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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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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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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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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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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.  

       

T=TC<T0

P

F

T>T0

T<TC

T=T0 F
(a)                                                  (b)

(c)                                                  (d)

1st order phase transition 2nd order phase transition

T>T0
T=T0

T<T0

P

F

'

TC   T0

spontaneous
polarization 
PS '

T0

'

'

spontaneous
polarization 
PS

 

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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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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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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(2-14) 

and 

[
𝐷1

𝐷1

𝐷1

] = [
0 0 0
0 0 0

𝑑31 𝑑31 𝑑33
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]
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𝐸1
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𝐸3

], (2-15) 
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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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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 3-5: 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 3-7: (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 3-9: 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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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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    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. 
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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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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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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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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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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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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 
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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). 
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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  
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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 5-3: 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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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 5-6: (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 5-9:  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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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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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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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 (1st, 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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(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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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. 
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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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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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