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Abstract

Over the last decades, the digital revolution has continuously increased the demand for more

computational power. However, with the exponential rise of artificial intelligence applications

in virtually every aspect of today’s life, these additional demands can not be met by relying

on the already decreasing Moore’s law scaling of classical transistor technology. Moreover,

the standard von Neumann architecture for information processing presents a bottleneck for

Al-driven neural network algorithms in terms of energy efficiency and computation speed. To

overcome these limitations, novel computation schemes are being explored to meet the needs

of the rising Al industry by transferring brain-inspired algorithm concepts into direct hardware

implementations. Such concepts, often referred to as neuromorphic computing, not only
demand a new bottom-up architecture design but also advanced memory and information

processing devices. Promising candidates for novel in-memory elements are memristors,
which resistance is based on previous signals, functioning similarly to synapses in the human

brain. Implementing such plastic, history-dependent properties into single nanoelectronic

elements is a promising approach to address the need for advanced functionalities. One

pathway includes the integration of new material systems like ferroelectric or phase change

materials offering fundamentally new properties at the nanoscale.

This thesis explores the unique potential of ferroelectric domain walls for enabling advanced

functionalities and developing novel memristive devices. By investigating their distinctive

properties and incorporating them into innovative device structures, this work aims to advance

the field of domain-wall nanoelectronics and the understanding of domain wall conductivity.

In this thesis, the properties of conductive domain walls in archetypical ferroelectric Pb(Zr,Ti)O3
thin films are studied with the goal of exploiting the conductive domain wall-channels for
devices with memristive functionalities. Detailed studies on the growth conditions of highly
tetragonal PZT films on DyScOs3 substrates were carried out, leading to reliable methods for
creating PZT films with both pristine and artificially created conductive domain walls. Within

the thesis, the first observations of highly conductive normally neutral 180° domain walls are

reported. A combination of studies, including high-resolution AFM-based techniques such

as PFM and cAFM, temperature dependent measurements and cryogenic current transport

experiments together with phase-field simulations as well as STEM-cross section analysis,
revealed the complex and distorted structure of the thought-to-be straight 180° domain walls.
The explored intrinsic conduction mechanism is facilitated by charged domain interfaces

created through the interaction of the ferroelectric and ferroelastic domain boundaries. The

integration of graphene electrodes allowed the stabilization of multi-domain states in the
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Chapter 0 Abstract

fabricated Gr/PZT/SRO capacitors enabling the confinement of the highly conductive domain
walls inside the device area. Memristive functionalities are achieved by gradual altering of
the created mixed-domain states through electrical stimuli. A different approach to control
and stabilize domain walls for device applications is demonstrated by the introduction of
high-resistive platinum electrodes. The finite resistivity of the electrodes enabled a controlled
switching of individual domains and the precise positioning of the 180°-domain walls. The
combination of these techniques resulted in fully symmetric and linear memristive properties
and the development of the first proximity-sensitive domain wall memristor.

The outcomes of this thesis highlight the potential for the strain mediated stabilization of
charged domain walls and proposes new device concepts relying on an advanced control
over the domain wall position. By combining novel materials and device concepts the pre-
sented results provide a foundation for further advancements in the field of domain wall-
nanoelectronics and contribute to a deeper understanding of the underlying origin of domain
wall conductivity.

Keywords: ferroelectric materials, neuromorphic computing, conductive domain walls, mem-
ristors, two-dimensional (2D) materials, lead zirconium titanate (PZT), atomic force mi-
croscopy (AFM)

vi



Zusammenfassung

In den letzten Jahrzehnten hat die digitale Revolution die Nachfrage nach mehr Rechenleistung
kontinuierlich erhoht. Mit dem exponentiellen Anstieg von Anwendungen der kiinstlichen
Intelligenz in nahezu allen Bereichen des heutigen Lebens kdnnen diese zusétzlichen An-
forderungen jedoch nicht durch das bereits abnehmende Moore’sche Gesetz der klassischen
Transistortechnologie erfiillt werden. Dariiber hinaus stellt die Standard-von-Neumann-
Architektur fiir die Informationsverarbeitung einen Engpass fiir KI-gesteuerte neuronale
Netzalgorithmen in Bezug auf Energieeffizienz und Rechengeschwindigkeit dar. Um diese
Einschrankungen zu tiberwinden, werden neuartige Berechnungsschemata erforscht, um
die Bediirfnisse der wachsenden KI-Industrie zu erfiillen, indem gehirninspirierte Algorith-
men direkt in Hardware implementiert werden. Solche Konzepte, oft als neuromorphes
Rechnen bezeichnet, erfordern nicht nur ein neues Bottom-up-Architekturdesign, sondern
auch fortschrittliche Speicher- und Informationsverarbeitungsgerite. Vielversprechende
Kandidaten fiir neuartige In-Memory-Elemente sind Memristoren, deren Widerstand auf
vorherigen Signalen basiert und dhnlich wie Synapsen im menschlichen Gehirn funktionieren.
Die Implementierung solcher plastischen, geschichtsbasierten Eigenschaften in einzelne
nanoelektronische Elemente ist ein vielversprechender Ansatz, um den Bedarf an fortschrit-
tlichen Funktionalitdten zu decken. Ein Weg beinhaltet die Integration neuer Materialsysteme
wie ferroelektrische oder Phasenwechselmaterialien, die grundlegende neue Eigenschaften
im Nanobereich bieten.

Diese Arbeit untersucht das einzigartige Potenzial von ferroelektrischen Domdnenwéinden zur
Ermoglichung fortschrittlicher Funktionalitdten und zur Entwicklung neuartiger memristiver
Gerdte. Durch die Untersuchung ihrer besonderen Eigenschaften und deren Integration
in innovative Geratestrukturen zielt diese Arbeit darauf ab, das Feld der Domdnenwand-
Nanoelektronik und das Verstdndnis der Leitfdhigkeit von Domdnenwédnden voranzutreiben.

In dieser Arbeit werden die Eigenschaften leitfihiger Domadnenwinde in archetypischen
ferroelektrischen Pb(Zr,Ti)Os-Diinnschichten untersucht, um die leitfadhigen Domédnenwand-
kandle fiir Gerédte mit memristiven Funktionalitdten zu nutzen. Es wurden detaillierte Studien
zu den Wachstumsbedingungen hoch tetragonaler PZT-Schichten auf DyScOs3-Substraten
durchgefiihrt, die zu zuverldssigen Methoden zur Erstellung von PZT-Schichten mit sowohl
urspriinglichen als auch kiinstlich erzeugten leitfadhigen Domadnenwéanden fiihrten. Inner-
halb der Dissertation werden die ersten Beobachtungen hoch leitfihiger normalerweise neu-
traler 180°-Domanenwinde berichtet. Eine Kombination von Studien, einschlieBlich hochau-
flésender AFM-basierter Techniken wie PFM und cAFM, temperaturabhédngigen Messungen
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und kryogenen Stromtransportexperimenten zusammen mit Phasenfeldsimulationen sowie
STEM-Querschnittsanalysen, enthiillte die komplexe und verzerrte Struktur der vermeintlich
geraden 180°-Doménenwinde. Der untersuchte intrinsische Leitfdhigkeitsmechanismus
wird durch geladene Doménengrenzflachen erleichtert, die durch die Wechselwirkung der
ferroelektrischen und ferroelastischen Domédnengrenzen entstehen.

Die Integration von Graphenelektroden ermdglichte die Stabilisierung von Multi-Doménen-
Zustdnden in den hergestellten Gr/PZT/SRO-Kondensatoren und ermdoglichte die Einddm-
mung der hoch leitfihigen Domadnenwinde innerhalb des Gerédtebereichs. Memristive Funk-
tionalitdten werden durch allmihliche Verdnderung der erzeugten gemischten Domanen-
zustdnde durch elektrische Reize erreicht.

Ein anderer Ansatz zur Kontrolle und Stabilisierung von Domadnenwinden fiir Anwendungen
wird durch die Einfithrung hochresistiver Platinelektroden demonstriert. Der endliche Wider-
stand der Elektroden erméglichte ein kontrolliertes Schalten einzelner Doménen und die
prézise Positionierung der 180°-Domédnenwinde. Die Kombination dieser Techniken fiihrte
zu vollstdndig symmetrischen und linearen memristiven Eigenschaften und der Entwicklung
des ersten proximitédtssensitiven Domdnenwand-Memristors.

Die Ergebnisse dieser Arbeit heben das Potenzial der Stabilisierung geladener Domé&nenwénde
hervor und schlagen neue Anwendungskonzepte vor, die auf einer fortschrittlichen Kontrolle
tiber die Position der Domédnenwand basieren. Durch die Kombination neuer Materialien
und Konzepte bieten die hier prasentierten Ergebnisse eine Grundlage fiir weitere Fortschritte
im Bereich der Domédnenwand-Nanoelektronik und tragen zu einem tieferen Verstdndnis des
zugrunde liegenden Ursprungs der Leitfdhigkeit von Doménenwénden bei.

Stichworter: ferroelektrische Materialien, neuromorphes Rechnen, leitfihige Domé&nen-
winde, Memristoren, zweidimensionale (2D) Materialien, Blei-Zirkonium-Titanat, Rasterkraft-
mikroskopie
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|§ Introduction

Starting from the middle of the last century, the invention of the computer and the following
efforts to create artificial human intelligence have relentlessly propelled the integration of
technology into every facet of our life, dramatically transforming the landscape of communi-
cation, productivity, and scientific discovery. However, as the adoption of artificial intelligence
continues to deepen across all sectors, traditional computing architectures are being pushed
to their limits. The von Neumann architecture, which has long been the gold standard for
data processing, faces significant challenges in terms of energy efficiency and computational
speed, particularly when tasked with the ever increasing size of the neural network models.
As technology evolves to accommodate the expanding complexity and volume of data, the
limitations of conventional computational systems have become increasingly apparent. These
systems, designed with separate memory and processing units, are inefficient for the tasks
demanded by modern Al applications, leading to excessive energy use and slower processing
speeds. This inefficiency is exacerbated by the exponential growth of interconnected devices,
the Internet of Things (IoT), the scaling limit of classical transistor technology and emerging
demands of edge computing, which require more sophisticated and energy-efficient comput-
ing solutions to manage the vast networks of data in real-time.

To address these challenges, a paradigm shift in computing architecture is essential. Inspired
by the biological processes of the human brain, neuromorphic computing emerged as a fun-
damentally novel approach. This new field seeks to overcome the boundaries of traditional
computing by developing systems that emulate neural processes and integrate brain-like
functionalities like in-memory computations to increase the energy efficiency. To enable these
advanced functionalities for single nanosized artificial neuron and synapse elements, new
materials and technologies need to be studied and integrated.

This thesis focuses on the development of such devices with brain-like functionalities for neu-
romorphic applications by studying ferroelectric materials. Within the ferroelectric material,
emphasis is put on the inherently nanometer size two-dimensional boundaries of ferroelec-
tric domains, the domain walls, which hold promise to be implemented as reconfigurable
elements with memristive functionalities.



Chapter 1 Introduction

1.1 Theneed for emerging computational approaches and materials

The digital revolution has fundamentally transformed how people access, sort, and share
information since the middle of the last century after the invention of the transistor in 1947
[1] and the following realization of the first transistor based computer (TRADIC) in 1954
[2]. The scaling of the still young semiconductor industry was predicted by Gordon Moore
in 1965. "Moore’s Law" states that the number of transistors within an integrated circuit
would double every two years [3], a trend which remained valid for decades and only recently
started to slow down [4] (see Fig. 1.1). The increased power consumption, heat dissipation
issues, and the approaching atomic scale at which quantum effects begin to interfere with
traditional transistor operation present fundamental limits for continuous classical scaling of
the complementary metal-oxide-semiconductor (CMOS) technology [5].

.
Track height reduction .*

9-track height

7.5-track height ‘ Conventional

6-track height 35nm 1 scaling
— /‘/

10%

108

Design

In-memory computing
Contact over active gate

. Neuro-inspired computing
§ xide
E DTCO Neuro-mimetic computing
- ah < R 1< I
5 n+ glla N+ SiGe, SiGe
}_72 107_ $
[
c
I
£ High ~
Z sess I -
pu n+ n+ SiGe, SiGe
£ 10° m
5 E —\90 nm Hyper-scaling era
130 nm /
180 nm /
S
10 250nm &

/ Geometric (classical)
scaling era

10%4 248 nm KrF 193 nm ArF EUV

1997 1999 2001 2003 2005 2007 2009 2011 2018 2015 2017 2019 2021 2023 2025 2027
Year

Figure 1.1: The evolution of transistor scaling can be divided into three eras: geometric scaling,
equivalent scaling, and hyper-scaling. Geometric scaling involved scaling various aspects of
the transistor such as the channel and junction doping concentration, physical dimensions of
the channel, gate oxide, and drain-source regions. Equivalent scaling introduced innovative
materials such as high-k dielectrics, strained channels, and 3D structures for the transistor. To
push the limits further and enter the hyper-scaling era, innovations in materials, co-integrating
both logic and memory functions in one device, and heterogeneous integration technologies
will be necessary. Adapted from [4].

Besides the advancements of the semiconductor industry, other key inventions like the "world
wide web" at CERN in 1989 [6] resulted in an unprecedented global connectivity. While less
than 1% of the world population were using the internet in 1995 [7], due to the fast growing
connectivity of smart objects the total number of Internet of Things (IoT) devices already
surpassed the 10 billion mark [8] (Fig. 1.2) and is expected to reach more than 50 billion by 2025
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Figure 1.2: Growth of the total number of IoT devices during the last decades. Adapted from
[12].

[9]. Together with the increase of smart connected devices like wearables, sensors, actuators or
smartphones which need to store transmit and process information, an exponential increase
in data creation and traffic is seen. Current data handling easily exceeds 1 zettabyte (10?!
bytes, ZB) [10], a trend which needs to be adequately addressed to avoid an unsustainable
explosion in energy consumption. Predictions of the energy consumption of the information
and communication technology (ICT) sector are as high as 20% of the worlds total energy by
2030 [11].

With the rise of the information era, vastly available new data and increasing computation
performance, another field quickly established itself as one of the dominant technologies of
the century. Artificial intelligence (AI) algorithms and associated applications have expanded
in nearly every aspect of life and are getting integrated into newly evolving technologies, from
the education sector to producing music, art or design, medical applications and early-stage
disease prediction, autonomous drive and intelligent chat bots as well as speech or image
recognition [13, 14, 15, 16, 17, 18]. Hugely driven by the wide success of advanced large
language models (LLMs), which were one of the first (publicly) available general-purpose
text-generation programs, Al-programs are quickly maturing and heavily increasing their size
[19]. Larger and larger models are developed to enhance the performance by an incredible
rate, doubling their computation demand every 3.4 months, easily surpassing the decreasing
scaling of Moore’s Law [20] (compare Fig. 1.3). Additionally, due to the inefficient imple-
mentation of the underlying neural network structure of modern Al-algorithms the energy
consumption needed to train the models exacerbate the increasing energy demand and costs
further. Training of Open Al's GPT-3 alone is estimated to require nearly 5 million USD, over
1000 MWh of total energy and a duration of over 10 days [21, 20].

The inefficient use of energy and speed limitation by Al-algorithms stems from their implemen-
tation on classical computing platform. Despite their astonishing performance, fundamental
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Figure 1.3: The increase in computing power demands over the past four decades expressed
in petaFLOPS days. Until 2012, computing power demand doubled every 24 months; recently
this has shortened to approximately every 2 months. The colour legend indicates different
application domains. Adapted from [20].

factors impede the achievement of efficient computations. The most important problem,
known as the von-Neumann bottleneck, refers to the separation of computation and memory
in classical computer architectures [22]. The underlying AlI-models however are implemented
in highly connected neural network structures, which require a vast amount of calculations
and continuous weight updates of the interconnected layers and nodes of the network. For
comparison, inside the brain 10! neurons are innterconnected with 10'° synapses, while the
GPT-3 model does work with around two times as many parameters (17.5-10'%) as there are
neurons in the brain, the complex interconnection provided by the trillions of synapses is still
unmatched and will push research for more complex Al-models in the future [23].

To address the challenges of the increasing demand in computation power by advancing
Al-models together with the problematic energy consumption based on the current imple-
mentation of the algorithms, new ways of computing for Al are needed. To fuel novel break-
throughs and Al-applications, especially for edge-computing and real-time processing for
which cloud-based services are unavailable, novel highly efficient computation platforms are
necessary.
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Figure 1.4: a) Schematic of the organizational principles of the brain. The intertwined network
of neurons and synapses with temporal spike processing enables rapid and efficient flow of
information between different areas. b) Schematic of a basic biological neural cell and synapse.
Neurons and synapses are the fundamental elements of a neural network, and the transmission
of action potentials through synapses plays a crucial role in neural communication. Adapted
from [24, 25].

Neuromorphic computing concepts, which try to mimic the function of the human brain
are one promising trend, which is heavily explored at the moment. The human brain excels
at ulta-high energy efficiency. For example: with an energy budget of 1 MWh, which is a
fraction of the needed energy for a state of the art AI-model, the brain could operate for 6
years [23] with an estimated average energy consumption of 20 W. The brain’s remarkable
capability is thought to be attributed to three foundational observations from neuroscience:
vast connectivity, structural and functional organizational hierarchy, and time-dependent
neuronal and synaptic functionality. Neurons are the computational primitive elements of the
brain that exchange or transfer information through discrete action potentials or ‘spikes,” and
synapses are the storage elements underlying memory and learning (see Fig. 1.4).

Von Neumann architecture versus Neuromorphic architecture
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Figure 1.5: Comparison of the von Neumann and neuromorphic architectures, showing their
fundamental differences and structures. Adapted from [26].
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The term neuromorphic computing was first conceptualized by Carver Mead in the late 1980s
[27], referring to the implementations of artificial neurons and synapses, with functionalities
which are inspired by the human brain [26] and arranged in neural network circuits. Unlike
classical von Neumann computers, which have separate CPUs and memory units, neuro-
morphic computers integrate processing and memory within neurons and synapses, called
in-memory computing. Neuromorphic systems receive spikes as input, where the timing,
amplitude, and shape of the spikes encode information, in contrast with the binary values
used in traditional computers. They are inherently scalable, stochastic, event driven and offer
the possibility of highly parallel operation (compare Fig. 1.5). These properties allow them to
calculate with increased energy efficiency and allow for direct implementation of the neural
network structured Al-algorithms. Several physical realizations of spike-dependent neuro-
morphic systems have been developed in academia such as SpiNNaker [28] and BrainScaleS
[29] or from industry such as IBM’s TrueNorth [30] and Intel’s Loihi [31]. These systems are
used to run large scale neuroscience simulations, solving image or speech recognition tasks or
to advance existing spike-time dependent algorithms.

While the before mentioned neuromorphic systems could showcase the potential of spiking
neural networks, their implementations to date are based on classical CMOS-technology with
their associated problems of limited energy efficiency, large space requirements and limited
interconnectivity [32].
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Figure 1.6: Novel hardware implementation of synaptic functionalities in different material
systems. The top row depicts the high-conductivity synaptic states, and the bottom row
depicts the low-conductivity synaptic states. a) A filamentary device (oxide or conductive
bridge). b) A chalcogenide-based phase-change memory (PCM). c) A ferroelectric tunnel
junction (FTJ). d) A magnetic tunnel junction (MT]). e) An organic electrochemical device. f)
A Josephson junction (J]) with a magnetic barrier. g) A graphene/MoSO/graphene van der
Waals heterostructure. Adapted from [23].

Recently, research has shifted to focus on direct Al-hardware implementation. Developing
advanced materials and material properties for novel fundamental devices would allow for a
full analog-computing neuromorphic hardware [33, 34, 35]. Such hardware could address the
energy-efficiency, scalability and computation in real-time due to a better level of mimicking
and more direct implementation of the brain-functionalities such as spike-time dependent
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plasticity (STDP) learning, neuronal integrate and fire model or direct in-memory weight
update.

Different materials and their associated functionalities and working principles are currently
investigated such as phase-change materials, ferroelectric materials, filamentary materials,
2D materials or chanel-doped biomembranes [36, 37, 38, 39] (see Fig. 1.6). One promising
approach within these different material systems is to develop devices with memristive func-
tionalities, inspired from the fundamental circuit element, the memristor, proposed by Chua
in 1971 [40]. Memristive elements, broadly defined as resistive switchable elements based on
their history of applied charge, would allow for in-memory computing as they co integrate
memory and resistor [41, 42] (compare Fig. 1.7). Such properties are essential for realizing
artificial synapses. As research in this field is ongoing, it is yet to be seen if one of the material
classes will prevail or if several systems will establish themselves with different advantages
and disadvantages.
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Figure 1.7: a) Four fundamental passive circuit elements and their relationships. The mem-
ristor is defined by a relationship between flux (¢) and charge (q). b) Schematics of the
matrix—vector multiplication (MVM) operation mapping into a memristor crossbar array
by exploiting Ohm’s law and Kirchhoff’s law. c) Illustration of a memristor with a metal/in-
sulator/metal sandwiched structure based on the conductance tuning mechanisms of a
conductive-filament type device. d) Long-term potentiation (LTP) and long-term depression
(LTD) curves for a FeFET synaptic device under a pulse number modulation scheme together
with an experimental STDP curve for the same device. Adapted from [43, 25].
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Among the heavily studied and interesting concepts, this thesis focus on ferroelectric materials,
to be implemented in novel elements for neuromorphic hardware. Especially, one functional
class within the ferroelectric system will be studied, the two dimensional boundary between
ferroelectric domains, the domain wall. As it will be explore later, ferroelectric domain walls
have great potential to function as highly reconfigurable channels with memristive properties
for neuromorphic devices and circuits.

1.2 Ferroelectric domains and domain walls

Ferroelectric materials are well known and used in today’s semiconductor industry as actuator
and sensors [44, 45], in memories [46, 47] or supercapacitors [48, 49] and recently investigated
also for novel neuromorphic devices [25, 33]. Discovered in 1921 [50] and named after the
analogues ferromagnetic materials, ferroelectricity is a material property characterized by a
spontaneous electric polarization that can be reversed by an external electric field [51]. As
a subclass of piezoelectric materials (characterized by the appearance of an electric field
under mechanical stress), ferroelectric materials need to posses a non-centrosymmetric
crystal structure, which allows for a stable formation of an electric dipole moment. Under
the application of an electric field, this dipole can reversibly switch orientations between at
least two energetically-equal ground states. The stable, but reversible electrical polarization is
characterized by a hysteretic behaviour in the polarization vs. electric field (P-E) diagram as
seen in Figure 1.8 b).

lEC E _Ec E

V

Figure 1.8: a) Displacement current vs. electric field b) Hhysteresis P-E loop. Adapted from
[52].

During switching, the change of the polarization direction is accompanied by a sharp current
spike, which results from the change of bound charges at the surface, compare Fig. 1.8 a). The
electric field needed to switch the polarization is denoted as the coercive field (E.). Ferroelec-
tric materials posses a so called Curie-Temperature (T;) above which they transition from the
ferroelectric phase to the paraelectric phase, illustrated in Figure 1.9. More information about
the fundamentals of ferroelectrics can be found elsewhere, e.g. in ref [53].
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Figure 1.9: Schematic of the energy landscape in the ferroelectric phase (T < T,) and in the
paraelectric phase (T > T.). The small inserts represent the crystal lattice structure of PZT for
the paraelectric phase and for the two polarization states of the ferroelectric phase. Adapted
from [52, 54].

To date the most used ferroelectric materials are ceramics processed as thin films [55]. As
inorganic compounds, they offer good chemical stability, high or partial crystalline structure
and insulating properties. Within the wide class of ceramics, perovskite materials are of
particular interest, e.g. due to their high dielectric constant [56]. Their crystal structure
is described as ABX3, with A and B usually being a bigger and smaller cation respectively
and X commonly occupied by oxygen. Some of the most prominent perovskites, which also
posses ferroelectric properties include BaTiO3 or Pb(Zr,Ti)Os [51, 57]. Another non-perovskite
ferroelectric, which has found a lot of interest in industry is HfO, due to a CMOS compatible
fabrication process [58].

Regions within the ferroelectric material, where the electric polarization is uniformly aligned
are called domains. The formation of these domains is a result of the material’s effort to
minimize its overall energy, balancing the electrostatic energy, elastic energy, and domain
wall energy [59]. The configuration and size of ferroelectric domains are influenced by the
crystal structure, boundary conditions, and processing methods such as thin film deposition
versus bulk crystal growth techniques [60]. While an amorphous material is characterized by a
lack of long range order of the atoms, a single crystal or mono crystalline structure reflects
a system in which the whole sample possesses a continuous identical crystal structure with
high symmetry. In between the two extremes, the poly crystalline structure is made from
areas of single crystalline regions called grains. The crystal orientation between grains can be
randomly oriented. Amorphous materials typically are not ferroelectrics due to the missing
order of the crystal structure, while poly crystalline and single crystalline materials can show
ferroelectric behaviour. In general, poly crystalline films can be fabricated faster and cheaper
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and with shorter process time compared to single crystal growth which necessitates highly
optimized growth parameters and ideal conditions [61]. However single crystal samples for
ferroelectric applications are highly desirable due to the confinement of the polarization
direction by the continuous crystal structure, a reduced defect density and generally enhanced
electrical and mechanical properties. Within the single crystals, especially thin film fabrication
has emerged as an important technique to fabricate materials with well defined thicknesses,
atomically flat surfaces and controllable material properties. Deposition techniques such as
pulsed laser deposition (PLD), molecular beam epitaxy (MBE) or radio-frequency magnetron
sputtering allow for an epitaxial layer growth with which highly oriented single crystalline thin
films can be produced [62].

a b c d

g L5 | R

Figure 1.10: Domain formation in ferroelectrics. Black field lines represent the electric stray
field. (a A ferroelectric monodomain state. The grey arrow shows the polarization direction, P
The build-up of stray electric fields induces a field in the opposite direction, the depolarizing
field, Egep, indicated by the red arrow. (b) Complete screening of the ferroelectric polarization
by surface charges. (c) A 180° domain wall leading to a smaller electric stray field that reduces
the internal depolarizing field. (d) Representative multidomain state showing the much
smaller electric stray fields. Adapted from [63].

In ferroelectrics, the domain formation is accompanied by the appearance of bound charges,
which introduce a so called depolarizing field (E;.,) with opposing direction of the sponta-
neous polarization [63], see Fig. 1.10 a). Since the accumulating bound charges counteract on
the domain formation, one way to reduce them is to screen them by surface charges or with
metallic electrodes in capacitor structures, see Fig. 1.10 b). Other mechanisms to mitigate
the depolarizing field include the formation of poly domain states in which domains with
alternating polarization directions are formed, effectively cancelling the effect on a macro-
scopic scale, see Fig. 1.10 c) and d). Different parameters can influence the available screening
charges or the formation and strength of the depolarizing field. Temperature, oxygen pressure
[64] or crystal-induced strain [65] will influence the final domain configuration as well as the
inherent crystal structure of the ferroelectric material.

Another important aspect is the crystal structure of the ferroelectric material itself. Simple
systems like the tetragonal PbTiO3 (PTO) posses a tetragonal structure with spontaneous
polarization along the c-axis. They are therefore switchable in the [001]-direction with two
stable configurations. BiFeOs (BFO) however forms in the rhombohederal structure with
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its ferroelectric polarization along the [111]-direction, which results in a total of 8 different
polarization directions and much more complex domain patterns, as seen in Figure 1.11.
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Figure 1.11: Comparison of the rhombohedral BFO (left side) and the tetragonal PZT (right
side) lattice structure with their ferroelectric polarization directions. Adapted from [54, 66].

Especially in epitaxially grown thin films, induced strain effects from the substrate material
further complicate the domain landscape as domain formations can get pinned or the for-
mation of ferroelastic domains can be promoted. For the important material of this thesis,
Pb(Zr, Ti)O3 (PZT), the before mentioned effects as well as other processing parameters for
film growth, domain and domain wall formation and tuning of their properties are discussed
in more detail in Chapter 1.4.

While most applications in previous ferroelectric devices exploit the properties of the domains,
their polarization direction, or the controlled switchability, recently the research focus has
shifted to the domain boundaries. The two dimensional interfaces which separate domains
of different polarization direction, known as domain walls, were long disregarded. Partially
due to their intrinsic size, with widths between a unit cell and a few nanometers, only recently
advanced functional characterization techniques with high enough resolution like atomic
force microscopy (AFM) and transmission electron microscopy (TEM) allowed researches to
study their structure and exploit the unique properties of these topological defects [67].

Interface physics is know to provide a wide range of interesting and novel functionalities like
p-n junctions in semiconductors or the control of electronic transport at oxide interfaces
(68, 69, 70]. Contrary to interface-enabled functionalities, which make use of the interaction
region of two heterogeneous materials, as seen in the emergence of a 2D electron gas at
the LaAlO3/StTiO3 interface [71], domain walls represent interfaces within a homogeneous
material.

Due to their intrinsic size advantage compared to the bulk domains, the possibility to con-
trol their position and presence by manipulation of the domain configuration with external
stimuli and the experimental demonstration of unique intrinsic properties like enhanced
conductivity [72], domain walls have become an independent research field. Devices in which
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the functional element is represented by a 2D domain wall offer novel design concepts for
nanoscale electronic building blocks or circuits, which give rise to the field of domain wall
nanoelectronics [73, 74].

1.2.1 Conducting domain walls

One of the most interesting novel properties, which traces back to predictions from Vul et
al. in 1973 [75], was first observed at domain walls in BiFeOs in 2009. Seidel et al. showed
that 109° and 180° domain walls in the multiferroic system exhibited robust conductive traces
[72] with orders of magnitude enhanced conductivity compared to the insulating bulk of the
domains. With this discovery a new field was born and shortly after, conductive properties
coupled to the existence of domain walls were found in a multitude of proper and improper
ferroelectrics and in different kinds of domain walls. Some of the most prominent examples
include BaTiOs3 [76] as well as LiNbOj3 single crystals [77, 78]. Thin film PZT [79, 80] and the
before mentioned BFO-systems [81, 82, 83] as well as in improper ferroelectric single crystals
like ErMnOs [84], YMnOj3 [85] and many others [86, 87, 88].

Domain walls can be classified depending on the the angle created between the two polariza-
tion directions (P; and P») of the adjacent domains with respect to the domain wall normal
vector (npy) [89]. In the case of neutral domain walls (nDW), the polarization directions
are aligned side by side by 180° preserving the polarization continuity at the domain wall
while charged domain walls (cDW) either face to or away from each other, giving rise to a
polarization discontinuity and a formation of an electrostatic field. The electrostatic field
creates bound charges o p, which can be calculated by:

op=(P2—P1)-npw (1.1

For neutral walls, the bound charges are op =0, while for charged walls a net bound charge
arises op #0. Depending on the direction of the polarization, the formed cDW can be cate-
gorised into Head-to-Head (H-H) and Tail-to-Tail (T-T) DWs as seen in Figure 1.12 a) (neutral
DWs are classified as Head-to-Tail or Tail-to-Head DWs). The creation of bound charges need
to be screened with mobile charges (electrons, holes or mobile ions), so that the electrostatic
energy of the DW is reduced and the DW is stabilized [73]. In general, due to the increased
energy cost of charged domain walls, their presence needs to be further stabilized by other
factors like strain induced boundary conditions [90].

Due to the high bound charges found at charged domain walls and a distortion of the band
structure due to the local electric fields, and the therefore accumulated free carriers, in most
cases, an enhanced conductivity can be observed at cDWs. While neutral DWs do not promote
the accumulation of free charges by the creation of bound charges, they can still sometimes
show a conductive response [79]. However the corresponding charge carriers accumulating at
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Figure 1.12: Comparison of neutral and charged domain walls. a) Schematics of a neutral DW,
a Tail-to-Tail DW and a Head-to-Head DW. b) Schematics of different types of charge accumu-
lation depending on the type of domain wall. For neutral DWs a strain-driven accumulation
takes place, while for charged DWs an electric-field causes the accumulation of either positive
or negative charges. Adapted from [73].

neutral walls originate from charged defects, mostly oxygen vacancies (V(?f), impurities or
interstitial ions [67]. Point-defects are known to locally change the materials symmetry and
since domain wall are regions in which the material symmetry breaks, these defects can get
attracted by the DWs to compensate for the strain induced energies [91, 73]. The comparison
for different types of accumulation at domain walls are shown in Figure 1.12 b) for the neutral
and charged DWs.

Based on their underlying effect the conduction mechanisms can be classified into an extrinsic
effect (for the neutral strain-driven) and intrinsic effect (for electrostatic field-driven). The
influence of the extrinsic and intrinsic mechanism onto the band diagram promoting the
conduction at the domain walls are shown in Figure 1.13. Defect-mediated accumulation at
neutral walls lead to defect sites between the conduction and the valence band, while H-H
or T-T DWs lead to a electric field induced local shift in the band structure. Moreover, high-
resolution TEM mapping of the local polar displacements and domain orientations showed
that in reality domain walls are often distorted or bent and are rarely perfectly straight at the
nanoscale [92], which leads to a mixed-type effect of extrinsic and intrinsic conduction.

Other distinguishing factors between the defect assisted conduction and intrinsic electron or
hole mediated conduction are the observation of persistent conductive footprints of erased
domain walls for the case of extrinsic conduction [93]. Metallic-like or non-thermally activated
conduction [94, 76, 95], which is in line with an intrinsic mechanism, could be measured by
temperature dependent electrical measurements of DWs as well as in cryogenic experiments,
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Figure 1.13: Extrinsic and intrinsic effects on the band structure at the domain wall. a) Intra-
bandgap defect states between the conduction band (top semicircle) and the valence band
(bottom semicircle). Usually, intra-bandgap states are caused by defects. b) Shift of the band
structure induced by local electric fields associated with local head-to-head (giving positive
bound charges, +) and tail-to-tail (giving negative bound charges, -) configurations of the
polarization. Adapted from [67].

in which new conductive DWs are created and erased at 4K. Thermally activated effects could
be measured for defect assisted extrinsic conduction transports governed by oxygen vacancies
[79, 81, 96, 97]. Especially the role of oxygen vacancies has been studied in more detail. Since
oxygen vacancies can easily be controlled during film growth by playing with the oxygen
pressure, experimental studies revealed that chemical tuning of the Vé* density can lead to
enhanced conduction at the DWs [97].

Other ways to control the conductivity of DWs have been studied by direct observations of the
relation between charge state of the domain walls (which can be seen as the amount of bound
charges) and conductivity. An ideal scenario to study differently charged DWs is presented for
the improper hexagonal manganites systems [73]. Because the electrical polarisation is not
the primary order parameter, the formation of ferroelectric domains encounter more flexible
boundary conditions, which result in the spontaneous formation of a variety of different
domain and charged DW structures normally unobserved for proper ferroelectrics.

In the hexagonal manganites, characteristic six-fold vortices form at the meeting point of
gradually curved DWs. In Figure 1.14 a), a vortex plus the 6 differently oriented domains (3
colors plus black and white arrows for up and down) in a YbMnOs crystal can be seen together
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Figure 1.14: Domain structure and conductive response of curved domain walls in the hexago-
nal manganites YbMnOs; and ErMnQOs. a) cAFM image of a vortex showing the gradual change
of conductance along the different DWs on the left side and an illustration of the different
domain directions on the right side. b) Plot of the angular dependency of the conductivity of a
DW in the ErMnOs crystal. c) IV curves for different DW configurations from the same area as
in b). Adapted from [98, 84].

with a conductive AFM (cAFM) image showing the gradual conductance change of the DWs
[98]. In Figure 1.14 b) and c), a ErMnQj crystal is studied and the angular dependence of the
DW conductance is shown as well as point IV curves for the H-H and T-T DWs compared to the
bulk [84]. Tt is obvious that T-T DWs in these systems show an enhanced conductivity, which is
gradually decreased for a lowering of the T-T angular state of the DW. Interestingly the H-H
DWs showed an even lower conductance than the bulk, indicating a depletion region of free
carriers.

These experiments not only highlight the gradual dependency of the DW conductivity with
respect to the charge state but also experimentally prove the different kind of carrier accumu-
lation (or absence) at different DW types. Pioneering work to determine the sign of carriers
as well as measuring quantitative carrier densities have been carried out by exploiting the
Hall-effect in AFM-based experiments [98, 99, 100] and were able to experimentally prove the
expected p-type nature of T-T DWs with holes as the most likely carriers.

While in the manganites system differently curved DWs can be observed and studied, they
remain fixed elements and the change of conductance is only observed by a local change of
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Figure 1.15: Formation and effect of surface angle tilt of domain walls in LINbOs. a) Schematic
of the conductive and insulating state of the cone shape polarization domain in the LNO
crystal together with the resulting domain size change observable by AFM-imaging. b) Plot
of the conductance change based on the change of the surface angle. c) TEM cross-section
image of the cone shape domains. Yellow circle indicate the regions of the adjustable surface
angle. d) IV curves with multiple pulses showing an increased in the readout current based on
the amount of applied pulses. Adapted from [101, 102].

position. In other systems such as LNO, a direct manipulation of the charge state of electrically
written DWs was demonstrated, see Figure 1.15. Vertical domains in a capacitor structure
exhibit a surface angle of the DWs with respect to the z-axis. To minimize its energy, the
DW-angle tends to straighten up and reduces its charge state and conductivity. By applying
short poling pulses, the angle can become inclined with H-H DW configurations and based
on the amount of pulses the degree of the surface angle can be tuned. The change of the DW
angle directly results in an conductive switching of the DWs with a gradual tunability as seen
in Fig. 1.15 d).

Similar results are obtained for PZT systems in which a repeated resistive switching is observed
for poled nanodomains based on an application of a pulse-probe waveform, tuning the local
domain angle to induce the resistance change, see Figure 1.16 a)-c) [80]. The dynamic tuning
of DW conductivity in BFO systems seen for the application of consecutive voltage pulses is
believed to arise from a different mechanism. Slight domain distortions observed in high-
resolution PFM images from before and after the tuning [83] (compare Figure 1.16 d) and e))
are believed to be at the origin of the tunable conductance.

Ongoing research also focuses on the intrinsic properties of the DW conductivity, which
inherently is difficult to access due to the two-probe geometry inherent to the cAFM technique.
In addition to the before mentioned Hall-effect measurements, carefully designed planar AFM-
electrode measurements were performed to learn more about the intrinsic resistivity of the
DW rather than the often dominating interface effects [103, 104]. Other experiments tried to fit
different conduction models like Fowler-Nordheim Tunneling, Schottky-Emission or Hopping
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Figure 1.16: Dynamic conductivity of DWs in PZT and BFO systems. a) Top: local resistance of
a PZT film acquired using a pulse-probe waveform. Cartoon schematics show nanodomains
of upward polarization orientation (orange) believed to be formed at various instances of
the resistance curve (green points). Bottom: phase of local piezoresponse accompanying the
resistance curve. b) Simultaneously acquired PFM and cAFM images. c) Dependence of the
carrier concentration on the domain wall tilt. d) A series of hysteretic I-V curves obtained
sequentially on the surface of BiFeO3 film. e) Evolution of the domain wall profile along the
surface when it is subject to conductive measurements. Adapted from [80, 83].

conduction to their experimental data to evaluate the dominant conduction mechanism for
the DW-type. However, as the DWs are confined in nanoscale volumes and their conduction
also heavily depend on their adjacent interface materials and boundaries, for most cases the
conductive response and the observed resistive switching needs to be treated to arise from the
whole DW-system including its interfaces.

1.2.2 Domain wall control

While it was shown in the previous chapter that a lot of research effort has been performed to
entangle the different extrinsic and intrinsic conduction mechanisms and the role of point
defects to better understand the physics of the conduction origin [67] and help to deterministi-
cally control properties at the domain wall for domain wall-based nanoelectronics, one other
major persisting challenge is the reliable control over the domain wall dynamics. As most
DW-based devices and prototypes to date use a degree of control over the creation/erasure
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and positioning/density of DWs for device applications it is important to have engineering
solutions to hand which are applicable for the different material systems and device archi-
tectures. For device applications, which will be presented in detail in Chapter 1.3, not only
the positional control of the DWs are important also stability concerns of charged DWs and
tunability of the static conductivity, which have been discussed previously.
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Figure 1.17: Direct change of the resistive state of a device prototype by writing of DWs with a
biased AFM-tip. a) Schematic of the poling procedure creating DWs which connect the left
and right SRO bottom electrode. b) Iv curves for the different states depending on the number
of written DWs. Adapted from [72].

Since the DWs are created and positioned (mostly) through ferroelectric domain manipulation,
electrical stimuli is an important knob for controlling the domain walls. While in principle
other mechanisms like mechanical or magnetic stimuli can be used to control the ferroeelectric
domains by the flexoelectric or ferromagnetic effect (for certain materials), they are rarely
applied in device concepts. One way to change the ferroelectric domain configuration is by
locally controlling the electric field. Probably the most simplest way of doing so is by writing
domains with a biased AFM-tip. By doing so one can readily connect e.g. two planar electrodes
with domain walls by partially switching the domains in the direction of the electrode. By
creating more poled strips, a discrete number of domain walls can be written and connected
to the device electrodes [72] as done in one of the first prototype concepts in BFO, see Figure
1.17. While this techniques allows a high degree of control over the nucleation area of the
domains and the position of the DWs by choosing the area contacted by the biased tip, it
is only useful for demonstration purposes as a moving tip presents a highly cumbersome
approach to manipulate functional elements in a device.

If one removes moving parts another way to tailor the electric field is by shaping the electrode
design. By doing so inhomogeneous electric fields are created with enhanced areas of the
e-field which promote switching in these pre-designed locations compared to areas of lower
electric fields. Some examples are shown in Figure 1.18 a, in which a nanometer sized contact
is put in front of a larger electrode to create non straight DWs connecting the planar electrodes
[105] and in 1.18 b, in which "spike-like" modifications at the electrode border result in an
enhanced electric field perpendicular to the spike with a preferential domain switching and
DW injection [106]. The advantages of such designed electric fields are the precise modeling
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Figure 1.18: Modifying the electric poling field through the electrode design. a) Schematic
of device with a nanoelectrode in front of a larger Pt pad resulting in an asymmetric electric
field. b) PFM and cAFM image of the device off-state without domain walls and on-state with
connecting non-straight domain walls. c) Different current levels for the different kind of
DWs. d) SEM image of notched electrodes on platinum sputtered KTP lamella created via FIB
milling and a schematic of the experimental setup for PFM investigations. e) Schematic of the
different states of varying resistance based on the voltage V,. f) Lateral-PFM amplitude and
phase images showing the different states depending on the formation of the DWs. Adapted
from [105, 106].

through simulations which results in deterministic switching behaviours and control over the
parameters like necessary applied biases or electrode dimensions. Also as seen in Fig. 1.18 b
by adjusting, multi-switching or cascade-like switching can be achieved, which is potentially
interesting for multi-state or voltage dependent memories.

Similar to these approaches, instead of changing the electrode shape to create an modified
electric field, it is also possible to introduce defects or pinning centers by chemical doping
inside the active material to create "hot-spots" at which nucleation and therefore the injection
of DWs are promoted and at which DW can be stabilized. Defect-engineering is a wide research
field in its own studying the effect of doping and defect chemistry on the material properties
like e.g. enhanced ferroelectric polarization, modified hysteresis loops, enhanced electrical
properties or increased retention and endurance cycling. For controlling nucleation sites,
DW positioning and domain expansion speed, the material is only locally modified. Some
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Figure 1.19: Modifying the effective electric field through defects and chemical doping. a)
Electric field model of KTP lamella with milled circles showing the creation of field hot-spots
left and right of the defects. b) SEM image of a KTP lamella with milled circular defects. c)
PFM images of amplitude (left) and phase signals (right) showing a mono-domain state (top)
and domain nucleations aligned with the field hot-spots (bottom). d) Domain wall interaction
with a 1 um wide defect region (green). Schematic representation of the structure at the top
and sequence of PFM images showing the domain wall pinned at the defect region (green
dotted outline) and then depinned at high bias magnitudes in the bottom images. Adapted
from [107, 108]

examples include the creation of material defects like drilling of holes [107] while others rely on
the locally applied chemical doping [108] as presented in Figure 1.19. Especially precise locally
doping with Ga™ ions show potential in capacitor device geometries as pinning and defect
sites allow to control the domain structure inside the otherwise not accessible sandwiched
active region [109].

One drawback of the before mentioned concepts are that irreversible changes are necessary
to create such inhomogeneous electric fields either in the electrode shape which needs to
be predefined or by locally altering the material itself, which could additionally effect the
properties of the DWs. Furthermore, even when working reliably these concepts are rigid and
provide no dynamical changeability compared to neuronal connections in the brain which
can be reconfigured. As domain walls as functional elements are inherently interesting not
only due to the ability to inject and erase them on demand but also to control their position
and allow them to form (inter-)connections in more complex ways.

As mentioned earlier, mechanical stress has also been used to control not only the creation
and formation of domains, but also to limit DW motion in a less controlled way compared
with electric-field driven approaches. Mechanical switching through a top electrode was
shown by exploiting the flexoelectric effect in BTO [112] as well as controlled writing and
positioning of conductive domains by locally applied stress [113, 94]. Additionally it has been
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Figure 1.20: Ferroelectric domain wall-motion diode. a) KTP lamella with a sawtooth cross-
sectional morphology. Top: SEM image of the real device together with a line profile of the
lamellar surface topography. Bottom: a new domain wall has been injected and progressed
from right to left up the ramp and over the sawtooth edge, left side. The state after a further bias
pulse was applied, right side. A domain wall of the opposite polarity has been injected into the
device and moved to the base of the ramp. b) Domain-wall shift register based on ratchet-like
domain-wall motion for successive alternating field pulses. c) Possible implementation of a
shift register in a memory device. Adapted from [110, 111].

shown that ferroelastic domains, which are sensitive to mechanical stress can interact with
the ferroelectric switching dynamics [114].

Other novel and advanced concepts of asymmetric domain wall movements were presented
by demonstrating a ferroelectric "motion-diode" [110] in close relation to the ferromagnetic
counterpart of a shift-register [111]. Here, the domain walls movement is restricted in one
direction irrespective of their polarity, as a result of a cross-sectional sawtooth profile of the
poling electrode, see Figure 1.20. Successful demonstrations showed that domain walls could
only propagate in the direction of increasing thickness of the sawtooth electrode, paving the
way for implementing a series of diodes for a ferroelectric DW-shift-register potentially usable
for "race-track” memory [115] concepts.

Another clever way to manipulate the effective electric field for poling the ferroelectric domains
is by using electrodes, which offer a time dependent non-uniform electric field distributions.
High-resistive (high-R) electrodes have been shown to successfully confine and guide the
electric field due to a limited charge-movement inside the electrode. The advantage over
patterned electrodes is the flexibility over the evolving domain which can be controlled by the
amplitude, dwell time or amount of poling pulses compared to rigid electrodes which are only
able to produce one domain pattern through the applied electric field. McGilly et al. [116, 117]
successfully applied this concept by using high-R platinum electrodes, shown in Figure 1.21.
The increased spread resistance caused a voltage gradient within the electrode, which resulted
in controlled DW-dynamics. Of course high-R electrodes also present challenges, e.g. in the
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Figure 1.21: Controlling domain walls with high-resistive electrodes. a) Top: topography
image of a line electrode made from high-resistive platinum. Bottom: series of PFM images
monitoring the DW motion based on an increase of the applied voltage pulse duration. b)
PFM images of the injection of multiple DWs based on a voltage pulse profile with alternating
positive and negative pulses. Adapted from [116].

higher resistivity of the electrodes, worse interface contact with DWs or potentially enhance
fatigue effects.

1.3 State-of-the-Art domain wall electronics

While different challenges still impede the technological integration of domain wall based
devices to date, prototypes with various functionalities based on the different DW-types have
been realized. A variety of foremost non-volatile memory devices as well as logic units have
been demonstrated.

Standard concept rely on a resistance change of the device based on the creation or erasure
of conductive domain walls between an inter-electrode gap. In BFO systems, often a planar
electrode architecture was used as shown in Figure 1.22. In the first approach a nanometer
sized electrode is placed in front of a big electrode and a voltage bias is applied. The in-plane
domains in the area between the electrodes switch and 2 domain walls are connecting the
small an big electrode. Based on the distance of the gap, the DW-curvature and therefore
its charge state is controllable yielding higher readout currents for smaller gap distances. In
another approach, center-type topological quadrant domains in an BFO film are used, which
showed a reliable switching between an on-state and off-state by changing the quadrant
domain wall structure from the H-H to their T-T configuration. The realized memory devices
showed excellent stability of the created H-H DW state due to the topological confinement.
In other works on memory elements from DWs in BFO thin films, three-terminal devices
were created in which a partially switching of domains is used together with only temporary
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Figure 1.22: Ferroelectric domain wall based memory devices. a) Schematic of the BFO
memory device with PFM images of the pristine monodomain P off-state and on-state with a
poled domain P, and associated DWs. b) Left: DW-based memory device using a switching
of the center-type quadrant domain states changing between its H-H and T-T formation. A
gold ring top electrode and an AFM tip placed in the center of the device is used to promote
the switching. Middle: cAFM image of the off-state and on-state showing the conductive
DWs together with a representation of the polarization directions of the quad-domains. Right:
Retention tests of the HRS and LRS over a duration of 12 days showing no change in the on- or
off-state. Adapted from [118, 119].

formation of charged DWs under a readout voltage. An enhanced endurance is claimed for
this type of operation, while still preserving the non-volatility of written information.

Logic operations are demonstrated by BFO nanoislands, in which conductive domain walls
are stabilized due to the mechanical clamping, and precise creation or breaking of DW-paths
are used for logic operations [120], see Figure 1.23. In LNO coplanar capacitor structure the
diode-behaviour of the cone like charged domain walls are used to construct logic gates (AND
or OR gates) as well as rectifier and electrical diodes [102].

In other works, the neurological behaviour of synapses are emulated by LNO-systems. Plastic-
ity shown as potentiating and depression behaviour as well as different short to long term-
memory functionalities are observed when working with spike rate dependent tuning schemes.
Clever ways of implementing the driving voltage bias also gives rise to spike time dependent
plasticity, a known learning mechanism of the biological brain [121]. In self-assembled BFO
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Figure 1.23: Ferroelectric domain wall based logic. a) DW-based logic units based on the
connecting of a charged DW segment in connected BFO nanoislands. b) Experimental demon-
stration of “AND” and inclusive “OR” logic gates based on the diode-like behaviour of LNO
DWs with stable and distinguishable “0” and “1” output states. Adapted from [120, 102].

DW-networks, no direct domain manipulation by poling operations are used but the memris-
tive properties of the highly interconnected DW network are investigated with potential to
apply reservoir-computing schemes [122, 123]. Studies on other application-relevant aspects
include their technological integration especially to allow CMOS-compatible processes [124,
125], high-temperature stability [126], domain wall p-n junctions [127] and tunable in-plane
DWs [128].

Besides standard binary memory applications, advanced memristive functionalities are one
of the sought-after advantages potentially realisable within domain-wall devices. Non-volatile
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Figure 1.24: Tuning of charged domain walls and spike time dependent characteristics. a) Top:
schematic of the tuning of the charged DW-segment inside a BFO film by applying voltage
through a mobile tip. Bottom: 1V characteristics of the on-state for which the charged DW-
segment is created and the off-state for which the charged-segment is removed. TEM images
of the two states prove the formation of the charged DW. b) Creation of a STDP characteristic
dependent on the time difference of a pre- and post-synaptic pulse within a LNO capacitor
device. The STDP characteristic is achieved due to the conductance change of the charged
DW segments based on the pulse amplitude and polarity. Adapted from [129, 121].

multi-resistive state tuning based on DW-functionalities due to previously received input
signals would open the door for single in-memory computing devices with nanometer size
dimensions.

So far, proposed concepts showed multi-resisitve state switching within the realm of DW-
based ferroelectric systems in two ways: either by changing the conductivity of single domain
walls or by controlling of the domain wall density. For single-DW tuning, various approaches
were studied, including, e.g. changing of the surface angle in cone shaped DWs in LNO [130],
modifying the proportion of the charged segments within DWs in BFO [129] or dynamic tuning
of the DW conductivity by consecutive pulses [122, 83] (see also Chapter 1.2.1). Multi-domain
capacitor devices with tunable domain wall density [131, 72] usually offer higher accessible
current output and simplified device architecture, however concepts are hindered by issues
with retention and high-voltage operations. The tunable multi-state DW-based memristors,
which have been demonstrated on LNO crystals are promising, however the conductive states
associated with the charged DWs still show a drift of the conductance state due to relaxation of
the domain wall inclination angle [130, 121]. Low-voltage memristive operations for a limited
number of conductance states have also been shown in perovskite thin films, in particular in
BFO, demonstrating the general feasibility of a multi-state DW-memristor [72, 118]. However
its practical implementation within a simple two-terminal device is impeded by either direct
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domain writing via a biased AFM-tip or a limited degree of control over the domain formation
and propagation needed to reliably address a multitude of resistive states.
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Figure 1.25: LiNbOs; domain wall memristors with multitude of resistance states. a) Creation
and accessing hundreds of resistive states based on a DW density manipulation by the applica-
tion of consecutive pulses applied through a liquid top electrode. b) DW-density modulation
inside a Gr/LNO capacitor with sub-coercive field tuning of the surface angle of the charged
DWs for an expanded resistive tuning. Adapted from [131, 130].

Further progress in the field is still hindered by the relatively low current outputs or needed
high voltages of DW-based memristors and the lack of stability (even through concepts have
been established which actively use the time dependent variation of the conductance states
[121]). Strongly charged DWs inherently counteract the need for stability while complex poling
operations by trailing fields also complicate the integration of such methods in solid-state
devices. For devices based on the tuning of the DW-density, the stochastic formation and
modification of poled domains can cause problems for the repeatability and addressability of
distinct conductance states. More progress is expected in advancing techniques to reliably
control the nucleation and positioning of DWs as well as a better understanding of the under-

lying conduction mechanisms which should allow for a enhanced tunability of the single-DW
conductivity.

1.4 Lead Zirconium Titanate

Lead zirconate titanate (PZT) is a solid solution with the chemical formula Pb(Zr,Ti;—,)O3 (0
=x < 1). PZT was first developed in the 1950s at the Tokyo Institute of Technology by Shirane et
al. [132, 133], following an increasing interest in ferroelectricity, previously studied in BaTiO3.
PZT is a ceramic perovskite material with ABOs lattice structure in which the ‘A’ site is occupied
by Pb and the ‘B’ site by either Zr or Ti [134, 135]. It is well known for its piezoelectric properties
and a cornerstone in many micro-electro-mechanical systems (MEMS) due to its high Curie
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Temperature, and its exceptional piezoelectric and ferroelectric properties. Only in recent
years a shift towards alternative piezoelectric materials for MEMS system is seen due to an
urge for a lead-free industry. However, 98% of all commercial piezoelectric are still based on
PZT [136].
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Figure 1.26: a) Phase diagram of Pb(Zr, Ti,—,)Os. The in this thesis used composition of Zr:Ti
of 1:9 is indicated by the red line. b) PZT crystal lattice parameter change depending on the
mole fraction of PbTiO3. Adapted from [137, 138].

PZTs phase diagram is displayed in Figure 1.26a, which was first studied by Jaffe et al. in 1954
[137]. The composition, which is used and studied in this thesis is 1:9 for Zr:Ti. As it can be
seen in the phase diagram, for this composition a phase transition takes place at around 460°C
from the high-symmetric cubic to tetragonal phase (with space group PAmm). This phase
transition gives rise to the ferroelectric property as it is explained in Chapter 1.2. Noteworthy is
the nearly temperature independent morphotropic phase boundary (MPB) which occurs at a
Zr/Tiratio of around 0.45-0.5 [135] separating the Ti-rich tetragonal and Zr-rich rhombohedral
phase, which gives rise to an enhanced piezoelectric response. Since this thesis focuses on
ferroelectric domain walls within PZT materials, a tetragonal Ti-rich composition offering
ferroelectric properties is required. In particular, the next chapter will focus on thin film
fabricated single crystalline PZT films.

1.4.1 Ferroelectric PZT thin films

Ferroelectric thin films have found their way in ferroelectric devices such as non-volatile
memories or capacitors [139]. To date, the most exploited functionality of the PZT films
are linked to their high remnant polarization and ideal switching characteristics due to the
tetragonal crystal lattice. Main applications focus on manipulation of the domains with
out of plane polarization direction as well as controlling the switching dynamics and the
resulting domain states to store information. As discussed in Chapter 1.2 and 1.2.1, besides the
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ferroelectric domains, recent research is targeting the 2D domain walls as functional elements
to achieve new functionalities and reduced device dimensions.

Most PZT films are grown using pulsed laser deposition (PLD) as it allows to preserve the
stoichiometry of the target material during deposition (more details on the PLD technique
can be found in Chapter 2.2 and 3). For most applications poly-crystalline films can be used,
however since the crystallographic directions of different grains (with grain sizes of several
pm) in poly-crystalline films are randomly oriented their use for high-precision applications
by harvesting and manipulating properties on the nanoscale is difficult and single crystal films
are needed. Single crystal oxide films can be grown by epitaxial layer-by-layer formation with
the PLD technique. To allow a defect-free growth several parameters have to be optimized but
one of the most important one is the choice of the substrate material. The substrate on which
the materials are grown onto present a boundary to which the formed layer tries to adapt.
Therefore, substrate materials and their crystal lattice constants need to be carefully chosen. A
so called lattice-matching is needed, such that the differences between lattice constants of the
substrate and the film are minimized. This results in a decreased elastic strain during growth
(and cooling) resulting in defect-free continuous films. Depending on the composition, the
PZT crystal has different lattice parameter as seen in Figure 1.26b [138]. In this work, PZT with
a ratio of 1:9 will exclusively be used, which exhibits high a tetragonality (ratio of c/a) and
lattice parameters of: apz7=0.3914 nm and cpz7=0.4138 nm [94]. Classic substrate materials
for the PZT growth include foremost SrTiO3 (STO) and members of the rare earth scandates
family (ReScOs3) (more details in Chapter 3).

STO is a perovskite material, which has a centrosymmetric cubic crystal structure at room
temperature making it an ideal substrate for growth of a wide range of oxides with a lattice
parameter of ag7p=0.3905nm. Rare earth scandates, which exhibit a distorted perovskite
structure can also be used for high-quality crystal growth. A perovskite oxide’s (pseudo)cubic
unit cell can be visualized as a stack of alternating AO and BO, layers along the [001] direction
[140]. By taking the pseudo-cubic lattice parameter, rare earth scandates provide lattice
constants in a range between 0.39 4nm and 0.405 nm [141]. By choosing substrates with
different lattice mismatches, different strains are applied to the grown functional material as it
adapts to the substrate lattice. For example, using a DyScOj3 substrate with pseudo cubic lattice
constants of apsp 1=0.3951 nm and apsp,2=0.3947 nm, results in a lattice mismatch of 0.93%
and 0.84% at room temperature with respect to the a-lattice parameter of Pb(Zry 1,Tig 9)Os3.
Comparing this to the STO case, with its smaller lattice constant a mismatch of only -0.23%
exists at room temperature.

Therefore also resulting PZT thin film exhibit different morphology at the nanoscale when
grown onto DSO or STO substrates. While the STO substrates with the low lattice mismatch
show smooth topography, the surface of PZT on DSO grown substrates show deformations
arranged in a cross-hatch pattern. When choosing substrates with a even higher lattice
mismatch such as SmScO3 (SSO) with agsp,1=0.3991 nm and assp,2=0.3983 nm the lattice
mismatch is in the order of 1.97% and 1.77%. Resulting thin films of PZT show a dense
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Figure 1.27: PZT thin films deposited on different substrates with increasing lattice mismatch.
From left to right column: PZT on STO, DSO and SSO substrates, respectively, with increasing
lattice mismatch to the deposited PZT film. Topography and PFM images are displayed,
showing the formation and increase of ferroelastic a-domains (seen in the amplitude image as
the cross-hatch pattern for the DSO substrate and herringbone pattern for the SSO substrate)
for increasing lattice mismatch. Adapted from [79].

pattern of stripes also called herringbone pattern, compare Figure 1.27. The emergence of
these patterns are due to the formation of ferroelastic a-domains, which form to reduce the
strain introduced by the substrate lattice. Therefore an increase in a-domains is observed
for substrates with higher lattice mismatch. Ferroelastic a-domains are in-plane oriented
compared to the dominantly observed ferroelectric out of plane c-domains. The ferroelectric
c-domains can be switched by an electric field, applied e.g. with a biased AFM-tip, whereas
the a-domains only react to the electric field by rearrange due to the polarization switching of
the c-domains. To map and distinguish the c-domains and a-domains, piezoforce microscopy
imaging (PFM) can be used. In Figure 1.27, partially polarized c-domains of PZT samples on
STO and DSO substrates are seen. In the case of the STO, a clear phase change is observed in
the phase image indicating the differently polarized c-domains. The border between these
polarized domains, a 180°-DW is seen in the amplitude as a thin black line. For the DSO sample,
also a 180°-phase change is observed with an associated thin black lines in the amplitude
image corresponding to the 180°-DW. However on top that, the observed deformations seen
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in the topography image as cross-hatch pattern are also visible in the amplitude image. Since
the classic vertical PFM-technique is only sensitive to the out-of plane component of the
polarization, a-domains can be identified as (thin) black areas of low response.
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Figure 1.28: PZT thin films deposited on STO with thermally activated conducting 180°-DWs
a) Topography, PFM and cAFM images of poled area of the PZT film. The switched c-domain
(black square in the PFM-phase image) with its associated 180°-DWs (black lines in the PFM
amplitude image) are visible. The 180°-DWs show a conductive response in the cAFM image
(blue lines in the bottom right image). b) IV characteristics of 180°-DW segments at different
temperatures showing the increase in conductivity for elevated temperatures. c) Cross-section

profile of the cAFM and PFM-amplitude image proving the perfect overlap of the conductive
trace with the 180°-DW position. Adapted from [79].

In work by Jill Guyonnet et al. [79], Pb(Zrg»,Tip g)O3 samples were grown on STO substrates
and the 180°-DWs, which were created by partially poling of c-domains were investigated
by conductive AFM (cAFM), see Figure 1.28. The experiment revealed a weak conductive
response at the 180°-DW location. The conduction was fully switchable, that means it was
removable by erasing the DW itself, and showed a thermally activate behaviour. In successive
work [142], the origin of the conduction at the neutral 180°-DWs was shown to be influenced
by reversible annealing steps, which proofed the role of oxygen vacancies. One reason for
this observation is believed to arise from the highly localized electric fields at the AFM-tip,
which are used to create the 180°-DWs. The highly increase electric fields may drive the
reorganization and/or injection of oxygen vacancies, which then preferentially segregate to
newly formed DWs, providing trap states for hopping mediated conduction along the walls.
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Figure 1.29: PZT thin films deposited on DSO with non-thermally activated conducting a-DWs.
a) Schematic of the a/c-domain cross hatch pattern. b) Simulations of the a-DW bending
depending on the a-domain thickness. ¢) TEM strain map visualization of an a-domain in
a PZT sample showing its 45°-structure and its slight deviation from that neutral position at
the bottom interface. d) cAFM images of the conducting a-DWs at cryogenic temperatures of
4K. From left to right: an applied pressure by the AFM tip results in the formation of a new
conductive a-DW. Adapted from [94].

Moreover, not only the 180°-DWs in PZT film on STO showed conductive properties, also
a-domains, which emerge due to the previously described lattice mismatch on DSO substrates
exhibit an enhanced conductivity [94, 143], see Figure 1.29. Cross-section transmission
electron microscopy (TEM) imaging revealed the structure of a-domains to be nearly 45° tilted
compared to the c-axis of the film. This tilting is necessary to comply to the electrostatic
boundary conditions to form neutral Head-to-Tail DWs. However, due to a slight bending
from the neutral 45° angle, due to the lattice strain, the a-DWs can become slightly charged.
Simulations showed that precise thicknesses of the film and widths of the a-domains are
needed for the conductance to emerge. A widening of the a-domains as well as increasing of
the film thickness results in a straightening of the a-domains and a vanishing of the conduction.
Films in which a conductive response of a-domains were measured possessed thicknesses
between 50-70nm and formed a-domains were 10-15nm wide. AFM experiments down to
cryogenic temperatures at 4K could show a non thermally-activated conduction, in contrast to
the observations of Jill Guyonnet and coworkers. Furthermore, the creation of new conductive
a-domains at cryogenic temperatures ruled out an extrinsic conduction mechanism as defects
are essentially frozen at such low temperatures.
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These above observations show that different types of conduction mechanisms can be present
at DWs in PZT-systems. Oxygen vacancies but also free carriers associated with charged walls
offer a wide range of tuning parameters to enhance and control the DW conduction and to
enable DW-based devices with ferroelectric PZT films.
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In this chapter, the utilized main measurement instruments and deposition machines are in-
troduced. Especially, it will focus on atomic force microscopy techniques such as piezoforce
microscopy and conductive atomic force microscopy and on the pulsed laser deposition tech-
nique for the material growth. The key advantages are presented together with developed
specific measurement protocols while differences to other commercially available systems are
highlighted.

In this chapter the main measurement instrument, the atomic force microscopy (AFM) is
introduced together with the main deposition technique, pulsed laser deposition (PLD). At the
end of the chapter a short section gives more details for the STEM experiments and lamella
fabrication, which will be shown in Section 4.2.4. Since both AFM and PLD are well established
techniques in research as well as in industry, this chapter will not explain the fundamental
principles of the systems but rather focuses on practical details with a direct link to the here
presented work. A detailed introduction into the fundamentals of the techniques with their
available modifications and underlying physical principles can be found elsewhere, e.g. in
ref [144, 145] for AFM-techniques and ref [146, 147] for PLD-techniques. For the AFM section
in this chapter, the influence of the environment control, different type of AFM-tips used or
specific cleaning protocols are discussed. For the PLD section, a focus is put onto the specific
system which was used for this thesis, the Solmates SMP 800 Large Area PLD system located at
EPFLs cleanroom CMi, highlighting both its advantages and disadvantages compared to other
PLD systems.

2.1 Atomic Force Microscopy

In this section, a detailed look will be given to the main instrument to acquire not only topo-
graphic data of the ferroelectric films but also to perform functional measurements. Atomic
force microscopy (AFM) is an imaging technique that relies on the interaction of a nanometer-
sized sharp tip with the sample surface to probe material properties with nanometric precision.
The offered versatility of the AFM principle has led to the development of advanced techniques
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such as conductive AFM (cAFM) and piezoresponse force microscopy (PFM). While cAFM
measures local conductivity, PFM utilizes the piezoelectric response to study ferroelectric
polarization switching. Both techniques use a metallic (or metallic coated) AFM tip as a top
electrode, to apply highly localized electric fields to create and image nanometric domains
and sense local current paths of the sample [59].

All AFM measurements shown in this study are performed with an Oxford Instruments Asylum
Research Cypher-AFM system. For the used AFM system an "Environmental Scanner" (ES)
modification was available, which offered a controlled gas environment close to the sample
plus a temperature control between room temperature and 250°C. The advantages of the
environmental chamber were used for all functional AFM measurements (that is PFM and
cAFM scans) presented in this thesis. Standard topography measurements were equally done
with or without the ES module with in no noticeable changes. For conduction measurementsa
a Cypher Dual Gain ORCA Holder (capable of measuring between 1 pA and 10 pA) was used.
The ORCA holder also provided the acquiring of PFM images, such that an easy switch between
the two AFM modes was possible to image the same sample area with both techniques. Due
to its versatile use, nearly all AFM-experiments are performed with the ORCA holder. Because
of the circuitry of the ORCA holder all biases to the sample are applied with respect to the
bottom SRO electrode while the tip (top electrode) was kept at virtual 0 V.

The tips predominantly used in this thesis (especially useful for cAFM images) were stiff (40
N/m) conductive boron doped diamond coated tips from ADAMA Innovations "AD-40-AS"
with standard tip sharpness (tip radius: 10+5 nm) and "AD-40-SS" for high resolution images
(tip radius: <5 nm), offering both excellent tip contact to the sample surface paired with stiff
and non-degrading scanning properties. The cryogenic measurements in Section 4.2.2, also
employed diamond coated tips but from a different company, NaDiaProbes with a nominal
spring constant of 5+1 N/m were used. For measurements in which only topography images
were taken, uncoated tips from BudgetSensor were used ("Tap300Al-G"), yielding exceptional
resolution (especially in z-direction) when used in AC-mode. For the measurements on
monolayer graphene electrodes, shown in Section 5.2.2, the stiff diamond coated ADAMA
tips were exchanged for softer (2.8 N/m) Ti/Ir coated tips from Oxford Instruments "Asyelec
01-R2" to minimize the wear onto the single graphene layer during contact scans.

Especially cAFM imaging proved to be very sensitive to the environmental conditions as well
as to the used tip. A high relative humidity and water absorbents at the surface of the oxide
film are know to influence the functional measurements of the AFM [148]. The enhanced
electric field at the tip apex can further result in unwanted chemical reactions with the oxide
surface or higher degradation of the tip [149]. One effective way to limit these effects is to
remove excess of humidity by heating the sample above 120°C combined with a constant
flow of N, gas. Furthermore, after cooling down, a small flux of N, is maintained to ensure
a non-reactive gas environment (inert gases can be used equally). This procedure greatly
enhanced the repeatability of measurements both for PFM polarization switching studies but
especially for the contact sensitive cAFM measurements.
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Figure 2.1: Environmental influences on AFM-imaging. a) Left side: cAFM images of conduc-
tive a-DWs with a platinum coated tip without the environmental control. Right side: the same
sample is imaged by cAFM with a diamond coated tip and previous applied pre-treatments
inside the ES chamber. The pre-treatment involved the heating above 120°C together with a
constant N, flux. b) Optical images by the AFM objective showing the irreversible altering of an
diamond tip due to a high current flow. c) Optical image of an AFM tip during the heating cycle
of the pre-treatment when positioned far away from the sample. Water droplets condense on
the back side of the tip.

In Figure 2.1 a), two cases of cAFM measurements of the conductive a-domain wall network
are shown. On the left side, a platinum coated tip is used without the environmental control
chamber and on the right images a ADAMA diamond tip is used together with the above
described pre-treatment. It is obvious that the right side shows much clearer well defined
images due to reduced artifacts in the images. For the left side, an often observed "on-off"
switching is observed due to a changing contact during contact scanning. For some lines the
tip picks up contaminants from the surface and loses electrical contact to the sample until it
recovers from it by continuous scanning. In the right image of the left side, an effect known
as "double-tip" can be observed. A modified apex of the tip leads to an overlap of a second
image, slightly shifted compared to the first one.

Moreover, diamond tips showed to exhibit excellent wear characteristics. Some of the em-
ployed tips lasted for over 400 contact scans (both PFM and cAFM together with electrical
readouts) without noticable degradation of its conductive property or contact resistance. Such
characteristics are important since they allow to establish comparable results not only within
one session but between different sessions and over longer timespans.
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Figure 2.1 b) and c), shows two effects, which were observed during and before scanning
which, if not taken care of can result in greatly distorted results. In b), a "burned" diamond
coated AFM tip is seen. Too high voltages were applied and the investigated capacitor devices
got leaky leading to high currents passing through the tip and irreversibly altering it. In c)
the occurrence of condensed water drops on the back side of the AFM tip are observed. This
happened during the heating process before a measurement due to the high temperature gra-
dient between the sample surface and the tip position. This effect could reliably be prevented
by placing the tip in close proximity to the surface prior to the heating step. By doing so the
temperature gradient is reduced and no water condenses on the tip back side.
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Figure 2.2: Imaging problems during AFM scans - N, flux and AC-mode. Top: topography AC
images while a small (left side) or high (right side) flux of N, is applied. Bottom: Comparison

of AC-mode and contact mode scans of the same pattern of Cr/Au electrodes with a diamond
tip. Unexpected interactions of the diamond tip in the AC-mode lead to strong distortions of

the topography images.

Figure 2.2 shows two other observed effects. In the first one at the top of the figure, the
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difference between a high and low N flux during scanning is shown. Despite the changes
being minor, an increased flux during scanning can lead to a reduced resolution especially
in the AC-mode. In the bottom of Fig. 2.2, a strange interaction of diamond tips used in
AC-topography mode on Cr/Au electrodes are shown. The left side shows the AC image
of a 4x4 electrode pattern. The same area is imaged in contact mode (shown on the right
side) revealing the actual electrode geometry. One explanation could be that electrostatic
interactions between the tip and the electrodes (which dominantly effect the AC-mode scan)
distort the resulting image. Therefore critical evaluation of acquired images is recommended
together with a comparison of different techniques to rule out potential artifacts as seen here.
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Figure 2.3: Effect of sample surface cleaning by AFM contact scans. a) Before (AC-mode)
and after (contact mode) images of the same area after several scans in contact mode. b)
AC-overview images of areas, which were scanned in contact mode. c) Suboptimal cAFM
scans of conductive a-DWs. An on-off behaviour of the tip-surface contact is observed as well
as drag-artifacts of the conductive traces.

In Figure 2.3, the sample surface before and after AFM contact scans is evaluated. It is obvious
from Fig. 2.3 a) and b), that the scanning in contact mode resulted in a "cleaning" of the
surface. Nanosized contaminants accumulated at the surface are removed and pushed away
by the contact scanning AFM-tip. Such small particles can not be removed by standard sample
cleaning procedures like acetone immersion, sonication or lens tissue scrubbing. It is noted
here that the amount of such particles which needed to be removed before reliant imaging

37



Chapter 2 Methods

could be performed, were present especially in older samples compared to freshly created
ones. This cleaning effect is another reason why in this work diamond tips proved to provide
a great enhancement. The hardness and stiffness of the used ADAMA tips excelled in the
"cleaning"-scans to enable good surface contact without losing their conductive properties
due to tip-wear. Finally in Fig. 2.3 ¢), some cAFM images are shown for which the samples were
not properly cleaned and resulting drag-artifacts of the conductive traces and the previously
discussed "on-off" behaviour can be observed.

Allin all, it can be summarized that an increased care has to be taken when acquiring func-
tional contact scans relying on a good and stable electrical contact between the tip and the
sample surface. Different effects can have strong influence on the taken images and lead to
false or at least reduced quality of images and deducted material characteristics. Procedures
like contact-cleaning steps and pre-treatments such has heat-cycling and N, environments
are presented, which resulted in an enhanced reliability of the AFM scans.

2.2 Pulsed Laser Deposition

The PLD system used to growth SRO and PZT films in this thesis is a Solmates SMP 800 Large
Area PLD system located in the cleanroom of CMi at EPFL. The SMP 800 was designed to
allow for large wafer scale, reproducible, high-throughput deposition of thicker layers up to
several micrometer. As it will be shown later, this optimized system allowed for faster growth
of samples compared to standard research PLD-systems. A downside is that some of the
parameters necessary to control the epitaxial thin film growth are not easily accessible or even
limited.

The advantages of the system are a fully automatized loading and unloading of wafers, fast
and controlled ablation of the targets and fast processing times. A standard process of thin
film growth with 10 Hz frequency, and short deposition times (which reduces the temperature
stabilization time) of around 10 min can be done within a total of 2 h including sample
mounting, loading and unloading. Mounting samples was done by gluing the crystal substrate
to a silicon test wafer with silver paste which was then inserted into the loading block.
However there are also disadvantages associated with with the fully automatized PLD-system.
Only during the previous year, the system was upgraded to allow slow frequencies below 10Hz.
Another inconvenient point is the limited pressure range of 1 mbar. Chamber pressures up to
200 mbars and above are often used in other PLD-systems. Moreover and probably the biggest
point of concern is the temperature control. First, for the growth chamber of PZT, there exist
no direct temperature sensor at the sample position. The temperature is controlled by setting
of the heater power based on a provided calibration curve measured from a silicon wafer [150],
strongly limiting the precise control of the actual temperature of the substrate. Furthermore,
during cooldown the only method so far involves simply shutting down the heater power
associated with an highly nonlinear cooling rate. Another inconvenient point is the missing
RHEED-signal, which has established itself as a highly useful tool for the in-situ monitoring of
the layer by layer growth for epitaxial thin films [151].
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Figure 2.4: Right: temperature calibration curve, measured for a silicon wafer inside the
Solmates PLD chamber, relating the setpoint of the heater power in % to the actual temperature
after a sufficient stabilization time. Left: a table with given values for the Heater setpoint and
the according temperatures of the silicon wafer. Adopted from [150].

In Figure 2.4 the calibration curve for the temperature of a silicon wafer is given based on
the manual provided by Solmates. As it can be seen, a heater setpoint around 43% should
correspond to a temperature of 620°C while 39% should lead to a stable temperature of around
580°C. These temperatures correspond to standard process temperatures of SRO and PZT
layers respectively. It needs to be noted here that these settings provide only a rough estimate
as the real temperature on the crystal substrate glued onto a silicon wafer by silver paste is
expected to differ from the given values. Also a change over time due to degrading of the
heating element without a recalibration can lead to a shift in the temperature curve.
While a thermocouple temperature sensor (TC1) is provided inside the chamber, it is not
meant to acquire the actual temperature data but rather serves as a safety measure to observe
unreasonable changes in the temperature as the measured temperature can differs from the
actual temperature by over 100°C.

In Figure 2.5, the temperature of the chamber according to the temperature value of TC1 for a
cooldown process is shown. At minute 48, the temperature curve shows a stabilized region
of around 450°C, however in this process the heater setpoint was set to 40% which should
result in a temperature of about 600°C and is expected to be much closer to the real value than
the measured 450°C. Nevertheless, the behaviour during cooldown can be demonstrated by
the change in the TC1 value. After entering the cooldown-phase the heater setpoint is put
to 0% and the temperature decreases. The non-linearity is shown in Fig. 2.5 together with
some intermediate values depicted. In the beginning a fast cooling rate is observed with over
30°C/min which saturates after 10 min to less than 15°C/min.

One way to potentially resolve this non-linear cooldown, which has not been tested so far,
would be to add consecutive heating steps with decreasing heater setpoints and short waiting
times for each step.
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Figure 2.5: Temperature decrease in the Solmates PLD chamber measured by a thermocouple
(TC1). The measured temperature seen for the stabilized plateau on the left side of around
450°C hugely differs from the actual temperature, which was set to be around 600°C (the value
is assumed based on the calibration curve from Solmates). A nonlinear temperature decrease
is seen for the cooldown after the heater power is turned off.

Nevertheless the presented specific characteristics of this PLD system highlights the difficult
assessment of some major parameters, like e.g. the temperature, preventing a detailed quanti-
tative analysis of the parameter studies in Chapter 3. Despite the disadvantages, once a recipe
is found which produces good growth conditions, the systems does provide the possibility of
fast processing of epitaxial grown films and a high-throughput.

2.3 Scanning transmission electron microscopy

In this section, details on the scanning transmission electron microscopy (STEM) experiments
from Section 4.2.4 are presented, which also can be found in ref [152]. The STEM images
and analysis of the polar displacements are used to study the formation and structure of the
domains and domain walls in the PZT samples. Especially the 180°-DWs, which are created
by PFM polings before preparation of the lamellas are investigated. STEM provides unique
insights beyond the surface, allowing cross-sectional image analysis to reveal the structures of
domain walls that are undetectable by AFM techniques inside the sample.

Atomic characterization of the PZT domains and DWs was performed using a Thermo Fisher
Titan 60-300 transmission electron microscope (TEM), operated at 300 kV. The microscope
is equipped with a high-brightness Schottky field emission gun (X-FEG) and a Wien-filter
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monochromator, a CETCOR corrector for the condenser system to provide sub-A resolution,
and a Gatan Imaging Filter Tridiem 866 ERS for electron energy loss spectroscopy (EELS).

High-angle annular dark field (HAADF) and annular bright field (ABF) imaging in STEM mode
were used to capture both the cationic and oxygen sublattices simultaneously. Annular dark
field (ADF) imaging was used to highlight diffraction contrast associated to the presence of
domain walls. Lab-made TEM scripts were employed to collect sets of 10 consecutive HAADF
and ABF images. These images were acquired with a short dwell time (<1 us/pixel), realigned
with subpixel resolution and averaged to correct for residual spatial drift and reduce electronic
noise.

The atomic displacements of Zr/Ti and O columns along the in-plane (Ax) and out-of-plane
(Az) direction were calculated by measuring the shift from the centrosymmetric position
defined by the A sites of the perovskite structure (Pb). The initial positions of the atomic
columns were found using a blob detection algorithm tracing intensity maxima in the image
and then refined by applying successive center-of-mass and 2D Gaussian fits using Atomap
python package [153]. Finally, detailed polar displacement maps were constructed via the
Temul package [154]. In-plane and out-of-plane deformation maps were measured by ap-
plying geometric phase analysis (GPA) on HAADF-STEM images, to assess the local lattice
deformation at the DWs.

Electron energy loss spectroscopy (EELS) in STEM was performed to assess the oxygen content
of the DWs and identify the type of carriers that lead to conduction. The spectra were collected
though a line scan of the electron beam on top of the DWs with acquisition time of 0.5 s per
spectrum. In total 100 spectra were collected in each interval from which approximately 4
were collected from a DW. The electron beam was monochromated and reached a value of
0.2eV FWHM and the GIF resolution was set 0.05 eV.

Cross-sectional TEM lamellas were prepared with an FEI Helios 650 Dual Beam microscope.
Specimens were extracted with their zone axis (ZA) parallel to the [100]pc and [110]pc di-
rections of the DSO substrate (pc: pseudocubic). The final thinning and polishing of the
specimens were performed at low current (<7 pA) and voltage (5 kV) to minimize structural
damages and DW motion due to heat dissipation and Ga+ bombardment.
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8] PZT thin film growth

This chapter describes the fabrication of strained epitaxial PZT samples by PLD with the aim
of achieving conductivity at the domain walls. Throughout this work DSO substrates are used
due to their specific lattice mismatch with the employed highly tetragonal PZT films. At the
beginning of this chapter in Section 3.1 the influence of the DSO surface quality and A/B-site
termination is discussed with respect to the growth of the SRO and PZT layers. Detailed growth
studies with varying parameters are performed to evaluate and optimize growth conditions
for continuous and flat epitaxial films. The second part of the chapter, Section 3.2 discusses
PZT samples fabricated with a SRO bottom electrode onto DSO substrates which are studied
with respect to the out-of-plane conductivity of the domain walls. AFM-techniques are used
to study and confirm the ferroelectric behaviour of the samples as well as to investigate the
conductive properties of the domain walls. Focus is put onto the two known types of conductive
domain walls, self-assembled 90°-DWs and artificially created 180°-DWs. Based on these results,
we try to draw conclusions to the key processing parameters and film properties which are
necessary to achieve stable and strong conductivity at the domain walls. Two final outcomes are
highlighted, which are the achieved fabrication of samples with self-assembled nanoislands
with an observed strong conductive response and secondly samples with flat continuous PZT
films with conductive 90°-DWs and 180°-DWs.

3.1 DyScO; substrate and SrRuQOj; bottom electrode

In the following section we will explore in detail the substrate used for our PZT samples -
DyScO3 (DSO). We will discuss why DSO is an ideal candidate for our specific aim of engi-
neering conductive domain walls in PZT films and look at the needed preparation steps to
achieve ideal growth conditions of the PZT and SRO layers. After that, we shortly discuss the
used bottom electrode SrRuO3; and focus on its ideal growth conditions and dependence on
various process parameters as well as substrate quality.

43



Chapter 3 PZT thin film growth

3.1.1 The choice of substrate - DSO

As it is explained in more detail in Section 1.4.1 and 2.2, to grow epitaxial, defect-free layers of
complex oxide films with smooth surfaces by techniques such as pulsed laser deposition (PLD)
or molecular beam epitaxy (MBE) it is crucial to ensure a good lattice match between the de-
posited material and the substrate crystal lattice [155]. In this work, highly tetragonal (Zr/Ti =
1/9) PZT layers are used, which have lattice constants of apz7=0.3914nm and cpz7=0.4138nm
[94]. Therefore a substrate material needs to be used which provides similar lattice parameters
to ensure a smooth growth. A matching for the in plane lattice parameter apr is chosen such
that the resulting PZT films grow with their c-axis in the [001] direction.

Dysprosium scandate is a member of the rare earth scandates (REScOs3) family which - like
PZT - posses a perovskite structure. The perovskite structure is represented by the formula
(ABX3), with X usually being oxygen (O) and A and B being two positively charged cations. In
the case of rare earth scandates, the ’A’-sites are occupied by a rare earth ion while the 'B’-site
is occupied by a Sc ion. In the case of the REScOs3, the ideal cubic crystal lattice is distorted to
a orthorhombic crystal. Importantly, the pseudocubic lattice parameters of (some) REScO3
crystals are in a similar range to those of interesting functional oxides such as PZT.

Finding the right substrate
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Figure 3.1: a) Comparison of lattice parameters of commercially available substrate materials
(bottom section), a select list of perovskite electrode materials (middle section), and ferro-
electric, incipient ferroelectric, and anti-ferroelectric materials (top section). b) othorhombic
distorted perovskite structure of DyScOs. ScOg octahedra of the structure are shown in ma-
genta, oxygen in red and Dy cation are shown in blue. Adopted from [156, 157]

Depending on the choice of the rare earth ion, different pseudo cubic lattice constants can be
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achieved. As it can be seen in Figure 3.1a, the rare earth scandates can be found between 3.94A
and 4.05A and fall within a range of 0.6-3.5% lattice mismatch with regards to PZT at room
temperature [156]. Therefore, depending on the choice of the substrate different lattice strains
can be engineered to act onto the epitaxial film and modify its properties, growth conditions
or domain formations.

For practical reasons, we note that based on previous studies on PZT films [158, 143], it was
found that dysprosium offered a nice balance of not exceedingly high induced strain, but still
high enough to promote the formation of ferroelastic a-domains (more details can be found
in Section 1.4). Since it has been shown that specific strain conditions promote the formation
and stabilization of charged walls (see Chapter 1.2.1), strain engineering can be used to control
and tune properties of the DWs. Previous works showed the formation of charged ferroelastic
a-domains [94, 143], which is one of the reason why DSO is chosen as a substrate for PZT thin
film in this thesis. Of course not only the lattice strain through substrate selection is important
for the formation of charged DWs and the emergence of conductivity. For charged a-domains,
experimental results as well as theoretical studies revealed a strong correlation of a-domain
width and film thickness on the effective charge state of the a-domains [159, 94], while oxygen
vacancies have been shown to tune conductive properties of neutral DWs [79].

As we will see in the next chapters and especially in Section 4, the interaction of charged
ferroelastic domains, created by using DSO substrates and precisely tuned growth conditions,
in combination with normally neutral DWs result in highly enhanced conductive properties to
emerge at 180°-DWs.

3.1.2 DSO treatment - to do or not to do?

In this subsection we will look at the different DSO substrate treatments tested throughout
this work and the associated advantages and disadvantages.

For this work DSO substrates (with sizes of 5x5mm and 10x10mm) were purchased from
Crystek GmbH. The DSOs are cutted with respect to the (110) orientation with a small 0.07°-
0.1° miscut angle. The top surfaces are polished and showed to be very clean without any
additional cleaning steps needed.

Pristine out of the box substrates were put into the AFM and imaged with the AC-topography
mode (see Fig. 3.2). The underlying terrace structure which results from the miscut angle is vis-
ible for both cases while more steps are present for the substrate with the higher miscut. Rough
step edges are observed with partial overlapping of more than one step (more pronounced
in the case of the 0.1° miscut). It is know in literature that e.g. for STO substrates, specific
pre-deposition treatments are needed before SRO and/or other functional oxide layers can be
defect-free grown [160]. The surface treatment of STO, which consists of a HF-etching step
followed by an annealing step, is widely acknowledged, proven and used [122]. For the lesser
popular DSO substrate the case is not as clear. The reason for surface treatments in general
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Figure 3.2: AFM topography images of pristine (110) DSO samples. Left: 0.1° miscut DSO
sample with smaller step width. Center: DSO substrates with 0.07° miscut angle. Right: Same
image as in the center, besides the image is flattened to show the different height of following
steps.

is to obtain atomically flat and well defined surfaces with a single termination [160] which
allows for a smooth growth due to limited dislocations and controlled nucleation especially of
the first layers. Additionally for growths of some materials even the type of termination (A- or
B-type) is important due to the chemical interactions of the surface layer with the material to
grow [122, 161, 162].

The pseudo-cubic crystal lattice in the [001] direction of DSO can be represented by alternating
layers of DyO and ScO layers as shown in Figure 3.3 and 3.1b. The height of one layer is equal
to half of the unit cell, which is around 0.2nm. In general, as received substrates should show
a mixed termination meaning a variety of DyO and ScO; layers at the surface with disordered
step edges and height variations of 0.2nm, 0.4nm, 0.6nm or 0.8nm depending on the amount
of overlapping layers (see Fig. 3.3b).

As seen in the AFM scans of the pristine DSO sample (Fig. 3.2), this scenario is observed
(due to the degree of disorder of the step edges, the lateral size of islands and the resolution
limit of the AFM-scans reliant step measurements were not possible for the pristine samples).
According to literature, as described above, this scenario is unfavorable for a controlled growth
and efforts were made to develop an etching recipe for rare-earth scandates similar to the
STO-recipe to achieve a single terminated surface and straight step edges [163]. As it has
been shown by R. Egoavil et al., SRO layers preferentially grow on Sc-terminated surfaces
[162], therefore by monitoring the final SRO layers the quality of surface termination can be
judged. The proposed recipe from Kleibeuker et al. involved an initial annealing step followed
by an alkaline etching step using NaOH. Based on the experiments in the paper the single
annealing step already resulted in straight step edges due to reorganization of the uppermost
layers, but not to a full single termination as steps of 1.5 times the unit cell height remained
and trenches in the SRO film are observed. Due to the following selective etching step with
significantly different etch rates for the DyO and ScO; layers, a well defined single terminated
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Figure 3.3: Schematic representation of ABOs crystals with ordered and mixed terminated
surface. a) The ABOs unit cell, where A is typically a rare earth (here Dy), and B is often a
transition metal ion (here Sc). b) A schematic representation of a mixed-terminated surface
with steps of 0.2, 0.4, and 0.6 nm high. c) A single-terminated ScO, surface with steps of 0.4
nm high. The blue blocks correspond to the DyO layer and the orange blocks to the ScO, layer,
with blue, orange, and white circles corresponding to Dy, Sc, and O ions, respectively. Adopted
from [163].

ScO, surface is reached. While this recipe for the surface treatment has been successfully
employed by various groups, some newer works proposed alternative scenarios for which
these cumbersome etching recipes might not be necessary and pristine substrates could be
usable [164].

As the epitaxial growth of functional oxides, the underlying growth dynamics, chemical inter-
actions as well as substrate treatments and layer formations are a research field in its own, the
following analysis focuses on the practical implementation of the different surface treatments
of DSO substrates for the growth of SRO and PZT layers. To evaluate, if the employed methods
are beneficial the final outcome of the SRO/PZT grown layers will be judged. Ideally, the final
SRO layer will show a defect/hole free surface with well defined edges and steps of a unit cell
height. By observing these characteristics, we can assume that ideal growth conditions are
reached and smooth layer-by-layer formation took place. Similar to the SRO, for the PZT layers
we want to achieve a smooth and defect/hole free surface. However due to the formation of
ferroelastic domains, observations of well defined step edges are not expected, but rather the
strain driven emergence of a-domains (compare Fig. 1.27).

First the annealing step was investigated. For this, pristine DSO samples (cleaning of the
pristine out of the box samples were done occasionally prior to this step without any noticeable
differences in the amount of particles or contaminants) were put into a quartz boat and placed
into a tube furnace. Annealing steps were performed with varying parameters ranging from 1h
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Figure 3.4: DSO annealed with O,. Top: AFM topography images of the DSO terrace structure
after annealing. Nearly complete straight edges are observed. Bottom left: Topography image
of an annealed DSO but with shorter annealing time, resulting in less straight edges. Bottom
right: Height profile along the indicated green line showing the step height of around 400 pm.

dwell time to 6h dwell time at maximum temperatures between 900°C and 1100°C. A constant
O, flux of 18L/h was supplied for all tests and ramp rates of usually 10-15°C/min were used.
As seen in Figure 3.4, resulting AFM images of the film showed well ordered and straight edges
and height steps of 400pm are measured from the line profiles. The exact temperature did
not play an important role (same results were obtained for all temperature ranges within
900°C-1100°C). As expected also the duration at the annealing temperature only played a
secondary role. For very short annealing times resulting terraces with not perfectly straight
edges are observed (see bottom left of Fig. 3.4), compared to dwell times of 2h or more for
which straight edges are present. We therefore note that a minimum time is required to
complete the reorganization of the surface layer, which will depend on the miscut angle which
defines the widths of the steps and therefore the time needed to fully straighten the edges.
While the achieved results look promising, single topographical measurements by AFM are
not enough to judge the completeness of this step. It is unknown which termination is reached
at the surface and if there remain regions with mixed termination (e.g. areas close to the steps,
which are unattainable for the aspect ratio of the tip) [163].

Following the recipe from Kleibeuker et al., the annealed substrates are now treated with a
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NaOH etching

Figure 3.5: Topography images of NaOH etched substrates with different levels of contamina-
tion. All substrates were annealed with O, prior to the etching. From left to right: The amount
of particles increase depending on various modifications of the etching recipe and etching
time.

12M NaOH-DI solution (inside a sonicator) to selectively etch the Dy, O3 layers which should
result in the formation of ScO,-terminated surfaces. Durations between 2h to 6h were tested
with overall similar outcome. The samples were afterwards rinsed with 3 consecutive beakers
of DI water followed by rinsing in ethanol and dry blowing with a nitrogen-gun. Results with
different degrees of contamination are achieved by this method as it can be seen in Figure 3.5.
On the left side, a clean treated substrate is shown with nice and straight step edges. Moving
to the right side more and more and bigger particles are observed on the surface of the steps,
while the step edges are preserved underneath. A likely scenario for the appearance of the
contaminants is that etched DyO particles are redeposited on the surface during the etching.
This assumption is strengthened since modifications in the etching protocol led to a decrease
in contamination. The employed modifications included a gradual decrease of the etching
solution from 12M to 1M and a change in substrate position inside the etching solution from
a horizontal towards a vertical position. Both methods aimed at reducing the redeposition
of DyO particles, and resulted in a prevention of the (at least big) contaminants (although
without a 100% success rate, most samples still showed small particles similar to the second
image from the left in Fig. 3.5). Additionally, one should take care that the DSO surface never
dries during the whole process as this greatly enhances the chances of redepositing particles.

Another tested modification of the recipe involved the quick etching of annealed DSO sub-
strates with a HF-solution prior to the NaOH treatment. It is assumed that the aggressive
non-selective HF etching would increase the roughness of the surface which in turn should
lead to a faster NaOH etching time due to the increased surface area [165]. Therefore by
reducing the time of the NaOH etching a reduced amount of redeposited particles is expected.
In Figure 3.6, DSO substrates after the HF etching (30min sonication in DI water is followed by
30s in a buffered HF solution) and after successive NaOH etching (1h) are shown. After the
Hf-etching, clearly a roughened surface is visible compared to the annealed surfaces and after
the NaOH treatment, lesser particles are indeed observed. However the surface roughness of
the steps is still highly increased. Potentially the short NaOH etching was not long enough

49



Chapter 3 PZT thin film growth

HF etching NaOH etching

53

Figure 3.6: Topography images of one DSO substrate during different stages of the Hf-modified
etching recipe. An annealed DSO substrate (left) was etched for 30s in buffered HF-solution
(center) and treated afterwards with the etching recipe using 12M NaOH for 1h (right).

to full etch away the DyO layer which resulted in the enhanced roughness or a too long HF
etching step resulted in too deep holes. Hf-treated substrates were not further tested however
we want to note here that optimizing the etching-timings of the HF and NaOH steps might
lead to an increased surface quality.

NaOH
etching

Figure 3.7: DSO substrates annealed without oxygen before and after following NaOH etching.
Left: AFM-topography images of the DSO substrates after annealing in ambient conditions.
Right: Same DSO substrate after subsequent NaOH etching step.

At last we investigated how DSO substrates annealed without or with limited oxygen flux
evolved. In Figure 3.7 annealed substrates in ambient atmosphere are shown on the left.
Clearly a mixed termination is visible in the two distinct height levels on the step surfaces.
After etching (right side), fissured steps are observed, clearly indicating that only the DyO
layers were etched in the previous mixed termination. These kind of substrates showed the
lowest quality and the only one with clear indication of mixed termination which is why
annealing without a sufficient flux of oxygen is not recommended.
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3.1.3 SRO growth

After exploring different treatments for the DSO substrates, the different growth conditions for
the SRO layer are investigated and how they are influenced by the substrate quality.

hing pristine O, annealing

NaOH etc

ainjesadwa) Buisealou|

Figure 3.8: SRO growth with different temperatures on different substrates. Left column:
NaOH etched DSO substrates. Middle column: pristine DSO substrates. Right column: O,
annealed DSO substrates. From top to bottom: Increasing deposition temperature from
around 625°C to 675°C (43% to 47% heater power setpoints).

Three different parameters were investigated in more details. First the influence of tempera-
ture on the SRO growth, second the influence of laser energy and third the influence of the
deposition frequency. Before discussing the different experiments of varying parameters it is
important to note that an exact analysis is hindered by the interdependence of PLD param-
eters for ideal growth conditions. To give an example, the temperature not only influences
the mobility of the deposited material on the substrate which acts on the ability to reorganize
for the preferred layer-by-layer growth, it also influences the volatility of the elements and
can therefore influence the stoichiometry of the deposited material [155, 166]. The deposited
stoichiometry itself however is depended on e.g. the oxygen pressure, the target to substrate
distance as well as on the laser frequency [167]. Changing one parameter can thereby cause
other parameters to shift for an ideal growth. Therefore, the following analysis should rather
serve as a guideline, and investigate qualitative trends to improve the growth conditions as
well as to identify which tuning of parameter is essential and for which a broader range of
values is acceptable.

In Figure 3.8 the three columns represent the SRO growth onto different treated substrates. Left
are the oxygen annealed + NaOH etched substrates, in the center pristine substrates are used
and on the right side are substrates which are only annealed with O,. First of all the growth on
all substrates was not ideal, which is visible in the island formation of the O,-annealed ones or
in the trenches for the pristine and NaOH etched case. Especially the seen trenches in the O,
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annealed substrates could result from a badly terminated DSO surface. However, an overall
trend is apparent when looking at the rows representing an increase in temperatures from top
to bottom. Temperatures were tested from 43% to 47% power of the PLD heating system which
corresponds to roughly 625°C to 675°C (see Fig. 2.4). For all cases a temperature stabilization
time of approximately 1h was used. By increasing the temperature the dimensions of the
trenches as well as the areas between the islands become larger and therefore a less uniform
film is achieved. We therefore conclude to rather work with lower temperatures to limit the
occurrence and dimensions of the trenches.

Increasing laserpower

Figure 3.9: Influence of the laser power on the SRO growth on pristine DSO substrates. From
left to right: Increase of the used laser energy. Setpoints between 200m] to 450m] were tested.

For testing the laser energy only pristine substrates were used for values between 200 m]J to
450 m] (this value indicates the setpoint given to the PLD machine), which correspond to
energy densities of 1.4 J/cm? to 2.2 J/cm?, respectively. Resulting SRO growths are shown in
Figure 3.9. For an increasing laser density an increase in the island size is visible. The 200 m]
deposition results in a grain like film with grain sizes of ~ 20nm. The AFM image of 300 m] are
of lesser quality and no grain sizes can be determined. For 350 m]J larger islands form with
around 100 nm size and for films of 450 m]J we obtain a connected film with holes and small
trenches. The growth with 450 m]J looks the most promising due to a connected film with flat
surface, however the holes and defects still limit the follow up deposition of PZT layers.

Next, the laser deposition frequency investigated. Its influences on the SRO growth is shown
in Figure 3.10. Again only pristine substrates are used and deposition frequencies from 1 Hz to
1 0Hz are tested. Starting from 1 Hz we observe the same trend as for the laser density. Lower
deposition frequencies tend to form small grainy films whereas higher frequencies result in
more connected and finally uniform films. The SRO film deposited with 10 Hz showed the
best quality from all the so far tested recipes. No holes or defects are visible and the terrace
structure of the underlying DSO substrate is reproduced, indicating an excellent layer-by-
layer growth mode. We conclude, that higher frequencies lead to great improvement of the
film conditions. We speculate that the higher frequencies prevent the formation of island
growth especially during the first layers due to an increased growth speed and limited time for
stabilization of defects while promoting a forced adaptation to the DSO lattice. However as

52



PZT thin film growth Chapter 3

Increasing deposition frequency

1Hz 2Hz

el0nm
o la

Figure 3.10: Influence of the deposition frequency on the SRO growth on pristine DSO sub-
strates. From left to right: Increase of the used laser frequencies. Frequencies between 1 Hz to
10 Hz were tested.

Schraknepper et al. showed, exceeding the frequency of 10 Hz might shift the stoichiometry of
the SRO film with resulting Ru-deficiency, which should be avoided.

A detailed look on the 10 Hz growth of Fig. 3.10 is shown in Figure 3.11 together with an image
of the pristine DSO substrate used and an 3D image of the SRO layer representing the step
structure. The used recipe is shown as well with all PLD-parameters. From the above tests, it
can be concluded that for the used PLD Solmates-system, a higher frequency (10 Hz) as well as
a limited temperature (<625°C) and a minimum laser density of 2.0 J/cm? is optimal for good
growth conditions of the SRO layer. It should be noted that there will exist other parameter
combinations that will yield similar growths as it has been shown by various groups using
e.g. low frequencies of 1-3 Hz [143]. However, despite the potential of even smoother surface
topography and enhanced edge straightening, reachable by lower frequencies, the increased
potential for island-growth are limiting an easy optimization.

After finding an optimal recipe for the SRO growth, we now discuss the influence of different
(treated) substrates for the defect free growth. In Figure 3.12, 6 SRO growths are compared
which all share the same SRO-recipe as given in Fig. 3.11. For these growths the deposition
time for SRO layers was optimized to result in film of 20-25 nm. Different substrates are tested
which include pristine DSO, DSO annealed with O, and 4 etched DSOs (all etched DSOs were
previously annealed with O as described in Fig. 3.4). The "etched (old)"-substrate was etched
roughly 2 months before the SRO deposition, the "etched (old) + reetched" one was also 2
months old but was etched another time directly before the deposition. The "etched (new) #1
and #2" are freshly etched shortly before deposition. As seen before, the pristine DSO substrate
resulted in a good SRO growth without defects even across larger areas. The "annealed with
O," substrates gave a terrace like structure but with lots of holes and defects clearly worse than
the pristine case and probably due to a mixed termination surface of the DSO. The "etched
(old)" and "etched (old) + reetched" substrates both had lots of small particles on the surface,
however both growths yielded excellent SRO films. The "etched (new) #1" had lots of bigger
sized contaminants on the surface and as expected the resulting growth showed lots of defects
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Figure 3.11: Optimized SRO growth on pristine DSO substrate. Left: Topography images of the
pristine DSO substrate. Middle: Topography images of the optimized SRO growth. Bottom:
Optimized SRO-recipe for the Solmates-PLD system and 3D visualization of the growth steps.

and uneven steps. The "etched (new) #2" substrate however was much cleaner and therefore
resulted again in a good growth of the SRO layer.

Based on these results we conclude that the surface treatment -opposed to some believes-
only secondarily affects the SRO growth compared to the more important tuning of the
PLD parameters. It is especially interesting that pristine as well as (nearly) perfectly etched
substrates yield very similar depositions and that furthermore a minor amount of small
particles on the DSO surface don't disturb the growth. Additionally, no degradation of the
SRO growth is observed if the etching was done several months before the deposition. It is
however advisable to check substrates before the growth to ensure that no excessive amount
of particles got redeposited. Only the usage of annealing with oxygen or using substrates with
big contaminants are not recommended as the resulting growths showed large number of
defects in the SRO layers. We speculate that smaller particles are partially removed by the
increased temperatures in the PLD chamber before deposition. Furthermore, since using
pristine substrates resulted in similar growths, the following experiments were mainly carried
out using the pristine DSOs, limiting the chances of contaminating the surface by treatments
and making the whole PLD process simpler and more reliable.
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Figure 3.12: Optimized SRO growth on differently treated DSO substrates. Topography images
of the final SRO growths (detail image and overview image) using the optimized recipes are
shown on the right side. From top to bottom: The different substrates: pristine DSO, annealed
with O,, "etched (old)", ""etched (old) + reetched", "etched (new)" and "etched (new) #2" are
shown on the left side.
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3.2 PZT with SRO electrode - the search for vertical conduction

After successfully optimizing the SRO recipe the next step is to optimize the PZT layers on
top. As discussed before, for the PZT layer we are looking to achieve a defect free film with
an as smooth as possible surface. We expect to see the formation of an a-domain network
due to the lattice strain from the DSO substrate. Furthermore, the aim is to achieve domain
wall conduction for a-DWs as well as at 180°-DWs. a-DW conduction in strained PZT films
has been reported in earlier works (see Section 1.4) while strong and stable strain-driven
conduction in normally neutral 180°-DWs were first discovered within this work (while 180°-
DW conduction in PZT films on STO substrates was observed previously by Guyonnet et al.,
their work showed lower DW conduction based on a different defect mediated mechanism
[79]) and are in detail investigated in Chapter 4. Since the samples, in which first signs of
180°-DW conduction were observed, were fabricated around 8 years ago with a not longer
existing PLD-system, this section aims to optimize the PZT growth to establish a reliable
recipe to reproduce samples with 180°-DW conduction as well as to study the different process
parameters and film characteristics necessary for the formation of the unusual conductive
properties.

3.2.1 PZT growth optimization

For all following PZT growths shown (except if stated otherwise) the optimized SRO recipe
from Figure 3.11 was used together with pristine DSO substrates. Based on various pre-tests,
ferroelectric behaviour together with the formation of mainly out of plane polarized c-domains
is achieved in nearly all samples even when holes and trenches are present, as seen in the TEM
cross-section image and P-E loop of PZT #2 in Figure 3.13. Additionally the thicknesses of
the layers (of all samples shown) were optimized to be around 20 nm/60 nm for the SRO/PZT
stack (25 nm/59 nm are observed in Fig. 3.13 for PZT #2). The thickness of the SRO bottom
electrode was optimized in order to guarantee high conductivity and to avoid the formation of
islands and trenches observed for thinner SRO layers [168]. The PZT film thickness was chosen
based previous works [94, 143], as simulations suggested a range of 50-70 nm for optimal DW
conductivity (see also Chapter 1.4).

In Figure 3.14 the topography images of SRO/PZT films for three different parameter studies
are shown. All images are scaled to approximately the same size to allow for comparison of the
dimensions of the film’s topography features. Here, first the topography images are studied to
evaluate which growth conditions result in continuous films without holes and defects. In the
next chapter 3.2.2, promising samples are tested for their electrical and ferroelectric behaviour.
In the top row, the deposition frequency for the PZT growth is varied, in the middle row the
temperature is increased and in the last row the process oxygen pressure is changed. The rest
of the parameters were kept (mostly) the same to allow to differentiate between the effects of
different parameters. The full list of all processing parameters for the shown samples are given
in Appendix A.1.
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Figure 3.13: STEM cross section image of PZT #2 on the left side and hysteresis loop of
amplitude and phase of local piezo response probed by the AFM-tip on the surface of PZT #2
on the right side.

For the frequency study all growths are done with 0.2mbar oxygen pressure and with 40%
heater power. As seen in the first row for the lower frequencies (1Hz and 2Hz), defects and holes
are present in the film topography. By increasing the the frequency (=5Hz) the holes close
and a continuous film is observed. It should be noted that the resulting "grain"-like structure
results from a so called "wedding-cake" growth mode or Stranski Krastanov (SK) growth [169].
The Stranski Krastanov growth appears as a transition from layer-by-layer growth mode to the
island growth mode. Especially in strained film, the strain energy of the single crystal layers
can be reduced by the formation of islands and therefore promoting the transition to the SK
mode. A magnified and high-resolution image of PZT #2 and PZT #20 are shown in Figure
3.15 in which the layered slices are observable. The surface roughness is slightly larger than
observed on previous samples with pure layer-by-layer growth, however for films which show
no apparent defects, the formation of a-domains (as seen in Fig. 3.15 for PZT #20) as well
as the emergence of conductivity should not be influenced and therefore qualify for further
investigations (see Section 3.2.2). Nevertheless, as shown, higher frequencies are beneficial
for the growth of the PZT layers, due to limiting the evaporation of volatile cations like Pb as
observed also in other works [170], and will be kept for the following growths.

The second row shows the change upon increasing the deposition temperature of the PZT
growth (all growths are done with 10Hz and 0.2mbar). Although all samples are similar and no
apparent defects are visible one aspect is interesting. The formation of a-domains is clearly
more visible in the topographic images of PZT #20. As we will see later, other PZT samples
form a-domains as well even through they are not readily visible in the topography images.
If visible in topography, it means that the overall roughness of the wedding-cake structure
is less than the height changes caused by the elastic a-domain formation. This is confirmed
when looking at the overall roughness of the images, as sample PZT #5 and PZT #2 show values
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Figure 3.14: Influence on different process parameters on the PZT growth. Only pristine DSO
substrates are used and a 20-25 nm high-quality SRO layer using the optimized SRO recipe was
grown prior to the PZT depositions. AFM topography images of the resulting pristine layers
are shown. Top: Change in laser frequency going from 10 Hz to 1 Hz. Middle: Temperature
increase from 40% to 47% (which corresponds to temperatures of 590°C to 675°C). Bottom:
Increasing oxygen process pressure from 0.1 mbar to 0.3 mbar.

of around 600 pm-800 pm RMS while PZT #16 and PZT #20 are as low as 480pm RMS. It is
somewhat interesting that higher temperatures of 45% and more produce defect free films of
higher quality. It was assumed that an increase over 600°C is disadvantageous for the PZT film
growth due to the increased volatility of Pb cations for higher temperatures. However, as we
can not be sure about the exact temperature of the growth (due to the missing temperature
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Figure 3.15: High resolution topography (with AC-amplitude and AC-phase) image of PZT #2
and PZT #20 and schematic of the different epitaxial growth modes. Growth mode illustration
adopted from [171].

sensor) and excess Pb ions from the target (around 10% Pb excess) might help to compensate
for the volatile ions, apparent temperatures of =650°C seem to result in better quality of the
PZT films together with the used higher frequency of 10 Hz.

In the last row of Figure 3.14, three different process pressures are tested (with 10Hz frequency
and 43% heater power). Clearly increasing the oxygen pressure above 0.2mbar dramatically
destroys the film quality with large holes and non-uniform growth. For the lower pressures
(0.1mbar and 0.2mbar) no apparent difference is detectable in topography. PZT #18 and PZT
#2 will be interesting to compare for their conductive DW properties as the oxygen pressure
during growth could influence the chemistry and availability of mobile charges. As these
experiments were carried only shortly before submission of the thesis, the analysis of PZT #18
is subject of future work.

In conclusion, this study helped to narrow down the range of optimal parameters for suffi-
ciently good continuous and flat PZT film growths on top of the SRO layers. Higher deposition
frequencies together with rather higher temperatures and low process pressures yielded the
best results. The wedding cake structure observed in nearly all cases might occur due to the
relative high deposition frequency of =5Hz or is enhanced due to the non-treated substrates.

In the next subsection the promising PZT samples are investigated in more detail by piezoelec-
tric force microscopy (PFM), conductive AFM (cAFM) and electrical characterization of the
DWs to evaluate the ferroelectric behaviour, formation of the a-domains, switching behaviour
and conductivity of DWs.
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3.2.2 PZT sample characterizations - a-DW and 180°-DW conduction

In this subsection we will look into the samples PZT #2, PZT #5, PZT #8, PZT #16, and PZT #20
with a focus on conductive measurements of a-DWs and poled 180°-DWs.

First, PZT #5 and PZT #8 will be compared, which were grown with different frequencies (10Hz
and 5Hz, respectively) both at 40% heater power. After that the 4 samples grown at different
temperatures (PZT #5, PZT #2, PZT #16, and PZT #20) are compared.

11 || 0 O m— 50
Height (nm) Amplitude (a.u.) Phase (°) Current (pA)

Figure 3.16: AFM characterization of PZT #5. Top row: Topography, PFM and cAFM images
of the pristine film. cAFM image acquired with 6 V sample bias. Bottom: Same type of AFM-
images taken after a square in a square poling to observe the c-domain switching and create
180°-DWs. cAFM image taken with 6.5 V.

In Figure 3.16, the sample PZT #5 is shown. In the top row, the pristine sample is imaged from
left to right with topography, PFM-amplitude, PFM-phase and cAFM techniques. Long strip-
like a-domains are visible in the amplitude image while the phase image shows an uniform
polarization state of the c-domains. In cAFM nearly no contrast is visible with some slight hints
of conduction along the a-domain boundaries for 6V. In the bottom row, a poling procedure
was performed by first scanning with the AFM tip an area with +10V and subsequently a
smaller area with -10V sample bias to create a square in a square poling. As seen in the PFM
images, the poling procedure was suboptimal and not all c-domains switched. Following
scans with cAFM with 6.5V bias showed an enhanced conductivity of the area but stays rather
diffuse and not localized to the DWs. Since +10V is the maximum of the AFM-controller with
the Orca-tip holder, better results are expected if the poling could be enhanced (potentially
by poling with higher biases). Nevertheless, the already high bias voltages used (6V and 6.5V)
indicate suboptimal DW-conduction properties.
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Figure 3.17: AFM characterization of PZT #8. Left: PFM images before and after a square in a
square poling are shown. Right top: cAFM image of the pristine PZT surface. The bias was
increased during the scan from 0 V to 6.5 V. Bottom right: IV curves taken on different domain
and DW types after the poling. Positions of the readout are marked in the PEM-amplitude
image.

Figure 3.17 shows the results obtained on PZT #8. Similar to PZT #5, long stripes of a-domains
are recognizable from the PFM image and the c-domains are uniformly poled. A cAFM
image with increasing voltage up to +6.5V bias showed rather non-localized conduction at
higher voltages with some enhancement at the DWs. Similar square in a square polings were
performed with -6V/+4V tip biases respectively. The resulting domain configuration showed a
better switching of the c-domains with clear boundaries for the bigger square and some more
diffuse switching for the smaller one. However, after the poling an unexpected distortion of
the a-domain pattern is observed. Most of the long a-domains seem to be disrupted and start
and end randomly in the c-domains, which could indicate that they are not properly formed
and stabilized and hence most likely don't posses the needed charged a-DWs. For this sample,
IV curves were recorded instead of an cAFM image. IV curves at different points on a c-domain
(black), on an a-DW (yellow) and on two spots on the 180°-DW (blue and red) were recorded
up to 8V. The current measurements showed no conduction within the resolution limit for the
c-domain and one of the points on the 180°-DW and some low values of 15pA for the a-DW
and the other 180°-DW spot. Overall, both samples, PZT #5 and PZT #8, are concluded to
have rather poor non-DW associated conduction properties regardless of their deposition
frequencies.

Next the temperature influence on the DW-conduction is studied. As seen from PZT #5 grown
with 40% heater power, the DW-conduction was rather low and not localized. PZT #2 was
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Figure 3.18: AFM characterization of PZT #2. Top row: Topography and PFM images of the
pristine sample. A cross-hatch pattern of a-domains is observed with some interconnecting
perpendicular a-domains. Bottom: cAFM scans with different sample biases of 2.5V, 3 Vand
3.2V, showing an increase of conductive response at the a-DWs. Center left: PFM amplitude
image for the same area of the cAFM scans to related the conductive traces with presence
of a-DWs. Center right: IV curves taken on a c-domain (yellow) and on two different a-DWs
(black and blue) showing their conductive response up to 3.5 V.

grown with 43% heater power and is shown in Figure 3.18. The a-domains predominately
form in long stripes with some short interconnections, similar to the cross hatch pattern from
previous works [94]. The uneven distribution of long strip-like domains and short perpendic-
ular ones is a result of the slightly anisotropic epitaxial strain induced by the orthorhombic
DSO substrate, which has two pseudocubic in-plane lattice parameters (see Section 1.4.1)
[114]. Moreover, the population ratio of the a-domains is also influenced by the PLD growth
conditions, the thickness of the film as well as annealing steps [172, 173, 143]. All c-domains
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are uniformly poled and cAFM scans with different sample bias voltage show discrete a-DW
conduction starting from around 3V. Consecutive IV curves on a-DWs and on a c-domain show
nearly insulating behaviour for the domain and clear enhanced conductivity at the a-DWs
with values up to 100pA for 3.5V. An increase in short (perpendicular to the dominant stripe)
a-domains is observed after continuous scanning by PFM or cAFM.
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Figure 3.19: 180°-DW characteristics of PZT #2. Top: A 1 um sized square is poled by applica-
tion of a -8 V bias. Consecutive cAFM images taken with a 2 V bias show highly conductive
traces following the border of the square together with some conductive regions in its center.
In the second cAFM scan the amount of conductive traces inside the poled region is greatly
enhanced. Bottom row: PFM phase image after the cAFM images. A partial backpoling of
small yellow domains inside the poled purple square are observed, overlapping with the highly
conductive channels observed in the cAFM image. IV curves recorded on one of the 180°-DWs
and on insulating c-domains inside and outside the poled area.

In Figure 3.19, the sample is poled by -8V and imaged by cAFM with 2V. Clear, and this
time highly conductive lines corresponding to the outline of the poled area are seen. IV
curves taken on a 180°-DW yield up to 1nA for only 1.8V compared to completely insulating
c-domains inside and outside of the poled area independent of their polarization state. It is
important to check both poled and unpoled c-domains, as it rules out polarization-driven
resistive switching [174], and further strengthens the conclusion that the observed conductivity

63



Chapter 3 PZT thin film growth

originates only from the 180°-DWs. However, by scanning the same area multiple times an
enhancement of conductive lines inside the poled region is seen which is a result of a partially
backpoling of the c-domains (proven by a followed PFM scan in which small yellow domains
are seen inside the poled area, see Fig. 3.19).

Continuous scanning with 1.5V

O ) 50
Current (pA)

Figure 3.20: Stability test of the conductive channels and c-domain poling in PZT #2. A
square in a square poling was first performed followed by consecutive cAFM images of 1.5 V.
5 cAFM images of the series are shown including the 1st scan (left side) and last scan (right
side). A continuous decrease of the conductive response together with an increased density of
conductive traces for continues scanning is observed. In the last image nearly no conduction
remained.

Figure 3.20, studies this stability issue in more detail. A square in a square poling is performed
and consecutive cAFM images are taken with a low voltage bias of 1.5V to reduce the effect
of backswitching. Nevertheless, after around 10 scans (5 shown in the figure), no conductive
response is measurable in that area and followed PFM images revealed the complete back-
switching. As the coercive field was determined to be around 2V (see Fig. 3.13), continuous
scanning with 1.5V is generally not be enough to promote the backswitching. However, the
non-uniform electric field at the tip apex together with the effect of scanning and applied
mechanical pressure might be enough to decrease the stability. Further experiments are
needed to see if this sample can be used for device applications in which electric fields are
more uniform due to the integration of electrodes.

The next sample, which is investigated in detail is PZT #16 grown with 45% laser power, see
Figure 3.21. As seen in the topography image, some a-domains are visible as discussed before.
cAFM images of the pristine area yield similar results as seen for PZT #2 in Fig. 3.18, with
conduction at a-DWs starting from around 3V (not shown). Therefore directly the behaviour
under poling and conduction of the 180°-DWs are checked. A 2um square is poled with +4V
sample bias. Under the application of bias, a reorganization of a-domains is observed with the
formation of more interconnecting short domains. The cAFM images taken with 2.1V on the
poled area show clean and conductive traces of the 180°-DW. IV-curves were probes at two
different positions indicated as red and blue with readout voltages of 2.8V. At the red spot a
very stable readout of around 8nA is observed for tens of consecutive pulses over 2 seconds.
At the blue spot the observed conduction was higher, between 50nA to 120nA. The reason
of the big changes in conduction readout could be some small movement or reorganization
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Figure 3.21: AFM characterization of PZT #16. Top row: Topography, and PFM images after a
poling, done by 4 V. PZT #16 is the only measured sample with pristine downwards polarized
c-domains, identified by to the poling direction. A dense a-domain network is observed in the
PFM-amplitude image. Bottom left: Multiple IV curves consecutively taken on two different
spots on the 180°-DW (blue and red). Inserts show the current response in the time-domain.
A very stable 8 nA conduction is seen for 180°-DW at the red spot, while at the blue spot
higher current values (up to 120 nA) are recorded together with an increase in fluctuation from
readout to readout. Bottom right side: cAFM images before and after the IV measurements
show no change in position of the conductive channels indicating their stable character.

of the 180°-DW, however the cAFM images from before and after the IV curves showed no
visible change of the conductive path. Nevertheless, the persistence of 180°-DW conduction
for tens of pulses shows the enhanced stability within this PZT sample compared to PZT #2.
The difference of the conductivity with respect to different points on the 180°-DW is expected,
as the conduction is known to be non-constant along the DW-length (detailed investigations
are found in Section 4). The seen stability is most likely also attributed to the fact that the
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orientation of the pristine grown film is in the opposite direction compared to the previous
samples (a positive bias is needed to switch the pristine c-domains compared to a negative bias
for the other PZT samples). Based on the poling direction, the pristine c-domain orientation
of sample PZT #16 can be determined to be downwards oriented. Since the current readout is
done with positive voltages due to an asymmetry in the IV curves (no conduction is observed
for negative voltages), the poled upwards oriented domains are aligned with the field direction
of the readout voltage and prevent a partial backswitching.

PZT #20

poling -6V

Amplitude (a.u.)

200nm

Time (s)

Figure 3.22: AFM characterization of PZT #20. Top row: cAFM and PFM images of a poled
originally square area by application of a -6 V sample bias. Already for the acquired PFM and
cAFM a partial backswitching of the bottom part of the poled area is observed. Bottom row:
Conduction readout of the 180°-DW at a spot indicated in the cAFM image. A total of 35 pulses
are applied consecutively and the conduction is measured. A persistent conduction of tens of
nanoampere is collected. The first 5 readouts are plotted as IV curves in the center. On the left
side, the area where the conduction is measured on the 180°-DW is imaged before and after
taking the IV curves by cAFM images at 2 V. No signs of deformation of the DW is observed.

PZT #20 is the last sample of the temperature experiment with a growth temperature of 47%
heater power. In Figure 3.22 the results are shown. In general, similar characteristics as to PZT
#16 are seen, however the polarization direction was upwards oriented like in PZT #2, which
required a negative bias to pole the pristine sample. This resulted in less stable polarized
domain states as seen in the PFM images in which the bottom part started to backswitch.
Despite this, probing IV curves yielded persistent current readout of around 30nA for 2.5V
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which was the highest in all samples. Before and after cAFM images confirmed, that the
180°-DW did not shift during the measurement of 4.5 seconds and that the current originated
from the non-volatile DW.

In conclusion, the higher growth temperatures enhanced the DW conduction drastically from
nearly non-existent for 40% to tens of nanoampere for reasonable voltage biases of <3 V. The
increased temperature during growth is expected to change the defect density and result in
higher number of mobile chargers and hence an increased conductive response. PZT #16
was the only sample with pristine downwards oriented c-domains and therefore showed the
highest stability of written domains, potentially the most useful for further device applications.

3.2.3 PZT self-assembled nanoislands

Besides the samples studied above, other PZT samples were grown which showed non-
continuous films but might potentially be useful nevertheless (process parameters are given in
Appendix A.2). In Figure 3.23, some variations of self-assembled PZT nanoislands are shown,
grown with different PLD-parameters. A change from a quasi-continuous film with high
density of holes and trenches towards localized nanoislands is seen. PZT-NI #6 showed the
most promise in regards to island sizes and island isolation.

PZT-NI #1 PZT-NI #5 PZT-NI #6 PZT-NI #8

Figure 3.23: Different formation of PZT nanoislands based on varying growth conditions. AFM
topography images of the fabricated PZT nanoisland samples. For PZT-NI #1, the PZT film still
shows a connectivity and no isolated islands. For PZT-NI #5 first isolated islands form with
different sizes in irregular rectangular shapes. PZT-NI #6 shows the most well defined nearly
square like nanoislands with persistent spacing between each islands. In PZT-NI #8, no real
islands formation is observed and the "nanoislands" are small and densely packed.

The nanoislands of PZT-NI #6 are 100 to 300 nm wide and around 30 nm high (this height
might not be the total PZT film thickness as the surface layer is not determinable by AFM.
Cross-section TEM experiments are needed to precisely evaluate the stack formation). First
disregarded, later checks by PFM and cAFM revealed that each nanoisland forms uniformly
poled switchable c-domains with excellent ferroelectric characteristics (sharp P-E loop with
coercive field of roughly +2.5 V), compare Fig. 3.24.
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Figure 3.24: AFM characterization of PZT-NI #6. a) topography large and small scale AFM
image showing the overview of the nanoislands. Islands are formed as squares with sizes
of 200 nm. Little variation between the nanoislands are seen and most of them exhibit the
same shape and size. On the right side, a hysteresis loop of amplitude and phase of the local
piezo response probed by the AFM-tip on one of the islands is shown, showing the excellent
ferroelectric switching and a local coercive field of around 2.5 V. b) PFM and cAFM images of
the nanoislands for which the center was poled by -6 V. The pristine nanoislands seem to form
uniformly polarized nanosized c-domains. In cAFM a conductive response loosely matching
the square "boundary" (indicated in white dashed lines) is observed. c) Local switching of
individual nanodomains. PFM and cAFM images show the response after 4 nanodomains
(marked by red circles) are locally switched by placing the AFM-tip onto them and applying a
-6 V pulse for some hundreds of milliseconds. The subsequent cAFM image taken with 1.8 V
shows a highly conductive response for the switched domains.

Moreover the domains are switchable by either the same tip-scanning method used in Chapter
3.2.2 or by placing the tip steadily onto the nanoislands and applying a short (coercive field
exceeding) voltage pulse. Both methods and correlating cAFM taken afterwards are shown in

68



PZT thin film growth Chapter 3

Fig. 3.24 b) and c). In b), a square is poled by applying -6 V sample bias and the cAFM image
was taken with 1.8 V. A clear conductive enhancement is shown for the poled area.

In ¢), the tip was placed at the nanoislands marked by the red circles. Voltage pulses of -6 V
for several hundreds of milliseconds were applied and the cAFM image was taken with 1.8
V sample bias. Only the nanoislands which were switched by the tip showed an enhanced
conductivity. Most likely the conduction results from 180°-DWs formed in the nanodomains
however high resolution experiments are needed to verify and associate the observed conduc-
tion response to the existence of 180°-DWs.

The nanoisland sample PZT-NI #6 exhibit interesting properties due to the intrinsic small
sizes of their nanodomains coupled with nanoampere-scale conduction responses when
polarization is switched. Potential device ideas could exploit the nanometre size resisitve
switching if the seen conduction can prove to be non-volatile. The seen nanoislands probably
form due to an island growth, potentially already present for the SRO layer (compare islands
growth in SRO layers in Chapter 3.1.3). However, more specific experiments need to be carried
out to study the nanodomain formation, the formed conductive channels and their stability.

3.3 Summary

In summary, within this section, the growth conditions for highly tetragonal PZT films (Zr:Ti
= 1:9) and SrRuOj3 bottom electrodes, onto DyScO3; substrates for the employed Solmates
PLD-system are investigated. Besides optimizing of the film properties, the formation of
conductivity at 90°-DWs and 180°-DWs in the PZT films with respect to various process
parameters is explored. First, it has been shown that pristine DSO substrates can be used
for the growth of defect-free SRO/PZT layers without the need for pre-deposition treatments.
The use of higher frequencies of 10 Hz proved to be ideal for the deposition of both the
SRO and PZT films achieved by a predominantly layer-by-layer growth. The formation of
expected a-domains was observed due to the lattice strain, induced by the DSO substrate. It
was shown that the process temperature possessed a major role in the formation of enhanced
and localized conduction at the domain walls. While changing the oxygen pressure during the
controlled cooldown was not tested within this work, it is expected to also greatly influence
the conductive properties and should be one of the key aspects of future work for tuning of the
domain wall conductivity. Resulting PZT/SRO/DSO samples with conductive a-DWs and 180°-
DWs could be fabricated and the non-volatile character of the conduction could be verified.
Furthermore, PZT samples with self-assembled isolated nanoislands could be produced. Due
to the intrinsic nanometer size of formed c-domains inside the nanoislands and observed
highly conductive response of several nanoampere upon domain switching operations, these
samples are potentially interesting. Further work needs to be carried out to carefully evaluate
the properties of the seen conductivity. Despite the achieved reliable fabrication of samples
with conductive domain walls, further AFM-measurements revealed issues with the stability
of poled c-domains which directly influence the stability of the 180°-DW channels. These
limitations need to be addressed and further optimized to enable the integration of the newly

69



Chapter 3 PZT thin film growth

fabricated sample for stable and reliable device applications. Due to these issues, the detailed
study of the unusual high conductivity at 180°-DWs and further device realizations presented
in the next chapters, are performed on previously fabricated samples from the lab of Prof.
Nava Setter, which showed the same unexpected conduction response at 180°-DWs while
exhibiting a higher stability of the written domains.

Nevertheless, the presented studies of this chapter provide reliable growth recipes for high-
quality SRO and PZT layers together with the verified formation of conductive domain walls
for the Solmates PLD-system at EPFL. They further extend the insight into the interplay of the
process parameters onto the tuning of the domain wall conductivity and lay a foundation for
future work on the improvement of the stability and towards samples with in-plane conductive
domain walls.
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PZT

In the previous chapter, the fabrication process of epitaxially grown PZT thin films was discussed
and optimization steps were presented to promote the emergence of conductivity at the domain
walls. In this chapter the domain walls, especially the artificially created 180°-DWs and their
conductive properties are investigated. First, in Section 4.1 the formation of 180°-DWs by poling
of c-domains is discussed and domain wall stability and tendency to align with the pristine
a-domain network is studied. Next, the conductive properties of the normally neutral 180°-
DWs are examined in detail which led to the observation of an unexpected, highly enhanced
conductivity compared to previously reported results. In Section 4.2, the origin of the unusual
conductivity is studied by temperature dependent measurements, different electrode materials,
phase field simulations and TEM analysis. The combination of these studies showed that the
normally neutral 180°-DWs are interconnected to the dense network of a-domains inside the
film, which results in a distortion from their neutral structure and the emergence of charged
segments. The content of this chapter is based on the work presented in [175, 152, 176]

4.1 Neutral 180°-DWs and their unusually high conductivity

As the properties of the a-domains in PZT-films and their DW-conductivity for carefully
engineered strain conditions have been heavily investigated [94, 143], the focus of this chapter
is put onto the other type of domain wall, which can be found in these PZT thin films. More
precisely, 180°-DWs will be studied, which can be created by polarization switching of the
out of plane c-domains. By applying an electric field, opposite to the c-domain polarization,
above the coercive field, domain switching is promoted and 180°-DWs form at the boundaries
of the switched and unswitched domains.

4.1.1 Domain wall formation and domain realignment

Polarization switching in ferroelectric tetragonal crystals along their c-axis present one of the
most simplest cases. Ideally, no deformation to the crystal lattice is introduced in the system
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by partially switching of the domains as it presents a pure ferroelectric switching. Switched
domains are therefore not detectable in a pure topographical analysis in contrast to ferroelastic
domains, which result in changes of the PZT surface due to the 90° unit cell rotation at the
boundary from the a-domain to the c-domain. The domain walls, which separate switched
and unswitched c-domains in tetragonal PZT films are the prototype of neutral 180° (or Head
to Tail) domain walls and are expected to form straight two dimensional vertical interfaces.

topography PFM-amplitude PFM-phase cAFM

. O M 180 O e 80
Height (nm) Amplitude (a.u.) Phase (°) Current (pA)

Figure 4.1: Creation of conductive 180°-DWs by partially poling. Topography, PFM and cAFM
images taken on the PZT surface. Top row: Imaging of the pristine PZT film. The weakly
conducting a-DW network can be seen in the cAFM image taken at 2.8 V sample bias. Middle
row: Bias voltage increase to 3.3 V during a cAFM scan leads to the partial poling of c-domains
on the left side of the image. cAFM image shows high conductivity, resulting from the volatile
switching currents. Bottom row: Imaging of the same area after the partial poling. The area,
which was seen as highly conductive before is confirmed to be poled by 180°. At the botder
of the two c-domains a 180°-DW is observable as a black line. cAFM image taken with 2.8 V
shows conductive traces overlaping with the 180°-DW position.

In Figure 4.1, the pristine properties of a PZT/SRO/DSO sample, similar to the ones fabricated
in Chapter 3 and to the one investigated in previous work by Stolichnov et al. [94] are studied.
The sample in Fig. 4.1 with layer thicknesses of around 60 nm for PZT and 20 nm for SRO, is
examined with respect to its behaviour during and after a partial poling. In the top row the
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topography, PFM and cAFM images of a pristine area are shown. The cross-hatch pattern of
a-domains in the PFM image, the uniformly polarized c-domains and the conductive traces
of the a-DWs in the cAFM image are clearly visible. During the next cAFM scan (middle row)
the voltage is slightly increased (from 2.8V to 3.3V) to overcome the coercive field voltage.
Strong current signals (saturating the current sensor of 10nA) are picked up starting from the
left side of the image in an arbitrary shape. Consecutive PFM scans (bottom row) reveal the
partial switching of the left part of the image and the creation of a 180°-DW. As expected from
180°-DWs their presence is not visible in the topography image and can only be revealed by
PFM imaging. The arbitrary shape of the poled region is explained by the fact that a voltage
bias close to the coercive field value was chosen. Therefore and by taking into account a
change in the contact resistance due to the AFM-tip scanning, only a part of the image was
poled. To eliminate such effects a simple increase of the bias is enough to ensure a well defined
poling area. Consecutive cAFM scans, now with again lower 2.5V bias show that most of the
current signal from the previous cAFM scan inside the poled region is gone, leaving only a
conductive line at the border to the pristine domain. By carefully comparing the cAFM and
PFM images it is obvious that the newly formed conductive channel overlap with the created
180°-DW. The current signal, which was imaged during the poling step and which covered the
whole area of the poled domain, is attributed to switching currents. These currents originate
from the bound charges from the top and bottom surfaces of the domain. By switching the
domain, the bound charges needs to be reversed and the carrier movements are detected as
current spikes (or areas in case of a continuous scan). Their volatile behaviour is observed
by the fact that consecutive cAFM scans show no conduction inside the poled regions. In
contrast, the conductive channel formed at the c-domain boundary at the location of the
180°-DW seem to be persistent and is therefore not attributed to switching currents. Previous
works showed that mobile defects such as oxygen vacancies can accumulate at neutral DWs
such as 180°-DWs and give rise to low, thermally activated conduction (details in Chapter
1.2.1). However, the current values observed in Fig. 4.1, are orders of magnitude higher than
for the simultaneously present partially charged a-domains or for other observed 180°-DWs in
different PZT systems [79].

To further verify that the newly formed conductive channels are really associated with the 180°-
DWs, extended experiments of domain wall movement by poling operations were performed.
Figure 4.2 starts from the last polarization state seen in Fig. 4.1. This time the voltage bias is
increased to 4V to ensure a well defined switching. First a smaller ~500nm large square (red
dotted outline) is written in the top right area similar to the previous experiment. Consecutive
cAFM and PFM scans show once again the appearance of a conductive line at the position of
the 180°-DW. Next, another square is written inside the first one, but this time the writing bias
is reversed to -3V (green outline). By this, the area is backswitched to its pristine polarization
state. Based on the followed PFM and cAFM images, it is seen that also this operation creates
180°-DWs together with associated conductive channels independent of the writing bias
polarity. In the last step, the response of the conductive channels upon moving the 180°-DW
is investigated, compared to creation of new isolated DWs. By using a -3V bias and partially
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Figure 4.2: 180°-DW movement and the effect on the conductive channels. Starting point is
the last cAFM image from the previous figure with an arbitrary 180°-DW formation on the
left side. On the top the poling steps are depicted from one to the other image. In the center,
cAFM images of the different stages are shown and on the bottom PFM images confirm the
position of the DWs. From left to right: First, another square is poled in the top right corner
with conductive boundaries. Second, a smaller square is backpoled inside the just poled
domain again with conductive boundaries. In the last step the domain boundary on the left
side is moved downwards. The conductive channel follows the new DW position seen in the
PFM amplitude image.

scanning from the top side onto the first written feature, a precise rearrangement of the
existing 180°-DW as well as the conductive channel is observed to match the new defined
outline. This type of movement control of 180°-DWs by electric fields is well know, however
this study confirms the tight correlation of the conductive signal to the position of the domain
wall together with the possibility of rearranging not only the DW itself but also the written
conductive channels. It also verifies that the conduction is bound to the actual presence of
the DW and not to the poling operation as a moving or removal of the domain wall leads to a
complete vanishing of the conductive response.

Despite the excitement around the observation of the enhanced conductivity and the verified
correlation to the 180°-DWs it also raised new questions, since the origin of this conduction
was not expected. As mentioned earlier, polarization switching in tetragonal PZT is supposed
to be a trivial case in which completely straight and neutral 180°-DWs form. At neutral domain
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walls, there exist no polarization discontinuity which in comparison to charged domain walls
has been shown to mediate a strong current response (see Chapter 1.2.1). The here observed
conductive channels however show a strong current response in the nanoampere range and
even orders of magnitude higher than that of charged 90°-DWs.

Interestingly, by careful analysis of the cAFM images and monitoring of the shape of the poled
domains over time, a slight adaptation of the written 180°-domains to the underlying a-domain
pattern is observed. Moreover, it seems like the 180°-DWs want to overlap with existing a-
domains to form a supposedly more energetically favorable position. These observations
promote a hypothesis to explain the conduction at normally neutral 180°-DWs through a dense
a-domain assisted network. Following this idea, the observed conduction at 180°-DW would
stems from a set of a-DWs, potentially small enough to not be resolvable by PFM. It has been
shown that the a-DW conduction results from a bending from the neutral 45° angle, giving
rise to a charged DW with potentially high conductivity. Further bending or interconnection
to more a-DWs could explain the orders of magnitude enhanced conductivity found at the
180°-DWs.

To better understand the switched domain formation, the domain reorganisation and its
interplay with a-domains, an experiment is conducted in which a square with different angles
towards the cross hatch pattern of the a-domains is poled. In Figure 4.3 two square in a
square polings were done (writing bias: +5V) with a 45°-angle (top row) and 0°-angle (bottom
row). The 45°-poling created a multitude of small a-domains, visible in the PFM as well as
the topography image. The new a-domains intersect longer stripes of previous c-domains
and seem to form a dense connected network. Indeed looking at the conductive response in
the cAFM image, one could argue that the observed conduction stems from the short zig-zag
a-DWs at the boundary of the poled domains. Especially at the bottom boundary, a spread of
conduction into the pristine area along the a-DWs is observed.

In comparison, the 0°-poling seems to have the opposite effect. Larger c-domains, than
the ones usually found in the pristine film, are formed (top right) inside the poled area.
Additionally, just based on the topography image, it would be impossible to judge, where
the poling was performed. No zig-zag pattern of a-domains are created, indicating a less
disruptive poling process. In a lot of places, the 180°-DW overlaps with existing a-domains (or
a-domains got rearranged such that they overlap during the poling) as seen in the PFM image.
Interestingly however, the conductive response along the 180°-DW seems to be independent
of the different poling approaches. Strong conduction and straight channels are visible for
both cases. Comparing the conduction values in the cAFM image, there is little reason to
believe that one or the other poling type is in- or decreasing the overall conductivity. Therefore,
even through the poling operation under an angle of 45° increases the formation of short
a-domains, the conductivity seems to be a property of the 180°-DW. The reason for the increase
in a-domains by poling, might originate from the fact that during poling when intersecting
an existing a-domain, either the domains orientation or its in-plane polarization direction
needs to be changed, to retain the polarization neutrality. Since a poling along the cross-hatch
pattern intrinsically intersects with a lot less a-domains the amount of reorganisation needed
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Figure 4.3: Comparing the poling of c-domains under an angle of 45° to 0° towards the
a-domains. Topography, PFM and cAFM images. Top row: Square in a square poling of c-
domains done with a 45°-angle towards the a-domains. Bottom row: Square in a square poling
of c-domains done with a 0°-angle towards the a-domains. A highly reduced creation of short
a-domains is observed for the poling with a 0°-angle. Both cases show conductive outlines of
the poled domains.

is reduced which results in a less disruptive process.

To further explore the differences and interplay of 180°-DWs with a-DWs, high-resolution
images are taken in the center of the 0°-poling area from Fig. 4.3. In Figure 4.4, the backpoled
smaller square of the initial 0°-poling is shown in AFM, PFM and cAFM. From the combination
of the topography image and PFM line-profile analysis it can be concluded that the bottom
left part of the 180°-DW exist as an independent entity. As expected by 180°-DWs in the
tetragonal crystal structure, virtually no signs of the 180°-DW is observed in the topography
image. It should be noted that a sub-nanometer height resolution in these carefully acquired
images is achieved, where single layers of the PZT-film can be identified. If the 180°-DW would
be connected to any a-domains, they would result in measurable height changes. This is
further proven by looking at the line-profile of the PFM-amplitude image. The a-domains
are recognizable as relatively wide dips of the amplitude signal in contrast to the two sharp
needle-like profiles of the 180°-DWs (marked with red circles). The fully symmetric profile of
the 180°-DWs and their low width proves their isolated existence. The cAFM image confirms
that also these segments of the 180°-DW, which have no interconnection to any a-domains
show a enhanced conductive response. It should be noted here that a varying degree of
conductivity along the DW path is observed.
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Figure 4.4: A high-resolution view on closely spaced 180°-DWs and a-DWs. Topography, PFM
and cAFM images of a 180°-DW. In this set of images, it is clear that the 180°-DW exists as a
stand-alone object without any associated zigzag-shaped a-domains. The 180°-DW is readily
seen in the PFM image (while no topography change is observed) with a curved shape and
without any ferroelastic a-domains in its close proximity. This stand-alone 180°-DW section
produces a conduction response clearly seen in the cAFM image. PFM cross-section profile
further validates the pure 180°-nature of the DWs at the red dots, due to their ultra sharp
profile in the amplitude signal compared to the wide a-domains.

Another important aspect to confirm that the observed conduction is solely associated with
the presence of 180°-DWs is to study the reversibility of the conductive channels. For this a
square in a square poling was performed (Fig. 4.5) on a pristine area of the sample. From the
PFM images the poled area is clearly visible as well as the 180°-DW, both in the PFM amplitude
as well as the cAFM scan. Importantly, after repeatable scanning of the area with a negative
bias of -4V, the poled regions are backswitched and any 180°-DW is removed. Together with it,
the strong conductive channels also vanish, leaving no signs or footprints of the conduction
behind. This confirms the reversible character of the written conductive 180°-DW channels,
which is an important aspect for further device concepts and highlights the tight correlation
of the conduction to the presence of the domain walls. It also hints towards an intrinsic
conduction mechanism as defect assisted conductivity is prone to conductive footprints at
the former location of erased DWs [93]. Further studies are conducted later within this section
in Chapter 4.2, to better understand the origin of the DW conductivity, the DW structure inside
the film and interplay with a-domains and type of accumulated charge carriers at the DW.
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Figure 4.5: Reversible conduction channels based on 180°-DWs. Series of PFM and cAFM
images showing in the top row the pristine film, in the middle row the performed poling by
a 4 V bias with the associated current channels at the position of the 180°-DWs and in the
bottom row the images after the poled domain is subsequently removed. After removal of the
180°-DWs, the conductive channels are simultaneously erased.

4.1.2 Stability of conduction and electrical properties

In the last subsection 4.1.1, an unexpected strong conductive response of artificially created
180°-DWs in strained PZT films were observed. Their formation and interaction with a-
domains was studied. It could be confirmed that the new conductive channels are solely
associated with 180°-DWs and that the conduction can not be explained by a network of the
already known conductive a-DWs. In this subsection an in-depth look is taken at the electrical
properties of the DW, especially the time and readout stability of the channels as well as the
volatility of the conduction itself.
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Figure 4.6: I-V characteristics probed by the AFM-tip that contacts the surface at the positions
indicated in blue for the a-DW and red for the 180°-DW together with the Fowler Nordheim-fit
(black). A current difference of 3 orders of magnitude is observed.

First, to quantify the conductivity of the 180°-DWs, IV-curves were recorded from 180°-
DWs and a-DWs. The experiment was done on the domain walls from Figure 4.5. The
IV-characteristics and the position of the AFM-tip location are shown in Figure 4.6. A 103
magnification of the conductivity is measured between the a-DW and the 180°-DW, reaching
100nA for a 2V bias. Secondly, the essential features of the conduction behavior, including
its polarity dependence (no conduction readout for negative voltage bias) and non-linear
I-V characteristics, are consistent with the transport limited model described by electron
tunneling injection through the AFM-tip/PZT interface [177]. The Fowler-Nordheim (FN)
formalism provides an adequate description of this mechanism, which is supported by the
FN-fit of the I-V curve (black dotted line) in Fig. 4.6. For the fit, the classic FN formula, which
describes tunneling through the triangular potential barrier ¢ as a function of the applied
electric field F is used:

3 3/2
e’ my; 8my/2m &
I=S—"7 _« Fexp|- PiT , 4.1)
87ThmPZT¢ 3he F

in which m;;,, and mp r are the electron effective tunneling masses for the tip and PZT. S, e,
and h are the effective tunneling area, electron charge and Plank constant, respectively. In
order to convert the applied voltage V to the electric field F, a model of a spherical tip of radius
R [178] is used, which yields a convenient approximation applicable within the relevant length
scale: F = V/R. The fit in Fig. 4.6 was obtained for the potential barrier ¢ = 0.8 €V, m;;, = m,,
mpzT =3m, (with m, the free electron mass), effective tip radius of 2 nm and S = 10 nm [79].

Next, the time stability of the 180°-DWs are probed. 180° switched c-domains in tetragonal PZT
show an excellent domain non-volatility, due to minimal competing strain effects between
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Figure 4.7: Time stability of the 180°-conductive channels. An artificially poled domain is
imaged by PFM and cAFM directly after its creation and after 4.5h, without noticable change
in the DW structure or conductive response.

the purely ferroelectric regions. However, it is not clear a priori if the conduction properties
exhibit the same time stability. In Figure 4.7, the poled region from Figure 4.1, is imaged
again 4.5h after its creation. Multiple scans (PFM as well as cAFM) were performed during
this period. It is obvious that the conductive paths from the 180°-DWs still exist. An excellent
positional as well as conductive stability of the written channels is observed highlighting their
non-volatile nature. Subsequent tests showed that the conductivity remained stable even for
days after their creation, persisting as long as the DW exists with no measurable decrease of its
conductivity.

Another important aspect to test is the readout stability of the current channels. In Figure 4.8,
multiple IV curves are taken on a 180°-DWs segment. The current readout of the domain wall
is stable over multiple consecutive readouts and symmetric for the forward and backward bias
(triangular pulses are used from 0 V to 2 V). This property is interesting as it has been shown,
that 71°-DWs in BFO systems posses dynamic conduction properties [122, 83]. In contrast to
the observed stable behaviour at the 180°-DW in PZT, the conduction at the BFO domain walls
increases with the number of consecutive pulses and a hysteresis windows opens between
the forward and backward bias curves (compare Fig. 4.8). Different mechanism, seem to
play a role in the DW-conduction of the PZT and BFO system. It was argued that a local
Joule-heating effect is increasing the conduction at the BFO-DWs. Other works, reported slight
domain changes which could give rise to the modified conduction readout. Possible other
effects could involve the successive accumulation of oxygen vacancies, which are a known
responsible mediator of the conduction in BFO-systems [93, 97]. The stable readout properties
of the PZT however, indicate a transport mechanism (mostly) independent from extrinsic
defect effects. Furthermore, the consecutive current readout is not decreasing the conductivity
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Figure 4.8: Comparison of the readout stability of conductive DWs in PZT and BFO. Left:
Artificially created 180°-DW in PZT probed by 5 triangular voltage pulses (0 Vto 2 V). Right:
Pristine DWs in BFO probed by 10 consecutive voltage pulses. While the IV-curves perfectly
overlap for the PZT DWs, the BFO DWs show an increase in conductivity for ongoing current
readouts. IV curves on BFO are adopted from [122]

measured through the DW nor displacing the DW to an extend that the conduction would
significantly drops. This confirms that the measured conduction is not associated with the
volatile polarization switching currents. Because in the case of polarization switching currents,
the measured conduction would be associated with a displacement of the DW and would
drastically decrease once the DW is pushed far enough away due to the repeated voltage
pulses.

Overall in this section, it has been shown that the enhanced conductivity found at 180°-DWs
can be up to 3 orders of magnitude higher than the one measured at the pristine a-DWs. It
could be concluded that the current channels are directly associated with the presence of
180°-DWs and that the unusual high conductivity is not explainable by the sole presence of
the slightly charged a-DWs. Moreover, the 180°-DW conduction showed to be robust and
stable in the time domain as well as under readout operations. The conductive channels are
reconfigurable under applied electric biases and completely removable once the 180°-DW is
erased, rendering them interesting for potential new DW-based nanodevices.

4.2 Conduction origin and properties - the everlasting question

In the previous Section the formation of normally neutral conductive 180°-DWs is observed
and the properties of the associated conductive channels is studied. However, the nanoscopic
origin of the conductivity is still unknown as the model for neutral DWs can not explain
the unusual high conductance with a defect-based transport mechanism. Compared to
the work on defect-mediated conduction at neutral DWs in PZT films by Guyonnet et al.
[79], orders of magnitude higher conductivity is seen in the presented sample. Furthermore,
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other hints like the excellent stability of the 180°-DW conduction point towards an intrinsic
current transport mechanism. It is known that nanoscopic wrinkles can emerge at neutral
walls and that the overall assumption of completely straight 180°-DWs is often distorted
in real scenarios due to boundary conditions [92], leading to enhanced and unexpected
conductivity like observed for the partially charged a-domains in strained PZT samples [179].
Therefore, to better understand the underlying mechanism of the conduction but also the
formation and structure of the -thought to be- straight 180°-DW and its interplay with strained
a-domains, a series of experiments are conducted and presented in this section. Specifically,
temperature dependent conduction measurements are performed together with cryogenic
poling experiments as well as phase-field simulations and TEM cross-section analysis of
180°-DWs were carried out.

4.2.1 Temperature dependent conduction measurements

Most of AFM experiments are carried out in an environment-controlled chamber, as explained
in Section 2.1, which also offers a temperature control from room temperature (RT ~ 30°C)
up to 250°C. The temperature control within the small volume of the AFM chamber enables
functional measurements (PFM as well as cAFM and electrical measurements) at reasonable
speeds for different temperatures. It allows to create and probe the conduction of domain
walls for different temperatures which gives an insights into the thermal dependency of the
conduction mechanism and interface barriers.

Two tests were performed, one by simply creating a poled region and consecutively probe the
area by cAFM at different temperatures to measure the conductance of the 180°-DWs. In a
more sophisticated test the 180°-DWs were confined under an electrode and the resistivity of
the capacitor device is measured for different temperatures.

In the first experiment a roundish domain was created by applying a bias of 6V for 1s to the
AFM tip which is brought into contact with the sample. In Figure 4.9a, the cAFM images taken
on that region with a 1.7V sample bias are shown for the different temperatures with the same
color scale for the current values. The created domain is roughly 500 nm in diameter and
the 180°-DW ring shows good contrast for the first cAFM image at RT (35°C). By successively
heating the sample to 100°C, a decrease of conductivity is seen until the conductive outline of
the domain nearly vanishes. After a followed cooling down, the conductivity can be restored
as seen in the last images labeled "4" and "5" for 60°C and 35°C, respectively. A quantitative
analysis is shown in Figure 4.9b and c. The DW section, which is indicated in the insert of
Fig. 4.9b was measured by a line profile with a 15-point average. The resulting profiles for
the temperatures are given in b and plotted for their peak maximum over the temperature in
c. A clear decrease in conduction is observed for increasing temperatures and importantly
after the temperature is decreased the conduction values are be restored to their old values.
This proven reversible characteristic is important to highlight and together with the cAFM
images confirm that the observed property is a result of the DW conductivity and not due
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Figure 4.9: Temperature dependent measurements of the 180°-DW conductance within the
temperature range of 35-100°C. A ~700 nm big domain has been created by poling of c-
domains. a) cAFM scans with 1.7 V sample bias have been taken at different temperatures
of 35°C, 60°C and 100°C during the heating up and equally at the same temperatures during
the controlled cooldown. All cAFM images are scaled the same to allow for an easy visual
evaluation. b) A 15 point average on a segment of the 180°-DW is taken and the resulting
current profiles for the 5 different temperatures are plotted. c) Maximum current values are
plotted over the temperature. Red indicates the heating up and blue the cooling down. A clear
non-thermally tendency is observed as well as a recovery of the suppressed conduction after
cooling down.

to structural changes. A possible explanation for the conduction decrease could be a non-
thermally activated "metallic-like" conduction mechanism (as it has been shown also in
other DW-systems [119, 76]). However, it is important to note that not only the DW itself is
probed but rather the whole system of bottom interface, conduction through the DW and top
interface.

To get more insight into the temperature dependence of the conduction mechanism the
second experiment is performed by injecting 180°-DWs inside the inter-electrode area of a
capacitor device. By doing so, the tip-PZT surface interface is exchanged with the top electrode-
DW interface, providing a way to observe changes in the conductive response resulting from
the top interface. Moreover, the highly localized electric fields at the tip apex are substituted
with more uniform electric fields applied through the electrode. As it will be explained later
in detail in Chapter 5 and 6, the confinement of DWs inside an electrode area is not as trivial
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as it seems. Nevertheless using high resistive platinum electrodes, a deterministic poling of
domains under the electrode is achieved, and 180°-DWs can be injected and stabilized inside
the capacitor devices (for details please see Section 6).
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Figure 4.10: Temperature dependent measurements of the 180°-DW conductance within
the temperature range of 30-70°C using a high-R Pt-electrode. A high-resistive platinum
electrode is used to confine 180°-DWs inside a capacitor device (details on the electrode and
the confinement of DWs in Chapter 6). Top row: IV curves taken at different temperatures
during the heating up and cooling down with the tip placed in the center of the device. Bottom:
Maximum current values, which were read from the capacitor device are plotted over the
temperature at which they were recorded. A clear thermally activate behaviour is observed.
PFM images before and after the test confirm the stability of the written domain inside the
capacitor.

In Figure 4.10a and b, IV curves for the temperature increase and decrease are plotted respec-
tively. Initially a maximum current of 2nA is observed for the 1.4V applied bias. By increasing
the temperature from 30°C to 70°C the current at 1.4V is increased to 7nA. A reversible change is
observed for the temperature decrease with decreasing current values. The maximum current
values are plotted over the temperature values in Fig. 4.10c and PFM images of the polarized
domain before and after the heating cycle are shown (both taken at 30°C). A slight increase
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in domain size is observed after cooling down to RT. The difference in the current values for
the temperature increase and decrease seen in Fig. 4.10c could result from a combination of
the change in domain size or from not fully stabilized temperature values. The waiting time
in between setting of the new temperature and recording of the IV curves was set to 5min.
The maximum temperature was capped at 70°C because similar experiments showed strong
distortions of the polarized domains under the electrode if temperatures above 80°C were
exceeded. Nevertheless the trend as well as the reversibility is clearly seen and interestingly of
opposite character than for the experiment in Fig. 4.9. This time a positive thermal activated
behaviour is observed for the current characteristic.

Since the main difference between the experiments was the top electrode contact (tip vs.
high resistive Pt-electrode) some conclusions can be drawn for the interface contact. Due
to the carbon contamination typically observed within scanning electron microscopy (SEM)
chambers, where the electrodes were deposited, and the electron beam induced deposition
(EBID) technique itself, used to create them, defects and carbon contaminants are introduced
not only in the electrode material but also at the electrode PZT interface. Consequently,
the formation of a Schottky barrier is expected. The clear positive temperature dependence
further strengthens this assumption and suggests that the Schottky barrier dominates the
current transport. In contrast, for the tip-PZT interface case, a temperature independent
Fowler-Nordheim tunneling is assumed to occur at the tip apex due to the highly increased
nonlinear electric field (see Fig. 4.6). The resulting negative temperature dependence observed
in this case would therefore mainly be attributed to the intrinsic current transport along the
DW.

The results also highlight another important aspect which needs to be considered when in-
vestigating the conductive properties of DWs. When probing the DW, in reality the whole
DW-system is investigated and the experimental setup needs to be carefully designed to study
intrinsic contributions of the DW itself. Contact interfaces can easily dominate the measured
characteristics and change depending on the exact type of measurement as seen above. Classi-
cal experiments to evaluate the intrinsic properties, like 4-point probe measurement on single
DWs are difficult to realize and advanced setups need to be invented to study such properties
as demonstrated e.g. in Hall-effect measurements in DWs in YbMnOg [98].

4.2.2 Cryogenic AFM experiments down to 4K

In this subsection, investigations are done to evaluate if and how conductivity at 180°-DWs is
preserved at cryogenic temperatures. In DW-systems, which are based on defect mediated
conduction, a strong decay of conductivity is observed when cryogenic temperatures are
approached. As shown in previous works on strain deformed a-domains in PZT films [94], for
some DWs, conductivity is preserved even at 4 K, indicating a non-defect mediated transport
as extrinsic ionic conduction and movement of defects is frozen.
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In the following the results of AFM-based measurements at 42 K and 4 K in an ultra-high vac-
uum (UHV) are shown. The chamber of the Cryo-SPM, manufactured by Omicron Nanotech-
nology (currently Scienta Omicron) operates at <10~ mbar pressure. Conductive diamond
coated probes similar to the ones for RT measurements were used to allow for continuous
and comparable measurements. All results shown are done with the same probe during one
session which lasted several days in which the temperature of the UHV chamber was kept at
4K. Small temperature changes e.g. going from 4 K to 42 K were performed by a small heating
element near the sample which provided fast and local temperature changes.

Prior to the poling experiments, in Figure 4.11 pristine areas were characterized at 4 K and
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Figure 4.11: Pristine a-DW conduction at cryogenic temperatures. Left: Topography and
cAFM images at 42 K. The sample bias was 5.4 V and current traces of several tens of pA were
observed. Center: Topography and cAFM images at 4 K. The sample bias was 6 V and similar
current values were observed in comparison to a). Right: IV curves measured on pristine
a-DWs at 4 K. Tens of pA conduction is maintained even at very low temperatures.

42 K, which revealed a conduction pattern coinciding with the narrow a-domains, similar to
the RT-data in Section 4.1 and to previously published results [94]. cAFM maps were acquired
with a sample bias of 5.4 Vand 6 V for the 42 K and 4 K experiments respectively and the IV
curves taken on a-DWs at 4 K showed conduction of tens of picoampere for 5 V bias.

Because of the UHV environment and the cryogenic temperatures, the voltages required for
polarization switching and conduction measurements were higher compared to those used
for the RT-measurements shown in Fig. 4.6 and 4.5. Specifically, the polarization switching
required a sample bias of 7 V while the a-DW conduction was detectable only above 5 V.
For reliable poling a sample bias of 9 V was used, which resulted in relative uniform square-
like poled regions at 4 K (Fig. 4.12, upper panel) and 42 K (Fig. 4.12, middle panel). As a
side effect of using higher poling voltages, particle deposition on the PZT surface inside the
scanned areas was observed (see Figure 4.13), accompanied with a partial blurring of the cAFM
images. Due to the complex resulting conductive patterns, all further analysis were therefore
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Figure 4.12: Top row: Topography, PFM and cAFM images of poled regions at 4 K. Middle
row: Same images as in the top row at 42 K. In the PFM-phase images the clear 180° contrast
between pristine (yellow) and poled (purple) domains is visible. The 180°-DWs (black square
outlines), show strong conductivity as confirmed by the cAFM images. This conduction is
detectable under varying imaging parameters like scanning angle or voltage bias both at 4 K
and 42 K. In all cAFM images, in addition to 180°-DWs, an enhanced conduction of the a-DWs
inside the poled regions is observed. Bottom row: Single-spot I-V characteristics at 42 K of a
pristine 90°-DW outside the poled region (black), the enhanced 90°-DW conduction inside
(purple) and the strong 180°-DW response (orange). The insert indicates the positions where
the I-V curves where taken with the tip as a top electrode. Averaged cross-section profiles at 4
K and 42 K collected on the marked areas in the cAFM images show similar maximum current
around 800 pA for both temperatures.

focused on zones free of the distorting artifacts. Moreover, within the poled regions, zones
with high density of a-domains tend to appear as extended regions of high conduction. In all
cAFM images in 4.12 one readily identifies a strong nA-range conductive response of newly
created 180°-DWs. These conductive traces persist through sequential scans with varying
scanning angle or changing bias. I-V curves measured up to 4 V on individual a- and 180°-DWs
illustrate the typical current response observed at 42 K (bottom row of Fig. 4.12). Analysis
of the data acquired at 42 K and 4 K using the same measurement protocol and the same
probe revealed their remarkable similarity. Direct comparison of the conduction traces of
180°-DWs measured at 4 K and 42 K with the same sample bias of 4 V show strikingly close
quantitative characteristics. Current values - approaching 0.8 nA - have been obtained for
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Figure 4.13: Creation of surface particles after poling with high electric fields. Before and after
topography images together with the PFM phase image of the performed poling. The effect of
using a high electric-field for poling is observed in the formation of surface particles. These
particles remained even after scanning in contact mode. By using lower electric field, fewer
particles could be produced but at the same time, the uniformity of the poling is reduced.

both temperatures by averaging the conduction data over a 180°-DW segment, chosen in a
way to minimize any possible interference with the conductive a-DWs. It was possible to
control and modify the conductive channels, produced at the cryogenic temperatures, by
external biases identical to the RT-measurements and similar probe/PZT interface limited I-V
characteristics (polarity dependence and non-linearity) were observed. The conductive traces
could be completely erased without leaving conductive footprints by removing the switched
domains through backpoling with a sample bias of <-5 V.

The results of cryogenic scanning probe microscopy provide a valuable insight into the phys-
ical origin of the observed 180°-DW conduction. In particular, together with the previous
temperature and stability experiments they imply an intrinsic nature associated with the
domain walls’ electronic properties rather than an extrinsic defect-driven mechanism. The
formation of a 2D electron or hole gas, characterized by its metallic-like conduction is consis-
tent with the non thermally-activated conduction observed at the 180°-DWs, which supports
remarkably high current levels down to 4K. With at least 1 nA at 4 V measured by a scanning
diamond probe in a cryogenic environment, it illustrates the potential for DW-applications in
a wide temperature range.
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4.2.3 Phase-field simulations - unrevealing the complex domain interactions

To gain further insights into the origin of the 180°-DW conductivity and especially into the
interplay between the a- and c-domain boundaries, quantitative phase-field simulations of the
poling dynamics were performed in collaboration with partners from the MANIC consortium
(simulations were carried out by Yuri Tikhonov and Igor Lukyanchuk from the University of
Picardie).

For the simulations, a PZT film, strained by the substrate with a tensile strain of u,, = 0.35%
is modeled. The pristine state is prepared from the paraelectric phase by field-cooling. In-
teraction of free carriers with the charged domain walls is accounted for by the introduction
of the Thomas-Fermi-Debye-Hiickel screening term into the electrostatic Poisson equation.
The carriers’ concentration is accounted for by the screening length 6. Further details can be
found in the published paper [175].
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Figure 4.14: a) Distribution of polarization and domains in pristine PZT prior to poling. b) The
initial poling stage: after the tip contacts the uniformly poled PZT, a new c-domain forms in a
near-surface region producing additional a-domain stripes propagating towards the bottom
interface. c) Further evolution of the system leads to an alignment of the 180°-DW with the
crystal axis. Relaxed state of the system after the tip removal. d) Bound charges concentrated
near the bent 90°-DWs for the poling stages b) and c), respectively. The white lines show the
charge-neutral direction of the domain walls. e) Free conductive charges distribution that
screens the bound charges for the same stages of poling.

Quantitative 2D cross-section simulations of a 50 nm thick PZT sample are carried out and
shown in Figure 4.14. When the tip bias is applied to the pristine sample(a), an inversely-
polarized domain forms at the near-surface region b). Afterwards, it propagates further inside
the film until it reaches the substrate surface and straightens the 180°-DWs c). During the
dynamical formation of this new poled domain, additional a-domain stripes are created at the
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boundaries of the growing c-domain. Once formed, they propagate rapidly and form stripes
to the film surface with a nearly 45° inclination, as required by electrostatic compatibility
conditions. Interestingly, at lower tip voltages the poled c-domains do not reach the final
state but get pinned during the process, accompanied by the formation of terminal a-domain
shoots, of octopus-like shapes, see Fig. 4.14 b).

These poling dynamics give a hint for understanding the conductive traces at the poled region
boundaries. Importantly, the boundary between poled and pristine regions, which looks from
the surface as a single 180°-DW (as observed in Fig. 4.4), has in fact a more complex internal
structure. As shown in Fig. 4.14 b) and c), it is associated with conducting a-DWs, which
either emerge from the separation boundary at the surface or nucleate from the 180°-DW
inside the sample and propagate downwards to the bottom electrode. These in-plane domains
can be nested and further connect with other conducting a-DWs in the depth of the film.
This simulation suggests that the conductivity of the 180°-DW mimic the conductivity of the
associated a-DWs, which emerge at the poled region boundaries.

Fig. 4.14 d) and e), present details of the bound and free charge distribution along the domain
walls during the poling process and after the tip removal, respectively. The charge-neutral 45°
orientation is indicated by white lines. Fig. 4.14 d) shows the distribution of the bound charge
in the vicinity of the domain walls. Fig. 4.14 e) shows the distribution of the free charges, which
accumulate due to screening of the bound charge-induced electrostatic potential. A much
higher charge density is observed in the case of the pinned polarization domain (Fig. 4.14
b)) which did not propagate through the film completely. It is assumed that variations of free
charges and hence measurable conduction will arise along the 180°-DW due to the changing
interplay of c-domain boundary and a-domains inside the film. The changing interplay of c-
and a-domains boundaries inside the film might also cause a locally different conductivity
along the in-plane direction of the DW when probed from the surface. Such cases are in line
with experimental observations of varying conduction along the 180°-DWs in cAFM scans, see
Chapter 4.1.

Since the previous quantitative simulations, which indicate the strong interplay of c- and
a-domain boundaries were only performed in 2D, they paint a simplified picture of the whole
complexity. New quantitative 3D simulations are performed to evaluate the real contribution
of the nested domain network inside the film for the conductive properties seen at the surface.
In Figure 4.15, the results of the new simulations are shown. A 60 nm thick PZT film is modeled
with constrained lateral dimensions of 250 x 250 nm. The domain configuration of the relaxed
thin film before poling is shown in Fig. 4.15 a) together with the uniform surface bound
charges at the positions of a-DWs (Fig. 4.15 c)) (with blue traces corresponding to positive
bound charges and yellow traces to negative ones). The state after the poling of a circular
upwards oriented domain area with radius of 100nm and successful relaxation is shown in
Fig. 4.15 b). The associated picture of bound charges also changes and traces now contour
both a- and 180°-domain walls as shown in Fig. 4.15 d). It is worth to note here that bound
charge distribution is now non-uniform along the domain walls as discussed before and seen
in cAFM experiments.

90



Conducting domain walls in strained PZT Chapter 4

a) b)

P
Woo1
Woo1
M 100
Wioo
HWoo
Moo

a-domain  visible

e) from surface with x-
direction of P
\_ Lurking a-domain
\ with y-direction of P
— | — — " —
-4.6 0.0 6.2 -5.7 0.0 4.8

Bound charge, p x 107 (C m~3) Bound charge, p x 107 (C m~3)

Figure 4.15: Quantitative 3D Phase-field simulations of domain wall interactions. The geomet-
ric dimension of the film are 250x250x60 nm. a)-d) Surface view of PZT thin film. a) Domains
in pristine state after initial relaxation. b) Domains in the state after application of electrical
field in radius of 100 nm and relaxation. c) Positive and negative bound charges distribution at
the surface before poling. d) Bound charge distribution at the surface after poling. e)-f) Both
panels represent the internal structure of domain walls of the same PZT thin film region before
and after poling. Grey surfaces are walls of a-domains. The yellow surface is 180°-domain wall.
Blue and red corresponds to distribution of bound charge. e) Pristine state before poling. f)
State after poling in the region with radius of 100 nm and the following relaxation.

To better understand the behaviour of conductive domain walls the internal structure of the
domains in the volume of the thin film is studied. In Fig. 4.15 e) and f) the bulk of the domains
is removed and only the domain walls as the surfaces of the domains together with the bound
charges are shown. a-DWs are shown in grey whereas 180°-DWs, which are only present in
Fig. 4.15 f), are colored in yellow. Negative bound charges appear blue while positive bound
charges appear red. In Fig. 4.15 e), medium level of bound charges are formed, predominantly
at the bottom of the slightly charged a-DWs. Interestingly, there exist a-domains which lurk in
the bulk of the film and do not propagate fully to the top surface, which carry an increased
amount of bound charges (seen as enhanced red areas). The situation drastically change after
the poling when 180°-DWs interact with the a-DWs. Predominantly, enhanced dark blue areas
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are seen in Fig. 4.15 f), representing new highly increased areas of negative bound charges.
They tend to accumulate at the intersections between the two types of DWs and extend into
the bulk. The high bound charge areas are expected to arise from charged surfaces within the
film, at which the complex interactions of the 6 differently oriented domains can not stabilize
into complete neutral domain boundaries. The apparent difference between negative and
positive bound charges suggest the predominant formation of Tail-to-Tail DWs.

As bound charges need to be screened by free carriers it is expected that hole carriers accu-
mulate at the blue regions of negative bound charges, which favors the formation of a 2D
hole gas (opposed to the previous expected 2D electron gas). A 2D hole gas would explain the
observed properties of an intrinsic conduction and further support the AFM measurements at
cryogenic temperatures. Since the free carriers are bound to the extended volumetric regions
of domain wall interactions the conductivity issue transforms into a problem of percolation
of free charges from the top to the bottom of the film. 3 dimensional current paths crossing
different types of DWs and intersections are supposed to appear, which can be rearranged
by electric field induced reorganization of the DW-interplay and positioning. Due to the
strong interplay of the 180°-DW and a-DW needed for the exceptional conductivity to arise,
simulations suggest that a dense interconnected pattern of a-domains is a requirement for
the observed conduction. This finding is supported by results from Chapter 3 in which a
reduced conductivity is observed in samples with mainly elongated stripe like and less dense
and interconnected a-domains (see sample PZT #5 and PZT #8 in Section 3.2.2).

4.2.4 STEM - an insight beyond the surface

In order to verify the predicted simulation results experimentally, atomic scale scanning
transmission electron microscopy (STEM) studies were carried out. STEM enables an insight
beyond the PZT surface, to study the domain configurations and structure of the domain
boundaries with atomic resolution inside the film. One downside is the two dimensional char-
acter of the imaging, which prevents the exploration of the 3D structure of the interconnected
domains. Nevertheless, as we will see in the following section, the insights gained by the STEM
analysis through imaging of the in-depth structure of 180°-DWs, provide valuable insights into
their charge state and their interplay with a-domains. The STEM experiments and lamella
preparation were carried out at the Universidad de Zaragoza by Panagiotis Koutsogiannis, José
A. Pardo and César Magén.

In Figure 4.16 a), AFM images of the PZT sample, which will be investigated by STEM are
shown. This sample showed very similar characteristics as the one studied in detail in Section
4.1. Highly conductive 180°-DWs are seen and for voltage biases of 2.2 V and more also a-
DW conduction can be observed. The only noticeable difference is the pristine polarization
direction of the c-domains, which in this sample is upwards oriented compared to the previous
seen downwards oriented. Therefore, the poling of c-domains needs to be done with a negative
voltage bias applied to the bottom electrode. For the poled areas in Fig. 4.16 a) and c), -5V
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Figure 4.16: PZT characterization and poling pattern for STEM experiments. a) Topography,
PFM-amplitude, PFM-phase and cAFM images of the PZT sample studied in the STEM experi-
ments. Formations of conductive 180°-DWs are seen upon poling with a sample bias of -5 V.
b) Layout of the markers used to pole the PZT film and cut the lamella. c) Topography and
PFM images of the final poling used for the STEM experiments. Red dashed line in the phase
images indicate the position of the lamella preparations.
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are used. In Figure 4.16 b), the layout of the markers are shown which were deposited to be
able to find back the poled areas when preparing the lamellas. Areas of 10x4 um are marked in
which strip like domains are poled. The lamellas are cut along the [100] direction for "L-A4-2"
and [110] direction for "L-A4-5", which result in regions of alternating up- and downwards
polarized domains, see Fig. 4.16. Details on the lamella preparation, the STEM instrument
and different acquired images as well as the associated image analysis are given in Section 2.3
c).

HAADF £ €

Figure 4.17: STEM image of bended a-domain. Left: HAADF high-resolution image of a
pristine a-domain. Center and right: GPA €. and €, deformation maps. Neutral 45° angle is
marked as white dashed line.

In Figure 4.17, a HAADF image of a pristine a-domain is shown together with the corresponding
GPA €4y and €y deformation maps. Clearly visible, the strained a-domains distort from
the neutral 45° angle at the bottom SRO interface, confirming the expected results from
simulations and previous works [94]. The thickness of the SRO and PZT layers for this PZT
sample, were found to be 22.5 nm and 66.9 nm, respectively.

Figure 4.18 now shows a more interesting section of the PZT film. The overview image is a
low-magnification ADF image, in which the a-domain as well as a 180°-DW are clearly visible.
The 180°-DW can be identified in the ADF image as a bright line from the top to bottom
surface due to local strain. The polarization of the left- (green, upwards) and right-side (purple,
downwards) domains were confirmed through a polar analysis of the high-resolution ABF
image taken on a 180°-DW segment, seen in Fig. 4.18 b). Already visible in the overview image
is the strong distortion of the 180°-DW with respect to the out of plane [001]-direction. The
DW bends to the left side until it hits the a-domain. It penetrates horizontally through the
in-plane domain and continues to form a mostly vertical connection to the bottom surface
after exiting the left side of the a-domain. Even more interesting is the atomic scale structure
of the 180°-DW, revealed by the polar analysis. Charged segments are clearly distinguishable,
marked as orange and blue areas, which form local Tail-to-Tail (T-T) and Head-to-Head (H-H)
DW segments respectively (compare also the schematic in Fig. 4.18 c)). Such a structure of
a normally straight 180°-DW is not expected and believed to arise due to its position and
interplay with the a-domain and bottom interface.
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Figure 4.18: STEM images of a twisted DW. a) STEM-ADF image of a nominally 180° DW. b)
STEM-ABF image of the DW collected from the region marked in a), with the oxygen atomic
displacement plot overlaid. The highlighted yellow and blue regions at the DW indicate region
with tail-to-tail and head-to-head DWs, respectively. The angle of the polarization vector
indicates the disturbance and non-uniformity at the vicinity of the DW. ¢) Schematic of the
Tail-to-Tail and Head-to-Head DW types with the used color code.

Other parts of the lamella are investigated and different 180°-DW formations are found. In
Figure 4.19 a region of the PZT film is imaged in which three a-domains and two 180°-DWs are
present. Detailed analysis by high-resolution HAADF and polar analysis of the atomic-ionic
shift are shown in Fig. 4.19 b) and c), which correspond to the marked areas in blue and orange
in the overview, respectively. Similar to Fig. 4.18, a section of the 180°-DW is analysed in the
orange region. However this time the 180°-DW segment is mostly straight with no local twists
or distortions. Only a slight bending of around 4° towards the poled domain is observed which
indicates its weakly charged state. In the blue area the focus is put onto the interaction of the
180°-DW at the bottom interface. An inclination of the 180°-DW of around 45° towards the
out of plane direction is seen approximately 10nm above the SRO interface. This inclination
generates a T-T DW segment and is observed for nearly all 180°-DWs. A possible explanation
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of this unexpected inclination is, that the twist occurs at positions of former a-domains of the
pristine regions, which are destroyed during the poling process. Due to the charged nature
of a-domains (especially at the bottom interface, see Fig. 4.17), mobile defects (which are
naturally present in all oxides) will get attracted towards these regions. If the polarization
switching of c-domains is then causing a reorganization with partial erasure of the a-domains
which has been seen in the simulation results and in the results of Section 4.1, the remaining
increased density of defects at this position might lead to a stabilization of the unexpected
inclination angle and the T-T DWs. It should be noted that such areas of increased bound
charges at the bottom interface are seen in the simulation results in Fig. 4.15.
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Figure 4.19: a) Low-magnification ABF image of a 150 nm poled region (green arrow) with
adjacent 180°-DWs (visible as black lines). b), ¢) Two regions imaged with high-resolution
HAADE measuring the polar shift of Ti atoms. Polar analysis is carried out and colored in the
polar plots on the right side. b) A 45°-angle of the 180°-DW forming at the bottom interface
with the SRO is revealed (blue square). c) A relatively straight part of the 180°-DW is observed
in the center of the film (orange square).
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Another instance of a T-T DW formation is shown in Figure 4.20. It shows the same region
as seen in the left side of Figure 4.19. The appearance of the T-T segment at the bottom
interface has been discussed above but another segment in the center of the film also creates
a T-T formation. This time the charged DW is induced due to the interaction of the c-domain
switching happening between the left and the right side of the a-domain. The need of the a-
domain to remain in its strain induced structure together with the forced polar discontinuities
at the domain boundaries lead to a the formation of the charged T-T DW segment.

50 100 150

tail to tail

Angle [°)

-150 -100 -50 0O

Figure 4.20: STEM images of the nominally 180° DW interacting with an a-domain. Left:
STEM- ABF image shows the nominally 180°-DW under investigation. It starts at the surface
of the PZT at the intersection between two a-domains and follows the a-DW on the right
side up to about 40 nm from the SRO electrode. Then the DW twists and follows a trajectory
along [001] up to about 10 nm from the SRO electrode where is twists again along [011] until
it reaches the SRO electrode. STEM-HAADF images with a plot of polarization vectors in
the vicinity of the nominally 180°-DW are shown on the right side inside the red and blue
squares (overlapping the colored ABF image). The polarization discontinuity with Tail-to-Tail
formation is highlighted in the orange circles on the left side.

The local chemistry of the 180°-DW was examined in Figure 4.21, using STEM-EELS line scans.
The beam was scanned between the pristine (blue) and poled ferroelectric c-domain (green)
with a pixel size of about half unit cell, passing through regions of a 180°-DW (orange) that
exhibit polar discontinuities. No evidence of oxygen vacancies or other charging agents were
found in the spectra collected from the Ti-L edge and O-K edge, as shown in Fig. 4.21 (center
plot), due to no substantial modifications observed in the edges. On the contrary, the orange
spectra of the 180°-DW position collected at the low-loss region, as shown in Fig. 4.21 (right
plot), exhibit a notable increase in the peak at 22 eV. The peak at 22 eV can be assigned to the
energy of the volume plasmon /iw, [180]. The increase of the intensity of the volume plasmon
at the position of the domain boundary might be attributed to the existence of free charges in
the DW. However, the lack of sufficient data and the absence of previous work on the topic
prohibit us from drawing conclusive results.
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Figure 4.21: STEM-EELS line scans collected from the region highlighted with red arrows in
the HAADF image shown on the right, reveal the local chemistry of the domain wall between
pristine and poled ferroelectric domains in the tetragonal PZT thin films. The DW is marked in
orange separating the pristine and poled domain highlighted in green and blue, respectively.
No evidence of oxygen vacancies or other charging agents were found in the Ti L edge spectra
(center plot). A notable increase in the peak intensity at 22 eV is observed in the low-loss
spectrum (right plot).

To conclude this subsection of STEM experiments, it has been experimentally shown that
the internal structure of normally neutral and straight 180°-DWs are heavily distorted in the
presented strained PZT sample. While some areas of the 180°-DW are just slightly deviating
from its neutral [001]-axis, interactions with a-domains as well as the bottom interface promote
the formation of charged segments predominantly in the form of T-T DWs. The competing
interplay of strained and dense a-domains together with the formation of the poled c-domains
often result in unavoidable charged surfaces, which are not isolated to the 180°-DW but rather
form at their interaction regions. These experimental results as well as the unusual twist of
180°-DWs at the bottom interface match with the predictions of the simulations in Section 4.2.3.
Furthermore the same type of charged walls, the Tail-to-Tail DWs, which were predicted, are
found by the STEM studies. It is also easy to imagine that the observed formations of charged
surfaces will greatly differ, depending on the exact position of the DWs, and be enhanced
wherever an enhanced density of a-domains is present, very similar to the results seen in
the surface images by cAFM. The EELS experiment also shows the missing oxygen vacancies
at the DW, in accordance with the expected non-defect mediated conduction mechanism.
Nevertheless it should be noted here that no signs of lurking a-domains, which only partially
exist in the film without connecting the top and bottom interface, have been detected in the
STEM studies nor the existence of proposed 3D percolation channels for carriers could be
studied.

4.3 Summary

In summary, in this chapter the first observations of highly conductive normally neutral 180°-
DWs in strained PZT samples are presented. Exhibiting a three orders of magnitude enhanced
conductivity compared to previously studied a-DWs, the 180°-DWs moreover showed excellent
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time and positional stability, due to their ferroelectric nature. Their ability to be moved, erased
or created at will by electric stimuli together with the proved non-volatile and highly enhanced
conductivity makes them extremely attractive for DW-based nanoelectronic devices. The
assumed standard a/c-domain structure with straight walls for PZT thin films is challenged
by the found intrinsic conduction mechanism and the assumed formation of a complex 3D
entanglement of the domains. Phase field simulations suggest that the complex intercon-
nected behaviour of the ferroelectric 180°-DWs with the ferroelastic a-domains lead to the
appearance of a large amount of negative bound charges, which mediate a three-dimensional
percolation-based current transport along different DW-interfaces.

Atomic-scale STEM analysis of the domain wall structure and domain formation under pol-
ing could experimentally verify these findings and show that the previously -believed to be-
straight structure of the 180°-DWs is distorted and charged surfaces arise, which predom-
inantly form as Tail-to-Tail boundaries. The observed charged segments of the 180°-DWs
are found to form at the interaction points with a-domains, as predicted by the phase-field
simulations. Moreover, the intrinsic carrier transport mechanism, which is considered based
on temperature dependent conduction measurements and the observation of the formation
of conductive 180°-DWs at cryogenic temperatures, is matched by the results of the simulation
as well as the STEM experiments.
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Memristive devices based on 180°-
DWs

In this chapter, it will be explore how first prototype devices can be build based on the newly
discovered conductive 180°-DWs in PZT films. First, Cr/Au electrodes are introduced which
enable a stable contact to the 180°-DWs. Basic binary memory devices are formed for the result-
ing capacitor devices with promising on/off ratios. To further expand the field of application
relevant devices, a higher control over the domain wall creation and positioning is needed for
sophisticated devices. For this new electrode materials are investigated. Graphene flakes as well
as patterned graphene monolayers demonstrate to be suitable candidates for a stochastic-driven
but repeatable control over the domain wall nucleation. Importantly, by employing graphene
electrodes, the domain expansion is limited such that domain wall can be confined and stabi-
lized inside the capacitor area. First experimental demonstrations of memristive devices based
on the modulated domain wall density in PZT are presented. A gradual change of the resistive
states based on the number and amplitude of poling pulses is shown. The content of this chapter
is based on the work presented in [175, 181]

5.1 Contacting DWs for device applications - Cr/Au

In this section, the fabrication of Cr/Au electrodes is briefly discussed and followed by the
characterization of their electrical properties when connected with different kind of DWs. It
will be shown how the electrode-DW contact can be formed and how it improves the stability
of the electrical readout of the DWs. Possible stable configurations will be explored by which
these contacts can be created and what limitations are observed when using pure metal
evaporated electrodes together with 180°-DW in highly ordered tetragonal PZT film. Finally
some basic binary memory devices are presented based on a vertical capacitor geometry.

5.1.1 Fabrication and electrical characterization

The process flow for the fabrication of the nanosized Cr/Au contacts with the most important
steps, is shown in Fig.5.1.
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@ Sample cleaning (Acetone + sonication)
@ eBeam resist coating (MMA/PMMA)

® eBeam lithography (CD ~ 50nm)

© Resist Development

? Cr/Au Evaporation (10/15nm)

Lift-off

Resist stripping and cleaning

Figure 5.1: Left: Most important steps of the process flow to fabricate the nanosized Cr/Au
electrodes. Right: Schematic of the final structure with Cr/Au electrodes contacting the
domain walls.

The first step to enable a good interface with the surface of the film and to electrically contact
the DWs, is to meticulously clean the sample. A combination of acetone immersion plus
sonication for 5min is used followed by light scrubbing of the sample surface using a lens
tissue and finished with a quick rinse in ethanol and drying with a nitrogen-gun. The more
standard cleaning step of oxygen plasma cleaning is intentionally skipped since the reactive
oxygen plasma could interact with the oxide surface of the PZT-film and alter its properties.
After the cleaning an electron beam (ebeam) lithography step is performed to achieve device
geometries smaller than 1 pm. After the eBeam resist is developed and the pattern is checked
with an scanning electron microscope (SEM), the metal layers are evaporated. After the
evaporation a lift-off process is used to release the metal structures. The decision to use a
lift-off method was taken due to its less aggressive interaction with the PZT surface compared
to wet etching processes with harsh chemicals, potentially altering the oxide surface or the DW
properties. The last step involves wet resist stripping and cleaning of the sample to remove all
excess resist residues.

In Figure 5.2 (upper part) the layout of the design for the different electrodes is shown. Different
dimensions of square electrodes from 50 nm to 1 um are designed together with reference
marks for identification and navigation within the AFM-system. The lower part of Figure 5.2
shows an SEM image of the smallest electrode design of 50 nm after the eBeam lithography
step (no metal deposited, contrast between eBeam resist and PZT surface) on a test sample
(the underlying grain structure of the test PZT-sample can be observed). The targeted 50
nm are exceeded as shown, with openings of around 85 nm. Since the dimensions of the
smallest electrodes were chosen to match the crosshatch pattern distance (distance between
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Figure 5.2: Cr/Au electrode design layout and resulting eBeam pattern. Top: Design layout for
the Cr/Au electrodes with a variety of different sizes from 50 nm to 5 um as well as markers to
identify the right area within the AFM-microscope. Bottom: SEM image of the eBeam pattern
after development on a PZT test sample. The shown circular features are the 50 nm electrodes
from the initial design.

a-domains normally between 100-300 nm), this slight variation was acceptable and the eBeam
parameters were not further optimised.

Figure 5.3 shows AFM topography scans of the 50 nm, 100 nm and 200 nm electrodes after
the full fabrication and cleaning steps. For the smallest sizes (50 nm), most of the patterned
5x5 layouts only showed a subset of the 25 electrodes, which most likely occurred because of
adhesion problems and the rather harsh sonication cleaning step after the deposition. For the
100 nm and 200 nm layouts adhesion was better and most patterns came out as expected. The
final diameter of all design was between 20-30 nm wider than targeted, which was expected
after investigating the SEM image of the eBeam lithography step in Fig. 5.2. Another aspect
visible from the 3D images is that the electrodes with sizes smaller than 230 nm appeared
roundish on the surface which could be problematic for future precise nanometric PFM
investigations. The 230 nm electrodes (and all bigger layouts) showed nice flat surfaces with
only minor tilted side walls.

Next, the contact to single a-DWs is studied by using the small electrodes of 120 nm size. Their
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Figure 5.3: AFM topography images of the resulting Cr/Au electrodes. From left to right: The
resulting electrodes for the 50 nm, 100 nm and 200 nm designs. Bottom shows the 3D image
of the topography image of the electrodes respectively. For all design an increase in size of
about 20 nm is observed.

size nicely matched the dimensions of the crosshatch pattern in a way that some electrodes
contact single DWs, two DWs if they fall onto a DW junction or no DWs if they are placed
onto a c-domain. The kind of contact is readily visualized by PFM scans as shown in Fig. 5.4.
After the PFM images, a cAFM scan was performed to visualize, which electrodes form a good
contact with the a-DWs. Interestingly, only one electrode appeared to be strongly connected
(seen in a strong signal in the cAFM map) with most of the electrodes only showing medium
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Figure 5.4: PFM and cAFM characterization of 100 nm Cr/Au electrodes. From left to right:
Topography, PFM phase and amplitude and cAFM image of the 100 nm electrodes. From the
phase image we see that the whole area is in the pristine unpoled state with no 180°-DWs
present. The a-DWs show their know conductive behaviour in the cAFM map, taken with a
bias of 2.4V, Some of the electrodes, when scanned in cAFM, show a conductive response,
indicating that they formed a contact to the a-DWs. However, most of the electrodes show
either no conduction or only very little.
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Figure 5.5: Characterization of the Cr/Au electrode - DW contact. a) Single IV-curves taken
with the tip placed onto the marked electrodes. Interestingly the blue electrode showed the
highest response in the cAFM image but provided only a slight conduction of around 50 pA.
The red electrode yielded a current of 450 pA which matches the values of a single DW readout
with the tip. The yellow electrode did not show up in the cAFM image and the IV curves also
shows no current indicating that no connection between a-DW and electrode is formed. b)
Characteristics of multiple readouts with the Cr/Au electrodes shown in the time domain. The
same electrodes are used as in a). Importantly, the multiple IV curves nearly perfectly overalp
with each other highlighting the stable readout of the DW conduction with the electrodes and
the enhaned signal to noise ratio compare to readouts by the tip. c¢) Pulse waveform used for
the measurements in b).

conduction while the DWs are nicely visualized. Certainly, cAFM scans can be influenced by
the tip contact and potential problems with residual resists, debris at the tip etc. could alter
the appearance of the conduction of the electrodes in the images. Therefore the next study
investigated the electrical connection by IV curves.

In Figure 5.5, IV curves are taken on the 3 marked electrodes as well as on 3 positions directly
on a-DWs. First, single IV curves are shown taken with the tip placed onto the 3 different
electrodes (red, blue and yellow). Each electrode show significantly different characteristics
with the red electrode being the most conductive with around 200pA for 2V while the blue only
exhibited 20pA for 2V and the yellow seemed to be not connected at all. Based on the PFM
and cAFM image the blue was expected to be the most conductive as it seems to be connected
to two a-DWs while the red one is only connected to one a-DW. This difference could be
attributed to the non-uniformity of the a-DW conduction along their length as observed
throughout the cAFM scans or due to an non-ideal interface between the metal and the PZT
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surface. By comparing the IV characteristics of the red electrode to previously measured IV
curves on single a-DWs 4.1, a good match of the current values (200pA for 2V) is observed
despite the different shape of the IV curve due to a different conduction mechanisms at the
interface and the different materials. It is therefore concluded that an ideal contact of that red
electrode with exactly one a-DW is achieved.

In the right column, multiple IV curves are taken and plotted on top of each other in the time
domain (the bias profile is shown in the bottom right). IV curves from the same electrode
nicely overlap on top of each other showing the stable readout characteristics and proofing
the non-volatility of the DW-conduction. It also confirms that it is possible to create stable
and well defined access to the DW-current. In comparison the similar IV measurements are
shown in the lower row where a-DWs are contacted by the AFM tip. The red spot is taken on
top of an a-DW junction and the blue and yellow points are taken on a single DW segment.
The first observation is, that the current starts rising at a higher voltage value due to an
additional barrier from the tip-surface interface, secondly as seen in the time domain, the
current readout shows significant variability between consecutive readout cycles due to the
non-uniform electric field at the tip apex and the variable contact. Despite the tendency
that the DW-junction (red) seems to be more conductive than the single DW segments, it is
concluded that it is difficult to precisely measure the conductance of the DWs by a AFM-tip
due to the huge variability.

5.1.2 180°-DW contact for first device applications

After verifying that the weakly conducting a-DWs can be well contacted with reliable readouts,
the more interesting approach of creating and connecting 180°-DWs to the electrodes was
pursued. By achieving a stable connection of an artificially written conducting 180°-DW with
the nanometer sized electrodes, a conductive path should be formed between the top and
bottom electrode which would lead to a huge resistive change of the device. If it is possible to
control the creation and erasure of the DW-connection the reliable switching of the device
between its high- and low resistive state and thus creating a binary memory device is achieved.

Due to existing problems with the adhesion and limitations with PFM imaging of DW-segments
under the non-uniform area of the smaller electrodes, the middle sized electrodes with areas
of 230-280 nm were used for these experiments. Previous measurements showed that a decent
PFM-amplitude contrast could be achieved to visualize the DWs under the electrode. First
experiments were carried out in which the tip was placed on top of the electrode, and short
voltage (down to 50 ps) pulses of +5 V were applied to partially switch the c-domains under
the electrode. However it turned out that even for the shortest dwell times of the poling pulses,
the c-domain area under the electrode would switch completely. Simultaneously, the DW is
pushed outside of the electrode area without forming a stable connection with the electrode.

Therefore another method was tested, for which a c-domain outside but in close proximity
of the electrode is poled by a AFM tip. Through a step by step expansion of the poled region
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Figure 5.6: Contacting Cr/Au electrodes by 180°-DWs. Left side: Series of cAFM images
showing the progressive increase of the poled domain size with its associated 180°-DW until it
forms contact with the Cr/Au electrode. In the first image the schematic of the tip indicates
the location where the domain is nucleated by a +5V/0.4s pulse. In the next image a poled tiny
domain can be deducted based on the appeared conductive ring representing the 180°-DW.
The Dw is further pushed to the electrode by 5V/0.4s pulses until it adapts the shape of the
electrode without the formation of a connection. For the last cAFM image in the row, a 5V/5s
pulse is applied to greatly extend the poled domain and enable the DW to form a connection
with the now highly conductive electrode. Right side: top image shows the topography of that
area and the Cr/Au electrodes of around 300 nm size. Bottom image shows a PFM amplitude
image after the final cAFM image is taken. The black outline of the poled domain represents
the 180°-DW, touching the border of the electrode.

diameter by applying consecutive poling pulses, the 180°-DW can be pushed towards the
electrode border and eventually form a stable connection with it. In Figure 5.6 a cAFM
sequence of this method is shown. Starting from the pristine state (top image) in which
the 280 nm electrode is only slightly conductive (due to some connected a-DWs) and no
poled domains nor 180°-DWs are present. Next, a tiny domain is poled and subsequently
further expanded by consecutive +5 V/0.4s voltage pulses. In the 3rd image, the 180°-DW

107



Chapter 5 Memristive devices based on 180°-DWs

PFM-phase
- |
1 \@a
ak ‘
ool on-state ool
o NN 180 o T [ 700
Phase (°) Current (pA)

50 1 1st
2nd
= 401 3rd
4th
= !
€
(0]
£ 20
35
O
10
on-state
0
0.8 1 1.2 1.4 1.6 1.8 2

Bias (V)

Figure 5.7: Low-voltage readout of single 180°-DW devices using sub-micron electrodes.
PFM-amplitude (left), PFM-phase (center) and cAFM (rigth) scans show the capacitor device
connected with a single 180°-DW. cAFM maps were taken with a sample bias of 2 V. On-state
of the device, the 180°-DW is pushed inside the capacitor area ensuring a stable conduction
path between the top and bottom electrode. Consecutive I-V curves are performed (bottom)
by placing the AFM-tip onto the electrode. Stable and low-noise current values of 40-50 nA
were achieved for <2 V over multiple readouts.

starts adapting to the electrode shape, but does not form the necessary connection (seen in
the still non-conductive electrode area in cAFM). Only after further increasing and pushing
with longer pulse duration of 5s, the DW contacts the electrode, which immediately becomes
highly conductive. The DW now bridges the top Cr/Au electrode with the biased bottom SRO
electrode, which puts the capacitor device in a low-resistive state (LRS).

The formed DW-electrode device is now studied in more detail in Figure 5.7. Interestingly, the
180°-DW does not penetrate under the electrode area but rather follows its boundary as seen
in the PFM images. IV curves are recorded by placing the AFM-tip on top of the electrode and
applying a triangular voltage pulse from 0V to 2V and back to 0V. A nearly noise free current of
around 40nA is observed which does not change upon consecutive readouts. Although the
exact overlapping length of the DW with the electrode border can not be determined due to
limitations in the resolution of the PFM images, the IV curves verify the achieved non-volatile
connection and the LRS.

In Figure 5.8, another set of IV curves are taken on different positions on the electrode by the
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AFM tip. The resulting curves (shown in the time domain) show a nice overlap onto each
other which confirms the uniformity of the contact and shows no distance dependence of the
readout position to the DW.
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Figure 5.8: DC-current readout from different spots on the electrode. IV curves are taken by
the AFM tip with the bias waveform depicted in the insert (2V/1s, DC) on different points on
the electrode. No change of the acquired current curves are observed for the 4 spots.

After creating the LRS by the described method of domain expansion, the resistive switching
of the prototype device is explored. Starting from the on-state two ways of off-switching of
the device are shown in Figure 5.9. Similar to the IV readout, the AFM-tip is placed onto
the electrode and a voltage pulse greater than the coercive field is applied. In the first test,
the poled domain is expanded by applying a positive voltage pulse onto the electrode. The
domain expands beyond the electrode area until the DW is completely pushed outside of
the electrode boundary and the device area is uniformly poled upwards (purple). The DW-
electrode connection is interrupted and the device is put back to its HRS. Analogously, by
applying a negative bias, the poled domain starts to shrink and the DW is pushed away from
the electrode boundary until the c-domain under the electrode is switched back completely
(yellow). For both HRS-cases, IV curves are recorded and plotted in the right column with
off-currents of around 20-30pA for 2V. By comparing both cases it can be exclude that the on-
state current originates from polarization field dependent resisitive switching but rather solely
depends on the DW-mediated current and the formed DW-electrode contact. The change of
the resistivity results in an on/off ratio of the demonstrated memory device of around 103.
Because it was not possible to position the DW directly under the electrode, more experiments
were performed to evaluate the stability of the DW-electrode contact and hence the device
characteristics. In Figure 5.10 time dependent measurements are performed. In the upper
part the pulse scheme readout of the DW conductance with the AFM tip on the DW (yellow
dots) is compared with the readout through the electrode (red dots). Similar to the case of
the a-DW contact in Fig. 5.5, the readout by contacting the 180°-DW with the tip showed
huge variability between 19 nA to 50 nA while the conduction recorded through the electrode
showed a smooth curve with a low scattering rate of <4%. For the pulsed readout through the
electrode we do observe a sharp decay in the beginning for the first ~5 pulses followed by a
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Figure 5.9: Different off-states of the Cr/Au DW-device. PFM-amplitude (left column), PFM-
phase (center) and cAFM (rigth) scans show the capacitor device (outlined by dotted line)
uniformly poled without a connected domain wall (off-state). cAFM maps were taken with a
sample bias of 2 V. After applying to the top electrode a positive voltage pulse exceeding the
coercive field value, the 180°-DW is pushed away from the device, breaking the conduction
path and inducing the high-resistance state. On the right side, consecutive I-V scans are
performed through the electrode showing low sub-20 pA currents. By using a voltage pulse of
opposite polarity (negative), the poled region can be extended to fully cover the electrode area
(with no domain wall touching the electrode). This results in similar I-V characteristics with
only tens of pA currents.

saturation of the conductance level. Another comparison is done by looking at the difference
between a pulsed (red) and DC (blue) readout through the electrode. Interestingly the resulting
curves nearly fully match each other both in the absolute conductance level as well as in the
decay and saturation behaviour. The decay can be attributed to electrostatic decharging of the
capacitor device as well as to charge trapping effects. In the lower part of Figure 5.10 repeated
pulsed readout schemes are performed. Each cycle consists out of 10 pulses for a total of
1.5 s. Six such cycles are applied consecutively with some tens of seconds between each run.
The superb stability of the readout characteristics is observed in the current curves as each
consecutive run matches the other. The previously observed decay from 120 nA for the first
4-5 pulses is followed by a saturation of around 60 nA for the 2 V readout pulses.

The excellent stability as well as the big on/off ratio of three orders of magnitude achieved
for this DW-memory device with below 300 nm electrode diameter showcases the feasibility
to use stable 180°-DWs for nanoelectronic devices. The proposed device operated with low
voltages below 5 V and only employed electrical stimuli. Furthermore the contacting allowed
for cleaner readout and characterisation of the DW-current compared to readout schemes
with an AFM-tip.
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Figure 5.10: Top: Comparison between different readout methods. Yellow dotted line indicates
a pulse readout by placing the tip directly on the 180°-DW. The red dotted line shows the same
readout scheme with the tip sitting on the electrode. Blue solid line indicates a readout
through the electrode but with a constant 2 V DC readout. Bottom: Consecutive pulse train
measurements performed on an on-state device. Each pulse train consists of 10 triangular
voltage pulses of 2V/200ms. The black line for both plots indicates the off-state conductance
level of 30 pA.

To further push the concept of DW-mediated resistance switching and to achieve advanced
functionalities within DW-based devices, a better degree of control over the DW position is
needed. Especially the ability to position the DW directly under the electrode is desirable
since it would allow for quantitative measurement of the DW conductivity per length scale.
The presented conduction measurements so far, especially Fig. 5.7 and Fig. 5.10, can only
qualitatively show the high current values achievable by contacting the 180°-DWs. Due to the
fact that the 180°-DW adapts the shape of the electrode and only partially overlaps with its
boarder it is impossible for us to evaluate the exact length of the DW-segment which is actively
contributing to the current transport.

Experiments, in which more effort was done to try to position the DW directly under the
electrode are shown in Figure 5.11. The same method of domain expansion is used as described
above. In this experiment we observed a partial switching of the c-domain under the electrode
area as seen in the middle row image with clear contrast of the 180°-DW under the electrode.
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Figure 5.11: Stabilizing a 180°-DW under the Cr/Au electrode. PFM images of the 3 stages of a
metastable partially switched Cr/Au electrode are shown. In 1. the DW located in the top right
corner is pushed towards the electrode. In 2. the DW is located exactly under the electrode.
In 3. directly after the PFM take from 2, the DW is pushed away from the electrode area. The
state of 2. showed to be metastable. While it was possible to create it, consecutive PFM or IV
curves resulted in a collapse of the state leading to the DW being pushed away. No control or
ability to position the DW under the electrode area is achieved by using Cr/Au electrodes.

Unfortunately, this configuration was unstable and collapsed by either fully switching or
backswitching of the area under the electrode (the case for backswitching to the downward
polarized state is shown in the right column), if probed by electrical stimuli like consecutive
PFM imaging or IV-measurements. Due to the good contact created by using metal evaporation
and the high conductivity of the pure metal electrodes, the electric field when applied to the
top electrode immediately expands to the full contact area. Because the PZT films exhibit
excellent sharp switching characteristics due to its ideal ferroelectric properties, tetragonal
crystal structure and low-defect density growth conditions, an near instant switching of the
whole c-domains underneath the electrode is observed when applying voltage biases to the
capacitor.

5.2 Memristive properties using 2D-graphene flakes and monolayer

devices

As seen in the last chapter, using standard electrode materials (for example the employed
Cr/Au contacts) in combination with high quality epitaxial PZT films provided poor control
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over the domain nucleation and expansion and therefore over the domain wall position. While
the near instant switching of c-domains is beneficial for a lot of applications for fast and precise
control of the polarization directions, for DW-based devices the intermediate, half-poled or
mixed domain states are preferred since they lead to the formation of domain walls. The
stability of the mixed domain states is often limited due to the energy-unfavourable formation
of charged DWs which give rise to the conductive channels which are to be exploited. Secondly,
their reliable and repetitive creation is often difficult to achieve. As discussed in Chapter 1.2.2,
different approaches have been proposed to control the formation and positioning of the DWs,
however most of them involved irreversible changes in either the active material or the electric
field guiding electrodes.

In this chapter we want to focus on a type of electrode which combines two important aspects:
first the formation of high-quality contact between electrode material and the DW-channels
with low resistivity to enable high current readout for low voltage operations and second a
mechanism for a stochastic yet controllable stabilization of a mixed domain configuration.
Graphene (Gr) electrodes have been demonstrated to be efficiently integrated with ferroelec-
tric materials, leading to a sharper ferroelectric switching [182] as well as increased memory
performances of ferroelectric field effect transistors and ferroelectric tunnel junctions[183,
184] by interfacial effects and stochastic out of plain domain switching. Gr-electrodes have
also been used in domain-wall based LNO devices to promote a partial domain switching as
discussed in Section 1.3. Together with its unique chemical stability and impermeability for
oxygen improved performances in polarization stability and aging are expected.

PZT samples with conductive 180°-DWs that were investigated in previous Chapters 4 and 5.1
were used to realize two types of Gr-electrode capacitor devices: 1. multi-layer (ML) graphene
flake devices and 2. patterned single-layer (SL) graphene devices.

5.2.1 Graphene flakes

The multi-layer Gr top electrodes are deposited by scotch-tape exfoliation forming simple
parallel-plate capacitors. For that graphene bulk crystals, synthesized by HQ Graphene, were
used. By carefully applying scotch tape to the graphene crystal surface and then peeling it
off repeatedly to mechanically exfoliate the material, multi-layer flakes are obtained. The
exfoliated flakes were then transferred to the PZT sample. In Figure 5.12, optical microscope
images of the randomly deposited flakes are shown. A pre-screening was performed to find
thin flakes with flat surface and limited size. Through the optical image suitable nearly
transparent flakes (e.g. in the top left image of Fig. 5.12) were identified.

Piezoelectric Force Microscopy (PFM) imaging on top of the graphene flake electrodes enabled
direct monitoring of the polarization domain state inside the capacitor as seen in Figure 5.13.
The phase and amplitude loops of local piezoelectric response measured on Flake #1 yield
a coercive field of +2.5V. For extensive measurements where the mechanical and electrical
robustness is essential, flakes with thicknesses between 10-12nm and an area of some pmz are
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Figure 5.12: Optical microscope image of transferred Gr-flakes. The optical microscope is
used to identify suitable graphene flakes with the right properties. Flake #1 and Flake #3 which
are studied in detail are marked in the images.
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Figure 5.13: Multi-layer graphene flake capacitor characterized by scanning probe microscopy.
a) Schematic of the device geometry for probing local piezo response and device operation.
b) AFM topography image of the graphene device indicating its nearly complete flat surface.
¢) Phase and amplitude map of local piezoelectric response. The homogeneous phase color
(purple) attests to the uniform downward-oriented polarization of c-domains. The amplitude
image shows that the visualization of domain walls through the electrode is feasible. d)
Hysteresis loop of amplitude and phase of local piezo response probed through the graphene
electrode by the AFM-tip.

chosen. Figure 5.14 shows three ML-Gr capacitors which are investigated for further electrical
measurements. PFM images of the pristine devices are displayed along the topographic images
showing the uniformly downwards (purple color) polarized domain structure with intersecting
a-domains. The three flakes are all around 10nm in height as shown by the line profiles and a
reasonably uniform surface is observed (only flake #3 overlapped with a previously deposited
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Figure 5.14: Overview of the three investigated graphene multi-layer devices. From top to
bottom: Flake 1-3 each with an AFM-topography image, PFM images of the pristine device
state and a height profile alone the green lines respectively.

marker. The "2" can be recognized in the topography image). Because of the used hard and stiff
diamond coated tips, careful settings for the contact scan parameters were chosen. Deflection
setpoints of maximum 0.1V (still ensuring decent contact force for PFM imaging) were used
together with high gain factors and slow scanning rates. Despite these precautions, some
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Figure 5.15: Partial removal of the graphene device by consecutive contact scans. From left
to right: First contact image taken on the graphene electrode. After some scans, the bottom
part is removed. Further scanning completely cuts into the whole area of the device until it is
destroyed.
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Figure 5.16: Graphene-flake device characteristics. a) Schematic and PFM-phase images of
the off-state (HRS) and on-state (LRS) of the device before and after the application of three
poling pulses (8V/50ms). b) IV-characteristics of the off-state and on-state related to the device
states in a) with an on/offratio of 10°. ¢) Endurance test of the device. Cycling between the
LRS and the HRS is performed by application of alternating positive (+8V/10ms) and negative
(-5V/100ms) pulses. Current readout is performed after each operations (2V/200ms) for up to
220 cycles.

devices were damaged due to the repeated scanning as seen in the topographic image series in
Figure 5.15. The images show intermediate steps of the partial removing of the Gr-flake. A total
of 15 scans were taken on the flake before partially got removed. Another problem associated
with repeated scanning and the partial removal of material (and potential residual particles
introduced by the scotch tape transfer) occurred when switching between PFM imaging and
electrical measurements (by placing the AFM tip onto the Gr-flake). By switching between the
different modes contaminants can be picked up by the tip and successive operations are then
influenced by a different contact resistance of the tip. A worse PFM signal or reduced electrical
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readout occurred. Due to these problems, for most of the presented results the PFM analysis
are decoupled from the electrical measurements to ensure comparability and repeatability
especially for the electrical measurements.

In the first test procedure shown in Figure 5.16 a, after an initial poling operation (3x 8V/50ms)
on the Gr-flake, a mixed domain configuration is created by partially poling of the c-domains
and thus injecting 180°-DWs inside the Gr capacitor device area. Consecutively acquired IV
curves show that domain-wall based conduction up to 1pA for 2V are reached, which are
plotted together with IV curves for the off-state in Fig. 5.16b. An on/off ratio up to 103 is
observed.

Endurance tests, in which the device is cycled between the low-resistive state (LRS) and the
high-resistive state (HRS) by alternating positive and negative pulses are shown in Fig 5.16c. A
persisting difference by a factor of >10, with a slight trend of current decrease by 50% after 100
cycles in the LRS is observed.
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Figure 5.17: Retention characteristics of the graphene-flake device. a) Short time retention
test. The device is brought into a multi-domain state by a 8V/20ms pulse and is consecutively
probed by 26 readout pulses (2V/2s). Inserts show the virtually unchanged domain configu-
ration before and after the test. b) Long time retention test. After the test in a) the device is
further probed up to 10* seconds. PEM images of the domain state before and after the test
are shown in the insert.

The stability of the current output under repeated pulsed readout is checked by retention tests
shown in Figure 5.17 in which the LRS is recorded over a short (26 pulses = 5min) and long
(nearly 3h) timespan by 2V/2s pulses. An excellent shot-term stability is observed with a slight
decrease in the conduction level for the long time measurement after around 50 min. PFM
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images of the domain configuration taken before and after the test confirm the stability of
the written domain pattern and validates the non-volatile DW conduction as opposed to the
alternative scenario of transient current spikes associated with DW movement.
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Figure 5.18: Persisting multi-state conduction in partially switched graphene/PZT capacitors.
a) Series of PFM images showing partial domain reversal by sequential poling pulses (8V/2ms)
with one pulse in between images. Starting from the pristine state without any poled domain,
the first pulse brings the device in a multi-domain state and following pulses result in gradual
domain changes. b) Poling scheme for the experiment in c). Alternating positive (5x 8V/50ms)
and negative (5x -2V/20ms) pulses are applied to gradually change the domain configuration
under the Gr-electrode. c) Readout with 2V/200ms pulses after each poling pulse shown in b).
A gradual increase of the current up to hundreds of nanoampere can be observed for positive
pulses and a sharp transition towards the HRS for negative pulses.

In order to explore the potential for multi-state memristive operations of the graphene devices
we gradually altered the domain configuration with a sequence of poling pulses. In Figure
5.18, PFM images of the successive poling steps are recorded after each 8V/2ms pulse. Initially
in the fully downwards polarized state (purple), the first poling pulse create switched domains
(yellow) at different locations. Successive pulses enlarge these domains until they close holes
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and merge together. Separate electrical measurements are performed to test the conductive
response at different poling stages. As it can be seen in Figure 5.18b and c, after the application
of the first poling pulse the conduction rises to 200nA, which corresponds to a mixed-domain
state, successive pulses increase the conductivity further up to 350nA. After the 5 positive
pulses 5 pulses of negative polarity are applied to consecutively reduce the conductivity again
and bring the device state back closer to its pristine HRS state (it is noteworthy that the device
did not fully reset after only 5 repoling pulses and a remaining conduction of around 70nA
is observed). The response to the repoling pulses is non-linear: a sharp decrease for the first
pulse is followed by a gradual decrease in conduction. This behaviour occurs since most of
the poled c-domains are already switched back within 1 or 2 pulses whereas it takes longer to
fully switch back all domains inside the device area. Figure 5.18c shows that the operation
of gradual tuning of the domain wall conduction is reproducible. Three identical cycles of
poling/repoling schemes can be replicated with a similar gradual increase and decrease of
current (red and yellow sections).

5.2.2 Monolayer Graphene

The memristive properties observed for the prototype PZT capacitors with graphene-flake top
electrodes indicate their potential for advanced multi-resistive state devices. The next step is to
go from randomly exfoliated Gr-flakes to technologically favourable pattern-able single layer
graphene sheets. Single layer graphene sheets offer the ultimate thinnest electrode material
while still maintaining the excellent in-plane conductivity and high-quality contact. We will
see in this chapter which switching dynamics and electrical characteristics are observed for the
single-layer Gr-devices and how they compare to the results of the multi-layer flakes devices.

For the SL-Gr-devices, 10x10 mm monolayer graphene sheets on a polymer substrate were
purchased from Graphenea (“Easy Transfer: Monolayer Graphene on Polymer Film“). The
SL-sheets were transferred according to the manual by first releasing of the Gr-layer from the
polymer substrate in deionized water. Second, transferring the Gr-layer onto the PZT chip
by "fishing" from below. And last, by removing of the protective sacrificial layer on top of the
Gr by dipping the sample in hot acetone (50°C) for 1h followed by standard cleaning steps
(isopropanol + N»-gun).

The reason to use commercially available "Easy-Transfer" solution was the nearly defect
free high quality film obtained with this method. In Figure 5.19, SEM images of two different
Gr-monolayers onto PZT samples are shown after the final transfer. Left, a Gr-monolayer is
shown which was released by an in-house metal etching process from Cu tape in CMi. On
the right side the transferred "Easy-Transfer" monolayer from Graphenea. Directly visible is
the high defect density for the "in-house" graphene. The dark lines indicate either ruptures
or residual contaminants from the Cu etching. Lighter grey lines correspond to the grain
boundaries of the Gr-film, which are inherently present in all chemical vapor deposition (CVD)
grown graphene films. The lighter grey roundish areas correspond to nucleation sides at
which the formation of the second layer started. They also naturally occur in these kind of
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Figure 5.19: Comparison of the quality of different transferred graphene monolayers on
PZT samples by SEM images. Left: SEM image of a single-layer graphene transferred onto a
PZT-test sample. The Gr film was released by a Cu-etching step with an in-house developed
process at CMi. Right: SEM image of a single-layer graphene purchased and transferred by
the instructions from Graphenea. The Gr-film is released by an immersion in deionized water
without the need for an etching step.

films and present no problem in terms of quality of the film. As seen on the right side, the
"Easy-Transfer" film appears to show nearly no defects while only the light grey grain bound-
aries and nucleation centers are similarly present. The small white dots probably represent
residuals from the etched protective film. It should be noted that the field of view for the right
side is only a quarter of the area of the left side. Nevertheless, it is obvious that the transfer
of the Graphenea film yielded a much higher quality film with highly reduced defects. The
"in-house" graphene film seems to exhibit a decent quality in terms of grain size (around 10
pm), but the etching process needs to be optimized before large scale sheets can be used.
Patterning was done by electron beam lithography followed by careful oxygen plasma etching.
In Figure 5.20 the effect of oxygen plasma directly on the PZT surface is shown. Particles with
sizes of 100 nm appear over the whole sample, potentially due to chemical reactions with the
oxide surface. To limit this degrading effect a smart design for patterning the Gr-electrodes
was developed. Devices with different dimension between 5-10 pm in length and 0.1um to
2um in width were fabricated. In the SEM image in Figure 5.21a, the patterned Gr-layer is
shown in the darker grey color. The devices were patterned inside a roughly 30x30um square
such that the O, plasma was only applied within the limited area. Outside, the graphene
layer plus the MMA/PMMA resist coating protected the PZT surface. In Figure 5.21b, AFM
topography images of the same area are shown and in c one of the devices is imaged in detail
together with a profile measuring the height of the graphene layer to be around 0.5 nm, which
roughly equals the theoretical monolayer height of 0.34 nm. The homogeneous Van der Waals
interface as well as roughness on the surface of the graphene as well as of the PZT surface
itself make more precise thickness measurements difficult. However an enhanced roughness
is seen on the graphene surface compared to the PZT surface which could hint to some small
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Figure 5.20: SEM images of the surface of a PZT sample after a O,-plasma treatment. Even
through a "low"-recipe was used, a dense particle formation is observed on the surface of the
oxide.

scale defects of the Gr-film or in the Van der Waals interface.

Due to the fragility of the fabricated isolated graphene monolayers, experimental stud-
ies that combined PFM and conduction analysis were challenging. In particular, repeated
through-electrode PFM imaging could damage the graphene monolayer and impede reliable
conduction measurements similar to what was observed for the Gr-flakes in Figure 5.15. To
address these complications, separate Gr monolayer capacitors were used for PFM analysis
while others were reserved for evaluating the memristive performances.

Figure 5.22a, shows the gradual domain configuration change upon consecutive repoling
pulses (-2V/0.5ms) of a SL-Gr device starting from the fully poled state. Similar to the measure-
ments of Figure 5.18 on the Gr-flake, a confinement of the domain walls was possible as well
as changing the polarisation completely. In Figure 5.22b the electrical response to the gradual
domain configuration change is shown. The current values were probed by 1.5V/200ms read-
out pulses in between the 2V/0.5ms poling pulses. As expected the conduction values first
increase until a mixed state with maximum density of conducting 180°-DWs is reached. Upon
further poling the merging domains start to reduce the domain wall density and decrease
the overall conduction of the device until it reaches its HRS for which it is fully poled. This
shows the possibility to gradually tune the resistive state by applying a set of identical pulses,
without reversing the polarity while covering a large conductivity range from 2.1nA (HRS) to
60nA (LRS).

The time dependent conduction response under DC readout, shown in Figure 5.23a illustrates
the multi-state memristor performance. In this measurement, a 1.5V DC readout voltage was
combined with a series of poling pulses produced every 3s in a way to gradually switch the
polarization. Each poling pulse provoked a conduction increase. The time dependence of the
current for each step is characterized by an initial steep decrease of 200-400 pA followed by a
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Figure 5.21: Patterned graphene monolayer devices. a) SEM images of the patterned design.
Dark grey color indicates the Gr-layer while light grey color indidcates the bare PZT surface. b)
AFM topography images of some monolayer Gr-devices. In the AFM images, the Gr-layer is
white or light grey while the PZT surface appears darker. ¢c) Zoomed-in AFM image of a single
Gr-electrode with a height profile indicating the monolayer nature of the graphene.

saturation region. The stabilized currents detected after each poling steps are well separated
by a gap of 100-150pA. To demonstrate a broader range of accessible conduction states we
performed pulse number modulation schemes by applying series of poling pulses with varying
amplitude. In Figure 5.23b, the amplitudes of the pulse trains are increased from 2V to 10V
(with constant 1ms dwell time), and for each run the response to the 20 pulses are recorded.
After each set the device is rest to its HRS. A steeper conduction increase is observed for higher
amplitude values, with the trend being particularly clear for the first 3 pulses. In contrast to
Figure 5.22b, in which pulses of the same polarity were applied until the conduction began to
decrease, in Figure 5.23c we started from the LRS and applied pulses of the opposite polarity.
Because the reset pulses return the polarization to its preferential direction, a sharp decrease
is observed for the first pulses independently of their amplitude (similar to the experiment in
Fig. 5.18), followed by a slow gradual decrease. For pulses with higher amplitudes (<-3V) the
first pulses are sufficient for a nearly complete reset of the HRS.

After evaluating the device performance, a more detailed look is given to the switching be-
haviour of the device. For this, a SL-Gr-device is driven from its repoled state into the poled

122



Memristive devices based on 180°-DWs Chapter 5

a
""‘""& b Gradual conductance change

8 PFM-amplitude L —————————
- e =

g 70 ‘ ‘ ‘ ‘ i —

g 60l bias

£ -

2 < 50

Q ~ .
g) = 40+ time]
s g

S 5 30f

£ O

© 20

§

T 10+

E 0

k: - 0

o

S = |
0.5ms 0 180 [ ———
Phase (°) Amplitude (a.u.)

Figure 5.22: Gradual domain switching in a single-layer graphene capacitor. a) PFM images
of different poling states of the SL-Gr device created by -2V/0.5ms repoling pulses. The
device is switched completely from its fully poled to pristine state. b) Current measurements
depending on the number of applied 2V/0.5ms poling pulses. Current is recorded with
1.5V/200ms readout pulses. An increase in conductance is followed by a symmetric decrease.
The maximum current corresponds to the mixed domain configuration with a maximum
density of domain walls.

state and back to its repoled state by application of 6V/1ms poling pulses and -4V/1ms repol-
ing pulses. The PFM images of the intermediate device states during this cycling are shown in
Figure 5.24. For these experiments no conduction is measured but a detailed look is given to
the evolution of the domain configuration during the poling/repoling. As seen in Fig. 5.24b
and highlighted in c, by applying the first 6V/1ms pulse, 5 small domains are nucleated. The
next pulse increases the size of the poled domains while the one after that not only further
increases the existing domains but start to merge them together. Finally the whole domain is
poled (full device area is purple).

For the repoling operation, (as supported by the electrical measurements in Fig. 5.23c), a
faster more abrupt backswitching is observed, which is why only one intermediate state is
observed for the chosen repoling pulse parameters. In Figure 5.24d, the starting nucleation
spots for the repoling domains are marked. Interestingly the nearly perfectly match to the 5
spots observed for the initial poling.

It is therefore concluded that the same areas serve as the starting points from which the first
domains are either poled or repoled, followed by domain expansion and domain merging until
the polarization state is completely reversed. This scenario is also plausible with regards to the
Gr-electrode properties. It was speculated that defects in the Gr-sheet or in the Van der Waals
interface between the Gr-layer and the PZT surface result in localized areas of better contact
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Figure 5.23: Single-layer graphene device characteristics. a) Stability of addressed gradual
resistance levels. The resistivity is tuned by 6V/1ms pulses, while the conductance is simulta-
neously read out by a constant 1.5V/3s DC bias. A initial conduction decrease is followed by
a saturation of each level, creating distinct resistive states. b) Tunability of the conductance
profile. For a pulse number modulation (PNM) scheme, the amplitude was varied for each
set from 2 V to 10 V. An increase in the slope of the conduction increase is seen for higher
pulse amplitudes. c) Tunability of the conductance decrease. Similar to the increase, for
the decrease of conductance a PNM scheme is used with amplitudes from -1 V to -6 V. For
amplitudes <-3 V; the conductance is nearly instantly reduced to the HRS level which equals a
complete backswitching.

with a faster polarization switching. Furthermore, the domain expansion and hence the
domain walls encounter pinning effects which need repeated poling/repoling operations to
fully overcome this barrier to switch the whole device. The resulting stabilized mixed domain
configurations and their gradual tunability are exploited in the presented device concepts
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Figure 5.24: Domain nucleation in single-layer graphene devices. a) Topography image of
the investigated graphene device. b) Series of PFM images starting from the pristine unpoled
state. By applying 6V/1ms pulses, a number of small domains nucleate randomly under the
electrode area. Consecutive pulses lead to a expansion of the existing domains until they
start to merge and finally result in a fully poled device state. From here, backpoling pulses
(-4V/1ms) are applied to trigger nucleation centers for the backswitching domains. Lesser
pulses are needed to switch back the device to its initial state. c) Nucleation centers for the
poling operation are marked in red, referring to the positions at which the first domains start
to switch. d) Nucleation centers for the backpoling operation are marked in blue. Interestingly
the same areas are marked as in c), confirming that the nucleation always start at from the
same positions independently of the poling direction.

which are based on the density modulation of conductive domain walls.

Additionally, even through the resulting domain configurations differ from electrode to elec-
trode, within one device the preferred nucleation centers stay the same (as shown in Fig. 5.24),
which should result in an enhanced address- and repeatability of the achieved resistive states.
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5.3 Summary

In conclusion, in the first part of the chapter Cr/Au evaporated electrodes are presented
showing to be able to contact both a-DWs and 180°-DWs. The enhanced stability of the
conduction readout is confirmed when using the metal electrodes compared to the AFM-tip,
due to the enhanced homogeneous contact and current driving electric field. Basic binary
memory devices are demonstrated by pushing an artificially created 180°-DW towards the
electrode area forming a contact at its border and connecting the top and bottom electrode
of the capacitor devices. Three orders of magnitude on/off ratios are demonstrated together
with the controlled creation and breaking of the DW-contact by electric fields. Stable readouts
confirm the non-volatility of the formed conducting DW channels. However, the precise
control of a stable DW position under the electrode is unattainable by this approach.

In the second part of this chapter, by integrating a different electrode material, specifically
graphene multi- and single-layers, these limitations can be overcome. The intrinsic properties
of graphene sheets, their high in-plane conductivity with excellent contact to the oxide surface,
paired with naturally formed defects in the van der Waals interface provided both high on-state
currents and limiting domain growth of the c-domains. The limiting domain growth results in
the formation of stable mixed-domain configurations which are associated with the presence
of 180°-DWs inside the capacitor. The confined DWs mediate current readouts between 10-
100nA/pm? for low voltages of 2V or less while maintaining a reproducible high resistance
off-state. Upon application of consecutive poling pulses, the observed change in the multi-
domain state lead to a gradual change of the device’s resistive states. Therefore multi-resistive
states and memristive functionalities are accessible for the fabricated Gr/PZT/SRO devices,
with proven non-volatile characteristics. PFM imaging allowed to visualize the different
multi-domain states and link them to the change in conductance. Furthermore, the detailed
PFM-analysis of the changing domain states during cycling from the repoled to the poled and
back to the repoled state showed the persistent nature of nucleation centers, which are the
starting points for the switching domains. Such controlled reproducible formations of domain
configurations are believed to result in an enhanced ability to repeatable address the different
conductance states.
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to advanced domain wall control

In this chapter a different approach to control and confine domain walls is explored. Compared
to graphene electrodes, introduced in Chapter 5.2, which enabled the formation of stable multi-
domain configurations in a stochastic manner, the here discussed high-resistive platinum
electrodes present a pathway for a deterministic control of the nucleation centers of polarization
domains, their growth direction and speed as well as the final position of their boundaries. In the
beginning of the chapter the fabrication of the high-resistive platinum electrodes are discussed
with regards to their shape and surface topology, which influence the domain dynamics under
poling. Then, a controlled domain-by-domain switching concept is used to build a prototype
memristive device with stable multi-resistive states. A linear and symmetric conductance
increase and decrease is achieved due to the distinct addressability of single domains and a
quantitative dependency between the conductance increase to the total domain wall length is
established. In the second part of this chapter, the established functionalities of the high-resistive
electrodes are used together with another observed unique property of this type of electrodes. A
distance dependent current readout between the position of the domain wall and the readout
point is exploited to demonstrate a novel proximity-sensitive memristor concept. Compared to
the previously presented device, which uses a modulation of the domain wall density to control
the conductance, this device concept relies solely on one nanometer sized domain wall segment
which can be precisely positioned inside a one dimensional electrode design. The content of this
chapter is based on the work presented in [176].

The sought-after advanced functionality of multi-resisitve state switching, can be achieved
within the realm of DW-based ferroelectric systems in two established ways: either by chang-
ing the conductivity of single domain walls or by controlling of the domain wall density. The
previous established graphene/PZT interface in Section 5.2 used the latter case by enabling
the formation of multi-domain configurations within the capacitor device area, which led
to the confinement of a set of domain walls. Manipulation of the domain wall density could
be achieved by altering the domain configuration by electrical pulses applied through the
graphene electrode. While a step-wise tuning of the resistivity could be demonstrated, the re-
sulting formation and modification of the multi-domain pattern was not actively controllable.
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As discussed in Section 1.2.2, Section 1.3 and seen in the observations of Chapter 5, the reliable
control over the domain wall dynamics presents a persisting challenge and limits advanced
device concepts for both branches, single-DWs as well as DW-density tuning. Most proposed
approaches are hindered by a direct and irreversible change (mechanical, chemical, etc.) in
either the electrode or inter-electrode area. Advancements in reliable control with flexibility
over the resulting domain pattern and domain dynamics are needed for the envisioned re-
configurable DW-devices and circuits. One pathway to an agile domain control, which will
be discussed and implemented in this chapter was introduced by McGilly et al. [116, 117]
through the use of high resistive electrodes.

High-resistive electrodes can be created by electron beam induced deposition (EBID), by
breaking of a metal-containing organic precursor gas. In this work, platinum was used as
the metal and the electrodes were deposited by a FEI Nova 600 NanoLab FIB tool. To break
the precursor gas either an electron or a focused ion beam (FIB) can be used. The standard
electron beam parameters are 5 kV and 1.6 nA and while for the FIB 50pA and 30kV are
used. Individual pattern could be drawn and consecutively written by either of the beams by
breaking of the organic Pt-rich organic precursor ((CH3)3CH3CsH4Pt). During the deposition
carbon-rich organic defects are incorporated inside the electrode, which results in their high
resistivity. In this work EBID-electrodes down to sizes of 100 nm were deposited, however a
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Figure 6.1: Left: SEM images directly after deposition of the high resistive platinum electrodes.
Next to the line and square electrodes deposition artifacts can be observed due to the finite
speed of the mirror controlling the electron beam. Right: AFM topography images of 4 line
electrodes with different thicknesses and a 10x10 um square electrode. The underlying height
changes cause by the a-domains can be seen at the electrode surface.
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resolution limit of single dots and lines as small as 2 nm are reported [185].

Figure 6.1 shows a SEM overview image on the left of some differently shaped patterned
high-resistive platinum (high-R Pt) electrodes together with with some higher resolution
AFM images on the right side of line electrodes with different thicknesses and a larger square
electrode of 10x10 pm size.

Height (nm)

Figure 6.2: Various designs of the deposited high-R Pt electrodes. Different deposition pa-
rameters were tested, especially the stitching value, resulting in electrodes with different
structures and surface topography. a)-c) are deposited using the electron beam while d) and e)
are fabricated by the FIB. a) A dot-like structure which is only loosely connected. b) A similar
dot-like pattern which is more connected. c) Rectangular electrode, which shows high density
of small dots creating a valley-like surface. d) Similar surface as seen in c) but with denser and
smaller dots. e) Line electrode with thin spike-like side structures attached to it.

In Figure 6.2, the effect of different parameters of the deposition pattern and the difference
between electron beam and FIB are shown. The designs in d) and e) are written by the FIB
which often resulted in associated thinner electrode structures at the side of the design as
seen in e). The surface topology depended heavily on the overlap parameter of the pixels. A
value of 60% and more was used to result in smooth surfaces while lower values resulted in an
increase of a dot-like or valley-like pattern (compare Fig. 6.2 a)-d)). Furthermore, by playing
with the stitching parameter the connectivity between the created dots could be modulated
and high local thickness differences of the electrode could be achieved.

The high-R electrodes possess a sheet resistance that is more than three orders of magnitude
higher than that of conventional electrodes of the same thickness [186, 187]. The elevated
resistance limits the speed of charge movement, resulting in a voltage gradient across the
high-R electrode when subject to sufficiently short voltage pulses [116]. Therefore, by tuning
the amplitude and dwell time of poling pulses, the propagation of the domain walls can be
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Figure 6.3: Progressively advancing of a DW front inside a high-R Pt electrode. Left side shows
a AFM-topography image of the high-R Pt electrode and the position where the tip applied the
voltage. A sequence of PFM images is shown demonstrating the progressive propagation of
the DW front pushed by application of consecutive poling pulses (-8V/50ms) applied at the
bottom of the electrode. One pulse is applied between each image. On the right side, after
the DW has propagated for around 6um, a voltage pulse of opposite polarity (8V/6ms) is used
to inject a second DW front. Importantly for this electrode design with valley-like surface
structure is the formation of a fractured DW front as the DW movement and the domain poling
does not happen in a smooth continuous way.

controlled enabling position-sensitive operations. This concept is shown in Figure 6.3, for
which the electrode d) from Fig. 6.2 is used. The tip was placed on top of the bottom part of
the electrode and a short 50 ms voltage pulse of -8 V was applied. Consecutive PFM images are
shown after each additional poling pulse. 180°-DWs can be identified as the dark lines in the
amplitude images at the evolving domain boundaries. Furthermore, by locally reversing the
polarization, the bottom part can be switched back without interfering with the first DW-front
resulting in the injection of a second DW-front. A subset of domain boundaries can therefore
be written inside the electrode as demonstrated. These first experiments show the general
feasibility of the concept of controlled positioning and moving of domain walls underneath
an electrode for a high quality epitaxial PZT film compared to the near instant whole domain
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switching using Cr/Au electrodes or the stochastic formation of multi-domain states with
graphene electrodes.

However, in the employed electrode design, we observe the formation of a non-uniform
DW-front, which seems to propagate by nucleation of adjacent stripes or smaller domains.
This behaviour can be understood by looking at the topography image of the electrode. The
formation of small dots can be identified which are a result of the process parameters and a
non-ideal stitching or overlap of the patterned pixels. This results in an uneven valley-like
topography. Since the thickness of the electrode mediates its resistivity the result is a locally
changing electric field. Therefore, the domain boundary does not propagate with a single
smooth front but rather evolves in a step-like nucleation of the following valleys. While these
switching dynamics are interesting in itself and present another way of the electrode and
its shape to tune the dynamics of the propagating domain wall, for the rest of this chapter,
electrodes with an optimized flat surface are used. A smooth topography of the high-R Pt
electrodes results in a uniform growth of the domain boundary with continuous domain walls
as will be seen in the upcoming sections.

6.1 Memristor with deterministic domain-by-domain switching

In this section, square high-R Pt electrodes with sizes 5x5 pm and 7x7 pum are used which
were deposited by the EBID technique using an electron beam. A 5x5 pm square electrode
acting as a capacitor device, with optimized patterning parameters for a smooth topography
is shown in Figure 6.4. Fig. 6.4 a) and b) show a AFM topography image and the associated
surface values captured from the indicated red square. A RMS value of 324 pm is measured
for the topography roughness on the electrode surface, which is similar to the roughness of
the PZT surface itself. In c) and d), the 3D-image of the AFM data show the smooth surface
visually and a line profile evaluates the thickness of the electrode to be around 12 nm. These
thickness values were chosen based on previous studies, which showed that with this value
the resistivity of the electrodes matches well with easily accessible poling dwell times in the
millisecond regime [116].

In Figure 6.5 a), PFM images on the square electrode are taken showing that the domain(-wall)
configuration and polarization state of the capacitor can be visualized through the electrode.
Images before and after the switching of a small circular domain in the center are shown,
which was created by placing the AFM-tip onto the electrode and applying a short 1 ms voltage
pulse of 5 V. The domain forms directly under the tip location who acts as a nanometric
contact, which shows the position-sensitive control over the switching dynamics. By creating
a switched domain, simultaneously a 180°-DW ring is injected in the device, bridging the inter-
electrode gap. The resulting conductance change of the device from its original high-resistive
state (HRS) to its low-resistive state (LRS) can be observed in Figure 6.5 b), in which IV curves
from before (red) and after (blue) the poling pulse are recorded. In the pristine HRS without
any 180°-domain wall, a current lower than the noise level of around 5 pA for 1.5 V is measured.
After the poling pulse, the injected domain wall mediates a current transport providing a
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Figure 6.4: a) AFM-topography image of the 5x5 um high-R Pt device. b) Associated roughness
values for the indicated area on the electrode in a). c) 3D representation based on the AFM
image, visualizing the smooth topography. d) Height profile along the yellow line indicated in
¢) showing an electrode height of 12 nm.

readout of ~3 nA for 1.5 V which results in an on/off ratio of at least 3 orders of magnitude.
The on/off switching as well as the current readout are performed from the same location in
the center of the electrode (green dot) with the advantage of immediate successive write and
readout operations. It is important to note that it is still possible to access significantly high
current values for low-voltage operations when applying electrodes with high resistivity. The
formed capacitor devices with limited domain switching operations readily demonstrate the
achieved memory functionality.

To check the stability of the conductance readout as well as the domain configuration, reten-
tion tests are performed in which a created LRS of a high-R Pt device is probed with consecutive
readout pulses. In Figure 6.6 a), a retention test is shown for which a singular domain is poled
in the center of the device, similar to the experiments of Fig. 6.5. The circular domain was
poled by a 6V/1ms pulse and the readout was done by 2V/2ms pulses. A total of 1120 pulses
are recorded consecutively without a degradation of the LRS. PFM images before (directly
after the creation of the switched domain) and after the readout pulses show only a very small
deformation of the circular domain. The reason for the small variation can be explained by
mainly two reasons. The amplitude of the readout pulses are close to the coercive field value
of our PZT, which could lead to some small expansion of the domain. Furthermore, as seen
in Chapter 4, even when using only subcoercive voltages, slight rearrangements of recently
poled c-domain were observed to adapt to more energy efficient positions often overlapping
with the underlying a-domain network. This was explained with 3D-phase field simulations
which showed the formation of charged domain boundaries inside the film. Reorientation
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Figure 6.5: a) PEM images of a high-R Pt electrode before and after a 5V/1ms poling pulse
applied at the center of the device by the AFM tip. A round polarized domain is observed after
the poling together with a ring-like 180°-DW. b) IV characteristics recorded by the AFM-tip at
the same position before and after the poling. Without any 180°-DW, the conductance of the
device is below the noise level of 5 pA (HRS). After the injection of the 180°-DW the conduction
is increase to around 3 nA (LRS).

of those boundaries to align with a-domains are expected such that electrostatic preferred
configurations with reduced energy cost of the charge domain walls are formed.
Nevertheless, by observing only minor changes in the domain configuration while maintaining
the stable current readout, it is concluded that the application of the 2V/2ms pulses do not
destroy the written features nor alter their conductive properties.

To demonstrate, how a real domain distortion changes the conductive state, an experiment
with different readout pulses is shown in Figure 6.6 b). Here, 4 small domains are poled in a
rectangular layout, all with equal distance to the readout point in the center of the electrode.
This time, instead of the 2V/2ms pulses, 1.5V/200ms pulses are used. The observed current
values are not constant in this experiment but start to increase first, followed by a saturation.
By comparing the PFM images from before, in the middle and after the experiment the reason
for the change in conductance is revealed. The written domain configuration is massively
altered and merging domains resulted in only two big switched regions. While no new do-
mains are nucleated at the point of the tip position (center of the device), the already written
domains showed an enhanced tendency for domain expansion even for subcoercive pulses.
The resulting change of the domain structure hence alters the overall measured conductance.
However, the main difference here are the long readout times of 200 ms, as it is know that the
electric field evolves over time in these electrodes, a limiting of the dwell time directly confines
the area for which domain can be nucleated. Therefore, working with high-R electrodes, the
combination of amplitude and dwell time needs to be carefully adjusted together with the
working thickness of the electrodes to ensure the stability and confinement of the written
domain walls.
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Figure 6.6: Retention tests of the LRS depending on the type of readout pulses. a) Retention
test of the LRS with short readout pulses. A circular domain is poled first and imaged by
PFM, then 1120 1.5V/2ms readout pulses are applied at the center and the current response
is recorded. A PFM image is taken after the test to confirm the stability of the circular poled
domain. b) Retention test of the LRS with long readout pulses. 4 small domains are poled
before the retention test around the readout point. 120 readout pulses (1.5V/200ms) are
recorded. PFM images before during and after the test show the increasing distortion of the
previously written 4 features during the readout.

In the endurance tests shown in Figure 6.7, the other type of stability is tested. By repeatably
cycling the device between its LRS and HRS, the fatigue, domain reproducibility and current
stability is tested. For this, a circular domain is alternately created and erased with readout
pulses before and after each operation. The first test is performed in Fig. 6.7 a) with 100 cycles
after which a PFM image is taken to evaluate if the same poling pulses result in the same
domain formation. The PFM images show a nearly perfect match between the result before
the first cycling and the one after 100 cycles. The stability is verified by the excellent current
stability at 4 nA.

Subsequent tests are performed after the PFM image of cycle #100 was taken. The cycling was
continued another 640 times, resulting in a total number of 740 cycles, shown in Fig. 6.7 b).
The overall LRS level is robustly stable and followed PFM images after cycle #740 showed that
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Figure 6.7: Short and long endurance tests. a) Endurance test by alternating injection and
erasure of a polarized circular domain in the center of the device. After each operation the
conductance state of the device is recorded by 1.5V/2ms pulses with the AFM tip in the center
of the domain. PFM images before and after are taken to monitor potential degradation for the
poling process. b) Continuation of the test in a) for a total of 740 pulses. The sharp decrease
in current seen results from the taken PFM image after 100 pulses. The contact scanning
induced a change in the contact resistance leading to a lower current readout. After around 10
cycles the current readout was recovered and stayed nearly constant for the rest of the test.
PFM image taken after the test confirmed the persistent stability of the written domain by the
cycling operation.

the created domain exhibits the same outline as before. The sharp drop to 3 nA after exactly
100 cycles, which quickly is recovered is due to the acquiring of the PFM image after the first
test round. A slightly modified contact resistance between the tip and the electrode is expected
to cause the change in current readout, probably resulting from a minor contamination at
the tip-apex during the contact scanning of the PFM image. This observation illustrates the
known sensitive interaction of the AFM-tip to surface which can easily influence the electrical
measurements.
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Figure 6.8: Working principle of the domain-by-domain switchable memristor. a) PFM-images
of each device state after the consecutive domain-by-domain poling operations. Top row
shows the step-by-step increase in poled domains (yellow) by application of positive pulses
(5V/1ms). Bottom row shows the step-by step turning off of individual domains by negative
pulses (-3V/50us). b) Device schematic with poling and readout operation. c) IV curves taken
from the readout point at the center of the device for each device state corresponding to the
number of poled domains under the electrode. Left side for the increase in domains with an
increasing current readout and right side with a reducing current for the step-by-step erasure
of domains.

These above observed characteristics pave the way for more advanced multi-resistive level
device concepts, relying on repeatedly creating and erasing of domain walls, which determin-
istically change the conductive channels in the device. In Figure 6.8 b), the working principle
of the device is illustrated. By varying the tip position on the high-R Pt electrode and the
application of short (5V/1ms) voltage pulses an independent set of domains can be written in
the device at different locations while the current readout is performed from a non-changing
position in the center of the electrode. In Figure 6.8 a), PFM images taken after each poling
operation are shown, revealing the step-by-step creation of new domains (top row). Notably,
the application of the consecutive poling pulses at different positions do not result in a col-
lapse nor significant change of the shape or position of the existing domains due to the well
confined electric poling field. By measuring the conductance of the device after each stage
through IV curves (see Fig. 6.8 ¢)) taken from the center of the device (green dot), we observe a
gradual increase of the conductivity up to a maximum of 7 nA for 8 injected domain wall rings.
Even more importantly it was possible to selectively turn off the switched domains again by
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adjusting the width and amplitude of the backpoling pulses (-3V/50us). By placing the tip
at the poled domain locations, a sequential deactivation of single domains was realized (Fig.
6.8 a), bottom row). Consequently, by erasing the domain walls associated with the poled
domains the conductivity of the device is step-wise decreased.
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Figure 6.9: Symmetry in linearity of the resistive change of the high-R Pt device. a) Change
of conductivity for each of the 9 levels (8 poled domains + off state) acquired by IV curves
taken from the center (green dot) of the device. The red curve indicates the increase in
conduction when more domains are poled and the blue curve corresponds to the case when
domains are switched off and the conductance decreases. A high degree of symmetry between
the potentiation and depression curves is apparent. b) Plot of the conduction values over
the total domain wall length (DW-length acquired by calculating the accumulated domain
circumference at each state). A linear behaviour is observed with a slope value of 410 pA/um
and supported by the RMSE values of 0.189nA and 0.187nA for the increase and decrease
respectively.

The maximum current values for the 1. 5V readout pulses from Fig. 6.8 c) are plotted in Figure
6.9 a) over the amount of pulses used (which represents the number of switched domains).
A highly symmetric structure of the increase and decrease of the conduction, respectively
the resistive state of the device is observed. This symmetry is achieved due to the controlled
nucleation and annihilation of selected domains. In Figure 6.9 b), the same current values
are now plotted over the total DW-length for the associated domain state. The DW length
was calculated by accumulation of the measured circumference of each domain. The now
plotted conduction values not only exhibit the observed excellent symmetry but also show
a high linearity of the current increase and decrease depending on the total DW-length. A
slope of around 410pA/pum at 1.5 V bias is calculated. It has to be noted here that even
through a possible gradual increase is implied, so far only step-like increases or decreases are
demonstrated by switching of single domains. A complete gradual change of the conductance
by manipulating the DW-length by fractions of um needs to be verified in future experiments.
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Figure 6.10: Independent addressing of 4 conduction levels in a random sequence. Each
conduction level is addressed 3 times, the parameters of the poling/depoling pulses were
5V/0.5ms and -2.5V/80us respectively. For each level 3 readout pulses are recorded before
switching to the next level and PFM images are taken after each operation to confirm the
correlation between conduction state and domain configuration.

To further show the versatility and robustness of the approach, an experiment was performed
to deterministically address each conduction level independently of the previous state and in a
repeatable manner. For the data in Figure 6.10 we used a device similar to the one from Figure
6.8 with a 7x7 um surface area. In Figure 6.10, starting from the off-state with mono-domain
configuration and a current readout lower than the noise level (< 5pA), we cycle between
different domain configurations ranging from 0 to 4 poled domains (see PFM-phase inserts at
each conduction level), arranged in a square around the readout point (center of the device).
An irregular sequence is performed in which each conduction level is addressed 3 times. After
applying the poling (5V/1ms) or repoling pulses (-2.5V/80us) needed to reach the new state,
the conduction is read form the center with 3 consecutive pulses (1.5V/100ms).

It was possible to address each resistive state repeatably, meaning that after cycling through
different configurations, it is possible to restore the conduction value within a margin of
200-300 pA. The reason we observe a slight change in conduction values within one level is
mainly due to the variation of conductance of created domain walls based on their location.
For example, for the case of 1 poled domain (in the square layout), which corresponds to the
first conduction level, there are 4 possible configurations (top-left, top-right, bottom-left and
bottom-right). 3 of them are addressed in Figure 6.10 with the first one (top-right) showing
slightly higher conductance than the two other cases (bottom-left and bottom-right). This
could originate from different defect densities and specific domain wall configurations at each
location as well as on slight variations in total DW-circumferences and distance differences to
the center. Another point is that the non-optimized longer voltage pulses are used to read out
the current. Shorter (in terms of dwell time) readout pulses, as discussed within Fig. 6.6, yield
a better stability of the already written domains.
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Figure 6.11: a) Multi-level endurance test by cycling between the 4th and 2nd conduction level
of the memristive device by the alternating application of two poling (5V/0.5ms) and depoling
pulses (-3V/80us). Current values are recorded by 1.5V/100ms pulses after each operation.
PFM images before and after the test (inserts) confirm the stability of the written domain
patterns. b) Retention characteristics of the 4 conduction levels, probed by consecutive
application of around 60 pulses (1.5V/100ms). After a stabilization phase for around 5 pulses
(~1s) the conduction remains stable and each level is well separated by at least 500 pA. PEFM
inserts show the domain configuration of each state.

In Figure 6.11 a), the multi-level endurance is tested by cycling between the conduction level
corresponding to 2 and 4 poled domains. Between each readout pulse two poling (5V/0.5ms)
or repoling (-3V/80us) pulses are applied respectively. For up to 40 times, the domains were
cycled and showed reasonable stability. For the 2nd level we observe an increase of around
100 pA after 28 cycles, but the overall conduction stayed within a range of 140 pA, which
illustrates that repetitive cycling is not only possible for the switching of one domain between
the on and off state as seen in Figure 6.7, but also within different multi-resistive states. Before
and after images of the 2nd and 4th state shows a slight increase of the poled domains after the
cycling. This slight degradation could probably be improved, again by application of shorter
readout pulses to increase the stability of the observed current values and the stability of the
written domains.

To complement the stability study, Figure 6.11 b) shows the retention of the 4 resistive levels
used in Figure 6.10. For each level, around 60 readout pulses (1.5V/100ms) are recorded.
Between each 5 pulses we introduced a waiting time of several seconds to simultaneously
test for a longer time-stability. Each level was therefore probed for a total time of 2-3 min
and the total experiment lasted for around 30 min (taking into account the time to switch
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levels and to acquire the PFM images for each state). We observe that each level shows a slight
current decrease for the first 3-5 pulses (for around 1 s) of 500 pA and stabilizes afterwards. The
stabilized discrete levels show a wide enough margin between each other to be distinguishable
(difference between each level =500 pA) together with a scattering within the stabilized levels
of <300 pA. This characteristic illustrates the non-volatile behaviour of each addressable
conduction state with high robustness over repetitive readouts and longer timescales. It is
important to note that here the scattering within one level is different than the variations
seen in Figure 6.10. Here, we are probing the stability of one configuration which belongs to
one conduction level (e.g. for level 1, only the configuration with the top left poled domain
is probed), whereas in Figure 6.10, the predominant change in conduction values arise from
cycling between different configurations belonging to one conduction level.
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Figure 6.12: Thin high-R Pt electrode for advanced scalability. a) Topography AFM images of a
thin (6 nm) high-R Pt electrode. Magnified PFM images show the center of the electrode after
creating 5 circular domains in square pattern with dimensions of <500 nm by 5V/1ms pulses.
b) IV curves recorded after each poling of the nanodomains. ¢) PFM image of the smallest
controlled nanodomain nucleation achieved within this electrode by a 5V/0.5ms pulse. The
domain size is as small as 50 nm in diameter.

Possible scalable approaches are explored in Figure 6.12. For these experiments, a thinner 6
nm thick high-R Pt electrode is fabricated. By adjusting the poling pulse parameters to 5V/1ms,
5 circular domains could be written inside a sub 0.25 pm? area, see Fig. 6.12 a). Concurrent
IV measurements at the center showed a similar current increase as it was observed for
the larger domains. In Fig. 6.12 b), the IV curves for the first 4 poled nanodomains are
shown together with the off state. The PFM image was taken after all measurements were
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done demonstrating that throughout the consecutive poling operations and current readouts,
the written pattern remained stable without any signs of domain collapsing. The achieved
reduction in size of the stable switched domains is enabled by the increased resistivity of the
thinner electrode, which leads to an enhanced confinement of the electric field. The calculated
conductance increase per total DW-length for the data in Fig. 6.12 b) results in a slope of
around 310pA/um for 1.8 V, comparable to the values for the thicker electrode with 410pA/pum
for 1.5V in Fig. 6.9. The decrease can be explained by the increased intrinsic resistivity, which
reduces the measurable current. Figure 6.12 c), shows the minimum achieved domain size on
this electrode by application of a 5V/0.5ms pulse, measuring only 50 nm in diameter. Despite
the potential for future scaling of device concepts using thin high-R Pt electrodes these results
further demonstrate the advanced controllability over the domain switching with achieved
precision of sub 100 nm domain nucleation under a micrometer sized continuous electrode.
Such dimensions are normally only accessible by a tip-induced switching in which the 5-20
nm wide tip apex functions as a nanometric contact.

In this section, a domain-wall memristor featuring multiple randomly accessible and well-
discriminated conduction states based on the position-controlled injection of individual
sub-micron polarization domains is demonstrated. The non-volatile multi-resistive states
can be addressed repeatedly by selective domain-by-domain switching within the simple
parallel-plate capacitor geometry. Furthermore the scalability of the approach of tuning the
total DW-length through a deterministic control of the DW density is demonstrated by going
to thinner electrodes with an increased confinement of the applied electric field. Besides
the extensive investigations of domain dynamics, domain stability and dependency on the
DW-mediated current transport within the high-R Pt devices, the here studied memristor is
only one possible approach and should foremost highlight the advancements in DW-control
due to the time-evolving switching dynamics. Especially different types of electrode designs
as presented in Fig. 6.2, with varying topography and induced non-uniform electric fields
are believed to present interesting paths for realization of new device ideas. As an example,
the poling operations performed in Fig. 6.3, show the formation of a fractured domain wall
front. Such entities should show an increased current response compared to a single smooth
domain wall segment due to the increased DW-length.

6.2 Position sensitive domain wall memristor

In the last section, a memristive device was presented that operated on the precise nucle-
ation and annihilation of sub-micron sized domains to change the resistivity based on the
modulated DW-length inside the device area. Besides the novelty in controlling individual do-
mains to deterministically address the step-wise resistance states, the fundamental principle
by which the conductivity is tuned remains a DW-population or DW-total length variation.
Such device concepts will always need to balance between device size, number of accessible
resistive-states and total current output. The other pathway normally involves the change
of conductivity of a single domain wall, which mainly is done by manipulating its charge
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state. However most of the proposed techniques yield only volatile resistance changes. In
this section a different approach is discussed and a novel position-sensitive domain wall

memristor is demonstrated.
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Figure 6.13: Distant dependent current readout using high-R Pt electrodes. a) PFM image
of a high-R Pt electrode. A circular domain (yellow) was poled on the top left side. Red dots
indicate the AFM-tip positions at which IV curves were taken to readout the current. b) IV
curves of the points indicated in a). A decrease in current is observed for the readout points
further away from the poled domains. ¢c) Maximum current values from b) plotted over their
distance to the 180°-DW position. The black dotted line shows a slope gradient of -113 pA/um.

The fundamental property by which the later introduced device works is the distance depen-
dent conduction measurement based on the position of the domain wall and the readout
position of the tip contacting the electrode. Differently to the demonstrated devices with
Cr/Au or graphene electrodes for which the same current values are collected for different
tip positions on the electrode (compare Fig. 5.8), here a linear dependence on the measured
current to the distance is observed. In Figure 6.13 a), a small circular domain is poled inside a
high-R Pt device. IV curves up to 1.5 V are collected with an increasing distance to the center
of the domain and hence to the domain wall. A decrease in the observed current values is
seen in Fig. 6.13 b). For Figure 6.13 c), the maximum values of the IV curves at 1.5 V are
plotted over the measured distance between the domain center to the position of tip. A linear
fit (black dotted line) is plotted together with the data points exhibiting a negative slope of
-113 pA/um. This observation is attributed to the finite resistance of the electrode which acts
like a resistor with constant resistivity but linear dependence of its length. This property of
the high-R Pt electrode is the reason why the readout points for all measurements in Section
6.1 were chosen to be exactly in the center and with nearly equal distances to the injected
and erased domain walls. What was initially believed to be a major disadvantage resulting in
non-linear and varying current values if not properly matched with the readout point, is now
used as the driving functionality in the new device concept.

To enable a better functionality and reproducibility, instead of the square electrode layout, a
one dimensional line electrode is used with a width of 300 nm and a length of 10 um. This de-
sign choice enables the confinement of the DW propagation in one direction and also reduces
the device dimensions. In Figure 6.14 the domain dynamics of the line electrodes are shown.
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repeating 0.6ms pulses

Increasing dwell time of poling pulses

Figure 6.14: a) PFM images of the repeated application of a 0.6ms poling pulse at the bottom
of the line electrode. For each new image and before the next poling pulse the domain is
repoled to start from its pristine state. The final position of the DW in each image shows
the distribution and effective resolution by which the DW can be repeatably positioned. b)
Domain wall propagation study depending on the dwell time of the poling pulse. PFM images
show the final position of the domain for the different dwell times. In between the images the
domain is reset. A nearly linear increase in domain propagation is seen for values up to 1.8 ms
after which the final position seems to stagnate until a long enough time of 4 ms and more are
enough to fully switch the domain under the electrode.

In Fig. 6.14 a), similar to the first measurements in Fig. 6.3, the tip is placed at the bottom of
the line electrode and a 6V/0.6ms pulse is applied. In between each PFM-phase image the
device is brought back to its pristine state by the application of a -5V/100ms repoling pulse.
The PFM images show the repeated domain growth for identical poling pulses. A variation in
the final position of the domain is observed and the total area in which the final positions were
found is indicated by the green rectangular. This area corresponds to the achievable precision
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by which the DW can be positioned. Obviously, these variations are not ideal and need further
optimization to be able to reliably position the DW in a more narrow range.

In Figure 6.14 b), a similar experiment is performed, but this time the pulse duration is
gradually increased from 0.2 ms to 4.6 ms. Longer pulse durations show to induce an increasing
DW displacement with durations of 4m s and more being sufficient to fully pole the line
electrode. For values between 0.2 ms and 1.8 ms a more or less linear increase of the DW
position is observed, followed by a saturation region (1.8 ms to 3.6 ms) and an abrupt jump
to the fully poled state for dwell times of more than 4 ms. It should be noted here that a
slight non-linear tendency was expected based on the results of McGilly et al. [116], but
an increased non-continuous step-like dependency is observed. The resulting differences
might be explained by domain wall pinning effects due to the underlying existing ferroelastic
network, which could locally restrict the free motion of the DW front.

a positioning the domain wall closer to the readout point
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Figure 6.15: Working principle of the proximity-sensitive memristor. a) PFM images of the suc-
cessive increasing poled domain size and associated progressive position of the DW achieved
by application of 5V pulses from the green position at the top of the line electrode. The current
is read with 2V from the point labeled in red. b) IV curves for the shown 11 device states with
different DW positions. c) Plot of the maximum current values from b) over the distance of the
DW-front to the readout point. A non-linear current increase is observed for shorter distances.
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The device operation based on the two previously explored effects (distance dependent con-
duction readout and DW positioning through electric fields) is shown in Figure 6.15. In Fig.
6.15 a), the tip is positioned at the top part of the electrode to apply consecutive poling pulses.
In between each poling pulse, the current is readout form the other side (roughly in the center
of the long line electrode) at a distance of approximately 3.5 um to the nucleation center. The
PFM amplitude images show the gradual propagation of the DW with decreasing distance to
the readout point. The recorded IV curves for each state of the device are shown in Fig. 6.15 b).
The maximum value is plotted over the measured distance to the DW in Figure 6.15 c). A non-
linear conduction increase is observed for a closer positioning of the DW. Maximum current
values of over 7 nA are recorded for the state at which the DW is nearly perfectly placed under
the readout point. It is important to highlight here that the predominant resistance change is
solely mediated by the moving domain wall segment of roughly 300 nm width. No additional
domain walls are injected into the device to tune the resistivity nor is the conductivity of the
domain wall segment itself changed.

To further characterize the device, and verify the observed current characteristics a second
experiment was done. In Figure 6.16 an intermediate domain state was created by pushing
the DW roughly 3 pm away from the bottom nucleation center. Now instead of controlling the
domain wall, the tip is moved to different positions on the line electrode and the DW is kept
stationary. An interesting current profile is obtained by moving the tip from the bottom of the
line electrode from which the domain nucleation started to the center of the line electrode.
The blue segment indicates the positions of the tip for which the DW is behind the readout
point (which equals a state in which a poling pulse is applied which pushed the DW further
than the readout point) while the red area indicates the region for which the tip is behind
the DW (this case is similar to the previously presented experiment in Fig. 6.15), and the
green dot indicates the position at which the tip is placed directly on the DW. As expected and
observed in Fig. 6.15, when the DW is in front of the readout point a non-linear current curve is
obtained for an increasing distance. However, if the DW is behind the tip-position the current
dependency with increasing distance appears to be linear. This behaviour is believed to
originate from border effects. Inside the blue region additional to the main contribution of the
free moving DW segment, the DW overlaps with the border of the electrode. As seen previously
with Cr/Au electrodes (see Section 5.1), DWs positioned at the border of the electrode area
can remain partially in contact and mediate a current transport. This effect is expected to
cause the shift from the non-linear dependency to a linear dependency of the current readout,
as additional surrounding DW segments contribute to the overall measured current. More
studies are needed to explore this effect in detail. Nevertheless it also provides us with two
regimes to work with, depending on where the readout point is located and where the domain
wall is positioned. Overall while the experiments with a moving tip do not reflect an actual
working operation of the device it helps to clarify two things. First, the discussed two regimes
available to tune the resistivity of the device are observed. Second, since the red region of
Fig. 6.16 and the experiment in Fig. 6.15 show the same current characteristics, it can be
concluded that the only origin for the resistive tuning is the position of the DW, while the
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Figure 6.16: Two resistive switching regimes of the line memristor. In this experiment the
device was brought into an intermediate position characterized by a DW positioned in the
bottom half of the device. 1V curves are taken on different positions along the electrode to
map the different current responses depending on the readout position. Left: PFM amplitude
image of the investigated device state. Blue points represent the positions of the readout for
which the DW is behind the readout position, while red points correspond to the positions
for which the DW is in front of the readout point. The green dot represents the readout of
current directly on top of the DW. Right: Plot of the maximum current value of the IV curves
with regard to their distance to the DW. Two regimes can be identified. Inside the blue region,
the conductance change is linear while for the red region a nonlinear dependency is observed.
PFM images before and after the 13 IV readouts are shown above the plot, verifying the stable
position of the DW,

conductivity of the DW-segment remains stable even when being moved and repositioned by
electric fields of micrometer distances.

The proposed concept of a distance-dependent current modification demonstrates another
pathway of a resistive switching using only a single nanometer size DW segment with robust
and stable conductive properties. Furthermore, the device concept links the resistivity readout
to the time-evolving DW position. In the here first presented prototype only stationary device
states are studied, but readily demonstrate the potential to be used for dynamic time-sensitive
operations. Examples could include to work with spiking signals and use the evolving position
of DWs to trigger at spatially resolved readout point.

146



High-resistive Platinum - a pathway to advanced domain wall control Chapter 6

6.3 Summary

In summary, Chapter 6 introduces high-resistive platinum electrodes for an advanced control
over the domain wall nucleation position and propagation. Different designs of the electrode
and their surface are presented for capacitor devices and their influence on the switching
dynamics and the creation of domain walls is discussed. The precise confinement of switched
domains inside the capacitor is demonstrated together with extensive studies on the stability
of the created domain configurations as well as for the resulting current output characteristics.
Based on these results a domain wall based memristor device is build in which an individual
addressability of switched domains leads to a step-wise tunability of the device’s resistance
states. A nearly perfect symmetry of the conductance increase and decrease is observed
mediated by the controlled injection of 180°-DWs. The conductivity could be linked to scale
linearly with the the total DW-length confined inside the capacitor. Reproducible addressing
of the gradual conductance states is demonstrated together with their non-volatility.

In the second part of the chapter, a novel way of tuning the device conductance is presented
in which a single nanometric DW-segment is precisely positioned within a one dimensional
line electrode. Based on the observed property of the high-resistive electrodes to posses
a distance dependent current readout, a device is demonstrates which uses the controlled
distance between a created 180°-DW and a fixed readout point to gradually tune its resistivity.
Two regimes, a linear and a non-linear regime, could be identified, based on if the domain wall
is positioned in front or behind the readout point, respectively. Further comparisons of the
experiments validated the stable nature of the conductance of the DW-segment when moved
inside the electrode.

Overall, the presented work in this chapter demonstrates the advanced control over the
domain walls by using high-R Pt electrodes and leads to two implementations of memristive
functionalities based on fundamentally different device concepts. Future work and device
ideas are expected to build upon the presented fundamental studies of the interaction of the
time-evolving domain wall positions and distance dependent current readout schemes to
fully exploit the reconfigurability of the non-volatile conductive domain wall channels.
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In this final chapter, the main achievements presented in this manuscript are summarized and
the most significant contributions are discussed within the current state of the research field.
To conclude this work, potential perspectives and future directions are discussed, based on the
foundation laid by this thesis to advance the field of domain wall nanoelectronics.

7.1 Main achievements and future perspectives

For this final chapter the four main results are summarized shortly and then put into perspec-
tive and discussed with regards to the current state of the research field and future directions.

1. Guidelines and recipes for tuning domain wall conductivity in PLD-growths

The growth conditions for highly tetragonal PZT films (Zr:Ti = 1:9), with a SrRuOs
bottom electrode, onto DyScO3; substrates for the Solmates PLD-system at EPFL were
investigated. The studies resulted in reliable growth recipes for SRO/PZT films on
pristine DSO substrates possessing both conductive pristine a-DWs as well as artificially
created conductive 180°-DWs. It was shown that the process temperature possessed a
major role in the formation of the enhanced and localized conduction at the domain
wall. Furthermore, the growth of PZT samples with self-assembled isolated nanoislands
were achieved showing nanometer sized c-domains paired with a strong conductive
response of several nanoamperes upon domain switching operations.

Together with the known influence of the oxygen pressure during growth on the con-
ductivity of domain walls, in this work also the temperature influence is studied. As
it was shown, the decreasing temperature during growth of the PZT layers resulted in
a decrease of DW-conduction potentially mediated by a change of the charge carrier
providing oxygen vacancies. However, also the missing formation of interconnected
charged a-domains seen in low-temperature samples could further influence the miss-
ing conductivity of the 180°-DWs. Further studies on the new samples, combined with
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STEM experiments could reveal if and how the domain wall structure itself is influenced
on the process parameters. Future perspectives involve the realization of in-plane con-
ductivity in PZT films. Proposed pathways involve the integration of a thin isolating SRO
layer and STEM resolved atomic characterizations of the domain walls to identify how
their structure differs from samples with SRO bottom electrodes. If such samples can
be realized, it would enable to not only study the in-plane behaviour of the conductive
channels, their interconnectivity and networking behaviour, but also offers new ways to
investigate the intrinsic properties of the conduction through e.g. advanced Hall-effect
measurements. However, the experimentally observed and simulated non-uniformity of
180°-DWs and the varying dependency of the conduction along the domain wall could
impose fundamental limitations for the reliable observation of in-plane conductivity.

2. First observation of charged 180°-DWs in PZT thin film and their conduction origins
Within this work the first observations of highly conductive 180°-DWs in epitaxial PZT
thin films are presented. While previous reported results on weakly conducting 180°-
DWs in PZT were known, the in this work in detailed studied 180°-DWs could be proven
to exhibit a fundamentally different conduction mechanism. Compared to a defect
mediated conduction present at domain walls in PZT films grown on STO substrates,
the here observed conductivity of 180°-DWs in PZT films grown on DSO substrates
could be demonstrated to result from charged DW-interfaces mediating an intrinsic
conduction mechanism. Based on phase-field simulations and STEM-experiments,
it could be shown that "thought-to-be straight" 180°-DWs deviate from their neutral
structure due to their interaction with the ferroelastic a-domain network. The arising
charged domain boundaries created at the interaction points of the two domain wall
types form experimentally observed Tail-to-Tail DWs, promoting the appearance of
a 2D hole-gas. This result is supported by the non-thermally activated conduction
properties of the 180°-DWs observed at cryogenic temperatures. The charged DW-
interfaces are stabilized due to their interaction with the stable ferroelastic a-domains
network, resulting in the formation of highly conductive and non-volatile channels.
The conductive channels are solely linked to the the presence of the 180°-DWs and
the intrinsic transport mechanism provides an agile reconfiguration of the conductive
properties based on domain manipulation by electric fields.

Within the field of domain wall electronics, different kinds of DW interfaces have been
extensively studied in various material systems. Conductive charged DWs as well as
conductive neutral DWs have been observed and their associated conduction mecha-
nism have been explored. High conduction values have so far solely been reported for
charged DWs, which either needed to be created by cumbersome poling operations in
carefully oriented crystal structures or formed only transiently with volatile conduction
characteristics.

The here presented work on normally neutral 180°-DWs, explores the possibility to
combine the high conductivity found in charged DWs with the easy and readily available
switchability of stable ferroelectric 180° domain switching. The properties of high con-
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ductivity, non-volatility and easy manipulation by electric fields observed at these walls
make them attractive for reconfigurable DW-based device application. Future work
could involve quantitative studies on the carrier type and densities of the 180°-DWs by
sophisticated Hall-effect measurements to verify the proposed hole-type conduction.
Together with growth studies e.g. on different substrates with varying lattice constants,
the direct influence of the a-domain network, its density or the degree of the charge
state of the a-DW onto the conductivity of the artificially created 180°-DWs could be
further studied to deepen the understanding of the observed domain interplay.

3. Memristive functionalities based on graphene enabled multi-domain switching
Based on the explored properties of the highly conductive and non-volatile 180°-DWs,
memristive functionalities are realized in capacitor-type memory devices. After first
unsuccessful attempts of confining the created 180°-DWs under a pure metal electrode,
the integration of graphene proved to overcome the limitation of sharp and near instant
full domain switching in high-quality epitaxial PZT films under an electrode area. The
intrinsic properties of graphene sheets, their high in-plane conductivity with excellent
contact to the oxide surface, paired with naturally formed defects in the van der Waals
interface provided both high on-state currents between 10-100 nA/pm? and limiting
domain growth of the c-domains. The resulting multi-domain states showed stable
non-volatile characteristics and were tunable upon application of consecutive pulses
resulting in a step-wise change of the device’s resistive states. PFM imaging allowed to
visualize the different multi-domain states and link them to the change in conductance.

Proposed DW-memristor concepts based on the tuning of the domain wall density have
so far suffered from either low readout current of the single contributing DWs leading
to large device sizes, reduced stability of artificially created charged DWs offering high
resistive changes or were limited in controlling the formation of DWs and repeatable
addressing of multiple resistive states. The proposed concept of integrating graphene
electrodes together with the strain-stabilized formation of the highly conductive domain
walls in PZT offer a way to overcome these limitations. The challenge arises from the
conflicting demands for the sharp polarization reversal in an epitaxial layer with high-
quality interface (i) together with stable intermediate multi-domain configurations
needed for stabilized and confined DWs (ii). The requirement (i) implies very fast
switching occurring within a narrow voltage range, where the multi-domain patterns
form only transiently while the system evolves toward complete switching, which is
in conflict with the requirement (ii). The graphene electrode solves these issue by
providing both a defect-mediated growth limitation for the switching domains by the
natural occurring defects in graphene films while simultaneously maintaining the high
quality interface needed for low-voltage switching and high current readouts. Moreover,
since the locally defined nucleation centers, for which the domain switching starts, are
persistent, the repeatable addressing of the resistive levels and symmetry of conduction
increase and decrease is enhanced due to the reproducible formation of the same
mixed-domain configurations.
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4. Deterministic domain control for advanced memristive DW-based device concepts
Additionally, besides the realization of memristive functionality with graphene-based
capacitors, due to a stochastic switching, a deterministic poling of individual domains
with limited domain growth and confinement of the 180°-DWs is realized. By using
high-R Pt electrodes, a time evolving electric field is exploited to control the speed
and final position of 180°-DWs. Resulting domain configurations exhibited excellent
stability characteristics leading to a controllable change of the resistive levels of the
capacitor devices. A high degree of symmetry and linearity of the conductance increase
and decrease are reported due to the precise and controlled switching of individual
domains. Furthermore, the concept of controlled propagation of domain walls together
with the unique distance dependent conduction properties provided by high-resistive
electrodes is exploited to build the first proximity-sensitive domain wall memristor.
Based on the controlled positioning of the conductive domain wall within a 1D line
electrode with respect to the readout point, the resistivity can be modulated in a precise
and highly gradual way. Furthermore the concept utilizes only a single movable 300
nm wide DW-segment to control the resistivity with conduction values up to several
nanoampere for low-voltage operations compared to the limited scalability for devices
relying on a DW-density tuning.

Most of the research in the field of domain wall electronics in recent years has been
focused on the investigation of the intrinsic conduction properties and the possibility to
tune the conductivity of the domain walls. While such initial studies are of great impor-
tance for the fields and are further needed to offer competitive systems for memristive
devices and neuromorphic elements in terms of accessible current output, stability or
CMOS compatibility, future work also needs to explore and exploit the unique advan-
tages offered by domain walls. One way is to use single DWs as the functional elements
for ultimate scalability. Other directions could investigate on the reconfigurability of
the DW-channels, as most concepts to date only use simple inject/erase operations
instead of agile interconnections formed by DWs. These perspectives will be fueled by
work dedicated into the advancements of an enhanced and flexible control over the
position and nucleation of single-DWs. As presented in the thesis, one way could be
to implement time-dependent domain expansion schemes introduced by high-R Pt
electrodes to offer flexibility in the final DW position, inaccessible by standard electrode
material and device concepts.

7.2 Concluding remarks

The exploration of novel neuromorphic computation hardware is fueled by the accelerat-
ing demand in computation speed, energy consumption and the growing prevalence of
Al-applications. Within this field ferroelectric materials have shown to be competitive systems
for building novel nanoelectronic devices like artificial neurons/synapses or memristive ele-
ments.
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In this thesis, ferroelectric domain walls are investigated, which offer a wealth of unique
properties and advantages to realize the sought after brain-like functionalities. Their intrin-
sically nanometric size coupled with the emergence of functional properties like enhanced
conductivity and flexibility offer a platform for reconfigurable conductive channels. The
ability to tune the conductance of these channels and to control and reconfigure them by
will through electric stimuli holds great potential if their conductive properties can be further
enhanced and reliable device concepts overcome the existing compatibility issues with the
CMOS-technology.
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).\ PLD process parameters

A.1 SRO/PZT films

Date PZT |Substrate PLD parameter - SRO

Setpoint  |Laser energy Frequency [Deposition |Heater Stabilization |Oxygen pressure
year - 2023 # |Material [Treatment [mJ] [J/cm2] [Hz] time [min] |power [%] [time [min] [[mbar]
07.06 2|DSO pristine 400 241 10 3 43 15 0.1
07.06 5]DSO pristine 400 2.41 10 3 43 15 0.1
08.06 8|DSO pristine 400 2.43 10 3 43 15 0.1
09.06 11|DSO pristine 400 241 10 3 43 15 0.1
09.06 14|DSO pristine 400 2.41 10 3 43 15 0.1
19.06 16|DSO pristine 415 241 10 3 43 15 0.1
19.06 18]DSO pristine 415 2.41 10 3 43 15 0.1
19.06 20|DSO pristine 415 241 10 3 43 15 0.1
19.06 24|Ds0 pristine 415 2.41 10 3 43 15 0.1
Date PZT [Substrate PLD parameter - PZT

Setpoint  |Laser energy Frequency [Deposition |[Heater Stabilization |Oxygen pressure
year 2023 # |Material [Treatment [mJ] [J/cm2] [Hz] time [min] |power [%] [time [min] [[mbar]
07.06 2|DSO pristine 400 2.41 10 6 43 5 0.2
07.06 5|DSO pristine 400 241 10 6 40 15 0.2
08.06 8|DSO pristine 400 2.43 5 10 40 15 0.2
09.06 11|DSO pristine 200 1.38 2 30 43 10 0.25
09.06 14|DSO pristine 200 1.38 1 60 43 10 0.25
19.06 16|DSO pristine 415 2.41 10 6 45 5 0.2
19.06 18|DSO pristine 415 241 10 6 43 5 0.1
19.06 20|DSO pristine 415 2.41 10 6 47 5 0.2
19.06 24|DSO pristine 415 2.41 10 6 43 5 0.3
Date PZT |Substrate Cooldown

Heater Oxygen pressure
year 2023 # |Material [Treatment power [%] |[mbar]
07.06 2|DSO pristine 0 1
07.06 5|DSO pristine 0 1
08.06 8]|DSO pristine 0 1
09.06 11]DSO pristine 0 1
09.06 14]DSO pristine 0 1
19.06 16|DSO pristine 0 1
19.06 18]DSO pristine 0 1
19.06 20|DSO pristine 0 1
19.06 24]DSO pristine 0 1

FigureA.1: PLD process parameter for the SRO and PZT layers of PZT samples with continuous
surfaces presented in this work.
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A.2 PZT nanoislands

Date PZT - island. Substrate PLD parameter - SRO
Setpoint Laser energy Frequency |Deposition |Heater power |Stabilization |Oxygen pressure
# Material |Treatment [mJ] [J/em2] [Hz] time [min] |[%] time [min] [mbar]
05.08.2021 1|bso pristine 400 2.28 10 3 43 15 0.1
21.10.2021 5|DSO pristine 400 2.28 10 3 43 15 0.1
11.11.2021 6|DSO pristine 400 2.28 10 3 46 15 0.1
11.01.2022 8|DSO pristine 400 2.28 2 15 46 15 0.1
Date PZT - nanoislands [Substrate PLD parameter - PZT
Setpoint Laser energy Frequency |Deposition |Heater power |Stabilization |Oxygen pressure
# Material |Treatment [mJ] [J/em2] [Hz] time [min] |[%] time [min] [mbar]
05.08.2021 1|pso pristine 400 2.28 10 6.5 39 15 0.25
21.10.2021 5]DSO pristine 400 2.28 10 135 43 15 0.25
11.11.2021 6|DSO pristine 400 2.28 5 7.5 46 15 0.25
11.01.2022 8]DSO pristine 400 2.28 2 37.5 46 15 0.25
Date PZT - nanoislands _|Substrate Cooldown
Heater Oxygen pressure
# Material |Treatment power [%] |[mbar]
05.08.2021 1|DSO pristine 0 0.5
21.10.2021 5|DSO pristine 0 0.5
11.11.2021 6|DSO pristine 0 0.5
11.01.2022 8|DSO pristine 0 0.5

Figure A.2: PLD process parameter for the SRO and PZT layers for the nanoisland samples
presented in this work.
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