocations.[47, 48] Typically film with a thickness 

exceeding a certain characteristic thickness (one fifth of the Matthews-Blakeslee 

critical thickness (see chapter 4)) starts to accumulate a high density of disloca-

tions.[49] This leads not only to a higher conductance, but also to a relaxation of the 

strain. 

    As a consequence, the ferroelectric and conductive properties can be modified due to the strain-

induced change of the structure and defect density of the material. Figure 2-11 shows sketches of 

tensely and compressively strained films grown on a substrate with a misfit lattice parameters. 

High-quality substrates are required for coherently strained films. Either various scandates (i.e. 

DyScO3, TbScO3, GdScO3, and SmScO3) or different dopings (i.e. BaxSr1-xTiO3) are used to 

provide various misfit lattice parameters in this work.  
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Figure 2-11: Sketch of heteroepitaxy leading to tensile and compressive strain and in-plane lattice 

parameters of various materials studied in this work. Here the situation of different doped films is sketched. 

    Several theoretical approaches have been developed to explain and understand the strain 

induced modification of the ferroelectric properties.[50] For instance, a strain-phase diagrams for 

SrTiO3 can be generated via thermodynamic analyses by assuming a single domain state for all 

possible ferroelectric phases in a thin film.[15]  

 

Figure 2-12: The strain-phase diagram of SrTiO3, where high symmetry tetragonal, purely ‘‘structural’’ 

tetragonal and orthorhombic states, purely ferroelectric tetragonal and orthorhombic phases, and three 

‘‘mixed’’ states are labelled HT, ST, SO, FTI, FOI, FTII, FOII, and FOIII, respectively. (adapted from 

ref.[15]). 

Figure 2-12 shows the resulting strain-phase diagram calculated from this thermodynamic 

analysis. It indicates that room temperature ferroelectricity can be obtained in SrTiO3 with 

sufficiently large tensile strain of approximately ε ≅ 0.15%. In a similar way, we can evaluate the 

expected temperature for the phase transition of our films. By minimizing the Helmholtz free 

energy F expressed as a function of the polarization (see eq. (2-6) one can evaluate the expected 
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transition temperature. For film with a misfit strain the free energy F has to be described as a 

function of strain, temperature, and polarization. The relevant general expression is given in 

ref[15]. The minima of the free energy F with respect to the polarization and structural order 

parameter represent the energetically favorable phase, i.e. the equilibrium single domain 

thermodynamic states. For SrTiO3, a positive strain and a temperature T > 120 K, the shift of 𝑇𝐶 

is given by: 

Δ𝑇𝐶 = 2𝜀0𝐶(𝑄11 + 𝑄12)𝜖𝑠/(𝑠11 + 𝑠12), (2-13) 

where 𝜀0 is the permittivity of vacuum, 𝐶 is the Curie-Weiss constant, 𝑄𝑖𝑗 and 𝑠𝑖𝑗 represent the 

electrostrictive coefficients and elastic compliances, and 𝜖 is the strain. 

 

2.5 Piezoelectricity 

The piezoelectric effect describes the ability of a material to generate an electric field in response 

to an applied mechanical stress. When a piezoelectric is placed under mechanical stress, the atomic 

structure of the crystal changes resulting in a shift of the positively and negatively charged 

sublattice, which resulting the generation of an electric field. The piezoelectric effect is reversible, 

i.e. the materials generates stress when an electric field is applied. The electric field is proportional 

to the stress. For small fields, the constitutive relation for a piezoelectric material can be written 

as:[51, 52] 

[
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and 
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where 𝐷 is the electric displacement, 𝑆 is the strain, 𝐸 is the applied electric field, and 𝜎 is the 

stress. Furthermore, 𝜀  is the permittivity, 𝑠  is the elastic compliance, 𝑑  is the piezoelectric 

coefficient. The superscripts σ indicates that the quantity is measured at constant stress. The 

piezoelectric constants are tensors and relate to both the direction of the applied stress and the 

electric field. The subscript numbers refer to the axes and directions of deformation as shown in 

Figure 2-13. 

 

Figure 2-13: (a) Sketch of the axes and directions of deformation, and as examples (b) d33 and (c) d31 

coupling modes. 

One of the most used constant to characterize the piezoelectric properties of a material is the 

piezoelectric coefficient. It is defined by the electric polarization generated in a material as 

function of the applied mechanical stress: 

𝑑𝑖𝑗 =
𝑃

𝑆
, (2-16) 

where 𝑃 is polarization, and 𝑆 is the stress. In dij, the first subscript refers to the direction of 

polarization generated in the material, the second refers to the direction of the applied stress or to 

the direction of the induced strain. A sketch of the axes and directions of deformation is given in 

Figure 2-13. For instance, d33 describes the polarization in z direction for a force pointing in z-

direction, whereas d31 correlates the polarization in z-direction and the strain in x-direction. 

Generally large dij constants relate to large mechanical displacements which are of advantage for 

motional transducer devices like the SAW employed in this work. The piezoelectric coefficient dij 

directly affects the effective electromechanical coupling coefficient keff. The electromechanical 

coupling coefficient keff represents the ability of a piezoceramic material to transform electrical 

energy to mechanical energy and vice versa: 

k𝑒𝑓𝑓
2 =

energy converted

input energy
, (2-17) 
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    A possible and important application of the piezoelectric effect is given by device based on 

SAW. A SAW is an acoustic wave traveling along the surface of a material. Its amplitude typically 

decays exponentially with depth into the substrate. The directly piezoelectric coupling to SAW is 

achieved by interdigitated transductors on top of a piezoelectric material. When a potential is 

applied to a pair of electrodes, it causes a periodic displacement of the surface which can generate 

a wave, i.e. a SAW. The details on the setup of SAW devices are discussed in chapter 3.  

 

2.6 Conductivity 

Most of the perovskites are dielectric, i.e. it is an electrical insulator that can be polarized by an 

applied electric field. Basically, an insulator has a band gap of more than 3 eV. However, insulators 

can become electrically conductive when a sufficiently large voltage is applied or proper defects 

are induced.  

2.6.1 Oxygen vacancy in SrTiO3 

In our oxides materials, a typical defect contributing to electrical conduction is oxygen vacancy 

in the structure. Their density and mobility can be affected by different means, e.g. temperature, 

doping, and strain.[53, 54] This provides the tunability of the conduction in oxides.  

As any other solid, oxide contains a certain concentration of defects. These defects can be 

located either at surface or interface or they are embedded in the bulk of the material. Depending 

on their location different mechanisms have to be considered for the resulting conductivity.[37, 

55, 56] 

Schottky defects are typically formed close to the surface or to grain boundaries. Vacancies 

represent one kind of defects. They are an empty lattice site in the ideal crystal structure. Because 

the atoms can be neither created nor destroyed within a closed system, the removed atom which 

resulting a vacancy has to move somewhere. One way to accommodate the removed atom is to 

move it to the boundary of the solid. This is called Schottky-disorder (Figure 2-14(a)). Atoms can 

also sit in between the regular lattice structure, occupying the interstitial lattice sites. This is so 

called Frenkel-disorder (Figure 2-14(b)). The Frenkel-defects require sufficient space in the crystal 

lattice for the atoms. As a consequence, Frenkel-defects are unlikely in close-packed crystals.  
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Figure 2-14: Sketch of Schottky defects and Frenkel defects in an ionic crystal. 

 

In the densely packed crystal lattice of SrTiO3, the only feasible type of intrinsic disorder is the 

Schottky disorder.[57] The oxygen vacancies are positively charged and act as donors. The 

mobility of oxygen vacancies is much higher than that of cation vacancies in SrTiO3 at temperature 

below 1400 K. The oxygen exchange reaction is given by:[56] 

𝑂𝑂 ⇌
1

2
𝑂2(𝑔) + 𝑉𝑂

∙∙ + 2𝑒′, 
(2-18) 

where 𝑂𝑂 is the oxygen ions on a regular lattice site, 𝑉𝑂
∙∙ is the oxygen vacancies according to 

notation of Kröger and Vink. The energy of oxygen vacancies is situated just below the conduction 

band and act as a donor-type defect, see Figure 2-15. 

 

Figure 2-15: Schematic sketch of the energy levels of oxygen vacancy in SrTiO3. 

 

2.6.2 Resistance switching behavior 

    Oxygen vacancies cannot only modify the conductance of oxides, but they can also be 

responsible for unique features like resistive switching behavior and plasticity (i.e. a switching 
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with variable resistive states). Thus proper prepared oxides can be ideal candidates for memristor 

devices.  

    In contrast to a field-effect-transistor device (e.g. CMOS) a memristor represents a two-terminal 

device (see figure 2-16(a)), which means the same two terminals are responsible for the input 

signal to modify the output state and for the reading of the output signal. There are various kinds 

of materials which show a memristive behavior. The mechanisms can be completely different for 

the different materials. Most memristors are based on electronically driven materials, like 

ferroelectric, phase change, or spin torque materials. The detailed atomic-scale dynamics that is 

responsible for the switching in these systems is still unknown. Another type of the memristor is 

using defect driven materials. In this case the switching behavior is based on the formation of 

metallic filaments or oxygen diffusion. Electric field and temperature gradation can be used to 

control the switching behavior in such materials.  

 

Figure 2-16: Sketches of two terminal device and three terminal device (a) and the formation of conductive 

filaments and switching behavior in oxides (b). 

 

In this work, we will focus on memristor which is operated by controlling the oxygen vacancy 

diffusion in oxides leading to the reversible formation and disruption of conducting filaments. 

Figure 2-16(b) shows a sketch of the operation of such memristor which basically consists of three 

steps: 

i) Electroformation: In the origin state an electric stimulus is applied on the metal-oxide-

metal structure which transfer the oxide from the insulating to the conducting state by 

forming filaments of oxygen vacancies.[57]  
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ii) Reset: After the forming process, the conducting filament, which is formed by oxygen 

vacancies in oxides, connects the two electrodes. The device shows a low resistance 

state. In order to change the resistance state of the device, a large enough voltage of 

opposite sign is applied to move part of the oxygen vacancies back. As a consequence 

the metallic filaments break and the resistance between the two electrodes rises to the 

high resistive off state. This is the reset process. 

iii) Set: In order to switch back to the low resistance state, a set process is needed. A 

reversed voltage is applied between the two electrodes. The oxygen vacancies drift 

back to the electrode with negative voltage under electric field and form the metallic 

filament again. As a result the device shows the low resistive off state. 

In figure 2-17, a schematic current-voltage curve of a memristor shows the switching and 

indicates a possible additional effect, the plasticity. The reversible changes can be ascribed to 

electrically induced redox-processes taking place in the oxide and/or at the oxide electrode 

interface. The plasticity behavior, also indicated in figure 2-17, is caused by the size and number 

of conducting filaments which depend on the switching characteristic like amplitude or repetition 

rate of set pulses. Since the mobility of the oxygen vacancies represents the dominant mechanism 

in this device, the tuning of oxygen vacancies, e.g. migration properties, via stain is a possible way 

to manipulate the resistive switching behavior. 

 

Figure 2-17: Schematic current voltage curve of a memristor with different stages of the switching 

procedure. The plasticity is indicated by the arrow showing that the slope (i.e. conductivity of the ON-state 

can vary.) 
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Due to its hysteretic I-V characteristic, the memristor which can be used as a non-volatile data 

storage, and a logic device at the same time. Moreover, combine both resistance switching and 

plasticity behavior, the device can emulate the biological synapses function in neuromorphic 

circuits. In the traditional von Neumann computational architectures, the system is divided into 

several parts, e.g. memory, control processing, and data paths. This separation can lead to serious 

bottlenecks because information has to be transferred repeatedly between different units of the 

system. In contrast, due to its switching and plasticity properties, the memristor can act as a 

memory and processor without extra data transfer. As a result the different computational elements 

might be mixed and used for a dynamic, self-learning system based on memristors with plastic 

behavior. This novel strategy is called neuromorphic computing. However even more simple 

devices are feasible, which are summarized in the discipline Neuromorphic Engineering. 

    However, there are still many open issues regarding the resistive switching and filament 

formation in neuromorphic devices. For instance, the physics of the resistive switching is still 

being discussed, it could for instance be due to metal-insulator or amorphous-crystalline 

transitions, or the generation, distribution, and redistribution of defects/ions in the device is not 

really understood. In Chapter 6, we will discuss how these effects can be triggered and controlled 

by strain in oxide films.  
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3. Sample preparation and experimental techniques 

 

   In this chapter, the experimental techniques and sample preparation are introduced that are used 

in this work. It starts with the film deposition methods. Then several film characterization 

techniques are introduced, including the methods used for the analysis of the structural, 

morphology, and stoichiometry of the films. The last part of this chapter is dedicated to the 

discussion of the device design and its preparation used for the temperature control and the 

electrical characterization of the strained ferroelectric films. 

 

3.1 Thin film deposition 

    Two types of oxide film deposition techniques are involved in this work. Pulsed laser deposition 

(PLD) is used to prepare (Ba,Sr)TiO3 films in the Forschungszentrum Jülich (FJZ) 1  and 

(K,Na)NbO3 films are deposited via metal-organic chemical vapor deposition (MOCVD) at the 

Leibniz-Institut für Kristallzüchtung (IKZ) in Berlin2. 

 

3.1.1 Pulsed laser deposition 

    The PLD is a well-established deposition technique for thin film preparation. It represents an 

evaporation technology using a laser beam for the evaporation of the target material. Due to its 

flexibility it is ideal for the research on thin films where parameters have to be optimized, 

stoichiometries modified as other problems are examined in a very flexible way. As such it turns 

out to be ideal for our research, i.e. the preparation of thin epitaxial oxide films with different 

stoichiometries (e.g. (BaxSr1-x)TiO3) on various single crystalline substrates with different lattice 

parameters (i.e. different lattice match between film and substrate).[58]  

                                                 
1 In cooperation of the author with Dr. Jürgen Schubert and Willi Zander 
2 In cooperation of the author with Dr. Jutta Schwarzkopf and coworkers 
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Figure 3-1: Sketch of the principle of pulsed laser deposition (PLD). 

 

    The work principle of PLD is as shown in Figure 3-1. An intense laser pulse is focused onto a 

target surface in a chamber, where it is (mainly) absorbed. Above a certain laser power, material 

from target is removed in the form of an ejected luminous plume. The target material of the plasma 

plume is then deposited on the substrate. There are several advantages from the PLD process. For 

instance, since the laser source is outside the vacuum chamber almost any condensed mater that 

absorbs the laser beam can be ablated; the well-defined (frequency, duration, and power of the 

beam) pulsed nature of PLD means that the film growth rate and thickness can be controlled in a 

perfect way; the kinetic energies of the ablated species arriving at the substrate can be controlled 

in a certain range.  

    In this work the main advantage of this method is the well-defined and stoichiometric transfer 

of the target composition to the substrate. However, there are also fundamental drawbacks of PLD, 

such as the production of large agglomerates (droplets) of material on the film during the ablation 

process, the large number of crystallographic defects in the film caused by the higher kinetic 

energy of ablation particles compared to other deposition techniques like chemical vapor 

deposition or classical evaporation.  

In this work, sintered ceramic targets with stoichiometric SrTiO3, Ba0.125Sr0.875TiO3, 

Ba0.37Sr0.63TiO3, and BaTiO3 are used for the PLD at Forschungszentrum Jülich. The correspond-

ing epitaxial films are deposited on DyScO3 (110), TbScO3 (110) and GdScO3 (110) single 

crystalline substrates with various thickness ranging from 5 nm to 200 nm. The laser power was 5 

J/cm2 with a repetition rate of 10 Hz. The process gas was oxygen at a pressure of 1 Pa, and a 

growth temperature of typically 700 ℃ was used in order to facilitate epitaxial growth of the oxide 

films. 
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3.1.2 Metal-organic chemical vapor deposition 

    The MOCVD is a special chemical vapor deposition technique used to produce oriented or 

epitaxial films (including oxide films) of high quality. It is based on the pyrolysis reaction of the 

targeted elements. These precursor molecules are transported by a carrier gas (H2, N2) onto a 

heated substrate. The deposition and film growth is then dominated by a surface chemical reaction.  

 

Figure 3-2: Sketch of the metal-organic chemical vapor deposition setup at the Leibniz-Institut für 

Kristallzüchtung, Berlin. Adapted from [59]. 

 

    Figure 3-2 shows a sketch of MOCVD setup adapted from ref.[59]. In this work, MOCVD is 

used for the growth of (KxNa1-x)NbO3 films on series scandites substrates, i.e. DyScO3 (110), 

TbScO3 (110), GdScO3 (110), and SmScO3 (110), at the IKZ in Berlin. K(thd) and Na(thd) ((thd) 

= 2,2,6,6-tetramethyl-3,5-heptanedione) and Nb(EtO)5, dissolved in dry toluene at a concentration 

of 0.01 M, are used as source materials for Na and Nb, respectively. The films are deposited at a 

gas pressure of 2.6 kPa. A substrate temperature of 973 K offers the best condition for epitaxial 

growth of these oxides. In this work, a typical K to Na ratio of the precursor of 0.3:0.7, and an O2 

to Ar ratio of 0.63 was used.  

 

3.2 Film characterization 

    After the growth of the film, structure, stoichiometry, and morphology of the film are 

characterized in order to learn more about the quality and properties of the film. The technologies 

used for this purpose are sketched in the following sections. 
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3.2.1 X-ray diffraction 

    The crystalline structure of samples is analyzed by various X-ray diffraction (XRD) techniques. 

XRD is an electromagnetic radiation of wavelength ranging from 0.01 to 10 nanometers. To 

produce significant diffraction, the spacing 𝑑  between the parallel crystalline planes and the 

wavelength of the impinging wave should be similar in size. The electrons of the atoms interact 

with the X-ray and produce secondary spherical waves emanating from the electron, leading to an 

elastic scattering of the X-ray. In case of a regular lattice (e.g. crystalline structure), most of the 

scattered waves cancel one another due to destructive interference, however some of them interfere 

in a constructive way in a few specific directions which are given by Bragg’s law: 

2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝑛 𝜆 (3-1) 

where 𝑑ℎ𝑘𝑙 is the spacing between diffracting planes, 𝜃 is the incident angle, 𝑛 is an integer, and 

𝜆 is the wavelength of the indent beam. In a crystalline structure Miller indices (hkl) identify 

different planes of atoms, and the crystallographic direction [hkl] represents the vector normal to 

(hkl).  

 

Figure 3-3: (a) Sketch of XRD for a lattice of a perovskite, and (b) image of one of the X-ray geometer used 

in this work. 

 

    In this work, first Bragg-Brentano scans are used to study the lattice mismatch between film and 

substrate, and the composition, relaxation, and thickness of the film. In the Bragg-Brentano 

geometry (see Figure 3-4) the angles of incident and detected X-ray beam are identical, i.e. 𝜔 =

𝜃. As a result a single crystal specimen produces only one family of peaks in the diffraction pattern, 

i.e. the peaks for 𝑛 ∙ 𝑑ℎ𝑘𝑙 (see Figure 3-4b). Using for instance a Nelson-Riley fit of the series of 

peaks, we obtain an accurate determination of the out-of-plane lattice parameter dhkl of the 
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crystalline structure. Similarly the thickness of a layer can be obtained by analyzing the 

constructive interference of the surface and bottom (interface between film and substrate) of the 

film.  
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Figure 3-4: (a) Sketch of an XRD Bragg-Brentano scan. The incident angle 𝜔 is defined by the X-ray source 

and the sample surface. The diffracted angle 2𝜃 is defined by the incident beam and the detector angle. (b) 

Bragg-Brentano scan of an epitaxial BaTiO3 film ((001) orientation) on a TbScO3 (110) substrate.  

 

    Figure 3-5 shows a series of Bragg-Brentano scans of SrTiO3 films of different thickness grown 

on DyScO3 substrates.  
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Figure 3-5: Bragg-Brentano scans of epitaxial SrTiO3 layers of 20, 40, and 60 nm thick with (001) 

orientation on DyScO3 (110) substrate. The Pt(111) peak is caused by the 20 nm Pt layer used as electrodes. 

     

    Second, rocking curves can be used to get an idea on the homogeneity of the sample. Rocking 

curves (see Figure 3-6) are recorded in a kind of Bragg-Brentano geometric (𝜔′ = 𝜃), however, 

“rocking” the sample slightly, i.e. 𝜔′ = 𝜔 + 𝛿𝜔. The resulting rocking curve (see Figure 3-6(b)) 

represents a mosaic spread, i.e. it shows how perfect a crystal is aligned. Crystal imperfections 

lead to a broadening of the rocking curve. Usually the full width at half maximum (FWHM) of the 

rocking curve is used to compare the quality of a crystal or the quality of epitaxy in case of 

epitaxially grown films. 
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Figure 3-6: (a) sketch of an XRD rocking curve. (b) Result of a rocking curve on a 40 nm thick SrTiO3 film 

(sample number 10771) grown on a DyScO3 substrate with out-of-plane lattice parameter 𝑑⊥ = 0.3866 nm 

and FWHM of 0.05 degrees. 

 

    The rocking curves (omega scan) of SrTiO3 films with a thickness ranging from 20 nm to 100nm 

grown on DyScO3 substrate are given in Figure 3-7. No change of the FWHM is observed up to 

the film thickness of 105 nm. In a rocking curve, a perfect crystal should produce a very sharp 

peak. Defects (mosaicity, dislocations, and curvature) can create disruptions in the perfect 

parallelism of the planes and result in a broadening of the rocking curve. In Figure 3-7 the FWHM 

is about 0.08 deg for the film below 100 nm. For the film of 105 nm thick, it is 0.14 deg. This 

reveals that below 100 nm, the strained SrTiO3 grown on DyScO3 is less relaxed than thicker 

(above 100 nm) strained films. This could be caused by the cracks in the thicker films leading to a 

slightly curved film rather than perfectly flat one.   
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Figure 3-7: (a) Result of a rocking curve scan on the 20 nm, 40 nm, 60 nm, and 105 nm  SrTiO3 film grown 

on DyScO3 substrate. (b) The FWHM as a function of film thickness. 

 

    Finally, reciprocal space mapping (RSM) provides the most complete information on the 

structure and epitaxy. It is vital for the analysis of our strained films. In principle RSM consists of 

a series of Bragg-Brentano (i.e. 𝜔 − 2𝜃) scans, however each scan is collected with a slightly 

different tilt of 𝜔 (see Figure 3-8(a)). By choosing adequate angular regime, the diffraction peaks 

of the film and substrate are recorded in a 2D plot revealing one in-plane and the out-of-plane 

lattice parameter for both systems. In this way it reveals the in-plane correlation of the lattice 

parameters (i.e. the epitaxy), the strain (i.e. deviation from the literature value), and even the strain 

relaxation for our strained epitaxial films. 
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Figure 3-8: (a) Sketch of an XRD RSM. (b) Result of a RSM on a 90 nm thick SrTiO3 film (sample number 

10773) grown on a DyScO3 (110) substrate. 

 

    Figure 3-8(b) shows a typical RSM result obtained for an epitaxial SrTiO3 film on DyScO3 

simultaneously the (332̅) relax of DyScO3 (332̅) and the (013) reflex of SrTiO3 are mapped. The 

positions 𝑞|| and 𝑞⊥ of the different reflexes reveal the d-spacing and the tilt of the diffracting 

planes of film and substrate. The epitaxial perfection is indicated by the fact, that the peak positions 

of film and substrate are identical with respect to 𝑞||. The difference between the experimental 

value and the literature value for unstrained material, reveals the resulting strain (in-plane and out-

of-plane).   
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Figure 3-9: Pole figure of a DyScO3 (110) substrate. The DyScO3 peaks refer to the (240), (420), (332), 

and (33-2) reflections. For different reflections (or different directions), these peaks have different Qz 

values. The unambiguous assignment allows to compare the measurement and theoretical calculated values 

for Qz. 

 

    To calculate the lattice constant of the films, adequate peak positions of the Bragg reflections of 

the films are chosen from the RSMs measurements. In order to get a good accuracy of the values, 

the in-plane lattice constants are achieved by taking the average values for the scans at 0° and 180° 

and -90° and +90°, respectively. In principle, the reciprocal lattice vectors of the substrate (332) 

and (332̅) peaks should be identical. However, this is not that case in the reciprocal space maps, 

because one can never align the sample perfectly. By taking the average values, one obtains a 

perfect agreement with the nominal values, because it simply averages out the misalignment of the 

sample. The accuracy of the lattice constants can be obtained from the c lattice constants of all 

four scan. For each sample, the RSMs are measured in the vicinity of (240), (420), (332), and 

(332̅) Bragg reflections, as shown in the pole figure. The out-of-plane lattice parameters are 

calculated by taking the average of 𝑞⊥  of the four different reflections directions. The lattice 

parameters along the in-plane [001] direction are taken from the average value of the (332) and 

(332̅) reflex, while the lattice parameters of [11̅0] direction are calculated from the average of 

(240) and (420) reflex.  

 

3.2.2 Rutherford backscattering spectrometry 

    Rutherford backscattering spectrometry (RBS) is a characterization technique that allows to 

analyze thickness and compositional planar layered systems. A beam of high energy ions (typically 
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2 MeV He-ions) impinges at a sample. The ions are scattered elastically by the nuclei of the atoms 

in the sample. The energy of the back scattered ions is analyzed via a detector. On the one hand, 

the higher the mass of an atom that is hit by an ion, the higher the energy of the scattered ion. On 

the other hand, the deeper the ion penetrates into the sample before it is scattered, the larger the 

loss of energy of the ion. The balance between both effects provides a depth profile of the different 

elements in the examined sample. 
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Figure 3-10: Typical RBS data of a BaSrTiO3 film (sample number 11158) grown on DyScO3 substrate 

consisting of the experimental data (black line) and the fit (red line). The fit parameters in this case are the 

thickness of the layer and the composition (see list in the figure) which are in good agreement with the 

nominal composition of the target of Ba0.37Ti0.63TiO3. The insert shows a scheme of a Rutherford 

backscattering spectrometry geometry. 

 

    In this work the RBS measurement is done in FZJ and the data is analyzed with the program 

RUMP (http://www.genplot.com/). Figure 3-10 represents a typical example of a RBS result. The 

original measured data (black line in Figure 3-10) are analyzed via a fit (red line in Figure 3-10). 

The parameters used for the fit (RUMP) provide the thickness and stoichiometry of the film.  

    RBS is especially used to examine the thickness and composition of (BaxSr1-x)TiO3 films with 

0 < x < 1 (see Figure 3-11). Since Ba and Dy give quite similar peak positions in the RBS results, 

we use Si-substrates instead of DyScO3 for the RBS analysis. Figure 3-11(a) and (b) gives an 

example of such comparison. 

http://www.genplot.com/
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Figure 3-11: RBS results for Ba0.35Sr0.65TiO3 on (a) a Si-substrate and (b) DyScO3, Ba0.125Sr0.875TiO3 grown 

on (c) Si, and (d) SrTiO3 grown on DyScO3 substrate. 

 

3.2.3 Time-of-flight secondary ion mass spectroscopy 

    Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a surface-sensitive analytical 

method used to obtain a depth profile of the composition of our samples. Figure 3-12 is a sketch 

of the ToF-SIMS measurement. It uses a pulsed ion beam to remove materials from the surface of 

the sample. Some of the removed material consists of positive or negative ions, the secondary ions. 

A mass spectrometer separates the sputtered positive or negative ions according to their mass-to-

charge ratio and thus allows the identification of all the chemical elements present. One of the 

advantages of ToF-SIMS is that it can detect nearly all elements of the material, while the elements 

with light mass (e.g. K, Na) are difficult for RBS.  
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Figure 3-12: (a) Sketch of a ToF-SIMS measurement, (b) depth profiling of a K0.7Na0.3NbO3 film (sample 

number 41_013) grown on TbScO3. 

 

    In this work the ToF-SIMS is used to analyze the stoichiometry of some of our samples, 

especially for the KxNa1-xNbO3 thin film. From the depth profile one obtains the information on 

the variation of composition in the film. For instance, Figure 3-12(b) reveals gradual decreasing 

amount of Na from the surface to the film-substrate interface. 

 

3.2.4 Scanning electron microscopes 

    The “visual” inspection of a sample represents still one of the most important tools to get 

information and understand problems of the sample and the preparation process. Next to this 

simple solution, optical microscopy, the scanning electron microscopy (SEM) offers images of the 

structure and morphology of samples down to nm scale. Moreover, combined with energy 

dispersive X-ray (EDX) one can obtain local information on elements in and on the sample. SEM 

uses a focused beam of high-energy electrons to generate signals at the surface of samples. The 

surface texture, chemical composition, and crystalline structure affect the electron-sample 

interactions and reveal a variety of signals. These signals include secondary electrons, which 

produce SEM images on the morphology and topography on samples. Furthermore, backscattered 

electrons are used to illustrate contrasts in composition in multiphase samples. Finally, due to the 

inelastic collisions of the incident electrons with electrons in discrete orbitals of atoms in the 

samples, X-rays could be produced for each element in a sample that is excited by the electron 

beam. Since each element has its own atomic structure that allows a unique set of peaks on its 

electromagnetic emission spectrum. This provides the possibility for the elemental analysis of 

samples, i.e. EDX.  
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Figure 3-13: SEM images of 90 nm strained SrTiO3 film (sample number 12187) grown on DyScO3 

substrate (a) with cross-like arranged electrodes. The image shows among others that the electrodes are 

partially melted after applying a 10 μA current. (b) Structure on the same SrTiO3 film with cracks near a 

sharp planar electrode. The cracks appeared after high electric field application. The line marks the EDX 

measurement range and (c) shows the resulting EDX pattern for each element O, Sc, Dy, Ti, and Sr. 

 

    In this work a Gemini 1550 (Zeiss) is used for the characterization of films and samples 

especially after patterning. Furthermore, EDX is used in order to visualize migration and removal 

of elements in the SrTiO3 film after applying large electronic current in these “nominal” isolators. 

Figure 3-13 shows an example of SEM picture of SrTiO3 film with electrodes measured at HNF. 

The cross-like area in the middle and the tip electrodes are partially melted due to the heating effect 

during application of large currents during the electric characterization. Furthermore, a few cracks 

can be seen in the film. Because the conductivity of the film is typically not sufficiently large for 

SEM, a 10 nm conducting carbon layer is deposited before SEM measurement. The additional 

carbon layer will affect the electric characterization of the films. Thus most of the SEM pictures 

are taken after the electric characterization in this work.  
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3.2.5 Atomic force microscopy 

    Atomic force microscopy (AFM) offers an even higher resolution compared to SEM. Its work 

principle is based on a sharp tip (cantilever) that scans over the examined surface. Using a 

dedicated feedback loop the interaction or distance between the tip and the surface is controlled. 

The feedback parameters are then used to construct an image of the topography of the surface. 

Normally AFM involves a laser deflection to control the force and tip position for a feedback loop. 

As shown in Figure 3-14, a laser is reflected from the backside of the cantilever. A photodetector 

is used to monitor the laser beam, the electronic produces the feedback signal. It is worth to note 

that the AFM does not require a conducting sample because it uses the atomic forces to map the 

tip-sample interaction.  

 

Figure 3-14: (a) Schematic sketch of an AFM and (b) example of an AFM image (10 × 10 μm2) of a 50 nm 

thick SrTiO3 film (sample number 11916) grown on a TbScO3 substrate. 

 

    Typically surface roughness and cracks of our oxide films are characterized in this work. Figure 

3-14(b) shows an example of AFM image on a 90 nm thick SrTiO3 film on TbScO3. The bright 

lines are indications of cracks in the biaxial tensely strained film.  
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Figure 3-15: AFM images (a-c) of 50 nm thick SrTiO3 film on TbScO3 substrate. (d) Height profile from a 

cross section, marked as a straight line in (b), the two cracks are marked with arrows in both (b) and (d). 

(e) Sketch of the crack in the sample. 

 

    In order to learn more about the cracks, a smaller range (here 500 nm × 500 nm) is chosen for 

the AFM image. Figure 3-15 shows the resulting image of the cracks. It can be seen that there is a 

gap in the elevated stripes. Figure 3-15(e) gives a sketch that explains the stripe structure of the 

AFM image. 

 

3.3 Device preparation and characterization 

    Most important for this work was the electronic characterization of the oxide films. Several 

electrical properties are characterized, e.g. permittivity, piezoelectric effect, and conductivity. 

Since we concentrate on the temperature dependence of these properties, most of the 

measurements are done in cryostats (CF1200). The sample is top-loaded through an access port on 

top of the cryostat. It is cooled by via liquid Helium and heated with the self-made heater 

underneath of the sample. This way temperatures ranging from 4 K to 500 K could be established 

without changing the system or breaking the vacuum. Several electronic measurement devices are 

connected to the sample to monitor the different parameters of the sample. A temperature 

controller (Lakeshore 332) is used to control the temperature, a LCR meter (Sourcetronic, 

ST2826A, or ST2826) is used to measure the capacitance of the film, a high frequency signal 

generator (Hewlett Packard, E4422B, ESG series signal generator, 250 kHz ~ 4.0 GHz) is used to 

generate SAWs, a spectrum analyzer (Anritsu, MS2661C, 9 kHz ~ 3 GHz) is used to detected the 
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SAW signal, a sourcemeter (Keithley 2835B) is used as current or voltage source, and a nano-

voltmeter (Keithley 182) is used as a highly sensitive voltmeter. All measurement devices are 

controlled and the data are collected via a computer using LabVIEW programs. 

 

Figure 3-16: Sketch of the experimental setup and techniques introduced this chapter. 

         

3.3.1 Electrodes fabrication  

    In order to study the electronic properties (permittivity, piezoelectricity, and conductivity) of 

the samples, the metal electrodes with reasonable design have to be prepared the films. The 

following part will descript the preparation techniques that was used for the preparation of these 

electrodes. 

    After the oxide films deposition, all electrodes of devices are prepared via e-beam lithography3 

and lift-off technology in FZJ. The specific lift-off process steps are as following: 

 

Table 3-1: Summary of lithography and lift-off technique and key parameters for each step. 

Step Process         Description Sketch  

1 Cleaning Chemical cleaning in acetone (5 minutes) 

followed by isopropanol (5 minutes). Both 

steps in an ultrasonic bath at 100% (320W), 37 

kHz and room temperature. Finally, drying 

with nitrogen gas.  

                                                 
3 In cooperation of the author with Dr. Stefan Trellenkamp 
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Step Process         Description Sketch  

2 Photoresist 

coating 

The photoresist, poly(methyl-methacrylate) 

(PMMA, in this work PMMA 649.04 950K, 

from company All resist is used), is spin-

coated at first 1000 rotations per minute (rpm) 

for 5 s followed by 4000 rpm for 60 s.  

After spin-coating, samples are immediately 

baked on a hot plate at 180℃ for 30 minutes. 

The typical thickness of the PMMA layer is 

800 nm in this work.  

 

3 Cr 

deposition 

The conductivity of the samples in this work is 

too low for the following electron-beam 

lithography. Thus a 10 nm chrome layer is 

required on top of the PMMA layer. It is 

deposited via evaporation deposition (Balzers 

PLS 500). 
 

4 E-beam 

exposure 

The sample with the electron-sensitive 

photoresist (PMMA) is ready for the e-beam 

lithography. An e-beam writer (VISTEC 

EBPG 5000 plus) based on a field-emission 

source is used in this work. The patterns are 

designed with AutoCAD. Typical e-beam 

doses are 300 μC/cm2 in this work. 
 

5 Cr etching The 10 nm Cr top layer needs to be removed 

firstly. The etchant is a mixture of ceric 

ammonium nitrate ((NH4)2[Ce(NO3)6]), 

perchloric acid (HClO4) and deionized water 

by a ratio of 10.9 : 4.25 : 84.85 

(MicroChemicals). Leading to a Cr etching 

rate of 80 nm/min. In this work the samples are 

left in the etchant for 12 s to ensure a complete 

Cr layer is removal. After etching, the sample 

is rinsed in deionized water for 60 s and dried 

with nitrogen gas. 

 



 

 

42 

 

Step Process         Description Sketch  

6 Developm-

ent 

The exposed photoresist is removed by a 

developing solvent (AR-600-55, methyl-

isobutyl-ketone (MIBK) from Allresist) for 

105s. After that, the sample is rinsed in 

isopropanol for 1 min to wash away the 

developing solvent and dried with nitrogen 

gas. 

 

7 Electrodes 

deposition 

Metallic layers are deposited via thermal 

evaporation (electron beam). In most cases a 5 

nm Ti layer is first deposited (adhesion layer) 

followed by a Pt layer with a thickness ranging 

from 15 nm to 100 nm (depending on the 

application). Alternatively, samples are 

deposited only with Pt layer via d.c. magnetron 

sputtering (Leybold Z400S).  

 

8 Lift-off Finally the photoresist layer (including the 

metal layer on it) is washed away using 

acetone for 30 min. Followed by an ultrasonic 

bath at room temperature with moderate power 

for 1 min to make sure all resistor is removed. 

Finally, the sample is dried by nitrogen gas. 

 

 

    Table 3-1 summaries the electrodes patterning process. Most steps are more or less standard. 

However, they have to be optimized for the given system. One unusual step has been added. A 

typically 10 nm thick Cr layer is deposited on the PMMA layer (step 3) in order to ensure a 

sufficient conductance of the system for the e-beam exposure. Since this Cr layer is thin, the high-

energy electrons can pass through the layer with only little scattering. After the e-beam exposure, 

the Cr layer is removed by the etching solvent (step 5). This will not affect the surface of sample, 

because the 800 nm thick PMMA layer is covering the surface during all the previous processes. 

In the end, the electrode material is deposited either via evaporation or d.c. magnetron sputtering.  

 

3.3.2 Temperature control 

    One of the most important parameters in the electronic characterization is the temperature. 

Basically it consists of 3 parts: 

(i) Cooling is provided by liquid He. A manually up- and downstream controlled He flow 

ensures a continuous cooling of the sample. 
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(ii) Heating is provided by a self-made planar resistive heater which is placed directly 

below the sample.  

(iii) Finally there are the temperature sensors. We work with 3 different sensors: 

- The cryostat is equipped with an AuFe/Chromel thermocouple (actually with a heater) 

that allows to measure the temperature at the bottom of the inset of the cryostat. 

- Additionally we placed a second commercial sensor (Cernox®) in the sample holder. 

- However, in order to obtain the temperature at the film itself we developed an 

integrated thin-film resistive sensor made from the same material as the electrodes, i.e. 

Pt. this Pt sensor is calibrated using the Cernox® sensor and allows a precise 

determination of the sample temperature.  

    Figure 3-17 shows the cryogenic measurement setup. In combination with the Lake Shore 

temperature controller (PID controle) we can stabilize any temperature within the range of 5 K to 

500 K within the cryostat. In the following sections we will describe the different sensors, 

especially the self-made heater and Pt-sensor, and starting with the sample holder.  

 

Figure 3-17: Images of a sample carrier (A), which is plugged to a holder (B), and then inserted into the 

cryostat (C). 
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    A completely setup of the sample carrier is shown in Figure 3-18. Part ○1  is the electronic circuit 

board designed with 14 lines for the electric characterization. The ceramic parts ○2  and ○3  serve 

as electronic and thermal shields, they are fixed with screws ○4 . The resistive Pt heater ○6  is fixed 

by one of the ceramic shields ○2  and connect to two pins of the circuit board ○1  for the current 

supply (heating). The sample ○7  with electrodes and Pt-sensor is placed onto the Pt film heater ○6  

and fixed with two clamps ○5 . 

     

 

Figure 3-18: Illustrations of sample carrier. ○1  circuit board ○2  ceramic bottom ○3 ceramic cap ○4  screws 

○5  clamps ○6  Pt film heater ○7  sample. 

 

    The self-made Pt heater and Pt temperature sensor are prepared via lithography and lift-off 

technology on sapphire or simultaneous with all other electrodes, respectively (see Figure 3-19) 
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Figure 3-19: Sketch (a, b) and design (c) of the Pt thin-film temperature sensor and Pt thin-film heater on 

separate substrates. (note the size is not to scale) 

     

    The commercial temperature sensor (Cernox®) on the sample carrier is mounted about 2 mm 

away from the edge of the sample (see Figure 3-20). Before measurement, the Cernox® sensor is 

calibrated at room temperature and liquid nitrogen temperature. Due to the relatively homogenous 

temperature distribution in the cryostat, this sensor works quit well below room temperature. 

However, the integrated sensor is better, especially at elevated temperatures. 

 

Figure 3-20: (a) Image of the integrated Pt thin-film temperature sensor and Cernox® temperature sensor 

on the sample carrier. Work principle of temperature control for (b) small heater power and large He 

pressure (typically > 100 mbar) at low temperature and (c) large heater power and small He pressure (< 

1 mbar) for high temperature. 



 

 

46 

 

 

    Prior to its use, the Pt temperature sensor has to be annealed and calibrated. Annealing: the Pt 

sensor was annealed in vacuum (< 1 mbar) at 𝑇𝑎𝑛𝑛𝑒𝑎𝑙𝑖𝑛𝑔 ≅ 500 K for 3 min. The sheet resistance 

of the Pt structure normally reduces to 80% of the original value. The resulting resistance of the 

Pt sensor depends on the thickness of the Pt layer (Figure 3-21). After the annealing process, the 

dependence between resistance and temperature of Pt temperature sensor becomes stable in all 

measurement process for T < Tannealing.  
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Figure 3-21: Sheet resistance of the Pt temperature sensors with various film thickness, the curve is a guide 

for the eye. 

 

    Calibration: in a second step the Pt-sensor is calibrated by measuring its resistance Ri at two 

different temperatures Ti, where i refers to the temperature. This is typically done by measuring at 

room temperature and a low temperature (e.g. 200 K) using the reading from the Cernox® sensor. 

The resulting calibration is given by: 

𝑇𝑃𝑡 = 𝑎 + 𝑏𝑅𝑃𝑡 (3-2) 

where 𝑏 =
𝑇1−𝑇2

𝑅1−𝑅2
, 𝑎 = 𝑇1 − (

𝑇1−𝑇2

𝑅1−𝑅2
)𝑅1, and 𝑇𝑃𝑡 and 𝑅𝑃𝑡 is the temperature and resistance of the 

Pt sensor, respectively. 

    In order to examine the linear dependence between resistance and temperature, the sample is 

heated using the Pt heater while recording its resistance and the temperature of the sample using a 

thermocouple. The measured data and the linear fit (dashed line) agree quite well (see Figure 3-22). 

This demonstrates our Pt thin-film temperature sensor works very well above room temperature. 
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Figure 3-22: Linear dependence between temperature and resistance of an 80 nm Pt film temperature 

sensor. 

     

    The significant characteristic of metals used as resistive temperature sensor is their linear 

temperature dependence 𝛼 =
𝑑𝑅

𝑑𝑇∙𝑅𝑅𝑇
 at elevated temperatures. The temperature coefficient 𝛼 is an 

intrinsic characteristic of the material. In our Pt thin films α differs slightly from that of pure 

platinum since our temperature sensor consists of a combination of Ti and Pt and it most likely 

contains a large number of defects. Table 3-2 gives examples of the specific resistance at room 

temperature and the temperature coefficient 𝛼 for different samples. 

 

Table 3-2: Specific resistances 𝜌𝑅𝑇  and temperature coefficient 𝛼  at room temperature measured for 

various Pt temperature.  

Sample Name Film Substrate 
Thickness of 

film sensor 

𝝆𝑹𝑻  (Ωm) 

(×10-7) 
α (K-1) 

STOref-1 - SrTiO3 
5nm Ti/ 15 nm 

Pt 
3.29 0.00163 

11269 SrTiO3 GdScO3 
5nm Ti/ 15 nm 

Pt 
3.48 0.00165 

11268 SrTiO3 TbScO3 
5nm Ti/ 15 nm 

Pt 
2.68 0.00194 
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Sample Name Film Substrate 
Thickness of 

film sensor 

𝝆𝑹𝑻  (Ωm) 

(×10-7) 
α (K-1) 

10772 SrTiO3 DyScO3 
5nm Ti/ 20 nm 

Pt 
2.49 0.00232 

TSOref - TbScO3 
5nm Ti/ 20 nm 

Pt 
2.94 0.00185 

12189 SrTiO3 DyScO3 
5nm Ti/ 50 nm 

Pt 
2.52 0.00297 

12190 SrTiO3 DyScO3 
5nm Ti/ 50 nm 

Pt 
2.73 0.00287 

 

    Figure 3-23 shows α as function of the thickness of the Pt layer. With increasing Pt thickness, 

i.e. increasing amount of Pt in the temperature sensor, α is getting closer to the literature value of 

pure platinum. 

10 15 20 25 30 35 40 45 50 55
0.0015

0.0020

0.0025

0.0030


 [




]

Thickness of Pt layer [nm]
 

Figure 3-23: Temperature coefficient 𝛼 as a function of the thickness of the Pt film of various temperature 

sensors. The thickness of the Ti layer is always 5 nm.  

 

3.3.3 Permittivity measurement 

    In this work we focus on mainly three electronic properties of our strained oxide films, i.e. the 

permittivity, piezoelectricity (in form of SAW measurements), and the conductivity. Let us start 

with the permittivity measurement. For the analysis of the in-plane dielectric properties of the 
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films, interdigitated electrodes (IDEs) are prepared on top of the film using e-beam lithography 

and a lift-off technique as descripted before.    

    In order to simplify the analyze process, all IDEs prepared for permittivity measurement are 

identical in this work. The design of the IDE is shown in Figure 3-24.  

 

Figure 3-24: (a) Scanning electron microscopy picture of a pair of IDEs. (b) Sketch of IDEs, oriented in 

two perpendicular directions (typically along the 2 major crystallographic orientations of the substrate 

and, thus, film). (c) Illustration of the finger (digit) structure of the IDE (not to scale) with size annotations. 

     

    Figure 3-24(a) shows an SEM picture of an IDE. In order to analyze different in-plane directions 

of the permittivity, two IDEs oriented in two perpendicular directions are prepared on each sample. 

The interdigitated structure consists of 64 “fingers”. In order to simplify the data analysis, a 

relatively large gap of 5 μm is was chosen in combination with a large effective length of the 

capacitor length of 63 × 700 μm = 44.1 mm. (i) The first allows the use of the partial capacitive 

model, and (ii) the latter leads to a sufficient resolution of the capacitive measurement. In order to 

avoid stray fields, the gap is strongly extended to 45 μm at the end of each finger. The two 

electrodes of the IDE are bonded to the sample carrier and measured by a LCR meter (ST2826A). 

In the end the permittivity is evaluated from the measurement result using the “partial capacitance 

model”.[60] 

The “partial capacitance model” is based on: 

(i) dividing the total capacitance into individual contributions (see Figure 3-25) and, 

(ii) using elliptical integrals or conformal mapping to describe the different contributions. 



 

 

50 

 

 

Figure 3-25: Sketch of the electric field distribution from the side view, and the equivalent electric circuit. 

 

    In our case, the measured capacitance can be divided into four partial capacitances (see Figure 

3-25): 

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑎𝑖𝑟 + 𝐶𝑓𝑖𝑙𝑚 + 𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 + 𝐶𝑠𝑒𝑡𝑢𝑝 (3-3) 

where Cair, Cfilm, Csubstrate, and Csetup are the capacitance of the ambient space (air), the film, the 

substrate, and the measurement setup (e.g. cables), respectively. By taking a reference 

measurement of an identical system but without the film: 

𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝐶𝑎𝑖𝑟 + 𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 + 𝐶𝑠𝑒𝑡𝑢𝑝, 

 

(3-4) 

the capacitance of the film is simply: 

𝐶𝑓𝑖𝑙𝑚 = 𝐶𝑡𝑜𝑡𝑎𝑙 − 𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒. 

 

(3-5) 

    In order to easily obtain the dielectric properties, the permittivity has to be calculated. The 

different contributions to the capacitance are: 

𝐶𝑎𝑖𝑟 = 𝑤 ∙ 𝜀0
2

𝜋
ln (4

𝑙

𝑠
), (3-6) 

𝐶𝑓𝑖𝑙𝑚 =
𝑤∙𝜀0(𝜀2−𝜀3)

𝑠

𝑡2
+(

4

𝜋
)𝑙𝑛2

, and 

 

(3-7) 

𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 𝑤 ∙ 𝜀0(𝜀3 − 1)
1

𝜋
𝑙𝑛 (16

𝑡3−𝑡2

𝜋𝑠
), 

 

(3-8) 

where 𝑤 is the width of the planar capacitor, 𝑙 is the length of the capacitor from one electrode to 

another one, 𝑠 is the gap of the capacitor, 𝑡1, 𝑡1, and 𝑡3 is the thickness of electrode, film, and 

substrate, respectively, 𝜀0 is the permittivity of free space, and 𝜀1, 𝜀2, 𝜀3 is the dielectric constant 

of the air, film and substrate, respectively (see Figure 3-26).  
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Figure 3-26: A planar capacitor consisting of an insulating substrate, a thin film with a large dielectric 

constant and conducing electrodes and value used in our work. 

 

    It should be noted that the conformal mapping used here is restricted to certain size conditions: 

(i) 𝑠 ≤ 2𝑤/3 

(ii) 𝑠 ≥ ℎ 

    According to the parameters of IDE in Figure 3-26, our design vouchsafes the applicability of 

the method. In our case the permittivity and tanδ can be written as: 

𝜀𝑓𝑖𝑙𝑚 =
(𝐶𝑡𝑜𝑡𝑎𝑙 − 𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒) × (

5 ∙ 10−6

𝑡2
+ 0.883)

3.90 × 10−13
 

 

(3-9) 

tan δfilm =
tan δtotal ∙ Ctotal − tan δreference ∙ Creference

Ctotal − Creference
 

 

(3-10) 

here 𝐶𝑡𝑜𝑡𝑎𝑙 and tan δtotal are the measured capacitance and losses for our sample and 𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 

and tan δreference  are the measured capacitance and losses for the corresponding substrate, 

respectively, and 𝑡2 is the film thickness in nm. 

    In order to calculate the permittivity of film, the capacitance of the pure substrate needs to be 

known. Moreover, in most cases the permittivity of the substrate also depends on the orientation 

of the applied electric field. Thus IDEs have to be deposited on the substrates to measure the value 

of 𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  and tan δreference  as a function of field orientation and temperature. There are 

mainly three types of substrate involved in this work: (110)DyScO3, (110)TbScO3, and 

(110)GdScO3. All these three types of substrate are (110) cut scandates. Their in-plane orientation 

are recorded via XRD and marked by cuts of two corners indicating the two orientations [11̅0] 

and [001] (see Figure 3-27).  
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Figure 3-27: Sketch and image (sample number 11689) of a substrate (top view) showing the cut corners 

that indicate the crystallographic orientation. 

 

    The reference values 𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 and tan δreference are measured on each type of substrate for 

both directions (electric field parallel to [001] and [11̅0]) in the temperature range from 5 K to 

400 K at a frequency of 100 kHz and amplitude of the ac field of 0.25 V. Since all substrates show 

no visible frequency or voltage dependence, the reference data can be used for the calibration of 

all experiments in this work. 
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Figure 3-28: Capacitance and tanδ as a function of temperature for (a, b) (110)DyScO3, (c, d) (110)TbScO3, 

and (e, f) (110)GdScO3 substrates along [001] direction (red square) and [110] direction (blue open circle). 

The fits are given as the black lines in each capacitance plot. 

 

    Figure 3-28 shows the measured reference values 𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 and tan δreference as function of 

the temperature for all three types of substrates. Generally, the capacitance along the [001] 

orientation (red squares) is larger than that along the [11̅0] orientation (blue open circles). For 

each direction the change of capacitance shows a slightly temperature dependence. The 

capacitance 𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 can be approximated by a polynomial fit: 
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𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝑎 + 𝑏𝑇 + 𝑐𝑇2 (3-11) 

with coefficients given in Table 3-3 for each type of substrate. The change of tanδ (losses of the 

substrate and the setup), is relatively small in the measured temperature range. Therefore we 

assume a constant loss tanδ. The fits of 𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  and tan δreference  are used to calculate the 

permittivity and loss of the corresponding samples in this work.  

 

Table 3-3: Fit parameters from the capacitance measurements 𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  and the approximate 

𝑡𝑎𝑛 𝛿𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 value for the different substrates DyScO3, TbScO3, and GdScO3. 

Substrate 
𝑪𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 = 𝒂 + 𝒃𝑻 + 𝒄𝑻𝟐 (pF) 

𝐭𝐚𝐧 𝛅𝐫𝐞𝐟𝐞𝐫𝐞𝐧𝐜𝐞 
𝒂 𝒃 𝒄 

DyScO3 
[001]  

7.1089 1.8178 ∙ 10−4 0 
0.001 ~ 0.003 

 

[11̅0]  
5.2319 9.2438 ∙ 10−4 0 

0.001 ~ 0.003 

 

TbScO3 
[001]  

7.59392 -0.00398 6.17913 ∙ 10−6 
0.01 ~ 0.02 

 

[11̅0]  
6.00652 -0.00318 5.64265 ∙ 10−6 

0.01 ~ 0.02 

 

GdScO3 
[001]  

7.4117 -0.00215 3.99985 ∙ 10−6 
0.002 ~ 0.004 

 

[11̅0]  
5.12146 2.97406 ∙ 10−4 0 

0.001 ~ 0.003 

 

 

3.3.4 Polarization measurement 

    In order to analyze the polarization of the strained films, the polarization is measured using a 

classic Sawyer-Tower circuit (see Figure 3-29): 
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Figure 3-29: Sketch of a Sawyer-Tower circuit used in this work. 

 

    In this experiment, the signal generator provides the sweep voltage at high frequency, the 

resulting voltage across the reference capacitor is measured. Since the charge at the capacitor is 

identical to the charge of the ferroelectric sample, we obtain: 

𝑄 =  𝐶 ∙  𝑉 (3-12) 

where C is the capacitance of the reference capacitor, and V is the voltage measured at capacitor. 

As a result, the polarization is: 

𝑃 = 𝑄/𝐴 (3-13) 

where the A represents the “effective area” of the capacitors. The capacitance of the reference 

capacitor should be much larger than the capacitance of the sample, thus most of the voltage is 

applied at the sample. In the measurement the reference capacitor is typically 47 pF.  
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Figure 3-30: Typical polarization hysteresis measured by a Sawyer-Tower circuit on our strained SrTiO3 

film for electric field oriented along (a) the large and (b) the small in-plane tensile strain direction. (c) The 

coercive field extracted from the polarization hysteresis as function of temperature.  

 

    Figure 3-30 shows the hysteresis loops for a 40 nm thick SrTiO3 film on a DyScO3 (sample 

number 10771) for large tensile strain and small tensile strain (Figure 3-30b) at various 

temperatures and the resulting coercive field as a function of temperature. The results demonstrate 

that the strained film represents typical ferroelectric polarization hysteresis below a phase 
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transition temperature in both in-plane directions. The larger coercive field in the larger tensile 

strain orientation indicates the larger polarization compared to the smaller tensile strain direction 

at the same temperature. The different TC values obtained from Figure 3-30(c) are 236 K and 296 

K for the small and large strain direction, respectively. 

 

3.3.5 SAW measurement 

    SAW devices are employed (i) to analyze the piezoelectric effect and (ii) the SAW properties 

in our strained films, and (iii) to check our films for possible sensor applications (e.g. mass 

detection or biosensors). The SAW experiments are also based on IDE structures on our film. 

However, this time we need two IDEs, one serves as a generator of SAWs (input) and the second 

one is the receiver (output), see Figure 3-31. The SAW generating IDE is connected to a high 

frequency signal generator (Hewlett Packard, E4422B, ESG series signal generator, 250 kHz ~ 4.0 

GHz). The receiver IDE is connected to a spectrum analyzer (Anritsu, MS2661C, 9 kHz ~ 3 GHz), 

see Figure 3-31. Figure 3-31(a, b) show an example of a pair of IDEs. In this case “finger” width 

and the gap size are 5 μm which results in a wavelength of 20 μm for the SAW. In this work the 

wavelength and propagation distance (distance between input and output) are varied in order to 

find an optimum SAW response.  

 

 

Figure 3-31: (a, b) Microscopic images of a pair of IDEs (SAW input and output) for a wavelength of 20 

μm, (c) Sketch of the measurement setup, and (d) sample carrier for the cryogenic SAW measurements. 
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    In this work the IDEs is analyzed in a 2-port network. Where S-parameters describe the input-

output relationship between the two ports.  

 

 

Figure 3-32: (a) Sketches of a 2-port network and (b) the transmission parameters. 

 

Figure 3-32(a) shows a sketch of a 2-port network. |a1|
2 represents the incident power on port 1, 

|b1|
2 the reflected power from port 1, whereas |a2|

2 is the incident power on port 2, and |b2|
2 the 

reflected power from port 2. The transmission matrix relates these four waves in the following 

way: 

[
𝑏1

𝑏2
] = [

𝑆11 𝑆12

𝑆21 𝑆22
] [

𝑎1

𝑎2
] 

 

(3-14) 

where S11 is the input reflection coefficient of the network (S11=b1/a1, return loss), S21 is the 

forward transmission coefficient through the network (S21=b2/a1, insert loss), S22 is the output 

reflection coefficient, and S12 is the reverse transmission coefficient. Typically S21 is used to 

characterize the transport of the SAW on the samples. Although the S21 is not directed connected 

to the piezoelectric coefficient or coupling coefficients, the piezoelectric effect is the major reason 

of SAW signal.  
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Figure 3-33: Measured SAW response as a function of frequency on a (K0.7Na0.3)NbO3 film (sample number 

41_013).  

     

 

    Figure 3-33 shows a typical S21 (loss) spectrum obtained for SAW measurements. The 

measurements are usually performed with a power of 1 mW = 0 dBm. The resulting unit is dB 

relative to 1 mW of power. The general reduction of the signal of approx. -30 dB is caused by 

losses in the setup (microwave cables and esp. the bond wires). However, the oscillations observed 

in the frequency range from ~150 MHz to ~250 MHz are clear indications from the SAWs. Using: 

 

𝑣 = 𝜆 ∙ 𝑓0, or (3-15) 

∆𝑓 = 𝑣/𝐿 (3-16) 

where 𝑣 is the velocity of SAW, 𝜆 is the wavelength of SAW determined by the period of the IDEs, 

𝑓0 is the center frequency (resonance frequency) of SAW, 𝐿 is the SAW propagation distance 

between the IDEs, and ∆𝑓 is the frequency difference between the adjacent maximum of S21. We 

can obtain the propagation velocity SAW. Taking the result shown in Figure 3-33 as an example, 

the periodicity of IDEs is 20 μm with 5 μm width of “finger” and gap, respectively. The central 

frequency is expected to be around 168 MHz as shown in Figure 3-33, or calculated by eq. (3-15) 

and (2-3) with ∆𝑓 = 6 MHz. As a result, the propagation velocity of SAW is 𝑣 ≅ 3.36 km/s, which 

agrees with the theoretical expectation.  
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Figure 3-34: (a) Sketch of a SAW measurement structure and (b) parameters of the IDEs.  

    The aim to integrate the SAW IDEs is to (i) characterize the piezoelectric effect in the strained 

thin film and (ii) prepare a SAW sensor for is situ molecular deposition. In the beginning, various 

IDEs with different size are prepared on the LiNbO3 substrate as references in order to find the 

favorable IDEs that can clearly reveal the center frequency and with less insert losses. Figure 3-34 

shows a sketch of the pair of IDEs for SAW. The structural parameters of selected IDEs discussed 

in this work is shown in Table 3-4. 

 

Table 3-4: Structural parameters of selected SAW structures on LiNbO3 substrates. 

structure 

name 

wavelength 

λ (μm) 

finger 

width 

(μm) 

gap (μm) total 

number 

of fingers 

N (in one 

IDE) 

number 

of pairs 

in one Ide 

center to 

center 

distance 

between 

two IDEs 

(μm) 

effect 

length of 

the finger 

(μm) 

S1 20 5 5 64 32 845 700 

S2 20 5 5 32 16 525 700 

S3 20 5 5 8 4 285 700 

S4 20 5 5 8 4 585 700 

S5 20 5 5 8 4 285 1400 
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Figure 3-35: Measured SAW spectrum response centered at center frequency of ~ 168 MHz of structures 

S1 to S5 on LiNbO3 substrate. The inserts show sketches of the different IDEs.   

 

    Figure 3-35 shows the results of comparisons among various IDE designs given in Table 3-4. It 

reveals that: 
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(i) The amplitude increases with the total number of the fingers N (see S1, S2 and S3, 

Figure 3-35(a)); 

(ii) The bandwidth decreases as N increases (see S1, S2 and S3, Figure 3-35(a)); 

(iii) The difference between the beating frequency ∆𝑓 decreases as the SAW propagation 

distance d (from center to center of IDEs) increases (see S3 and S4, Figure 3-35(b)); 

(iv) The SAW spectrum responses show no pronounced dependence on the different finger 

length (see S3 and S5, Figure 3-35(c)). 

    The SAW structures chosen for the characterization of strained films in chapter 5 depend on the 

purpose of measurement. For instance, IDEs with a large number of fingers, short SAW 

propagation distance result in a relatively narrow spectrum with less interference signal where it 

is easier to identify the center frequency 𝑓0 . In contrast IDEs with less fingers induce more 

interference which causes more interference peaks in a spectrum and makes it easier to find ∆𝑓. 

Both of the structures can be used to characterize the velocity of SAW in the strained films.  

 

3.3.6 Conductivity measurement 

    Finally, conductivity measurements are employed in this work to (i) study and understand the 

conductivity of our nominally isolating films, (ii) analyze the impact of the (anisotropic) strain on 

the conductivity, and (iii) demonstrate and understand the potential impact of current (e.g. 

“plasticity”[61, 62]) of the conductance in these materials. The latter might lead to memristor 

behavior or even artificial synapses device. In order to examine the temperature dependence of the 

conductivity, the sample is mounted to the sample carrier shown in Figure 3-18, which allows a 

simultaneous measurement of the conductivity and permittivity in the cryostat. In order to study 

different electron transport properties of the samples, various kinds of electrodes are prepared on 

the surface of the oxide film.  

 

Figure 3-36: Layout of the in-plane conductivity measurement setup using a sourcemeter (Keithley 2635B). 
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    Figure 3-36 sketches the basic layout of the conductivity measurement and Figure 3-37 gives a 

few examples of electrode designs. The details of the electrode geometry will be discussed in 

context with the experiments in chapter 5. 

 

Figure 3-37: Scanning electron microscope images of various electrodes for conductivity measurement. 

“tip” or “flat” geometries of the electrodes provide different electric field distributions for the conductivity 

measurements. 

 

    Sourcemeter (Keithley 2635B) is used to apply a dc bias 𝑉 and at the same time measure the 

current 𝐼  through the structures providing a conductance 𝐺 = 𝐼/𝑉 . Similar to the capacitive 

experiment, the conductance consists of at least two contributions: 

𝐺𝑡𝑜𝑡𝑎𝑙 = 𝐺𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 + 𝐺𝑓𝑖𝑙𝑚 (3-17) 

In order to obtain the electronic transport 𝐺𝑓𝑖𝑙𝑚  in the film, the conductance of the substrate 

𝐺𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒  has to be considered. Using the conformal mapping method, we obtain the specific 

conductivities for “flat” electrode structures (design similar to Figure 3-26): 
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𝜎𝑓𝑖𝑙𝑚 = 1/ [
𝑈

𝐼

𝜋

4(𝑙𝑛2 + (𝜋𝑠/4𝑡2))
𝑤] 

 

(3-18) 

𝜎𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 1/ [
𝑈

𝐼

1

𝜋
𝑙𝑛 (

16𝑡3
𝜋𝑠

)𝑤] 

 
(3-19) 

where 𝑤 is the width of the planar capacitor, 𝑙 is the length of the resistor from one electrode to 

another one, 𝑠 is the gap of the resistor, 𝑡1 , 𝑡1 , and 𝑡3  is the thickness of electrode, film, and 

substrate, respectively (see Figure 3-26), 𝑈 and 𝐼 are measured voltage and current.  
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4. Engineering the dielectric properties of (Ba,Sr)TiO3 via tensile strain 
 

    In this chapter, the effects of strain (in-plane tensile strain) on the electrical properties of   

(BaxSr1-x)TiO3 (BSTO) thin films is presented. 4  Using single crystalline (110)DyScO3, 

(110)TbScO3, and (110)GdScO3 substrates different lattice match and, thus, a different degree of 

tensile strains is generated in the epitaxially grown films. (see Figure 4-1) 

 

Figure 4-1: The left represents a sketch of a tensile strained film in this work The right shows the tensile 

strain impact on the Curie-Weiss temperature. Furthermore the relevant parameters of film and substrates 

discussed in this chapter are shown below. 

Oxide ferroelectrics show profound features, e.g. giant permittivity, large piezoelectricity, or 

tunability, in the range of the phase transition temperature from the ferroelectric to the dielectric 

state. However, this temperature regime is typically far from room temperature. For instance, 

SrTiO3 is an incipient ferroelectric, i.e. it shows no phase transition down to the lowest measurable 

temperatures (~0 K), and other oxides show a ferroelectric to dielectric phase transition far above 

room temperature, e.g. 403 K for BaTiO3,[63] 503 to 760K (depending on the composition) for 

PbZr1-xTixO3,[52] 763 K for PbTiO3,[64] and 628 K for NaNbO3.[65] In order to obtain desirable 

operating temperatures for these oxides, it is therefore necessary to modify the phase transition 

temperature for these materials. This engineering of the transition temperature could be achieved 

via strain, doping, or a combination of both. It has been shown for a number of perovskites,[66-

72] tungsten bronzes,[73, 74] and bismuth layer-structured ferroelectrics[75, 76] that the clamp 

                                                 
4 The majority of this chapter was published in Dai, Y., J. Schubert, E. Hollmann, G. Mussler, and R. Wördenweber, 

Engineering of the Curie temperature of epitaxial Sr1−xBaxTiO3 films via strain. Journal of Applied Physics, 2016. 

120(11): p. 114101. 
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effect induces strain in epitaxial films resulting in a shift of the phase transition temperature. For 

example Haeni et al.[66] demonstrated a shift of phase transition temperature to room temperature 

for SrTiO3. However, the previous reports lack the systematic study of the impact of strain on the 

phase transition temperature. For this it is necessary to study systems with different strain, analyze 

for instance the impact of defects that lead to a relaxation of strain and last but not least show the 

impact of strain on other related properties like piezoelectricity or conductivity. This is done in 

this work. 

Here, we report a systematic study of the impact of strain on the phase transition temperature of 

BaxSr1-xTiO3 (BSTO) films. In order to obtain an established measure for the analysis of the phase 

transition temperature, we use the Curie-Weiss temperature TC, which is close to the phase 

transition temperature. Furthermore by using the combination of BaxSr1-xTiO3 with x≤0.37 and 

various rare earth scandate substrates, we vary the in-plane lattice strain of the films from 0 to 

1.7%. The electronic analysis of the films shows a systematic shift of the Curie-Weiss temperature, 

which is correlated to the in-plane strain. Using theoretical models, which consider the strain-

generated formation of defects in the film and their impact on the strain relaxation, we can explain 

the correlation between the Curie-Weiss temperature and the strain modified structure of these 

films. 

    RSM measurements demonstrate that all films are grown epitaxially. The tensile in-plane strain 

is only partially compensated by a contraction of the out-of-plane lattice parameter. The 

permittivity is measured in a wide temperature range from 5 K to 400 K, and the Curie-Weiss 

temperature is evaluated from the temperature dependence of the in-plane dielectric response. The 

following results are shown and discussed: 

(i) The structural characterization indicates that the volume of the unit cell of the BSTO 

films increases due to the tensile strain. The resulting Poisson ratio of the film is  0.33, 

which is larger than but still close to the literature values of 0.23 for unstrained defect-

free SrTiO3. This is discussed in chapter 4.1. 

(ii) The permittivity measurements reveals a strain-temperature phase diagram for the 

epitaxial tensile strained BSTO thin films with a linear dependence of the Curie-Weiss 

temperature TC on the strain. See details in chapter 4.2.1. 

(iii) Using equilibrium thermodynamic analysis (Landau thermodynamic theory), we can 

demonstrate that this linearity agrees with the theory. Small deviations from Landau 

theory can be explained by the relaxation of the strain due to defect formation in the 

film. The result reveals that in addition to the nominal misfit strain, the defect formation 

strongly affects the effective strain, and, thus, the dielectric response of epitaxially 

grown ferroelectric films. Details can be found in chapter 4.2.2. 

(iv) In the end, the dependence of the phase transition on the film thickness is analyzed. 

Especially the anisotropy of the permittivity and the resulting Curie-Weiss temperature 



    

67 

 

depends strongly on the thickness of the films. Thinner films show a large anisotropy 

than thicker films and the transition temperature drops dramatically in the thicker (above 

120 nm thick) samples where cracks formed. The discussion is shown in chapter 4.2.2. 

 

4.1 Structure characterization 

    The most imported tool to analyze the epitaxial growth and structural change of the strained 

films are the various X-ray techniques starting with Bragg-Brentano scans, rocking curves, and, 

finally, reciprocal space mapping (RSM). These techniques have been introduced in chapter 3.2.1. 

Here we will provide more insight in the structural properties of our film by focusing on the RSM 

data. The complete set of XRD data is given in the appendix B. 

    For the sake of clarity, we arranged the samples according to the strain and labeled them A 

(smallest strain) to E (largest strain): thus sample A is Sr0.63Ba0.37TiO3/DyScO3, sample B is 

Sr0.875Ba0.125TiO3/DyScO3, sample C is SrTiO3/DyScO3, sample D is SrTiO3/TbScO3, and sample 

E is SrTiO3/GdScO3(see also Table 4-1). 

7.5

7.6

7.7

7.8

 q

 [
n
m

-1
]

(a)                   (b)                   (c)                    (d)                   (e)

(f)                    (g)                    (h)                   (i)                    (j)

Sample A      Sample B     Sample C       Sample D     Sample E

cps

103 Ba
0.37

Sr
0.63

TiO
3

332 DyScO
3

103 Ba
0.125

Sr
0.875

TiO
3

332 DyScO3

103 SrTiO
3

332 DyScO
3

>400

100

20

<1

103 SrTiO
3

332 TbScO
3

103 SrTiO
3

332 GdScO
3

2.52 2.55
7.4

7.5

7.6

7.7
013 Ba

0.37
Sr

0.63
TiO

3

240 DyScO
3

2.52 2.55

013 Ba
0.125

Sr
0.875

TiO
3

240 DyScO
3

2.52 2.55

q
||
 [nm

-1
]

013 SrTiO
3

240 DyScO
3

2.52 2.55

013 SrTiO
3

240 TbScO
3

2.52 2.55

013 SrTiO
3

240 GdScO
3

 

Figure 4-2: RSM of the XRD in the vicinity of the (332) (a-e) and the (240) (f-j) Bragg reflections of the 

substrates for samples A-E. The crosses mark the corresponding position of the reflection of unstrained 

BSTO for the respective stoichiometry. Adopted from ref[33]. 
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    Figure 4-2 shows a selection of RSM data obtained from XRD analysis of the two different in-

plane orientations of the substrates for all samples. The upper and lower figures reveal the lattice 

correlation in the [001] and [11̅0] substrate direction, respectively. Figure 4-2 demonstrates the 

high quality of the epitaxy for all films. The 𝑞∥-values are identical for the film and the substrate, 

i.e. within the experimental accuracy all in-plane lattice parameters of the films are matched to 

those of the respective substrate. As a consequence, the difference between the lattice parameters 

of the strained and unstrained (crosses in Figure 4-2) BSTO increases from sample A to E, i.e. 𝑞∥ 

shifts to smaller values compared to the 𝑞∥ value of the unstrained reference, and 𝑞⊥ shifts to larger 

values compared to its unstrained counterpart. Thus, with increasing lattice mismatch between film 

and substrate, the film experiences more and more strain. The tensile in-plane strain is partially 

compensated by a compressive out-of-plane strain. Using the RSM data, we can evaluate the lattice 

parameters and, thus, evaluate the nominal misfit strain of the films. Table 4-1 provides a summary 

of the lattice parameters and the resulting nominal misfit strain obtained from averaging the RSM 

data measured in the four different lattice directions (332), (332̅), (420), and (240).  

 

Table 4-1: Lattice parameters (accuracy: ±0.001 Å) and resulting nominal strain of our strained BSTO 

films. The lattice parameters aref represents the literature value of unstrained material. 

 

Abbreviation 

 

Film 

 

Substrate 

 

Lattice parameters of the film (Å) Resulting strain (%) 

Reference  

aref 

Experiment value 𝜖a 𝜖b  𝜖c  

a b c 

A Sr0.63Ba0.37Ti

O3 

DyScO3 3.939 3.951 3.945 3.939 0.305 

(0.219) 

0.152 

(0.067) 

0.000 

(-0.085) 

B Sr0.875Ba0.125T

iO3 

DyScO3 3.916 3.949 3.940 3.901 0.843 

(0.810) 

0.613 

(0.580) 

-0.383 

(-0.415) 

C SrTiO3 DyScO3 3.904 3.951 3.946 3.882 1.204 

(1.130) 

1.076 

(1.002) 

-0.564 

(-0.637) 

D SrTiO3 TbScO3 3.904 3.964 3.962 3.877 1.537 

(1.403) 

1.486 

(1.352) 

-0.692 

(-0.823) 

E SrTiO3 GdScO3 3.904 3.971 3.966 3.875 1.716 

(1.561) 

1.588 

(1.433) 

-0.743 

(-0.894) 

 

    Furthermore, corrected values of the strain using a Poisson ratio 𝑣=0.23 (literature value for 

unstrained BSTO) are given in parentheses. The correction will be discussed later in this paper. 
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Figure 4-3: Volume of the unit cell (solid circles) and c-axis (open squares) differences as a function of the 

in-plane areal mismatch for samples A-E. The data are evaluated from the XRD data shown in Figure 4-2, 

the dashed lines indicate the linear dependence for both parameters. Adopted from ref[33]. 

 

    In order to learn more about the structural changes induced by the strain, we calculate the in-

plane areal lattice misfit and the volumetric change of the BSTO for all films. In a first approach, 

all misfit values are obtained via a comparison of the measured lattice parameters and the 

corresponding literature values for unstrained material (see Table 4-1). As such, these values 

represent nominal values for the c-axis lattice misfit, in-plane areal misfit, and volume mismatch. 

Later we will show that these values have to be corrected due to structural relaxation effects that 

are caused by defects in the material. For small concentrations x, unstrained BSTO has a cubic 

lattice. Its lattice parameter shows a linear dependence on the change of the barium content at room 

temperature, which can be approximated by aref = 3.904+0.094x (Å) for 0 ≤ 𝑥 < 0.6.[77, 78]  

    Using aref, we can evaluate the nominal lattice mismatch for each lattice parameter, e.g. c = (c-

aref )/aref , the resulting in-plane area mismatch (ab-aref
2)/aref

2, and the volume mismatch (abc-aref 

3)/aref 
3. The nominal lattice mismatch is given in tab. 1. Additionally, the c-axis mismatch and the 

volume change are plotted as a function of the areal misfit in Figure 4-3. The figure shows a linear 

decrease of the c-axis (out-of-plane) lattice parameter of the BSTO film with increasing areal 

mismatch, which indicates that the tensile in-plane strain is compensated by a shrinkage of the c-

axis. However, this is only a partial compensation since the volume of the unit cell still increases 

with increasing areal mismatch as shown in Figure 4-3. A very interesting point here is the linear 

dependence between the volumetric change and the in-plane strain. This not only reveals that the 

Poisson ratio 𝑣 is identical for all BSTO films, but we can also derive the value of the Poisson 

ratio for the strained films. It turns out to be 0.33 , which is larger than but still close to the 
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literature value 0.23 reported for unstrained crystalline SrTiO3.[79] The increase of the Poisson 

ratio might be caused by defects in the films, which will be addressed later. 

 

4.2 Dielectric properties 

 

4.2.1 Strain induced phase transition  

    In the following, we will discuss the impact of the strain on the dielectric properties. The in-

plane permittivity of BaTiO3 film under compressive stress are measured in the temperature 

ranging from 4 K to 500 K, and there is no permittivity peak visible in this temperature. As a result 

in the following discussions we will focus on the in-plane tensile strain effect. First we will restrict 

this discussion to the change of the Curie-Weiss temperature TC caused by the tensile strain. 

Generally, changes of the cell volume or lattice parameters affect the ferroelectric phase transition. 

In BSTO, A-site cation substitution or alternatively mechanical pressure provides such an effect. 

This was simulated using, for instance, Ising-like model calculations[80] or a classical shell-model 

potential.[81] With increasing cell volume obtained by Ba-substitution or in-plane tensile strain, 

the potential well related to ferroelectric distortion becomes wider and deeper, and, as a 

consequence, the Curie-Weiss temperature is expected to rise. Therefore, the dielectric properties 

can strongly differ from those of unstrained material. Understanding these effects is of importance 

for engineering the dielectric properties via strain. 

    The in-plane dielectric properties are measured along the two orientations for all samples to 

determine the Curie-Weiss temperature TC. Figure 4-4 shows typical data obtained for the 

permittivity and tan δ as a function of temperature. The peak in the permittivity and tan δ indicates 

the transition from the dielectric to the ferroelectric state.[68] The Curie-Weiss fit provides the 

exact TC value for all samples (see dashed lines and their linear extrapolation in Figure 4-4). 
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Figure 4-4: Temperature dependence of the dielectric permittivity for large (a, b) and small (e, f) strain 

and similarly tan δ for large (c, d) and small (g, h) strain for samples A-E (only the data for the large strain 

direction are displayed) and unstrained SrTiO3 (reference sample). The dashed lines in (a, b, e, f) show 

Curie-Weiss fits (plot of the inverse permittivity (right scale) vs. temperature), and the linear extrapolation 

provides the Curie-Weiss temperature TC. 

 

    In order to analyze the impact of the strain on the Curie-Weiss temperature, we consider the 

change of TC due to the strain. According to the literature, TC of unstrained BSTO can be 

approximated by a polynomial fit:  
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𝑇𝐶 = 𝑎0 + 𝑎1𝑥 − 𝑎2𝑥
2 (4-1) 

with coefficients 𝑎0=30 K, 𝑎1=484 K, and  𝑎2=-136 K[81-83] or  𝑎0=36 K, 𝑎0=356 K, and 𝑎2= 0 

K,[84-86] (see Figure 4-5) respectively. The resulting TC-values are quite similar for both 

approaches. We get TC= (33 ±6) K, (84 ± 8) K, and (179 ±23) K for unstrained SrTiO3, 

Sr0.875Ba0.125TiO3, and Sr0.63Ba0.37TiO3, respectively. Using these values as reference values for TC 

of unstrained BSTO, we obtained the resulting change of TC.  
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Figure 4-5: Curie-Weiss temperature as function of x for BaxSr1-xTiO3 crystals. The different fits (solid 

lines) result from literature values taken from ref[81-86]. 

 

    The Landau thermodynamic theory can be used to predict the TC enhancement due to strain.[66] 

In this approach, the shift of the phase transition temperature as a function of in-plane strain is 

given by:  

∆𝑇0 = 𝑇0.𝑓𝑖𝑙𝑚 − 𝑇0.𝑟𝑒𝑓 = 2𝜀0𝐶
𝑄11 + 𝑄12

𝑠11 + 𝑠12
𝜖 

(4-2) 

where 𝑇0.𝑓𝑖𝑙𝑚  and 𝑇0.𝑟𝑒𝑓  are the phase transition temperatures of the strained film and of the 

corresponding unstrained materials, respectively, 𝜀0 is the permittivity of vacuum, 𝐶 is the Curie-

Weiss constant, 𝑄𝑖𝑗 and 𝑠𝑖𝑗 represent the electrostrictive coefficients and elastic compliances, and 

𝜖 is the strain. For the calculation we use literature values for the parameters 𝑄𝑖𝑗, 𝑠𝑖𝑗, and 𝐶 (see 

Table 4-2). The difference between TC and T0 is smaller than a few K (see appendix C), we can 

assume that ∆𝑇𝐶 ≅ ∆𝑇0. Therefore eq. (4-2) can be used to predict the shift of the Curie-Weiss 

temperature due to strain in this work. 
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Table 4-2: Parameters used for the thermodynamic prediction of ΔTC (eq. (4-1)) for SrTiO3 and BaTiO3. 

 Q11+Q12 s11+s12 C  TC.ref 

SrTiO3 -0.033 m4/C2 [87] 2.38 ×10-12 m2/N [88] 9×104 K [82] 36 K 

BaTiO3 -0.065 m4/C2 [89] 5.65 ×10-12 m2/N [87] 12×104 K [82] 393 K 

 

    Figure 4-6 shows a comparison of the experimentally determined strain dependence of ΔTC for 

our BSTO films and theoretical predictions based on thermodynamic considerations using eq. 

(4-2). The experimental results are based on the nominal strain (later we will demonstrate that 

these values have to be corrected, see for instance Figure 4-8). The experimental data and the 

theoretical prediction show the same behavior, ΔTC increases more or less linearly with increasing 

in-plane strain. The experimental data only deviate from linearity at large strain, and ΔTC seems 

to start to saturate at    1.2%. The behavior of BaTiO3, SrTiO3, and their mixture seems to be 

very similar. Let us discuss the different aspects of this plot in detail. There is only a small 

difference between the predictions for SrTiO3 and BaTiO3, i.e. ΔTC is only slightly larger for 

BaTiO3. Furthermore, both predictions already agree quite well with the experimental values. Only 

for large strain (𝜖 >1.2 %) do the measured data deviate from the theory. Compared with the 

theoretical prediction, it appears that the strain in the film is overestimated for 𝜖 >1.2 %. A possible 

reason might be that in this calculation all kinds of strain relaxation are ignored. This will be 

discussed in the final section of this publication. 
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Figure 4-6: Enhancement of TC as a function of the nominal in-plane strain for samples A (squares), B 

(circles), C (up triangles), D (down triangles), and E (diamonds). The samples are measured along the 

[100] and [010] directions of the film, i.e. there are always two data points for each sample. The in-plane 

strain is obtained from the comparison of the measured lattice parameters and the literature value of the 

lattice parameter. Later we demonstrate that this value has to be corrected (see Figure 4-8 and the related 
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discussion). The lines marked BaTiO3 and SrTiO3 represent theoretical predictions (eq. (4-2)) for strained 

BaTiO3 and SrTiO3, respectively. The dashed-dotted line shows the trend of the experimentally determined 

strain dependence of ΔTC for our samples (guide for the eye). Adopted from ref[33]. 

 

    In order to understand the impact of strain in strained epitaxial films, possible mechanisms for 

strain relaxation have to be considered. One of the major contributions to strain relaxation is 

provided by misfit dislocations which are automatically generated during film growth due to the 

strain. These dislocations reduce the elastic energy, and the strain is compensated by these defects 

which form during film growth.[90, 91] The equilibrium thermodynamic theories developed by 

van der Merwe[92] and Matthews and Blakeslee[93] predict a critical thickness ℎ𝑐, below which 

the film grows without defects or misfit dislocations. In these theories, the total strain energy is 

relaxed by the termination of the misfit dislocation. The critical thickness is given by:[94] 

ℎ𝑐 = [
𝑏

4𝜋(1+𝑣)𝜖0
] [ln (

ℎ𝑐

𝑏
) + 1], (4-3) 

where 𝜖0 = (𝑎𝑓𝑖𝑙𝑚 − 𝑎𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒)/𝑎𝑓𝑖𝑙𝑚 represents the lattice misfit at growth temperature (700 ℃) 

defined by the lattice parameters of the unstrained film (afilm) and the substrate (asubstrate) at growth 

temperature, 𝑏 is the extension of the dislocation line, and 𝑣 is Poisson’s ratio. We take reasonable 

values for 𝑏=0.4 nm, Poisson’s ratio 𝑣=0.23 for unstrained BSTO[79] or, alternatively, our 

experimental value 𝑣=0.33 for strained BSTO. Furthermore, literature values are used for the 

lattice parameters and thermal expansion coefficients of the film and substrates.[95] The resulting 

predictions for the critical thicknesses ℎ𝑐 due to dislocation formation are 11.1 nm, 9.6 nm, and 

5.9 nm for SrTiO3 grown on DyScO3, TbScO3, and GdScO3, respectively, along the large strain 

directions. Similarly, the critical thickness can be calculated for the other samples and for the small 

strain direction of BSTO. The resulting critical thickness is shown in Figure 4-7 as a function of 

lattice misfit. 

    Generally, epitaxial films start to grow fully strained until they reach the critical thickness. Once 

the film reaches the critical thickness, defects develop and the strain in the next layers decreases. 

As a result, the total effective strain of a film is smaller than the nominal strain, once the critical 

thickness is exceeded. Considering this effect, the strain relaxation is larger for the films with 

smaller critical thickness, i.e. the films with larger lattice mismatch.  
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Figure 4-7: Critical thickness for the generation of misfit dislocations according to eq. (4-3). Only the 

values obtained for the large strain direction are displayed, and the critical thickness of sample A is about 

157 nm, i.e. beyond the scale of the plot. The insert shows the misfit dislocation density as a function of film 

thickness for the large strain direction according to eqs. (4-4) and (4-5). Adopted from ref[33]. 

 

    The analysis for BSTO (Figure 4-7) shows that for 𝜖 ≲0.5 % the critical thickness exceeds 40 

nm, which is the thickness of our films. Therefore, we expect that sample A is fully strained with 

a very low density of “naturally grown” misfit dislocations. For all other samples, the critical 

thickness is smaller than 40 nm. As a consequence, dislocations are generated due to the larger 

lattice mismatch between film and substrate in these samples. In the following, we will briefly 

discuss the defect-induced strain relaxation in BSTO. 

    The accumulation of misfit dislocations starts at the critical thickness and eventually leads to 

complete relaxation of the strain if the films are sufficiently thick. Based on the equilibrium 

thermodynamic theory, the density of misfit dislocations is given by:[96] 

𝜌 = 0, for  ℎ < ℎ𝑐 (4-4) 

and 

𝜌 ≅
𝜖0

|𝐛| cos𝜆
(1 −

ℎ𝑐

ℎ
),  for ℎ > ℎ𝑐 (4-5) 

where |𝐛| cos 𝜆 is the projection of the Burgers vector of the defect to the substrate surface. By 

simply choosing the most common slip system [101]<101> in perovskites,[96] we can use the 

lattice parameter of SrTiO3 (at growth temperature) as |𝐛| cos 𝜆.[97] The resulting equilibrium 

linear misfit dislocation density is given in the insert of Figure 4-7. 
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    Obviously, misfit dislocations and other kinds of defects (e.g. oxygen vacancies[98]) contribute 

to the relaxation of the strain in the BSTO layers. The effective lattice parameter of the strained 

film can be approximated by:[79] 

𝑎𝑒𝑓𝑓 =
𝑣𝑎 + 𝑣𝑏 + (1 − 𝑣)𝑐

1 + 𝑣
 , 

(4-6) 

where 𝑣 is Poisson’s ratio, and 𝑎, 𝑏 are the in-plane lattice parameters and 𝑐 is the out-of-plane 

lattice parameter. Inserting reasonable parameters, e.g. 𝑣  = 0.23 and the experimentally 

determined lattice parameters (see Table 4-1), we obtain the effective intrinsic lattice parameter. 

For instance, for SrTiO3 grown on DyScO3, TbScO3 and GdScO3 substrates these are 3.907 Å, 

3.909 Å  and 3.910 Å , respectively. Obviously, the values are slightly larger than the lattice 

parameter 3.904 Å  for perfect (defect-free) SrTiO3.[99] Moreover, with increasing lattice 

mismatch between film and substrate, the effective intrinsic lattice parameter also becomes larger, 

e.g. in our case SrTiO3 films grown on GdScO3 have the largest intrinsic lattice parameter. 

Therefore, in order to obtain the correct strain one has to consider the lattice parameter of the 

unstrained material corrected by the effective intrinsic lattice parameter. 
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Figure 4-8: Enhancement of TC as a function of in-plane strain for sample A (squares), B (circles), C (up 

triangles), D (down triangles), and E (diamonds) for the large and small strain directions. The open 

symbols represent data based on the nominal strain (dashed-dotted line serves as a guide for the eye) shown 

in Figure 4-6. The other symbols show the corrected values using a Poisson’s ratio =0.23 (solid symbols) 

and =0.33 (open with crosses), respectively. The lines marked BaTiO3 and SrTiO3 represent theoretical 

predictions (eq. (4-1)) for strained BaTiO3 and SrTiO3, respectively. Adopted from ref[33]. 
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    The resulting corrected values are given in Table 4-1 and Figure 4-6. Especially Figure 4-8 

nicely demonstrates the improvement of the correlation between Tc and the strain obtained by 

the correction. The effective strain is reduced by the correction. The shift of TC as a function of 

the strain becomes steeper and more linear up to the largest strain (see Figure 4-6), which now is 

in much better agreement with the theory predicting a linear dependence of Tc on the strain. 

 

4.2.2 Critical thickness and anisotropic strain  

 

0 50 100 150 200

50

100

150

200

250

300

T
C
 [
K

]

Thickness [nm]

crack

 

Figure 4-9: Curie-Weiss temperature as function of thickness for SrTiO3 films on DyScO3 measured for the 

large strain [001] (black squares) and small strain [11̅0] (red circles) orientation of the electric field. 

     

    Finally we analyze the impact of the thickness on the strain-induced ferroelectric phase 

transition in our strained SrTiO3 films. Figure 4-9 shows the Curie-Weiss temperature for SrTiO3 

films of different thickness deposited on DyScO3. Generally TC first increases for both orientations 

of the electric field (i.e. large and small strain) with increasing thickness up to a “critical thickness” 

(for PLD deposited SrTiO3 on DyScO3 at about 120 nm) where crack formation sets in and leads 

to a strong relaxation of the strain in the film. Above this critical thickness, TC drops to values of 

~150 K.  

    Figure 4-10 shows a summary of the differences of TC measured for large and small in-plane 

tensile strains for SrTiO3 films on various substrates. SrTiO3/DyScO3 and SrTiO3/GdScO3 show a 

more or less exponential decrease of ΔTC with increasing thickness which agrees with the expected 
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structural relaxation of the lattice (and thus strain) with increasing thickness of the film. The slope 

of this decrease is steeper for DyScO3 in the semilogarithmic plot, which agrees with the 

expectation of a larger anisotropy in DyScO3 (1.27% and 1.06%) compared to GdScO3 (1.66% 

and 1.75%). Finally, SrTiO3 on TbScO3 shows hardly any anisotropy since the anisotropy of the 

lattice parameter is also negligible in TbScO3 (1.55% and 1.50%). Figure 4-10(b) shows the 

difference of the TC normalized to the average of TC for large and small strain. The normalized 

value decreases dramatically above the critical thickness of approx. 10 – 15 nm [33] where defects 

appear (not to be confused with the critical thickness for crack formation at about 120 nm). This 

indicates the relaxation of the strain happens accompanied by the defects.  
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Figure 4-10: Difference ΔTC of (a) the Curie-Weiss temperature measured for large and small tensile strain 

direction, and (b) normalized to the average of TC for large and small strain for each sample as a function 

of film thickness. The blue circles represent SrTiO3/DyScO3, the orange triangles are SrTiO3/GdScO3, and 

the red squares represent SrTiO3/TbScO3. 

 

4.3 Summary 

    We systematically studied the correlation between the Curie-Weiss temperature and the strain 

in epitaxial BSTO films grown on various rare-earth scandate substrates (DyScO3, TbScO3, and 

GdScO3). RSM results demonstrate that all films grow epitaxially on the different scandate 
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substrates with a resulting in-plane tensile strain that is partially compensated by a reduction of 

the out-of-plane lattice parameter. The volume of the unit cell increases linearly with the in-plane 

areal strain. The Poisson ratio of the films turns out to be 𝑣 ≅ 0.33, i.e. larger than but still close 

to the literature values  = 0.23 for unstrained defect-free SrTiO3. The Curie-Weiss temperature is 

extracted from temperature-dependent measurements of the dielectric response. The resulting shift 

of the Curie-Weiss temperature agrees perfectly with the Landau thermodynamic theory if the 

strain relaxation due to defect formation in the films is considered.  

    We also demonstrated that the impact of strain on the properties of ferroelectric films, especially 

the Curie-Weiss temperature; can be understood and predicted using relatively simple theoretical 

models, which consider the elastic, electrostrictive, and defect properties of the film. This approach 

might be useful for the tuning of the transition temperature of ferroelectric thin films and, thus, the 

ferroelectric properties of these materials at operating temperature, e.g. room temperature. As 

such it might be a useful tool for the engineering of ferroelectric thin films in order to optimize 

their properties for the use in various electronic applications. 
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5. Engineering piezoelectric properties of (K,Na)NbO3 via compressive 

strain 
 

    In this chapter, we will discuss the impact of compressive strain on the ferroelectric properties 

of (K,Na)NbO3 (KNNO) films which are deposited on various scandates substrates. Since KNNO 

typically shows piezoelectric properties, we will also demonstrate the impact of the strain on the 

piezoelectric properties by analyzing SAW properties in the strained KNNO films. (see Figure 5-

1) 

 

Figure 5-1: Comparison between the permittivity and the SAW response (here 3rd harmonic) of a 

compressively strained KNNO film on TbScO3. The right represents a sketch of a SAW device used in this 

work. Furthermore the relevant parameters of film and substrates discussed in this chapter are shown 

below. 

 

    The following results are shown and discussed: 

(i) First the structure of the strained KNNO films is examined by XRD experiments 

(chapter 5.1.1). We demonstrate that all films are epitaxial. 

(ii) Then the permittivity (in-plane) of the films is measured in the temperature range from 

4 K to 500 K and the resulting Curie-Weiss temperature TC is analyzed (chapter 5.1.2). 

The Curie-Weiss temperature are clearly reduced from 693 K for unstrained 

K0.7Na0.3NbO3[29] to 300 K to 400 K, depending on the lattice mismatch between the 

film and substrate (i.e. strain of the film). This indicates that the phase transition is shift 

to lower temperature with compressive strain.  
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(iii) Finally, the propagation of SAW is investigated in our KNNO films using pairs of IDE 

electrodes for the generation and detection of the SAW (see chapter 5.2). The velocity 

and transmission coefficients S21 of the SAW as well as their anisotropy are analyzed 

and correlated to the permittivity of the films. It turns out that the strain can not only 

tune the dielectric properties of oxides, but also their piezoelectric effects.  

 

5.1 Structural characterization and phase transition 

 

    Similar to the analysis of our strained BSTO films, we first investigated the epitaxial growth 

and strain in the KNNO films via XRD experiments. All KNNO films are grown via MOCVD (see 

chapter 3.1.2) on scandates ((110)DyScO3, (110)TbScO3, (110)GdScO3, and (110)SmScO3) and 

characterized via X-diffraction in the IKZ. In this work we explicitly chose the stoichiometry 

KxNa1-xNbO3 with x = 0.7, since for x > 0.5 the phases diagram is less complex. For unstrained 

K0.7Na0.3NbO3 only one phase transition from the cubic to the tetragonal state is expected at 693 

K (see chapter 2.1.2).[29] Figure 5-2 shows typical examples of RSM images of our strained 

KNNO films on the different scandates: 

(i) The agreement of the 𝑞∥ position of the film and substrate (in some cases indicated by 

the dashed line) demonstrates the perfect epitaxial growth of our films. Since the typical 

film thickness ranges between 30 nm and 50 nm, no structural relaxation is expected. 

(ii) As for the KNNO films, the resulting in-plane strain is partially compensated by an 

out-of-plane strain of opposite sign, i.e. in this case an increase of the out-of-plane 

lattice. From the RSM data we obtain for example values of 0.4072 nm (on 

(110)DyScO3)  and 0.4017 nm (on (110)SmScO3). 

(iii) The satellite patterns can be attributed to different polarized domain structures in the 

KNNO films. The presence of these patterns are therefore a clear indication of the 

ferroelectric state at room temperature in all films.  
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Figure 5-2: RSM of the K0.7Na0.3NbO3 epitaxial layers on (110)TbScO3, (110)GdScO3, and (110)SmScO3 

substrates. Since in some cases the substrate reflex lies outside the 𝑞⊥ scale, its 𝑞∥ position is indicated by 

the dashed white lines.  

 

    In order to determine the Curie-Weiss temperature of the compressively strained KNNO films, 

similar measurements of the permittivity are performed as shown in chapter 4.2.1, i.e. IDEs are 

prepared on the surface of KNNO film for electric field directions along the [001] or [11̅0] 

directions of the substrates and ε is determined as function of temperature in the temperature range 

of ~4 K to ~ 500 K. 
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Figure 5-3: Temperature dependence of the dielectric permittivity for (a) a 29 nm thick K0.7Na0.3NbO3 

film on TbScO3 (sample name 47_008_TSO), and (b) a 27 nm thick KNNO film on GdScO3 (sample name 

47_008_GSO) measured at 100 kHz. “S” and “L” mark the small and large compressive strain in the in-

plane orientations, respectively.  

 

    Figure 5-3 shows the permittivity as a function of temperature for two K0.7Na0.3NbO3 films on 

TbScO3 and GdScO3. The Curie-Weiss temperature TC can be extracted from the Curie-Weiss 

plot, i.e. 1/𝜀’ versus T.  
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Figure 5-4: Shift of TC as a function of strain for K0.7Na0.3NbO3 films on (110)TbScO3, (110)DyScO3, and 

(110)GdScO3 substrate. The dashed gray line represents the theoretical prediction for KNbO3 crystals using 

eq. (4-2) and the parameters given in Table 4-2. 

 

    Figure 5-4 summaries the results on the shift of TC as a function of in-plane compressive strain 

for our KNNO films on TbScO3, DyScO3, and GdScO3. TC is shifted to lower temperature 

compared to the TC = 693 K of unstrained material. Again the two data points obtained for each 

sample arise from the two in-plane orientations ([100] and [010]) for each film. Since we use the 

“square-lattice model” (The film adapts a square shaped in-plane structure at the interface to the 

substrate during the growth)[100] for the evaluation of the nominal strain, the data are in the right 

order, i.e. large compressive strain yields a large suppression of TC in agreement with the 

theoretical expectation. The use of the “classical model” would yield the opposite result and, thus, 

contradict the theoretical expectation. As discussed in chapter 4, the shift of TC as a function of in-

plane compressive strain can be described by the thermodynamic eq. (4-2). Since we only found 

the necessary parameters for KNbO3 in the literature (see Table 4-2), we evaluated the expected 

impact of the strain on TC for KNbO3 (see dashed line in Figure 5-4). Nevertheless, the difference 

between the theoretical prediction for KNbO3 and the experimental result for K0.7Na0.3NbO3 is 

quite small, indicating the good agreement between the theory and the experiments. 

 

Table 5-1: Parameters used for the thermodynamic prediction of ΔTC (eq. (4-2)) for KNbO3. 

 Q11+Q12 s11+s12 C  

KNbO3
 0.067 m4/C2 [101] 3.5 ×10-12 m2/N [101] 1.6×105 K [102]  
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5.2 SAW devices 

    In the previous chapters we demonstrate that we can engineer TC and thus modify the 

permittivity of ferroelectric material via strain. In this chapter we will show that this also affects 

the piezoelectric properties of films. We will demonstrate this via measurements of the SAW for 

compressively strained KNNO films. 

 

    As discussed in chapter 3, identical IDEs are used for the input and output of the SAW. We 

prepared SAW devices for SrTiO3, BaTiO3, and K0.7Na0.3NbO3 on DyScO3, TbScO3, SmScO3 and 

GdScO3 substrates. Whereas the soft ferroelectric SrTiO3 and BaTiO3 films showed no 

measureable SAW signal, the KNNO system did show a significant SAW signal. Therefore we 

will focus on the SAW experiments on the KNNO strained films. In a first step we optimized the 

design of the IDEs and their distance (distance between input and output) for the SAW experiments 

and analyzed the difference of the SAW signal on the orientation of the SAW propagation. Table 

5-2 shows different design parameters of SAW IDEs prepared on different samples. 

 

Table 5-2: Design parameters for the SAW IDEs on KNNO films. 

structure 

name 

wavelength 

λ (μm) 

finger width 

and 

gap (μm) 

total number 

of fingers N 

(in one IDE) 

Distance between 

IDEs (μm) 

Effective finger 

length (μm) 

41_013_TSO 20 5 32 420 500 

47_008_TSO 12 3 8 500 300 

47_008_GSO 12 3 8 500 300 

 

(i) SAW signal and propagation velocity 

    The SAW propagation in our KNNO films strongly depends on its orientation. Figure 5-5 shows 

the transmission coefficient S21 as function of frequency for a 47 nm thick KNNO film on TbScO3 

(sample name 41_013_TSO) measured for four different orientations of the SAW. Here 0° defines 

the orientation of the SAW propagation in the [11̅0]TbScO3 direction (i.e. small compressive 

strain) and 90° defines SAW propagation in the [001]TbScO3 direction (i.e. large compressive 

strain), the directions of ± 45° are oriented accordingly. 
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Figure 5-5: Frequency response of different SAW designs on a 47 nm thick K0.7Na0.3NbO3 film on 

(110)TbScO3 (sample name 41_013_TSO) showing the frequency range of the first harmonic and AutoCAD 

image showing the orientation of the different designs a, b, c, and d. The arrow in the graph marks the peak 

of the SAW signal at the central frequency. 

 

It is interesting to note the center frequency is slightly different in different orientations (Figure 

5-5). Actually the center frequency reveals the velocity of SAW: 

𝑣 = 𝜆 ∙ 𝑛 ∙ 𝑓𝑛 (5-1) 

    where 𝜆 is the wavelength of SAW, defined by the period of IDE, 𝑛 is the order of harmonic, 

and 𝑓𝑛 is the nth of harmonic. Due to the background noise, the peak of the SAW spectrum cannot 

always be determined unambiguously (see direction “d” in Figure 5-5). 

Another characteristic that can be used for the determination of the SAW velocity is the beating 

frequency. In acoustic waves, a beat is the interference pattern generated by two interfering waves 

of different frequencies. In our case, these two waves are the SAW itself and the directly coupled 

electromagnetic signal of the input IDE. Since the latter moves with the speed of light the resulting 

correlation that describes this beating is relatively simple:  

∆𝑓 = 𝑣/𝐿 (5-2) 

where ∆𝑓 is the difference of frequency between two adjacent maxima of interference pattern in 

S21 and 𝐿 is the distance between two IDEs (input and output). An example of a SAW response on 

a LiNbO3 substrate has been presented in chapter 3.3.5. Here we will first discuss the SAW 

velocity for strained KNNO samples.  
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Figure 5-6: (a) Spectral response of SAW along [ 001 ]GdScO3 (larger compressive strain) and 

[11̅0]GdScO3 (small compressive strain). The insert shows a detailed spectrum in the range around the 3rd 

harmonic frequency, where the automatically recorded maxima and minima are marked (red dots). (b) 

Difference between adjacent beating frequencies and (c) ΔS21 at the 3rd harmonic frequency measured along 

[001]GdScO3 (sample name 41_013_GSO). The inserts shows the definition of ΔS21.  

 

    Figure 5-6 provides a summary of all data (S21 as function of frequency) and the resulting 

automatically recoded in this work to identify the velocity and maximum transmission coefficient 

of the SAW in our strained films. Figure 5-6(a) represents the complete SAW spectrum in the 
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frequency range from the 3rd harmonic to the 9th harmonic. It is measured for a KNNO film on 

GdScO3 substrate (sample name 41_013_GSO) along the large compressive strain ([001]GdScO3) 

and small compressive strain ([001]GdScO3) orientations. The geometry of the sample is given in 

Table 5-2. The insert of (a) shows a detailed spectrum in the range around the 3rd harmonic, where 

the maxima and minima of the response are marked in order to clearly identify ∆𝑓 and ∆𝑆21. 

Figure 5-6(b) shows the resulting ∆𝑓 as function of frequency for the large compressive strain 

direction. It clearly shows two different characteristic frequencies ∆𝑓: 

(i) A large value for the minimum-maximum distance ∆𝑓 at ~30 MHz which characterizes 

the resonance of the experimental setup and 

(ii) A smaller value for ∆𝑓 at ~3.4 MHz which represents the beating frequency. The latter 

is clearly visible at the 3rd, 5th, and 7th harmonics, although the 5th and 7th harmonics 

are difficult to be observed directly from the SAW spectrum in Figure 5-6(a). Inserting 

the value of ∆𝑓  into eq. (5-2), the velocity of the SAW along large compressive 

direction at room temperature is calculated as ~3376 m/s.  

    Figure 5-6(c) shows another way to evaluate the velocity of SAW. Here ∆𝑆21 is plotted as a 

function of frequency as depicted in the inset, i.e. the background signal is removed and only the 

contribution from SAW is presented. The peak of the ∆𝑆21 spectrum at the 3rd harmonic represents 

the center frequency f3. Using eq. (5-1) a velocity of ~3386 m/s is obtained which agrees well with 

the value obtained from the beating effect. Therefore we assume reasonable values of 𝑣 ≅ 3381 ±

5 m/s for the velocity of the SAW at room temperature (see Table 5-3). 

 

Table 5-3: Eletronic properties of the SAW parameters for a 47 nm and 29 nm thick K0.7Na0.3NbO3 film on 

(110)TbScO3 (sample 41_013_TSO) measured at room temperature. 

Sample 

name 

Orientation Center 

frequency 

𝒇𝟏(MHz) 

Wave length 

𝛌 (μm) 

Velocity 

(m/s) 

ΔS21 (dB) 

41_013_TSO 

a (90°) [001] 166.1 20 3322 2.44 

b (0°) [11̅0] 167.7 20 3354 0.94 

c (-45° to [001]) 168 20 3360 0.40 

d (45° to [001]) 168.5 20 3370 0.01 

47_008_TSO 
Large [001] 281.8 12 3381 1.25 (3rd) 

Small [11̅0] 279.2 12 3350 1.60 (3rd) 
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Figure 5-7: Velocity of the SAW as a function of temperature characterized by beating frequency Δf (open 

symbols) and f3 (solid symbols) along the large and small compressive strain orientations (sample name 

41_013_GSO). 

    In the next step the temperature dependence of velocity is measured (see Figure 5-7). Although 

the absolute values for the SAW velocity are similar for both directions, their temperature 

dependence is different. Whereas the SAW velocity is nearly temperature independent for the large 

strain direction, it decreases slightly with the temperature for the small strain orientation. 
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Figure 5-8: SAW response of a 47 nm thick KNNO film on (110)TbScO3 (sample name 41_013_TSO). 

Showing the fundamental and 3rd harmonic for the different designs. Insert shows a sketch of the 

dependence between SAW velocity and in-plane orientation. 

 

(i) Higher harmonic and anisotropy 

    The IDE generates (and receives) SAWs when the wavelength is equal to the period of the IDE. 

Additionally to the center frequency, odd harmonics can be generated and recorded. Figure 5-8 

shows as an example the fundamental and 3rd harmonic for one of our samples. Normally the signal 

at odd harmonics should be smaller than for the fundamental frequency. However, in our thin film 

SAW device, the magnitude of the 3rd harmonic is stronger than the fundamental one. Actually it 

is the strongest SAW signal, the 5th to 9th harmonic are getting weaker again. Considering the 

limitation of “large scale” conventional photolithography to be typically ~500 nm for the finger 

width, the 3rd harmonic can be enhanced to about 5 GHz in our KNNO strained film. Since the 

sensitivity scales with the frequency,[103] this demonstrates the potential for application of these 

SAW sensors. 
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Figure 5-9:  ΔS21 for the fundamental (red) and 3rd harmonic(blue) and permittivity (black) as a function of 

temperature for a 47 nm thick KNNO film on TbScO3 measured along the [11̅0]TbScO3 orientation (sample 

name 41_013_TSO). 

 

(ii) Correlation between SAWs and the Curie-Weiss temperature 

    Figure 5-9 demonstrates the correlation between the SAW response and the phase transition, 

which is obtained from the measurement of the permittivity. It shows the experimental results for 

a KNNO film on TbScO3 along [11̅0]TbScO3 direction as function of temperature. The TC for this 

orientation is 416 K. In order to estimate the intensity of SAW from the measured SAW spectrum, 

we define the value ΔS21 of the peak-to-valley at center frequency 𝑓1 as shown in Figure 5-9(c). 

The different ΔS21 along the different orientations reveal the intrinsic material properties, e.g. the 

electromechanical coupling effect (the amplitude of SAW is proportional to the piezoelectric 

constant[104]). ΔS21 vanishes in the temperature range slightly above the TC, where the material 

enters the paraelectric state. There is even a peak in ΔS21 for the fundamental frequency range (see 

Figure 5-9(a)), i.e. the largest SAW signal is obtained slight below the phase transition 

temperature. As a consequence, the ΔS21 seems to provide an alternative way to measure the phase 

transition in terms of the piezoelectric effect.  
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Figure 5-10: Permittivity (a) and ΔS21 at the 3rd harmonic frequency (b) as function of temperature 

measured along the large ([ 001 ]GdScO3) and small ([ 11̅0 ]GdScO3) orientations (sample name 

41_013_GSO). 

 

    Finally, Figure 5-10 shows the permittivity and ΔS21 as a function of temperature measured for 

a KNNO film on GdScO3 (sample name 41_013_GSO). The results are similar to that shown in 

Figure 5-9, i.e. ΔS21 vanishes at T0 and a maximum just below T0 (which is close to TC) is observed 

at the temperature of the onset of the peak in the permittivity. This indicates that the piezoelectric 
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effect (piezoelectric coefficient) is strongest near the phase transition temperature, as predicted in 

theory.[16] 

 

5.3 Summary 

In this chapter, the impact of compressive strain in KNNO thin film on the dielectric and 

piezoelectric response are characterized and discussed. The result shows: 

(i) In contract to tensile strain effect in SrTiO3 film, compressive stress in KNNO thin film 

shifts the TC to lower temperature, As in the case of tensile strain in BSTO, it can be 

fitted by the Landau thermodynamic predictions; 

(ii) Due to its anisotropic strain the dielectric properties depend on the orientation of the 

field in the KNNO thin film. 

(iii) The propagation of SAW is demonstrated for the KNNO thin film and the SAW 

response, i.e. strength and velocity, also depend on the in-plane direction of the 

propagation.  

(iv) The velocity of SAW can be evaluated either via beating frequency or the ΔS21 spectrum. 

Both results agrees well with each other and yield values of ~3.36 km/s. 

(v) The strength of the signal correlates to the phase transition of the film. It is largest below 

TC and vanishes at TC. 

    In conclusion, we demonstrate that the engineering of TC does not only resulting a tuning of 

dielectric properties, but also allows to tailor the piezoelectric response. 
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6. Engineering the electric transport properties of SrTiO3 via tensile strain 

 

   In this chapter we discuss the impact of strain on the electric transport properties of SrTiO3 thin 

films. Generally SrTiO3 in the cubic perovskite crystal structure is a band insulator with a band 

gap of 3.2 eV at room temperature. Therefore it can be used as an insulator in the metal-

ferroelectric-insulator structure. However, it is known that under compress or tensile strain SrTiO3 

films can vary the electric conductance. This is mainly caused by three mechanisms:  

(i) enhancement of the mobility of electrons and oxygen vacancies due to the strain,[105-

107]  

(ii) shift of the phase transition[35, 108], and 

(iii) strain induced oxygen vacancies.[109, 110] 

All mechanisms are indicated in Figure 6-1: 

  

Figure 6-1: Sketch of the impact of strain on the conductivity due to the shift of TC and defect formation 

(oxygen vacancies) in SrTiO3 thin films. 

 

The neuromorphic computing has become a promising revolutionary approaches for data 

storage and data operation. In contrast to the classical von Neumann architecture, the 

neuromorphic architecture provides the ability to tackle complex problems like rigid design, 

inability to tolerate faults, and the bottleneck of information transfer due to its “learning” ability. 

Similar to the synapse in the brain, a two-terminal device (memristor with plastic behavior which 

is also called “artificial synapsis” (see chapter 2.6.2)) is one of the most basic elements in the 

neuromorphic system. The artificial synapsis involves two important properties:  
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(i) a resistive switching behavior (like a classical memristor) and  

(ii) a plasticity, which allows the memristor to be modified (i.e. “learning”).  

    There exist quite a lot of systems based on various mechanisms that exhibit plastic memristive 

behavior. For instance, molecular and ionic thin film memristive systems are based on mobile 

defects in the materials.[111, 112] Insulator-to-metal phase transition driven memristors[113] and 

ferroelectric memristors are based on electronically driven defects in the materials.[114, 115] One 

of the most pursued type of memristor is based on uniform and nonuniform oxygen diffusion in 

oxides.[116] In this type of materials, oxygen vacancies play the significant role in the resistive 

switching behavior. Different explanations for the diffusion of oxygen vacancy have been 

suggested ranging from the development of conductive filaments,[117] the modulation of the 

interface barrier height,[55] and space charge limited current effects.[118] The control of the 

oxygen vacancy diffusion in these materials represents one of the major issues of these promising 

type of memristor, especially in case of a “learning” memristor showing plasticity.  

    The oxide SrTiO3 can be modified in order to obtain partial conductivity. This is typically done 

by enhancing the defects concentration. In previous studies this has been achieved for instance, by 

Cr-doping [119], varing the growth temperature or oxygen partial pressure[120] , or thermal 

treatment at elevated temperatures.[121] However, there is no report on strain induced resistive 

switching behavior in oxides. In this chapter, we use strain to engineer the mobility of oxygen 

vacancies, and, as a consequence, tune the electric transport properties of oxide thin films. We use 

epitaxially grown SrTiO3 thin films which are strained (typically ~1 %) due to the lattice mismatch 

between film and the substrate.  

    We will start with the basic discussion the electronic transport properties in strained SrTiO3 thin 

film, followed by the presentation of different memristive device based on the strained SrTiO3 thin 

film and their properties. 

In the following sections we will use the following notation for the states and the processes in 

our devices:  

- the resistance states of the memristive cell are called “high resistance state (HRS)” or “OFF 

state”, and, 

- “low resistance state (LRS)” or “ON state”.  

- A write operation changing a device cell from the HRS to the LRS is called a “SET” 

operation, while an opposite write operation is called a “RESET” operation. 

 

6.1 Strain oxides for neuromorphic engineering  
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    In a first test, epitaxial SrTiO3 films with various thickness were investigated with respect to 

their conductivity. All films were deposited via pulsed laser deposition on (110) oriented DyScO3, 

TbScO3, and GdScO3 substrates. According to the discussion in chapter 4, the Curie-Weiss 

temperature TC is shifted to temperature around room temperature for the films deposited on 

(101)DyScO3 whereas TC is above room temperature for (101)TbScO3 and even higher for films 

on (101) GdScO3 (see Figure 6-2). 
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Figure 6-2: Theoretical expectation according to eq. (4-2) (solid line) and experimental data 

(symbols) for TC for strained SrTiO3. The different symbols mark the films grown on DyScO3 (solid 

up triangles for 40 nm thick film, open up triangles for 60 nm thick film, and crosses mark for 90 

nm thick film), TbScO3 (solid down triangles), and GdScO3 (solid diamonds) substrates. The 

inserts show the reciprocal space mapping of the XRD in the vicinity of the (332) (left) and the (240) 

(right) Bragg reflections of the substrates for a 90 nm  thick SrTiO3 film grown on (101)DyScO3. The sketch 

indicates the crystallographic orientation of the SrTiO3 in case of the growth on (110)DyScO3. 

 

    In order to study the electrical properties of the SrTiO3 films, metal electrodes were deposited 

on top of the films using e-beam lithography and lift-off lithography technique.[122] Depending 

on the type of measurement different designs and metal combinations are chosen for the electrodes. 

They typically consist of a 5 nm thick Ti layer covered with a 50 nm thick Pt layer. In some cases, 

the Ti layer is omitted. For the characterization of the films and contacts we typically use “flat” 

electrode (extended plane-parallel electrodes, see for instance insert of Figure 6-4), for the 
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memristive devices typically a combination of a flat electrode with a sharp tipped electrode (see 

for instance insert of Figure 6-5(a)) is used. 

Figure 6-3 shows the conductivity of two strained SrTiO3 films on (110)DyScO3 measured along 

the in-plane directions, i.e. the [010]SrTiO3 directions. For comparison the conductivity of 

unstrained single crystalline SrTiO3 is given. The measurements were performed using two 

opposing flat Ti/Pt electrodes with a length of 500 μm and a gap distance of 3 μm. The data are 

recorded in the ohmic regime in the current-voltage characteristics.  
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Figure 6-3: Conductivity as function of temperature for a 90 and a 60 nm thick SrTiO3 films on 

(110)DyScO3 measured along the large strain ([010]SrTiO3) directions and, for comparison, data 

obtained for single crystalline SrTiO3. All measurements represent the conductivity at small 

electric fields, i.e. in the ohmic regime, except for the added data for crystalline SrTiO3 (gray line) 

which was measured at elevated field (3.3 V/μm). The symbols characterize the Curie-Weiss 

temperature TC (open circles) and Burns temperature (solid circles). The insert shows the 

measurement setup. 

 

     Although especially the measurement on the conductivity of the strained films turns out to be 

difficult due to their “plasticity”, one of the major properties of these films discussed later, there 

are a number of interesting features visible in Figure 6-3: 

(i) Generally the conductivity is larger in the strained films compared to that of the single 

crystal. The enhanced conductivity might be a result of the enhanced density of defects 

(esp. oxygen vacancies) that are automatically generated by the strain in these 
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films.[33, 110] However, also the mobility of the charge carriers might be 

affected,[105] for instance by the shift of the phase transition (see next section). 

(ii) In all cases a peak in conductivity can be seen which seems to be associated with the 

ferroelectric phase transition.[35, 36] This peak is visible for the strained films, it also 

appears in unstrained SrTiO3 if we extend the measurement to large fields (i.e. non-

ohmic regime). Due to the shift of TC, this peak is shifted towards room temperature 

for our films. 

(iii) Finally, at high temperature (above room temperature) the conductivity increases. 

    The increased conductivity including the peak in the conductivity just below room temperature 

is one of the major reasons to choose these system for further memristor and neuromorphic 

experiments. 

 

6.2 From memristor to neuromorphic devices 

 

6.2.1 Schottky contact versus ohmic contact 

    Before we get to the main topic of this work, i.e. the memristor with plastic behavior, let us first 

discuss the role of the metal/oxides interface. It is known from literature, that the quality of the 

interface can strongly affect the transport behavior of metal-insulator-metal (MIM) structure 

devices.[123, 124] For instance, it is reported that Ti deposited on TiO2 can create a high density 

of oxygen vacancies near a metal/semiconductor interface.[55] These oxygen vacancies can be 

beneficial for the resistive behavior of the oxide.[125-127] Therefore we tested two different types 

of metallic electrodes for our SrTiO3 films, i.e. Pt-electrodes and a metallic bilayer consisting of 

Ti and Pt. In the first case the metal-oxide interface is formed by SrTiO3/Pt, in the second case it 

is defined by SrTiO3/Ti. The thickness of the Ti and Pt layers are always 5 nm and 50 nm, 

respectively. 
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Figure 6-4: IVCs of a 90 nm thick strained SrTiO3 film measured by two parallel electrodes (gap size 3 μm 

and length 500 μm) with the electric field oriented for (a) Ti/Pt electrodes and (b) Pt electrodes (see 

sketches). The inserts represent (a) a double logarithmic plot and (b) Schottky fit along the large tensile 

strain direction of the forward bias. Please note that always the absolute values of the current is plotted.  

     

Figure 6-4 shows a comparison of typical current-voltage characteristics (IVC) of MIM structures 

obtained for different combinations of Pt and Ti/Pt electrodes. The measurements are performed 

at room temperature. In order to record the nano-current in the oxide film, a rather large gap of 3 
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μm between the electrodes has been chosen. In order to obtain a large enough signal, this large 

distance is compensated by a large size (500 μm) of the electrodes along the gap (see structures in 

Figure 6-4). The main features of this experiment are: 

(i) The device with the Ti/Pt electrodes leads to much larger conductivity compared to the 

device with pure Pt electrode. This is most likely caused by the high density of oxygen 

vacancies at the SrTiO3-Ti interface, which reduces the barrier height of the metal-

oxide interface.[55, 56] 

(ii) As a result of the Ti layer, the two devices show a different conduction mechanism. In 

case of the SrTiO3-Ti interface it behaves ohmic as indicated by the linear IVC obtained 

for small electric fields E < 4.8 V/μm (see insert of Figure 6-4(a)), whereas we observe 

a Schottky behavior for the SrTiO3-Pt interface (see insert of Figure 6-4(b)). Although 

in other reports the Schottky behavior has been utilized to establish a memristor,[123, 

128, 129] we use the ohmic behavior of the SrTiO3-Ti interface in combination with 

the strain enhanced conductivity for our artificial synapsis. However, using an 

asymmetric electrode concept, i.e. a combination of a flat and a tipped electrode. 

 

6.2.2 Memristive behavior 

    Using the strained SrTiO3 films on (110)DyScO3 in combination with asymmetric Ti/Pt 

electrodes we developed planar memristors that show the desired plastic behavior. Figure 6-5 

shows typical results obtained for asymmetric electrode designs consisting of a sharp tip opposing 

a flat electrode (see sketch in Figure 6-5(a)). The distance between both electrodes is 500 nm. 

Figure 6-5(a) shows the memristor behavior as well as the plasticity. In this measurement a 

continuous voltage sweep is applied on the electrodes, the values next to the curves indicate the 

number of the loop. The IVC loops show the typical memristor behavior with a high current 

(conductance) in the ON state and a low current (conductance) in the OFF state. However, while 

the OFF state stays low, the ON state increases with increasing number of cycles (see Figure 6-

5(b)). This plastic behavior represents a gradual process defined by the migration of oxygen 

vacancies (see sketches in Figure 6-5). In the beginning the vacancies form a very thin channel 

that allow a small transport current. With each loop the channel grows wider until the local 

electrical field gradient becomes too weak to support any further oxygen vacancies migration. The 

role of the electric field and the resulting local temperature for the migration of the oxygen 

vacancies will be discussed later. Indications on the internal dynamics of the devices, i.e. motion 

of oxygen vacancies and resulting conducting mechanisms, can be obtained from the IVC (see 

Figure 6-5(c) and (d)). 
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Figure 6-5: IVCs of an asymmetric pairof Ti/Pt electrodes consisting of a flat electrode (500 μm wide) and 

tip (14˚) at a distance of 500 nm (sketch in (a)) on a 90 nm large tensile strained SrTiO3 film. (a) A series 

of subsequently recorded IVCs demonstrating the plastic memristor behavior, the numbers indicate the 

number of cycle, the positions for set, reset, and read are indicated. (b) Time dependence of the read signal 

recorded at a read voltage of 5 V for the ON state (red symbols) and OFF state (blue state) using the data 

in (a). (c) Poole–Frenkel emission fit of the reverse bias, and (d) double logarithmic of the OFF state plot 

with slope ~2 indicating the trap controlled space charge limited current behavior at the low conductivity 

state. The sketches in the figure show the electrode geometry (a) or the expected distribution of oxygen 

vacancies (red dots) in (b, c, and d). 

     

    For the negative voltage (set voltage where electrons move from the flat electrode towards the 

tip) a Poole-Frenkel (PF) behavior [130] is observed (Figure 6-5(c)). The PF emission describe the 

hopping of electrons in an electrical insulator. Electrons are trapped in localized states. Due to 

thermal fluctuation they can briefly be excited to the conduction band and move under the impact 

of an electric field. For large electric fields this leads to a current density J: 
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𝐽 = 𝑞𝜇𝐸𝑛0 exp [−
𝑞𝜙𝐵

𝑘𝑇
+

𝑞

𝑘𝑇
(

𝑞𝐸

𝜋𝜖𝜖0
)
1/2

] (6-1) 

where 𝑞 is the electron charge, 𝜇 is the electronic drift mobility, 𝑛0 is the density of states in the 

conduction band (here the defect concentration), 𝜙𝐵 is the voltage barrier for the hopping of the 

electrons in an isolator of the trap, and ϵ is the dielectric constant.     

    Figure 6-5(c) shows a typical PF behavior, i.e. a linear correlation between ln(J/E) and E1/2 in 

agreement with eq. (6-1). Using typical values for the mobility 𝜇 = 0.4·10-4 m2V-1s-1 and a density 

𝑛0 = 1.5·1024 m-3 of the electrons in SrTiO3,[131] we obtain a value of 𝜙𝐵 ≅ 0.19 eV which might 

describe the voltage barrier that the electrons overcome when hopping between defects in the 

SrTiO3. With increasing number of voltage cycles the height and slope of the linear PF fit changes 

slightly (see Figure 6-5(c)). In terms of the PF model this implies that with the cycles the 

permittivity changes slightly (slope) and that the concentration 𝑛0 or voltage barrier 𝜙𝐵 changes 

strongly (height of the fit). If we assume that the height of the voltage barrier is a characteristic 

property of the defects (oxygen vacancies) in our material which is not affected by the voltage 

cycles, the density of the defects 𝑛0 between the two electrodes has to change due to the voltage 

cycles. This agrees with the general picture, that electrons move along defects (oxygen vacancies) 

and that with increasing number of cycles more perculative channels form between both 

electrodes. This automatically affects the effective of defects between the electrodes. In the 

forward process, electrons move from the tip to the flat electrode. However, after the reset, oxygen 

vacancy are pushed away from the flat electrode, which will causes an interruption of the 

conductive channels. This gap with strongly reduced conductance dominates the conductivity of 

the forward bias in the OFF state. As a consequence the IVC shows the typical space charge limited 

current [132] with 𝐼 ∝ 𝑉1/2 (see Figure 6-5(d)). 

 

6.2.3 Neuromorphic behavior 

    In order to examine the plastically of these devices, we performed various series of pulse 

measurements. Figure 6-6 shows a typical result obtained for the planar memristor structure (14° 

tip electrode and flat electrode on a 90 nm thick strained SrTiO3 on DyScO3) for a series of set-

pulses of different height. The electric fields are subsequently -60 V/μm and -40 V/μm for Eset, 60 

V/μm for Ereset, and 10 V/μm for Eread. The signal is constant at ~2 nS for the off-state, where as it 

relaxes strongly in the on-state. The initial height of the on-state conductivity depends on  

(i) the starting point, i.e. the read conductivity at which we start the series, 

(ii) the amplitude of the set field Eset,  

(iii) the duration of the set-pulse, and  

(iv) the repetition rate of the set-pulse.  
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Figure 6-6: (a)Train of voltage pulses with +60 V/μm for, 5 s (RESET) and -60 V/μm and -20 V/μm 

for 5s (SET) with a read electric field of 10 V/μm, (b) resulting read conductivity. 

 

    In the experiment shown in Figure 6-6, only Eset is varied. For the larger Eset (1
st, 3rd, and 5th 

pulse) a large initial signal is recorded. The subsequent relaxation of the signal in the read-state 

looks very similar for all pulses (small and large Eset). 
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Figure 6-7: Relaxation of the conductivity in the read state for various series of electric set-pulse 

varying the frequency (left) or amplitude (right) of the stimulus. The top shows the two different 

set pulses (blue and red), the resulting read conduction is given the figure below using the same 

color code. 

 

    Figure 6-7 shows 4 different series of measurements where the frequency and amplitude of the 

set-pulses are varied. Moreover, different starting conditions are chosen and no RESET is applied 

between the pulses. Figure 6-7 demonstrates the large plasticity of the device. In all cases we 

observe the characteristic relaxation of the ON state signal similar to that shown in Figure 6-6. In 

the left set, the frequency of the set pulses is changed, and amplitude and pulse duration is identical. 

For the larger frequency a small increase of the general signal height is observed, whereas for the 

smaller frequency the general signal height decreases. For the right set, the amplitude of the set-

pulse is modified, frequency and duration are identical. Whereas the signal level is nearly 

unchanged In case of the smaller set amplitude, it increases strongly for the large set amplitude. In 

conclusion, the signal changes shows a large dependence on the set pulse, amplitude, duration and 

repetition rate, which is similar to biological synaptic plasticity, for instance, for the short term 

memory.     
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Figure 6-8: Typical fit of the relaxation of the read conductivity after a set pulse according to eq. (6-2). 

The data represent different measurements shown in Figure 6-7, the resulting mean relaxation time 𝜏 ≅100 

ps, the coupling parameter is 𝛽 ≅ 0.022. 

 

    The relaxation of the signal follows the classical relaxation process described by a Kohlrausch-

Williams-Watts function:[133] 

𝐼(𝑡) = 𝐴𝑒𝑥𝑝 [−(
𝑡

𝜏
)
𝛽

] (6-2) 

where 𝛽 is the coupling parameter (typically 0 < β < 1), 𝜏 is the mean relaxation time, and A is 

constant parameter. All relaxation processes observed in our experiments can be fitted using eq. 

(6-2).  

    Figure 6-8 shows 3 typical examples. There is no significant difference for the different types 

of reset pulses. The exponent 𝛽 ≅ 0.022 means small coupling in the system which indicates that 

the distribution of local conductivity is highly inhomogeneous. The mean relaxation time 𝜏 ≅ 100 

ps corresponds to a frequency of ~ 10 GHz which is characteristic for the limiting frequency of 

dipole motion in ionic oxide crystals.[134] 

 

6.2.4 Mechanism of resistive switching and plasticity  

        In order to analyze the impact of the electrodes on the electric field and temperature 

distribution in the electroforming process, different electrode designs were simulated. In all cases 

the design was similar to that of the experiments, i.e. a sharp tip opposing a flat electrode with a 
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distance between the electrodes of 500 nm. However the sharpness (i.e. angle) of the tip was varied. 

The 2-D electric field distribution is calculated via finite-difference time-domain (FDTD) method 

[135] A typical field distribution is shown in the inset of Figure 6-9. Generally the field gradient 

is largest at tip of the sharp electrode. This gradient increases with the sharpness of the tip, i.e. 

with decreasing angle that describes the tip geometry. The electric field gradient leads to a current 

and, thus, to a local heating of the film. Both, electric field and the thermal effect, determine the 

drift of oxygen vacancy, i.e. the electroforming process. 
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Figure 6-9: Electric field distribution (insert only for 14° tip) and resulting change of temperature 

as function of distance from the tip to the flat electrode for different angles of the tip electrode. 

 

    For the evaluation of the temperature distribution in the device, we consider an electronic 

heating of the SrTiO3 between the electrodes and a cooling provided by the substrate. All other 

effects are negligible. On the one hand the thermal energy induced by a current in small volume V 

is: 

𝑄𝑖𝑛 = 𝐼2Rt = cm∆T (6-3) 

where 𝐼 is the current flowing through V, R and m are resistance and mass of V, c is the specific 

heat of SrTiO3, t is the duration of current pulse, and ∆T is the resulting change in temperature. 

On the other hand, the heat flow through an area a2 at the interface between the film and the 

substrate is: 
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𝑄𝑜𝑢𝑡 = 𝑘 𝑎2  
𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

ℎ
𝑡 (6-4) 

where 𝑘 is the thermal conductivity and ℎ represents the thickness of the film. Inserting reasonable 

values for our SrTiO3 films, e.g. c = 30 cal/mol·K,[136] and 𝑘 = 6 W/(m K),[137] we can evaluate 

the time 𝜏 after which the temperature in the SrTiO3 film is stable (here other effects like the 

plasticity, i.e. migration of oxygen vacancies, are not considered). Assuming  𝑄𝑖𝑛 = 𝑄𝑜𝑢𝑡 in the 

stable state, we obtain a value 𝜏 ≤ 5 μs for our SrTiO3 films of  ℎ < 100 nm. This means after an 

extremely short time of only a few nanoseconds, a state temperature distributation is obtained 

during electroformation or pulse experiments in our SrTiO3 film. With this knowledge and the 

assumption that the substrate represents a large heat sink at a constant temperature (i.e. room 

temperature), we can even obtain the temperature distribution in the first microseconds of a current 

pulse using eq. (6-1) and (6-2) 

    Figure 6-9 shows the change of temperature in the in-plane direction pointing from the tip of 

the sharp electrode to the flat electrode. Generally the temperature increase peaks at the tip and 

reduces strongly with the distance to the tip. With increasing sharpness of the tip the ∆T increases.  

    One of the major mechanism in the electroforming process is the migration of oxygen vacancy. 

This migration is caused by the local temperature and electric field. In the regular lattice of the 

ionic SrTiO3, oxygen vacancies are positively charged. Under a large enough dc electric field, the 

oxygen vacancies tend to move towards the cathode. At the same time, a high electric field leads 

to an elevated temperature and, thus, allows migration or enhance the migration speed of oxygen 

vacancies.[138] However, once a conductance channel is completed, the electric field becomes 

homogeneous and further migration is stopped. Usually, the drift velocity of the oxygen vacancies 

is described by the Mott-Gurney equation:[127] 

𝑣 = 𝑑𝑓𝑒𝑥𝑝(−
𝐸𝐴

𝑘𝑇
)sinh (

𝑧𝑑

2𝑘𝑇
𝐸) 

(6-5) 

where 𝑑 is the hopping distance, 𝑓 is the attempt frequency, 𝐸𝐴 is the activation energy, 𝑧 is the 

charge of the ion, and 𝐸 is the electric field. Inserting reasonable values, e.g. d = 4 Å for SrTiO3, 

𝑧 = 2 for double positively charged oxygen vacancies, an attempt frequency 𝑓 = 6.67 ×1012 Hz, 

[127] and activation energy of oxygen vacancy of 0.9 eV and 0.7 eV for unstrained and tensile 

strained SrTiO3[106], we can simulated the velocity of oxygen vacancy in unstrained and strained 

SrTiO3 as function of electric field and temperature. The resulting 2-D plots of the drift velocities 

for strained and unstrained SrTiO3 are shown in Figure 6-10. 
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Figure 6-10: 2-D maps of the drift velocity of oxygen vacancy using eq. (6-5) with 0.9 and 0.7 eV 

activation energy for unstrained and tensile strained SrTiO3. 

 

    This figure provides a number of interesting information. First, the oxygen vacancy mobility is 

generally higher in strained SrTiO3 compared to unstrained SrTiO3. From our FDTD simulation 

(see e.g. insert of Figure 6-9) we know, that the electric field between the two electrodes ranges 

between 107 and few of 108 V/m. Already at room temperature, the velocity of oxygen vacancy is 

of the order of 1 to 10 nm/s for strained SrTiO3, which is 100 times faster than for unstrained 

SrTiO3. Second, considering the temperature enhancement in the very beginning of the 

electroforming process that we discussed before the geometry of the tip electrode plays an 

important role. Using a sharp tip, the temperature can easily be enhanced by several tens of K, e.g. 

50 K for our 14° tip (see Figure 6-9). Due to this temperature increase at the tip, the velocity of 

oxygen vacancy migration is further enhanced. These simulation results reveal that the 

combination of strained SrTiO3 and an optimized electrode design (sharp tip and a flat electrode) 

lead to a high mobility of the oxygen vacancies. However, too large mobility can be detrimental 

on even destructive for the device. This can be demonstrated by enhancing either the temperature 

of the device or the electric field during the experiment. 
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Figure 6-11: (a-c) I-V characteristics of a tip-flat structure on 90 nm tensile strained SrTiO3 film 

measured from room temperature up to 340 K. (d) The difference of the read current in the ON state 

and OFF state. 

 

    Figure 6-11 shows a series of IVCs take at different temperatures. Starting after electroformation 

at room temperature (Figure 6-11(a)) one obtains a perfect memristor behavior which has already 

been discussed in detail in Figure 6-5. By increasing the temperature to 330 K (Figure 6-11(b)) the 

conductivity increases and the hysteresis in the positive voltage regime vanishes, i.e. the difference 

of the read signal in the ON state and OFF state reduces (see also Figure 6-11(d)). The devices is 

not a perfect memristor anymore. A further enhancement of the temperature by only 10 K to 340 

K (Figure 6-11(c)), leads to a strongly enhancement of the conductivity and an inversion of the 

hysteresis in the positive voltage regime, i.e. now the IVC is symmetric and does not operate as a 

memristor anymore. The enhancement of the operating temperature from room temperature to 340 

K completely changes the behavior of the device. The expected change in the distribution of 

oxygen vacancies is sketched in Figure 6-11. 

    Finally, applying a too large electric field leads to a destruction of the device. Figure 6-12 shows 

a typical result of such an action. As a result of a too large electric field, an extremely high 

temperature is obtained at the tip of the sharp electrode. Since in this experiment the electric field 
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was applied for a long time, the channels in the SrTiO3 film modified and finally even the Pt-

electrodes were completely (sharp electrode) or partially (flat electrode) removed. Since Pt melts 

at ~2000 K, this indicates that locally extremely high temperatures can be reached. The SEM image 

does not only show the destruction of the Pt/Ti electrodes. It also shows that the SrTiO3 layer is 

modified between the electrodes. The shape of the modified SrTiO3 forms a triangular area with a 

tip at the tip of the sharp electrode. This indicates the geometric arrangement of the current 

channels formed by the oxygen vacancies. A cross-sectional analysis of the elements measured 

across this area demonstrates that in the area of modified SrTiO3, oxygen and Sr is removed (see 

Figure 6-12). 

 

Figure 6-12: SEM picture of a flat-tip structure after the device is hard breakdown. The flat 

electrode in the left is melt down in 1 μm and the tip electrode in the right is melt away more than 

2 μm from the original tip. Between the tip and flat electrode there is a triangle shallow area. The 

yellow bar from A to B mark the EDX measurement region. The results reveals in the shallow 

region the Sr, Ti, and O are less than other film region. The loss of Strontium is more pronounced 

than Ti and O. This non-stoichiometry region provides an un-switchable conductance channel. 

The hard breakdown structure indicates the temperature distribution is corresponded to the 

calculated electric field distribution. And the temperature between the two electrodes could reach 

to more than 2000 K on the surface to melt the SrTiO3. 

 

6.3 Summary 

    In this chapter the electric transport properties in strained SrTiO3 thin film are examined in detail 

and the possible application in memristor and artificial synapsis devices is demonstrated. In 

summary of this section: 

(i) Tensile strain causes a shift of the ferroelectric-paraelectric phase transition to room 

temperature in our SrTiO3 thin films. 
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(ii) Tensile strain enhances the conductivity in SrTiO3 films, e.g. the conductivity along the in-

plane direction is about 0.1 S/m in films at room temperature, while the unstrained SrTiO3 

is an insulator. 

(iii)Tensile strain increases the mobility of the oxygen vacancies in SrTiO3 film, e.g. already 

at room temperature, the velocity of oxygen vacancy is of the order of 1 to 10 nm/s for 

1.2% strained SrTiO3 under the electric field of several 108 V/m. 

(iv) An additional Ti layer at the electrode/oxides interface reduces the contact barrier and, 

thus, provides a large electric field in the film which modified the distribution of oxygen 

vacancies.  

(v) Using an adequate electrode design, the electric field gradient and thus temperature 

distribution can be affected and a memristor behavior including plasticity (neuromorphic 

behavior) can be obtained. 
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7. Conclusions 

 

    Functional oxides are important for a number of applications in modern electronic industry due 

to their variety of properties which include their ferroelectric, piezoelectric, and memristive 

properties. Generally these materials show extraordinary features in the vicinity of their phase 

transition, which unfortunately is normally far away from room temperature. Thus it is of interest 

and necessary to modify the phase transition temperature towards operating temperature (typically 

room temperature) and analyze the resulting modification of the electronic properties.  

    In this dissertation, the impact of biaxial strain on the electronic properties of epitaxially grown 

oxide thin films are studied. Perovskites thin films of the systems (Ba,Sr)TiO3 and K0.7Na0.3NbO3 

are deposited on various scandites substrates, i.e. (110) oriented DyScO3, TbScO3, GdScO3, and 

SmScO3. The films are strained due to the clamp effect and the difference of the crystalline lattice 

of film and substrate. The resulting strain in the films range from -1.7% (compressive strain) to 

1.7% (tensile strain). We demonstrated that the biaxial strain strongly shifts the phase transition 

temperature and thus modifies the dielectric, piezoelectric, and electric transport properties of the 

oxides.  

    The major results are: 

(i) Strain affects the dielectric properties of the oxide films: 

- The structural characterization via XRD (especially RSM) demonstrates the 

epitaxial growth for both systems BSTO and KNNO with a nominal strain up to 

±1.7%. Cracks are observed in films with a thickness above a critical thickness of 

approx. 100 nm, and result in a degradation of the electronic properties. 

- The strain leads to a shift of ferroelectric phase transition. Using the Curie-Weiss 

temperature TC extracted from temperature-dependent measurements of the 

dielectric response, TC can be enhanced from ~30 K (unstrained SrTiO3) to ~300 K 

with the tensile strain of ~ 1.2% in tensile strained SrTiO3 films. In the 

compressively strained K0.7Na0.3NbO3 films the ferroelectric phase transition can 

be reduced from ~693 K (TC of unstrained K0.7Na0.3NbO3) to room temperature 

using a strain of ~ -0.9%.  

- Including considerations of the elastic, electrostrictive, and defect properties of the 

film, the impact of strain on the Curie-Weiss temperature of ferroelectric films can 

be understood and predicted using a modified Landau thermodynamic theory 

including especially strain relaxation due to defect formation in the films. This 

model might be a useful tool for any engineering of ferroelectric thin films for 

various applications. 

- The dielectric constant exhibits a maximum at the phase transition temperature. In 

case of SrTiO3 the permittivity is enhanced from 300 (unstrained SrTiO3) to ~8000 

for tensile strained SrTiO3 (1.2% strain). However this value also depends on the 

homogeneity of the sample, especially on the strain relaxation and, thus, thickness 

of the film.  
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(ii) Strain also affects the piezoelectric properties of the oxide films: 

- SAW devices are used to demonstrate the impact of strain on the piezoelectric 

properties of the films. The propagation of SAW is demonstrated for KNNO films. 

Similar to the anisotropic dielectric properties induced by biaxial strain, the SAW 

response, i.e. its strength and velocity, also depends on the in-plane direction of the 

propagation of the waves.  

- The velocity of SAW can be evaluated either via the beating frequency or the 

maximum in the ΔS21 spectrum. Both results agree well with each other and yield 

reasonable values of ~3.36 km/s for our K0.7Na0.3NbO3 films. The velocity depends 

slightly on the temperature. 

- The strength of the SAW signal correlates to the phase transition of the films. It is 

largest slightly below TC and vanishes at TC. 

(iii) Finally, strain affects the conductance of the oxide films: 

- Tensile strain enhances the electron mobility in SrTiO3 films. For instance, at room 

temperature the conductivity along the in-plane direction is about 0.1 S/m in films 

with 1.2 % strain, while the unstrained (defect-free) SrTiO3 is an insulator. 

- Tensile strain increases also the mobility of the oxygen vacancies in SrTiO3 film. 

In our devices and for electric fields between 107 and several 108 V/m, the velocity 

of oxygen vacancy should be of the order of 1 to 10 nm/s for 1.2% tensile strained 

SrTiO3 at room temperature, which is 100 times faster than the velocity measured 

for unstrained SrTiO3. 

- An additional Ti layer at the electrode/oxide interface reduces the contact barrier 

(probably due to the formation of additional oxygen vacancies) and, thus, provides 

larger electric fields in the film resulting in a large density of oxygen vacancies.  

- Using an adequate electrode design which affects the electric field, and thus 

temperature distribution in the film, resistance switching behavior is demonstrated 

in our epitaxial SrTiO3 thin film, which shows memristor behavior and even a 

plasticity. The latter has been used for the simulation of biological synapses (i.e. 

artificial synapsis).   

    In conclusion, elastic strain provides a tremendous tool to engineer the dielectricity, piezo-

electricity, and conductance of oxide materials, which might be exploited for the benefit of the 

performance of a large number of electronic devices. For instance, SAW mediated transductions 

based on strained oxide films with high piezoelectricity might be used as highly sensitive sensors 

in many applications. Artificial synaptic devices might show advantages in energy-efficient 

neuromorphic computation compared to the conventional computational systems based on von 

Neumann architectures. It furthermore emulates the computation performed by the biological 

synapse. This might inspire people to perform biological computing processes, e.g. short-term and 

long-term memory with nanoscale electrodes arrays. All these examples indicate a brilliant future 

for strain engineering of functional oxides.  
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Appendices 

 

A. Sample list 

Table A-1: List of sample discussed in this dissertation. 

Sample name Film and thickness (nm) Substrate 

Reference lattice parameters 

(Å) 

Experimental lattice 

parameters (Å) 
Resulting nominal strain (%) TC (K) 

a c a b c a b c a-axis b-axis 

7150 SrTiO3 105 DyScO3         299 271 

9877 Ba0.25Sr0.75TiO3 70 DyScO3           

9878 SrTiO3 79 DyScO3           

10009 Ba0.25Sr0.75TiO3 47 Si           

10010 Ba0.2Sr0.8TiO3 84 DyScO3           

10011 Ba0.2Sr0.8TiO3 76 DyScO3           

10769 SrTiO3 23 DyScO3         290 246 

10770 SrTiO3 20 DyScO3 3.904 3.904 3.953 3.946 3.880 1.24 1.06 -0.61   

10771 SrTiO3 46 DyScO3         284 243 

10772 SrTiO3 40 DyScO3 3.904 3.904 3.952 3.946 3.882 1.22 1.06 -0.56   

10773 SrTiO3 60 DyScO3 3.904 3.904 3.952 3.946 3.882 1.22 1.08 -0.57 302 253 

10774 SrTiO3 92 DyScO3         294 271 

11150 BaTiO3 40 DyScO3 3.992 4.036 3.947 3.950 4.160 -1.12 -1.05 3.07   

11157 Ba0.125Sr0.875TiO3 40 DyScO3 3.939 3.939 3.951 3.945 3.939 0.84 0.61 -0.38 280 234 

11158 Ba0.37Sr0.63TiO3 40 DyScO3 3.916 3.916 3.949 3.940 3.901 0.31 0.15 0.00 238 196 

11266 BaTiO3 40 TbScO3 3.992 4.036 3.969 3.958 4.140 -0.57 -0.85 2.58   

11267 BaTiO3 40 GdScO3 3.992 4.036 3.975 3.967 4.140 -0.42 -0.64 2.56   

11268 SrTiO3 40 TbScO3 3.904 3.904 3.965 3.963 3.877 1.55 1.50 -0.70 312 298 

11269 SrTiO3 40 GdScO3 3.904 3.904 3.967 3.972 3.875 1.60 1.73 -0.74 348 344 

11686 SrTiO3 8.5 DyScO3         150 59 

11688 SrTiO3 5 DyScO3           

11689 SrTiO3 150 DyScO3 3.904 3.904 3.951 3.948 3.906 1.21 1.12 0.05 141 106 

11691 SrTiO3 200 DyScO3         173 159 

11916 SrTiO3 90 TbScO3 3.904 3.904 3.959 3.962 3.882 1.40 1.49 -0.57 325 309 

11917 SrTiO3 50 TbScO3         350 341 

11918 SrTiO3 10 TbScO3 3.904 3.904 3.960 3.959 3.880 1.43 1.41 -0.61 336  

11919 SrTiO3 90 DyScO3 3.904 3.904 3.953 3.946 3.884 1.25 1.08 -0.51   

11920 SrTiO3 50 DyScO3           
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Sample name Film and thickness (nm) Substrate 

Reference lattice parameters 

(Å) 

Experimental lattice 

parameters (Å) 
Resulting nominal strain (%) TC (K) 

a c a b c a b c a-axis b-axis 

11921 SrTiO3 10 DyScO3 3.904 3.904 3.954 3.945 3.886 1.27 1.06 -0.47 299 220 

11923 SrTiO3 225 GdScO3           

11924 SrTiO3 50 GdScO3         390 342 

11925 SrTiO3 10 GdScO3 3.904 3.904 3.969 3.972 3.874 1.66 1.75 -0.77 398 341 

11926 SrTiO3 90 SrTiO3           

11927 SrTiO3 50 SrTiO3           

11928 SrTiO3 10 SrTiO3           

11959 SrTiO3 90 Si           

11960 SrTiO3 90 GdScO3 3.904 3.904 3.965 3.971 3.877 1.55 1.72 -0.68   

12187 SrTiO3 90 DyScO3           

12188 SrTiO3 60 DyScO3           

12189 SrTiO3 60 DyScO3           

12190 SrTiO3 40 DyScO3           

11157-Si Ba0.125Sr0.875TiO3 40 Si           

11158-Si Ba0.37Sr0.63TiO3 40 Si           

41_013_TSO K0.7Na0.3NbO3 47 TbScO3 3.970(3.994) 4.018(3.994) 0.3959 0.3960  -0.28(-0.87) -1.46(-0.85)  401 416 

47_008_DSO K0.7Na0.3NbO3 27 DyScO3 4.018(3.994) 3.970(3.994) 0.3952 0.3946 0.4072 -1.67(-1.05) -0.61(-1.20)   191 

47_008_GSO K0.7Na0.3NbO3 27 GdScO3 3.970(3.994) 4.018(3.994) 0.3966 0.3970 0.4044 -0.10(-0.70) -1.21(-0.60)  344 298 

47_008_SmSO K0.7Na0.3NbO3 31 SmScO3 3.970(3.994) 4.018(3.994) 0.3983 0.3991 0.4017 0.33(-0.27) -0.68(-0.07)    

47_008_TSO K0.7Na0.3NbO3 29 TbScO3 3.970(3.994) 4.018(3.994) 0.3959 0.3960 0.4057 -0.28(-0.87) -1.46(-0.85)  310 326 

DSOref2 / / DyScO3           

DSOref1 / / DyScO3           

GSOref / / GdScO3           

SAW01 / / LiNbO3           

SAW02 / / LiNbO3           

SAW03 / / LiNbO3           

SAW04 / / LiNbO3           

SAW05 / / LiNbO3           

STOref-1 / / SrTiO3           

STOref-2 / / SrTiO3           

TSOref / / TbScO3           
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B. RSM results 
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Figure B-1: RSM of the XRD in the vicinity of the (332) (upper row) and the (240) (lower row) Bragg 

reflections of the substrates for SrTiO3 film with thickness ranging from 10 nm to 150 nm grown on DyScO3 

substrates. The crosses mark the corresponding position of the reflection of unstrained SrTiO3. 
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Figure B-2: Lattice parameters as a function of film thickness for SrTiO3 films grown on DyScO3 substrates. 

The blue rounds is the parameters of [001] direction, red squares refer to [11̅0] direction and the green 

triangles indicate the out-of-plane lattice parameters. The error-bars are calculated from the 

measurements of the original position and the rotation of 180 degrees of the substrates. The straight line 

below indicates the unit cell volume of unstrained bulk SrTiO3. 
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Figure B-3: RSM of the XRD in the vicinity of the (332) (up row) and the (240) (down row) Bragg reflections 

of the substrates for SrTiO3 film with thickness ranging from 10 nm to 90 nm grown on TbScO3 substrates. 

The crosses mark the corresponding position of the reflection of unstrained SrTiO3. 
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Figure B-4: Lattice parameters as function of film thickness for SrTiO3 films grown on TbScO3 substrates. 

The blue rounds is the parameters of [001] direction, red squares refer to [110] direction and the green 

triangles indicate the out-of-plane lattice parameters. The error-bars are calculated from the 

measurements of the original position and the rotation of 180 degrees of the substrates. The straight line 

below indicates the unit cell volume of unstrained bulk SrTiO3. 
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Figure B-5: RSM of the XRD in the vicinity of the (332) (up row) and the (240) (down row) Bragg reflections 

of the substrates for SrTiO3 film with thickness ranging from 10 nm to 90 nm grown on GdScO3 substrates. 

The crosses mark the corresponding position of the reflection of unstrained SrTiO3. 
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Figure B-6: Lattice parameters as a function of film thickness for SrTiO3 films grown on GdScO3 substrates. 

The blue rounds is the parameters of [001] direction, red squares refer to [11̅0] direction and the green 

triangles indicate the out-of-plane lattice parameters. The error-bars are calculated from the 

measurements of the original position and the rotation of 180 degrees of the substrates. The straight line 

below indicates the unit cell volume of unstrained bulk SrTiO3. 

 



    

127 

 

7.2

7.4

7.6 332 DyScO
3

103 BaTiO
3

q
||
 [nm

-1
]

q

 [
n
m

-1
]

BaTiO
3
 film DyScO

3
/TbScO

3
/GdScO

3
 substrate

 

  

cps
>400

100

20

<1

332 TbScO
3

103 BaTiO
3

 

 

332 GdScO
3

103 BaTiO
3

 

 

2.50 2.55

7.2

7.4

7.6
240 DyScO

3

013 BaTiO
3

 

 

 

 

2.50 2.55

240 TbScO
3

013 BaTiO
3

 

 

 

2.50 2.55

240 GdScO
3

013 BaTiO
3

 

 

 

 

Figure B-7: RSM of the XRD in the vicinity of the (332) (up row) and the (240) (down row) Bragg reflections 

of the substrates for BaTiO3 film with thickness of 40 nm grown on DyScO3, TbScO3, and GdScO3 substrates. 

The crosses mark the corresponding position of the reflection of unstrained BaTiO3. 
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Figure B-8: Lattice parameters of BaTiO3 films grown on DyScO3, TbScO3, and GdScO3 substrates. The 

blue rounds is the parameters of [001] direction, red squares refer to [11̅0] direction and the green 

triangles indicate the out-of-plane lattice parameters. The error-bars are calculated from the 

measurements of the original position and the rotation of 180 degrees of the substrates. The straight line 

and dashed line indicate the lattice parameters a and c axis of unstrained bulk BaTiO3, respectively. 
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C. Curie-Weiss temperature 
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Figure C-1: Temperature dependence of the dielectric permittivity for sample 10772 (SrTiO3 

40nm/DyScO3, large tensile strain direction) measured at frequency from 1 kHz to 1 MHz. The dashed lines 

show Curie-Weiss fits (plot of the inverse permittivity (right scale) vs. temperature), and the linear 

extrapolation provides the Curie-Weiss temperature TC. The arrows mark the temperature of maximum 

permittivity. Which is often used as an indication for the phase-transition temperature. 

 

Figure C-1 shows an example of the difference between the Curie-Weiss temperature TC and 

the temperature of maximum permittivity which is often taken for the phase transition temperature. 

The Curie-Weiss temperature TC is independent of the frequency whereas the temperature of 

maximum permittivity varies with the frequencies. As a consequence, it is difficult to determine 

an exact transition temperature from the maximum permittivity, whereas TC is useful in this case 

to characterize the phase transition temperature, because  

i) it is more or less identical for different measurements and,  

ii) the difference between TC and the transition temperature is typically less than a few K.  

    This is the reason why TC is used in this work to characterize the phase transition.   
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