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Abstract 
 
Using dislocations as one-dimensional dopants is a novel concept that utilizes their elastic strain field, 
charged core, and associated compensating space charge to engineer the functional properties of metal 
oxides. In contrast to comparatively mature research fields, such as the mechanical deformation of metals, 
little is known about the plastic deformation of metal oxides due to their brittle nature. Consequently, the 
tailoring and impact of mechanically introduced dislocations on functional properties, especially electrical 
conductivity, remain under investigated.  
 
In this work, these issues are addressed by investigating the influence of mechanically generated 
dislocations on the electrical properties of the two important metal oxides. Model material systems are 
chosen to be rutile (TiO2) and Yttria Stabilized Zirconia (YSZ) due to their many technological applications 
such as solar cells, water splitting, memory devices, Li-ion batteries, and solid electrolytes in fuel cells 
(SOFCs).  
 
A comprehensive framework is developed by utilizing dislocations to tune the electronic and ionic 
conductivity of metal oxides. It is illustrated that understanding the mechanics of the subjected material 
system helps introduce significantly large deformation in metal oxides, which are considered brittle 
otherwise. Several dislocation configurations can be systematically achieved by changing the deformation 
conditions. The resulting electrical response of induced dislocation networks is accessed via 
electrochemical impedance spectroscopy, including bulk and microcontact modes, supplemented by 
scanning probe microscopy. These measurements indicated that the electrical conductivity could both be 
increased and decreased by merely controlling the mesoscopic dislocation structure. Dislocation 
configuration is identified as a tuning parameter over which it is shown that unprecedented control allows 
us to engineer the electrical conductivity above what can be achieved by point defect doping.  
 
Induced dislocation networks profoundly impact the electronic conductivity of rutile and can induce 

behavior akin to the donor and/or acceptor doping in the pristine material. Arranged dislocation regions 

showed several orders of magnitude higher electrical conductivity compared to the pristine regions. The 

physical interpretation of the data results in a quantitative description of the impact of dislocations as 

highly conductive pathways in rutile. 

 

This route is further expanded to study the influence of mechanically generated dislocations on the ionic 

conductivity of YSZ. Highly aligned dislocation-rich and -deficient regions are generated; an in-depth 

electrical characterization of these regions exhibited highly conducting effects of dislocation-induced strain 

inside the bulk material. The underlying mechanism for the observed enhancement in the ionic 

conductivity is discussed in detail. So far, such effects were only illustrated via DFT calculations and in 

strained thin films. However, in this work, the potential of mechanically induced dislocations is presented 

as a design element to tune the bulk ionic transport. The underlying mechanism responsible for the 

observed enhancement in ionic conductivity is discussed in detail. 

 
Furthermore, it is emphasized that dislocations possess the potential to tune the electronic and ionic 

conductivity of metal oxides. These effects are explained by deconvoluting the dislocation character, core 

charge properties, possibly existing space charge, and their mesoscopic arrangement. The combined 

concepts of dislocation mechanics and solid-state ionics indicate that dislocation-mediated, highly stable 

electrical conductivity can be used to modify the electronic and ionic charge transport locally and globally. 

Therefore, these results allow an additional degree of freedom for tuning various functional oxides' 

electronic/ionic properties apart from chemical doping strategies. 
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1 Introduction  
 
The enhancement of energy efficiency and reducing environmental pollution are major endeavors these 
days. Research on optimizing the electrical properties of metal oxide semiconductors can contribute to this 
goal. For instance, if the aim is to reduce the emission limits of hazardous gases from a combustion engine, 
a better gas sensor is required.1, 2 A faster reaction time in the gas sensor would allow better control of the 
combustion process, and this, ultimately require an enhanced electronic conductivity of the semiconducting 
oxide used in the gas sensor.3, 4 Similarly, a decrease in the operating temperature is required for higher 
efficiency of ion-conducting oxides, 5-7 which are used as electrolytes in solid oxide fuel cells (SOFCs).8-10 
Therefore, the electrical conductivity of metal oxides needs to be generally increased for the addressed 
applications. 
 
Point defects play a crucial role in the electrical properties of metal oxide semiconductors.11 Regulating 
dopant amounts lead to a variation in point-defect concentration and mobility, resulting in desired 
electrical properties.12 Therefore, chemical doping is usually the first choice to tune the electrical 
properties of these materials. However, doping strategies suffer from solubility limits, i.e., saturation occurs 
beyond a particular doping amount in the parent material system. For example, in rutile (TiO2),  this is 
typically lower for acceptor dopants, i.e., only up to 1 % for Al and Ga.13, 14 Also, for yttria-stabilized zirconia 
(YSZ), doping beyond 8 mol% does not result in further conductivity enhancement.15 
 
Dislocations are naturally occurring one-dimensional defects in crystalline materials.16 While dislocations 
are known in metals from the mechanical deformation perspective, they may also be of significant 
importance in metal oxides. Dislocations possess a strain field, charged core, and a compensating space 
charge layer around the core.16, 17 Furthermore, it is also suggested that a dislocation core can interact with 
point defects.17-20 These characteristics offer dislocations a great potential to alter the electrical properties 
of metal oxides. However, introducing dislocations in bulk oxide materials is challenging due to the limited-
slip systems,16, 21 the low pristine dislocation density, 21 and higher Peierls stress 22 compared to metals.23, 

24 Probably these were the reasons that after a strong effort in the 1960s 25-30  and ’70s, 31-33 interest from 
materials science perspective had receded,34 and focussing instead on confined dislocations; induced via 
indentation 35-37 and heterointerfaces,38, 39 such as artificially fabricated bi-crystals.40, 41  
 
In recent years, limited efforts have been made to systematically generate the dislocations and study their 
impact on the electrical properties of metal oxides, especially on TiO2.42, 43 However, in these studies, the 
details on mechanical deformation parameters are missing, and potentially unfavorable single crystal-
orientations were employed to induce dislocations.21 According to mechanics textbooks, it is impossible to 
generate plastic deformation in any material system with zero Schmid factor.21, 44 Therefore, limited plastic 
deformation is expected besides the significant damage to the surface in those works.42 Review articles by 
Szot et al., 39, 45 reported the impact of dislocations on the electrical properties of transition-metal oxides. 
However, again, the studies employed a non-controlled mesoscopic dislocation structure,39, 45, 46 thus 
impeding an overview and quick identification of critical questions to be addressed. This illustrates the 
complexity of the topic of dislocation-mediated electrical conductivity in metal oxides.  
 
Similarly, few theoretical studies have shown the effect of lattice strain on oxygen diffusivity in ion-
conducting oxides, such as yttria-stabilized zirconia (YSZ). It was proposed that an increase in the lattice 
strain may lower the migration enthalpy for oxygen ions, and thus, an enhancement in the ionic 
conductivity may occur. 47, 48 The atomic origin of this enhanced ionic conductivity is also reported via a 
theoretical approach.49 However, the key question remains whether this increase in conductivity can be 
attributed to oxygen transport. Moreover, the complex mechanical behavior of YSZ,50-53 makes 
experimental proof of this concept challenging. Thus, so far, dislocation-mediated ionic conductivity 
remains underestimated in YSZ.54, 55 Therefore, it was realized to optimize and address the mechanical 
parameters to develop dense mesoscopic dislocation networks and their influence on the electrical 
conductivity of these metal oxides, e.g., in TiO2 and YSZ. Furthermore, a proper perspective is provided on 
the multitude of competing and cooperating conductivity mechanisms by multi-scale probing of the 
specimens. 
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In the first part of this work, dislocations’ potential is explored to tune the electronic conductivity of TiO2. 
Mechanical deformation conditions are optimized, and it is realized that considerably large plastic strains 
(e.g., up to 10%) could be achieved with the established parameters. Various mesoscopic dislocation 
structures are introduced by deforming TiO2 single crystals at several temperatures. Facile techniques, 
such as chemical etching, are employed to visualize these dislocation networks. The electrical conductivity 
of specimens with and without dislocations is accessed using electrochemical impedance spectroscopy, and 
a comparison is established. Moreover, the dislocations are purposefully arranged by utilizing their 
intrinsic bundling ability during deformation at high temperatures,56 making it feasible to characterize 
them on a very local scale. Microcontact impedance spectroscopy is employed on these specimens to 
rationalize the electrical response evolving from dislocation-rich and pristine regions. Further 
characterization, including Scanning Probe Microscopy, made it possible to expand the investigation to the 
sub-micron level. This way, taking TiO2 as an example, a comprehensive correlation is developed between 
induced mesoscopic dislocation structure, arrangement, density, and the local electrical response to 
deconvolute the dislocation-mediated electronic conductivity in TiO2. 
 
The second part of the thesis describes the influence of mechanically induced dislocations on the ionic 
conductivity of YSZ. The high-temperature-deformability of YSZ single crystals is investigated, with 
particular attention to the dislocation distribution. With established parameters, plastic strain levels up to 
5% are achieved, which is by far the highest achieved strain in the so-called “hard orientation” of YSZ (see 
section 2.11.2). Moreover, an advanced deformation protocol is developed to generate extremely dense 
dislocation networks at the local scale, beyond what is possible with bulk deformation. These dense 
dislocation networks were then accessed via impedance spectroscopy on different length scales to 
investigate the electrical response of dislocations. Moreover, oxygen tracer diffusion experiments helped 
rationalize whether the increase in conductivity can be attributed to oxygen transport. 
 
After discussing the obtained results, a brief comparison is established with the existing literature to 
illustrate the complete picture of both material systems. Furthermore, an outlook is provided to expand 
these mechanical deformation and electrical characterization protocols to other material systems (a few 
have already been implemented at the research group of NAW). The concept of dislocation-mediated 
electrical conductivity should also be applied to polycrystalline materials, focusing on tuning the 
conductivity of metal oxides beyond and what is possible by chemical doping strategies.  



 

Theory and Literature Review   3 

2 Theory and Literature Review 
 
2.1 Crystalline solids: 
 
Dislocations are an essential class of defects in crystalline solids, so an elementary understanding of 
crystallinity is required before dislocations can be introduced. Metals and many other non-metallic solids 
are crystalline, i.e., their constituent atoms are arranged in a pattern that repeats itself periodically in three 
dimensions (a schematic representation of crystallinity is presented in Figure 2.1). The crystal structure 
describes the actual arrangement of the atoms, and for the case of metals, the three most common crystal 
structures are the body-centered cubic (BCC), face-centered cubic (FCC), and close-packed hexagonal 
(CPH).57, 58 However, the structures of non-metallic compounds such as metal oxides or ceramics are often 
complex as they contain more than one type of building constituent, e.g., SrTiO3 and BaTiO3.59 
 
2.2 Defects in crystalline solids: 
 
All naturally occurring crystalline solids contain imperfections or defects that locally disturb the atoms' 
regular arrangement. These defects may be classified as point, line, surface, or volume defects.16 Especially 
for ceramics, defects can significantly modify the mechanical and functional properties.60 Although this 
thesis primarily focuses on the line defects called dislocations, it will be shown that the behavior and effects 
of all these defects are closely related. A short description of defects in ceramics other than dislocations is 
provided in the following. 
 

2.2.1 Point defects: 
 
Point or zero-dimensional (0-D) defects arise where an atom is missing or is at an irregular place in the 
lattice structure. In terms of ionic solids (ceramics), point defects can be classified into stoichiometric and 
non-stoichiometric defects. Former ones do not disturb the stoichiometry (composition) and include 
interstitials, Schottky, and Frenkel defects. Latter type of defects essentially changes the stoichiometry of 
the compound. These defects include, metal excess (cation > anion) and metal deficient (anion < cation) 
materials.11 
 
Point defects commonly exist in thermal equilibrium above zero Kelvin since their formation energy is 
significantly lower than the line defects.12 A finite concentration of native point defects is always present 
at any given temperature due to increased entropy. Nevertheless, for ionic solids, such as TiO2, charge 
neutrality is maintained by the simultaneous creation of oppositely charged defects.11, 12 
 
Point defects can be studied by measuring characteristic defect-related properties, e.g., electrical 
conductivity. Since conductivity is a function of defect concentration,61 understanding the variation in the 
conductivity by changing the stoichiometry of the solids provides important information on the point 
defects. Therefore, measuring electrical conductivity as a function of oxygen partial pressure pO2 may help 
determine the nature of the point defects (see details on defect chemistry in section 2.11.1). 
 

2.2.2 Surface defects: 
 
Surface or two-dimensional (2-D) defects are also known as area defects that extend in two dimensions, 
such as grain boundaries, interfaces (heterostructures), and stacking faults.11 These defects are kinetically 
frozen, not only at room temperature but also at elevated temperatures. However, they may anneal out if 
prone to significantly high temperatures.11 TEM is referred to as the best technique for characterizing these 
defects. 
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2.2.3 Volume defects: 
 
Volume or three-dimensional (3-D) defects differ in orientation, structure, or composition of the parent 
crystals. A few examples include cracks, pores, precipitates, second phase grains, or particles in the 
matrix.11, 58 These defects are intentionally created by dedicated treatments, e.g., precipitation processes, 
etc. Typically, the formation energy for 3-D defects is higher than the other defects since a large number of 
bonds need to be broken for their formation.11 Few defects are schematically illustrated in Figure 2.1. 
 

 

Figure 2.1: Summary of possible defects in crystalline materials. The point, line, surface, and volume defects are highlighted. Redrawn 

from reference. 16 

 
2.2.4 Line (extended) defects: 
 
Dislocations (one-dimensional, line, or extended defects) are responsible for the plastic deformation of 
crystalline solids. In principle, plastic deformation occurs when atomic planes slide over each other (refer 
to Figure 2.2a). In a perfect crystal, i.e., in the absence of dislocations, plastic deformation requires the 
sliding of one atomic plane over another. However, it is only possible by the rigid-cooperative movement 
of all the atoms from one position of a perfect registry to another.16 The stress required to induce the 
plasticity or, in other words, slide one plane over another is called Theoretical shear stress (𝜏𝑡ℎ) and was 
first evaluated by Frenkel: 62  

 𝜏𝑡ℎ =
𝑏

𝑎

𝐺

2𝜋
 Equation 2-1 

where a and b represent the spacing of the atomic rows and the spacing between atoms in the direction of 
applied shear stress 𝜏, respectively. G is the shear modulus (parameters are also schematically presented 
in Figure 2.2a). 
 
Theoretical shear strength 𝜏𝑡ℎ is usually several orders of magnitude higher than the actual yield strength 
𝜎𝑦𝑖𝑒𝑙𝑑 of a crystalline solid. This substantial difference results from lattice defects, i.e., primarily 

dislocations; or in other words, the presence of dislocations makes the onset of the plastic deformation 
easier. 63  
 
Dislocation existence and movement in crystalline solids can be defined with the help of specific 

parameters, i.e., slip-plane (the plane onto which dislocation can move), the Burgers vector �⃗�  (highlights 
the slip direction, also a measure by how much the original lattice is distorted by the presence of a 
dislocation), and the line vector (point towards the direction of dislocation).16 The family of slip planes and 
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associated slip directions constitute a slip system and are typically shown as a set of directions and planes, 
e.g., ⟨110⟩{110}.16 
 
In literature, two types of dislocations are discussed, namely edge and screw dislocations; however, one 

can also expect a combination of both.16 For an edge dislocation, the Burgers vector �⃗�  lies perpendicular to 
the dislocation line with the line vector �̂� parallel to it (Figure 2.2b). However, for the screw dislocation, 
both the Burgers and line vector are parallel to the dislocation line (Figure 2.2c). Moreover, the line vector 
�̂� can also be a mixed form of screw or edge.16  
 

 

Figure 2.2: Schematics of the presence and movement of dislocations in crystalline solids. (a) The onset of plasticity, i.e., atomic planes 

(red dots) sliding onto each other under the action of shear stress 𝜏 (marked as black arrows). (b) Schematic of a crystalline structure 

along with Burgers circuit (black arrows forming a loop) and the Burgers vector �⃗�  (green arrow) with an extra half-plane of atoms (edge 

dislocation). The dislocation movement is possible onto the slip plane marked in grey (a). The line vector �̂� is marked in purple (b and c). 

Redrawn from reference.64 

 
2.3 Strain fields around dislocations: 
 
It is well established that a straight dislocation line distorts the crystal lattice and forms strain fields around 
it.16 Typically, an edge dislocation develops compressive, tensile, and shear lattice strains. In contrast, 
screw dislocations only produce shear strain.21, 65 This strain field is of particular interest, as it may interact 
with other dislocations, point defects, and inclusions,16 which is later shown to be responsible for the 
change in functional properties of ceramics.  
 
Considering Hooke's law, a dislocation being the source of an internal stress field is related to the induced 
strain field.66 Further, the strain ε decays with the distance r to the dislocation core, according to the 
relation:21, 66 

 𝜀 ∝
G�⃗� 

r
 Equation 2-2 

where r is the distance from the dislocation core (depicted in Figure 2.3a), while G and �⃗�  stands for their 
established meaning. In other words, the strain field reduces as the distance from a dislocation increases.  
 
Poirier et al.66 documented this strain field decay for all types of lattice defects. It is argued that the decay 
of strain field for line defects (dislocations) falls in between the other two types of defects, i.e., strain field 
for point defects is proportional to (1/r2) in the case of point defects, for line defects (1/r), and volume 
defects (1/√r). Therefore, dislocations provide a reasonably long-range strain field (shown in Figure 2.3a) 
which, as suggested earlier, may interact with other dislocations and defects.16  
For both edge and screw dislocations, the description of the strain fields, the resulting dislocation energy, 
and the interaction between two dislocations are explained in detail by Hull.16 Recent developments in the 
literature also made it possible to visualize the strain field around dislocations, at least for thin films and 
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bi-crystals.49, 67 For simplified understanding, the most common representation of the compressive (-) and 
tensile stresses (+) around an edge dislocation are shown in Figure 2.3b. 
 

 

Figure 2.3: Schematic illustration of an edge (straight) dislocation into a crystalline solid. (a) A strain field around the dislocation core is 

presented. In the case of ionic solids, an expected compensating space charge layer around the charged dislocation core is portrayed. (b) 

Enlarged view of compressive (-) and tensile (+) strain fields. Redrawn from reference.21 

 
2.4 The core of a dislocation: 
 
A dislocation core is typically defined as the region along the dislocation line. It can be visualized as a tube 

of crystalline matter with a radius of the orders of �⃗� , i.e., the Burgers vector of the dislocation (exemplified 

in Figure 2.3a). Depending on the crystal, �⃗�  lies within 2.5 to 5 Å in metals and within approximately 3 to 
17 Å in oxides.16, 68 

For ceramics, the concept of charged dislocation was coined in the early ‘60s by Gilman,69, 70 followed by 
Whitworth,71 where charged dislocations were addressed in detail for alkali halides. It was argued that a 
dislocation core might be charged due to several reasons, e.g., a charged end of the inserted half-plane, a 
charged steps in the dislocation line (jogs and kinks), variations in the vacancy formation energy at the 
core, and the accumulation of vacancies at the dislocations core during dislocation motion.70, 72 
Furthermore, a charged dislocation core gives rise to a compensating space charge around the core, i.e., a 
positive dislocation core results in a compensating negative space charge and vice versa.71, 73 Schematic 
illustrations of a charged dislocation core and the space charge are provided in Figure 2.3a. 

It is reported as well that the charge of a dislocation core further depends upon the complexity of the 
material system, available ions, point defect doping (intrinsic dopants during crystal growth), slip systems, 
and the dislocation type. It was also argued that the dislocation type, e.g., screw, edge, and partials, also 
affects the cation concentration.74, 75 These variations in charge conditions for dislocation core and resulting 
space charge layer offers enormous potential for interaction with other defects and may lead to change in 
functional properties. Specifically, the electrical conductivity of core and space charge layers has been 
studied in recent years.39, 41, 76-81  

 
Early contributions from Whitworth,18, 20, 71 followed by works from Ikuhara,34, 82-86 and Adepalli et al.,42, 43, 

87 helped develop the understanding of dislocation’s potential to modify the functional properties of 
ceramics. Recent frameworks by Szot,39 and Porz et al.,88 should be seen as a foundation to further 
understand the physical and chemical properties of two important oxide semiconductors, i.e., SrTiO3 and 
TiO2. These studies indicate the existing opportunities to tailor the electrical properties of semiconductors 
by dislocations.  
 
In section 2.11, a brief introduction to studied material systems is provided. The results & discussion 
section illustrates how point defects interact with dislocation core and impact the electrical conductivity of 
respective material systems.   
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2.5 Investigation of dislocation: 
 
Several techniques are employed in the literature to study dislocations' distribution, arrangement, and 
density.16 Experimental approaches, such as x-ray diffraction, field ion microscopy, atom probe 
tomography, surface methods (chemical etching), and electron microscopy, are described in detail by 
Hull.16 Due to the access and reliability, the latter two techniques were employed in this research work.  
 
2.5.1 Preferential etching (surface method): 
 
The preferential or chemical etching method was first reported by Read et al.,89 suggesting that etch pits 
corresponding to the individual dislocations can be rationalized with optical light microscopy. The authors 
described that the etching process could start with a well-polished sample surface that does not show any 
features under a light microscope, even at high magnification or sensitive modes. Exposing such a well-
polished sample in an etching solution that can affect the material much more quickly around the defects 
than in perfect regions reveals the dislocations in the form of etch-pits on the surface. It is interesting that 
the dislocations and other crystallographic defects, such as stacking faults, can also be optically visualized 
with this technique. However, the etching time needs to be optimized to avoid under/over-etching.90  
 
Chemical etching is considered "black art" in science; this is because even well-established preferential 
etching solutions usually have poorly understood mechanisms.16 Moreover, etching is highly anisotropic; 
this means etching solutions work only on a specific crystallographic orientation. However, chemical 
etching is by far the easiest, cheap, and often the most sensitive technique for observing crystallographic 
defects, especially dislocations. The etching principle and a few examples of different etched planes are 
provided in Figure 2.4, where each dislocation can be visualized in the form of an etch-pit. 
 

 

Figure 2.4: (a) Schematic illustration of chemical etching principle; dislocation intersecting the surface can be visualized in the form of 

etch-pits. (b-d) optical light micrographs featuring etch pits formation on LiF (100) plane, 70 Titania (110) plane, 90 and CdTe (111) planes, 

respectively. 91 Reprint with permission from Elsevier,70 John Wiley and Sons,90 and AIP,91 copyrights 1962. 

 
The chemical etching technique was employed in this research work to visualize the naturally occurring 
(pristine) and mechanically generated dislocation networks. Several planes of TiO2 and YSZ single crystals 
were etched. For both material systems, etching parameters, such as etchable orientation, etching solution, 
temperature, and the etching time, were optimized (details are provided in section 4.4.1).   
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2.6 Dislocation generation in ceramics: 
 
Several endeavors are reported in the literature to generate dislocations in ceramics, including surface 
indentation,92-94 bi-crystal fabrication,49, 79, 95 and surface polishing.88, 96, 97 However, the uniaxial 
deformation is referred to as the most reproducible method for controlling the natural mesoscopic 
dislocation structure.53, 98-106 In this method, single-crystalline ceramics can be plastically deformed at high 
temperatures, promoting the activation of favorable slip systems resulting in dense dislocation networks.21, 

53 This makes this method broadly applicable at high temperatures,88, 107, 108 and even at room 
temperature.105, 106, 109 Therefore, in this research work, the uniaxial deformation method was employed to 
generate dislocation networks in TiO2 and YSZ. Nevertheless, a brief comparison of dislocation generation 
methods is presented for readers' understanding. 
 
Indentation is a versatile and convenient method to generate dislocations in ceramics.92, 93 Depending 
upon the indenter size, this technique offers the freedom to probe small and large volumes.35, 110, 111 For 
nanoindentation experiments, the " pop-in " event typically indicates the onset of dislocation activities. It 
can be rationalized by a sudden excursion of the displacement curve at nominally constant load, as shown 
in Figure 2.5a. This flat regime on the curve is usually seen as the signal for dislocation generation, namely, 
the onset of plastic deformation.93 However, the plastic zone induced by this technique is typically in the 
sub-micron regime (as exemplified for SrTiO3 in Figure 2.5b). This highly confined plastic zone makes it 
hard to probe for electrical characterization.94  
 

 

Figure 2.5: (a) Indentation load-displacement curves with pop-in event on (001) surface of a single-crystal SrTiO3 (b) SEM image depicting 

induced plastic zone where dislocations are visualized in the form of etch pits. Reprint with permission from MDPI,93 copyright 2020.   

 
Artificially fabricated bi-crystals with low angle tilt grain boundaries could be used to understand the 
structure and properties of highly organized dislocations, as this method offers dislocations with well-
controlled spacing.112-119 Tochigi et al.120 exemplified the dislocation structure for alumina bi-crystals and 
reported that the interval of dislocation could be well controlled as this is inversely proportional to the tilt 
angle of the boundary.121 Furthermore, the electrical conductivity of bi-crystals is well documented,76, 79, 95, 

122, 123 which may help understand the charge transport via dislocations. However, this method is 
unconventional as it requires serious expertise to fabricate plausible tilt-angle grain boundaries;120 besides, 
very few dislocations can be attained. An example of SrTiO3 bi-crystal is presented in Figure 2.6. 
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Figure 2.6: (a) Schematic illustration of crystallographic orientation of a SrTiO3 bicrystal with (112̅0)/[11̅00] low angle tilt grain boundary. 

(b) Typical bright-field TEM image depicting the dislocations arrangement and spacing (marked with blue arrows). Reprint with permission 

from AIP,79 copyright 2016. 

 
Surface polishing can be seen as a comparatively facile way to introduce dislocations. This method 
constitutes single or polycrystalline ceramic specimens grinding onto the fixed abrasives.96, 124 Stress 
concentration at the contact surface leads to dislocation generation. Later, extremely gentle polishing can 
remove a thin surface damage layer and leave dense dislocation networks under the surface (Figure 2.7). 
This seemingly simple method is exemplified for SrTiO3 in recent studies,88, 96, 97  where a dislocation density 
of 5 × 1014 m-2 is realized (Figure 2.7c). Chemical etching combined with electron microscopy techniques 
such as SEM/TEM could be employed to visualize the generated dislocation density. However, the surface 
polishing method seems to work only for “ductile ceramics” such as SrTiO3; for other ceramics, e.g., YSZ, 
this technique is not feasible due to the high toughness of the material.125 Besides, poor control over 
generated dislocation density makes this technique undesirable if the goal is to study well-ordered 
dislocations. 
 

 

Figure 2.7: Dislocation density generated via surface polishing technique. (a) TEM dark-field image showing a high dislocation density in 

SrTiO3 just under the surface. Reprint with permission from Elsevier, 96 copyright 2013. (b) TEM bright-field image of the surface region 

for the SrTiO3 specimen, showing a high density of black dots (dislocations) over the first 800 nm to 1000 nm from the sample surface. 

Reprint with permission from RSC, 97 copyright 2018. (c) Dislocation density gradient underneath a ground surface visualized on a polished 

perpendicular surface. Reprint with permission ACS, 88 copyright 2020.  

 
The bulk deformation method offers a well-established protocol and reproducibility.34, 108 As described 
earlier, this method can be employed to deform single-crystalline ceramics at room105, 106, 109 as well as 
elevated temperatures.27, 52, 126 Furthermore, large plastic deformation (deformation %) and dense 
dislocation networks can be achieved depending on the activation of favorable slip systems and the state 
of creep.88, 108, 127, 128 Deformed specimens with distributed dislocation networks give liberty to study the 
functional properties, such as electrical conductivity. These points served as the primary guideline for 
designing the experiments in this research work. Therefore, the bulk deformation method was employed 
for studied material systems, i.e., TiO2 and YSZ. 
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2.7 Concept of plastic deformation: 
 
Typically, the plastic deformation of a crystalline material is represented in the form of a stress-strain 
curve. It is obtained by gradually applying load to a specimen and measuring the subsequent deformation, 
from which the stress and strain can be determined (Figure 2.8).  
 
In a stress-strain curve, the first stage is the linear elastic region, where the applied stress (𝜎) is 
proportional to the resulting mechanical strain (𝜀), i.e., in this regime the material obeys the general 
Hooke's law.129 The slope of the linear regime defines the elastic stiffness of the material,125 and it is the 
proportionality factor between stress and strain. The elastic stiffness is also known as Young’s modulus, 
denoted as E in the literature.125 The end of the first stage is the initiation point of plastic deformation, i.e., 
above particular stress, known as the yield strength σys, the material starts to deform plastically. For those 
materials systems with no sharp transition from elastic to plastic deformation, the yield strength can be 
described at 0.2% of plastic deformation, 𝜎𝑦𝑠0.2%.125 

 
 

 

Figure 2.8: Typical stress-strain curve for crystalline material. Parameters such as elastic limit, yield point, young’s modulus, and plastic 

deformation regime are highlighted. Redrawn from reference.57 

 
It is important to mention that activating a slip system is mandatory to achieve plastic deformation. Usually, 
applied stress is tensile or compressive, but the stress that governs the plastic deformation is shear stress. 
Therefore, plastic deformation is only feasible depending on the acting shear stress and certain angles, 
according to the following relation:  
 

 𝜏 = 𝜎 ×𝑚  or  𝜏 =
𝐹

𝐴
cos𝜃 × cos 𝜆  Equation 2-3 

 
Here, 𝝉 denotes the resolved shear stress, with the force F acting on the cross-sectional area A of the 
specimen. 𝜃 represents the angle between slip direction b and the applied force F,  and λ is the angle 
between the slip plane normal n and the applied force F. The term  𝑚 = cos𝜃 × cos 𝜆 is known as the 
Schmid factor.44 The numerical value of the Schmid factor has to be the maximum to activate a particular 
slip system.16, 21 The parameters discussed above are schematically shown in Figure 2.9. 

https://en.wikipedia.org/wiki/Structural_load
https://en.wikipedia.org/wiki/Deformation_(engineering)
https://en.wikipedia.org/wiki/Linear_elasticity
https://en.wikipedia.org/wiki/Hooke%27s_law
https://en.wikipedia.org/wiki/Hooke%27s_law
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Figure 2.9: Schematic illustration of resolved shear stress for uniaxial plastic deformation. A cylindrical specimen is shown with applied 

force (F) on the cross-sectional area (A). The slip plane is shaded in grey, and normal to the slip plane is labelled as (n). To illustrate the 

Schmid factor evaluation, active angles such as λ (between F and n) and θ (F and slip direction or Burgers vector b) are also presented. 

Redrawn from DoITPoMS.130 

 
After introducing the concept of the Schmid factor, an optimum deformation orientation needs to be 
decided. This is particularly important in this research work, as only single crystals are investigated (see 
section 4.1). Deformation orientation is important because a particular slip system can only be activated if 
it possesses the maximum Schmid factor in this deformation orientation. In the following, this is explained 
by taking a cubic crystal structure (SrTiO3) as an example. 
 
In Figure 2.10, compressive (flow) stress is plotted for two different orientations of SrTiO3 single crystals 
in a wide temperature range. It is illustrated that up to ≈ 900 K; the [100] orientation is most accessible to 
deform with an activated slip system ⟨110⟩{110}, due to the maximum Schmid factor (m = 0.5), which is the 
highest possible value in the direction of [100]. On the other hand, compression in the [110] direction leads 
to a Schmid factor of m = 0.25 for the same slip system. This ultimately results in the difference of the flow 
stress and is shown for both compression directions in Figure 2.10.131 
 
The above-described points emphasize choosing the favorable single crystals for systematic deformation. 
Besides, it builds a foundation to evaluate the Schmid factors for other material systems investigated in this 
research work, i.e., TiO2 and YSZ.  
 

 

Figure 2.10: The dependence of the critical flow stress σ on temperature T for the [100] (filled squares) and the [110] orientation (crosses) 

of the compression axis. Reprint with permission from APS, 131 copyright 2001.  
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At this stage, it is worthwhile to note that the stress-strain curve presented in Figure 2.8 is often observed 
for ductile materials, e.g., metals.57 In the case of ceramics, the yield strength is mostly higher than their 
fracture strength.125 Therefore, limited plastic deformation is expected in them, particularly at room 
temperature. However, few exceptions are reported in the literature, where reasonable plastic deformation 
was achieved at room temperature, such as SrTiO3,109 MgO,132 KNbO3,133 ZnO,134, 135 LiF,70 InSe,136 ZrB2,

137 
and ZnS.105, 106  
 
In contrast, high-temperature mechanical deformation is suggested to achieve high plastic strain in 
ceramics.128 Nevertheless, one may confuse high-temperature mechanical deformation with creep as this 
term is generally used in the literature. Therefore, a clear understanding of the creep states is necessary 
before designing the deformation experiments.  
 
2.7.1 Creep-an overview: 
 
Creep describes the time-dependent plastic deformation under constant mechanical stress or strain. In 
textbooks, creep is described to occur, usually at elevated temperatures, due to long-term exposure to 
stress that is still below the yield strength of the material. However, in a few cases, e.g., in the lead (Pb), 
creep may occur even at room temperature.57 
 
In ceramics, creep typically occurs at temperatures above 45% of the melting temperature Tm.138 Creep is 
a complicated process involving several mechanisms that can occur simultaneously or competitively. In the 
following, only a brief description of creep is provided, focusing only on explaining the deformation 
experiments conducted in this research work. Potential readers are referred to a dedicated book on “creep 
in ceramics” by Pelleg.128 
 
Creep experiments are usually carried out under compressive or tensile stress.128 The uniaxial stress is kept 
constant in both cases, and the induced strain (ε) is measured as a function of time. The creep strain rate 

(ε̇) is defined as the time derivative of strain, i.e., (ε̇ = 
𝑑ε

𝑑𝑡
) where stress remains constant. In other words, 

the slope of creep curves (Figure 2.11a) provides the creep strain rate, which the measured as a function 
of time, as shown in Figure 2.11b. 128 
 
The creep behavior can be well understood if the data is split into three regimes (Figure 2.11). In a primary 
or transient creep regime, the strain rate decreases with time; this is usually attributed to the dislocation 
generation, i.e., an increase in dislocation density that causes hardening (regime I in Figure 2.11b). In the 
secondary or steady-state creep regime, an equilibrium is reached between dislocation generation by 
plasticity and annihilation by the recovery processes; therefore, the strain rate remains constant (regime 
II in Figure 2.11b). In tertiary creep, the strain rate exponentially increases with constant stress. This can 
be due to voids or internal cracks, which decrease the cross-sectional area and increase the true stress 
acting on the region, accelerating the deformation and leading to fracture (regime III in Figure 2.11).64, 128 
 
It should be noted that the deformation experiments performed in this thesis were stress-controlled, and 
always lies in the first stage of creep (shaded as grey in Figure 2.11), and the steady-state creep regime was 
not reached in this case. Therefore, the specimens were only in the dislocation-generation regime, and thus, 
simultaneous dislocation generation and annihilation are not expected. 128 Nevertheless, special care was 
taken to minimize dislocations' recovery and annihilation due to prolonged high-temperature treatment. 
The furnace cooling process started immediately after reaching the desired strain levels; in the meantime, 
the specimens were kept loaded, and complete unloading was performed after cooling down by at least 
300 °C in the case of rutile and 600 °C for YSZ (experimental details in section 4.2.). 
 

https://en.wikipedia.org/wiki/Yield_strength
https://en.wikipedia.org/wiki/Work_hardening
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Figure 2.11: (a) Strain (ε) as a function of time (t) at constant stress. Three stages of creep, i.e., primary (I), secondary (II), and tertiary 

creep regimes (III), are highlighted. At higher temperatures, with similar stress levels, typically higher strain rates are observed (b) the 

strain rate (ε̇) as a function of time (t) emphasizes the change in the creep regimes. Deformation experiments were conducted in the first 

stage of creep (highlighted in grey). The increase in strain and strain rate with temperature and stress are also indicated with arrows. 

Redrawn from references.57, 128 

 
2.8 Dislocation motion: 
 
After defining the concept of plastic deformation and the method to generate dislocations, it would be 
interesting to know how dislocations move into the material system. Therefore, a short description is 
provided in the following, considering the dislocation motion in ceramics. This is based on the textbooks 
by Poirier,66 Hull,16  and Ulrich Messerschmidt.21 
 
In crystalline materials, an intrinsic resistance exists for the dislocations to move or glide. This resistance 
depends on several factors, such as the crystal structure, nature of bonding, and the periodicity of the 
lattice. This phenomenon seems plausible because the bonds at the dislocation core have to be broken and 
rebuilt for the dislocation motion. 
 
For a dislocation to move in a crystalline material, a periodic lattice potential E needs to be overcome by 
the dislocation; this is known as the Peierls potential or Peierls energy Ep (Figure 2.12a). This periodic 
lattice potential E determines the potential energy of the dislocation at a specific lattice position x and 
depends on the nature of bonding between the lattice atoms. The Peierls potential Ep is defined as the peak 
of the potential curve shown in Figure 2.12a and described as follows:16 
  

 𝐸𝑝 =
𝐺�⃗� 2

𝜋(1 − υ)
exp(

−2𝜋𝑎

|�⃗� |(1 − υ)
) 

 

Equation 2-4 

 

where G is the shear modulus, 𝜐 is the Poisson ratio, |�⃗� | is the magnitude of the Burgers vector, and a is the 
interplanar spacing of the slip plane. 
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Figure 2.12: Schematic for the dislocation motion and the resulting (a) Peierls energy Ep, and (b) Peierls-Nabarro stress τp. Redrawn from 

reference. 139 

 
The required stress to overcome the Peierls potential Ep is called Peierls-Nabarro stress 𝜏𝑝 (Figure 2.12b). 
The relationship between Peierls-Nabarro stress and the Peierls potential is given as follows: 
 

 𝜏𝑝 =
2𝜋

�⃗� 2
𝐸𝑝 Equation 2-5 

Substituting the value of Ep from Equation 2-4 into Equation 2-5 results in the Peierls-Nabarro stress 𝜏𝑝 for 
an edge dislocation, which is defined as follows:22 
 

 𝜏𝑝 =
2𝐺

1 − υ
exp (

−2𝜋𝑎

|�⃗� |(1 − 𝜐)
) Equation 2-6 

 

The 
𝑎

|�⃗� |
 ratio significantly influences the Peierls stress and can be used to predict the qualitative behavior of 

a material. More precisely, a large ratio (
𝑎

|�⃗� |
= 1) leads to a low Peierls stress (𝜏𝑝), whereas a small ratio 

(
𝑎

|�⃗� |
=
1

3
) results in a higher 𝜏𝑝. For example, metals with face-centered cubic (FCC) structures have a large 

𝑎

|�⃗� |
 ratio due to their close-packed structures and metallic bonding (small |�⃗� |) resulting in a low Peierls 

stress. And this is the primary reason for a more effortless dislocation glide in an FCC crystal structure 
metal than the body-centered cubic (BCC) metals and ceramics. Furthermore, for most ceramics, 𝜏𝑝 is high 

due to the bond nature (i.e., covalent or ionic), with small 
𝑎

|�⃗� |
 ratios.22 Ceramic materials e.g., SrTiO3 possess 

𝑎

|�⃗� |
 ratio of 0.2 to 0.5, depending on the slip plane and the Burgers vector.140 For such a small 

𝑎

|�⃗� |
 ratios, the 

fracture stress is often reached before the dislocation can overcome the Peierls potential.22 
 

2.8.1 Mechanism of dislocation motion: 
 
Typically, there is no such thing as a straight dislocation in most crystals. Real dislocations 
contain kinks and jogs, i.e., sudden deviation of dislocation from a straight line on atomic dimensions.16 The 
kink-forms due to thermal activation and suppresses the Pierels potential Ep, helping the dislocation glide 
process. This phenomenon is called Pierels or kink-pair mechanism.16 Another option to control the rate of 
the kink-pair mechanism is overcoming the local obstacles (e.g., point defects) to assist the dislocation 
motion; this is known as the Orowan mechanism of dislocation motion.21 
The above-described mechanisms can be identified using the strain rate maps developed by deformation 
experiments performed in the second stage of creep. Puy et al.141 investigated the dislocation motion 
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mechanism onto the same batch of rutile (TiO2) single crystals studied in this thesis. Their results inferred 
that the Orowan mechanism drove the plastic deformation in the low-stress regime. However, the kink pair 
mechanism was proposed to carry the plastic deformation at higher stresses.  
 
Due to the limited involvement of the candidate in these experiments, the details are not described here. 
However, it is ensured that the reader can envisage the dislocation motion mechanisms in the batch of 
rutile (TiO2) onto which the electrical conductivity is studied. 
 
2.9 Space charge zones:  
 
As introduced in section 2.4., the concept of a space charge layer formation around a charged dislocation 
core is important to understand, and further discussion can be built on these space charge layers 
contributing to the electrical conductivity. In semiconductor technology, these space charge layers, in many 
cases, are referred to as Schottky barriers.11, 142, 143 In this work, the space charge zones and the distribution 
of point defects within the space charge are of particular interest and, therefore, briefly introduced in the 
following.  
 

2.9.1 Schottky barriers:  
 
In oxide semiconductors, a space charge layer can occur at the interface, acting as a barrier to charge 
transport across the layer (space charge).11 This phenomenon occurs due to the reduction in the 
concentration of the majority charge carrier at the interface. This way, the conductivity decreases locally, 
leading to the formation of a barrier. This is called the Schottky barrier and, by definition, is a potential 
energy barrier for electrons formed at a metal-semiconductor junction due to the difference in the work 
functions of metal and semiconductor.143  
 
In ceramics, space charge layers occur mainly in two scenarios: First, when bringing the ceramic surface 
into contact with a different material (e.g., a metal). Here, the Schottky barrier formed due to the difference 
in the work functions of the ceramic and the metal used as an electrode (and interface states). This can be 
avoided using an appropriate electrode material (such as La0.6Sr0.4CoO3-δ /LSC for YSZ)144 or metals with 
appropriate work functions.11 However, serious attention needs to be paid when choosing the electrode 
material, as different metals also cause other problems such as degradation or de-wetting of sputtered 
electrodes, e.g., for Pt starting at temperatures above 550 °C, 145 or oxidation of electrode materials such as 
Aluminum (Al).146  
 
Second, a space charge layer can form within a polycrystal when bringing two grains of a similar material 
into contact. Here, the surface of grain is, in many cases, not stoichiometrically terminated such that a 
charge arises. So, there is no difference in the work function but the space-charge layer formed due to the 
electroneutrality condition. In the following this is exemplified in the case of an artificially fabricated bi-
crystal.  
 
Upon forming a bi-crystal, e.g., SrTiO3, the oxygen vacancy concentration at the interface is largely 
increased.122 This increased concentration leads to the accumulation of charge locally. This charge, which 
is a local deviation from electroneutrality, must be compensated because electroneutrality must be 
preserved globally at any time. Hence, in the surrounding of the interface, the oxygen vacancy 
concentration is reduced, which leads to a space charge zone of opposite signs around the interface, 
compensating the interface’s charge, as illustrated in Figure 2.13. The reason for the space-charge layer 
formation is purely the charge neutrality condition, as the same material system on both sides has the same 
work function.11 
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Figure 2.13: Space charge layer at a bi-crystal grain boundary. At the grain boundary, the oxygen vacancy concentration is largely 

increased, and hence the concentration is decreased in a layer around it to preserve global electroneutrality. Debye length (𝜆) is also 

marked with a black arrow. Reprint with permission from John Wiley and Sons,76 copyright 2003.  

 
The space charge zone is characterized by the Debye length 𝜆,11 highlighted in Figure 2.13, and given in 
Equation 2-7. 
 

 𝜆 = (
𝜀𝑜𝜀𝑟𝑘𝑇

2
𝑧𝑗
2𝑒2𝑐𝑗∞)

1
2

 
 

Equation 2-7 

 
Here, 𝜀0 is the permittivity of free space, εr is relative permittivity, k is Boltzmann constant (1.38 x 10-23 m2 
kg s-2 K-1), T is the thermodynamic temperature, Zj is effective dopant charge (e.g., for electron = -1) and e 
is an electronic charge (1.6 x 10-19 C). The Debye length depends on the dopant concentration cj and is, 
hence, different in every material. For instance, for the case of rutile (TiO2),  Adepalli et al.42 calculated the 
debye length, 𝑇𝑖𝑂2𝜆 ≈  3.5 nm. 

 

2.9.2 Space charge effects in dislocations: 
 
The concept of space charge described from a bi-crystal point of view in Figure 2.13 is now provided from 
the dislocation core perspective.  
 
A dislocation core in the ionic solid is charged, which gives rise to the formation of oppositely charged 
regions around them. These regions are space charge zones that form because ionic solids keep the overall 
charge neutral by electroneutrality conditions.12 Such space charge zones are often observed in the 
majority of wide bandgap oxides systems, such as CeO2,147  ZrO2,148 SrTiO3,149 TiO2,150-152 and in alkali 
halides, e.g., AgCl,71, 153 NaCl,19, 154 AgBr, CaF2, and CsCl.71  
 
Furthermore, the redistribution of defects adjacent to the dislocation cores could be either by Mott-
Schottky or Gouy-Chapman profile. And depending on the defect charge with respect to the charge of 
dislocation core, it may affect the material properties in both scenarios, i.e., Mott-Schottky and Gouy-
Chapman.155  
 
In literature, for the systems that contain a dopant and one charge-compensating defect, the Guoy-
Chapman case arises in which both dopant and charge‐compensating defects are mobile, and their 
concentration profiles are in electrochemical equilibrium. For the Mott‐Schottky case, the dopant's 
concentration remains kinetically constant across the entire system, and only the mobile compensating 
defects are in electrochemical equilibrium. Further basic knowledge about the space charge layers can be 
found in the textbook of ionic materials and electroceramics.11  
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2.10  Impedance spectroscopy:  
 
Impedance spectroscopy is a non-destructive technique that helps investigate the electrical properties 
under alternating current (AC) conditions and distinguish them based on the individual electrochemical 
processes.156, 157 The working principle of this technique includes applying a known electrical 
(voltage/current) signal and recording materials’ response. Since different constituents of a material 
system exhibit different time constants, a frequency-dependent analysis can differentiate the processes 
that contribute to the overall electrical response, the conduction mechanisms, or any changes in them. 
 
In this work, bulk impedance measurements were performed on the undeformed and deformed specimens, 
their electrical response was recorded, and a comparison was developed. Since dislocations are charged 
defects, their presence in deformed specimens may affect the overall electrical properties of the material 
system. Thus, this technique was employed to measure the change in electrical response potentially 
induced by the dislocations. 
 
When a material is subjected to an alternating current (AC), the elucidation of its response becomes 
complicated. The reason is that now not only resistance (R) but also a resistive response evolving from the 
capacitive/inductive† behavior, i.e., reactance (X), also need to be considered.158 Therefore, a closer look 
must be given at the materials’ response under AC conditions. The following description elaborates the 
understanding of an AC signal, impedance spectroscopy fundamentals, and formulations employed later 
for data evaluation.  
 
It is well established that, at any time instant (t), the potential difference 𝑉(𝑡) across a resistor is given 
by:158  
 

 𝑉(𝑡) = 𝑉𝑜 sin (𝜔𝑡) Equation 2-8 
 
Where 𝑉𝑜  is the peak value of the alternating voltage, and ω is the angular frequency (𝜔 = 2𝜋𝑓, with f as 
cyclic frequency). Then the instantaneous current 𝐼(𝑡) can be expressed by Ohms law:157  
 

 𝐼(𝑡) =  
𝑉

𝑅
=
𝑉𝑜
𝑅
= 𝐼𝑜 sin (𝜔𝑡) Equation 2-9 

In Equation 2-9, the term resistance R is quantified in Ohms (Ω).  

It follows from Equation 2-8 and Equation 2-9 that the instantaneous values of both voltage and current 
are sine functions that vary with time (t), as illustrated in Figure 2.14. 
 
In Figure 2.14a, it can be seen that when the voltage (V) rises, the current (I) also rises, and if the voltage 
falls, the current also does so. In other words, both (voltage and current) pass their maximum and minimum 
values simultaneously. Thus, for the case of an ideal resistor, it can be established that the instantaneous 
voltage and current values are in phase. This behavior is graphically shown in Figure 2.14a  
 
However, when an AC potential difference is applied to an ideal capacitor, the situation in Figure 2.14a 
changes fundamentally. Because now, a difference exists between the current and voltage peak maximum, 
i.e., the current leads the voltage by an angle (which could be 90° for an ideal capacitor). This difference is 
called the phase shift (𝜑) of the signal response, 61 as schematically shown in Figure 2.14b. This phase shift 
should be taken into account, while the instantaneous voltage 𝑉(𝑡), and the response current 𝐼(𝑡) is 
evaluated for the case of capacitor. 158 
  
 

 
† Inductive reactance is excluded as this is not expected in ceramic specimens 
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Figure 2.14: (a) Schematic illustration of the time-dependent sinusoidal input voltage signal 𝑉(𝑡)/blue curve, and the time dependent 

current response 𝐼(𝑡)/purple curve for an ideal resistor. Voltage and current are in phase. (b) Time-dependent sinusoidal input voltage 

signal for the case of an ideal capacitor, the phase shift ϕ (grey colored box) between the voltage signal 𝑉(𝑡)/blue curve and the current 

response 𝐼(𝑡)/purple curve. Redrawn from reference.158 

 
Furthermore, for a capacitor, the relationship between applied voltage 𝑉, capacitance 𝐶, and current 𝐼 can 
be expressed as follows: 
 

 𝑉 =
1

𝐶
∫ 𝐼 𝑑𝑡 Equation 2-10 

 
Under AC conditions, the combined effect of resistance (R) and reactance (X) is known as impedance and 
is denoted by “Z” and also expressed in Ohms (Ω). The mathematical expression for impedance in terms of 
Ohm’s law can be written as:  
 

 𝑍 =
𝑉(𝜔)

𝐼(𝜔)
 Equation 2-11 

 
However, it should be noted that the impedance is frequency (𝜔) dependent; therefore, a detailed 
mathematical analysis is required to understand the frequency dependence of impedance. 
 
Let us assume an electrical circuit having an ideal resistor and capacitor connected in series; the voltage 
across each component can be described in the form of an ordinary differential equation (ODE):157 
 

 𝑅𝑄′ + 𝐶−1𝑄 = 𝑉 (𝑡) Equation 2-12 

 

Here 𝑄′ is the displaced charge through a resistor (R) or, in other words, the current, i.e., 𝐼 =
𝑑𝑄

𝑑𝑡
 , and 𝐶 is 

the capacitance of the capacitor, 𝑄 = 𝐶𝑉. Equation 2-12 
 
In the following, the impedance of each element, i.e., resistor and capacitor, is discussed separately.  
 
Scenario-1 The impedance of a resistor:  
 
Consider only a resistor connected with AC potential difference in an electrical circuit. In this case, the 
capacitance would be zero in Equation 2-12, i.e., R = R, and C-1 = 0 (i.e., the capacitance/C = ∞). Therefore 
Equation 2-12 could be written as: 
 

 𝑅𝑄′ = 𝑉(𝑡) Equation 2-13 
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By substituting the value of instantaneous voltage from Equation 2-8 in Equation 2-13:  
 

 𝑅𝑄′ = 𝑉𝑜 sin (𝜔𝑡) Equation 2-14 

 

by rearranging 𝑄′ =
𝑉𝑜
𝑅
 sin  (𝜔𝑡) Equation 2-15 

 
Now considering the impedance, i.e., Equation 2-11: 
 

 𝑍𝑅 =
𝑉

𝐼
=
𝑉

𝑄′
=
𝑉𝑜 sin𝜔𝑡

𝑉𝑜
𝑅
 sin𝜔𝑡

 Equation 2-16 

 

Therefore, 𝑍𝑅 = 𝑅 Equation 2-17 

 
It is clear from Equation 2-17 that the impedance of the resistor is frequency independent. The following 
section describes the impedance of a capacitor. 
 
Scenario-2 The impedance of a capacitor:  
 
It is tempting to use Equation 2-12 to evaluate the impedance of a capacitor; however, it becomes clear that 
under AC conditions, very complicated differential equations result for the functions that are not 
sine/cosine-type or non-periodic (see Appendix-1)†. The calculations can be simplified, however, by 
converting the time-domain into the frequency domain; with the help of Fourier Transformation:159 
 

 ℱ = {𝑥(𝑡)} = ∫ 𝑥(𝑡)
+∞

−∞

𝑒−𝑖𝜔𝑡𝑑𝑡 = �̃�(𝜔) Equation 2-18 

 
The above-stated equation provides a Fourier transform of a time-dependent function 𝑥(𝑡)/left-hand side 
to the frequency-dependent function �̃�(𝜔)/right-hand side of the equation. 
  
Employing Equation 2-18, the first (time) derivative of a function 𝑥(𝑡) could be written as. 
 

 ℱ = {
𝑑𝑥(𝑡)

𝑑𝑡
} = 𝑖𝜔�̃�(𝜔) Equation 2-19 

 
Where symbol (˜) shows transformed value. Similarly, the integral of the function 𝑥(𝑡) would be:  
 

 ℱ = {∫𝑥(𝑡)𝑑𝑡} =
1

𝑖𝜔
�̃�(𝜔) Equation 2-20 

 
This way, the Fourier transforms of two time-dependent functions 𝑥(𝑡) and 𝑦(𝑡) could be written in 
frequency-dependent function, as follows: 
 

 ℱ = {𝐴𝑥(𝑡) + 𝐵𝑦(𝑡)} = 𝐴�̃�(𝜔) + 𝐵�̃�(𝜔) Equation 2-21 

 
Now the impedance of a capacitor can be converted from the time-domain to the frequency domain as 
follows:  
 

 𝑅ℱ{𝑄′} + 𝐶−1ℱ{𝑄} = ℱ{𝑉(𝑡)} Equation 2-22 



 

Theory and Literature Review   20 

Considering Equation 2-19, 𝑖𝜔𝑅�̃� + 𝐶−1�̃� = �̃�(𝜔) Equation 2-23 

 
For capacitor, the value for R= 0 and C-1 = C-1  

  

 𝐶−1�̃� = �̃�(𝜔) Equation 2-24 

 

 �̃� = 𝐶�̃�(𝜔) Equation 2-25 

Take derivative; i.e., �̃� to �̃�′ 

 �̃�′ = 𝑖𝜔𝐶�̃�(𝜔) Equation 2-26 

 

Now for the impedance of a 
capacitor C 

𝑍𝐶 =
𝑉

𝐼
=
�̃�(𝜔)

�̃�′
=

�̃�(𝜔)

𝑖𝜔𝐶�̃�(𝜔)
=

1

𝑖𝜔𝐶
 

 

Equation 2-27 

 

 
This is clear from Equation 2-27 that the impedance of a capacitor is frequency-dependent.  
 

After establishing the individual impedance of a resistor and capacitor, these formulations can be used to 
evaluate any combinations. Now consider the electrical response of a real material, for example, a ceramic. 
It should be noted that an actual material never behaves as a pure resistor, i.e., there is always a charge 
separation/polarization that occurs when subjected to an electrical current. In other words, there always 
exists a capacitance in parallel to the resistance. With these formulations, the behavior of a real material 
system can be emulated, which is one of the strengths of impedance spectroscopy. 
 
Typically, it is ambiguous in the literature why one cannot use DC measurements to evaluate contributions 
of resistance and capacitance in a real material system. In principle, performing the DC measurements 
serve the same purpose; however, it should be strictly considered that; measuring with DC, only a single 
data point can be measured at a time instant, as this is not a continuous measurement. This essentially 
means that it is not possible to measure complete information in one fraction of the time. Therefore, several 
data points need to be measured in a smaller fraction of time, and later, integration of all these data points 
is required. Or Fourier Transformation needs to be done by using an imaginary function to emulate the real 
behavior (as shown above), which is tedious. Moreover, one can certainly do these tedious calculations 
when dealing with only one electrical response. However, there are typically multiple responses exhibited 
by the real material systems, i.e., another combination of a resistor and capacitor; this collectively becomes 
even more complicated. 
 
Therefore, frequency-dependent (AC) impedance spectroscopy is considered as the best method to 
emulate real material behavior. Also, the Kirchhoff's laws can be employed independently of the frequency 
or time domain, which makes the evaluation mathematically more handleable; as shown in the following: 
 
The impedance of a resistor 𝑍𝑅 (Equation 2-17) and capacitor 𝑍𝐶  (Equation 2-27) can now be used to 
emulate the total impedance 𝑍 of a ceramic material, where a resistor and capacitor are connected in 
parallel, by applying Kirchhoff’s current law; 61  (see Appendix-1)††.  
 

 𝑍𝑒𝑞 = (
1

𝑍1
+
1

𝑍2
)
−1

 Equation 2-28 

 
Substituting the values of the respective impedance of a resistor (Equation 2-17) and a capacitor (Equation 
2-27): 
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 (
1

𝑅
+

1

(𝑖𝜔𝐶)−1
)
−1

𝐼 = �̃�(𝜔) Equation 2-29 

 

 𝑍 =
�̃�

𝐼
= (

1

𝑅
+ 𝑖𝜔𝐶)

−1

 Equation 2-30 

 

 𝑍 = (
1

𝑅
+
𝑖𝜔𝑅𝐶

𝑅
)
−1

= (
1 + 𝑖𝜔𝑅𝐶

𝑅
)
−1

=
𝑅

1 + 𝑖𝜔𝑅𝐶
=
𝑅 − 𝑖𝜔𝑅2𝐶

1 + (𝜔𝑅𝐶)2
 Equation 2-31 

 

 𝑍 =
𝑅

1 + (𝜔𝑅𝐶)2
− 𝑖 (

𝜔𝑅2𝐶

1 + (𝜔𝑅𝐶)2
) Equation 2-32 

 
Equation 2-32 contains the “real component” (first) and the “imaginary component” (second) of the 
complex impedance 𝑍. Typically; the frequency dependent-impedance is presented in a complex plane 
(known as the Nyquist plot/Figure 2.15) consisting of 𝑍𝑟𝑒  or 𝑍′ (on the x-axis) and −𝑍𝑖𝑚𝑔 or -𝑍′′ (on the y-

axis), as follows: 
 

 𝑍∗(𝜔) = 𝑍𝑟𝑒 + 𝑖𝑍𝑖𝑚𝑔 Equation 2-33 
 
The Nyquist plot for a resistor R and capacitor C connected in parallel results in a continuous curve or a 
semi-circle (Figure 2.15). From this semi-circle, the resistance and capacitance values can be extracted. 
This can be done by employing a fit function to the curve with a combination of equivalent circuit elements 
that represent the physical processes of the system (Figure 2.15).160 
 

 

Figure 2.15: Illustration of electrical properties in the Nyquist plot of a material described by an RC equivalent circuit. Redrawn from 

reference. 158 

 
At any given temperature, every single point on the semicircle represents the measured impedance (with 
amplitude ǀZǀ and phase shift 𝜑) at the respective frequency ω. The frequency sweep (increases) from right 
to left (shown as a red arrow in Figure 2.15). At sufficiently low frequencies, the voltage drops at the 
resistive part of impedance as the capacitive part exhibits blocking behavior. Therefore, the intercept with 
the x-axis provides the value of DC resistance (R) of the respective process.160  
 
In Nyquist representation, the impedance response exhibits a frequency at which the imaginary part of 
impedance Z′′ becomes maximum (Figure 2.15). This frequency is called peak frequency (ωmax) and is the 
inverse value of the time constant (𝜏 = 𝑅𝐶) of the process (Equation 2-34).  
 

 𝜔𝑚𝑎𝑥 =
1

𝜏
 Equation 2-34 
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or 𝜔𝑚𝑎𝑥 =
1

𝑅𝐶
 Equation 2-35 

 
The capacitance 𝐶 of the response can be evaluated by determining the peak frequency 𝜔𝑚𝑎𝑥 and the 
resistance R, with the help of Equation 2-35. 
 
It should be noted that Figure 2.15 depicts the Nyquist plot for a single electrochemical process with 
relatively simple boundary conditions (typically observed for single crystals). However, the Nyquist plot of 
a deformed single crystal with dislocation networks may exhibit additional features. In other words, the 
electrical response should consist of two processes for deformed specimens, i.e., dislocations and the 
pristine regions. And, if the time constants (𝜏 = 𝑅𝐶) of each constituent of the material system exhibit a 
large difference, a discrimination of the material responses is possible, which may lead to different 
semicircles, as shown in Figure 2.16. 160 
 

 

Figure 2.16: An ideal Nyquist plot for material with two semicircles representing two individual physical processes. Redrawn from 

reference. 158 

 
Even though present research work only focused on the electrical response of single crystals. However, it 
is expected that in the case of deformed specimens, the presence of dislocations may result in a separate 
semi-circle, which could then be rationalized by evaluating the capacitance of each semicircle. Therefore, 
to avoid confusion, the phenomenon of two semi-circles is a Nyquist plot is introduced here.  
 
Further discussion is based on how the Nyquist plots of deformed specimens can be used to extract the 
resistance and capacitance of the individual processes. 
 
Figure 2.16 depicts a Nyquist plot exhibiting two electrochemical processes. At high frequencies (the first 
semi-circle on the left), the impedance response intersects with the x-axis at the first response's DC 
resistance value (R). Also, at low frequencies (the second semi-circle from left to right), the impedance of 
the material intersecting at the x-axis describes the total resistance (R1 + R2) of the sample.  
 
However, one could also rationalize the individual resistance of these processes by fitting these semi-circles 
separately. Furthermore, the capacitance of individual response can be calculated with the help of Equation 
2-35 by determining the peak frequency (𝜔𝑚𝑎𝑥) and the resistance of the RC-element. Therefore, 
identifying physical processes and extracting the value of resistance (R) and capacitance (C) from Nyquist 
plots makes impedance spectroscopy an even more powerful technique.160 
 
It should also be noted that the above-discussed models (Figure 2.15 and Figure 2.16) describe the ideal 
behavior of a material. In practice, a deviation from the ideal behavior, such as suppressed semi-circles, can 
be observed for disordered materials (Figure 2.17). This non-ideality could arise from inhomogeneities160 
within the sample, e.g., in our case, dislocations. Therefore, fitting the spectra for such a non-ideal process 
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is not possible by assuming an ideal capacitor “𝐶” in the RC equivalent circuit, but can be best described by 
a so-called constant phase element (CPE) represented as “Q”.161 Mathematically, the impedance of a CPE 
(ZCPE) is given as the following complex quantity: 
 

 𝑍𝐶𝑃𝐸 =
1

𝑄 (𝑖𝜔)𝑛
 Equation 2-36 

 
Q is numerically equal to the admittance or (1/|Z|) at an angular frequency of ω =1 rad/s. The factor 𝑛 may 
vary between zero and unity (0 ≤ n ≤ 1). A value of zero (0) describes an ideal resistive, and one (1) 
describes an ideal capacitive behavior, depicted by a dotted arrow in Figure 2.17a.160 The CPE can be 
replaced in the equivalent circuit for capacitor 𝐶 of the corresponding RC-element. Depending on the value 
of the correction factor 𝑛, the semicircle is shifted by n × 90°, resulting in a depressed semicircle emulating 
the variation of time constants 𝜏 (Figure 2.17a). 
 
It is tempting to simply associate the value of Q for a CPE with the capacitance value 𝐶, for an equivalent 
capacitor, but in fact, they are not the same.157 For the case of a “classical” depressed semicircle (CPE in 
parallel with a resistance), Hsu and Mansfeld 162 have given the equation for calculating the 'true' 
capacitance, C: 
 

 𝐶 = 𝑄(𝜔𝑚𝑎𝑥)
−1 Equation 2-37 

 
Therefore, true capacitance values can be evaluated by taking the Q values from impedance data and the 
ωmax (at the maxima of -Z") (Equation 2-37). 
 

 

Figure 2.17: (a) Schematic depiction of a depressed semicircle with the corresponding values of n for the constant phase element (CPE). 

Depressed semicircle formed with its center below the Z'-axis. Impedance real and imaginary parts (Z', Z") along with constant Q and n 

are labeled.160 (b) Schematic depiction for a blocking double-layer formation in Nyquist representation for an ion-conducting material 

resulting in a 45° angle at the low frequencies. 

 
Furthermore, a CPE in series with an RC element additionally allows the evaluation of the sample/electrode 
interface. Especially for ionic conductors (such as YSZ), this becomes important, as a charged double layer 
can establish due to charge separation by the migration of ions. This effect can be observed at low 
frequencies as the migration ions are partially blocked by a frequency-dependent formation of a potential 
barrier at the sample/electrode interface, which is related to a Warburg-type diffusion process in the 
respective region.156 The double-layer formation by Warburg-type diffusion shows a characteristic phase 
angle of 45° in the Nyquist representation of the frequency-dependent impedance response (Figure 2.17b). 
However, it should be noted that the CPE cannot resolve the complete Warburg-type diffusion, as the 
electrode might either represent ion blocking behavior at lower frequencies, resulting in changes in the 
imaginary part of the impedance or conductive behavior resulting in a closed semicircle.158 
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In the end, it should further be emphasized that other frequency-dependent quantities, e.g., the admittance 
Y (1/|Z|), the permittivity (𝜀′) and the electric modulus M can also be extracted from the impedance data.160 

 𝑌∗(𝜔) =
1

𝑍∗(𝜔)
 Equation 2-38 

 𝜀′∗(𝜔) =
1

𝑖𝜔𝐶0 𝑍
∗(𝜔)

 Equation 2-39 

 𝑀∗(𝜔) = 𝑖𝜔𝐶0 𝑍
∗(𝜔) Equation 2-40 

This information is helpful as they describe the materials’ frequency-dependent response in more detail. 
For example, while a high-frequency response might nearly vanish in the Nyquist impedance 
representation, it significantly contributes to the electric modulus. Therefore, it is sometimes useful to 
consider the other quantities as well. The electrical conductivity follows a direct relationship with the 
admittance 𝑌 (Equation 2-41) and an inverse relationship with the impedance 𝑍 (Equation 2-42) and can 
be calculated by including the sample area 𝐴 and thickness 𝑑:160 
 

 𝜎∗(𝜔) = 𝑌∗(𝜔) ×
𝑑

𝐴
 Equation 2-41 

 𝜎∗(𝜔) =
1

𝑍∗(𝜔)
×
𝑑

𝐴
 Equation 2-42 

 
Impedance spectroscopy, therefore, enables the investigation of all necessary parameters to describe the 
temperature-dependent electrical properties and further allows for discrimination between the material 
regions, especially in our case, measuring the influence of dislocation on electrical conductivity. In this 
thesis, bulk impedance spectroscopy is employed in a wide temperature range to study the impact of 
mechanically introduced dislocation on the electrical properties of metal oxides, e.g., TiO2 and YSZ. The 
results and discussion section provides the details on the interpretation of the obtained impedance data.  
 

2.10.1 Microcontact impedance spectroscopy (MCIS):  
 
MCIS is a modified version of bulk impedance spectroscopy that can be employed to investigate a material's 
electrical response on a local scale. In this technique, micro-sized electrodes are first deposited onto the 
specimen surface and later probed with impedance spectroscopy. The measurement principle is based on 
the fact that most of the voltage (ca. 75%) applied between a circular microelectrode and an extended 
counter-electrode far away from this microelectrode drops very close to the microelectrode (Figure 
2.18a).153, 163, 164 The corresponding bulk resistance Rspr. (also called spreading resistance) can be evaluated 
using the following relation, where dme stands for the diameter of the microelectrode:165 
 

 𝑅𝑠𝑝𝑟. =
1

2𝑑𝑚𝑒𝜎𝑏𝑢𝑙𝑘
 Equation 2-43 

 
Since having a defined microelectrode deposited onto the specimen surface helps evaluate the local 
conductive behavior. Thus, depositing the microelectrodes in a well-defined dislocation-rich region can 
provide details on the electrical response evolving from dislocations. Also, a comparison can be established 
between the electrical response of dislocation-rich (deformed) and pristine (undeformed) regions.  
 
Due to the comparatively less mature field of dislocations-tuned conductivity, this technique is rarely 
applied to quantify the electrical response of dislocations. Therefore, only for illustration purpose, 
deposited microelectrodes on a polycrystalline material are shown in Figure 2.18b.165, 166  
 
Microelectrodes can be deposited by two main lithographic techniques, including lift-off and standard 
method. The former method includes first micropatterning the electrodes and then depositing the 
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electrode material. The latter consists of depositing first the electrode material film and then the micro 
structuring to obtain the microelectrodes. Figure 2.18 summarizes the microelectrodes measurement 
principle and evaluation by considering an example of a polycrystalline material.  
 

 

Figure 2.18: (a) Schematic arrangement of the microelectrode showing the semicircle where 75% of the voltage drops. (b) Image of an 

array of Au microelectrodes on a SrTiO3 polycrystalline ceramic. (c) Representative impedance spectra measured via microelectrodes 

Reprint with permission from Elsevier, 165 copyright 2003.  

 
This thesis work makes improvisation by employing impedance spectroscopy on microelectrodes 
purposefully deposited on pristine and dislocation-rich regions. This highly targeted approach helped 
evaluate the electrical response purely evolving from dislocation-rich and deficient regions. This way, 
electrical investigations were made feasible to a very local scale, otherwise considered impossible. Details 
of microelectrode materials and deposition process are described in the materials & methods (section 4.8). 
 
2.11  Introduction to material systems: 
 

2.11.1 Titania: 
 
Titanium dioxide (TiO2) has three polymorphs, i.e., rutile, brookite, and anatase. However, rutile is 
thermodynamically the most stable structure out of these three.167 Rutile possesses a body-centered 
tetragonal (BCT) crystal structure with ionic bonding, where each titanium (Ti) atom is surrounded by six 
neighboring oxygen (O) atoms, with three-fold symmetry.167, 168 Therefore, the crystal is originated from 
chains of distorted TiO6 octahedron, as the titanium and oxygen bonds can be long or short.169 In Figure 
2.19, the crystal structure of rutile and anatase are presented. 
 

 

Figure 2.19: Crystal structure of the titania (TiO2) polymorphs along with lattice parameters. (a) rutile and (b) anatase (drawn by VESTA-

3 software).170 

Crystal structures in Figure 2.19 are generated using the Wyckoff position of atoms and the space group, 
reflecting the symmetry of respective structures.171 Due to the tetragonal crystal structure, the lattice 
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constant 𝑐 differs from the other two (a or b). Lattice constants for both polymorphs are labeled, and 
selected properties are provided in the Table 2.1.  
 

Table 2.1: Properties of (TiO2) rutile and anatase. The data is obtained from references.172-174 

Property Rutile Anatase 
Crystal structure tetragonal tetragonal 
Space group P42/mnm I41/amd 
Lattice constants (Å) a=4.5936, c=2.9587 a=3.784, c=9.515 
Atoms/unit cell 6 12 
Phase transformation no rutile (400 °C-1100 °C) 
Density (g/cm3) 4.25 3.89 
Melting point (°C) 1855 turns to rutile 
Permittivity (εr) 90 (c-axis), 170 (a-axis) 38 (c-axis), N/A 
Ti-O bond length (Å) 1.949 (4), 1.980 (2) 1.937(4), 1.965(2) 
Band gap (eV) 3.1 3.23 
Reflectance/% (at 400 °C) 47-50 88-90 
UV light absorption at 360 nm (%) 90 67 
Coefficient of thermal expansion (10-6/ K) 7.14 10.2 

 

Slip systems in rutile single crystals:  
 
Rutile shows plastic anisotropy due to the availability of different slip systems in different deformation 
directions.175 According to the literature, dislocation motion can occur on the  {101}, {110} and {100} 

planes,38, 176 with the shortest Burgers vector/�⃗�  for undissociated dislocations with 2.96 Å in [001] 

direction.176 Second and third shortest �⃗�  are 4.59 Å in [100] and 5.46 Å in [101] directions, respectively.176, 

177 
 
In the past, several research groups investigated active slip systems in rutile. Ashbee et al.,27 reported the 
predominant/primary ⟨101⟩{101} slip system in rutile. Four equivalent slip systems get activated if a rutile 
single crystal is compressed in [001] orientation (Figure 2.20a, b). The other two slip systems on which 

dislocations can glide are the ⟨001⟩{110} and <010> {100} (Figure 2.20c, d). Only a few studies report the 
activation of the latter slip systems in [100] orientation.38, 90, 175 However, this is included here as one of the 
possible slip systems discussed in the literature. In Figure 2.20, the possible slip systems for rutile single 
crystals alongside their slip plane and slip direction (burgers vector) are sketched. 
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Figure 2.20: Possible slip systems for rutile single crystals; drawn by VESTA-3 Copyright (C) 2006-2021. The slip planes are sketched in 

grey, and the slip direction is presented as black arrows. (a) and (b) are equivalent slip systems.  

 
To choose the rutile’s deformation orientation, understanding the role of dislocation dissociation should 
be considered.16 Dislocations can dissociate into two partial dislocations due to the reduction of dislocation 
energy, which is proportional to the squared Burgers vector.139 The Burgers vector of the two partial 

dislocations is one-half of the original �⃗� . The dissociation process always leads to a stacking fault between 
the two partial dislocations. Furthermore, the separation of partial dislocation depends on the stacking 
fault energy, i.e., a higher stacking fault energy causes a smaller dissociation width and vice versa.16, 139  
 
An advantage of the dissociated dislocation is that the Peierls stress for a dissociated dislocation is orders 
of magnitude lower than for the undissociated dislocation. Thus, the dislocation motion can be activated 
more easily.177 Suzuki et al.177 established that during deformation, the dissociation of [001] Burgers vector 
was not plausible. In contrast, the <101> Burgers vector was found to be dissociated into two ½[101] 
partial dislocations (the fraction before the Burgers vector is used to denote the partial dislocation). 
Nevertheless, few early studies before Suzuki and co-workers proposed the hypothesis of possible 
dissociation of the ⟨101⟩{101} slip system.176, 178 Considering the dislocation dissociation approach, the 
primary slip system ⟨101⟩{101} is referred to as the most active slip system in rutile, even though it does 
not have the shortest Burgers vector and thus not the lowest Peierls stress.27 Due to the dissociation, the 
Burgers vector gets shorter so that it is more likely that this slip system can be activated.  
 
Temperature dependence of dislocation motion in rutile: 
 
As described in section 2.8, the dislocation motion is facilitated at elevated temperatures; the active motion 
of the atoms at high temperatures makes it easier to overcome the Peierls barrier via thermal activation. 
Ashbee and Smallman et al.27, 28 first studied the temperature-dependent dislocation motion in rutile. Single 
crystals of different orientations were deformed in a wide temperature range, i.e., 600 °C to 1300 °C. 
Deformation experiments were performed under ambient conditions (760 mm of Hg). The major finding is 
that the rutile is not plastically deformable below 600 °C.28 In Figure 2.21, the temperature dependence of 
the yield stress and the fracture strain for [001] orientation are presented.28 
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Figure 2.21: Temperature dependence of (a) yield stress and (b) fracture strain by Ashbee et al. 28 The deformation axis was always [001]. 

Reprint with permission from John Wiley and Sons,28 copyright 1964.  

 
The principal reason to present these two plots is that yield stress and fracture strain are correlated. 
Ashbee illustrated that for the sample being deformed, with the rise of temperature T, the yield stress 
decrease, and the fracture strain increases. 28 Besides, a transition of brittle-to-ductile behavior was 
reported at around 900 °C. Based on these results, it can be inferred that rutile single crystals could be 
deformed in a wide temperature range (refer to data in black dots in Figure 2.21). 
 
While decades-old literature emphasizes the importance of mechanics to generate dislocations in rutile, 
recent reports did not consider the mechanical parameters. For example, Adepalli et al. 42 reported an 
increase in electrical conductivity via dislocations for rutile (TiO2). Another very recent review by Szot et 
al. 39 also suggests the impact of dislocations on the electrical properties of transition metal oxides. 
However, a non-controlled mesoscopic structure of dislocations was induced in both these works. In 
particular, the mechanical parameters to introduce a defined dislocation arrangement have not been 
optimized in these early studies.  
 
It can be understood in terms of the Schmid factor, i.e., the orientations of single crystals employed in the 
studies.39, 42 It is not possible to induce plastic deformation, and hence the defined dislocation networks 
cannot be expected. Thus, the difference in electrical conductivity reported by the authors is most likely 
due to the surface damage. It should be noted that a similar difference in electrical conductivity was also 
observed by Porz et al.88 when only surface dislocations induced in a non-controlled manner (surface 
polishing) were investigated. This would complicate reproducing the findings by Adepalli et al. 42 and Szot 
et al. 39 and make it difficult to expand this route to the other material systems. Therefore, at least for TiO2, 
a proper investigation was needed with a sound understanding of mechanical parameters and electrical 
characterization. Further details on considered mechanics parameters, deformation procedure, and 
electrical characterizations are described in the results sections. 
 

Defect chemistry of rutile (TiO2): 
 
After introducing slip systems and the mechanical deformation, it is necessary for the reader to get familiar 
with the defect chemistry of rutile, as this would help study the nature of pristine defects and rationalize 
the impact of mechanically generated dislocations on electrical conductivity. 
 
Defect chemistry studies on semiconducting oxides, e.g., TiO2, are typically based on investigating the 
change in crystal chemistry (also known as oxide-nonstoichiometry) as a function of oxygen 
activity/partial pressure (pO2). Regulating hypo/hyper stoichiometry results in the variation of point 
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defect concentration and leads to a change in conductivity; therefore, studying conductivity as a function 
of pO2 is realized as the best method to study the point defect chemistry.179-184  
 
Even though a generic point defects classification was given in section 2.2.1, they are described here in 
more detail. Point defects in TiO2 can be classified into native (intrinsic) defects and impurity 
(extrinsic/dopants) defects, found either on the interstitial or lattice positions. In the following, both types 
of defects are defined along with their Kröger-Vink notation:185  
 
Intrinsic defects: Ti4+ and Ti3+ at the interstitial site (𝑇𝑖𝑖

••••, 𝑇𝑖𝑖
•••), Ti and oxygen vacancies (𝑉𝑇𝑖

′′′′, 𝑉𝑂
••), and 

oxygen interstitials 𝑂𝑖
′′ (however, energetically very unfavorable).186 

Extrinsic defects: Impurity defects, for example, acceptor impurity, i.e., trivalent ions on titanium site, 
shown as 𝐴𝑇𝑖

′ . Also, a donor impurity, i.e., pentavalent ion (+5) on titanium site, shown as 𝐷𝑇𝑖
• . In addition, 

ionization of ionic defects leads to the formation of electronic defects, i.e., electrons and holes, responsible 
for charge transport.183  
 

 

Figure 2.22: Schematic representation of TiO2 lattice defects, the symbols are explained in reference. 183 

 
The defect concentration in oxide crystals is usually low, and thus they could be considered a solid solution; 
therefore, the mass action law may describe the defect equilibria.12 This way, a quantitative assessment of 
the semiconducting properties is possible if the equilibrium constants are evaluated. These constants may 
then be used to derive the Kröger-Vink or Brouwer diagrams, representing the effect of oxygen activity 
(pO2) on the concentration of defects.183 An exemplary Brouwer diagram for undoped TiO2 is presented in 
Figure 2.23. 
 
In TiO2, the formation of defects at elevated temperatures may be described by the following defect 
reactions:187 
 

 
 𝑂𝑂 ↔ 𝑉𝑂

•• + 2𝑒′ +
1

2
𝑂2 Equation 2-44 

 
 

2𝑂𝑂 + 𝑇𝑖𝑇𝑖 ↔ 𝑇𝑖𝑖
•••• + 3𝑒′ + 𝑂2 Equation 2-45 

 
 

2𝑂𝑂 + 𝑇𝑖𝑇𝑖 ↔ 𝑇𝑖𝑖
•••• + 4𝑒′ + 𝑂2 Equation 2-46 

 
 

𝑂2 ↔ 2𝑂𝑂 + 𝑉𝑇𝑖
′′′′ + 4ℎ• Equation 2-47 

 
 

𝑛𝑖𝑙 ↔ 𝑒′ + ℎ• Equation 2-48 

 
According to Equation 2-44 to Equation 2-47, the concentration of intrinsic defects is closely related to 
oxygen activity (pO2). Therefore, measuring the electrical conductivity as a function of (pO2), i.e., σ ∝ (pO2)m, 
where m is the pO2 exponent, can provide the details on mobile defects.183 Electrical conductivity is a 
function of defect concentration (𝐶) and mobility (µ), i.e., 𝜎 = 𝑒 ×  𝐶 ×  µ,61 however, the mobility can be 
assumed to be pO2 independent, and thus, the  majority of charge carrier species can then be identified by 
their characteristic pO2 exponent.183 
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In this thesis work, the defect chemistry of rutile (TiO2) was studied based on measuring the electrical 
conductivity (σ) as a function of oxygen partial pressure in the range of 10-1 bar to 10-5 bar. This 
corresponds to the reducing regime, shaded region in the Brouwer diagram (Figure 2.23), with simplified 
electroneutrality condition (Brouwer’s approximation) given by Equation 2-49, ([𝑉𝑂

••] and [𝑉𝑇𝑖
′′′′] are the 

oxygen vacancy and titanium vacancy concentration, respectively). 
 

 2[𝑉𝑇𝑖
′′′′] =  [𝑉𝑂

••] Equation 2-49 
 
In this regime, the electronic charge carriers (n) determine the conductivity (Figure 2.23). The dependence 
of these electronic charge carriers can then be described by Equation 2-50. Where the Ki K1 and K4 are 
equilibrium constant for the reduction reaction. For the complete derivation of equilibrium constants, refer 
to Nowotny et al.183  
 

 𝑛 = (
𝐾𝑖
4𝐾1
2𝐾4

)

(
1
6
)

𝑝(𝑂2)
−(
1
4
) Equation 2-50 

 
Equation 2-50 emphasizes that the characteristic slopes of (pO2) can describe the mobile charge carrier's 
nature.188, 189  
 
In the following, the most commonly applied defect disorder representation (Brouwer diagram) is 
presented (Figure 2.23) for the case of undoped TiO2. This is based on simplified charge neutrality 
conditions, valid over wide regimes of nonstoichiometry. These regimes, the related charge neutralities, 
and the effect of oxygen activity p(O2) on the concentrations of specific defects for undoped TiO2 are 
outlined. This diagram can be used to discern between n-type, p-type, and mixed conduction mechanisms.5  
 
 

 

Figure 2.23: Brouwer diagram based on simplified charge neutrality conditions for undoped TiO2. Grey shaded area depicts the pO2 range 

for which the pristine and deformed specimens with different mesoscopic dislocation structures were measured. Redrawn from 

reference. 189  

 
In this thesis work, the dependence of conductivity on oxygen partial pressure (pO2) was studied in the 
reduced regime/pO2 range of 10-1 to 10-5 bar (grey shaded area in Figure 2.23) for pristine and deformed 
TiO2 specimens. pO2 exponent (m) were evaluated to rationalize the nature of the conduction mechanism 
for pristine specimens and the ones with different dislocation networks. 
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2.11.2  Yttria Stabilized Zirconia (YSZ): 
 
Yttria-stabilized zirconia (YSZ) is a metal oxide ceramic in which the cubic fluorite structure of zirconium 
dioxide (ZrO2, Zirconia) is stabilized down to room temperature by doping of yttrium oxide (Y2O3, Yttria). 
Pure zirconia can only be transformed into the cubic phase at 2400°C.190-192  However, doping of ca. 8 mol.% 
yttria can stabilize the cubic phase of zirconia at room temperature. This is known as fully stabilized 
zirconia and is one of the best candidates for electrolytes in solid oxide fuel cells (SOFCs) and oxygen 
sensors due to its thermodynamic stability and high ionic conductivity. 193, 194 
 
Doping (Y2O3) in ZrO2 results in cations substituting (Zr4+ with Y3+) and leads to the formation of oxygen 
vacancies to maintain charge neutrality in the lattice (Figure 2.24). Defect reaction in Kroger-Vink notation 
and YSZ crystal structure is given as follows: 195 
 

 𝑌2𝑂3
𝑍𝑟𝑂2
→  2𝑌𝑍𝑟

′ + 𝑉𝑂
•• + 3𝑂𝑜

𝑥  Equation 2-51 

 

 

Figure 2.24: Formation of yttria-stabilized zirconia (YSZ) unit cell. Crystal structure of (a) Yttria, Y2O3, (b) Zirconia, ZrO2, and (c) YSZ. 

Redrawn from DoITPoMS.196 

 
These oxygen vacancies are mobile at high temperatures and are responsible for high oxygen ionic 
conductivity in YSZ. During their motion, oxygen vacancies experience two types of interactions in the 
lattice, i.e., the repulsion between the oxygen vacancies themselves and other positively charged species 
and the attraction between oxygen vacancies and the negatively charged acceptor 𝑌'𝑍𝑟.197 The maximum 
ionic conductivity can be achieved with around 8-9 mol.% Y2O3 doping. However, beyond this doping 
concentration, the attraction between the oxygen vacancies and the yttria results in the formation of 
complexes and decreases the mobility of the oxygen vacancies. The formed complex has an effective 
positive charge when an oxygen vacancy is bonded to only one cation.198 
 

 𝑌𝑍𝑟
′ + 𝑉𝑂

•• ↔ (𝑌𝑍𝑟
′ 𝑉𝑂

••)• Equation 2-52 
 
A further increase of the yttria concentration, thereby the vacancy concentration, gives more complex 
associations, resulting in clusters. In these clusters, the oxygen vacancy is bonded to two cations, resulting 
in a further decrease in oxygen vacancy mobility. This complex is electrically neutral.198, 199 

 

 2𝑌𝑍𝑟
′ + 𝑉𝑂

•• ↔ (𝑌𝑍𝑟
′ 𝑉𝑂

••𝑌𝑍𝑟
′ )𝑥 Equation 2-53 

 
The ionic conductivity of YSZ depends on the dopant concentration and the size of the acceptors; this 
essentially includes the ionic radius that closely matches the Zr4+ ion, e.g., Y3+ and Sc3+.200 Further, the 
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microstructural features, i.e., grain size and grain boundary, may affect the ionic conductivity in 
polycrystalline YSZ. 201 However, the details on grain size engineering of polycrystalline YSZ are far beyond 
the scope of this thesis; it is nevertheless important to mention that grain boundaries are reported to act 
as diffusion pathways of oxygen ions.200, 202, 203 Similar to the grain boundaries, it is reported that 
dislocations can induce rapid diffusion of solutes and vacancies in metallic systems, known as pipe 
diffusion.204-206  
 
To employ this concept in ceramics, the first attempt was made by Otsuka and co-workers.54 They reported 
the effect of dislocations on atomic diffusivity and studied the ionic conductivity of YSZ single crystals 
deformed at elevated temperatures. A linear increase in ionic conductivity of deformed YSZ was suggested 
with an increase in the plastic strain. They argued that induced dislocation networks in YSZ act as diffusion 
paths for oxygen vacancies and enhance the electrical conductivity in YSZ.54 However, the question 
remained whether the increase in conductivity can entirely be attributed to oxygen transport. 
 
Later, the same authors employed AC impedance spectroscopy and reported the effect of dislocations on 
the oxygen ionic conduction in YSZ. 55 A correlation between dislocation structures and induced ionic 
conductivity in deformed YSZ single crystals was developed. It was found that the electrical conductivity in 
deformed YSZ single crystals increased with increasing temperature in the temperature range of 250–800 
˚C. However, the conductivity for deformed single crystals dropped to the value for undeformed specimens 
beyond 800 °C. 
 
In recent years, Kushima and Yildiz et al.47 established that introducing lattice strain should reduce the 
migration barrier for oxygen vacancy diffusion in YSZ. This is plausible because the strain field around 
dislocations weakens the local oxygen–cation (Zr4+or Y3+) bonds and increases the oxygen vacancy 
migration space. Nevertheless, a linear increase in the oxygen diffusivity was suggested using DFT 
calculations, up to a critical level of applied strain. 47, 48 These results agree with the theoretical calculation 
study reported by Sun et al. 207 for the trivalent RE-doped CeO2 dislocation at 900 °C. However, they showed 
that the oxygen diffusion is slightly slowed down in the dislocation core at high temperatures due to the 
excessive segregation of RE dopants, which strengthens the defect−defect interactions and reduces the 
oxygen diffusivity. 207  
 
Despite calculations showing evidence for the increase in oxygen ionic transport, experimentally, it is not 
rationalized yet, whether a higher conductivity due to dislocations can entirely be attributed to ionic 
conductivity in dislocations. Therefore, a detailed study on the defect chemical origin of the increase in 
electrical transport and whether the conductivity can be reliably controlled by induction of dislocations is 
still missing. Therefore, the role of dislocations on oxygen transport properties in YSZ needs to be 
investigated in detail. 
 

Slip systems in YSZ: 
 
YSZ possesses a cubic fluorite structure (Figure 2.24), and in principle, the primary slip system of the 
fluorite structure is of the type {001}½<110>.208 Dominguez-Rodriguez et al. 209 reported a comprehensive 
detail about this slip system along with {110}½<110> slip systems. However, the authors also argued about 
the secondary slip systems to occur on {001}½<110>. Interestingly, there was another report by Keller et 
al. 210 postulating that dislocations can also glide on {111} planes for UO2, whose structure is similar to that 
of ZrO2. Nevertheless, in all these cases, the Burgers vector was ½[110].208-210 
 
Several investigators have observed a more or less similar situation in YSZ. Initially, the glide system 
{001}½<110> was observed in,98, 99 the so-called “easy slip system.” The employed compression axis was 
always <112>; this axis is called a soft orientation because it activates a single slip system on the cubic 
planes with a Schmid factor of 0.47 (the highest possible at this deformation axis in cubic zirconia).44, 98, 99 
Researchers widely studied the soft orientation in the early 1980s and ’90s. Major contributions are from 
A. Dominguez-Rodriguez, K.P.D. Lagerlöf, and A.H. Heuer et al.,98-102, 211-214 followed by Bernd Baufeld and 
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Ulrich Messerschmidt.21, 52, 53, 126, 215-217 A series of publications can be found using keywords, such as “High-
temperature plastic deformation in Y2O3-stabilized ZrO2 single crystals”. 
 
In,100-102 and later in, 53, 126 the primary slip system {001}½<110> was again verified; the experiments have 
been mostly performed at 1400 °C. Apart from compression experiments at a constant strain rate, a few 
sets of indentation tests on YSZ have been carried out by A.H. Heuer and co-workers at the room and high 
temperatures up to 1000 °C.35, 36, 218, 219 According to the optical and TEM analyses, deforming along <112> 
orientation, the {001} slip plane has been unambiguously confirmed as the primary slip plane with the 
Burgers vector ½<110>. However, the possibility of dislocation glide on {111} set of planes (Schmid factor 
0.41) is also well documented. Therefore, all possible slip systems in soft orientation, i.e., <112>, could be 
summarized in Figure 2.25. 
 

 

Figure 2.25: All possible slip systems of YSZ single crystals when deformed in soft orientation, i.e., along <112> direction. 

 
In addition to the well-studied primary slip systems, Dominguez-Rodriguez et al.103 also reported activation 
of secondary slip systems, i.e., {110}½<110> and {111}½<110>. However, it was emphasized that the 
secondary slip systems could only be activated along the <100> compression direction. Other reports later 
confirmed this, 52, 53 where it was argued that compression along <100> direction suppresses the easy glide 
on the {001} planes (due to zero Schmid factor), instead activates {110}½<110> and {111}½<110> slip-
systems with Schmid factor of 0.50, and 0.41 respectively. Owing to the multiple slip system activation and 
resulting structural complexity, this orientation, i.e., <100>, is referred to as “hard-orientation”.52, 53 
Alexander Tikhonovsky established that secondary slip systems could be activated at temperatures above 
500 °C; however, limited strain levels were achieved in this case.53 As a summary of the above-described 
studies, all possible slip systems of YSZ single crystals, if deformed in <100> compression direction, are 
presented in Figure 2.26. 
 

 

Figure 2.26: All possible slip systems of YSZ single crystals when deformed in hard orientation, i.e., along <100> direction. 
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Mechanical deformation of YSZ: 
 
As described in the previous section, macroscopic compression experiments on stabilized zirconia single 
crystals have a four decades-long history.21, 52, 53, 98-102, 126, 211-214, 216, 217 Contributions from the plasticity 
group at the Max Planck Institute of Microstructure Physics, Halle, Germany, should be highlighted as they 
developed the fundamental knowledge of plasticity in cubic zirconia.50, 52, 126, 215, 216 Extensive use of 
mechanical properties of fully stabilized ZrO2 intrigue such intensive research in the past. However, only a 
few reports can be found from a perspective of mechanical modification of electrical conductivity.54, 55 This 
can be associated with the complexity of YSZ mechanical deformation, especially in the hard-orientation. 
Therefore, it is essential to establish an understanding of mechanics before employing this method to tune 
the ionic conductivity of YSZ. A brief analysis of some of these (mechanical) results is presented, whereas 
comprehensive reviews can be found elsewhere.53, 126 
 
Ulrich Messerschmidt et al. 126 studied the plastic deformation of 10-YSZ single crystals in soft orientation, 
i.e., along <112> compression axis in the temperature range of 500 °C to 1400 °C at a strain rate (𝜀̇) of 10-6 
s-1, although several additional tests were performed at higher strain rates (10-4 s-1) for only 1400 °C. All 
these experiments were carried out in an air environment. The authors revealed that the flow stress of the 
YSZ decreases gradually with increasing experimental temperature, as shown in Figure 2.27a. A yield drop-
phenomenon was observed at 1400 °C but disappeared from 1200 °C down to 700 °C; the relevant stress-
strain curves exhibited work-hardening instead.126 
 
Alexander Tikhonovsky et al. 53 extended the macroscopic deformation of 10-YSZ in hard orientation, i.e., 
[100] compression direction. These experiments were also performed in an air environment in the 
temperature range of 550 °C - 1400 °C. The strain rate (𝜀̇) employed for deformation was mostly 10-5 s-1, 
except 800 °C (10-5 s-1) and 1150 °C (10-4 s-1). At 1400 °C, the stress-strain curve exhibited a distinct yield 
point, with no work-hardening (due to the second stage of creep). However, the deformation data for low 
temperatures show a pronounced work-hardening. Stress-strain data is presented in Figure 2.27b.   
 

 

Figure 2.27: Stress-strain curves of 10 mol.% Y2O3-ZrO2 (10-YSZ) (a) deformed along <112> direction. (Reprint with permission from 

Elsevier, 126 copyright 1997). and (b) deformed along <100> direction (Reprint with permission from John Wiley and Sons,53 copyright 

2004). 

 
For the stress-strain curves of both compression directions, i.e., <112> and <100>, the yield stress is 
extracted and plotted in Figure 2.28 as a function of temperature. This helped in optimizing the 
deformation parameters for YSZ, later employed in this thesis work. 
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Figure 2.28: Temperature dependence of the flow stress of 10-YSZ specimens, deformed along <112> and <100> orientations. Reprint 

with permission from John Wiley and Sons, 71 copyright 2004. 

 
After evaluating the state of the art for both compression directions, [100] oriented 9.5 mol.% YSZ single 
crystals were selected for plastic deformation only at elevated temperatures (1400 °C/marked as a red 
square in Figure 2.28). Several deformation experiments were performed on [100]-oriented YSZ single 
crystals to generate dislocations, followed by systematic electrical investigations on pristine and deformed 
specimens to elucidate the impact of dislocation networks on the ionic conductivity of YSZ. 
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3 Concept and Aim of this Work 
 
The electrical properties of metal oxides are usually engineered by designing point defects and interfaces. 
However, the solubility limit of the dopant restricts this method for tailoring material properties 
significantly. Dislocations in metal oxides possess a charged core and the compensating space charge layer; 
this gives dislocations the potential to induce peculiar physical properties and the ability to modify the 
electrical conductivity. However, introducing dislocations in metal oxides is rather challenging, and 
therefore knowledge about mechanically induced dislocations in bulk metal oxides, e.g., for TiO2, is still 
limited. On the other hand, YSZ is mostly studied from a mechanical point of view, and little effort has been 
made to investigate the electrical effects potentially triggered by dislocations. 
 
Therefore, this thesis addresses the following questions:  
 

1.  How to generate dislocation networks in bulk metal oxides, e.g., TiO2 and YSZ? 
2.  How do dislocations affect electrical conductivity in metal oxides?  
3.  Can electronic and ionic conductivity be tailored individually?  
4.  What is the role of the mesoscopic dislocation arrangement on electrical conductivity? 
5.  What are the underlying mechanisms of the observed electrical response of dislocations? 

 
The first part of the thesis will be dedicated to developing the protocols for dislocation generation in rutile 
and characterization of the resulting mesoscopic dislocation structure. Different aspects will be 
rationalized to build a discussion on dislocation arrangements. The mesoscopic structure, geometric 
arrangement, and space charge zone will be discussed separately, as it is expected that the overall impact 
of dislocations results from combining these three aspects. This will provide an overview of dislocation-
mediated electronic conductivity in TiO2. 
 
The second part of the thesis will extend this approach to an oxygen-conducting metal oxide YSZ. 
Deformation protocols will be established to generate dislocation networks. Furthermore, an advanced 
mechanical deformation method is planned to induce dense dislocations at the local scale. The in-depth 
electrical investigation of dislocations-rich and -deficient regions will be done on different length scales. 
This way, a comprehensive discussion will exemplify the dislocation-mediated ionic conductivity in YSZ.  
 
The last section summarizes this work's findings and provides an outlook on the importance of controlling 
the mesoscopic dislocation structure in metal oxides. In addition, the applicability of the dislocation-
mediated electrical conductivity is discussed for other material systems. 
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4 Materials and methods 
 
4.1 Materials:  
 
4.1.1 Rutile (TiO2) and YSZ single crystals:  
 
High-purity (≥ 99.98%) single crystals of rutile (TiO2), grown via Verneuil technique220 (Alineason GmbH, 
Frankfurt am Main, Germany), and 9 mol.% Y2O3-ZrO2 (9YSZ) via skull melt method221 (MaTeck Material-
Technologie & Kristalle GmbH, Jülich, Germany) with dimensions of 4 × 4 × 8 mm³ were used in this work. 
This height-to-width ratio of crystals was chosen such that a predominantly uniaxial stress state has limited 
influence on loading platens on top and bottom.109 The crystals were polished to an optical grade finish to 
remove shaping damage and avoid any stress concentrations during mechanical deformation. 
 
For rutile single crystals, the loading axis was chosen to be [010], which brought the final orientation of 
these specimens as (100) (001) and c-(010). On the other hand, the [001] direction was selected as the 
deformation axis for YSZ single crystals; therefore, YSZ specimens were oriented as (100) (010) and c-
(001). These particular orientations, i.e., for rutile c-[010] and YSZ c-[001], were adopted to maximize the 
Schmid factor (rutile = 0.45 and YSZ = 0.50) with respect to the deformation axis.44 All the orientations 
were confirmed to an approximation of ± 0.5° by using a Laue camera.222 The Laue camera setup and a few 
Laue patterns for TiO2 and YSZ are presented in Figure 4.1. 
 

 

Figure 4.1: Top view of the Laue camera setup with goniometer head, collimator, and image plate. Insets show the obtained Laue X-ray 

diffraction pattern of different planes of TiO2 and YSZ. The incident direction of X-rays was always perpendicular to the plane of the 

specimen (symbol ⊗). 

 

4.2 Deformation experiments:  
 

4.2.1 Plastic deformation of TiO2:  
 
All deformation experiments on rutile single crystals were conducted in compression mode in a screw-
driven load frame (Z010 Zwick/Roell, Ulm, Germany).223 The single-crystal samples were placed between 
the two-alumina platens, and a rounded top was used for the upper platen (the setup schematic is provided 
in Figure 4.2a). The samples were centered using an alignment fixture to optimize the applied force axis 
and removed after contacting the sample with the upper platen. 
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The compressive displacement of the samples was determined by a Linear Variable Differential 
Transformer (LVDT).109 In principle, the LVDT consists of two rods, which electronically measure the 
relative height difference. One of these rods records the position of the lower surface of the lower platen, 
and the other touches the upper platen and hence reflects the height of the sample (marked as asterisk*in 
Figure 4.2a). 
 
Rutile specimens were deformed at elevated temperatures, ranging from 900 °C to 1100 °C. For this 
purpose, an oven was attached to the setup (LK/ SHC 1500-85-150-1-V Sonder, HTM Reetz GmbH, Berlin, 
Germany). The specimens were first pre-loaded (up to 30N) before the deformation to ensure a solid 
contact with the setup, and the LVDT was set to zero. Zwick can be operated in different modes, including 
displacement, strain, and force/stress-controlled. For all deformation experiments conducted on Zwick 
(rutile), loading and unloading of the samples were under stress control at an optimized rate of 0.1 MPa.s−1. 
A uniform heating and cooling rate of 5K/min were employed in all experiments. The employed heating 
profile and mechanical deformation map are depicted in Figure 4.2b. 
 

 

Figure 4.2: (a) Schematic of the load frame used to deform rutile (TiO2) specimens (Zwick). Upper and lower punches are composed of 

Al2O3. The sample height is indicated by an asterisk*, while the red background depicts the equipped furnace. (b) A typical employed 

thermal and mechanical profiles for TiO2 at respective deformation temperatures. 

 

4.2.2 Plastic deformation of YSZ: 
 
Plastic deformation experiments on YSZ specimens were not possible on Zwick due to two major reasons. 
First, the high yield strength of [100] oriented YSZ (ca. 150 MPa), 52 and second, the high optimal 
deformation temperature, e.g., 1400 °C. 52 Zwick can operate up to a maximum of 1200 °C; at these 
temperatures, there is a possibility of Al2O3 platens sintering together with rods under loading conditions. 
Moreover, the Zwick setup can apply a maximum of 10kN load, which may not be sufficient to reach 
considerable deformation levels in [100] YSZ due to very high yield strength.52, 125 Therefore, a load frame 
capable of operating at higher temperatures and applying a higher load than Zwick was required. 
 
The used load frame (Instron 5967-30kN, Instron GmbH, Germany) can operate in force/displacement and 
strain-controlled mode with a maximum applicable force of 30kN.224 In the lower part of the system, an 
LVDT system is equipped to measure strain, and the working principle of LVDT is similar to as described 
in section 4.2.1. The compression rods, along with upper and lower platens, were composed of silicon 
carbide (SiC), with thermal stability up to T ≥ 2700 °C. 57, 224 Nevertheless, bottom platens bonded with the 
lower SiC rod after a few experiments. To avoid this, an additional platen of ZrO2 was placed between the 
bottom rod and the platen. The schematic of the Instron setup is presented in Figure 4.3a. 
 

https://www.google.com/search?rlz=1C1CHBF_deDE884DE884&q=Instron+Deutschland+GmbH&stick=H4sIAAAAAAAAAOPgE-LSz9U3MC7Mi483UQKzLfNMsopytTQzyq30k_NzclKTSzLz8_Tzi9IT8zKrEkGcYqvi0qTizJTMxKLM1OJFrBKeecUlRfl5Ci6ppSXFyRk5iXkpCu65SR47WBkBlFVML2MAAAA&sa=X&ved=2ahUKEwjJrquTjcL0AhXT_rsIHTJTAJMQmxMoAXoECFUQAw
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All experiments were conducted at 1400 °C; to achieve this temperature, the setup (Instron) was equipped 
with an oven (HTM Reetz GmbH/2408 Eurotherm, Berlin, Germany). An array of six molybdenum disilicide 
(MoSi2) heating elements was mounted parallel to the sample axis to provide symmetrical radial heating in 
the working chamber (Figure 4.3a). The base of SiC rods and the outer body of the oven was water-cooled 
using a heat exchanger (LAUDA microcool MC-600). A thermocouple was installed next to the sample to 
make a good approximation of the deformation temperature. A uniform heating and cooling rate of 5K/min 
were employed in all experiments. The employed heating profile and mechanical deformation map are 
depicted in Figure 4.3b. 
 

 

Figure 4.3: (a) Schematic of the setup used to deform YSZ single crystals (Instron), with upper and lower punches composed of SiC. Upper 

and lower punches are composed of SiC. The sample height is indicated by the asterisks**, while the red background depicts the equipped 

furnace. (b) A typical employed thermal and mechanical profiles for YSZ at 1400 °C.  

 
Both load frames, i.e., Zwick and Instron, were digitally controlled with the built-in software that saves the 
digital data, which then can be converted into stress-strain curves. A potential reader is referred to the 
handbooks of Zwick/Instron for a detailed description of the machines.223, 224  
 
Mechanical data was recorded during the experiments after a step of 1N (for TiO2) and 0.5 N (for YSZ) load, 
and true stress-strain curves were evaluated. The engineering stress was assessed by the load (F) acting 
on the initial cross-sectional area (A0) of the specimens according to the relation: 57, 125 
 

 𝜎𝑒𝑛𝑔𝑔 =
𝐹

𝐴0
 Equation 4-1 

 
Similarly, the engineering strain was evaluated as follows:  
 

 𝜀𝑒𝑛𝑔𝑔 =
∆𝐿

𝐿0
 Equation 4-2 

 
In the results section, the data is presented in the form of true stress-strain curves, which were evaluated 
according to the following equations:  
 

 𝜎𝑡 = 𝜎𝐸𝑛𝑔𝑔 (1 + 𝜀𝐸𝑛𝑔𝑔) Equation 4-3 

 

 𝜀𝑡 = 𝑙𝑛 (1 + 𝜀𝐸𝑛𝑔𝑔) Equation 4-4 

 
For the deformation experiments on YSZ, a stress-controlled loading rate of 0.1 MPas-1 was employed. After 
reaching a particular deformation extent, e.g., 1.5% or 2.5%, stress-relaxation (SR) tests were conducted, 
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i.e., cyclic loading and unloading of the specimen were performed. This way, the impact of cyclic loading on 
the yield point of YSZ is studied.125 
 
4.3 Mechanical cutting, grinding, and polishing processes:  
 
Mechanical cutting was employed to cut pristine and deformed single-crystals into thin slices of desired 
geometry. This process helped extract etchable planes and prepare the optimum specimen size for SEM 
and electrical measurements. A benchtop diamond wire saw (Wire Saw Solutions Group LLC, PA, USA) was 
used to cut desired planes accurately. For example, (120) planes were extracted from TiO2 (010) at an angle 
of 45°. Similarly, YSZ (111) planes were cut from YSZ (110) at an angle of 54.7°. 
 
Mechanical grinding and polishing were performed to remove the wire cutting damage. Both sides of a slice 
(extracted from a single crystal) were first finished by mechanical grinding. The process started with 
grinding on abrasive SiC sandpapers (ATM Qness GmbH, Mammelzen, Germany) of P1200 and P2500 (5 
min each), followed by automated polishing (Phoenix 4000, Jean Wirtz GmbH, Düsseldorf, Germany) on 6 
µm, 3 µm, 1 µm, and ¼ µm diamond paste (DP-Paste Struers, Germany) coated polishing discs (MD Struers, 
Germany) at a rotational speed of 300 rev min-1 (15 min each). Residual damage from the polished surface 
was removed with extremely gentle vibrational polishing (for 12 h) in a 40 ml solution of water and 0.04 
µm colloidal silica (OP-S, Struers A/S, Ballerup, Denmark) with an optimized ratio of 8:1. In the case of YSZ, 
owing to its high toughness,125 an additional step of polishing was performed (0.08 µm colloidal 
silica/MasterMet2, Buehler-Illinois, USA) for 30 min before the vibropolishing (16 h in this case).  
 
4.4 Mesoscopic dislocation structure visualization:  
 
4.4.1 Chemical etching:  
 
As described in the literature review (section 2.5.1), the surface etching method could be a facile way to 
reveal the naturally occurring and mechanically induced dislocations. Using this technique, each 
dislocation can be visualized in the form of an etch-pit.225 However, this method is highly preferential, i.e., 
etching all planes using a single etching solution is practically not possible.16 Therefore, for the case of TiO2, 
(120) planes were extracted by slicing the pristine and deformed crystal planes at 45° of the deformation 
axis (as shown in Figure 5.11). Fine mechanical grinding and polishing were performed to remove the 
cutting damage (details in section 4.3). Scratch-less and dirt-free single-crystal slices were then immersed 
in a buffer of 70% KOH at 370 °C for 4.5 mins. 
 
The dissolution of TiO2 in molten KOH can be described in terms of a Lux–Flood transformation.39 In this 
case, the following reaction occurs, and K2mTinO2n+m forms after intercalation with K+ cations, being known 
as stable crystal phases in the K2O-TiO2 system:226, 227 
 

 𝑇𝑖𝑂2 + 2𝐾𝑂𝐻 → 𝐾2𝑇𝑖𝑂3 +𝐻2𝑂 Equation 4-5 
 
For the case of YSZ, (100) planes were etchable in boiling H2SO4 (350 °C) for an optimized interval of 6 min. 
Under these conditions following reaction is expected to occur:228  
 

 𝑍𝑟𝑂2 +𝐻2𝑆𝑂4 → 𝑍𝑟(𝑆𝑂4)2 +𝐻2𝑂 Equation 4-6 
 
This research work optimized the described etching parameters, such as etching solution, temperature, 
and interval of etching. 
 

4.4.2 Laser and optical light microscopy:  
 
Pre- and post-deformation images of single crystal specimens were taken either with a 3D laser-scanning 
microscope (LEXT; OLS5000- Olympus Corporation, Japan) or an optical light microscope (Zeiss Axio 
Imager 2, Zeiss, Germany). Chemically etched surfaces were imaged by scanning laser mode of LEXT or 
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circular differential interference contrast (C-DIC, Zeiss),229 mode. An image stitching function (for LEXT) or 
tiles mode (for ZEISS) was employed to capture the whole picture of single crystals. For YSZ, birefringence 
patterns were recorded using a polarized mode of the laser microscope (see Figure 5.22).   
 

4.4.3 Scanning and Transmission Electron Microscopy:  
 
Scanning electron microscopy (SEM) was mainly performed to visualize the mesoscopic dislocation 
structure at high resolution. Field Emission-SEM (XL30FEG, Philips, Amsterdam, Netherlands) was 
employed in secondary electron (SE) mode to image, e.g., surface steps and etch-pits on deformed 
specimens. Before SEM imaging, a thin layer of carbon (ca. 5 nm) was sputtered onto the samples. 
 
Transmission Electron Microscopy (TEM) was conducted for an in-depth investigation of induced 
dislocation features. For the case of TiO2, TEM experiments were performed by Prof. Dr. Atsutomo 
Nakamura (Nagoya University, Japan) at an Ultra-high voltage electron microscope (JEOL JEM-1000k RS, 
Tokyo, Japan) with an acceleration voltage of 1 MV. 
 
For YSZ single crystals, TEM experiments were carried out by Dr. Shuang Gao (Technical University of 
Darmstadt, Germany) at a bright field-scanning transmission electron microscope (BF-STEM; FEI CM20 ST, 
FEI, Eindhoven, Netherlands), operated at 200 kV. In both cases, TEM foils were prepared via mechanical 
thinning, followed by ion-beam milling to obtain electron transparency.230 
 
4.5 Oxygen tracer (18O) diffusion experiments:  
 
While YSZ is widely accepted as an oxygen conductor,15, 231, 232 there is controversy about the defect 
chemistry of TiO2. Some authors claim it as an oxygen conductor, 42, 233 and others favor it as an electronic 
conductor.183, 234, 235 Therefore, it was important to first rationalize the nature of the pristine defects, 
particularly in rutile, as Adepalli et al. 42  also argued that dislocations could be oxygen conductive. 
Therefore, if pristine defects' nature is known, it would allow for rationalizing the induced dislocation 
networks' effect on relative electronic or ionic conductivity. 
 
Thus, for both material systems (TiO2 and YSZ), the 18O Oxygen isotope (tracer diffusion) exchange 
technique was employed first to rationalize the defect type in pristine crystals. And later to investigate the 
impact of dislocations on oxygen ionic conductivity. Annealing in 18O2 (200 mbar) leads to a tracer exchange 
with 16O inside the sample (16O2 occurs naturally, but only 0.2% of oxygen isotopes are 18O isotopes 236). 
Relative concentration (𝑥18

∗
𝑂

) or isotope fraction can be evaluated using the following relation: 237 

 

 𝑥18
∗
𝑂
=

𝐼18𝑂
𝐼18𝑂 + 𝐼16𝑂

 Equation 4-7 

 
The experiments were conducted on deformed specimens (as the presence of dislocation bundles would 
help in local investigations of dislocation-rich and deficient regions) in a gas-tight sample holder with 
tunable oxygen partial pressure using 18O2 (chemical purity ≥ 97%, CAMPRO scientific, Germany). Polished 
and chemically etched specimens were annealed in the air (for TiO2) at 800° C/16h and (for YSZ) at 600 
°C/24h. The specimens were then kept in an 18O2 atmosphere with a partial pressure of 200 mbar to 
exchange 18O2/16O2 for 4 h (for TiO2) and 2 h (for YSZ). 
 
After the exchange experiment, both samples were air quenched in ≤ 15 s by placing them on an aluminum 
plate (at room temperature). During the experiment, another set of deformed but unetched specimens was 
placed next to the etched ones for comparison purposes. 
 

4.5.1 Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS):  
 
After the tracer-diffusion experiments, the question arises, how far does the tracer (18O) diffuse into the 
specimens because this would indicate induced oxygen conductivity due to dislocations (if there is any). 
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Therefore, the oxygen tracer fraction (𝑥18
∗
𝑂

) was investigated with the help of Time-of-Flight Secondary Ion 

Mass Spectroscopy (ToF-SIMS) as this technique allows obtaining chemical and distributional information 
with excellent mass and spatial resolution.238, 239 
 
The basic principle of SIMS suggests that the impact of primary ions with the material (having energy in 
the range of 250 eV to 30keV) leads to an interaction with various atoms of the specimen. As a result, the 
energy dissipates in a so-called collision cascade, and the primary ion is implanted into the material 
(penetration depth/see Figure 4.4). Some of the atoms residing in the first few nanometers at the surface 
obtain momentum and leave the surface (sputtering process), called secondary ions. These secondary ions' 
mass/charge ratios can then be measured with a mass spectrometer to determine the surface's elemental, 
isotopic, or molecular composition to a depth of a few nm.238 
 
SIMS is a sensitive technique employed for surface analysis, with elemental detection limits ranging from 
parts per million to parts per billion.240-242 Nevertheless, only a simplified description of SIMS is provided 
in this thesis, and a potential reader is referred to the literature.238 
 
ToF-SIMS experiments on both material systems were conducted by Dr. Till Frömling in collaboration with 
Dr. Marcus Rohnke and Prof. Dr. Jürgen Janek at the Centre for Materials Research, University of Giessen, 
Germany. 
 

 

Figure 4.4: (a, b) Schematic description of SIMS working principle. 242, 243 (c, d) Investigated material systems, i.e., TiO2 and YSZ. SIMS 

investigations were performed on dislocation-rich and deficient (pristine) regions. 

 
Rutile and YSZ specimens were investigated by employing static ToF-SIMS (ION-TOF GmbH, Münster, 
Germany). Before SIMS measurements, specimens were sputter-coated with a thin Au layer to reduce the 
charging effect due to ion impact. The Bi3+ gun (primary ion) was operated in collimated burst alignment 
mode at 25keV with a beam current of 0.06 pA (TiO2) and 0.05 pA (YSZ), respectively. 244 In addition, low 
energetic electrons (Cs+ gun operated in a non-interlaced mode at 2keV (for TiO2) and 1keV (for YSZ), were 
used for charge compensation and enabled the tracer depth profile (𝑥18

∗
𝑂

) recording. After each 

measurement, secondary electron (SE) images of the sputtered zones were also recorded. 
 

https://en.wikipedia.org/wiki/Mass_spectrometry
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To investigate the oxygen diffusion in dislocation rich and deficient regions (Figure 4.4c and d), depth 
profiles (𝑥18

∗
𝑂

) of the respective areas were calculated by recording the oxygen ion intensities (18O and 16O) 

as a function of sputtering time in each region. After SIMS analysis, crater depth profiles were obtained to 
normalize the profile to the sputtering distance by using a 3D function of the laser microscope (LEXT; 
OLS5000- Olympus Corporation, Japan).  
 
4.6 Bulk impedance spectroscopy: 
 
Temperature-dependent impedance measurements were carried out on pristine and deformed single 
crystals of both material systems (TiO2 and YSZ), in a broad temperature regime (i.e., rutile 500 °C to 700 
°C; YSZ 150 °C to 800 °C), with an impedance analyzer (Novocontrol Alpha-A analyzer, Novocontrol, 
Montabaur, Germany) in a frequency range of 3MHz to 1Hz with an AC bias of 1V.  
 
Before impedance measurements, platinum/Pt contacts (Ferro GmbH, Frankfurt am Main, Germany) were 
prepared on both sides of the specimens by depositing Pt-paste followed by a firing step (930 °C/15 min). 
All data points were measured after assuring the impedance spectra stability at each temperature. For TiO2, 
the equilibration time was 1 h at each data point, and for YSZ, the equilibration time was found to be 20 
min (Figure 4.5). 
 

 

Figure 4.5: Impedance spectra were recorded at regular intervals to monitor the equilibration process; this procedure continued until 

stable spectra were obtained. 

 
4.7 Oxygen partial pressure (pO2) dependent measurements:   
 
As described in section 2.11.1, the point-defect properties of TiO2 are closely related to the oxygen activity 
in the TiO2 lattice.183 Moreover, the conduction mechanism in TiO2 (whether ionic or electronic), including 
the nature of the charge carriers (n-type or p-type), can be rationalized by studying the non-
stoichiometry.245 Therefore, the dependence of electrical conductivity on oxygen partial pressure (pO2) was 
investigated. 
 
These experiments were conducted only for the case of TiO2 at 700 °C as a function of pO2 (in the range of 
10-1 to 10-5 bar), using bulk impedance spectroscopy (Novocontrol Alpha-A analyzer, Novocontrol, 
Montabaur, Germany). A comparison was established between undeformed and deformed specimens with 
different mesoscopic dislocation networks. Deformed samples with scattered and bundled dislocation 
configurations were compared to the pristine ones to investigate the effect of mesoscopic dislocation 
structures and arrangement on electrical conductivity (see section 5.2.2). 
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Bulk specimens (4 x 4 x 1 mm3) were used for pO2-dependent measurements, and Pt-fired electrodes were 
furnished on both sides before measurements. This choice was made due to the ohmic behavior of Pt-fired 
contacts at high temperatures (refer to impedance spectra of TiO2 in Figure 4.5). 
 
At a given temperature (700 °C) and pO2, impedance spectra were recorded at regular intervals of 30 min 
to assure the data equilibration process; this procedure continued until stable spectra were obtained (ca. 
after 4 h each data point). The measured data were fitted using the RelaxIS program (rhd Instruments, 
Darmstadt, Germany) by considering an equivalent electrical circuit representing the physical processes 
expected in the electrochemical system. 
 
4.8 Microcontact impedance spectroscopy (MCIS):  
 
Microcontact impedance spectroscopy was employed to detect and quantify the local electrical response of 
mechanically generated dislocation networks in both material systems (TiO2 and YSZ). Microelectrodes 
provide the opportunity to probe a small volume just underneath the microelectrode itself and estimate 
the region's local electrical conductivity in terms of spreading resistance.165, 246 These micro-sized 
electrodes were first deposited onto the pristine and high dislocation density regions via the 
photolithography technique (details of the processes are provided in section 4.9.1). 
 
MCIS measurements were conducted on a microprobe setup (MPS150, Cascade Microtech GmbH, 
Aschheim, Germany) equipped with a Novocontrol Alpha-A impedance analyzer (Novocontrol 
Technologies GmbH & Co. KG, Montabaur, Germany) in the frequency range between 3MHz and 1 Hz with 
a voltage amplitude of 1V. Sharp needles of a highly conductive material, e.g., Pt/Ir or tungsten, were 
employed to probe working and counter electrodes (Figure 4.6). 
 
For TiO2, measurements were performed in the temperature range of 30 °C - 100 °C. In contrast, for the 
case of YSZ, a wide temperature range between 250 °C to 650 °C was employed. In both cases, heating of 
specimens was afforded with a small heater (Linkam Scientific Instruments, Tadham, UK) encapsulated in 
alumina concealment. Each temperature-dependent data point was measured after holding the 
temperature for 30 min (for TiO2) and 15 min (for YSZ). Digital camera images of the MCIS setup and a 
simplified schematic along with working/counter electrodes are presented in Figure 4.6. 
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Figure 4.6: (a) Digital camera image of the micro contacting station employed for the MCIS measurements. In the insets, a YSZ specimen 

is being probed with Pt/Ir needles at room and high temperatures. (b) Simplified schematic of the same setup depicting geometry and 

configuration of counter and working electrodes (CE/WE). 

 
4.9 Selection of microelectrode material and deposition processes: 
 
Selecting microelectrodes material is critical because the correct impedance response can only be detected 
if a suitable microelectrode with no Schottky barrier is employed.11, 155 To ensure this, several 
microelectrode materials were tested in this thesis work before making the final choice. 
 
For TiO2, it was experimentally verified that sputtered platinum (Pt) microelectrodes result in a 
significantly dominating Schottky barrier response, and no dislocation/bulk response can be detected in 
the impedance measurements. However, with Aluminum-Gold (Al-Au) microelectrodes, dislocation and 
bulk response were fittingly measured, while no Schottky barrier response was detected within the 
measured frequency range. Therefore, at least for TiO2, employing Al-Au microelectrodes was the best 
choice. However, these microelectrodes get oxidized above 120 °C, so experimental data beyond this 
temperature was not plausible. 
  
For YSZ specimens, lanthanum strontium cobaltite, La0.6Sr0.4CoO3-δ (LSC),247 (a mixed ionic electronic 
conducting/MIEC) perovskite material with excellent oxygen exchange properties (and therefore often 
employed as an electrode in SOFCs) was employed as microelectrode material. (See Figure 4.11).248-250  
 
4.9.1 Photolithography:  
 
Photolithography, also known as optical or UV lithography, is used to fabricate micropatterns on a 
substrate. This technique employs UV light to transfer a geometric pattern (from a photomask) to a 
photosensitive chemical “photoresist” deposited onto the substrate. Later a series of chemical treatments 
either enable the deposition of new material in the desired pattern upon the material underneath the 
photoresist (lift-off process) or etch the exposed pattern into the material (standard process). 251, 252  

https://en.wikipedia.org/wiki/Geometry
https://en.wikipedia.org/wiki/Photomask
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In other words, photolithography is classified into two classes, i.e., standard and lift-off process, and both 
were used in this thesis work. The lift-off process was used for TiO2, and the standard process was applied 
to fabricate microelectrodes on YSZ. Details of the processes and parameters are described in the following.  
 
The lift-off process was used to fabricate microelectrode patterns on the pristine and dislocation-rich 
regions on deformed rutile. Scratch-less and dirt-free specimens were first spin-coated with a negative 
photoresist polymer (ma-N 1410; micro resist technology GmbH, Berlin, Germany). Spinning at a speed of 
3000 rpm resulted in a 1 µm thick layer of photoresist.253 To remove the volatile solvent from the 
photoresist, specimens were baked on a hot plate (95 °C/2 min), followed by UV-light exposure in a mask 
aligner (SÜSS MicroTec; MA 56 M, Garching, Germany) for an optimized interval of 40 seconds. These 
specimens were then dipped into a photoresist developer (micro resist technology GmbH; Berlin, 
Germany) for 80 seconds; this resulted in the degradation of unexposed regions and left behind 20 µm 
diameter imprints. See the process flow chart in Figure 4.7 and the final microelectrodes in Figure 4.8. 
 
For YSZ specimens, a standard lithography process was employed in combination with the chemical 
etching technique to fabricate microelectrodes onto pristine and dislocation-rich regions.250 First, a thin 
layer (ca. 150 nm) of lanthanum strontium cobaltite, La0.6Sr0.4CoO3-δ (LSC), was deposited onto the 
specimens (details of LSC deposition and process parameters are provided in section 4.9.2). Before coating 
the specimens with a photoresist, it was made sure that the specimen’s surface was dirt-free. A negative 
photoresist polymer was applied (3 x 100 µl/ma-N 1420; micro resist technology GmbH, Berlin, Germany) 
using a spin coater (SCC-200 KLM, Germany). After pouring every 100 µl, the spinning of specimens was 
performed for 60 seconds. This process made the deposition of a sufficiently thick layer of photoresist 
feasible. Specimens were then baked on a hot plate (to remove the volatile solvent from the photoresist) at 
105 °C for 2 min, followed by UV-light exposure (350W, USHIO 350DP Hg, Ushio, Japan) for 80 seconds 
through a patterned shadow mask. This mask contains 20/40 µm diameter round microelectrode patterns. 
The non-illuminated regions were removed with a photoresist developer (ma-D 533/s, micro resist 
technology GmbH, Berlin, Germany) for an optimized interval of 27 seconds. Chemical etching was then 
performed in diluted HCl (1:20) for 85 seconds to remove the excess LSC between the microelectrode 
imprints to obtain the final circular microelectrodes onto the dislocation and pristine regions away from 
them. The flow chart of the process is also provided in Figure 4.7, and the final electrodes can be seen in 
Figure 4.11. 
 
 

 

Figure 4.7: Flowchart of the lithography processes, i.e., the lift-off (for TiO2) and standard lithography process (for YSZ). 
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4.9.2 Microelectrode deposition processes:  
 

Physical Vapor Deposition (PVD):  
 
The physical vapor deposition (PVD) technique (Quorum Technologies Ltd; Q300 T D Plus) was used to 
sputter aluminum-gold (Al-Au) layers on TiO2 specimens. The aluminum layer was first sputtered with a 
current intensity and sputtering time of 150 mA and 480 s, respectively, followed by a gold layer with 
relative parameters of 30 mA and 240 s. These layers got deposited in the 20 µm diameter round patterns 
(earlier imprinted by photolithography) and resulted in microelectrodes. In addition, a thin Pt-layer was 
sputtered (40mA/4min) on the bottom surface of the specimens to serve as a counter electrode (CE). 
  
A representative micrograph of the TiO2 specimen is presented in Figure 4.8. Deposited Al/Au 
microelectrodes can be seen in pristine and dislocation regions (visualized in the form of etch-pits). 
Microelectrodes allowed for measuring the low, medium, and high dislocation density regions, exemplified 
in the insets of Figure 4.8. 
 

 

Figure 4.8: An optical light microscope image of an etched (120) plane of TiO2, microelectrodes are deposited onto the dislocation bundles 

and pristine region away from it. Insets show microelectrodes placed in (a) low, (b) medium, and (c) high dislocation density regions. 

 

Gas Injection System (GIS)-microelectrodes deposition:  
 
For the case of TiO2, electrical investigations of dislocations were expanded down to further local regions. 
This was afforded with the electron beam assisted-gas injection system (GIS; Zeiss Auriga, Germany). 
Tungsten (W) was employed as the material to deposit the microelectrodes in extremely narrow regions 
that were otherwise implausible. 3 x 3 µm2 sized microelectrodes were furnished onto pristine regions 
(low dislocation density) and bundled regions (with medium and high dislocation density) for a density-
dependent electrical response comparison (Figure 4.9).  
 
First, charged tungsten particles were introduced inside the SEM in the form of gas; owing to Van der Waal’s 
forces, the tungsten gets adsorbed at the surface of specimens. Afterward, targeted energy brought by an 
electron beam (20 kV) dissociated these adsorbed W molecules into minuscule micro-electrodes. 254, 255 
During the process, the valve of the GIS system was opened for an optimized interval of 120 seconds, and 
the image drift was avoided by placing silver paint onto the specimen surface in the vicinity of the selected 
area.  
 
Microcontact impedance measurements were performed onto the GIS-deposited microelectrodes with 
tungsten probing needles/tip diameter 100 nm, only at room temperature (inside an SEM) by employing 
the Hioki impedance analyzer (Hioki Europe GmbH, Eschborn, Germany) in the frequency range of 100 Hz 
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to 200 kHz using a voltage amplitude of 1V. Dr. Hanna Bishara performed these measurements at the Max-
Planck Institute for Iron Research, Düsseldorf, Germany. 
 

 

Figure 4.9: HR-SEM images of electron beam assisted gas injection system (GIS) deposited tungsten microelectrodes onto (a) low EGIS-1, 

(b) medium EGIS-2, and (c) high dislocation density areas EGIS-3. The area of microelectrodes was 3 × 3 µm2, while tungsten needles with a 

tip diameter of 100 nm were used to probe these electrodes. 

 
Impact of ion-beam deposition on surface potential: 
 
As described earlier, for GIS deposition, an electron beam was employed. Nevertheless, another set of 
deposition experiments was performed with a focused-ion beam (Ga/50 pA). However, the Ga ion beam 
resulted in the change of surface potential of the specimens, which was later confirmed by impedance 
measurements. Therefore, the focused-ion beam deposition method was not utilized for data reliability. 
 
Impact of SEM environment on impedance measurements: 
 
Since the impedance measurements on GIS-deposited microelectrodes were performed inside an SEM, one 
may argue about the impact of vacuum and the electron beam inside the SEM chamber on measured 
electrical conductivity. Therefore, a comparison between impedance measurements performed out and 
inside the SEM was made to address this, confirming no appreciable impedance spectra difference. 
Furthermore, another experimental comparison is made between the "OFF" and "ON" electron beams 
inside the SEM chamber. These results confirm that measurements inside the SEM chamber with the 
electron beam "switched ON" produce reliable results (for further details, see reference146). 
 

Nomenclature of microelectrodes for density-dependent measurements: 
 
For the case of TiO2, two different techniques (PVD and GIS) were employed to deposit microelectrodes in 
low, medium, and high dislocation density regions. There might occur some confusion about the 
microelectrode’s nomenclature. Therefore, the following labeling will be used hereafter to avoid any mix-
up between the different microelectrodes (Table 4.1).  
 

Table 4.1: Labeling of deposited microelectrodes in low, medium, and high dislocation density regions (for the case of TiO2 only). 

Sr. # Region PVD-sputtered 
microelectrodes (label) 

GIS-deposited 
microelectrodes (label) 

1 Low dislocation density EPVD-1 EGIS-1 
2 Medium dislocation density EPVD-2 EGIS-2 
3 High dislocation density EPVD-3 EGIS-3 
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Pulsed Laser Deposition/PLD of LSC thin films:  
 
Lanthanum Strontium Cobaltite, La0.6Sr0.4CoO3-δ (LSC), is a mixed ionic electronic conducting (MIEC) 
perovskite material and offers low surface exchange resistance.247 Furthermore, LSC is often employed as 
an electrode in solid oxide fuel cells.144, 249, 250 Therefore, this was the microelectrode material of choice for 
YSZ specimens. The pulsed laser deposition (PLD)256 technique was employed to deposit the LSC thin films 
at elevated substrate temperatures. The following details describe the LSC target preparation, thin-film 
deposition process, and parameters. 
 
A modified Pechini method was employed to prepare the LSC target. 257 Precursors, such as La2O3, SrCO3, 
and metallic Co (Sigma–Aldrich, 99.995%), were separately dissolved in HNO3 (Sigma Aldrich, redistilled, 
99.999%) to form nitrate solutions. Stoichiometric amounts of these nitrates were then mixed, followed by 
citric acid (Fluka, 99.9998%) addition in a molar ratio of 1:2 with respect to the cations. The obtained 
solution was heated on a hot plate to evaporate the water until a highly viscous foam was formed. It should 
be noted here that this step demands immense care, as further heating may decompose the foam. The 
synthesized foam was calcined at 1000 °C and subsequently cold-isostatically pressed (ca. 1.5 kbar) into a 
pellet and then air-sintered at 1200 °C for 12 h. A digital camera image of the LSC target is shown in the 
inset of Figure 4.10. 
 
Obtained LSC target was then employed to deposit a thin film onto a polished and etched YSZ specimen 
with an arranged <110>{110} mesoscopic dislocation field via PLD. The dislocation field was first 
visualized in the form of etch-pits, as shown in  Figure 4.4d. YSZ specimen was placed inside the sample 
holder (capable of heating up to 800 °C) located in a PLD chamber with an LSC target fixed on the top 
(Figure 4.10). LSC ablation was done by a KrF excimer UV laser (Coherent Lambda COMPexPro 201F, 
wavelength 248 nm) with an energy density of 1.11 J/cm2 on the target at a pulse frequency of 5 Hz. The 
deposition was performed at 0.04 mbar O2 background pressure (in the PLD chamber) and a substrate 
temperature of 600 °C (controlled by a pyrometer). A constant heating and cooling rate of 15 K/min were 
employed to heat/cool the substrate. A layer thickness of ca. 150 nm was obtained by applying 4500 laser 
pulses to the LSC target; this was cross-checked on a model sample with a surface profilometer (Bruker's 
Dektak XT, MA, US). The PLD setup (focusing on deposition chamber), LSC target, and a model LSC thin film 
deposited on YSZ, is shown in Figure 4.10.  
 

 

Figure 4.10: Digital image of the pulsed laser deposition (PLD) setup. The vacuum/deposition chamber is presented in the inset, the LSC 

target and the sample holder are labeled, and a representative LSC thin film on YSZ is presented. 
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Fired Pt served as a counter-electrode (CE) for the YSZ specimens. Sharp Pt-Ir needles with a tip radius of 
5 µm were used to contact the micro/working electrodes (WE) inside an air-tight chamber equipped with 
a heating stage (Linkam Scientific Instruments, Tadham, UK). LSC microelectrodes deposited on a model 
sample are presented in Figure 4.11. Moreover, schematics of working and counter-electrodes (WE/CE) 
and actual images of YSZ specimens being measured in the MCIS setup are presented in Figure 4.6. 
 
The candidate performed PLD deposition and MCIS measurements on YSZ specimens in the workgroup of 
Prof. Dr. Jürgen Fleig at the Christian- Doppler-Laboratory for Ferroic Materials, Institute for Chemical 
Technologies and Analytics, Technical University of Vienna, Vienna, Austria.  
 

 

Figure 4.11: Optical light microscope image of deposited 40 µm diameter LSC microelectrodes on a model YSZ substrate. 

 

Dislocation density evaluation (under PVD sputtered/GIS deposited microelectrodes):  
 
As seen in Figure 4.8 and Figure 4.9, only a qualitative discernment is possible if the electrodes are deposited 
onto the dislocation bundle and the pristine region away from it. However, for dislocation-density-
dependent measurements, it was important to assess the number of dislocations covered by the 
microelectrodes. Therefore, high-resolution scanning electron microscopy (HR-SEM) was performed to 
count dislocation etch pits underneath each microelectrode. Both PVD sputtered, and GIS deposited 
microelectrodes were examined with immense care, and dislocation density was evaluated, at least for the 
representative microelectrodes. (Figure 4.8 and Figure 4.9).  
 
Figure 4.12 represents the microelectrodes located in the pristine/low dislocation density region (EPVD-1) 
and onto the dislocation bundle with medium (EPVD-2) and high dislocation density (EPVD-3) regions. These 
are the same microelectrodes presented in the inset of Figure 4.8, now focused at high resolution. Counting 
etch pits underneath the microelectrode (EPVD-1) for low dislocation density regions was relatively simple 
(refer to Figure 4.12d). However, the dislocation density for the other microelectrodes (EPVD-2 and EPVD-3) is 
based on HR-SEM images given in Figure 4.12a-c. 
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Figure 4.12: (a-c) Counting etch pits within the dislocation bundles was feasible at high resolution. Average etch pits/20 µm extended 

dislocation array can be evaluated. (d) etch pits are visible under EPVD-1 (e, f) dislocation arrays are sketched for EPVD-2 and EPVD-3, 

respectively. 

 
An average number of etch pits in a 20 µm prolonged dislocation array was counted at several points on 
the bundles. Later, measuring the dislocation array length covered by the microelectrodes in medium and 
high dislocation density regions, e.g., EPVD-2 and EPVD-3 (sketched in Figure 4.12e-f), multiplied by the average 
dislocation etch pits/20 µm leads to the respective dislocation densities. A similar method was employed 
to evaluate the dislocation density for the case of GIS-deposited microelectrodes. Dislocation densities for 
both types of microelectrodes (PVD/GIS) are provided in Table 4.2. 
 

Table 4.2: Comparison of the number of dislocations etch-pits under the measured microelectrodes. Dislocation-density-dependent 

measurements were performed on these microelectrodes.  

Sr. #  Electrode  Number of dislocations 
underneath 

(± Tolerance) 

Electrode Number of dislocations 
underneath 

(± Tolerance) 
1 EPVD-1 40 (± 5) EGIS-1 10 (± 5) 
2 EPVD-2 2800 (± 50) EGIS-2 40 (± 5) 
3 EPVD-3 4000 (± 50) EGIS-3 65 (± 5) 

  
4.10  Finite Element Method (FEM) calculations: 
 
To support the evaluation of the electrical results obtained via impedance measurements on PVD-sputtered 
and GIS-deposited microelectrodes (section 5.4.4), Finite element modeling (FEM) calculations (section 
5.4.5) were conducted by Dr. Till Frömling. This was made feasible by simulating the hypothesized impact 
of dislocations on the electronic conductivity of rutile (COMSOL, Inc., Massachusetts, USA). Due to the 
limited involvement of the author in FEM calculations, only an introduction is provided here; for the details, 
the reader is referred elsewhere.146 
 
4.11  Scanning Probe Microscopy (SPM):  
 
For the case of TiO2, atomic-scale measurements were performed via Scanning Probe Microscopy (SPM). 
These measurements, e.g., locally conductive atomic force microscopy (LC-AFM), can probe and elucidate 
the conductive behavior of dislocations at a very local scale. Furthermore, the space charge potential, which 
is expected to form around the dislocation core (section 2.9.2), can only be accessed with Kelvin-Probe 



 

Materials and Methods   52 

force microscopy (KPFM).258 In the following, brief details of employed parameters of both techniques are 
provided. 
 
4.11.1  Locally Conductive Atomic Force Microscopy (LC-AFM):  
 
To measure the locations of potential conductive paths (induced due to the dislocations) through the 
specimens, the PeakForce TUNA™ mode of an atomic force microscope (Bruker AXS, Santa Barbara, CA) 
was employed. This mode is based on PeakForce tapping, where the cantilever oscillates with a drive 
frequency of 1 kHz (this frequency was kept sufficiently below the resonance frequency/fr of the cantilever 
to avoid dynamic effects that could impede accurate force determination). At the same time, feedback runs 
on a defined cantilever deflection setpoint. 
 
Force calibration was accomplished as follows; pushing the tip onto a stiff sapphire sample and correlating 
the movement of the laser spot detected on the photodiode with the motion of the z-piezo resulted in an 
inverse optical lever sensitivity of ca. 130 nm/V for the probe used in these experiments (SCM-PIT-V2, 
platinum-iridium coated tip, electrically conductive, Bruker AXS, Santa Barbara, CA). Subsequently, the 
force constant of the cantilever was calibrated with the thermal noise method.259 Multiplying the deflection 
of the laser spot on the photodiode (measured in V) by the inverse optical lever sensitivity and the force 
constant of the cantilever (kc = 1.2 N/m) allowed to apply a well-defined contact force (Fsp  5 nN) between 
tip and sample during oscillation. A sample bias of Vsample = 1 V was set, and the current was measured 
during contact of the tip with the sample while mapping the surface. Furthermore, the amplifier was 
adjusted to 20 pA/V to provide sufficient current sensitivity. 
 
4.11.2  Kelvin Probe Force Microscopy (KPFM): 
 
To detect the work functions (∅) of the dislocation rich and the deficient regions, the contact potential 
difference between the tip and the respective region was measured with a Kelvin probe force microscope 
using the built-in FM-KPFM mode of a Dimension Icon AFM (Bruker AXS, Santa Barbara, CA). The work 
functions were evaluated for the dislocation and the bulk regions employing the following equation:  

 

 𝑉𝐶𝑃𝐷 =
∅𝑡𝑖𝑝 − ∅𝑠𝑎𝑚𝑝𝑙𝑒

−𝑒
 Equation 4-8 

 
Here VCPD represents the contact potential difference (for dislocation/bulk region), whereas the work 
function and the electronic charge are defined with conventional symbols.260  
 
The measurements were performed in a single-pass mode; the cantilever was simultaneously driven 
electrically with an AC bias at a low frequency (fl = 845 Hz) and mechanically at the cantilever's free 
resonance frequency (f0 ≈ 62 kHz) using conductive SCM-PIT cantilevers (Bruker AFM Probes, Camarillo, 
CA). The amplitude of the modulation frequency f0 ± fl was used as an error input to drive the DC voltage 
offset.  
 
It is important to note that before KPFM measurements, the work function of the tip ∅𝑡𝑖𝑝was calibrated on 

a gold sample with a typical work function of 5.47 eV, and later the work function of the respective regions 
on the sample ∅𝑠𝑎𝑚𝑝𝑙𝑒 , 𝑖. 𝑒. , (∅𝑑𝑖𝑠𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 and ∅𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 ) was deduced. The same tip (with a known work 

function) was employed for all KPFM measurements.  
 
SPM measurements were performed on and evaluated for TiO2 etched and unetched specimens together 
with Dr. Christian Dietz at the Division of Physics of Surface, TU Darmstadt, Germany.  
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5 Results and Discussion:  
 
After understanding the fundamentals of dislocation mechanics and the defect chemistry of TiO2 and YSZ 
single crystals, mechanical deformation experiments were conducted. The following section describes the 
control of mesoscopic dislocation structures via bulk deformation and their impact on electronic and ionic 
conductivity of respective material systems.  
 
5.1 Bulk deformation of rutile (TiO2): 
 
Figure 5.1a depicts two-unit cells of rutile stacked onto each other along [010] direction. It is obvious from 
the lattice constants that the unit cell is rotated along the b-axis to maximize the propensity of activating 
{011} <011> slip system.44, 261, 262 Prospective glide planes are highlighted in grey along with slip directions 

(Burgers vector �⃗� 01̅1). The unit cell was placed exactly like this in the final orientation of the single crystals. 
This was verified by measuring the Laue x-ray diffraction patterns of (100) and (001) planes of the single 
crystals (Figure 5.1b). 
 
The rutile specimens were deformed in the temperature range of 900 °C to 1050 °C under ambient 
conditions, i.e., air environment. This temperature range was selected because rutile is only deformable 
above 700 °C.26, 27, 263 Moreover, the deformation experiments performed at 900 °C and 1050 °C were 
particularly interesting, as they provided significantly different dislocation arrangements, which were later 
found impactful on rutile electrical properties. Predominant {011} <011> slip system was activated as a 
result of deformation at these temperatures (the slip system is sketched as grey planes in Figure 5.1b). The 
schematic also features the Schmid factor evaluation resulting in activation of this particular slip system, 

i.e., the compression axis (𝐹 𝑐) parallel to (010) plane, active slip plane (shaded in grey), Burgers vector (�⃗� ) 
(pointing towards the direction of slip) and a perpendicular vector �⃗�  to the slip plane. These vectors 

collectively formed two different angles with the compression axis 𝐹 𝑐 , i.e., θ (between 𝐹 𝑐  and �⃗� ) and 𝜆 

(between 𝐹 𝑐  and �⃗� ). These two angles ( θ and 𝜆) were found to be 32.73° and 57.27°, respectively, the 
Schmid factor (m = cos 𝜆 × cos 𝜃) was evaluated to be 0.45.44 All other slip systems of rutile are described 
in the literature review (section 2.11.1). 
 
Dislocations can move on the slip planes in the direction of the line vector �̂�[100] as depicted in the form of 

dotted lines in Figure 5.1b. Even distribution of slip bands was observed onto (001) planes of crystals 
(provided on the respective face of crystal in Figure 5.1b). The final specimen was extracted in a way that 
enables electrical measurements "along" the dislocation lines (Figure 5.1c).  
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Figure 5.1: (a) active slip system of rutile; dotted arrows reflect the glide planes. *Laue x-ray diffraction patterns of (100) and **(001) 

planes of rutile single crystal specimens. (b) schematic illustrating the geometry, dimensions, loading direction [010], Schmid factor 

evaluation for {011} <011> slip system activated during mechanical deformation. The actual optical micrograph of the corresponding 

plane depicts the even distribution of slip bands (c) final specimen enabled electrical measurements "along" the dislocation lines.  

 

5.1.1 Mechanical data on deformation of rutile (stress-strain curves): 
 
In all experiments, loading and unloading of the specimens were under stress control at a rate of 0.1 
MPa.s−1. Using these conditions, strain levels of up to 5% were achieved for the case of deformations at 900 
°C. In contrast, plastic deformation of up to 10% was possible at 1050 °C. Figure 5.2a depicts a 
representative true stress-strain curve, experimentally recorded for a crystal deformed at 1050 °C.  
 
It can be seen that compressive strain increased with flow stress. A transition from linear (E represents the 
elastic deformation) to non-linear (P stands for plastic deformation) behavior was observed at true stress 
of ca. 10 MPa. However, it was hard to determine the exact transition stress, also known as the yield 
strength 𝜎𝑦𝑠. Therefore, the Hookean behavior was considered at σys0.2%

 and yield strength of 16 MPa was 

estimated in almost all experiments.64 Furthermore, strain hardening was observed as the strain increased; 
this is a typical indication of dislocation generation under the first stage of creep (section 2.7.1). Therefore, 
obtained stress-strain data is in excellent agreement with the literature.21, 27, 128 
 

 

Figure 5.2: (a) True stress-strain curve experimentally obtained when rutile specimens deformed at 1050 °C, ample strain hardening was 

observed. (b) shaded zone of (a), the elastic and plastic zone are discernable, 0.2% Hookean behavior is considered to evaluate yield 
strength (σys0.2%

). 
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5.1.2 Identification of mesoscopic dislocation structure in rutile:  
 
As stated earlier, a batch of rutile single crystals was deformed at 900 °C, while the deformation of another 
batch was performed at 1050 °C. Various dislocation arrangements were achieved using different 
deformation parameters, e.g., temperature. 
 
Deformation below recovery temperature† (1020 °C) revealed a uniform distribution of dislocations as 
shown in Figure 5.3a for a crystal deformed up to 2% at 900 °C. Here the dislocations are visualized in the 
form of etch-pits, randomly distributed with an average spacing of 1 µm. Dislocation density statistics were 
achieved by counting etch-pits onto an etched sample from at least three regions. The dislocation density 
was found to be 3 × 1011 m−2, as confirmed by a high-resolution SEM image of the same sample presented 
in Figure 5.3b.  
 

 

Figure 5.3: Dislocation configuration on (120) faces of rutile specimens visualized using etch pit technique. (a) laser microscope image of 

a specimen deformed by 2% at 900 °C. (b) scanning electron microscope (SEM) image of the same sample featuring randomly distributed 

dislocations. 

 
In contrast, in the sample deformed at 1050 °C, hierarchical clustering of dislocations was observed. This 
was expected as the concurrent recovery phenomenon is dominant above 1020 °C, with dislocation climb 
as the dominating phenomenon.56, 264 Dislocations coalesce and arrange themselves in bundles on favorable 
planes leaving behind the recovered zones, as exemplified in Figure 5.4a and b for the crystals deformed 
up to 3% and 10%, respectively. This coalescence of dislocations into bundle-like mesoscopic structures 
resulted in the connected regions with a large number of dislocations. 56 As a result, there are sparsely 
populated (recovered) regions between these bundles with relatively low dislocation density. This 
rearrangement of dislocations occurs similarly if the samples are deformed at lower temperatures, e.g., 900 
°C, and annealed at above recovery temperature, e.g., 1050 °C. 56 
 
Interestingly, the dislocation coalescence phenomenon was even more pronounced in the case of 10% 
deformed crystals (Figure 5.4b) and exemplified in SEM images for 3% plastic deformation in Figure 5.4c. 
The dislocation arrays were inhomogeneously spaced and about 1 µm apart (Figure 5.4d). Nevertheless, 
within a dislocation array, the spacing between two dislocations is so narrow that SEM could not resolve 
it. Therefore, TEM investigations were called for (details in section 5.1.3). 
 
 

 
† For rutile (TiO2), above 1020 °C, the dislocation climb phenomenon is dominant; this leads to dislocations alignment due to their strain 

fields in the form of bundles on favorable planes leaving behind a dislocation-free (recovered) zone. (See reference56).  
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Figure 5.4: Dislocation configuration on (120) faces of rutile specimens visualized using etch pit technique. (a) laser microscope image of 

a rutile (TiO2) sample deformed up to 3% at 1050 °C, highlighting dislocations bundles with recovered regions. (b) image of a 10% 

deformed sample at 1050 °C depicting typical dislocation bundles with more pronounced recovered regions. (c) SEM image of dislocation 

bands in a 3% deformed sample authenticates dislocation bundling, highlighting that the bundles themselves are composed of several 

individual arrays of dislocations. (d) high-resolution SEM image of a dislocation bundle demonstrating the distance between individual 

dislocations within one array of less than 100 nm but with dislocation free regions of approximately 1 µm in between these arrays. 

 
The highly hierarchical nature of dislocation distribution in the specimens deformed at 1050 °C made it 
hard to determine the average dislocation density. The obvious reason is that the etch-pits resolved via 
SEM do not have enough resolution, and the TEM images may not provide enough sample overview. 
Nevertheless, within the bundled regions, combining the dislocation spacing (ca. 60 nm/evaluated from 
TEM images in section 5.1.3) with the overview from the etch-pits (Figure 5.4), a density of 1013 m-2 was 
realized, which then equals a density of ca. 2.5 × 1012 m-2 when averaged for the entire sample (Figure 5.4c 
and d). 
 

5.1.3 Dislocation features investigations (TEM): 
 
To further rationalize the mesoscopic dislocation structure and map individual dislocations within the 
dislocation arrays, ultra-high voltage transmission electron microscopy (UHVTEM) was carried out. For 
this purpose, deformed single crystals from each batch, i.e., deformed at 1050 °C and 900 °C, were selected. 
Images were obtained along and across the dislocation lines (�̂�[100]) as this would allow for tracing 

dislocation streaks (TEM views are also presented in Figure 5.5 and Figure 5.6). 
 
Figure 5.5 shows bright-field scanning transmission electron microscopy (BF-STEM) images of a specimen 
deformed up to 3% at 1050 °C, purposefully taken across the dislocation lines; this made it feasible to track 
each dislocation streak (refer to TEM view ACROSS). Dislocation arrays having a pure edge-type character 
with an average spacing (between individual dislocations) of ca. 60 nm can be observed. At several points 
within this array, a distance of ≤ 20 nm was also realized. Figure 5.5b confirms the features observed in 
Figure 5.5a to be statistically representative, while Figure 5.5c illustrates the reduced number of 
dislocations in the recovered zones. It should be highlighted that the mesoscopic structure of dislocations, 
observed in the results produced by the laser, scanning, and transmission electron microscopy, are in 
excellent agreement. 
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Figure 5.5: Bright field-scanning transmission electron microscopy (BF-STEM) images of deformed rutile taken across the line vector �̂�[100]. 

(a, b) a specimen deformed by 3% at 1050 °C; bundles of almost parallel dislocations very closely spaced with predominantly edge 
character can be observed. (c) image of the same sample in (a and b) taken along the dislocation lines �̂�[100] (symbol ⊗) with the area 

having low dislocation density (recovered area); validates the bundling of dislocations. 

 
Figure 5.6 features images of a specimen deformed up to 2% at 900 °C; dislocations appeared as small dots 
(Figure 5.6a) when the image is taken along the dislocation liner vector �̂�[100] (refer to TEM view ALONG). 

Once the TEM sample holder was tilted by 26.5° with (210) as the plane of view, dislocations appeared as 
small line segments in Figure 5.6b. This illustrates that dislocations extend along the [100] direction and 
validate the edge character (Figure 5.5). However, most importantly, the minimum distance between the 
dislocations is much larger than for the samples deformed at 1050 °C.  
 

 

Figure 5.6: BF-STEM images of deformed rutile taken along the line vector  �̂�[100]. (a) a specimen deformed by 2% at 900 °C, illustrating a 

much larger dislocation spacing. (b) the same sample in (a) is now tilted by 26.5°.  

 
5.2 Influence of mesoscopic dislocation structure on electrical conductivity: 
 
Specimens with two different mesoscopic dislocation structures were investigated by a range of electrical 
characterizations and compared with the results of pristine ones. For all specimens, it was assured that the 
applied electric field is approximately aligned with the dislocation lines, as shown in Figure 5.1c. 
Temperature and oxygen partial pressure (pO2) dependent impedance spectroscopy was performed on 
bulk specimens. Moreover, temperature-dependent microcontact impedance spectroscopy (MCIS) was 
employed to quantify the local electrical response of dislocation-rich and pristine regions. Additional 
investigations down to nano-scale were performed via Local Conductive-Atomic Force Microscopy (LC-
AFM) and Kelvin Probe-Force Microscopy (KPFM). These measurements were then supplemented by 
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oxygen (18O) tracer diffusion experiments to fully elucidate the influence of dislocations on the electrical 
conductivity of rutile.  
 
5.2.1 Temperature-dependent impedance analysis (bulk impedance spectroscopy):  
 
Impedance data for pristine and deformed specimens with the geometry of 4 x 4 x 1 mm3 was measured in 
ambient air. Figure 5.7a presents the Nyquist plots of electrical resistivity at 700 °C for all sample 
configurations. In this plot, the presence of a single semicircle depicts the single electrochemical response 
evolved from the bulk material. This attribution is based on the semicircles' capacitance values (1 × 10-12 
F).156 Further, no Schottky-type barrier response was observed in the measured frequency range, which 
indicates the ohmic nature of Pt-fired contacts on both faces of specimens. Details on preparing such ohmic 
contacts are provided in section 4.6. 
 
A distinct difference in the resistivity of deformed specimens was observed compared to the pristine ones. It 
can be seen that the samples deformed at 900 °C (i.e., with randomly distributed dislocations) led to an 
increase in resistivity compared to the pristine samples. In comparison, a decrease in resistivity was 
observed for samples deformed at 1050 °C (with bundled dislocations). 
 
This bi-directional change in resistivity is one of the critical observations, and this difference is even more 
prominent in samples with 10% plastic strain (green curve in Figure 5.7a). Measuring Arrhenius plots of 
electrical conductivity in a wide temperature range, i.e., 500–700 °C, verified this trend (Figure 5.7b). It is 
evident that the conductivity increases when the dislocations are in bundled configuration, and this effect 
is most prominent for the 10% deformed sample, with an increase of electrical conductivity by a factor of 
three (03).  
 

 

Figure 5.7: High-temperature impedance spectroscopy data in the temperature range of 500 °C - 700 °C for all dislocation configurations. 

(a) Nyquist plots of resistivity for all samples measured along the dislocation lines at 700 °C (b) Arrhenius plots of electrical conductivity 

measured in ambient air. Activation energy (Ea) values are also provided with legend. The oxygen ionic conductivity calculated from the 

tracer diffusion coefficient (details provided in respective section) is included in the plot for comparison purposes; this reveals that rutile 

is predominantly electron-conducting. 

 
It should be emphasized here that point defect engineering is usually considered to alter the electrical 
conductivity of semiconducting oxides.182-184, 188, 189, 245, 265 However, with the observed results (Figure 5.7), 
it seems possible to tune the electrical conductivity in both directions without any addition of foreign 
doping elements. The specimens with arranged dislocation networks show a pronounced increase in 
electrical conductivity. However, it should be realized that these specimens also possess the recovered 
regions where the dislocation density was drastically reduced (refer to SEM images in Figure 5.4). 
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Therefore, there must be a contribution of bulk conductivity parallel to the response coming from 
dislocations. In other words, the observed electrical conductivity is a combination of the dislocations and 
recovered regions. Given a significant increase in overall electrical conductivity, it is likely that the current 
density in the regions with dislocations is increased by a factor of ≈100 for a 10% deformed sample, but 
certainly not evident due to the bulk contribution in total conductivity.  
 
This conductivity enhancement is far beyond the increase in conductivity reported by Kim et al., 266 where 
it was demonstrated that donor (Nb) doping ranging from 0.05 mol% to 4 mol% could increase the 
conductivity by 2–3 orders of magnitude. Furthermore, the extent to which overall conductivity is 
decreased is 50% of the conductivity decrease observed by Nowotny et al. 183 upon 5% Cr-acceptor doping 
when deforming by 2% and reaches the same magnitude as 5% Cr doping when the specimens were 
deformed by 5%. This emphasizes that dislocations' potential for altering conductivity matches beyond 
that of point defect doping. 
 
5.2.2 Donor and acceptor-like doping effects: 
 
Temperature-dependent impedance measurements show interesting results and suggest that the electrical 
conductivity of rutile can be tailored depending upon the mesoscopic dislocation structure. However, in 
these results, evaluated activation energy (Ea) values were in the narrow range of 0.71-0.79 eV. This 
suggests that the conduction mechanism in the measured samples does not change drastically. 
 
It is tempting to simply associate the obtained activation energy values (Ea) to a specific conduction 
mechanism;11 however, it could be misleading due to the complex defect chemistry of TiO2.183 Possible ionic 
defects in rutile could be either vacancy, such as metal and oxygen vacancies (𝑉𝑇𝑖

′′′′, 𝑉𝑂
••), or interstitials, 

such as (𝑇𝑖𝑖
•••• or 𝑇𝑖𝑖

•••) in addition to the electronic defects, i.e., electron (𝑒′) and holes ℎ•. 183 Therefore, to 
determine the conduction mechanism, the conductivity dependence on oxygen partial pressure (pO2) was 
studied. 12 
 
Figure 5.8 presents the obtained electrical conductivity as a function of oxygen partial pressure (pO2) for 
all sample configurations. It can be seen that irrespective of the dislocation configurations, mostly a slope 
of -¼ was observed with increasing oxygen partial pressure (pO2). According to Brouwer’s approximation 
and a reduced charge neutrality condition, this slope can be attributed to an n-type conduction regime (see 
Figure 2.23). In this pO2 range, the ionic Schottky defects compensate for the electroneutrality condition 
([𝑉𝑂

••] = 2 [𝑉𝑇𝑖
′′′′]), but the minority electronic charge carriers determine the nature of conductivity. 234 

 

 

Figure 5.8: Electrical conductivity measured as a function of oxygen partial pressure (pO2) for all sample configurations at 700 °C. The 

data was obtained from the same specimens measured before in ambient conditions (see Nyquist and Arrhenius plots in Figure 5.7). 
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Interestingly, the bi-directional change observed in the Arrhenius plots of electrical conductivity (Figure 
5.7) is also consistent in this case. This means the samples with scattered dislocation networks (deformed 
at 900 °C) again exhibited a lower conductivity than the pristine ones. In comparison, the samples with 
dislocation bundles (deformed at 1050 °C) all revealed higher conductivity. Nevertheless, there is a 
reduction in the slope for the pristine and the samples deformed at 900 °C at higher pO2 and for the 10% 
deformed sample (deformed at 1050 °C) at low pO2 (Figure 5.8). 
 
Notably, the behavior of samples measured by changing the pO2 suggests a doping effect. Typically, a 
regular amount of dopant can change the point of intrinsic defect concentration.11 This so-called “bath-tub” 
at which [𝑒′] = [ℎ•] corresponds to the minimum of conductivity, and can be shifted by doping, i.e., 
stoichiometric point in case of intrinsic defects only (Figure 2.23). 12, 183 Usually, this is distinguishable when 
the conductivity changes to a predominant p-type character with increasing partial pressure (slope +¼).42 
For the sample deformed at 900 °C, the stoichiometric point is shifted to a lower pO2 than the pristine 
conductivity minimum. On the other hand, the minima of the crystals deformed at 1050 °C all shift to higher 
pO2, which is usually achieved by donor doping.  183 In other words, compared to the pristine samples, the 
crystals with scattered dislocation networks (deformed at 900 °C) behave like an acceptor-doped material, 
234 while the crystals with dislocation bundles (deformed at 1050 °C) behave like being donor-doped.266 pO2 
measurement range (10-1 to 10-5 bar) and respective charged neutrality conditions are highlighted in a 
representative Brouwer’s diagram in the literature review (Figure 2.23). 
 
5.2.3 Influence of dislocations on oxygen conductivity: 
 
The pO2-dependent impedance measurements suggest that the pristine and the specimens with 
dislocations networks be pure electronic conductive. However, Adepalli et al. 42 described dislocations as 
oxygen conducting; therefore, further evidence is needed concerning whether the introduced dislocation 
networks impact the ionic conducting in our case. To address this, oxygen tracer (18O) diffusion experiments 
were conducted, and the results are discussed in the following. 
 
Deformed samples with arranged dislocation bundles (Figure 5.9) were chosen for 18O diffusion 
experiments, as this would allow investigate the impact of induced dislocation networks and their 
arrangements on oxygen conductivity. This way, the nature of pristine rutile samples could also be revealed 
as some authors claim it as an oxygen conductor,42, 233 while others as an electronic conductor.234, 235 Details 
of 18O experiments are provided in section 4.5.  
 
Post-tracer diffusion experiments analysis was done via time-of-flight secondary ion mass spectrometry 
(ToF-SIMS) in dislocation-rich and regions without dislocations. Figure 5.9a presents the laser microscope 
image of a specimen with bundled dislocations. As described earlier, the choice of bundled specimens was 
made because the dislocation rich and deficient regions can be well distinguished. Figure 5.9b features a 
secondary electron (SE) image from a similar region recorded with the SIMS instrument featuring 
dislocation bands. Figure 5.9c illustrates the corresponding cumulative 18O-intensity image from ToF-SIMS 
depth profiling of the exact same region (as in Figure 5.9b). No difference in intensity/count rate was 
observed for dislocation rich and deficient regions. This provides sufficient qualitative evidence for 
identical oxygen incorporation and diffusion in both regions. However, for further elucidation, depth 
profiles of the isotope concentration ratio 𝑥18

∗
𝑂

 in the respective regions are evaluated by employing 

Equation 4-7. 
 
Where 𝐼18O and 𝐼16O are the secondary ion intensities of 18O and 16O, respectively, normalized to the 18O 

ratio in the isotope enriched gas xgas = 0.97 and the natural abundance of tracer (18O) xbg = 0.0021. 61 
 

 𝑥18𝑂 =
𝑥18
∗
𝑂
− 𝑥𝑏𝑔

𝑥𝑔𝑎𝑠 − 𝑥𝑏𝑔
 Equation 5-1 
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In Figure 5.9d, the isotope ratio profiles of regions with high and low dislocation density are plotted. These 
do not differ from each other, and thus it can be inferred that the diffusion of oxygen is not affected by the 
dislocations, not even with such high dislocation density.  
 

 

Figure 5.9: (a) Arranged dislocation bundles, revealed in the form of etch pits on rutile (120) plane. The specimen was plastically deformed 
up to 3% at 1050 °C. (b) secondary electron/SE image of a similar region. (c) corresponding cumulative 𝑇𝑖18O image/the color scale 

represents increasing intensity from the bottom to the top of the scale. (d) Tracer (𝑥18O) profile plotted against sputtering depth/d for 

dislocation rich and deficient regions. 

 
Nevertheless, these results suggest low oxygen incorporation in pristine regions as well.  Thus, it can be 
inferred that the specimens used in this work were poor oxygen conductors. However, this can be further 
validated by evaluating oxygen ionic conductivity by employing the tracer diffusion coefficient (D) and 
comparing it with the electrical conductivity measured via impedance spectroscopy (Figure 5.7b). 
 
The tracer diffusion coefficient D is extracted from fitting the position-dependent isotope ratio profile by 
assuming semi-infinite diffusion, taking into account a surface incorporation coefficient k: 267 
 

 𝑘 (𝑥18O(𝑔𝑎𝑠) − 𝑥18O(𝑥 = 0, 𝑡)) = −𝐷(𝑥 = 0)
𝜕𝑥18O
𝜕𝑥

 Equation 5-2 

 
The diffusion coefficient at experimental temperature (T = 800 °C) was evaluated to be D = 4 x 10-18 m2/s 
(± 20%). Nernst-Einstein equation was employed to calculate the oxygen conductivity: 268 
 

 𝜎 =
𝐶𝑜 ∙ 𝑞

2 ∙ 𝐷

𝑓𝐷 ∙ 𝑘𝐵 ∙ 𝑇
 Equation 5-3 

 
Here Co is the concentration of oxygen ions, i.e., 3.2071 × 1028 ions/m3, (calculated with the lattice constants 
of rutile, i.e., a = 4.59 Å and c = 2.95 Å),262 q is the charge of diffusing species, i.e., electrons (4 × 1.6 ×10−19 
C); fD = 0.78 is the geometric correlation factor.269 In this case, a rough assumption of the oxygen sublattice 
representing a tilted hcp lattice is made. T is the annealing temperature of the tracer diffusion experiment, 
i.e., 1073 K. 
  
The oxygen conductivity is calculated to be 1.12 × 10−8 S/cm, which is orders of magnitudes lower than the 
measured electrical conductivity extrapolated via the Arrhenius relationship up to 800 °C. For comparison, 
this is also shown in the Arrhenius plot of the electrically measured conductivity (Figure 5.7b). This 
provides ample evidence of the dominant electronic conductivity in these specimens. These results also 
validate that the dislocations only influence the electronic conductivity instead of ionic conduction. 
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5.2.4 Dislocations as “charge sweeper” or “percolating conductive pathways”:  
 
The following description briefly describes the proposed models for observed donor-and acceptor-like 
doping behavior in rutile.  
 
The temperature-dependent impedance measurements (Figure 5.7) reflect an evident difference in the 
electrical conductivity of pristine and the samples with different mesoscopic dislocation structures. pO2-
dependent measurements validate the donor and acceptor-like doping effects induced by the different 
mesoscopic dislocation networks. In the samples with randomly oriented dislocation configurations 
(deformed at 900 °C), the n-type conductivity was reduced (Figure 5.8). The hypothesis for this behavior 
is the sweep-up of donor impurities by dislocations, 20 initially responsible for the undeformed crystal’s n-
type conductivity. A charge sweep-up is feasible as point defects sufficiently interact with dislocations at 
this temperature.28 Consequently, there is a shift in the bulk conductivity as the number of available charge 
carriers concentration is reduced. The bulk conductivity mechanism and its activation energy (Ea) would 
not be expected to alter,183 as is indeed observed in Arrhenius plots (see Figure 5.7b).  
 
In contrast, for the samples with arranged dislocation configurations (deformed at 1050 °C), the n-type 
conductivity was increased (Figure 5.8). This can be explained by assuming a positively charged dislocation 
core and a compensating electron-rich space charge.88, 95 When dislocations are spaced only a few nm apart 
(TEM images in Figure 5.5), their space charges may overlap substantially, forming a conductive percolating 
pathway (see Figure 5.10b). This is well supported by detailed studies on space charge overlap at 
dislocations in bi-crystals by De Souza et al. 95 (see the space charge layer description in section 2.9.2). It 
should be emphasized that, in the case of predominant electronic compensation in the space charge, the 
electronic charge carrier concentration and electronic conductivity would neither be expected to depend 
significantly on temperature nor oxygen partial pressure.77, 81 This also explains the insignificant change in 
conductivity's activation energy (Ea), as the dislocations increase the electrical conductivity due to the 
percolating adjacent space charge. Maier described that the space charge zone could be characterized by 
the debye length 𝜆.11 (The following section provides the evaluation of debye length in the studied 
specimens). 
 
As discussed above, the activation energy of the percolating conductive pathway (formed by closely spaced 
dislocations) would be dominated by space charge properties. A little change in activation energy hints 
toward inadequate percolating pathways across the entire sample. It is also possible that no conductive 
pathway percolates through the specimens; otherwise, a substantial change in the activation energy would 
observe. Therefore, these percolating pathways are proposed with some “gaps” in them. This gap character 
is schematically depicted in Figure 5.10e. 
 
The large cross-sectional area marked in light blue is available for conductivity through the bulk. In 
contrast, only a small cross-sectional area (marked in dark blue) is available for the dislocation 
conductivity. Charge transport will occur through the space charge layer marked in green. But if 
dislocations do not directly connect one electrode to the other, the current will need to cross the gap 
between the dislocations, marked in red. A further simplification of the space charge and gap is also given 
in Figure 5.10f, where space charge and gap resistance are drawn in series. 
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Figure 5.10: (a) Schematic of positively charged dislocation cores (n-type conduction) and individual enriched space charge. (b) overlap 

of space charge zones is proposed in the case of bundled dislocations. (c) TEM image (1050 °C deformed) where dislocations are spaced 

apart, with little probability of overlapping space charges. (d) TEM image (1050 °C deformed) where dislocations are bundled. Here, space 

charge zones overlap and form percolating paths suggested to be responsible for enhanced conductivity. (e) Schematic illustration of 

conductive pathway generated by dislocations being tangent to each other/simplified view in (f). Bulk properties dominate the gap. 

 

5.2.5 Debye length (space charge) evaluation:  
 
The condition for the space charge zone to overlap is given by 2λ ≥ ddis (where λ is the Debye length and 
ddis is the distance between the dislocations). 11, 42 Debye length (λ) can be calculated via equation as follows: 
270 
 

 𝜆 = (
𝜀𝑜𝜀𝑟𝑘𝑇

2
𝑧𝑗
2𝑒2𝑐𝑗∞)

1
2

 
 

Equation 5-4 

 
here, ε0 is the permittivity of free space (8.85 x 10-12 F/m), εr is relative permittivity (∼ 85 for Titania),42 k 
is Boltzmann constant (1.38 x 10-23 m2 kg s-2 K-1), T is the thermodynamic temperature (e.g., 1000K), Zj is 
effective dopant charge (in this case it is electron so = -1), e is an electronic charge (1.6 x 10-19 C), cj is charge 
density (1 x 1018 cm-3).183  
 
Substituting values in Equation 5-4 provide the Debye length (λ) of 14 nm. This seems realistic because, in 
many places, the distance between dislocations was observed to be ≤ 20nm (refer to TEM images in Figure 
5.5); and thus, fits excellently in the narrative.   
 
5.3 Conclusion on bulk impedance measurements 
 
With the above-presented results and brief interpretation, it can be inferred that the introduction of 
dislocations in rutile has a noticeable influence on the electronic conductivity of rutile. The conductivity can 
be increased or decreased by controlling the mesoscopic dislocation structure in rutile single crystals. The 
introduced dislocation networks affect the material in a different manner and can induce behavior akin to 
the donor or acceptor doping in the pure material alone. The arrangement across multiple length scales 
seems the crucial design parameter where control over the next-neighbor distance may be more impactful 
than control over the total number of dislocations. Nevertheless, further investigations in the direction of 
rationalizing the suggested “small gaps” in percolating pathways would help reveal the real potential of 
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dislocations to tune the electronic conductivity of rutile and other semiconducting oxides by just 
introducing dislocation networks instead of chemical doping strategies. 
 
5.4 Microcontact Impedance Spectroscopy (MCIS) measurements:  
 
Bulk impedance measurements established that dislocations with bundle-like configuration can 
significantly enhance the electrical conductivity of rutile without adding any dopant (Figure 5.7). When the 
spacing between dislocations is so narrow that the space charge can overlap, a percolating conductive path 
can form, resulting in conductivity enhancement (Figure 5.10). However, it was assumed that probably no 
dislocation network is developed that connects the electrodes through the whole sample (as illustrated in 
Figure 5.10e), and there must be a contribution of conduction through the bulk material connected in series 
to the dislocation conduction (Figure 5.10f). Therefore, the conductive path was proposed with "small gaps" 
in it, having a key role. The behavior of the gap then ultimately dominated the temperature dependence of 
conductivity, and the activation energy remained unchanged (as observed in Figure 5.7). Even though this 
hypothesis certainly fits the obtained results, more evidence or at least a semiquantitative description is 
required to fully elucidate the effect of dislocations. Therefore, further electrical measurements were 
performed on a local scale. 
 
Microcontact impedance spectroscopy (MCIS) is employed to detect and quantify the local electrical 
response of induced mesoscopic dislocation structures. This technique offers excellent potential to 
investigate dislocation-free and high dislocation density regions (Figure 5.11). Only a small volume below 
the microelectrode is probed, which provides an estimation of the local electrical conductivity of 
dislocations in terms of spreading resistance.165, 271, 272 The following section describes local electrical 
investigations on arranged mesoscopic dislocation networks, while the microelectrode fabrication 
processes are described in sections 4.9.1 and 4.9.2.  
 
Rutile single crystals were deformed at 1050 °C by employing the deformation protocol described in 
section 4.2.1. Systematic cutting of deformed single crystals at an angle of 45° resulted in (120) surface 
planes (as shown in Figure 5.11a). This way, dislocation lines moving onto {011} planes percolate through 
(120) planes at an angle of ≈ 20° (Figure 5.11).  These dislocation lines are then visualized on the (120) 
plane in the form of etch-pits via chemical etching (as described in section 4.4.1).  
 
As expected, recovery behavior is observed, and dislocation bundles are formed, 56 leaving recovered zones 
between these bundles, and the dislocation density is remarkably reduced within the recovered zones 
(Figure 5.11b). Thus, an arranged and highly dense mesoscopic dislocation structure is attained in the form 
of bundles. This would allow local electrical investigations on dislocation-rich (bundles) and dislocation 
deficient (recovered) areas on the same sample (Figure 5.11c).  
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Figure 5.11: (a) Schematic of orientation and loading direction of rutile single crystals, along with activated predominant {011} <011> slip 

system at an angle of 57.27° with the (010) plane, highlighted in dotted grey. Laser microscope images of chemically etched (120) planes 

of exactly the same region are presented, recovery behavior can be observed on the etched planes. Dislocation lines move on the (011) 

plane in the direction of [100], intersecting the (120) plane at an angle, dislocations are visualized as etch-pits onto (120) planes. (b) Front 

view of 1 mm thick specimen with etched (120) plane extracted from (a), mesoscopic dislocation structure is perceptible at higher 

magnification while dislocation lines going into the plane (symbol ⊗), recovered zone, and dislocation bundles are optically rationalized. 

(c) Schematic of the same specimen in (b) with actual micrograph on the top (dislocation lines go through the sample at an angle of ≈ 

20°) along with the schematic of microelectrodes onto the dislocation bundles and the recovered zones. 

 
To compare local electrical properties, 20 µm diameter microelectrodes were accurately placed onto the 
recovered region and the dislocation bundles (Figure 5.12a-c). Photolithography and physical vapor 
deposition (PVD) processes (details in section 4.9) were employed to obtain Al-Au microelectrodes in the 
recovered zone (low dislocation density) (EPVD-1), bundled regions with medium (EPVD-2), and high 
dislocation density (EPVD-3) areas. This way, density-dependent microelectrode impedance measurements 
were made feasible. The nomenclature of microelectrodes is also presented in Table 4.1. 
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Figure 5.12: (a-c) Laser microscope images of the specimen with deposited Al-Au microelectrodes of 20 µm diameter. EPVD-1, EPVD-2, and 

EPVD-3 represent recovered zone, bundled regions with medium and high dislocation density, respectively. (d-f) Scanning Electron 

Microscope (SEM) images of the same microelectrodes are shown as probed in Figure (a-c). Etch-pits underneath the microelectrodes 

are visible at high magnification.  

 

5.4.1 Dislocation density evaluation:  
 
Even though it is possible to rationalize the location of microelectrodes in the recovered zone and bundled 
regions with varying dislocation density (Figure 5.12), the exact number of dislocations etch-pits 
underneath the microelectrodes was also quantified. High Resolution-Scanning Electron Microscopy (HR-
SEM) confirmed that EPVD-1 (in Figure 5.12a, d) is placed in the recovered zone or a very low dislocation 
density region covering roughly 40 ± 5 etch pits. On the other hand, 2800 and 4000 (± 50) etch pits were 
found under EPVD-2 and EPVD-3, respectively (refer to Figure 4.12). This quantification can be validated by the 
TEM images (Figure 5.5a, b). The average spacing between dislocations was ≈ 50/60 nm; this gives 20 
dislocations/µm and leads to a similar quantification. The dislocation density under PVD sputtered 
microelectrodes is also presented in Table 4.2. 
 
5.4.2 Room temperature MCIS measurements: 
 
Low (EPVD-1), medium (EPVD-2), and high dislocation density (EPVD-3) regions were probed via tungsten 
needles using impedance spectroscopy (Figure 5.13a). Figure 5.13b features the impedance spectra 
experimentally recorded at room temperature for all three regions. During measurement, the voltage is 
applied between a circular microelectrode and a large bottom counter-electrode comparatively far away 
from this microelectrode (Figure 5.13a). Therefore, the voltage is expected to drop very close to the 
microelectrode and obtain local resistance information.165, 272 However, the conductive pathways formed 
by dislocations can change this situation. This means, probing the region with dislocations, the high 
conductivity of the dislocations compared to the bulk leads to a significant voltage drop at the gap between 
two dislocation bundles instead of directly below the electrode. This is also illustrated via simulations 
emulating the low-temperature behavior (in the FEM section/Figure 5.15a). 
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One semicircle is observed for the dislocation deficient region (EPVD-1), while no other process can be 
resolved at high or low frequencies (Figure 5.13b-c). This represents the single electrical process with a 
capacitance of 1 × 10-12 F and, therefore, can be attributed to the bulk process. 156 For bundled regions, i.e., 
(EPVD-2 and EPVD-3), two different semicircles and thus two resistive responses can be determined with their 
respective high to low-frequency arc capacitance values (EPVD-2 = 6.14 × 10-13 F, and 2.89 × 10-12 F; EPVD-3 = 
4.98 × 10-13 F and 2.49 × 10-12 F). However, the high-frequency response only becomes visible in Figure 
5.13c, which focuses on the high-frequency data. These two processes could be attributed to the 
dislocations and the bulk response, respectively.  
 
Furthermore, orders of magnitude difference is observed between the dislocation-deficient region response 
(EPVD-1) and the first electrical response of the areas with dislocation bundles (EPVD-2). The reduction in 
resistance of the first electrical response becomes even more pronounced with a higher density of 
dislocation bundles EPVD-3 (Figure 5.12c, f). It should be noted that over 100 different microelectrodes were 
measured at room temperature to have statistically reliable data, while Figure 5.13 portrays a 
representative set of measurements. 
 

 

Figure 5.13: (a) Schematic of the microcontact impedance setup depicting heating stage, alumina case, and the sample. The actual 

micrograph is presented on the top surface along with the schematic of microelectrodes. A two-probe measurement setup is employed; 

one tungsten needle is used to probe upper microelectrodes while the other contacts the large metal plate at the bottom electrode. (b) 

Nyquist plots of impedance for selected microelectrodes (at room temperature); onto low (EPVD-1), medium (EPVD-2), and high dislocation 

density areas (EPVD-3). AC frequency values are labeled at the capacitance maxima. No Schottky barrier is observed within the 

measurement frequency range. (c) Aside from the bulk response visible for all three electrodes, EPVD-2 and EPVD-3 show an additional 

process at high frequencies attributed to the dislocations. Measured data could be fitted using the equivalent circuit presented in the 

inset.  

 

Microcontact impedance data evaluation:   
 
It can be seen that the impedance data obtained via microcontacts consists of depressed semi-circles, 
especially for the electrodes located in dislocation regions, i.e., EPVD-1 and EPVD-2. This indicates the non-ideal 
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impedance behavior (details in section 2.10). Considering the deviation from ideal behavior, the data fitting 
was performed by a CPE parallel to resistance (details are exemplified in Figure 2.17). The following points 
were considered to make the choice of CPE for data fitting:  
 

• Overlap of semicircles with different time constants, particularly in the case of EPVD-2 and EPVD-3 

(Figure 5.13c). 

• Depressed semicircles potentially arise because dislocations’ change the rutile's microscopic 

properties, especially in the case of EPVD-2 and EPVD-3.  

 
True capacitance values are evaluated from Q values from impedance data and the ωmax (the maxima of -
Z", highlighted in Figure 5.13b, c), employing Equation 2-37, and presented in Table 5.1. 
 

Table 5.1: True capacitance values for PVD sputtered microelectrodes. For EPVD-2 and EPVD-3, two obtained responses (attributed to the 

dislocations and the gap) are evaluated separately. 

Electrode Q f ωmax 
(rad.s-1) 

n True capacitance 
“C” (F) 

EPVD-1 2.85 × 10-12 476 Hz 2990.7 0.88 1.09 × 10-12 

EPVD-2 
(Dislocation 

response) 

1.17 × 10-11 104 KHz 653451.2 0.78 6.14 × 10-13 

EPVD-2 
(Gap response) 

4.11 × 10-12 1 KHz 6283.1 0.96 2.89 × 10-12 

EPVD-3 
(Dislocation 

response) 

9.70 × 10-12 218 KHz 1369734.
3 

0.79 4.98 × 10-13 

EPVD-3 
(Gap response) 

2.70 × 10-12 400 Hz 2513.2 0.99 2.49 × 10-12 

 

5.4.3 GIS-deposited microelectrode impedance measurements:  
 
To expand investigations down to further local scale, impedance measurements were performed on 
"electron beam assisted-gas injection system" (GIS) deposited minuscule microcontacts (deposition details 
are provided in section 4.9.2). Due to the very small area of microelectrodes (3 × 3 µm2), these 
measurements were only possible inside the SEM. Nevertheless, it was ensured that the electron beam did 
not change the experimental conditions (details in section 4.9.2). 
  
Figure 5.14a-c presents SEM images of GIS deposited 3 × 3 µm2 tungsten microelectrodes onto another slice 
of the same deformed crystal (Figure 5.11). For data presentation consistency, these microelectrodes are 
distinguished as low (EGIS-1), medium (EGIS-2), and high dislocation density (EGIS-3) areas (also presented in 
Table 4.1). 
 
Figure 5.14d illustrates Nyquist plots for GIS deposited microcontact measurements for low (EGIS-1), 
medium (EGIS-2), and high dislocation density (EGIS-3) areas. For bundle-like configurations, i.e., medium (EGIS-

2) and high (EGIS-3), two contributions can be observed in Figure 5.14d as for the measurements presented 
in Figure 5.13. The second response for EGIS-1 simply seems to evolve at much lower frequencies out of the 
measurement range (marked as *). However, it becomes clear that there is a separation of electrical 
responses for EGIS-1 as well. Multiple impedance spectra are recorded to check for the reproducibility of the 
results. There is a difference in the resistance of the first response depending on the number of dislocations 
in the respective regions. This becomes clear in Figure 5.14e, in which the data range is limited from 2 kHz 
to 200 kHz. Corresponding resistance values were extracted from the impedance data for these 
measurements and presented in a histogram in the inset, which followed at least a similar trend as the 
measurement of the PVD sputtered microelectrodes (Figure 5.13c). 
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Figure 5.14: HR-SEM images of electron beam assisted gas injection system (GIS) deposited tungsten microelectrodes onto (a) low EGIS-1, 

(b) medium EGIS-2, and (c) high dislocation density areas EGIS-3. The area of microelectrodes is 3 × 3 µm2, while tungsten needles with a tip-

diameter of 100 nm are used to probe these electrodes. (d) Nyquist plots of impedance were measured at room temperature in the 

frequency range of 100 Hz to 200 kHz. For bundle-like configurations (EGIS-2/ EGIS-3), two contributions are observed. (e) Nyquist plots of 

the same measurement focused here in the range of 2 kHz to 200 kHz. AC frequency values are highlighted at the minima of the respective 

semicircles, showing bulk response relaxing at lower frequencies (for EGIS-1) and dislocation response (for EGIS-2 and EGIS-3) at higher 

frequencies. Corresponding resistance values are presented in the histogram (inset).  

 
5.4.4 Comparison between PVD and GIS microelectrodes measurements:  
 
Comparing the density-dependent results obtained with the PVD sputtered, and GIS deposited 
microcontacts, one may argue that the resistance changes by orders of magnitude for the large PVD 
microelectrodes. However, the small GIS deposited electrode measurements revealed only a few percent 
changes. For readers’ understanding, in the following, a comparison is established between these two 
measurements, and insights are provided to elaborate the data interpretation. 
 
First, it needs to be highlighted that the smaller the microelectrodes are, the fewer dislocation arrays (from 
a bundle) can get captured. According to TEM images, the dislocation affected region has a diameter of 
about ≈ 60 nm (Figure 5.5). Given the number of dislocations etch-pits and the area of the microelectrode, 
the ratio of the area influenced by dislocations in the microelectrode measurements can be rationalized. 
This can be termed as area fraction. For example, in the bundled situation for PVD microelectrode (EPVD-2), 
2800 (± 50) dislocations cover 3.2% of the electrode area. Similarly, for EPVD-3 with 4000 (± 50) dislocations, 
the area fraction was calculated to be 4.5%. Thus, there is an increase in area fraction by a factor of 1.4 
comparing EPVD-2 to EPVD-3. This ultimately results in an increase in local conductivity by a factor of 4. For 
EPVD-1, however, only an area fraction of 0.04% could be determined with 40 (± 5) dislocations present. This 
means a much more significant change in area fraction (by a factor of 80) from EPVD-1 to EPVD-2 leads to an 
increase in local conductivity by a factor of 125 due to the higher area fraction ratio. It should be noted that 
a higher area fraction correlates with higher conductivity, but this trend is not necessarily linear. 
 
In contrast, for the GIS-deposited microelectrode (EGIS-2), merely 40 (±5) dislocations were captured. This 
gives an area fraction of 1.6%. There is a difference in area fraction by a factor of 4 compared to EGIS-1 (area 
fraction 0.4%) and increases local conductivity by a factor of 1.3. When the area fraction increases further 
by 1.6, conductivity becomes higher by a factor of 1.2 (comparing EGIS-2 to EGIS-3). Certainly, the numbers can 
only illustrate the general trend as the affected area is estimated after all, and the degree of space charge 
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overlap cannot be taken into account. Nevertheless, the comparison well explains the deviations of the 
results from the different microelectrode sizes and supports the interpretation of the data. A comparison 
of an observed dislocation-enhanced local increase in electrical conductivity for both types of 
microelectrodes is also presented in Table 5.2 and Table 5.3.  
 

Table 5.2: Comparison of an observed dislocation-enhanced local increase in electrical conductivity (PVD deposited microelectrodes). 

Electrode No. of 
dislocation 
underneath 

(± Tolerance) 

Area fraction 
(covered by the 

dislocations) 

Difference in area 
fraction 

(by a factor) 

Increase in local 
electrical 

conductivity 
(by a factor) 

EPVD-1 40 (± 5) 0.04% - - 
EPVD-2 2800 (± 50) 3.2% EPVD-1 to EPVD-2 (80) 125 
EPVD-3 4000 (± 50) 4.5% EPVD-2 to EPVD-3 (1.4) 4 

 

Table 5.3: Comparison of an observed dislocation-enhanced local increase in electrical conductivity (GIS deposited microelectrodes). 

Electrode No. of 
dislocation 
underneath 

(± Tolerance) 

Area fraction 
(covered by the 

dislocations) 

Difference in area 
fraction 

(by a factor) 

Increase in local 
electrical 

conductivity 
(by a factor) 

EGIS-1 10 (± 5) 0.4% - - 
EGIS-2 40 (± 5) 1.6% EGIS-1 to EGIS-2 (4) 1.3 
EGIS-3 65 (± 5) 2.6% EGIS-2 to EGIS-3 (1.6) 1.2 

 

5.4.5 Finite Element Method (FEM) calculations: 
 
To elucidate the differences between the two measurement approaches and to attribute the electrical 
responses to physical processes, the data is compared to the generated exemplary impedance plot from the 
FEM calculations† in Figure 5.15; the FEM parameters are described elsewhere.146 
 

 

Figure 5.15: Finite Element Method (FEM) calculations. (a) Distribution of potential for a microelectrode deposited on a dislocation-rich 

region simulated by FEM (25 °C, 1 kHz). Dislocation bundles displayed in black are arranged in an arbitrary example configuration. Most 

of the voltage drop occurs at the “gap” (b) Nyquist plots of impedance (Z) from simulations for areas with and without dislocations. 

Dislocation configuration utilized from (a), i.e., with and without dislocations bundles at T=750 °C. 

 
† FEM calculations were performed by Dr. Till Frömling 
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From FEM data, it should be noted that most of the voltage drops at the “gap response” (Figure 5.15a). This 
is essentially the reason for two responses evolving from these regions, i.e., a highly conductive response 
evolves at higher frequencies and a comparatively high resistive gap or bulk response (see Figure 
5.15b/also inset). The gap resistance is expected to be smaller than the bulk because the probed area is 
now reduced. The dislocation and gap response is shown in Figure 5.15b/inset.  
 
Furthermore, the high-frequency semicircle (the dislocation response) can change its shape depending on 
how large the electrodes are and how many dislocations contribute to the overall response. For example, 
the difference between resistance EGIS-2 and EGIS-3 is not orders of magnitude for the GIS deposited samples 
(Figure 5.14e). In other words, apart from the area fraction covered by dislocation, it is also crucial to 
consider how well the space charge overlaps within the dislocation bundles. There may be the case where 
the microelectrode covers more dislocations, but the degree of space charge does not allow the faster 
mobility of charge carriers. 
 
This should now be clear why calculating the conductivity and the permittivity of the responses is rather 
futile in this case. A quantification of microelectrode responses is only possible in the case of homogeneous 
electrical properties below the electrode. However, in this case, hugely varying electrical conductivity 
exists. Therefore, the discussion needs to be limited to the responses' admittance (or resistance) and 
capacitance. 
 
5.4.6 Effect of electrode dimensions, bulk vs. microcontact:  
 
It should be noted that a dislocation-related response could also be observed in the results from GIS 
deposited microelectrodes for low dislocation density area (EGIS-1) in Figure 5.14d-e. This means that the 
influence of dislocations on the electrical properties does not vanish completely. However, it may not be 
resolved, as can be seen from the data for EPVD-1(Figure 5.13c). This situation is similar to the measurements 
with bulk electrodes at high temperatures, where the dislocation response was also not resolvable in the 
deformed specimens (Figure 5.7a). Therefore, it can be inferred that the dislocation response can only be 
rationalized when the electrode areas are reduced, i.e., by employing microelectrodes. 
 
A comparison of the real part of simulated impedance data from full/bulk electrode and microelectrode 
measurements is given in Figure 5.16. There, it can be observed that the dislocation resistance and the gap 
response for the full electrode measurement decrease. Thus, the dislocation response is only accessible in 
microelectrode measurements, i.e., decreasing electrode size. 
 

 

Figure 5.16: Comparison of simulated real part impedance (Z') for full/bulk and microelectrode measurements. The real part of 

impedance data from simulations with dislocations using a 20 µm microelectrode or full electrode coverage in a Bode-plot. The first bend 

of the curve at low frequency (from left to right) depicts the response from the gap, and the second bend (higher frequency) shows the 

response from the dislocations. It can be seen that with full electrode measurements, mostly the gap response dominates (similar to bulk 

impedance measurements Figure 5.7). While for the microelectrodes, the dislocation response can be rationalized. 
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5.4.7 Temperature-dependent MCIS measurements:  
 
Temperature-dependent microcontact impedance spectroscopy measurements were performed with the 
setup illustrated in Figure 5.13a. As described earlier, a non-homogeneous electrical conductivity is 
observed at room temperature (Figure 5.13b, c). Therefore, only Admittance (Y) data of each electrode is 
extracted from the impedance spectra and presented in Figure 5.17a as Arrhenius plots of admittance in the 
temperature range of 30 °C to 100 °C along with respective activation energies (Ea). 
 
Interestingly, the massive difference in electrical conductivity between the recovered region (low 
dislocation density) and areas with dislocation bundles is temperature independent. There is an increase 
by orders of magnitude in the electrical conductivity when measuring dislocation bundles compared to the 
recovered (low dislocation density) region. In addition, the higher the dislocation density, the more 
prominent is the increase in electrical conductivity. It should now be highlighted that this is exactly the 
similar enhancement in electrical conductivity achieved by Kim et al. 266 by donor (Nb) doping ranging from 
0.05 mol% to 4 mol%, as envisaged earlier in bulk impedance measurements (section 5.2). 
 
Note that low dislocation density areas (EPVD-1) also exhibit temperature-independent conductivity. In this 
case, only the conductivity attributed to the bulk can be determined. This is possible when extrinsic 
impurity dopants from the single crystal growth contribute to the bulk conductivity at low temperatures. 
Furthermore, the frozen changes in defect chemistry, to which rutile is very sensitive, may contribute.245 
At higher temperatures, as observed in the bulk measurements (Figure 5.7), the activation energy changes 
to a higher value (e.g., 0.75 eV) since thermal activation of charge carrier formation sets in. Therefore, this 
is seen as a likely scenario. 
 
Furthermore, the gap response (measured at low frequency in Figure 5.13b) for medium and high 
dislocation density areas (EPVD-2 and EPVD-3) is also plotted in Figure 5.17a. The experimental data follows a 
similar trend compared to the FEM calculated data (Figure 5.17b), i.e., the gap response admittance is 
shifted to higher values (data fitted with blue dashed lines) with the activation energies still hinting 
towards extrinsic electronic conductivity. 245 However, it should also be noted that the gap response 
admittance of EPVD-2 is higher than the one from EPVD-3. It may be the case for EPVD-2 that dislocation streaks 
going into the sample are different from those in EPVD-3. As described in section 5.4.5, the gap response is 
not necessarily always correlated to the density of the bundles at the surface. Therefore, a higher gap 
response for EPVD-3 compared to EPVD-2 is certainly possible, and further details will depend on the exact 
arrangement of the dislocations, which is unfeasible to capture experimentally. Consequently, the trends 
observed are in excellent agreement with the proposed hypothesis and FEM calculations. 
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Figure 5.17: (a) Arrhenius plots of admittance for low (EPVD-1), medium (EPVD-2), and high dislocation density (EPVD-3) areas (fitted with red 

dashed lines), as well as the gap response of EPVD-2 and EPVD-3 (fitted with blue dashed lines), measured in the range of 30 °C to 100 °C 

along with respective activation energies (Ea). The standard deviation for each measurement is evaluated, and error bars are presented. 

(b) Arrhenius plots of admittance for pristine bulk, gap, and dislocation response were evaluated via FEM in the temperature range of 

125 °C to 800 °C. The gap response shows the same temperature dependence as the bulk. For the FEM calculations, no extrinsic dopant 

response is considered at low temperatures. 

 

5.4.8 Comparison of data obtained by bulk, microcontact, and FEM:  
 
In the following, a brief comparison is established between the temperature-dependent electrical data 
obtained from bulk and PVD microcontact impedance measurements. Since the experimental data with 
microelectrodes is limited to 100 °C (Figure 5.17a), FEM data is also considered, covering a wide 
temperature range (Figure 5.17b).  
 
Figure 5.17b illustrates results from the evaluation of the simulated impedance data. The lowest 
conductivity results from the simulation without dislocations, i.e., from the bulk (black-filled circles). Two 
responses can be rationalized for the simulations with dislocations: one belongs to the temperature-
independent dislocation properties (green-filled circles) and the other to the gap response (red-filled 
circles). The gap response follows a similar trend in conductivity likewise the overall bulk (as reported in 
the bulk measurements Figure 5.7). But here, the admittance (Y) shifted towards higher values as the 
geometry of bulk and gap are different. Therefore, its contribution to the temperature-dependent 
admittance is shifted to higher values. However, the FEM calculation depicted in Figure 5.17b does not 
include an extrinsic response for the bulk/gap properties at low temperatures, as observed in Figure 5.17a. 
Nevertheless, the hypothesis that the impact of dislocations results from a temperature-independent space 
charge conductivity is excellently supported by the FEM data compared to the experimental data in Figure 
5.17a. 
 
The above description clarifies that measuring with the bulk electrodes, the gap response dominates with 
little change in the activation energy. However, measuring the microelectrodes rationalizes the 
“dislocation” and “small gap” responses individually. FEM data supplements the experimental data in a 
wide temperature range. 
 
5.4.9 Scanning Probe Microscopy (SPM): 
 
To further rationalize the observed conductive behavior of dislocations and the proposed space charge 
conductivity model (Figure 5.10), deformed specimens with bundled dislocation configuration were 



 

Results and Discussion  74 

accessed with local conductivity atomic force microscopy (LC-AFM) in combination with Kelvin probe force 
microscopy (KPFM). These measurements were performed only at room temperature (experimental 
details in section 4.11). It should be noted that the same specimens were chosen for which the bulk (Figure 
5.7) and microelectrode data (Figure 5.17) were measured earlier. This way, it was ensured that all 
measurements were performed onto the specimens of the same batch chemistry. 
 

Local Conductivity Atomic Force Microscopy (LC-AFM): 
 
LC-AFM mapping was performed onto etched and non-etched rutile (120) surfaces. This comparison was 
established to rule out the argument of change in surface chemistry due to KOH etching.12, 39 
 

LC-AFM on etched samples: 
 
Figure 5.18a portrays the AFM topography image of an etched rutile (120) surface, and dislocation etch-
pits can be seen as closely located. A significant enhancement in the electrical conductivity can be observed 
at the dislocation bundles (Figure 5.18b). Continuous bright spots represent highly conductive regions and 
correspond to the dislocation bundles in the topography image in Figure 5.18a. Given the knowledge of 
dislocation density and spacing in these regions (≈ 50/60 nm), this indicates the potential space charge 
conductivity in these specimens. 
 

 

Figure 5.18: Room temperature LC-AFM mapping of an etched rutile (120) surface. (a) AFM topography image of an etched rutile (120) 

plane. Dislocations rich (bundles) and deficit regions are focused. (b) Corresponding LC-AFM average peak current map, demonstrating 

sharp contrast between the dislocation bundles and the surrounding region. 

 

LC-AFM on non-etched samples:   
 
As stated earlier, to address the argument of a change in the surface potential due to chemical etching, a 
deformed sample (this time a non-etched surface/Figure 5.19a) was investigated under the same 
conditions (as for the etched one). Figure 5.19b shows the LC-AFM current map of the non-etched samples; 
interestingly, there also observed some continuous bright spots in the presumable dislocation (bundled) 
regions. Considering the average dislocation distance, ≈ 50/60 nm (TEM images in Figure 5.5), 20 
dislocations should exist in one µm. Therefore, this bright spot represents a cluster/bundle of about 120 
dislocations and fits in the narrative. 
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Figure 5.19: (a) AFM topography image of a non-etched (120) plane of rutile. (b) corresponding LC-AFM scan, a marked difference in 

average peak current is observed when scanned in a large area, showing the presence of conductive regions. 

 
Kelvin Probe Force Microscopy (KPFM):  
 
To validate the presented space charge conductivity model in bundled dislocation configurations (Figure 
5.10), KPFM measurements were performed on the same sample measured LC-AFM earlier (Figure 5.18a 
and b). The work functions for dislocations and the bulk regions (as described in section 4.11.2) showed 
that dislocation regions possess higher potential than bulk regions. A contact potential difference of ca. -50 
mV exists between the average potential of bulk areas and the dislocations. This positive shift of the work 
functions hints toward a negative space charge, thus validating the proposed model. 
 

 

Figure 5.20: (a) AFM topography image of a similar region on the same sample in Figure 5.18 (b) KPFM image of the corresponding area 

in (a) depicting the potential difference between the dislocation and the regions away from it. Dislocation regions possess higher potential 

than bulk regions. 

 

5.4.10 Conclusion on microcontact impedance measurements: 
 
Dislocation-enhanced, highly stable electronic conductivity in rutile is elucidated by using microcontact 
impedance spectroscopy, LC-AFM in combination with KPFM, and supplemented with FEM calculations. An 
arranged {011}<011> mesoscopic dislocation structure induces several orders of magnitude higher 
electrical conductivity on a local scale compared to the single crystal bulk. With the established model, the 
complex individual components involved in the conduction process, i.e., the dislocations and the response 
from the gap between dislocation bundles, which have bulk properties, are elaborated. 
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5.5 A complete picture of dislocation-mediated electronic conductivity in rutile: 
 
First of all, with the results produced in this work, it can be deduced that the electronic conductivity of rutile 
could both be increased and decreased by introducing different mesoscopic dislocation arrangements. 
Depending upon the spacing between dislocations, donor and acceptor-like doping effects are observed in 
rutile. This additional design parameter of arrangement renders dislocations’ doping behavior potentially 
superior to conventional chemical doping methods because the additional design space options arise 
beyond those for point defects. 
 
Bulk impedance measurements established that when dislocations form bundle-like configuration, their 
space charge (initially formed in the vicinity of the charged dislocation core) overlaps substantially, and a 
highly conductive percolating pathway is formed. However, this conductive path is proposed with “small 
gaps” that possess the bulk characteristics. Therefore, even with the pronounced change in the bulk 
electrical conductivity, activation energy remains almost unchanged.  
  
Nevertheless, reducing the electrode size (i.e., employing the microelectrodes) rationalized the individual 
components of the established hypothesis, i.e., dislocations and small gaps. These measurements revealed 
that the dislocation response is orders of magnitudes more conductive than the bulk material itself. Within 
these bundles or arranged {011} <011> mesoscopic dislocation structures, dislocations act as highly 
conductive pathways on a local scale.  
 
Intuitively, further conductivity enhancement compared to the presented data should be achievable by 
reducing the number and width of these gaps to improve the percolation of the conductive pathways. But 
there are many less intuitive design options: for example, individual dislocations can extend over tens of 
micrometers, opening the door to a whole new level of conductivity. Furthermore, suppose the system size 
is small enough that dislocations can extend from one side to the other directly (e.g., the size of an active 
particle in a battery cathode). In that case, the limitation from the gaps is removed, and this should result 
in even higher and temperature-independent conductivities. 
 
The results reported here are different compared to those observed by Adepalli and co-workers,42 where 
it was shown that the dislocations could tailor oxygen conductivity in the space charge. Their observations 
are aligned with the studies by Szot et al. 38, 46 on the local electronic structure of rutile. Electron energy loss 
spectroscopy (EELS) near the dislocation core revealed the mixed-valence state of Ti3+/Ti4+, indicating that 
these dislocations have a negatively charged core and hence a positive space charge.38, 45, 46, 273 These works, 
nevertheless, attribute the change in conductivity to electronic conductivity along the core. However, the 
results reported in this thesis show quite the opposite, as the space charge conductivity model is 
established. This discrepancy in the results should be attributed to investigating different types of 
dislocations. Mostly [001] type dislocation structures were induced in a non-controlled manner in the 
studies by Adepalli 42 and Szot et al.39, 46 In contrast, arranged dislocation networks with purely edge-type 
[011] dislocations are observed in this work. However, Adepalli et al.42 also claimed to investigate [011]-
type dislocations, which induced a reduction in conductivity. This is the same property observed in this 
work for the unbundled state of the dislocation network (Figure 5.7). These findings make the research on 
dislocations quite intriguing but very complex at the same time. As recently proposed, the control of the 
mesoscopic structure of dislocation should be the key to the control of functional properties induced by 
dislocations.88 For rutile (TiO2), the research should expand to the core structure of different dislocation 
types, as this will help rationalize the differences in the results for the [001] dislocations.46 
 
The presented physical interpretation describes dislocations as a powerful tool to tune the electronic 
conductivity of rutile. Introducing dislocations essentially causes doping-like effects, leading to new 
strategies for modifying ceramics' functional properties apart from chemical doping. At the same time, it is 
important to know what type of dislocations are induced, as varying the core, space charge, and mesoscopic 
structure ultimately leads to different electronic properties.88, 146 
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Rutile's low electronic conductivity is one of the open challenges to solve for potential applications, such as 
electrode material in solid-state batteries. 274 To address this, rutile property engineering via conventional 
chemical doping274-277 and composite processing approaches278, 279 are usually considered. Dislocation-
enhanced, highly stable, and temperature insensitive electrical conductivity could increase electronic and 
ion transport for modern solid-state batteries. Therefore, these results open up new avenues to control the 
electrical properties of rutile and other semiconducting oxides by introducing dislocation networks instead 
of chemical doping. 
 
5.6 Impact of dislocations on ionic conductivity of yttria-stabilized zirconia (YSZ) 
 
The insights obtained by the research on the influence of mechanically induced dislocation networks and 
their arrangement on the electronic conductivity of rutile (TiO2) prompted the expansion of this route to 
other material systems. In the following, an opportunity is explored to engineer the ionic conductivity of 
yttria-stabilized zirconia (YSZ).  
 
Yttria stabilized zirconia (YSZ) was chosen as the material of interest due to the wide applications of its 
mechanical280-286 and electrical properties.5, 15, 287 Especially from a functional perspective, the high oxygen 
ion conductivity of YSZ places it among the most widely used solid electrolytes in solid oxide fuel cells 
(SOFCs) and oxygen sensors.288 However, commercial applications demand a reduction in the current 
operating temperatures of SOFCs (∼800°C) to the intermediate temperature range (<600 °C). A reduction 
in the operating temperature would not only increase the energy efficiency of the SOFCs but also lower the 
electrical and mechanical degradation of their components.9 Even though a significant improvement has 
been achieved by using micro-solid oxide fuel cells (𝜇-SOFCs). 289 Nevertheless, the same challenge remains 
for µ-SOFCs as well. Therefore, an enhancement of the electrolyte's electrical conductivity is required.  
 
Conventional approaches like chemical doping of ZrO2 with Y3+ are usually considered in the literature, as 
regulating the dopant amount helps in tuning the oxygen vacancy concentration and enhances the ionic 
conductivity.288, 290 However, doping concentrations above ca. 8 mol.% Y2O3 cause no appreciable increase 
in electrical conductivity, despite increasing the oxygen vacancies. 15, 291 This calls for alternative ways other 
than chemical doping to improve the ionic conductivity of YSZ.  
 
Therefore, an investigation of the impact of mechanically induced dislocations on the ionic conductivity of 
YSZ is suggested. The following section describes the details of introducing dislocations in ca. 9 mol.% Y2O3-
ZrO2 (9YSZ) single crystals, followed by the impact of introduced mesoscopic dislocation networks on the 
ionic conductivity of YSZ.  
 

5.6.1 Bulk deformation and mesoscopic dislocation fields: 
 
For YSZ single crystals, choosing the compression axis [001] provided the Schmid factor of 0.50 for four 
slip systems ⟨110⟩{110}, and a Schmid factor of 0.41 for ⟨110⟩{111}, also for four equivalent slip systems. 
44 (Schmid factor evaluation for ⟨110⟩{110} slip system is sketched in Figure 5.21a, and all possible slip 
systems for this orientation are provided in section 2.11.2). 
 
Deforming these specimens at 1400 °C with a stress-controlled loading rate of 0.1 MPas-1 led to the crack-
free plastic deformation of as high as 5 %; a true stress-strain curve is provided in Figure 5.21b. The data 
in the stress-strain curve exhibits a typical yield point at a stress of ca. 150 MPa, followed by a slight work 
hardening.53 Evaluated work hardening exponent (n= 0.2) revealed the plastic flow under these 
deformation conditions.292 In addition, stress-relaxation tests were performed at 1.5% and 2.5% 
deformation (unloading data in Figure 5.21b), depicting a yield drop followed by stress relaxation 
indicating dislocation multiplication (Figure 5.21b).125  
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Figure 5.21: (a) Schematic featuring the geometry, crystallographic orientation, and ⟨110⟩{110} slip system in 9YSZ single crystals used 

for mechanical deformation. Compression axis Fc, Burgers vector b, and normal to the glide plane n are labeled. Active angles such as θ 

(between Fc and n) and λ (between Fc and b) illustrate Schmid factor evaluation.44 Representative {110} glide planes are shaded in grey; 
dislocations can move on these glide planes in the direction of the line vector �̂�[100] exemplified as dotted lines. (b) Obtained true stress-

strain curve when 9YSZ samples deformed at 1400 °C, slight strain hardening is observed up to 5% plastic strain. Optical light micrographs 

of deformed specimens pertaining to the labels A, B, and C are provided in Figure 5.22. 

 
The activated slip systems in deformed single crystals were identified via optical light microscopy. Figure 
5.22 displays the (100) faces of the deformed samples; the birefringence patterns provided the contrast for 
2.5% and 5% deformation. The horizontal high-contrast wavy lines exemplified on these samples' (010) 
faces highlight the surface relief. Viewing from both [100] and [010]-directions reveal similar features, 
confirming the successful activation of all possible four slip systems for ⟨110⟩{110}.103 Furthermore, the 
wavy structure surface steps, mainly prominent at 2.5% and 5% deformation, are due to the cross slip or 
mutual cutting of slip bands.52  
 
Another interesting observed feature, while viewing from [100] direction, is the presence of straight lines 
at an angle of 45° in <110> direction (highlighted with white dotted lines); these surface steps suggest the 
slip-on {111} planes,52, 103 and thus confirms the activation of another slip systems along with ⟨110⟩{110} 
in the deformed samples. (For the reader's understanding, all possible slip systems for [100]-orientation 
are sketched and provided in the literature review/section 2.11.2). Simultaneous activation of these slip 
systems makes it hard to achieve high strain levels in [100] YSZ. That is probably why, by far, no literature 
claims 5% deformation in this particular orientation.21, 52, 53, 103 Nevertheless, this research work illustrates 
that these strain levels can be reliably achieved using the described deformation conditions. And as a result, 
dense dislocation networks with a dislocation density of 3 x 1013 m-2 can be achieved (as shown in Figure 
5.23). 
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Figure 5.22: Optical light micrographs of the deformed samples corresponding to the stress-strain curve presented in Figure 5.21b. Slip 

bands (at the angle of 45°) and horizontal wavy surface steps can be rationalized on (100) and (010) planes, respectively (more prominent 

in the case of 2.5% and 5% deformed samples).  

 

Mesoscopic dislocation density/Laser and Scanning Electron Microscopy:  
 
Figure 5.23 features mesoscopic dislocation density of pristine and deformed YSZ single crystals. Individual 
dislocations can be rationalized in the form of pyramid-shaped etch-pits (Figure 5.23a inset), making 
dislocation density evaluation feasible for undeformed and deformed single crystals (detailed parameters 
of chemical etching are given in section 4.4.1). This way, the pristine dislocation density was found to be 1 
x 1010 m-2, whereas deforming the single crystals up to 2.5% increases dislocation density up to 1 x 1013 m-

2. Further deformation, i.e., up to 5%, revealed only a 3-fold higher dislocation density than 2.5% deformed 
crystals due to the creep-controlled dislocation motion.128 Absolute values of individual specimens’ 
dislocation density are also provided in Figure 5.23. 
 

 

Figure 5.23: (a-d) Laser microscope images depicting dislocation etch-pits along with the respective degree of deformation (in %). 

Pyramid-shaped etch-pits are visualized via SEM and presented as the inset of (a). Dislocation density is enhanced when deformed under 

controlled conditions (corresponding dislocation densities are given). 

 

5.6.2 Advance mechanical deformation: a notch in single crystals: 
 
Recently, a conceptual framework was suggested to modify conductivity in oxide ceramics by Porz et al., 88 
where dislocations in SrTiO3 were investigated. It was established that reasonable strain levels could be 
induced in SrTiO3 by plastic deformation at room temperature, and as a result, dense dislocation density 
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can be achieved. Furthermore, the authors achieved highly aligned dislocation networks by employing a 
notch in SrTiO3 single crystals. It was illustrated that using a notch in SrTiO3 helps to consolidate the 
dislocations, and a very high dislocation density on a local scale can be achieved. 88 However, so far, this 
deformation approach is not employed on any other material system, especially if the intention is to 
perform deformation at elevated temperatures. The following description shows that expanding this 
technique to YSZ may induce very high local dislocation densities beyond what is possible with uniaxial 
deformation.  
 
Uniaxial deformation of another [001]-oriented YSZ single crystal with ca. 1mm notch in the middle of one 
of the (100) planes introduced stress concentration around this notch and provided confined plasticity 
while reducing the crack tendency (refer to Figure 5.24a). 88 This resulted in the formation of a highly dense 
and local dislocation field (with the density of 9 x 1013 m−2 within the bundle) along the ⟨110⟩{110} slip 
bands (Figure 5.24b). Note that using this advanced mechanical deformation approach, i.e., making a notch, 
not only helped in arranging the ⟨110⟩{110} dislocation field but also restricted the slip on {111} planes 
and made individual analysis of ⟨110⟩{110} slip system feasible (Figure 5.24).  
 

 
Figure 5.24: (a) Schematic illustration of [001] oriented 9YSZ with stress concentration around a marked “notch” leading to localized 

plastic deformation along (110) planes (highlighted in grey). Slip bands can be seen on an actual optical light micrograph of the (010) 

plane, presented at the corresponding plane. The final sample is extracted as shown in red dotted lines. (b) SEM image of an etched slice 

extracted as described in (a); highly arranged and dense ⟨110⟩{110}-type dislocations fields were achieved. 

 

5.6.3 Dislocation features/Transmission Electron Microscopy:  
 
Bright Field-Scanning Transmission Electron Microscope (BF-STEM) images were taken along and across 
the dislocation line vector �̂�[100]. This way, information on the slip planes, dislocation features, and 

character is rationalized (TEM foil views are schematically illustrated in (i) and (ii)/Figure 5.25). 
 
Figure 5.25a-c presents the TEM images obtained along the line vector �̂�[100]. Dislocations can be seen as 

small line segments of ca. 200-300 nm (the line vector �̂�[100] is provided in the schematic). It should be 

noted that the direction of these line segments is not limited to one direction; this hints toward the presence 
of dislocations on multiple slip systems and is in excellent agreement with birefringence patterns proof 
presented in Figure 5.22. 
 
Viewing along the line vector �̂�[100] makes it difficult to judge the dislocations character; therefore, Figure 

5.25c-e were taken across the line vector �̂�[100] (TEM view in schematic ii). In this case, two distinct features 

are observed, i.e., dislocations look rather straight running in the two 〈110〉 directions on the surface plane, 
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besides strongly bowing out and forming dipoles.21 This further validates the existence and mutual 
interaction of two operating slip systems. 53 In addition, the dislocations are found to be of mixed character 
as confirmed by g × b analysis (where g is diffraction and b is burgers vector respectively (refer to Figure 
5.21 and indexing in Figure 5.25c-d).16 Furthermore, observed dislocation lines, viewing across the line 
vector �̂�[100], appear smaller. They are, at least, not as long as in the case of TiO2 (refer to TEM images in 

Figure 5.5). This is attributed to the high doping concentration of Y2O3, and the densely packed lattice of 
9YSZ.21  
 
In addition to the features of mesoscopic dislocation structures, information on the dislocation density is 
also important. Since BF-STEM images indicated low dislocation density in the scanned regions, it is most 
likely due to the post-deformation recovery of dislocations, as cooling from 1400 °C is certainly the reason 
why dislocation densities vary. Therefore, recovery has to be considered in interpreting BF-TEM images 
and as an essential process during the deformation of YSZ. 52, 53 
 

 

Figure 5.25: (a-c) Bright field-scanning transmission electron microscope (BF-STEM) images of a 2.5% deformed sample, taken along the 

line vector �̂�[100] (symbol ⊗). (c-e) BF-STEM image from another foil of the same sample, now taken across/perpendicular to the line 

vector �̂�[100]. 

 

5.6.4 Temperature-dependent electrical measurements (bulk impedance spectroscopy): 
 
Figure 5.26a displays Nyquist plots of resistivity (ρ) for all studied specimens, including pristine (with 
dislocation density of 1 x 1010 m-2) to as high as 5% deformed (with dislocation density of 3 x 1013 m-2). A 
single semicircle with a typical capacitance of 1 x 10-12 F is identified within the measured frequency range, 
which can be attributed to the bulk response of YSZ.293 It could also be observed that, with increasing strain, 
the resistivity decreases. Further, comparing the 2.5% deformed and the undeformed specimen, there is a 
difference in the resistivity values by a factor of 2.  
 
Interestingly, activating secondary slip systems revealed a much higher increase in the ionic conductivity 
than observed in the primary slip system.54, 55 (details on slip systems of YSZ are provided in section 2.11.2). 
Note that deforming [100] oriented YSZ up to 2.5% provided a comparable dislocation density (1 x 1013 m-
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2) achieved by 10 % deformation in [112] orientation by Otsuka et al.,54 and thus results in a significant 
improvement of conductivity. However, the crucial question remains whether the increase in conductivity 
can be attributed to oxygen transport. 
 

 

Figure 5.26: (a) Nyquist plots of electrical resistivity at 300 °C for all sample configurations. A marked difference is observed between the 

resistivity of pristine and deformed samples. Measured data is fitted by using the presented equivalent circuit. (b) Arrhenius plots of AC 

conductivity evaluated from impedance spectra measured in the temperature range of 150 °C to 800 °C. Characteristic slope change of 

9YSZ is observed at 500°C for all samples (shaded in grey). 

 
Resistance values were extracted from the Nyquist plots by fitting the data with an equivalent circuit 
(shown in Figure 5.26a), and Arrhenius plots of electrical conductivity were obtained (Figure 5.26b). The 
increase in electrical conductivity of deformed samples is consistent in a broad temperature spectrum (150 
°C to 800 °C). However, only a slight difference was recorded between the temperature-dependent 
electrical conductivity of 2.5% and 5% deformed specimens. This can be rationalized by the marginal 
increase in relative dislocation densities comparing the two specimens (as shown in Figure 5.23c-d). The 
non-linear change in dislocation density is thus reflected in the non-linear change of the electrical 
conductivity. 
 
The Arrhenius plots of electrical conductivity exhibit a characteristic slope change (for YSZ) at around 500 
°C, suggesting a change in the activation energy (shaded region in Figure 5.26b).294 Splitting these plots into 
two different temperature regimes helped better evaluate the respective activation energies in the regions 
(refer to Figure 5.27a-b). Again, compared to the pristine ones, little to no change in activation energy (Ea) 
of deformed samples is observed. Instead, a shift towards higher electrical conductivity can be seen in 
Figure 5.27. This is similar to the results reported by Otsuka et al.55 for the soft orientation of YSZ. The 
authors show that heavily (10%) deformed [112] oriented YSZ single crystals exhibit a nominal increase in 
ionic conductivity but follow the same activation energy as pristine specimens.55 
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Figure 5.27: (a & b) Arrhenius plots in (Figure 5.26b) now focus on the low and high-temperature regimes. When plotted individually, 

enhanced-ionic conductivity is obvious. Respective activation energies (Ea) are provided in the inset.  

 
Kushima and Yildiz et al., 47 established that introducing lattice strain in YSZ should reduce the migration 
barrier for oxygen vacancy diffusion in YSZ. This is plausible because the strain field around dislocations 
weakens the local oxygen–cation (Zr4+, Y3+) bonds and increases the oxygen vacancy migration space. 
Nevertheless, a linear increase in the oxygen diffusivity was suggested using DFT calculations, up to a 
critical level of applied strain. 47, 48 Hence, if strain affects oxygen transport, a change in the activation 
barrier would be expected due to the impact on the potential energy landscape in the strain region. 
 
The hypothesis for the absent change in activation energy (Ea) is based on the results from dislocations 
impacting the conductivity of TiO2 (refer to Arrhenius plots in Figure 5.7). A similar behavior could be 
observed but for electronic conductivity in this case. It is likely that the dislocations will not extend from 
top to bottom of the sample. A dominant current pathway still involves the current transport of a large part 
of the higher resistive bulk volume in series (similar to Figure 5.10f). Furthermore, these results (Arrhenius 
plots in Figure 5.27) stem from macroscopic measurements, including bulk volume/area anyway. 
Therefore, the deformed samples with a high dislocation density reveal an increase in electrical 
conductivity, but the change in activation energy in the dislocation region cannot be elucidated.295 
 
5.6.5 Bulk impedance measurements on highly dense ⟨110⟩{110} dislocation fields: 
 
Using the advanced mechanical deformation approach on [100] YSZ (described in section 5.6.2/Figure 
5.24a), a highly dense ⟨110⟩{110} mesoscopic dislocation field was obtained. These specimens were 
accessed via bulk impedance spectroscopy by considering the enhanced electrical conductivity along and 
across the dislocation fields.55 The 4 x 4 x 4 mm3 sized specimens were measured with platinum fired 
electrodes, first along followed by across the arranged dislocation field (measurement directions and 
dislocation field configuration is described schematically in Figure 5.28a, b). 
 
The dislocation density within the ⟨110⟩{110} field obtained in the notched region is 3 folds higher than 
the 5% deformed YSZ specimens. Measuring along the dislocations showed increased electrical 
conductivity by ca. 20% compared to those measured across the dislocations (Figure 5.28c). The difference 
in conductivity is not as extensive as in the case of the 5% uniaxially deformed sample because now the 
high dislocation density is confined around the notch (Figure 5.24b). This means; still, a significant area 
with the pristine dislocation density is contributing to the total electrical conductivity.  
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Nevertheless, generating highly consolidated dislocation density by employing the notch technique and 
measuring these dense dislocation density regions already provided 5 folds higher electrical conductivity 
than the anisotropic electrical conductivity reported by Otsuka et al. 55 Additionally, the high anisotropic 
nature of the observed conductivity change further illustrates the impact of the ordered mesoscopic 
dislocation structure, i.e., an enhancement of conductivity mostly occurs in the direction of the dislocation 
line vector. 
 

 

Figure 5.28: (a & b) Schematics of aligned ⟨110⟩{110} dislocation-field along with furbished Pt-fired bulk electrodes (marked in grey 

planes) along and across the specimen. (c) Nyquist plot of resistivity was quantified at 300 °C for the same sample. Higher conductivity 

with distinct anisotropic electrical conduction is observed along the dislocation lines. 

 

5.6.6 Microcontact impedance measurements: 
 
Further impedance measurements are performed onto relatively thin (ca. 1 mm) specimens with a highly 
dense ⟨110⟩{110} mesoscopic dislocation field (Figure 5.24 and Figure 5.29). Microcontacts were 
targetedly deposited on the dislocation field and in the pristine region. This allowed elucidating the 
dislocations' impact much better than the bulk measurements because now dense dislocation regions can 
be rationalized better from dislocation deficient regions.165  
 
Figure 5.29a depicts the schematic of the microcontacting setup employed for these measurements (actual 
images of the measurement setup are also provided in Figure 4.6). The dense ⟨110⟩{110}-dislocation field 
decorated with the schematics of 20 µm diameter lanthanum strontium cobaltite (LSC) microelectrodes 
deposited onto the dislocations field and the region away from it are presented in Figure 5.29b.  
 
Temperature-dependent impedance measurements performed on microelectrodes in the dislocation 
region revealed higher electrical conductivity by a factor of 3 than those measured in the pristine/bulk 
region. Comparing the electrical conductivity in the dislocation region to the bulk area confirmed this 
consistent trend in a wide temperature range (250 °C to 650 °C), as presented in the Arrhenius plots in 
Figure 5.29c. This notable conductivity enhancement can be associated with the 3-fold higher dislocation 
density than a 5% deformed specimen (refer to the dislocation densities of individual specimens). 
Furthermore, these results can also be compared with those reported by Otsuka and co-workers in 
deformed [112] YSZ.55 It becomes clear that the increase in the ionic conductivity of a 2.5% deformed 
specimen (with notch) is much higher than a 10% deformed bulk sample in soft orientation.54, 55  
 
Recently, Feng et al.49 studied the atomic scale origin of enhanced ionic conductivity in strained YSZ, 
revealing that the enhancement in ionic conductivity around dislocation is confined to a typical area of ca. 
1 nm2. It was suggested that a notable improvement in the ionic conductivity could be macroscopically 
detectable only if the dislocation density is sufficiently high. The hypothesis of having dense dislocation 
networks inducing higher electrical conductivity is validated in this research work. As within the 
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⟨110⟩{110}-dislocation field (Figure 5.29b), the relative density increases by 3 orders of magnitude 
compared to the pristine (from 1 x 1010 m-2 to 3 x 1013 m-2) and leads to a local increase in the ionic 
conductivity by more than a factor of 3.  
 
Interestingly, there exists an evident change in activation energy (Ea), in contrast to the bulk electrical 
conductivity measurements (Figure 5.27 and Figure 5.28). The hypothesis for the change in Ea is that now 
dislocations are potentially percolating through the sample; i.e., ca. 1mm thin samples are investigated in 
this case compared to the whole crystals in bulk measurements. In notched conditions, the dislocation 
density is higher, and the thickness of specimens is reduced. Thus, a pronounced impact of dislocations on 
the electrical conductivity is observed in this case.  
 
These results can now be compared with the theoretical approaches reported by Kushima and Yildiz et al., 
47, 48 where it was argued that in the strained regions, a lowering in activation energy is expected. With 
microcontact impedance measurements onto the highly-dense dislocation field, it is proven that the 
strained or dislocations regions lowered the activation energy and enhanced the electrical conductivity 
significantly. It should be noted that several microelectrodes were measured on the same specimen to have 
statistically reliable data, and Figure 5.29 reports a representative set of measurements. 
 

 

Figure 5.29: (a) A simplified illustration of the microcontact set-up employed for measurements. (b) Schematics of 20 µm diameter LSC 

microelectrodes deposited onto bulk and dislocation regions (sketched onto an SEM image of an etched surface of (100) YSZ). (c) 

Arrhenius plots of electrical conductivity for the measured microelectrodes in respective regions and corresponding activation energies. 

Areas with high dislocation density revealed higher electrical conductivity than the bulk region. 
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5.6.7 Influence of dislocations on oxygen transport (18O-tracer diffusion experiments): 
 
The initial hypothesis is that the observed change in electrical conductivity is due to dislocations and can 
be attributed to oxygen transport. The observed change in activation energy with the microelectrode 
measurements in a dense dislocation region hints toward it (Figure 5.29c); however, this has not been fully 
proven experimentally yet. Therefore, 18O tracer diffusion experiments were performed. Details on 
specimen preparation and experimental parameters are provided in section 4.5. 
 
As discussed earlier, the dislocations induced with the notch technique extend into the bulk on the (110) 
planes and hence are parallel to the diffusion direction of the tracer (Figure 5.24) and can be investigated 
by the complementary technique Time of Flight-Secondary Ion Mass Spectroscopy (ToF-SIMS). With a 
lateral resolution of ca. 100 nm, it is feasible to detect the oxygen diffusion in dislocation-rich and deficient 
regions. 244 The 18O (tracer) intensities in pristine and dislocation field/regions were accumulated from 
depth profiling of ca. 200 nm into the specimen. The working principle of ToF-SIMS and other experimental 
details are provided in section 4.5.1. 
 
Figure 5.30a depicts the front view of a ca. 1mm thin sample with a highly dense mesoscopic ⟨110⟩{110} 
dislocation field annealed in a 18O2-rich environment at 600 °C for 2 h. The lateral distribution of the tracer 
(isotope) ratio 𝑥18𝑂 in the dislocation free/pristine region is presented in Figure 5.30b. ToF-SIMS depth 

profile analysis revealed a cumulative 6% 18O- intensity in the pristine region (the areas away from the 
dislocation field in Figure 5.30a). In contrast, an overall 20% 18O- intensity was recorded in the dense 
dislocation field (sharp contrast in Figure 5.30c); this indicates the higher oxygen transport/incorporation 
in the regions with a high density of dislocations (the color scale bars on the right of Figure 5.30b and c 
represent 𝑥18

∗
O

). Even though it was not possible to quantify the diffusion coefficient in YSZ because the 

profile extends too deep into the sample. At the same time, the incorporation of the tracer from the 
environment into the sample is low. Nevertheless, a diffusion gradient from the dislocation-rich area into 
the bulk is visible in Figure 5.30c. This hinders the quantification, but the results are good qualitative 
evidence for high oxygen transport due to the presence of dislocations and are in excellent agreement with 
the results obtained with impedance spectroscopy (Figure 5.27 and Figure 5.29).  
 
It should be noted here that the SIMS experiments were performed on an unetched YSZ specimen near the 
notch (account for dislocation field) and away from it (pristine region), i.e., Figure 5.30a corresponds to the 
image of the same sample taken after etching. Therefore, the argument of changing the surface potential 
with chemical etching is omitted. 
 

 

Figure 5.30: (a) Front view of a deformed YSZ specimen, highly dense mesoscopic ⟨110⟩{110} close to a notch (b) Lateral image of 
𝑥18𝑂depth-profiling in ToF-SIMS; the color scale represents increasing 𝑥18

∗
𝑂

 from bottom to top of the scale (c), highlighting a higher 

(oxygen) tracer concentration in the regions with dense dislocation field. 
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5.7 Conclusion on dislocation-mediated ionic conductivity in YSZ 
 
First, the mechanics' parameters are established to afford well-defined and dense dislocation networks in 
bulk YSZ. Using an advanced mechanical deformation approach, an opportunity is explored to engineer 
extremely dense and localized mesoscopic dislocation structures. Extensive electrical investigations 
revealed that these high-dislocation density regions increased the ionic conductivity of YSZ by a factor of 
three above what is possible by chemical doping. Concurrent enhancement in the oxygen incorporation in 
the dislocation-rich areas is in good accordance with the measured increase in oxygen ionic conductivity. 
It validates that the measured effect can be entirely attributed to the higher conductivity in dislocations.  
 
Compared to the results on TiO2, it is demonstrated that the introduction of dislocations can markedly 
increase the oxygen ionic conductivity in YSZ instead of the electronic conductivity. This change is induced 
without modifying their nominal chemical composition. Thus, the conductivity can be enhanced above the 
levels achievable by regular chemical doping strategies. Furthermore, the insights gained should be 
important for tuning the ionic transport properties in various solid-state conducting material applications, 
including but not limited to fuel cells (SOFCs).  
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6 Summary and Concluding Remarks 
 
The potential of dislocations to tune the electrical properties of metal oxides is investigated in this work. 
By taking the examples of rutile (TiO2) and YSZ, an alternative way is explored to engineer the respective 
electronic and ionic conductivity in these material systems beyond what is possible by point defect doping.  
 
First, the mechanics' parameters, e.g., Schmid factors, were evaluated to procure the favorable orientations 
of TiO2 single crystals. By optimizing the mechanical deformation parameters, e.g., deformation 
temperatures and loading conditions, stress-dependent deformation experiments were performed on 
[010]-oriented TiO2 single crystals. Several deformation experiments were performed in the temperature 
range of 900 °C to 1100°C. However, the deformations at 900 °C and 1050 °C were of particular interest 
due to the severely different mesoscopic dislocation structures generated at these temperatures. Under 
optimized loading conditions, significant strain levels, e.g., up to 10%, were achieved, particularly at the 
deformation temperature of 1050°C. With the increase in plastic strain, the slip bands formed 
homogeneously distributed steps on the specimens’ surface, consisting of several slip planes. Due to the 
highest Schmid factor (0.5) of the predominant ⟨011⟩{011}-slip system, dislocation networks were 
achieved onto these planes, later realized by chemical etching.  
 
While pristine dislocation density of the specimens was assessed to be ca. 2 × 1010 m−2, the samples being 
deformed up to 2% at 900 °C, exhibited randomly distributed mesoscopic dislocation structure with an 
average spacing of 1 µm, and the dislocation density was gauged to ca. 3 × 1011 m−2, as confirmed by the 
high-resolution SEM images. On the other hand, the samples being deformed at 1050 °C up to 3% contained 
a highly hierarchical nature of the dislocation distribution. In this case, dislocations were arranged in 
bundles with the recovered region in between them. This resulted in connected regions with a high number 
of dislocations, i.e.,  within a bundle, the density can be realized of 1013 m−2 with a spacing between two 
dislocations of ca. 20 nm, as confirmed by ultra-high voltage TEM images. In both cases, i.e., specimens 
deformed at 900 °C or 1050 °C, a pure edge-type dislocation character was observed.  
 
Temperature-dependent impedance measurements were performed on pristine and deformed bulk 
specimens to study the influence of the two different dislocation configurations (randomly distributed and 
arranged bundles) on the electrical conductivity of TiO2. These measurements reflected that the electrical 
conductivity could both be increased and decreased, depending on the dislocation arrangement. Compared 
to the pristine ones, a decrease in the electrical conductivity was observed in the specimens with randomly 
distributed dislocations. On the other hand, the specimens with arranged dislocation networks recorded 
an increase in electrical conductivity by a factor of three.  
 
This bi-directional change in electrical conductivity of TiO2 is the key achievement in this work. However, 
a limited change in the activation energy was observed in the Arrhenius plots of the deformed and pristine 
specimens. Oxygen partial pressure-dependent measurements (pO2) helped identify the charge carrier 
nature in pristine and deformed specimens. Pure n-type electronic conductivity was confirmed in the 
undeformed specimens and those with dislocation networks. This indicated the positively charged 
dislocation core-type in the specimens, with compensating negatively-charged space charge, potentially 
responsible for the change in electrical conductivity. Oxygen tracer (18O ) diffusion experiments elucidated 
that the oxygen conductivity in these specimens was very low.  
 
The space charge-conductivity model is established to interpret the observed differences in the electrical 
conductivity due to dislocations. The model describes that when dislocations are spaced apart (in a 
randomly oriented situation), i.e., deformed at 900 °C, the compensating space charge (around the 
dislocation core) finds a limited opportunity to overlap and contribute to the electrical conductivity. 
However, dislocations sufficiently interact with the defect impurities in the material system and sweep up 
the charged species. This way, the concentration of conducting defects is reduced, and thus, the specimens 
with scattered dislocations show decreased electrical conductivity.  
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On the other hand, the space charge formed in the specimens with arranged dislocation networks overlaps 
and contributes significantly to the overall electrical conductivity. This was realized by the temperature 
and pO2 -dependent measurements, where the electrical conductivity increases substantially. The marginal 
change in the activation energy was rationalized with the hypothesis that the dislocations do not percolate 
through the specimens, and there is still a contribution from the bulk with pristine properties. The 
dislocations increase the electrical conductivity locally, but the bulk properties dominate.  
 
This hypothesis was then investigated in detail with the help of microcontact impedance spectroscopy 
(MCIS). Different sized microcontacts were targetedly fabricated onto the recovered region (low 
dislocation density) and the bundles with medium and high dislocation density. This way, a density-
dependent approach was utilized to study the dislocations’ conductive behavior on a local scale. MCIS 
revealed the sole dislocation response, which was not discernable in the bulk impedance measurements. 
Two different electrochemical processes were obtained when measured in the dislocation regions (onto 
the bundles). These responses are attributed to the highly conductive response of dislocations and the 
pristine bulk. By comparing the electrical response from pristine (low dislocation density) regions to the 
ones from high dislocation density, it was realized that the electronic conductivity of rutile increased by three 
orders of magnitude. 
 
Scanning Probe Microscopy (SPM) was employed to expand the investigation down to a further local scale. 
Locally-conductive atomic force microscopy (LC-AFM) validated that the dislocations can act as highly 
conductive pathways in rutile. A comparison was also established between LC-AFM measurements on 
etched and unetched rutile specimens to rule out the argument of changing the surface potential due to 
chemical etching. Further measurements on evaluating the work functions (KPFM) for dislocations and the 
bulk regions showed dislocation regions' higher potential than the bulk, thus validating the presence of a 
negative space charge in these specimens. 
 
In essence, for TiO2, it was elucidated that an arranged ⟨011⟩{011}-mesoscopic dislocation structure 
induces several orders of magnitude higher electrical conductivity on a local scale compared to the single 
crystal bulk. Given the dislocations are closely spaced, the space charge gets the opportunity to percolate 
and contribute significantly to the electrical conductivity. Furthermore, a brief comparison was developed 
with the existing literature suggesting a negatively charged core in rutile, and therefore, further 
investigation on dislocation-core type is proposed. 
 
The concept of dislocation-mediated electrical conductivity was extended to YSZ due to its important 
application as an electrolyte in solid oxide fuel cells (SOFCs). Even though the mechanical properties of YSZ 
are well documented, the influence of dislocations on ionic conductivity was rarely studied. Early reports 
hint toward a limited conductivity enhancement but only focus on the primary slip systems in the “soft 
orientation” of YSZ. Due to the complexity of mechanics, no literature exists claiming to investigate the 
electrical effects potentially triggered by the activation of secondary slip systems in “hard orientation”.  
 
Therefore, the ground-breaking step was taken, and the mechanical deformation parameters were 
optimized to deform the hard orientation of YSZ, starting only at 1400 °C. With established deformation 
parameters, up to 5% crack-free plastic strain was achieved. There was a corresponding increase in 
dislocation density by three orders of magnitude compared to an undeformed sample. TEM images 
validated the activation of ⟨110⟩{110} and ⟨110⟩{111} slip systems with mixed-type dislocation character. 
Furthermore, an advanced mechanical deformation was introduced in this work, i.e., making a notch at the 
(100) face of YSZ single crystal can restrict the slip on the ⟨110⟩{111} slip system and provide remarkably 
aligned bundles of ⟨110⟩{110}-slip system. Within these bundles, the dislocation density was further 
increased by a factor of 3, compared to 5% deformed specimens.  
 
These set of samples, i.e., bulk specimens, with dense dislocation networks from both slip systems 
⟨110⟩{110} and ⟨110⟩{111} were accessed with bulk electrode impedance spectroscopy. On the other hand, 
thin slices from arranged dislocation bundles, i.e., only ⟨110⟩{110} dislocation fields, were measured with 
the microcontact technique, targetedly probing the dislocation-rich and -deficient regions. Temperature-
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dependent bulk impedance measurements showed that, with increasing strain, the electrical conductivity 
increases, by a factor of 2, comparing the 2.5% deformed and the undeformed specimen. However, it was 
also realized that there was no appreciable increase in the electrical conductivity on further deformation, 
e.g., up to 5%. Nevertheless, the absent change in activation energy (Ea), instead, a shift towards higher 
electrical conductivity, again validates the hypothesis established in the case of TiO2.  
 
In contrast, measuring with microelectrodes on arranged ⟨110⟩{110} dislocation-fields revealed a much 
more conductive response of dislocations. Temperature-dependent microelectrode measurements 
exhibited an increase in the electrical conductivity by a factor of 3 due to a high localized dislocation density. 
A significant decrease in the activation energy was observed when comparing the microelectrode located 
onto the dislocation bundle to the one in the pristine region. This reveals that the rich potential of 
dislocations is only accessible when measured with microelectrodes. Further measurements were 
performed on arranged ⟨110⟩{110} dislocation-fields to investigate the influence of dislocations on oxygen 
ionic conductivity, including 18O experiments and ToF-SIMS. These results further validated that, within 
⟨110⟩{110} dislocation fields, the oxygen diffusion increases roughly by a factor of 3, which is in excellent 
agreement with the enhanced ionic conductivity measured by microcontact impedance measurements.  
 
The hypothesis to interpret the observed enhancement in ionic conductivity of YSZ is based on the DFT 
calculations reported in the literature. It was argued that the strain field around dislocations weakens the 
local oxygen–cation (Zr4+, Y3+) bonds, increases the migration space, and thus contributes to the decrease 
of the oxygen vacancy migration barrier. Nevertheless, an increase in the oxygen diffusivity was suggested, 
up to a critical level of applied strain. This is exactly what was observed in this work, i.e., conductivity 
increased linearly only up to 2.5% deformation. The results reported in this thesis experimentally validate 
the influence of dislocation on oxygen ionic conductivity. Additionally, a brief comparison was developed 
with the previous literature on DFT calculations and experimental results on primary slip systems. The 
insights gained here, particularly on tuning the ionic transport properties, should be expandable on other 
solid-state conducting materials. 
 
To conclude, it seems promising that the electronic and ionic charge kinetics can be tuned by controlling 
mesoscopic dislocation structures. Regarding future developments, further investigations to determine 
how dislocations alter other functionalities in different oxide material systems are recommended. With the 
established protocols in this thesis, new opportunities for better understanding and control of dislocations 
in a wide range of materials can be designed. For example, it would be of great interest how dislocations 
modify photoelectric properties, as it could already be shown for ZnO to modify light absorption.296 
Moreover, recent work by Oshima et al.105 exhibited a significant difference in the bandgap of ZnS by 
controlled introduction of dislocations. Also, Höfling et al.127 illustrated a massive improvement in the 
ferroelectric properties of BaTiO3. Likewise, Hanna et al.255 have recently shown an enhanced electrical 
conductivity in TiO2 by indentation-induced dislocations. These findings are aligned with this thesis, as the 
control on mesoscopic dislocation structure is the key to modifying the functional properties. 
 

A further extension of these findings from an ionic conductivity perspective may also include oxide-based 
photocatalysts, redox-based memristive switches, and oxidative corrosion, where the oxidation and 
reduction reactions at the surface/interface and diffusion of oxygen through an oxide phase determine the 
performance.48 Understanding how dislocations alter the oxygen defect chemistry can also help separate 
the indirect chemical effects of dislocations from their direct structural effects on the magnetic state 
transitions in magnetoelastic oxides.297, 298 This field is fertile for exciting discoveries to enable highly 
efficient energy conversion devices, novel catalyst systems, and fast memory devices.
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7 Appendix  
 

† Impedance evaluation for the case of a capacitor 

 
By considering the Equation 2-12 
 

𝑅𝑄′ + 𝐶−1𝑄 = 𝑉(𝑡) 
 
Now substituting R=0 and C-1 = C-1 

𝐶−1𝑄 = 𝑉(𝑡) 
 

 𝑄 = 𝐶𝑉𝑜 sin𝜔𝑡 
 

∵ Equation 2-8 

After taking derivative 
 

𝑄′ = 𝐶𝑉𝑜𝜔 cos  (𝜔𝑡) 
 

Thus,  
 

𝑍 =
𝑉

𝐼
=
𝑉

𝑄′
=

𝑉𝑜 sin  (𝜔𝑡)

𝐶𝑉𝑜 𝜔 cos  (𝜔𝑡)
=
1

𝜔𝐶
 tan  (𝜔𝑡) 

 

𝑍 ≠
𝑉(𝑡)

𝐼(𝑡)
  but 𝑍 =

�̃�(𝜔)

𝐼 (𝜔)
  

 

 
This implies that Z is a function of time, which is incorrect. Also, the frequency can be a sine and or cosine 
function, not tangent. Therefore, time-domain needs to be converted into the frequency-domain. For this 
purpose, Fourier Transformation is required.  
 
†† Consider a circuit with two resistors connected in parallel:  
 
Kirchhoff’s current law states that the current in a loop sum to zero (for a parallel circuit). This means that 
the voltage drops across resistor R1 and R2 should be the same. Consider the example in Appendix Figure 
1:  
 

 

Appendix Figure 1: Two resistors connected in parallel with an alternating voltage. Kirchhoff’s current law evaluates the individual and 

total (equivalent) resistance.   

 
𝑉 = 𝐼1𝑅1 = 𝐼2𝑅2 

Similarly, for the equivalent resistor,  
𝑉 = 𝐼𝑅𝑒𝑞 

 
For a parallel circuit, the value of the equivalent current (Kirchhoff’s law):  
 

𝐼1 + 𝐼2 = 𝐼 
 

By substituting the values, i.e., 𝐼1 =
𝑉

𝑅1
 ;  𝐼2 =

𝑉

𝑅2
 and 𝐼 =

𝑉

𝑅𝑒𝑞
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𝑉

𝑅𝑒𝑞
=
𝑉

𝑅1
+
𝑉

𝑅2
 

by rearranging: 
 

𝑅𝑒𝑞 = (
1

𝑅1
+
1

𝑅2
)
−1

 

 
The above-stated relation could now be used for any other circuit elements, i.e., resistors (R), capacitors 
(C), or inductors (L). As employed in Appendix Figure 2, i.e., a resistor and capacitor are connected in 
parallel.  
 
 

 

Appendix Figure 2: The total impedance (Zeq.) of a resistor/R (Z1) and capacitor/C (Z2) connected in parallel is evaluated by Kirchhoff’s 

current law.  

 
 
Considering their impedances R = Z1 and for capacitor C = Z2 
 

𝑍𝑒𝑞 = (
1

𝑍1
+
1

𝑍2
)
−1
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