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Summary

Summary

In the last decade, oxide-based memristive devices have emerged as a
high-potential memory technology for computations beyond the binary
era. They offer to become a prominent exponent of storage-class
memories that combines the fast response of memories such as DRAM
while also being non-volatile and integrable into high-density storage
applications, and with reasonable economics. Ultimately, memristive
devices store information through various addressable resistance states
and are switched under high electric fields with voltage pulses at the ns-
scale. Usually memristive devices consist of a metal-oxide-metal
sandwich structure and considerable efforts are underway to vary
microstructural features that alter the oxide and device response.

Replacing the switching oxide layer with structured materials offers many
exciting new possibilities for tailoring the resistive properties of
memristive memories. Over the last years, interface engineering has been
used to deliberately impose strain through lattice mismatched layers.
While this technology is still in its infancy, it offers exciting new
possibilities for tailoring device properties

Specifically, it is still unclear how strain acts on ionic and mixed
ionic/electronic conducting oxides at ambient conditions under high local
electric field strength. In this thesis a new idea is presented for the first
time which is the concept of making a strained memristive heterostructure
device based on solid state ion conducting oxides is presented for the first
time. The hypothesis is that strain at oxide interfaces in engineered
multilayer structures can be used to alter mixed ionic-electronic properties
at a much larger scale than classic solid solution doping approaches.
Ultimately, the hypothesis is tested and the first strained memristive
ionic-electronic  devices based on heterostructure oxides are
demonstrated.

Part I, the General Introduction, introduces the basics of the memristive
effect and how memristive devices work.
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The underlying principles of lattice mismatch induced interfacial strain
are discussed in the context of its application for modulating ionic and
electronic charge transport in oxide film multilayers. At the end, materials
properties and defect chemical aspects are discussed for the envisioned
material structures, their fabrication and integration into novel strained
memristor prototype devices. Challenges, risks and the future potential
are carefully concluded.

Part Il is devoted to obtaining a basic understanding of the multilayered
material system Gd,1Cey90,4/Er,Os. The system is designed to display
compressive strain in the ionic conductor along the charge carrier flow
direction. A new microfabrication route had to be developed to achieve
this device type, so-called microdots. Contacting strategies were reviewed
and a suitable contacting strategy was established for this type of device.
This was a prerequisite as heterostructures are traditionally measured with
top contacts or side-pasted contacts which bear the risk that not all
strained oxide heterolayer interfaces are effectively measured.
Importantly, it formed the base for making the first strained multilayer
memristors in the following chapters; the sideways contacting at a low
electrode distance, as presented here, is needed later to efficiently operate
the device at high electric field strengths.

Part 111 makes and tests the strained memristive oxide heterostructure
devices for the very first time. One emphasis of the chapter is to explore
technically how to use "Raman mapping" to probe for strained heterolayer
oxide structure near order changes in the ionic bonding in integrated
device structures. We modulate the monolayers down to nm scale and
systematically show how the anisotropy increases in the cubic heterolayer
fast conductor by spectroscopic vibrational changes, DFT computation
and HR-TEM. The fundamental understanding gained here forms the
basis to show a systematic tuning of the strain state at the fast ion
conductor phase ceria of the multilayer oxide building block. This allows
us to modify the strain-modulated memristive response in the strained
memristors. This work presents a new concept to alter the current-voltage
profiles in the first strained memristor devices and may be further
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explored for commercial integration and miniaturization in follow-up
work.

Part IV addresses the question formed by a simple observation made in
this study: Why do totally symmetrically aligned memristive oxide
devices, in terms of their electrodes and switching oxide, show
asymmetric hysteretic curves in their current-voltage profiles?

For this, memristive devices with symmetrically aligned electrodes are
made. Importantly, through electroforming at different polarities, we
introduce an artificial "electrochemical” symmetry break in the current-
voltage profiles and in the charge carrier distribution profiles. This allows
us to study the influence of asymmetry induced by bias on the memristive
response and to look closer at the electrochemical response and defect
chemistry. This differs substantially to classic resistive switching set-ups
in cross-plane geometries where e.g. atmosphere access and defects are by
design different for the electrode/air and electrode/substrate film
interfaces; only by creating the experimental scenario using sideways-
contacted microdots sufficiently high electric field strength could be
realized to operate switching in-plane to study solely the impact of
electroforming on switching. We confirmed that electroforming at
different polarities results in current-voltage profiles exactly mirrored at
zero volts. This is an important finding which implicates future oxide and
contacting designs for memristors on bit and multi-bit structures for
application memories and non-binary computing applications for
neuromorphics.

Finally, Part V, gives a general conclusion of this thesis, reflects on
discussions in the field based on the published work and gives a
perspective for a future continuation of the work for research and
application.
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Zusammenfassung

Im letzten Jahrzehnt haben sich Oxid-basierte memristive Elemente als
neu aufkommende Alternative mit grossem Potential fur zukunftige
digitale Speichertechnologien etabliert. Sie kombinieren die Vorteile von
schnellen Arbeits- und zurzeit relativ langsamen Massenspeichern und
sind gleichzeitig kostengiinstig herzustellen. Memristive Elemente
speichern Information als verschiedene Widerstandszustdnde und werden
unter hohen elektrischen Feldern mittel ns-Spannungspulsen zwischen
den verschiedenen Zustdnden geschaltet. Memristive Elemente bestehen
Ublicherweise aus einer Metall-Oxid-Metall Struktur. Es gibt grosse
Bemiihungen durch Anderung der Mikrostruktur die Eigenschaften des
Materials und des Speicherelements zu verbessern.

Die Strukturierung des Oxids bietet viele Mdglichkeiten zur Optimierung
der Materialkomponenten der memristiven Speicher. In den letzten Jahren
hat die Kontrolle von Grenzflacheneigenschaften durch Einbringung von
Gitterfehlanpassungen zunehmend an Aufmerksamkeit gewonnen um
Verspannungen in den Materialien einzufiihren. Obgleich diese
Technologie noch in den Kinderschuhen steckt, hat sie grosses Potential
um Materialeigenschaften fur  verschiedene Anwendungen
masszuschneidern. Die genaue Auswirkung von Verspannungen auf die
ionische und gemischt ionisch-elektronische Leitfahigkeit in Oxiden unter
hohen elektrischen Feldstarken bei Raumtemperatur ist bis jetzt unklar.

In dieser Dissertation wird das neue Konzept eines resistiven Speichers
mit verspannten ionenleitenden Festkdrpern erstmals vorgestellt. Dabei
wird der Effekt genutzt, dass bei niedrigen Temperaturen
fehlpassungsinduzierte Gitterverspannungen an Grenzflachen die grosste
Auswirkung auf die Modulation der elektrischen Leitfahigkeit haben. Aus
diesem Grund ist dies ein besonders vielversprechender neuer Ansatz fiir
innovative funktionale Speicherbauteile, welche bei Raumtemperatur oder
leicht erhéhten Temperaturen zum Einsatz kommen. Das Ziel dieser
Arbeit besteht darin, erstmals verspannte Bauteile in einem Oxid-
Multilagen ~ Design  zu  entwickeln, ihre  strukturbedingten
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Transporteigenschaften zu erforschen, und deren Funktionalitit als neuen
Typ von memristiven Speichern erfolgreich zu demonstrieren.

Teil 1, die Einleitung, behandelt die Grundlagen des memristiven Effekts
sowie memristiver Speicherelemente und ihrer Anwendung. Ferner
werden  die  grundlegenden  Basiskonzepte  fiir  verspannte
Oxidfunktionsbausteine als aktive Elemente neuartiger memristiver
Speicher erlautert. Die wesentlichen Aspekte von fehlpassungsinduzierten
Gitterverspannungen und deren Verwendung zur Modulation des
Ladungstragertransports in Multilagen-basierten Oxidschichten werden
diskutiert. Es werden ausserdem die Auswahl der Materialien, deren
Defektchemie und Herstellung fir die Idee der neuen verspannten
Speicherelemente behandelt.

Teil 1l ist dem grundlegenden Verstdndnis des Multilagen-
Materialsystems Gdg1Ceq90,.5/Er,Os gewidmet. Bei Verwendung dieses
Materialpaars entsteht entlang des Ladungstragerflusses eine kompressive
Verspannung im  lonenleiter, dem  Ceroxid. Eine  neue
Mikrofabrikationsroute wurde entwickelt um so-genannte Mikropunkte
herzustellen welche als integrale Bestandteile charakterisiert werden, und
in den weiteren Kapiteln dieser Arbeit als aktive Speicherschaltelemente
dienen werden. Hierzu wurden verschiedene Kontaktierungsstrategien
geprift und anschliessend eine neue geeignete Art zur Kontaktierung von
Mikropunkten mit Multilagenkomponenten entwickelt. Dies war eine
Voraussetzung um den Ladungstransport an den nanoskopischen
Grenzflachen der verspannten Multilagen zu messen. Zudem konnten erst
durch diesen neuen Entwicklungsschritt verspannte memristive Elemente
hergestellt werden, da diese, um als memristiver Speicher bei
gleichzeitiger lateraler Elektrodenanordnung betrieben werden zu kénnen,
grosse elektrische Feldstdrken bendtigen. Die Kontaktierung uber
Seitenflachen ist hierbei wichtig um die verspannten Elemente spater
effizient als Speicher betreiben zu kénnen.

Teil 111 zeigt die erstmalige erfolgreiche Fabrikation und anschliessende
Charakterisierung von verspannten memristiven Oxidelementen als neue
memristive Speicher. Die einzelnen Schichten der Multilagen werden bis
auf einige nm in ihrer Dicke verkleinert. Durch hochauflésende

Vii
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Transmissionselektronenmikroskopid und Raman-Mikroskopie wird
gezeigt, wie sich die Anisotropie und der Verspannungsgrad in den
Kristallgittern der Multilagenphasen entwickeln. Bildgebende Raman-
Rasterung wird hier verwendet um die Speicherelemente auf ihre
chemische  Zusammensetzung  zu  untersuchen und  kleinste
Verdnderungen im Spannungsgrad der Multilagenkomponenten zu
detektieren. Die Raman Daten werden mittels DFT Berechnungen
ausgewertet. Diese gewonnenen Ergebnisse bilden den Grundstein flr
eine systematische Modulation der Verspannungen der ionenleitenden
Ceroxid Phase flir die Gestaltung von verschiedenen verspannten
Speicherelementen. Durch diesen neuen Ansatz kénnen die memristiven
Eigenschaften der Speicherelemente relativ zum Verspannungsrad der
Oxidmultilagen bestimmt werden. Es wird ein erfolgreiches Konzept zur
kontrollierten Modulation der memristiven Strom-Spannungs-Kennlinien
Uber den initial eingebrachten Verspannungsgrad vorgestellt, das zur
weiteren Miniaturisierung  und  kommerziellen  Verwendung
weiterentwickelt werden konnte.

Teil IV behandelt eine Frage die durch eine Beobachtung im Rahmen
dieser Arbeit aufkam: Warum zeigen symmetrische Speicherelemente
asymmetrische hysteretische Strom-Spannungs-Kennlinien?

Um dieser Frage nachzugehen, wurden memristive Speicherelemente
hergestellt, welche symmetrisch in Bezug auf die Anordnung ihrer
Elektroden, der Oxid-Mikrostruktur sowie der Austauschreaktionen mit
der Atmosphére sind. Anschliessend wird durch Elektroformierung bei
verschieden angelegten Polarititen ein kiinstlicher ,,elektrochemischer*
Symmetriebruch in der Defektverteilung erzeugt. So kdnnen die
Auswirkungen von Asymmetrie auf die memristive Antwort untersucht
werden. Dies unterscheidet sich gravierend von klassischen resistiven
Schaltern in vertikaler Geometrie, zum Beispiel in Bezug auf die
Interaktion mit der Atmosphdre oder in unterschiedlichen
Defektcharakteristika an den Grenzflaichen der oberen und unteren
Elektrode. Nur durch eine horizontale Probengeometrie, unter
Verwendung von seitlich angebrachten Elektroden, kénnen ausreichende
elektrische Feldstarken erreicht werden um den Einfluss von

viii
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verschiedenen Elektroformierungsstrategien auf das resistive Schalten zu
untersuchen.

In diesem Teil kann durch Elektroformierung bei unterschiedlichen
Polaritaten die Spiegelung der Strom-Spannungs-Kennlinie bei null Volt
bewiesen werden. Diese Erkenntnisse koénnen zur Verbesserung
zukiunftiger oxidbasierter Speicherelemente beitragen, unter anderem fiir
nicht-bin&res Rechnen und neuromorphe Anwendungen.

Teil V diskutiert die gewonnen Erkenntnisse dieser Arbeit und reflektiert
die Implikationen der hier vorgestellten Ergebnisse auf die Literatur.
Schliesslich werden Anregungen fir zukinftige Forschung und
Entwicklung der in dieser Dissertation vorgestellten Grundlagen-
Ergebnisse, sowie fir die neuen verspannten  memristiven
Speicherelemente gegeben.
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PART I
General Introduction

Contents of this thesis chapter are to-be-submitted partially as an invited
book Chapter 4.3 entitled as

Future Emerging Technologies based on MetOx Interfaces: MeO-Strain
Interface Memristors

in the book

Metal Oxide-based Thin Film Structures: Formation, Characterization
and Application of Interface-based Phenomena

by Sebastian Schweiger and Jennifer L.M. Rupp

edited by Nini Pryds for Elsevier Science & Technology Books, 2017.

Together with additional material parts of this chapter are in preparation
as a focus review paper entitled

Engineering Strain for Future Multilayer Architectures in new Resistive
Switching Memory and Computing Devices — A review

by Sebastian Schweiger, William J. Bowman, Peter Crozier and Jennifer
L.M. Rupp to ACS Nano, 2016.
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1 Memristive Devices: Status and Challenges

Modern societies face an increased demand of computational power
accompanied by a call for energy efficiency'. This demand for faster
computers with more functionality is leveraged by the increasing
digitalization of our daily lives. Many aspects of modern life are
controlled by computers and mobile devices have gained enormous
popularity and functionality. Over the last years and decades, many new
possibilities for science’, industry’, public administration’ and
communication’ have been enabled by this increase in computer
performance. In the future, applications such as large-scale simulations,
internet of things or e-government will improve our quality of life but will
also continue to drive the demand for more and faster computing with
additional functionalities that are not possible with binary computing.

Until now, one could rely on a yearly increase of computer performance
based on device scaling. This is called Moore’s law and it states that
every two years the number of transistors per area doubles’®; therefore,
also the performance rises considerably because the component density
per chip area will increase. Another consequence of Moore’s law is the
significant trend to decrease the cost-per-function with increasing
transistor density, supporting the proliferation of consumer and industrial
electronics and other digital devices.

However, the semiconductor industry is approaching the limits of
traditional semiconductor technology and this imposes several challenges.
On one hand, the physical limits of device miniaturization are reached.
Current fabrication technologies, like photolithography, are exhausted and
at near-atomic dimensions further scaling is impossible’ not to mention
that detrimental quantum effects start playing a role'®. On the other hand,
the capital costs for research and development, as well as fabrication,
increase exponentially and further downscaling becomes economically
unfeasible. Here, new ways of further improving the computational power
are needed.

Another major issue that the microelectronics industry is facing is the
need to decrease power consumption. This is important for both large
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scale computing operations, such as data centers, that use unsustainably
large amounts of power and mobile consumer electronics, that need to
conserve battery power. Also, high power consumption leads to a large
heat dissipation, which limits the parallel use of components, meaning
that large parts of a chip remain unused. This phenomenon is called dark
silicon and is a major thermal design constraint in modern semiconductor
applications'™. New and innovative approaches and unconventional
thinking are required to tackle these challenges'*".

To meet the demands for digital applications, one approach focuses on
new design geometries, e.g. vertical 3D stacking, which will increase the
number of components per square unit. But so far, all these devices are
conventional and based on binary logic states. Another vision is to utilize
more states in computing than 2, which can be utilized within in multi-
state computing or quantum computing. One approach proposed by the
semiconductor industry is called “More than Moore”, which describes the
incorporation of added, also non-digital, functionalities. This
diversification enables devices that provide additional value, but do not
necessarily scale according to Moore’s law, e.g. sensors, actuators or
passive components.

A third concept is to introduce new devices, that will allow a transition
away from conventional CMOS to so-called ‘“beyond CMOS”
technologies. Very promising new types of devices that emerged recently
are memristive nanodevices, also called memristors or resistive switches.
The vision of using devices based on the modulation of resistance as
computer memories was already discussed in the 1960s'C, but the concept
only got considerable attention as the device was connected to the
mathematical concept of the fourth circuit element'”'® that was already
described in theory in the early 1970s'. One of the prerequisites that
enabled the technology of memristive devices was the progress in thin
film technology that allowed reaching sufficiently high electric field
strengths at moderate biases (potential per length unit)**** which is of
paramount importance for this device class. Due to these technological
prerequisites that were established, a major increase in research activities
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was observable and also industry started to consider memristive devices
as an emerging technology.

Memristive devices are based on an electric insulator sandwiched
between two electrodes, see Figure 1.1a. If such devices are subject to a
sufficiently high electric field, they display a hysteretic current-voltage
profile, see Figure 1.1b. This phenomenon of a voltage-history depended
resistance to modify the hysteresis of a current-voltage profile is called
“resistive switching” or “memristance”. Two different resistance states
can be defined as OFF (binary 0) or ON (binary 1) and these states can be
used to store digital information. When a certain threshold voltage, called
Veesr 1s exceeded, the device changes its resistance state. When a voltage
of opposite polarity is applied, called V.., the device is set back to its
initial state. The read process is carried out at a lower voltage to avoid any
change of the resistance state of the device. When different polarities are
necessary to change the resistance state, it is called bipolar switching.
There are also so-called unipolar switches, where the set voltage is higher
than the reset voltage and the reset current is higher than the current
compliance (current limit) during the set process, i.e. only one polarity is
needed to operate the device.
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Figure 1.1: Basic concepts of memristive devices a) Metal-insulator-
metal sandwich structure of a memristive device. The distribution and
concentration of charge carriers such as oxygen ionic vacancies,
electrons or holes over the device govern the resistive switching process.
b) Current-voltage profile of a memristive device, exemplified for a
bipolar resistive switch. Two different resistance states (Ro/Ron) can be
defined and used to store information.

A plethora of underlying physical effects can be source of such
memristive phenomena. Resistive switching memories can be classified
based on their assumed switching mechanism®: Electrochemical
metallization systems are based on the formation of metallic filaments
through the insulating switching layer. For this type of memristive system
one active electrode must be made of a non-noble metal, which can be
e.g. Ag” or Cu*. The metal of the active electrode then gets oxidized and
migrates to the other electrode through the oxide structure, where it gets
reduced and starts to form a metallic filament. Once this filament has
reached the first electrode, it has created a low resistance metallic
pathway, which sets the device to the low resistance ON state. Once the
polarity is switched, the filament gets dissolved electrochemically,
whereby the resistance is increased, returning the device back into its
initial state.

Another class are valence change memories. Those are mostly metal
oxide systems with metallic electrodes which are not easily and reversibly
reduced or oxidized. For these systems, very often the switching layer has
at least one transition metal or rare earth sublattice that can undergo redox
reactions, allowing considerable changes in the local oxygen
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nonstoichiometry. Many mechanism leading to resistive switching in such
material systems have been proposed, relying for example on formation
of conductive filaments over oxygen and other defects, interfacial type
reactions or local changes in charge carrier density upon bias in the oxide
component of the switch, Figure 1.1a. A number of great reviews giving
an excellent overview are available; see reviews by the Waser group?,
Mohammad group® or Ielmini*®. Depending on the material system and
the mechanism a so-called preforming or electroforming process might be
necessary for valence change memories. For example, the first formation
of filaments can be carried out during electroforming, which is very often
at higher voltages, currents or longer durations than the targeted operation
condition as memristive memory.

The semiconducting or insulating switching phase for the resistive
switches, also referred to as memristors, can be made of different
materials; however, most materials are oxides. Many of them are
commonly used as high-x dielectric gate oxides in transistors. This
ensures easy integration into semiconductor fabrication’” and CMOS-
compatibility”™. The most progressed application envisioned for
memristive devices is the use as non-volatile digital memory®, although
other analogous applications are also being researched, e.g. artificial
neural networks®™!. Memristive memories are very competitive
compared to other emerging memory technologies, see Table 1.1. They
are ns-scale fast, non-volatile memories with low power consumption in
the pJ range and have the potential to replace both DRAM and Flash
memories by merging their distinct advantages. Another very promising
new memory technology are spin-transfer torque magnetic random-access
memories (STT-RAMs). They are fast, non-volatile and low power
consumption memories, with the advantage that their switching process
does not involve any mass transport, which has positive impact on the
endurance®. However, disadvantages are they require very complex
material stacks in their fabrication and that the maximum achievable
Ro/Ron ratio is very limited®.

Furthermore, their low power consumption might help to mitigate the
problem of insufficient heat dissipation (dark silicon) in the future®*. Most
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memristive devices that are currently investigated are made of simple
metal-insulator-metal sandwich structures, with the insulator very often
being one of the commonly used gate oxides, e.g. HfO,*, SrTiOy*® or
TiO,'®. There are only very limited options to design the material for the
switching oxide, for instance extrinsic doping is limited by the low
solubility limits of dopants and the stability range, such as in titania or
titanates®®. Based on this observation, this leaves plenty of opportunities
to explore novel and unconventional avenues for modulating the
switching material in order to establish new design criteria. In the
following, we introduce interfacial strain-engineering as a new and very
promising way of tuning material properties beyond the current scope of
classic extrinsic doping in alternative oxide systems. In conclusion, this
thesis explores first concepts on multilayer strain modulation for resistive
switches as a potential new device prototype.
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2  Multilayers and Strain at Interfaces

In the last decade the use of interface engineering to generate additional
functionalities and to modulate properties has gained considerable
attention due to major advancements in thin film technologies for
fabrication and characterization at the micro- and nano-scale. For
instance, it was found that heterostructures and interfaces at very small
scales can have many unprecedented properties at very small scale, e.g.
superconductivity”,  magnetism*,  previously —unknown optical
properties®® or ionic conductivity modulation *°. These properties stem
from a variety of physical effects, e.g. space charge effects and/or strain at
the interface which alter two important characteristics: (i.) the local
interfacial ionic near order positions and (ii.) the local charge carrier
density within the oxide volume, i.e. the number of available and mobile
defects. The change in near order alters actively the ionic migration
hopping distances and energies. Compared to previous decades, where a
lot of research was dedicated towards the optimization of microstructures
and the influence of doping®’, this opens completely new ways of
designing and enhancing materials. Amongst those, strain engineering is
anticipated to be a very promising research direction which has a wider
implication. It has the potential for some systems to alter the ionic carrier
transport to a greater extent than what may potentially be achieved
through classic extrinsic doping in many of those oxide systems. The
concept of strain engineering is already being successfully employed in
the semiconductor industry for electronics, for example in electronic
conducting transistors utilizing strained silicon to enhance the electronic
mobility®™ and in heteroepitaxy for monolithic integration of new
materials onto Si wafers®.

Strain can be either compressive or tensile. For the case of compressive
strain, the lattice constant is reduced and the atoms/ions are closer
together than in the relaxed bulk state. For tensile strain, the lattice
constant is expanded, and the atoms/ions are further apart, see the
schematic of Figure 2.1a and b. It was confirmed in experimental studies
by the groups of Janek™™’' and Hertz***, and computational studies by
the groups of Yildiz™ and De Souza®" that tensile strain in oxides often
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increases the oxygen ionic conductivity when probed at higher
temperature (usually > 500K). In contrast, compressive strain decreases
oxygen ionic conductivity for classic ionic conductors when imposed on
zirconia or ceria based crystal lattices***">’.
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Figure 2.1: Relaxed and strained lattice states. a) Relaxed lattice states.
The lattice constants display bulk conductivity values, e.g. for oxygen ions
migrating. b) Epitaxial or textured thin film growth. The two material
phases are in contact with each other, whereby one material is
compressively strained in-plane while the second material is tensely
strained in-plane. Strain of the opposite sign is predominant in out-of-
plane direction.

Many applications require fast oxygen ionic conductivity at low
temperatures®. Enhancing the ionic conduction was a key goal of
research groups, since it is of outstanding importance for many

e 1 61,62 . 60,63
technologies, like sensors’ ™, energy storage and conversion systems’

and information systems®'?.

To introduce strain in a controlled fashion, two different designs are
utilized*. One is the deposition of a single thin film on a substrate, where
the strain is defined by the lattice mismatch between the thin film material
and the substrate. The other approach is a multilayer design, where two
materials are stacked consecutively in an (A-B-A-B), manner. In this case
the interfacial mismatch is defined by the lattice constants of the two thin
film multilayer constituents. The latter design approach has the advantage

10
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that the total volume is not limited. In a single thin film the strain
relaxation gives a limit for the amount of material that can be under
strain. In the multilayer approach a new strain field is generated at each
interface; therefore, the total strained volume can be controlled through
the number of consecutive monolayers defined in a given oxide building
block.

In the year 2000, the group of Maier firstly used the concept of
heterolayers to modulate ionic transport, exemplified for the material
system BaF,/CaF,*. They showed that increasing the number of layers,
while maintaining a constant total film thickness, allowed the modulation
of the conductivity of the system by impressive ~2 orders of magnitude.
They explained the conductivity change with a space charge model,
where the space charge extends throughout the whole sample when the
interfacial density is increased and forms a continuous zone with a
different charge transport behavior. In 2005, another work on a
multilayer-based system was published by Azad et al.*’, where an oxide-
conductor based on a gadolinia-doped ceria/zirconia stack was
investigated and a modulation of the conductivity with increasing number
of interfaces at constant total film thickness is being observed. The
concept of modulating ionic conductivity through interfacial strain gained
an additional boost when Garcia-Barriocanal er al.®® reported on the
material couple yttria-stabilized zirconia (YSZ)/StTiO; (STO) for
multilayer structures. They reported an eight orders of magnitude increase
of conductivity and a decrease of activation energy by A0.5 eV for a
modulation of interfacial strain of up to 7%. These results were attributed
to large tensile strain in the system, although the interpretation of the
observed results has been debated®”*.

In literature there is a debate about the influence of strain on conductivity.
Some studies show a big change in conductivity with respect to strain as
exemplified a computational study carried out in the system perovskite,
KTaO; and Yttria-stabilized zirconia by Li er al.*’. Depending on the
lattice strain they were able to calculate a decrease of the activation
energy of up to A0.33 eV for zirconia. They estimated the ionic
conduction to be up to more than seven orders of magnitude higher than

11
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for unstrained bulk zirconia. Other studies predict a more moderate but
still significant change in oxygen ionic conductivity, such as in the
computational work by Kushima et al. from the Yildiz group™. They
compute a maximum enhancement of 6.8x10° at 4% tensile strain. Similar
results were obtained by De Souza et al.*’. Tarancon et al.”’ confirmed
that the maximum conductivity enhancement of 1.5 orders of magnitude
can be obtained for a strain value of ~3% for the material system of yttria
stabilized zirconia, being in agreement with earlier predictions of the
Yildiz team™.

In contrast, the experimental study by Pergolesi, Traversa and Kilner”'
didn’t find any conductivity modulation through strain when investigating
a yttria stabilized zirconia/ceria multilayer system. Recent work by Fluri
and Pergolesi72 with the oxide CeygsSmy 50,5 has demonstrated small
conductivity and activation energy changes, but for rather small strain
values for up to 0.35%. Their work focused on showcasing the usefulness
of novel diagnostic methods for growth mode analysis and strain
determination.

This large disparity in results triggered great interest in classifying the
studies available and trying to understand where these differences
originate, see section 4 for an additional discussion on selected prime
aspects. Since many different material systems and design approaches
have been used, this is not trivial. Korte ef al’’ have conducted a
comprehensive literature review and classified the experimental data on
an interfacially strained system in three different categories.

e  Strain controlled oxide systems that usually are made of extrinsic
conductors (heavily doped systems)’"”*”. Heavily doped oxides
(like gadolinium-doped ceria or yttria-stabilized zirconia) have
very high concentrations of charge carriers and rather small
space charge regions due to the small Debye length present™.

e Surface controlled systems that consist of a single extrinsic oxide
conductor with the conducting phase exposed to the

atmosphere®*!%6.

12
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e Space charge controlled systems, employing intrinsic
conductors, i.e. not extrinsically doped materials as
constituents®**”*, usually in a multilayer stack design.

In the first group, the strain controlled systems; the total conductivity
modulation is rather small compared to the other groups. Since these
systems have negligible small space charge regions, the conductivity
modulation comes either purely from strain effects or from misfit
dislocation. The thin film microstructure, e.g. grain boundary density, can
also play a role.

In the second group, the surface controlled systems; the conductivity
modulation is usually higher, since transport along solid-gas interfaces is
faster”’. This can be due to a higher energy of interfacial species, but also
due to a decreased number of bonds for each atom/ion.

The last group, space charge controlled systems, displays an increase in
conductivity through interfacial engineering that is higher than in the
strain and surface controlled group, which stems from the fact that the
initial (bulk) ionic conductivity of the materials used is rather low and the
conductivity increase in the space charge regions is relatively high.

2.1 Growth of Oriented Thin Films and Description of
the Interfacial States

To get well-defined interfacial states in a multilayer, it is necessary to
grow samples with a good crystalline quality and with a certain preferred
orientation. Usually a single-crystalline substrate with a suitable crystal
structure and orientation is chosen as substrate for the thin film
deposition. Depending on the deposition method and parameters,
amorphous, polycrystalline or fully epitaxial samples can be obtained. In
amorphous samples, there is no far-range order although some systems
display near-range order, e.g. glass®. Polycrystalline samples have long
range order, but consist of crystallites (grains) with different sizes and
orientations. Apart from the grains, a second phase, termed grain
boundaries, exists in polycrystalline materials. The size of the grains, and

13
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as a consequence, the grain to grain-boundary ratio is heavily dependent
on the processing conditions. Grain boundaries usually tend to decrease
the ionic conductivity”™ and are zones of structural disorder®. Epitaxial
films, on the other hand, are single crystalline and display no grain
boundaries.

Interfaces, as they exist in heterostructures, can be coherent, semi-
coherent or incoherent®*®*%_If the mismatch between the substrate and
thin film is below a certain threshold, the interface between substrate and
film (and subsequently between the two different multilayer constituents)
grows coherently, see Figure 2.2a. This requires the 2 crystal lattices to
match well, with respect to the orientation and the atomic spacing. The
small mismatch between two materials can be accommodated through
elastic strain and there is no discontinuation of the crystalline lattice. If
the lattice mismatch exceeds a certain threshold, a semicoherent interface
will be created, see Figure 2.2b. In this case, a part of the lattice mismatch
and the corresponding strain will be accommodated by dislocations,
which can also be arranged in a continuous array. For an incoherent
interface, see Figure 2.2c, one can observe a disordered structure at the
interface.

14
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Figure 2.2: Types of Interfaces: a) Coherent interface. The lattices of the
two phases are continuous. b) Semicoherent interface. Dislocations at the
phase boundary are created. c) Incoherent interface. The interface is a
zone of structural disorder.

Incoherent interfaces are, by definition, ill-defined and should be avoided.
This can be done through the choice of appropriate substrates, thin film
materials and processing conditions. . The critical properties include the
material lattice parameters, crystallography and growth directions. For a
fundamental description see the work carried out by Janek's
group®*Se7737379% \who were among the first in the field to carefully
describe experimentally such strained oxide ionic transfer multilayer
structures.

Strain fields are generated in mismatched interfacial zones. This can be
uniaxial strain, where stress is acting only in one space direction, as is
usually the case for one-dimensional systems or systems that were
particularly designed for such purposes®. Interfacial strain in thin film
systems usually is a biaxial strain. This means, the lattice is distorted in a
controlled manner through oriented growth in xy direction (also called in-
plane), parallel to the substrate surface. The lattice is also distorted in z
direction (out-of-plane), perpendicular to the surface of the substrate, see
Figure 2.3a for spatial directions. The degree of out-of-plane distortion
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depends on the elastic mechanical properties, e.g. Young’s modulus. For
instance, if the lattice is under tensile in-plane strain, one can expect
compression in the out-of-plane direction®” and vice versa. The last case is
isotropic strain, where the stress is acting simultaneously and with the
same magnitude for all spatial directions.

In a multilayer thin film system we have two adjacent crystalline phases
and both can undergo elastic deformation. The mismatch of the two
phases relative to each other can be described by the following equation:

f= 21 Equation 2.1.1

a
Where f is the lattice mismatch and a; and a, are the lattice constants of
the two materials, here denoted material 1 and material 2. The unit cells
can also grow on each other with a certain commensurability, e.g. one big
unit cell can grow on two small ones, if seen in side-view. The interfacial
mismatch f will be in any case approximately equally distributed as strain
on both materials, see Equation 2.1.2.

f~ %sl = —%22 Equation 2.1.2

where ¢; and ¢, are the tensile and compressive interfacial strains in the
materials 1 and 2. They are predominantly present in the xy-plane at the
interfacial boundaries and may relax at the grain boundaries within each
material. The strain is the highest directly at interfaces and relaxes if the
distance to the interface is increased®™®. Since we are considering
multilayers, if the film thickness is sufficiently thin the strain fields
originating start to overlap and the total strained volume is increased and
reaches a maximum, reaching a maximum and yielding fully strained
phases.

The microstructure of PLD grown thin film usually consists of many
columnar crystallites'® that form a dense film, see Figure 2.3a. This
implies that grain boundaries are present in polycrystalline films
deposited by PLD. Grain boundaries tend to decrease oxygen ionic
conductivity for many fluorite-crystal lattice oxides, and may counteract
strain-induced ~ conductivity  effects,  particularly  conductivity
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enhancement introduced through tensile strain (e.g. zirconia, ceria).
Modulation of the conductivity through strain is primarily occurring at the
interfaces, where the strain fields originate. The charge transport is
parallel to the interfacial boundaries and the conductivity is tuned through
the strain modulated interfaces, see Figure 2.3b.
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Figure 2.3: Texture and interface of the multilayer thin films a) Columnar
microstructure after PLD deposition. If the interface between phase 1 and
phase 2 is coherent, then both thin film materials form a continuous
lattice in z-direction. In x-y plane grain boundaries are present. b) The
conduction is parallel to the interfaces. Interfacial strain modulates the
oxygen ionic conductivity along the x-y in-plane direction; therefore, it is
beneficial to have sideways attached electrodes. No current flows through
the insulator; it only serves the purpose to impose strain in the conductor.

2.1.1 Disorder at Interfaces

At interfaces intermixing or segregation can occur, leading to
inhomogeneous distribution of ions close to the phase boundaries. This
can also lead to the formation of new phases, may influence strain fields
and alter space charge zones. These mixing/segregation processes are
diffusion controlled and therefore more pronounced at elevated
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temperatures. If one uses deposition methods that work at elevated
temperatures, intermixing and segregation have to be considered.

Space charge zones can form at interfaces'®. This describes the
enrichment or depletion of charge carriers at the interfacial boundary
region. If one charge carrier species is enriched in one phase, the charge
carrier type with opposite charge will be enriched in the bordering
interfacial region. An enrichment of charge carriers can lead to an
increase of interfacial conductivity. In contrast, charge carrier depletion
slows down the charge transport as compared to the bulk conductivity.
The extent of space charge zones is usually in the range of the Debye
length of the material.

The defect density at interfaces can also change. It was found that tensile
lattice strain decreases the formation energy of oxygen vacancies in
ceria'®®, increasing the defect density in strained systems. Similar
results were found for ceria with roughly 4% Gd doping'®. Dislocations
might also be responsible for an increase in defect density, although they
can also impede charge carrier mobility'®.

The gas/solid interface (surface) of the multilayer thin film stack is of
great interest, especially for applications like solid oxide fuel cells, where
the triple phase boundaries are of paramount importance. The groups of
Yildiz''%” and Fleig®™ have extensively investigated oxygen exchange
kinetics and diffusion in oxides at surfaces under strain with various
methods, e.g. *°0 tracer experiments, X-ray photoelectron spectroscopy
(XPS) and scanning tunneling microscopy (STM). It was found that
tensile strain dramatically improves the oxygen exchange kinetics and is a
promising strategy for tuning the performance of solid oxide fuel cell
cathodes (often perovskite compounds). Another interesting idea was
followed by the group of Pryds, where they used highly coherent
interfaces of erbia-stabilized Bi,O; and gadolinia-doped ceria in a
multilayer to increase the stability of the desired fast conducting cubic
fluorite & phase of Bi,Os which resulted in exceptionally high
conductivity multilayer film compounds.
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2.1.2 Misfit Dislocations

If the elastic, misfit induced strain at the interface exceeds a certain
threshold value, the materials start to release strain though the formation
of misfit dislocations. There are two types of misfit dislocation, screw and
edge dislocations, but many dislocations that are found in oxide materials
have mixed characteristics'%.

Misfit dislocations also create their own strain fields, which can be the
source of other effects inducing additional disorder, e.g. cation
segregation, see also Sun et al.'®. Dislocations also influence transport
properties. For instance in metals they tend to decrease the resistivity, but
Metlenko et al."*° found that dislocations do not necessarily increase the
diffusion in oxides, as they exemplified for SrTiOs.

During commensurate (hetero)epitaxial growth, dislocations can form
when a certain critical thickness is exceeded. Very recently, the group of
Chueh et al.**! have demonstrated experimentally that CeO, films can be
coherently strained with film thicknesses of up to 2.7 nm, even at high
misfits of ~5%. They proposed a model where a ceria film continues to
grow in a 3D-island mode, which allows for additional strain relaxation.
As a result the critical thickness for the formation of dislocations is much
larger than expected in the reported films.

In another work by Sheth et al.*?, it was found that the substrate choice
has a considerable impact on the formation of dislocations. High densities
of dislocations were found in Pr-doped ceria on YSZ, while films grown
on sapphire showed only a small dislocation count.

2.2 Characterization of Strain at Heterolayer Interfaces
Understanding the details of an interfacial state requires a careful and

thorough experimental characterization. Various methods can be applied,
each one having its distinct advantages and disadvantages.
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2.2.1 X-Ray Diffraction based Techniques

One method that is commonly applied is X-Ray diffraction (XRD). XRD
is useful because it allows conclusions about the spacing of the crystal
lattices, and therefore gives some information about the lattice
mismatches, to be directly drawn from experimental data. Conventional
XRD using the Bragg-Brentano configuration yields information about
the out-of-plane lattice spacing; however, a distortion in out-of-plane
direction can give some hints about the total 3D strain states.

Reciprocal space mapping (RSM) is an X-ray diffraction technique that
gives information about the in-plane and out-of-plane components of the
lattice investigated; particularly well suited for thin films and multilayer
structures. A peak that contains information about both spatial directions
has to be selected, e.g. hkl = 113. In reciprocal space, strain will yield a
shift of the Bragg reflections of the reciprocal lattice points relative to the
substrate’s peaks. One limitation of this technique is the spatial
resolution. The spot size for micro XRD is usually 10 microns or bigger
with commonly available equipment. For the strain investigation in small
scale micro and nanodevices it would be necessary to go to a synchrotron
light source, where sub-micron spatial resolution can be obtained.

X-ray diffraction based techniques are the most widely used methods to
extract lattice strain information, e.g. Bragg-Brentano measurements by
the group of Hertz'® reciprocal space mapping by Lippert and
Pergolesi’ or by Sanna et al.”. These methods yield much information
and are easily accessible in many labs.

2.2.2 Raman Spectroscopy Techniques suited for Area and Phase
Analysis

While XRD relies on the measurement of cations position, Raman
spectroscopy allows us to measure direct anion-cation interactions and
therefore, allows us to also get insights into the defect chemistry.
Furthermore, it constitutes an alternative way of investigating strain

through the application of micro Raman spectroscopy™.
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Raman spectroscopy is a type of vibrational spectroscopy, where
vibrations in the samples are optically induced. A laser excitation is
scattered by the sample, resulting in both elastically and inelastically
scattered light. The elastically scattered light as the same wavelength as
the laser and is termed Rayleigh scattered. The inelastically scattered light
leaves the sample with a different wavelength and can come from a
variety of different processes. In this case we will focus on Stokes'
scattered Raman light.

In Raman scattering, an energy shift contains information about the
vibrational modes of the system under investigation. The vibrational
modes of a system are heavily dependent on the symmetry and bonding
conditions. For instance, if a material system has a cubic fcc structure like
ceria (space group fm3m) we can expect one single active Raman mode
related to the breathing O-Ce-O bond, since all space directions are
equivalent. If a system is under strain, this so-called degeneracy is lifted
since not all spatial directions are equivalent, see section 2.1. In this case,
we can observe a peak splitting of the Raman mode to an in-plane and
out-of-plane mode. This concept has been applied, for example, to
strained silicon™®, but is still rarely investigated for oxides and needs
further attention from a technical point of view. Importantly, the observed
shift of the Raman mode is related to the strain value. Since the bonds are
stretched and compressed their vibrational frequency changes, with a
redshift (shift to a smaller wavenumber) under tensile strain and a
blueshift (shift to a larger wavenumber) under compressive strain. The
magnitude of the shift can also be directly related to the magnitude of
strain. There are several ways of calibrating the frequency shift to a real
strain value. One can use experimental values obtained through applying
pressure with a diamond anvil cell and use these strain-shift-coefficients
to estimate the strain in the system. The other option is to use simulations,
e.g. DFT calculations, to establish a correlation between strain and Raman
shift. The third option is to solve a secular equation relating the frequency
shifts to strain, as detailed in Ref.""; however, this requires knowledge of
the phonon deformation potentials, which are only known for a few
material systems and not trivial to obtain.
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A pioneering work using Raman microscopy to map the strain in oxide
heterostructures was published by the Kreisel group™*. They
demonstrated the application of Raman microscopy with many different
excitation wavelengths to investigate an oxide heterostructure and probe
the strain within individual layers using optical effects, e.g. absorption or
resonance effects. Through this wavelength-dependent approach the
different monolayer (phase) contributions of the oxide multilayer could
clearly be maximized in the vibrational coupling with the Raman light,
and a multilayer with four different oxide phases was characterized at best
to our current knowledge.

One major advantage of Raman microscopy is the spatial resolution,
which is, depending on the excitation wavelength and the microscope
optics used, in the range of a few 100 nm. Importantly, this spatial
resolution can be used for mapping and is much smaller than what can
conventionally be achieved through XRD lab techniques. For mapping,
the laser is moved across the sample and creates a distribution map of the
chemistry of the sample. This can be for example used to investigate the
spatial distribution of chemical species in oxide-based microdevices.

Both XRD and Raman microscopy are non-destructive techniques and
can also be applied for process control, although one has to be careful that
the excitation laser in Raman microscopy does not induce changes due to
heating of the oxide material or imaging artifacts like fluorescence
disturbing the measurements (note that such effects are known for
zirconia oxygen ionic conductor depending on the incoming wavelength).

2.2.3 Transmission Electron Microscopy

Transmission electron microscopy (TEM) can also be used to investigate
thin films. This technique has some striking advantages over the
previously mentioned techniques. One is that it can be used for imaging,
so one can directly observe the heterostructure layers. Diffraction analysis
can also be used to study the crystallographic relations at very small
scales. The other techniques usually study the full extent of the thin film,
but with TEM the single constituents of the multilayer thin film stack can
be studied. A major disadvantage is that samples must be transparent for
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electrons, i.e. they need to be very thin. Such thin samples, so-called TEM
lamellas, can be prepared through the site-specific ablation with a focused
ion beam (FIB) and subsequent lift-out. Another option besides ion
etching is mechanical polishing of the sample to the desired thickness.
Very often a final thinning step employing ion milling is necessary.

2.2.4 Wafer Curvature Measurement and in-situ Growth Analysis
with Multi-Beam Optical Stress Sensors

Novel methodologies to gain a deeper understanding of film growth and
strain evolution are also developed, as exemplified by Fluri et al.” in the
Lippert team. They show the strength of a combined multi-beam optical
stress sensor (MOSS) and reflection high-energy electron diffraction
(RHEED) investigation. The measurement of stress with MOSS uses the
principle that the deposition of a stressed thin film bends the substrate,
and the resulting, so-called wafer curvature can be analyzed using
Stoney’s equation*'®. MOSS works through the projection of a regular
array of laser spots onto the substrate and measuring the evolution of the
relative distances between the spots, yielding the wafer curvature.
RHEED uses an electron beam at very small angles and the resulting
diffraction pattern can be correlated to the growth modes of the thin films,
e.g. island-type or layer-by-layer mode.

Thorough characterization of the samples is very important, since it is
hard to predict the interfacial states by the design of the experiments. All
methods are independent and complementary and a combination of these
methods will yield the most complete picture of the interfacial states and
is focused on in the thesis from a technical perspective.

2.3 Conductivity Modulation through  Multilayer
Interfaces

In order to modulate the defect and charge transport characteristics of a
multilayer system the two multilayer constituents have to be chosen
carefully. Both phases are under strain, whereby the first one is supposed
to have increased electrical conductivity under tensile strain, and the
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second one is expected to display decreased conductivity under
compressive strain. One possible approach is to choose one phase to be an
electric insulator, while the other one is a semiconducting phase. In that
case the insulating phase only serves the purpose to impose strain on the
conductor phase. If the relative difference of the conductivities is big
enough, one can use a model to describe the conductivity that only takes
one strain contribution into account namely the strain-modulated
conductivity of the conductor, into account, Figure 2.3.

The total conductivity of a material, in this case the conducting phase of
the multilayer, is a sum of the ionic and electronic conductivity, Equation
2.3.1.

Ototal = Oelectronic T Oionic Equation 2.3.1

The charge carriers involved can be either electrons or holes for electronic
conductivity (oeectronic) @nd for the present material systems either oxygen
ions or oxygen vacancies for the ionic conductivity (oinic), depending on
the defect chemical model used. In general, the conductivity is governed
by the number and the mobility of charge carriers, as displayed in
Equation 2.3.2 and Equation 2.3.3 for the electronic and ionic
conductivity, respectively;

Oelectronic = €oNeVe Equation 2.3.2
Oionic = qNV; Equation 2.3.3

where g, is the electron charge, n. is the number of electronic charge
carriers and v, is the mobility of the electronic charge carriers. q
represents the ionic charge, n; and v; are the number of ionic charge
carriers and the ionic mobility, respectively. This means a conductivity
modulation through multilayer interfacial influences has to be mediated
through a change of the charge carrier density or the charge carrier
mobility, respectively. For the case of oxygen vacancy conductivity, the
ionic conductivity can be written as
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Gionic = @) [Vo]v; Equation 2.3.4

where [V,;] represents the concentration of oxygen vacancies. The ionic
conductivity of a doped fluorite structure (where one can assume a fixed
number of charge carriers) can be rewritten as

-1 Yoi AHp; .
Oionic = (ZQ) [VO] VToexp <_ FTQ) Equatlon 235

AHpig stands for the migration enthalpy and kg for the Boltzmann
constant. We can merge the ionic charge, the charge carrier density and
the pre-exponential ionic mobility, vy, factor into one expression and
rewrite Equation 2.3.5 as

A —AHp; .
Ojonic = 703?517 (TTQ)' Equation 2.3.6

where A, is a preexponential factor that contains, for instance, the
concentration and charge of the charge carriers or the jump distance.
Those shouldn’t be modified substantially by strain, leaving migration
enthalpy as quantity that is modulated by interfacial strain.

For biaxial strain, the migration enthalpy can be expressed as

AHpig = AEpig — %UxxAVmig Equation 2.3.7

where AEqq is the migration energy, oy is the biaxial strain and 4Vyq is
the migration volume. The biaxial strain oy, can be defined as

1-2va-ag

Oy = 3B

Equation 2.3.8

1-v ag
B stands for the bulk modulus, v for Poisson’s ratio and a and a, for the
unstrained and strained lattice constants, respectively. AV is the
migration volume, and can be defined as follows:

aAGmig

AV,

ig = oers Equation 2.3.9

AGnig is the Gibb’s free energy of migration and P the applied pressure.
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2.4 Thin Film Deposition

The deposition method has large impact on the final state of the interface.
For ceramics, several methods for thin film deposition are established.
Spray pyrolysis has the disadvantage of crack or pore formation in the
films since the precursors are sprayed with organic solvents that require
thermal post-treatment*’’. The as-deposited films are often in an
amorphous state whereby the crystallization kinetics and defect formation
are challenging to control**®,

Deposition methods that are better suited to meet the requirements are
vacuum based physical vapor deposition techniques. Sputtering and
pulsed laser deposition (PLD) are commonly employed for the growth of
dense thin films and can also be done non-thermally. Molecular beam
epitaxy is a technique that allows the growth of atomically smooth films,
but requires expensive equipment. Another option that allows the growth
of monolayers is the vacuum based atomic layer deposition (ALD). Two
of the most used methods for thin film deposition are PLD and sputtering.
PLD offers some distinct advantages over sputtering**:
e  Almost every species of condensed matter can be deposited.
e Even for complex systems the desired stoichiometry can be
transferred to the substrate.
e The porosity can be controlled through the partial pressure
during deposition, which is particularly important to create
dense films for electric applications.

However, one major limitation of PLD is the limited area homogeneity
during deposition, resulting in scalability challenges for mass production.

The basic working principle of PLD is that in a vacuum chamber a laser is
directed onto a ceramic target that has the desired chemical composition,
see Figure 2.4. Very often the targets are polycrystalline. The laser beam
creates a plasma of the to-be deposited material, which is then directed
onto a substrate. During this deposition phase, a working gas has to be
introduced, to attain the correct stoichiometry. For most oxides O, is used.
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The substrate onto which the film is grown can be heated. For textured or
epitaxial growth it is normally required to heat the substrate.

Port with
quartz window Heater block

Substrate

>

Plasma
plume

Vacuum

chamber Rotating carousel

with ceramic targets

Figure 2.4: Working principle of a PLD system. A laser beam is directed
through a quartz window into a vacuum chamber onto a ceramic target. A
plasma plume is created and the material is deposited through the plasma
onto a heatable substrate. The deposition process of oxides is usually
carried out in an oxygen atmosphere.

The target materials required can be prepared from powders through
classic solid state ceramics synthesis and processing. Also, the powder
constituents for target preparation can for example be synthesized from
the nitrates using Pechini synthesis. Conventionally, the powder is then
pressed, preferably also isostatically, and subsequently sintered to obtain
dense pellets as PLD targets.
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3 Materials and Defect Chemical Models for
Multilayers

In this work, a multilayer design is being employed which is composed of
three constituents: the substrate, the conductor and the insulator. The
conductor transports all the charge carriers, which will be modulated
through strain, while the insulator only serves the purpose to impose
strain on the conductor. The substrate is the platform on which the device
will be grown.

3.1 Material for the conducting phase of the Multilayer

Gadolinia-doped cerium oxide with a doping concentration of 10% was
selected as conductor for the multilayers. It has a simple face-centered
cubic fluorite type structure with the chemical formula R,Ce;.4O,.; where
R represents trivalent doping cations It is a very well characterized model
system and its defect chemistry is well understood. Besides that, it has
some distinct advantages over other ionic conductors. Doped and
undoped ceria have considerable phase stability over a wide range of
temperature and atmospheres'®. If ceria is being reduced, it compensates
the negative charge by introducing additional oxygen vacancies, see

Equation 3.1.1 for representation in Kroger-Vink notation*?,

2Cef, + 05 = 0,(gas) + Vs + 2Ceg, Equation 3.1.1

Extrinsic doping is often used to establish a well-controlled defect
concentration, e.g. through addition of trivalent dopants such as Gd,0Os,
see Equation 3.1.2.

Gd,0; = 2Gd¢, + V5 + 307 Equation 3.1.2

Using doped ceria allows for good control over the number of defects in
the system. Different trivalent dopants can be applied, and depending on
the cation radius, a different maximum ionic conductivity can be
obtained, with Gd** and Sm** yielding the largest enhancement of ionic
conductivity*?. There is also an optimum dopant concentration for the
highest oxygen ionic conductivity for a given solid solution. An increased
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density of defects leads to rising of the conductivity, but above a certain
threshold, of around 10 to 15 mol% trivalent doping in ceria, the
conductivity is reduced due to defect clustering of oxygen vacancies with
the dopant cation, see Ref.'® for details.

Ceria is described as a mixed ionic-electronic conductor, with oxygen
ionic and n-type conductivity. However, without extrinsic doping the
ionic conductivity is negligible for most applications'?.

Besides doping with trivalent cations, further reduction of ceria can
introduce additional defect in the form of excess electrons, which can
raises the electronic conductivity through the increased defect density. A
reduction to Ce,03, where the Ce,O3 unit cell can be constructed by 8
Ce02 unit cells*®, for example the band gap by impressive ~ AleV*#12°,

3.2 Material for the insulating phase of a Multilayer

The insulating phase needs to be cubic, same as the conductor phase, to
ensure epitaxial growth or good commensurability of the multilayers. It
should have a lattice constant that is close to the lattice constant of
Gdo1Ceq 0,5 to stay in the elastic strain regime and to obtain coherent
interfaces. The insulator needs to have a phase stability that is comparable
to the conductor and no intermixing should occur. Most importantly, its
electric conductivity should be several orders of magnitude below the
conductivity of the conductor to ensure that all current flows through the
conductor of the multilayer in a defined and describable manner.

Most rare earth sesquioxides are suitable candidates to serve as the
insulating multilayer phase. For the present work it was carefully
analyzed that among the sesquioxides Er,0O3; is a good candidate with
respect to the above-mentioned requirements. It can induce a coherent
interface based on lattice mismatch to the ceria-based second phase, and
is an inactive electric conductor. For a more detailed lattice mismatch
analysis of various material couples we refer to our analysis of considered
materials in Table 3.1.
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Based on careful literature review we were the first to make
Gdo1Ceq0,.5/Er,0;s multilayers, based upon the best mismatch
conditions and the conducting properies of Gdy1Cey90,5 and the
insulating properties of Er,O;. The Raman signatures of both materials
were also considered to facilitate probing via Raman spectroscopy later.
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3.3 Material Selection for Strained Multilayers -
Electronic Contributions to the Total Conductivity

In addition to ionic contributions, the material's electronic contributions to
the overall conductivity need to be carefully considered. Er,Os is an
electronic and ionic insulator, like most rare earth oxides, except for
praseodymium and terbium oxide, which exhibit some semiconducting
properties*?®. Doped ceria is a predominant ionic conductor under most
environmental conditions (intermediate to high oxygen partial pressure
range); therefore, it is also commonly used as solid state electrolyte, e.g.
in solid oxide fuel cell applications®. However, in thin films, interfacial
effects can lead to a chemical reduction and thereby induce electronic
conductivity. An O tracer experiment was carried out for the systems
YSZ/Sc,0,”° and YSZ/Y,0;* It was found that the change in
conductivities is equal or less than the change in diffusivities, leading to
the conclusion that the contribution of electronic conductivity to the total
conductivity is negligible, since only ionic transport is measured in a
diffusion experiment.

A fully reduced interface of ceria was found by Song et al.'**® for the
material system ceria/YSZ but no conductivity measurements were
carried out in this study. Another study by Cavallaro et al.*®® revealed
electronic conductivity by oxygen partial pressure dependent
measurements for the material system SrTiOs/YSZ. It is to be concluded
that studies looking at the ionic vs. electronic contributions for strained
multilayers are still rare in the field and require attention. When
describing systems that operate under conditions where defect chemical
models are not well established, e.g. at room temperature and under high
electric fields, one should also take potential electronic contributions into
account.

Ruiz-Trejo and Maier have found that in single crystalline samples of
reduced, gadolinia-doped ceria at low temperature (room temperature to
110°C), the electronic conductivity is orders of magnitude larger than
ionic conductivity*®. The same holds for reduced, polycrystalline
gadolinia-doped ceria in the temperature range of 25 °C to 100 °C**!,
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3.4 Substrate

The method of sample preparation requires a substrate onto which the thin
films are going to be deposited. The substrate has to fulfill many criteria:

It needs to be electrically insulating.

It has to provide the necessary crystallographic prerequisites for
textured growth.

It has to have a thermal expansion coefficient close to the thin
film materials to allow deposition at elevated temperatures.
There should be no interdiffusion between the materials.

The substrate material shouldn’t diffuse into the deposited thin
films.

CMOS compatibility is advantageous.

Preferably, it should be inexpensive.

A commonly used substrate is sapphire, which fulfills almost all of the
abovementioned criteria. The only criterion that is not covered is good
CMOS compatibility, since the semiconductor industry is heavily
dominated by silicon. The other option would be the use of silicon, but
the requirements of electric insulation and crystallographic compatibility
would require the coating of the silicon surface with several buffer layers,
e.g. TiN for lattice constant matching.
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4  Controversy

Analyzing the experimental and computational work on interfacial strain
in the field of solid state ionics there is controversy about the influence of
strain on conductivity. Some studies report colossal changes of ionic or
total conductivity with respect to strain imposed in a multilayer structure,
others report negligible changes. Differences in materials, sample design,
microstructure and fabrication methods could be responsible for this
disparity in results, but we want to summarize some of the results:

The review paper by Korte et al.>” organized experimental studies with
respect to sample design and has proposed to classify them in 3 classes,
being strain controlled, surface controlled and space charge controlled
systems, see section 2 for additional information. They also provide a
comprehensive theoretical treatment. Concluding, they find that strain
influences ionic conductivity at maximum by one order of magnitude.
Blocking effects of grain boundaries might counteract an enhancement of
the ionic conductivity; therefore, only samples of a similar microstructure
can be safely compared.

One study investigating the influence of microstructure on layered
systems was carried out by Pan ez al.'*?. The authors deposited 2 sets of
20% Sm-doped ceria/Al,O; multilayer systems. One was deposited at
room temperature, so-called “non-textured” and one was deposited at
high temperature, so-called “textured”. The non-textured samples had a
high density of randomly oriented grain boundaries while the textured
samples showed a columnar microstructure. It was found that in the non-
textured samples an increase of conductivity could be observed with an
increasing density of interfaces and the opposite behavior was observed
for the textured samples. They attribute this behavior to the fact that
disordered, interfacial regions have a lower conductivity than the textured
bulk and therefore, a higher number of interfaces decreases the total
conductivity. The opposite trend is observable for the non-textured case,
where they attributed the increase in total conductivity with increasing
number of interfaces to an increased portion of high defect density
regions and fast oxygen ionic pathways.
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However, it has to be mentioned that no strain was observed in this study.
This is probably caused by the use of polycrystalline substrates.
Comprehensive studies connecting interfacial lattice strain and
microstructure are still missing. The group of Janek discussed the effect
of a columnar microstructure with grain boundaries on strained
interfaces™, but not every work published in the field looks at
microstructural features, making comparisons between the works
challenging.

It is also very important to consider the electrical contacting strategies
used to measure electric transport in the strained multilayers. One strategy
is sideways contacting, where the electrodes are placed at the sides of the
thin film or multilayer stack. This bears the advantage that the electrodes
can capture all internal interfaces. However, it has to be kept in mind that
the interfaces are nanoscopic and the contacting method should be
suitable. The other option is contacting through top electrodes, which
might have the disadvantage that the electric field lines do not penetrate
through the whole film. Also, the interface between the different materials
in a multilayer system might block charge carriers. An advantage of the
top electrode configuration is that it is easy to fabricate.

Some works have also discussed the influence of extended defects, i.e.
dislocations. It was found that dislocations in oxides are not fast
conduction pathways; another finding was that formation of defects is
preferred at dislocations™'®. They are easy to reduce, but do not enhance
oxygen ionic mobility'®. However, no systematic investigation has been
carried out so far. No widely accepted model to capture all these factors
and use it to explain interfacial effects on conductivity for ionic materials
has been proposed. Also not all factors that play a role, e.g.
microstructure, have been investigated and disclosed in the published
literature.
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5 Aim and Outline of the Thesis

The aim of the thesis is to design and investigate strained ionically
conducting multilayer oxide structures as constituents for novel strained
memristive devices. The hypothesis is that strain at the interfaces of the
multilayers can be actively used to alter ionic and/or electronic charge
carrier in a conductive phase constituent over a wide range. These
considerations are used to influence the current-voltage profile in own
designed and operated memristive device bits.

It was previously shown, experimentally, that strain modulation of the
ionic conductivity of fluorite structure oxides is particularly pronounced
at lower temperature, hence it was deemed to be a promising approach to
use interfacial strain as a design tool for the room temperature application
of microelectronics. So far, only very limited material design tools have
been applied in the fabrication of memristive devices and novel ways to
control relevant properties, like charge carrier mobility, distribution and
density. These are focused to affect memristance in a systematic manner
through this thesis.

In this work, the material system Gdg1Ceq0,.5/Er,Os; was selected as
model material system for strained multilayers as potential new strained
memristive devices:

Part Il aims at obtaining a fundamental understanding of the multilayered
material system Gdg;Ceq0,.5/Er,03, with the conductive Gdg1Ceqq0,.5
phase being under compressive strain. New microfabrication routes to
make microdots out of multilayers and detailed Raman microscopy for
strain analysis are explored for this novel device type. Contacting
strategies were reviewed and a suitable sideways attached metal electrode
contacting strategy established for this type of microdot multilayer
device. This allows capturing and modulating of real strain states at a
small electrode separation.

Part Il builds up on the achievements presented in part 11. A considerable
decrease in microdot device size is demonstrated. This is a requirement
for operation as new memristive devices, since a high electric field
strength is necessary. The interfacial strain states are probed with HR-
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TEM and Raman microscopy. Raman microscopy is also used to obtain
chemical device maps of the microdots and DFT computations are
employed to analyze the data obtained through Raman microscopy. The
effect of the multilayer-modulated strained interfaces on the current-
voltage response was investigated with cyclic voltammetry. It was found
that the ionic and the electronic conductivities are modulated by strain
and interfacial effects. This part successfully demonstrated a new concept
that can be employed for the modulation of the Rq/Rq, ratio and the
persistence of the system and ultimately a new type of strained
memristive device for memory and computing architectures.

Part IV tries to answer a very fundamental question, which arose in the
course of this thesis: Why do memristive oxide devices with a totally
symmetrically aligned electrode/oxide/electrode unit, show non-linearity
and asymmetry in their hysteretic current-voltage response?

Memristive devices with symmetrically aligned electrodes are fabricated
where we successfully define both electrode interfaces as similar, which
is important for the available defects at the interfaces and within the oxide
compound; this was only possible by this unique symmetric in-plane
multilayer dot architecture as at the same time small electrode distances
need to be granted to allow resistive switching. Through making such
model resistive switching structures with symmetric electrode-substrate
and electrode-air interfaces one can study the pure effect that
electroforming at different polarities has on resistive switching. Here, an
artificial "electrochemical" symmetry break is introduced to learn how the
switching is modulated with respect to polarity and magnitude. Studying
the influence of asymmetry on the memristive response in more detail
allows us to look closer on the electrochemical response and defect
chemistry. This thesis chapter confirms that electroforming at different
polarities yields current-voltage profiles with an exact mirror plane at
zero volt. This is an exciting finding that has impact on future designs of
memristors for bit and multi-bit structure applications employed for
memories and higher non-binary computing architectures.

Part V summarizes the findings of this thesis, reflects on discussions in
the literature and proposes a path for a future continuation of this work.
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PART Il
A Microdot Multilayer Oxide
Device: Let Us Tune the Strain-
lonic Transport Interaction

Contents of this thesis chapter are published as research paper entitled
A Micro-Dot Multilayer Oxide Device: Let’s Tune the Strain-lonic
Transport Interaction

by Sebastian Schweiger, Markus Kubicek, Felix Messerschmitt,
Christoph Murer and Jennifer L.M. Rupp

at ACS Nano, 8, 5, 5032 (2014)

Adapted with permission from ACS Nano 2014 8 (5), 5032-5048, DOI:
10.1021/nn501128y). Copyright 2014 American Chemical Society.
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6  Abstract

In this paper, we present a strategy to use interfacial strain in multilayer
heterostructures to tune their resistive response and ionic transport as
active component in an oxide-based multilayer micro-dot device on chip.
For this, fabrication of strained multilayer micro-dot devices with
sideways attached electrodes is reported with the material system
Gdo1Ceq 0, 5/Er,05. The fast ionic conducting Gdy1Cey90, 5 single
layers are altered in lattice strain by the electrically insulating erbia
phases of a micro-dot. The strain activated volume of the Gdg1Ceq 90, ;5 is
investigated by changing the number of individual layers from 1 to 60
while keeping the micro-dot at a constant thickness, i.e. the proportion of
strained volume was systematically varied. Electric measurements
showed that the activation energy of the devices could be altered by
A0.31 eV by changing the compressive strain of a micro-dot ceria-based
phase by more than 1.16%. The electric conductivity data is analyzed and
interpreted with a strain volume model and defect thermodynamics.
Additionally, an equivalent circuit model is presented for sideways
contacted multilayer micro-dots. We give a proof-of-concept for micro-
dot contacting to capture real strain-ionic transport effects and reveal that
for classic top-electrode contacting the effect is nil, highlighting the need
for sideways electric contacting on a nanoscopic scale. The near-order
ionic transport interaction is supported by Raman spectroscopy
measurements. These were conducted and analyzed together with fully
relaxed single thin film samples. Strain states are described relative to the
strain activated volumes of Gdg;Cey90,_5 in the micro-dot multilayer.
These findings reveal that strain engineering in microfabricated devices
allows altering the ionic conduction over a wide range beyond classic
doping strategies for single films. The reported fabrication route and
concept of strained multilayer micro-dots is a promising path for applying
strained multilayer oxides as active new building blocks relevant for a
broad range of micro-electrochemical devices, e.g. resistive switching
memory prototypes, resistive or electrochemical sensors, or as active
catalytic solid state surface components for micro-fuel cells or all-solid-
state batteries.
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7 Introduction

Lattice strain engineering is being discussed as a new route for tuning
material and device properties in metal oxide films through the
manipulation of mass and charge transport. Such films could be employed
to improve contemporary metal oxide based devices for next generation
energy storage and conversion or for new memristive memory and logic
devices. For example, the field of nanoionics considers the fabrication
and control of ionic and electronic migration by internal interfaces in
heterostructures as a promising alternative to classic doping in metal
oxides. This is realized by thin film heterostructures where a conventional
metal oxide is replaced by repetitions of two oxide materials of varying
electric transport and band structure characteristics. At each oxide film’s
interface variations in the interatomic distances, space charge, and local
chemistry result. Since these are artificial thin film structures, size effects
(defined by the total volume of the strained or space charged interface
regions) provide a new degree of freedom in tuning the resistive and
capacitive contributions. The range through which these parameters can
be varied is also far broader than can be achieved for a single metal oxide;
in particular because of the difference in the electronic structure at the
interface which influences all mobile defects, namely electrons, holes,
oxygen vacancies and ions. Classic examples of purely ionic (or mixed
ionic electronic) conducting heterostructures are metal oxide films
composed of an insulating metal oxide such as SrTiOs, Al,Os, or RE,;O4
with RE=Y, Sc or Lu, and an ionic conductor such as doped CeO, or
ZrQ, 08566757 - The total jonic conductivity, which predominantly
originates from the small band gap oxide phase (i.e. the ceria or zirconia-
based phase), depends on the ionic defect migration and association
energies and its oxygen vacancy concentration. These can be actively
tuned through the imposed compressive or tensile strain of the insulating
phase on the ionic conducting phase. Local variations in the near cationic-
anionic order such as changed bond strengths as well as bond breaking
and re-formation may happen at a strained interface.

The first computational studies revealed that strain at interfaces influences
the migration energy barrier for oxygen diffusion™****. First experiments
by Sata® gave a proof-of-concept for conductivity engineering using
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artificial BaF,/CaF, heterostructures. Azad et al®® showed an increase in

the ionic conductivity of one order of magnitude for gadolinia-doped
ceria/zirconia heterostructures with an increasing number of interfaces
from two to sixteen at a constant film thickness (for 350°C). This was
confirmed by a recent study of Sanna’ reporting a one order of
magnitude increase in ionic conductivity and a decrease in activation
energy by A0.33 eV when increasing the number of interfaces from 1 to
19 at constant total film thickness. Garcia-Barriocanal even reported a
strong increase of conductivity by eight orders of magnitude for the
heterostructure SrTiOg/Yttria-stabilized Zirconia (YSZ)%®. This work
triggered great interest in the field; however, the results have been
debated®**. Yildiz** and De Souza®®’ concluded from computational
results that the increase of conductivity due to strain in a SrTiOs/YSZ
heterostructure reaches a theoretical limit at 3 to 4 orders of magnitude.
Systematic manipulation of compressive vs. tensile strain imposed on
conducting YSZ phases for heterostructures composed of the materials
Y,0,/YSZ, Ca-stabilized-Zirconia/Al,03, Sc,05/YSZ and Lu,03/YSZ
was thoroughly investigated in model experiments by Janek, Korte and
co-workers®**H737>7 1t was reported that variation of the lattice misfits
up to 3% tensile strain acting on the YSZ phase of the heterostructure
substantially increased ionic conductivity; whereas the opposite trend (a
respective decrease of conductivity) was measurable for -4% of
compressive strain.

It can be concluded that several reports highlight the potential to change
the transport properties in ionic-conducting heterostructures over a
broader range when compared to single constituent materials. It is
important to note that classic extrinsic doping in ionic conductors hardly
modifies the overall ionic conductivity of zirconia or ceria by more than
one to two orders of magnitude, for details see Rupp***** and Omar'®.
Despite the promises of the first results the fundamental issue is how
much the ionic conductivity of a fluorite-type oxide can be altered
through lattice strain in a heterostructure. The hope for a new generation
of electrochemical micro-devices stems from the ability to manipulate the
strain-ionic transport interaction in metal oxide heterostructures.
Nevertheless, up to now electrochemical micro-devices; e.g. fuel cells,
sensors, batteries or memristive switches**! which use strained metal
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oxides as functional building blocks simply do not exist. In order to
implement ionic heterostructures in commercial applications, an
understanding of the strain-related near order changes and ionic transport
are a basic requirement. New microfabrication routes to efficiently access
the strain modulated resistive and capacitive volumes of the ionic
conducting phases in the heterostructures need to be envisioned for new
micro-device prototypes and are discussed throughout this work.

7.1 What is Critical for Electric Contacting Strategies
on lonic Heterostructures?

The questions requiring attention in order to implement strained ionic
heterostructures as functional materials in micro-device concern both the
control over the near order interfacial states and new device fabrication
routes to access the strained oxide volume’s resistive and capacitive
contributions for measurements.

Near order interfacial states of strained ionic heterostructures; First,
there is a debate on the magnitude of ionic conductivity enhancement for
compressively and tensely strained ceria- and zirconia phases in
heterostructures in literature. In some cases a strong increase is observed
whereas in others no effect is measured for a similarly strained
heterostructure oxide material and volume, see Santiso and Burriel** or
Kilner™® for details. In this sense, we believe that a critical aspect in
comparison of the experimental results is the electrode arrangement and
fabrication relative to the strained volume fractions and interfaces of the
heterostructure oxides. Conventionally, electric transport/capacitance is
measured in a 2- or 4-point electrode arrangement. Some authors apply
the electrodes towards the sides of a grown multilayer on a single
crystalline substrate via paste and wire macroscopically®*#®. In that case
the electric field lines are along the interface (parallel to the internal
interfaces). Nevertheless it remains within the uncertainty whether all
strained volume fractions of the heterostructure (down to a few nm in
single layer thicknesses) are effectively contacted by this rather
macroscopic contacting method. In other cases electrodes were deposited
by metal sputtering on top of the heterostructure”**** It is important to
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note that here the electrodes are applied parallel to the strained interface.
For the case that one heterostructure phase dominates in fast ionic
conduction the electric field lines may be completely restricted to the top
single layer and blocked at the insulating phase. Regardless of the
effective strain acting on the ionic conducting phase, only the closest
ionic conducting single layer to the electrode may contribute to the
overall transport and the biggest fraction of the strained volumes would
be missed in its contribution to total conduction.

Second, calculations of strain at the ionic heterostructure interfaces are
based on classic long-range cationic structure determination tools like
XRD' or electron microscopy** where anionic lattice positions are
calculated but not physically measured. Interestingly, Korte measures
inconsistencies in the remaining lattice strain of a single layer with
respect to its thickness by XRD®. The authors concluded that the
effective strained volumes contribute to the total oxygen ionic transport
measured, however, structural modulations at the interface could not be
resolved by XRD.

Our emphasis is on introduction of Raman spectroscopy as a new tool for
systematically investigating changes in anion-cation bond strength with
respect to strained volume fractions in ionic heterostructures. The anion-
cation bonds are crucial for the ease of oxygen ionic hopping and can
even directly be correlated in Raman spectroscopy via computational
tools, e.g. DFT*®, to changes in migration and association energies.
Recently, Raman spectroscopic studies on strain-transport interaction
were reported for single metal oxide films with ionic bonds, i.e. for
ceria®®® or LaCoO3 5**°. Raman spectroscopy is also commonly used to
characterize strain states in covalently bonded semiconductors like Si**®,
GaN™’, or graphene’*®. However to the best of our knowledge Raman
spectroscopy studies on ionic conducting heterostructures are still missing
in the field.
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7.2 First Electrochemical Microdevices based on
Strained lonic Heterostructures?

To date the fundamentals of strained heterostructures have not been
elucidated for electrochemical micro-devices. In particular, resistive and
capacitive contributions could be altered and triggered over broader
ranges and carrier diffusivities and device switch times for different states
may be accessed over broader ranges than with classic materials.
Interestingly, the majority of reports in the field envision heterostructures
as new fast conductive electrolyte materials for micro-solid oxide fuel
cells®®214° gperating at intermediate temperatures (=400°C). But, if we
carefully analyze literature one can conclude that the difference in
conductivity and diffusion coefficient modulation with respect to strain
substantially increases for decreasing operation temperature of the device
(see e.g. Ref.** for a computational study and for experimental evidence
Refs.”"*#) Therefore, we shift our focus to the new area of memristive
information memories and logics and suggest implementing ionic
heterostructures as new  building blocks for  modulating
resistive/capacitive contributions of the switches through manipulating
the interfacial lattice strain (operating at room temperature), see Ref.'*’.
Such devices generally consist of a metal / metal oxide / metal structure.
It is imperative to operate the resistive switch with electrodes at small
distances, since high local electric field strengths (of the order of > 10°
V/m) are required to observe non-linear hysteretic current-voltage
profiles®.

We suggest replacing the current state-of-the-art single phase metal oxide
building block with a multilayer heterostructure made of two metal oxides
(A and B) stacked in a repetitive manner (i.e. A-(B-A),-B) with strained
internal interfaces for new types of redox-based resistive switches'**. The
memristive and hysteretic current-voltage characteristics depend on
carrier flux. Different resistances can be assigned to binary (or multilevel)
states which can be used for digital information storage in new memory
devices®. Oxide-based resistive switches are a promising alternative to
Dynamic Random-Access Memory (DRAM) and non-volatile flash
memory used in today’s computing and portable data storage devices due
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to increased ns-speed operation and low write voltages. These resistive
switches could also be used as logic devices and even allow for stacking
of multi-terminal cross-bar arrays which is superior to classic transistor
based lateral stack concepts???151%8 |n the present paper strain
engineering of oxide multilayers is suggested as new strategy to
manipulate the properties of metal oxide films. The first strategies to
realize such devices in the micro-scale are demonstrated and discussed.
Through this approach resistive and capacitive properties of the
multilayer oxide can be manipulated by far more than with classic doping
in single films. For this, the two metal oxides Gdy1Ce90,_5 and Er,03 as
constituents of the sideways contacted multilayer micro-dots were
selected for implementation as the first future strained resistive switching
prototypes. Gdg1Ce90, 5 Was chosen, since it is a well-studied model
material under strain as single phase. In addition, first reports on non-
strained ceria-based resistive memories have been reported’****. One
may also highlight that the new structuring concept of the heterostructure
micro-dots may also be implemented in other electrochemical chip
devices such as resistive sensors or catalytic active surface electrodes for
batteries or fuel cells.

To this end, we develop a micro-dot device structure for which we
establish a new fabrication route to allow for "sideways" and micron-scale
contacting of strained multilayer Gdg1Cey90,5/Er,O3 dots. Unlike
traditional means for varying the resistive characteristics of the metal
oxide film by doping, we demonstrate in this study that large changes in
the resistive characteristics can be obtained by tuning the interfacial
multilayer lattice strain of micron-sized dots in a micro-electrochemical
device. Through a variation of the number of multilayer interfaces and the
single layer thickness, compressive strain is imposed on the ionic
conducting ceria-based phase by the electrically insulating phase of erbia.
Lattice strain states are measured for the Gdy1Cey90,_5 and Er,O3 layers
within the heterostructures conventionally by XRD and also by Raman
spectroscopy as a new approach for characterizing the near order via bond
strength changes down to single layer thickness of several nm for
heterostructures. We discuss the role of compressive lattice strain, and
near order changes with decreasing single layer thicknesses ranging from
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275 nm down to 3 nm (GdyiCere0,5) and 7 nm (Er,O3) on ionic
conductivity for Gdy 1Ce 40, 5 /Er,O3 multilayer oxide dots. Furthermore,
we elucidate the importance of the newly proposed contacting strategy at
micro-distances (vs. conventional top electrodes) for strained ionic
conducting multilayers over the sides of the micro-device. We also give a
proof-of-concept for the electrode design to capture real strain effects in
transport. This work presents the first strain-resistance modulation
characteristics of heterostructure oxide dots in a micro-device on a chip
and provides a basis for a new type of resistive switch.
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8 Methods

8.1 Material Synthesis

Gdo1Ceg 90,5 and Er,Oz single thin films and multilayer thin films
composed of the two oxide materials were synthesized in this study.

The thin films were deposited on round single crystalline, double-side
polished (0001)-oriented sapphire substrates (Stettler company,
Switzerland) by pulsed laser deposition (PLD, Surface Technologies,
Germany; KrF excimer laser, 248 nm). Deposition was established at 60
mJ per pulse at a repetition rate of 10 Hz for a substrate to target distance
of 8.5 cm. After reaching a background pressure of 4x10° mbar, the films
were deposited at 700°C and 0.0267 mbar O, pressure. In this study a
constant film thickness of 275 nm was aimed for all samples (single films
and multilayers). This corresponds to 14000 pulses for the Gdg1Ceq 0,5
single film sample, 21000 pulses for the multilayer heterostructure
samples and 26000 pulses for the Er,0O5 single film sample. Subsequent
profilometer measurements Dektak XT Advanced profilometer (Bruker,
Germany) and SEM cross-sectional analysis were used to verify the
constant film thickness within an error of 10% throughout this study. For
the multilayer PLD depositions repetitions of Gdg1Cep90,5 and Er,05
single layers were deposited on the sapphire substrates. The single layer
thickness of either Gdy 1Ce 90,5 or Er,O3 was varied from 280 (255) to 7
(3) nm while the overall film thickness was kept at constant 275 nm. As a
consequence, the number of Gdg1Ceq90,_s/Er,O3 interfaces varied from 5
to 59 within the films; corresponding to a number of single layers of 6 to
60 in the multilayer structures, also denoted as (Gdg 1Ceq90,_s/Er,03)x3 to
(Gdg1Ce 90, s/[Er,03)x30. Substrates were always cleaned in an
ultrasound bath with acetone, isopropanol and deionized water prior to
film deposition.

Ceramic targets for the pulsed laser deposition, Gdy1Cey90,_5 (Praxair,
Woodinville, WA) and Er,0; (Sigma-Aldrich, Switzerland), were
processed from powders. The targets were uniaxially and then
isostatically pressed (440 bars for 2 min) from powder, heated to 1650°C
(Er,03) / 1400°C (Gdg1Ceq 90, 5) at 5°C/min, isothermally held for 24h
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(Er,03) / 4h (Gdo1Cep90,5) and then cooled at 5°C/min to room
temperature. The target phases were characterized by X-ray Diffraction
(Bruker D8, Cug,).

8.2 Micro-device and Electrode Preparation -
Lithography and Microfabrication

In this experimental part sideways attached electrodes were designed and
microprocessed to measure conduction properties along the strained
multilayer interfaces for small electrode distances of 15 microns, see Fig.
6. Two challenges had to be considered in the planning: First, multilayers
with variable number of interfaces had to be etched under an angle of
roughly 80° towards the substrate to subsequently deposit metal
electrodes that contact all single layers and strained interfaces over the
sides of the micro-device. Next, a 2™ lithography step was required to
allow for electrode depositions at 15 microns distance and an overlap of
roughly 2 microns between the top of the multilayer film and its side
flank. It is to be noted that we report a new micropatterning route for the
fabrication of sideways electric contacting of strained multilayer oxides
with small scale micro-electrodes.

In the following we detail the experimental fabrication steps for the small-
scale "side-plane” micro-electrodes, see schematic in Fig. 6. All steps
were carried in an ISO class 4 cleanroom. Multilayer thin films on
sapphire samples (Fig. 6a) were subjected in a first step to the shaping of
the side flanks and top film area. For this, a foil mask (Selba,
Switzerland) and AZ 1518 positive photoresist (Microchemicals,
Germany) were used in a 1% photolithography step: the photoresist was
spin-coated onto the sample surface at a rotation speed of 4000 RPM for
30 seconds and baked at 100° C for 120 seconds. The samples were then
aligned (Karl-Suss MJB3 mask aligner) and exposed through a foil
lithography mask to broadband ultraviolet light with a dose of 74 mJ/cm?
(Fig. 6b). The pattern was developed using MIF 726 developer
(Microchemicals, Germany). After the first pattern of regularly
distributed photoresist islands was made on the samples the ceramic thin
film was dry-etched using argon ion (Ar*) sputtering (Oxford Instruments
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Plasmalab 80) (Fig. 6¢). Subsequently, the remaining photoresists was
removed using acetone. In order to get well defined electrodes a 2"
photolithography step similar to the first one was done using AZ nLOF
2070 (1:0.4) negative photoresist (Microchemicals, Germany) The
samples were spinned at a speed of 4750 RPM for 45 sec, then softbaked
at 110°C for 90 sec. The second photoresist pattern was aligned over the
ceramic micro-dots by visual alignment overlapping 2 microns with the
help of alignment marks. Then they were exposed to a light dose of 210
mJd/cm? and subsequently the photoresists was subject to another heating
step at 110°C for 180 sec (Fig. 6d). Finally the pattern was developed
using the MIF 726 developer.

In the last step metal electrodes constituting of Ti 25nm/Pt 150 nm were
deposited via electron beam evaporator (Plassys MEB 550, France).
Ultimately, the samples were soaked in acetone until the remaining
photoresist was stripped off, as determined by visual inspection. The
height profile of the micro-dot island was investigated by optical surface
profilometry (Sensofar Plu neox, Spain).
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Figure 8.1: Schematic thin film and microfabrication process flow for
Gdo1Ceg90,_s/Er,05 multilayer micro-dots. a) Laser ablated multilayer
thin film on an oriented sapphire substrate. b) A pattern of photoresist
dots was structured on the surface (1* positive photolithography step). c)
Ar” sputtering was applied to 3D-shape the multilayer thin films. d)
Photoresist pattern for electrodes are shaped (2" negative
photolithography step) e) Pt metal contacts deposition on the side walls of
the single and multilayer thin films. The dimensions are not to scale.

275nm

8.3 Chemical and Structural characterization

The as-deposited single and multilayer films were characterized by X-ray
Diffraction (Bruker D8) at a Cu K, wavelength. Raman spectroscopy was
performed using a confocal WITec CRM200 Raman microscope
instrument equipped with a 532 nm wavelength laser for excitation and a
spectral resolution of 0.7 cm™. Fitting was done by OriginPro 9.1 using a
Gaussian function. The error of the fit ranges from 0.14 to 0.017%. One
fit is depicted exemplarily in Fig. 3b. Materials were characterized with a
scanning electron microscope (SEM, LEO 1530, Germany) to analyze the
microstructures.

8.4 Electric characterization

DC 4-point electric conductivity measurements of the thin film micro-
device structures were performed in air using the Keithley 2601B
multimeter for Kinetic measurements with applied DC voltage amplitude
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of 1 V. The thin film micro device structures were contacted with tungsten
microprobe tips in a custom fabricated microprobe station (Everbeing,
Taiwan and Electrochemical Materials ETH Zurich, Switzerland) with a
sealed air atmosphere environment, equipped with stereomicroscopy. The
temperature was varied during the measurements between room
temperature and 585°C at heating/cooling rates of 5°C/min. To get kinetic
reference data measurements were done on bulk pellets contacted by Pt
paste and wire in a tube furnace. The temperature range was from room
temperature to 1000°C with heating/cooling rates of 5°C/min.
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9 Results and Discussion

9.1 Fabrication of Strained Oxide Micro-Devices on a
Chip

Microscopy images and schematics of the micro-device structures
consisting of strained multilayer Gd, 1Ceq 0,5 /Er,03 thin film dots with
pairs of sideways Pt contacts arranged in an array are presented in Figure
9.1. The light microscopy top-view shows the successfully fabricated
array of Pt electrode pairs contacting a strained multilayer
erbia/gadolinia-doped ceria dot at low magnification (Figure 9.1a). At
higher magnification, a free etched erbia/gadolinia-doped ceria multilayer
dot structure is visible as a square shaped area with an edge length of ~15
pum in interference colors arranged between two Pt electrodes (Figure
9.1b). Laterally resolved Raman spectroscopy was used to verify that the
structured multilayer films were completely free-etched dots with no
remains on the substrate. For this, the characteristic vibrational modes
with respect to the spot on the chip were analyzed as detailed in
Supporting information 23.1. A requirement of this work is to deposit and
shape Pt micro-electrode pairs which allow for electric contacting of each
multilayer film island structure along all of its strained interfaces and at
short electrode distances, see schematic in Figure 9.1c. For this, a regular
pattern of Pt electrodes was deposited onto the free-etched multilayer film
islands. The Pt electrodes overlap the island so that the metal contacts the
multilayer thin film island at its sloping side walls (Figure 9.1b:
schematic, Figure 9.1d: 3D optical profiles). A SEM image of the
multilayer film’s cross-sections is shown in Figure 9.1e. For the image
recorded with the backscatter detector the different single layer phases of
the multilayer oxide film can be visualized by their difference in atomic
mass. Here, bright contrast refers to the more strongly backscattered
electrons of the heavy erbium-oxide single layers and darker ones to the
lighter ceria single layers. The selected multilayer shows a thin film with
290 nm in total film thickness and a set of 3 bilayers of Gd,1Cey 90,5 and
Er,0; (i.e. the number of Gd,;Ce90,_5/Er,O5 interfaces is 5). A single
layer thickness of ~35 nm of Er,O; and 62 nm of Gd,1Cey90,_5 can be
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determined from the cross-section and is in good agreement with the
intended pulsed laser deposition processing conditions of 32 nm and 64
nm for Er,0; and Gdy;Cep90,5 respectively. All films deposited
throughout the study revealed comparable film thicknesses within an error
of £10% and revealed continuous and dense film microstructures.

In this part, we present a first new strategy to prepare sideways contacted
multilayer oxide thin film dot arrays to measure along the strained
interfaces for small electrode distances of < 15 microns. This differs to
classic contacting strategies for ionic conducting and strained multilayer
oxides in the sense that top in-plane electrode measurements have been
avoided and electrode distances were reduced by more than 2 orders of
magnitude.

In the following, the crystallographic structures, near order and bond
length (representative of bond strength) and ionic conductivity
characteristics of Gdg;Ce¢0,_s/Er,O3 multilayers and single films are
presented as a function of number of interfaces and lattice strain. The role
of the interfacial lattice strain and its interaction volume on the ionic
conductivity of the fast conducting Gdg;Cep90,5 phase is next
investigated for the multilayer dot micro-device structures.
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Figure 9.1: Microscope view-graphs of strained GdgiCeq¢0, s/Er,Os
multilayer micro-dots and arrays on chip.a) Top view low magnification
light microscopy image of an electrode array contacting through the sides
islands of Gdg1Cey 90, s/Er,Os multilayer micro-dots on chip. Tungsten
needles were used for electric contacting of the Pt-side contacts. b) High
magnification light microscopy image of Pt electrodes contacting a
structured multilayer thin film dot (top view). ¢) Schematic view graphic
of a strained multilayer Gdy;Ce¢0, s/Er,0O; heterostructure. The
electrodes that are attached to the side walls of the structure allow
measuring the conductivity parallel to the strained Gdg1Cey 90, s/Er,O3
interfaces. d) Side view and tilted 3D view for a micro-dot arranged
between two metal electrodes by optical surface profilometry. Here, the
scale bar refers to the horizontal width (aspect ratio is not to scale). The
color bar indicates the measured heights. e) SEM cross-sectional view of
a Gdy1Ceq g0, 5/Er,O3 multilayer in a micro-dot. The left side shows a
QBSD image and the right side shows a 50% QBSD and 50% In-lens
detector image. In the QBSD image the bright contrast phase refers to the
Er,Os (heavy mass) and the dark one to the Gdg1Ceq¢0,_; (light mass).
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9.2 Lattice Structure and Strain State of the
Gdp.1Ce90,.4/Er,03 Multilayer Thin Films

The X-ray diffraction patterns of the single Er,03; and Gdg;Ceq¢0,_5 films
and of Gdg;Ceq¢0,_s/Er203 multilayer thin films with a varying number
of thin films interfaces from 5 to 59 [(Gdy1Cep 9O, 5/ Er,03)x30] are
displayed in Figure 9.2. Detailed information on the XRD scans is
available in Supplementary information 23.2. The diffractograms of the
reference single film samples of Er,0; and Gdg;Cey90,_5 show single
peaks for the first and second order; being the orientations (111) and
(222) for Gdy1Ceq 90,5 and (222) and (444) for Er,0s, Figure 9.2a. The
Gdo1Ce 90,5 single film reveals a cubic fluorite structure with a
measured lattice parameter of 0.5430 nm, Figure 9.2b. The (111)
orientations observed for the Gdy;Cey40, 5 films are in agreement with
literature®%, A cubic bixbyite structure with a lattice parameter of
1.061 nm was determined for the Er,O; single film. The single film
phases and structure types agree with own processed and measured
reference ceramic pellets (see Supplementary information 23.3). Further,
this is in agreement with literature, see for details on Gdg;Ce90,_5
Ref. %11 and for Er,0; Ref.'®2. It can be concluded that the two materials
grow in a 1:2 commensurability in lateral view: The orientation of the
(0001) sapphire imposes biaxial texture on the single film compounds.
The XRD patterns of the single films are compared to multilayer films of
Gdg.1Ceq 90, s/Er,05 with varying numbers of interfaces from 5 to 59 and
a decreasing single layer thickness from 280 to 7 nm (255 to 3 nm for
Er,03). The total thickness of the multilayers was kept constant at
approximately 275 nm. All multilayer thin films show the (111)
Gdo1Ceq 90,5 and (222) Er,0; signature peaks as well as their higher
orders. Hence, a successful orientation and biaxial texturing of the
individual single layers in the multilayer towards the (0001) sapphire
substrate can be concluded. We observe this independently on the number
of interfaces and down to a single layer thickness of 18 nm. Based on the
diffraction data in growth direction we conclude that the best match for
the multilayer growth of the thin film materials is realized in the (111)
and (222) orientation for Gd, 1Ce 90,5 and Er,O3 according to the trifold
symmetry of the (0001) direction of the (0001) sapphire substrate. Hence,
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out of geometrical considerations the trifold symmetry of the (111) plane
of Er,03 should correspond to the best match with the trifold symmetry
with a 4:3 lattice spacing commensurability in the multilayer.

In general, we observe systematic shifts of the (111) Gdy1Ce 90, 5 peak
towards lower and for the (222) Er,0; peak towards higher diffraction
angle with increasing number of multilayer interfaces from 5 to 13. For
higher numbers of multilayer interfaces, erbia and gadolinia-doped ceria
(111) and (222) peaks overlap as the shifting progresses (resp. for single
layer thicknesses 18 nm), Figure 9.2a. We interpret this as characteristic
features of superlattices with the mean structure peaks surrounded by
satellite peaks, in agreement with Refs.'®*!®*, Similar observations have
been made in earlier studies on ionic heterostructures of ceria / 8 mol%
yttria-stabilized zirconia by Pergolesi’ for single layer thicknesses of 9
nm. The angular positions of the satellite peaks were used to calculate the
bilayer thickness, according to the following equation”:

A = M(sing.; — SiNg.4y) Equation 9.2.1

where A is the bilayer thickness and sing,; and sing_; are the positions of
the first-order satellite peaks of the superlattice. The resulting
Gdy.1Ce90; s/Er,03 bilayer thickness is Acdy;cens0, #er,0, =10 nm, which is
in very good agreement with the profilometer measurements.

In Figure 9.2b the out-of-plane lattice constants are shown calculated out
of clearly resolved Bragg reflections of the multilayers with 5 to 13
interfaces. The lattice constant of Gd,;Ceyq0, s is increased as the
thickness of the individual layers is decreased while the lattice constant of
Er,0; is decreased for a decreasing thickness of the individual layers. The
values of these out-of-plane lattice constants are in good agreement with
the lattice constants reported in literature'®'®®. The out-of-plane lattice
constants show an expansion of the lattice for Gdg1Cey9O,5 and a
compression of the Er,0Os lattice, and reverse behavior can be expected for
the in-plane lattice strain. This means it can be expected that the unit cells
relax the strain that is imposed on them along the in-plane-direction in the

out-of-plane-direction*®’.
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Figure 9.2: XRD measurements of the Er,0; and Gdy1Cey90,_5 single
thin films and multilayer thin films. a) The diffractograms show clearly
crystalline and textured thin films. The samples with high number of
interfaces, 10 to 30 bilayers (19 to 59 Gd,1Ceq 90, s/Er,0O5 interfaces),
and show additional satellite peaks, indicating superlattice modulation.
The sign (x) refers to Gdo1Ceg0, 5°> and the sign (0) refers to Er,03> b)
Comparison of the out-of-plane lattice parameters with respect to the
number of interfaces for the Gdg1Ceq 90, s and Er,03 single films and the
multilayer thin films for (Gdg1Cep90, s/Er,O3)x3 and (Gdy1Ceq g0,
SEr,0z)x7. Total film thickness was kept constant at 275 nm.
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9.3 Implications of the Lattice Strain on Cationic-
Anionic Near Order in the Multilayers

We investigated the near-order and bond strength characteristics of the
single films and multilayers via Raman spectroscopy. This allows direct
probing of the Ce—O bond and is therefore very sensitive to changes in the
bonding environment. Literature review shows that for the case of Er,0;
data is available on single crystalline material'®®*®®, however, reports on
thin film erbia are missing. More data is available for Gdg;Ce¢0,_5
pellets. Nevertheless reports on thin films are still scarce®®**"**™ First
work on the implication of lattice strain on the gadolinia-doped ceria
Raman near order has been recently published™®. Very recently,
Kreisel' reported the use of Raman spectroscopy as a probing tool to
characterize the strain states of four oxide films for varying penetration
depth. It is surprising that Raman near order-strain studies are still lacking
for thin films based on metal oxides, despite their established use for
covalently bonded materials under strain™*"**®, In Figure 9.3, spectra for
the single thin films and Gdg;Ce(¢0,_s/Er,0; multilayers are displayed.
The reader is referred to Table 9.1 for Raman mode assignments.

Single film spectra reveal the following characteristics: The spectrum of
the Gdy1Cep 90,5 single film sample shows one single peak at about 463
cm?, Figure 9.3a. This peak can be assigned to the F,q mode in
accordance to literature on similar materials processed as macrocrystalline
ceramics. This is further consistent with recent reports on Raman
characteristics of Gdy,Ceq 50,5 PLD thin films****"2173_ The spectrum of
the Er,0Os single thin film reveals 8 measurable Raman active modes.
Latter Raman peaks can clearly be assigned to the coupled Fg+Aq and F,
modes®® of erbia and other rare earth bixbyite structures (Sm,0s, Dy,03,
Mn,0;, Sc,0s, 1n,05)", Figure 9.3a and Table 9.1. We also compare and
confirm through own macrocrystalline doped ceramic standards the
assigned peaks for the single thin films (see Supplementary Information
23.4). Both single thin film samples, erbia and doped ceria, show
additional peaks assigned as "'s" originating from the sapphire substrate.
Multilayer Gd,1Cep 90, s/Er,O3 films are also displayed relative to their
number of interfaces for their Raman characteristics in Fig. 3a. All
multilayers investigated exhibited additional peaks compared to the single
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films. However, all multilayer spectra are very similar with the same
number of peaks independent on the number of single layers. Therefore
relative changes between these spectra were investigated in detail.

A peak at about 455 cm? can be observed that could be the F2y mode of
the Gdg1Ceq 0, 5 component. All other peaks (at higher wavenumbers,
i.e. > 460 cm™) are tentatively assigned to the F, or other modes of the
Er,0; phase. The peak at ~500 to ~510 cm™ appears to be a double peak
as observable in earlier studies on strained GaN'*’, which is attributed to
strain- or orientation-induced mode splitting. However, the peaks are
broadened (FWHMgingiefim = 28 cm™) due the nano-crystalline
morphology of the films, and so it remains unclear exactly how many
lines are in the region ranging from ~400 to 600 cm™ and to which Raman
modes they correspond. Furthermore, the modes of the sub-10nm layers
are likely shifted due to phonon confinement effects. Therefore, direct
comparison of the peak position of the single film and multilayer spectra
is not possible without extensive simulations. However, from careful
analysis of the multilayer sample Raman spectra we can observe a
systematic trend within the multilayer samples. To obtain the superposed
Raman peak signatures of the multilayers, we apply Gaussian fit
algorithms. The fit of the superposed Raman signatures is exemplarily
shown for a sample of the 19 interfaces Gdg1Ceo0,_s/Er,O3; multilayer
sample (Figure 9.3b). For the peak fitting algorithm the peak width was
left as a free parameter due to the fact that peaks of different materials and
morphologies were fitted and that the peaks could not be assigned beyond
doubt. A schematic of the measurement principle is shown in Fig. 3c.
Here, the principles of XRD and Raman are compared and related to the
state at the interface and lattice strain tensor components measured.
Dilatational lattice strain can act in three directions of space, denoted &3,
€, and &33. The vectors €1, and &y, form the plane along the multilayer
interface of the two adjacent materials with €33 as the out-of-plane
component being perpendicular to it. Using Raman confocal microscopy
in first approximation the direction parallel to the incident beam is
measured (neglecting crystal orientation, the numerical aperture of the
objective and the refractive index of the sample). In the backscatter
configuration the incident excitation beam is perpendicular to the surface
and, hence in a cubic crystal with g33 || <001> the measured direction is
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directly proportional to the €33 direction (Figure 9.3c). However, in the
generalized case Raman spectroscopy is sensitive to all modes with
eigenvector components parallel to the beam, which are related to in-
plane strain components via the out-of-plane component e3; and the
stiffness tensor cjj. In the present work, the <111> out-of-plane texture
invokes a mixing of modes with out-of-plane components. Consequently,
a mode splitting would be expected, but due to the broad line-width of our
films, the resulting spectra rather show an additional broadening and shift
due to strain'™. The overall shift of the assigned Fy, line is recorded by
fitting and qualitatively interpreted as strain shift.

The same strain tensor component (g33) is accessed for XRD in Bragg-
Brentano configuration. In Fig. 3d we summarize the change of Raman
shift within the Gdg;Ce¢0, s/Er,O; multilayer samples. The peaks
chosen for analysis were the F, line (tentative assignment) of
Gdp1Cep o0, 5 at ~455cm™ and the Fy line at ~520 cm™ for Er,05. The
following observations can be made:

Increasing the number of interfaces and decreasing the single layer
thickness of the multilayers results in Raman peak shifts within the
compressively-strained ceria  and tensely  strained erbia
| €11 X &2 | planes: For an increasing number of interfaces the F,; Raman
mode of ceria blue-shifts by 1.3 cm™ (for increase from 5 to 59
interfaces). At the same time, the Raman erbia Fy mode red-shifts by 1.5
cm™. Using this strain-induced shift one can use the data provided by
high-pressure studies™® to estimate the strain in the heterostructure”,
although we would like to note that strain in thin films cannot be directly
compared to hydrostatic pressure. Regarding the elastic modulus used for
the calculations one can use the bulk values for gadolinia-doped
ceria’’"*"® resulting in change of the strain value of ~0.1%. But Kossoy'"®
reported that the elastic modulus of thin films is more than one order of
magnitude smaller than the value observed in bulk samples, resulting in
change of the strain value of ~1.16% within the multilayer samples. For
future discussions we will refer to the value estimated with the thin film
elastic modulus.

We interpret this finding as lattice strain originating from the interfaces
and relaxing over the thickness of each single layer. Therefore, thinner
individual layers lead to increased strain at the heterointerfaces. This
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occurs for increased volume fractions of strained single layers when
increasing the interface numbers within the multilayered samples. This is
in agreement with the data obtained by XRD.

Such behavior was predicted for the Yttria-stabilized zirconia system in
density functional theory (DFT) and nudged elastic band (NEB)
computational studies®. Earlier experimental studies reported the cationic
order (measured by XRD) to be inconsistent on the single layer thickness
or number of interfaces within the experimental error®® whereas in the
present case the trends are consistent within the Gdg;Ceq90,_5 /Er,O3
multilayer samples. Obtaining absolute values of the strain-induced
Raman line shifts by comparing the Raman spectra of the multilayer
samples with the samples of the single films was not possible due to the
restrictions mentioned above.

Using this knowledge and data obtained by a high-pressure Raman study
and general Raman theory a strain shift increasing the compressive in-
plane strain in the Gdy;Cep90,_5 and an increasing tensile in-plane shift
for Er,0O5 can be deduced.

In the given multilayer systems a decrease of single layer thickness of the
Gdo1Ce 90,5 phase increases the overall strained volume and the
magnitude of strain as reported in the structural near order investigations,
Figure 9.3. Through the following we study how the lattice strain affects
the activation energy of conductivity for the multilayer micro-dots.
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Figure 9.3: Near order Raman analysis of the Er,O; and Gdy1Cey90; s
single thin films and multilayer thin films. a) Raman spectra of the
Gdo1Cer90,_5 and Er,O3 single and multilayer thin films. The blue index
indicates the F,y mode of Gdg1Ceq40,; and the black F4 labels Er,Os.
The (x) indicates unknown peaks, (0) identified ones to similar bixbyite
structures. The peak assignments of the multilayer samples are tentative
assignments. b) Example of a Gaussian fit for the Raman spectra of a
(Gdg1Ce090,_s/Er,03)x10 multilayer sample (tentative assignments). c)
Schematic view of the XRD and Raman measurement directions relative
to the strained multilayer interface. The individual contributions of strain
are shown by orange arrows. d) Relative Raman wavenumber shift within
multilayers film samples with respect to the individual metal oxide single
layer thickness within Er,Oz; and Gdg;Ce 90, s multilayers. The line of
Er,0; at ~520 cm™ is shown in blue, the line at ~455 cm™ of Gdy1Ce 0,
s 1s shown in red. These peaks were used for data analysis. The in-plane
strain is tensile for Er,0O; and compressive for Gdy 1Cey 90, s. The change
of near order is measurable with increasing number of multilayers and
strain at the interface. Total film thickness was kept constant at 275 nm.
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9.4 Impact of Lattice Strain on Electric Transport
Characteristics of Gdg1Cep 90, 5/Er,0O3 Multilayer
for Side-Plane Contacted Micro-Dot Device

The temperature dependence of conductivity was analyzed in Arrhenius
plots for sideways contacted single and multilayer dots with respect to the
strain activated volumes of the conductor, as shown in Figure 9.4a. The
Gdo1Ceg 0,5 single film shows the highest conductivity with an
activation energy of 0.75 eV in accordance with Refs.**®¥39 |ncreasing
the number of Gdy1Cey90, 5/Er,0O; interfaces and reducing the single
layer thickness (down to 7 nm) for the small band gap Gdy1Cey90; 5
results in an increase of ionic activation energy. The activation energy of
conductivity is increased from 0.75 eV for the single film to 1.06 eV for
the 59 interfaces sample, a change of activation energy 4E,=A0.31 eV for
~1.16% compressive strain imposed by the erbia phase of the multilayer
on the Gdg;Cep90,5 Figure 9.4b and c. This trend is consistent
throughout all multilayer samples. We attribute the increase in activation
energy of ionic migration for the imposed compressive strain of erbia to
the increased pressure acting on the strain activated volumes on the
Gdo1Ceq 90,5 in consistency with Equation 9.5.7 - Equation 9.5.9. This
corresponds to a change in enthalpy of oxygen migration of 0.31 eV for
the strained Gdy;Cep g0, 5 phases of the multilayer according to the
model expressed in Equation 9.5.9. Further, the inset of Figure 9.4b
shows the contacting strategy necessary to obtain measured data along the
strained | €11 X €2 | Gd1Ceq90,_5 layers. Figure 9.4c displays the decrease
of ionic conductivity while minimizing the thickness of the individual
Gdo1Ceq 0,5 single layers and maximizing the strain volume for the
ceria-phase. It can be concluded that a clear impact of the compressively
strained volumes of the small band gap conductor on its ionic transport is
reported for sideways contacted micro-dot structures. Accordingly, we
summarize in Figure 9.4d that all strained ceria-based single layers
contribute to the overall transport of the micro-dot structures through the
pathways P1+P3 outlined in the circuit model. The insulating wide band
gap erbia single layers of the dot do not contribute with the path ways
P2+P4, but act as strain modulators of the ceria-phase for the micro-dot.
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Figure 9.4: lonic conductivity for the sideways contacted and strain
modulated Gd,1Cey90,_s/Er,O3 multilayer micro-dots. a) Arrhenius plot
of the conductivity for Gdy1Cey90,_s single thin film vs. Gdg;Ce g0,
sS/Er,O3 multilayer thin film micro-dots for sideways contacting. The
numbers next to the specimens indicate the number of bilayers. b)
Activation energy with respect to the thickness of the individual single
layer thickness of Gdg;Ceq 90, 5. The measurement setup is shown in the
inset. The total change of activation energy is A40.31 eV. The inset shows
the measurement setup that allows measurement of the whole multilayer
structure. c) Plot of electric conductivities of the Gd, 1Ce90,_s single thin
film and Gdg1Ceq 0, s/Er,O; multilayer thin films with respect to the
thickness of Gdg1Cep90,_s for 585°C. The open symbol refers to the
single film. d) Schematic view graphic on conduction pathways and
electronic circuit model for the Gdg;Ceq g0, s/Er,O; multilayer micro-
dots. Left: Model of the current flow in the specimen for Rgpc << Rgr20s.
Here, the ionic current flows through all semiconducting layers of the
Gdo.1Ceq90,_; phase. The Er,O; phase does not contribute to the electric
conductivity, but serves as phase to tune the compressive strain acting on
the Gdy1Ceo g0, s phase of the micro-dot structure. Right: Equivalent
circuit model and ionic pathways of the micro-dot device. The yellow
shading indicates the flow of the ionic current along P1+P3 and strain
modulation within the Gdgy;1Cey 90, s RC circuit elements of a micro-dot.
Blocking for the strain modulating pathways P2+P4 is indicated. Total
thin film structure thickness was kept constant at 275 nm.
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9.5 Defect Thermodynamic Model for Strain-Modulated
Gdp1Cep90,_5/Er,03 Multilayer Micro-Dot Device
Structures

In the following, we discuss the concept of sideways contacted
Gdo1Ceq 90,5 and Er,Oz multilayer micro-dots in their ionic transport
characteristics for modified interfacial strains. For a multilayer micro-dot,
the gadolinia-doped ceria single layers represent the small band gap phase
with a band gap of 3.1 eV'*® and a predominantly oxygen ionic
conductivity with an activation energy of ionic conductivity of ~0.75 eV
in air for bulk®®. On the other hand the erbia single layers of the
multilayer dots are the wide band gap phase with a band gap of 7.6 eV*®
and an ionic activation energy of ~1.6 eV in air for bulk*?. Based on bulk
transport data, it is to be expected that the erbia single layer phases block
the electric field lines for sideways contacting in the multilayer. The
current is carried by the ionic conducting Gd,1Cey 90,5 single layers of
the multilayer micro-dot for sideways electrode arrangements measuring
along the strained interfaces. The erbia’s sole function in the multilayer is
to modify the interatomic distances locally at the interface by imposing a
compressive strain on the ionic current carrying Gdg;Ceq¢0,_5 phase. We
keep the film thickness in all experiments constant and vary
systematically the number of interfaces and single layer thicknesses of
Gdo1Ceq 0,5 and Er,O3 phases in the multilayers. Consequently, we
consider that due to big differences in the conductivity of the two
materials either the Gdg;1Ce90, 5 or the interfaces are relevant for the
conduction while the bulk Er,O5; phase is an electric insulator and only
serves as matrix to achieve the desired strain state variation in the
Gdo1Ce 90,5 (GDC) phase by the lattice misfit of the two adjacent
materials: The lattice misfit f between the two materials, erbia and
gadolinia-doped ceria with the lattice constants ag,0s and agpc, in the
following denoted as a, (since the Gdg;Cey90,_s phase is the conducting
phase under strain) with respect to erbia is defined as
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£ aErZO3 —4a,

Ao, Equation 9.5.1

and gives a numerical value of the theoretical lattice misfit of 2.74%,
acting compressively on the Gdg;Cey90,.5 single layers The ionic
conduction of the latter small band gap phase is described by an oxygen
ion hopping mechanism via oxygen vacancies'® which are the
predominant charge carrier introduced through doping, as shown in

Equation 9.5.2.

CeO, ' X oo
Gd,0, —=—2Gd, +307 +V3 Equation 9.5.2

The wide-band gap phase erbia reveals p-type conduction as predominant
mechanism in air*?®, The predominant fast ceria-based ionic conductivity,
Gionic; OF the multilayer micro-dot for measurement along the interfaces is
given by:

SuneD = @OV b = oDV “‘”exp(— Sm J Equation 9.5.3
T kT

2q represents the charge of an oxygen vacancy, B/O] refers to the oxygen

vacancy concentration, o; stands for the ionic mobility, v, is the pre-

exponential ionic mobility factor, 4Hpy; is the enthalpy of oxygen
vacancy migration and kg Boltzmann’s constant. For the sake
completeness it has to be mentioned that the overall measured ionic
activation energy E, of the strained volumes consists of the enthalpy of
oxygen vacancy migration AHpg and the enthalpy of oxygen vacancy-
dopant associate formation AH,gso through

AE, = AH .+ AH Equation 9.5.4

We consider predominantly the migration enthalpy to change, and refer
for discussion of defect associations to Refs.®*'%. Throughout the
following we consider the migration enthalpy to be the dominant term;
therefore, the activation energy is treated to be represented in good
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approximation by the migration enthalpy. The total volume change is
negligibly small for solids; therefore, energy and enthalpy are considered
to be equal.

One can express Eq. 4 in terms of the oxygen ionic diffusion coefficient,
Dionic, being proportional to the square of the jump distance d and its
oxygen ionic hopping frequency w by:

Tionic(T) = %_IB_/O] Dinic = Md 24 Equation 9.5.5

ionic kBT
2 oo 2
_ (ZQL BT/O ] a’wa, Equation 9.5.6
B

The jump distance d is directly related to the lattice constant a, of the
Gd 1Cep0,_5 and strain state due to its cubic fcc lattice structure nature,
Eq.6. For oxygen ionic hopping over vacancies in the strained fcc lattice
the geometry factor a,=1. It is important to note that modifications of the
strain tensor elements may lower symmetry and, hence, affect in Eq.6
both the geometry factor and strained lattice constant a, for the
conducting Gdo;Cep 90, 5. This could also potentially alter Poisson’s
ratio.

We can assume the only quantity that is significantly influenced by strain
is the migration enthalpy 4Hpg, all other quantities are hardly affected by
strain.> ® ® Thermodynamically the Gdy,Cey0, s Strain activated
volume, AV, of ionic migration (and possible contributions of
association, included in the migration enthalpy) depends on the applied
hydrostatic pressure p imposed by the erbia single layers in the multilayer
dot; this is in accordance to De Souza's models®*° and is described in
good approximation by the following equation:

OAG,
OPey

AV Equation 9.5.7

mig , eff =
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where 4Gpig stands for the Gibb’s energy of migration. The Gibb’s free
energy is given by

AGmig = AEmig _TASmig _JAVmig Equation 9.5.8

for a system influenced by the strain tensor 6. Neglecting the activation
entropy and considering the case of biaxial strain, we can rewrite (eq. 8)
using (eq. 5) to

2
mig mig g T mig Equation 9.5.9

The biaxial strain o, is then given by

&

s —3glzZva-a
1-v a

&

Equation 9.5.10

B denotes the bulk modulus, v Poisson’s ratio and a and a, the lattice
constants of the unstrained and strained material, respectively. Using the
lattice mismatch and above presented equations the activation volumes of
the strained multilayer thin film samples could be calculated, see Table
9.2. The resulting strain activated volumes range from 3.03 to 7.22 cm®
mol™ correspond to a change in ionic activation energy of 0.75 to 1.06 eV
for an increase of 6 to 60 single layers in the multilayers (Gdg;Ce 90,
S/Er03)x3 to (Gdy1Cep90, 5/Er,03)x30. Using the consideration of
elastic moduli in bulk and thin film samples presented above this
corresponds to a change of strain of 0.1% or 1.16%, estimated from
Raman spectroscopy. For the constants used in the calculations, see
Refs.'”'®. The change in activation volume is increased for highly
strained structures. De Souza states that the activation volume of fluorite-
structured oxides is 1 to 2 cm®mol ™ for pressures below 1 GPa™.
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Table 9.2: Calculated strain activation volumes for the multilayer thin
film system investigated.

Specimen Strain activation volume /

cm®mol™*
(Gdo.1Ceo.90, 5/Er,03)x3 303
(Gdo 1Ce0405 H/EF,05)X10 3.96
(Gdo1Ce0505 5/Er,05)x30 7.22

9.6 The Role of Micro-Electrode Contacting and
Geometry in Measuring Strain-lonic Transport
Modulations for Micro-Electrochemical Devices

State-of-the-art electric contacting operates either via placing of top in-
plane electrode contacts on a strained multilayer film or by
macroscopically painting metal electrodes at the sides of the
multilayer®*®. As discussed in the introduction both strategies may not
be applicable for implementation of strained multilayer oxides as
functional building blocks for new micro-electrochemical chip devices.
Nevertheless, we exemplify the state-of-the-art contacting of similarly
strained Gd,1Ce 90, 5/Er,03 multilayers via deposition of top in-plane
electrodes, see Figure 9.5a and b. Although the thickness of the individual
single layers was changed over a wide range to affect the strain activated
volumes of the small band gap Gdy:Ce;90, 5 phase no change of
activation energy was measurable. Similar observations were made for
the effective ionic conductivity measured as invariant on strain activated
volume of the ceria single layers for the contacted top-electrodes. Using
state-of-the-art top-electrode contacting it can be assumed that only the
topmost layer is contributing to the total conductivity via pathway P1 of
the equivalent circuit model in Figure 9.5c. Here, the pathways P2-P4 of
the circuit model (i.e. the strained volume fractions) do not contribute to
the overall conductivity measured through the top-electrode approach.
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The electric field lines get restricted and blocked off at the subsequent
insulating erbia single layer. Hence, no strain effect is measurable even
though it is present in the sample for state-of-the-art top-electrode
contacting of the multilayer. This clearly demonstrates the need for
sideways contacting and alternative strategies such as for micro-dot based
devices with sideways contacting.

Literature reports on multilayers for which despite the structural proof no
effect of strain on ionic transport of the structures was measurable, i.e. for
top in-plane electrode contacted YSZ/CeO, multilayers or strained
gadolinia-doped ceria films'>'****_ For that case alteration of the micro-
electrode design relative to the strain tensor elements and activated
volumes of the conductive multilayer component is of importance.
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Figure 9.5: lonic conductivity for top-electrode contacted and strain
modulated Gd,;Ce90,_s/Er,05 multilayer films. a) Arrhenius plot of the
conductivity for Gdg;1Cey90,_s single thin film vs. Gdg1Cey 90, s/Er,O3
multilayer thin films for classic top in-plane electrode contacting. The
numbers next to the specimens indicate the number of bilayers. b) The
measurement setup is shown for top in-plane electrode contacting. The
activation energy remains invariant on the strain state of the multilayer.
The classic measurement set-up is not suited to measure real strain effects
on ionic transport. ¢) Schematic view graphic on conduction pathways
and electronic circuit model for the classically contacted Gdg;Ceq 0O,
S/Er,O3 multilayer. Left: Model of the current flow in the specimen for
Repe << Rero3. Here, the ionic current flows only through the top most
Gdo1Ceq90,_; layer; it gets blocked at the subsequent insulating erbia
layer and other strained Gdg:Ceq g0, s films do not contribute to the
current in the device. Right: Equivalent circuit model and ionic pathways
of the classically contacted multilayer film. The yellow shading indicates
the flow of the ionic current going only along P1 (top most layer). All
other pathways P2-P4 do not contribute to the electronic circuit.
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9.7 Conclusion

We demonstrate a new strategy to fabricate ionic conducting gadolinia-
doped ceria/erbia multilayer dot array structures, illustrate the feasibility
of sideways dot contacting for 2 orders of magnitude smaller distances
(15 microns) towards the state-of-the-art and show that the ionic
conductivity activation energy of the small conducting ceria-based phase
can be manipulated by the compressively imposed strain activated
volumes through the erbia for a multilayer dot.

All multilayer thin film dots show the orientation aimed for, i.e.
successful biaxial texturing of the metal oxide thin films on the sapphire
substrates can be concluded. To get insight into the interfacial state,
Raman spectroscopy was applied to investigate the cation-anion-near
order. Changes in the strain state can be correlated to a relative change of
the positions of the Raman shifts and the sensitivity of this method allows
observing increasing strain at the interface as the proportion of strained
volume is increased. Regarding the activation energy, a change of
A0.31 eV can be observed for ~1.16% relative strain for the ceria-based
phase in the multilayer samples.

Our findings have the following implications for the future design of
micro-electrochemical devices based on strain oxide modulation.

First, a strategy to fabricate such electrochemical heterostructures as
microdevices is presented. This strategy allows exploiting the altered flux
of charge carriers along the interfaces parallel to the surface for a
sideways controlled ionic conducting multilayer dot. For example, our
work opens the possibility to replace classic single metal oxide films in
future resistive switches by a functional strained multilayer dot. The
broad range for which we can alter the ionic conductivity activation
energy through compressive strain, in the given example of ceria single
layers for the multilayer dot, would not be achievable by classic doping or
changes of non-stoichiometry for a resistive switch functional oxide film.
Hence, we can use the interfacial strain of such multilayer dots and short
electrode distances to actively tune the desired resistive properties in their
memristive and memcapacitive properties in follow-up studies. The short
electrode distances were a prerequisite to reach typical local electric field
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strengths of about > 10° V/m*. The presented fabrication strategy
together with the concept of micro-dots with strained internal interfaces is
a promising avenue for novel electrochemical micro devices, e.g. energy
conversion and storage devices, information technology devices or
Sensors.

Second, we contribute with a hands-on proof-of-concept to the on-going
debate on the role of micro-electrode contacting for strained ionic
conducting multilayers. Revealing that the classical top in-plane electrode
approach is not suitable to measure real strain effects for the given case of
erbia/gadolinia-doped ceria multilayers; the change in activation energy is
nil for a broad range of number of interfaces varied (ranging from a single
layer thickness from 300 to 6) even though there is structural proof for
strain. Measuring the same multilayer structures with the sideways
contacted micro-dot approach reveals that a real strain effect is indeed
measured. Defect thermodynamics and strain activated volume model
were well applied to describe the change of conductivity and activation
energy for the multilayers.

Third, till date it was challenging to compare strain-ionic transport results
obtained by different research groups for multilayer systems based on
zirconia or ceria single layers as a conductive phase. Looking forward, the
quantitative analysis of near order and ionic bond strength of the anionic-
cationic lattice that can be measured by Raman spectroscopy punctuates
its potential with respect to a multilayer’s film growth, processing and
chemistry. State-of-the-art literature considers cationic disorder to be
characterized by XRD and so very often no clear trends were observable
relative to the varying strain activated volumes. However, we report that
there are observable near order relaxation processes relative to the strain
activated volume occurring on the near order and confirm earlier
computational study predictions.
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10 Impact and Follow-up

Strain engineering for solid state ionics has received considerable
attention over the last 10 years, not only for basic research but also for
application like micro solid oxide fuel cells. For instance, it is being
considered to use layered systems as an engineering strategy for
modulating the conductivity for low-temperature solid oxide fuel cells**°,
but some groups also seek strategies to limit interfacial effects, since for
some applications their effects are detrimental™™. Sanna et al.'*®
employed layered structures to phase-stabilize a chemical phase, namely
8-Bi,03, to consequently control the conductivity of the system. Most of
the work was carried out using pulsed laser deposition, but other thin film
deposition techniques have been investigated as well, e.g. sputtering*®.
Different strain magnitudes were investigated using a layered system with
Yttrium doped zirconia and Ce;,Zr,O, where different zirconia contents
were used to modify the lattice constant of Ce;..Zr,O, through Vegard’s
law®?. Strain effects on conductivity was also not only studied in fluorites
structure oxides, but also in perovskites® or Ruddlesden-Popper phase
materials'®.

The results of part 11 of this thesis tackling strain-modulated conductivity
changes were confirmed independently by Fluri et al.”?. Lazovski et al.**®
demonstrated as well that lattice compression and the resulting strain in
acceptor doped ceria give rise to increased activation energy of ionic
conduction.

A discussion regarding the role of contacting was amplified, e.g. the role
of the sideways electrode placement as suggested for the new microdot
contacting route was discussed by Shen and Hertz®® and Pergolesi et
al.”®. Also the work by Wen et al.*® extensively discusses the role of
electrode placement for measuring heterostructures.

Investigation of fluorite structures with Raman spectroscopy gained
popularity after we demonstrated its usefulness to track strain states in
fluorite oxide structures as the cationic and oxygen anionic near order
vibration can suitably be measured, e.g. by Ackermann et al.**’. Raman
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microscopy was also applied by Shi et al.* to reveal local strain changes

in buckled thin film membranes. In this application the very high spatial
resolution compared to other methods, e.g. optical profilometry, is of
great advantage.

The current review by Pryds and Esposito® shows that this topic is still
getting a lot of attention and will probably remain of great interest for the
scientific community over the next years.
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11 Abstract

lonic heterostructures are an exciting new way of designing novel types
of functional oxides for micro-electrochemical devices through interfacial
strain engineering. The application of such heterostructure materials
requires novel fabrication routes for devices and proof-of-concept on its
capability to actively modulate properties such as conductance or
memristance with respect to interfaces and strain fields. Herein, we report
a first strain-modulated memristive device based on heterostructure
microdots where interfacial strain is used in the model system
Gdo1Ceq90,.5/Er,0O5 to set and tune the property of "memristance”. By
decreasing the electrode separation of a microdot beyond standard, high
local electric field strength can be established in the strained oxide units
through which a classic resistance can successfully be altered to a
memristance for the current-voltage profiles of the device. Excitingly, we
uncover strong local biaxial and anisotropic distortions in the switching
layers of the microdots at high strain fields in the oxides through an
unusual approach of near-order vibrational Raman spectroscopy mapping
and combined long range-order TEM studies. Relaxed and rather
isotropic lattices are predominantly present for the ionic conducting layers
of the heterostructure microdots when we fabricate low-strained
interfaces for enlarged monolayer thicknesses. Using density functional
theory calculations we develop a model explaining the effect of strain on
lattices, oxygen-transport and memristance through interfacial reduction
of the ceria phase upon high strain levels in the heterostructure dots.
Finally, we can directly link the effective strain level and distortion
degree acting on the conducting ceria phase of the heterostructure
microdot to the defect concentrations and, consequently, the memristance
modulating the hysteretic behavior to nonvolatility as a property. Strain-
engineering of functional oxides such as in heterostructure microdot units
is a new way for tuning the properties for oxide-based electrochemical
devices beyond the classic ways for future information technology, and
energy storage and harvesting devices based on memristive functions.
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12 Introduction

Material heterostructures have provided discoveries and excitement to
engineer novel electro-chemo-mechanic properties for fast ion conductors
under strain®>46°057586472192 1o conductors and modulating their
transport properties are of paramount importance for applications like
energy and information technology or sensors, requiring high functional
density and properties tailored for the application®****'%, This challenges
scientists to develop new tools and routes to provide the means to
precisely control the material architectures.

The constituents of ion conductor heterostructures can be defined as two
oxide materials that are consecutively stacked at varying layer count and
layer thickness and grown with a given orientation on a single-crystalline
substrate. The resulting lattice mismatch at the interfaces leads to
compressive and tensile strain in the two constituent materials,
respectively. Choosing one of the materials to be a conductive phase
allows the active modulation of the oxygen ionic transport dependent on
the magnitude of interfacial strain through the number of interfaces at a
constant total film thickness®®!%8, Up to now, most of the studies in this
area have been directed towards a fundamental understanding without
device integration and performance design. However, strained
heterostructure oxides may offer a direct integration as functional thin
film compounds with tunable carrier transport for novel circuit elements
with extended functionalities in the future.

In the last few years the field of ionic memristive memories (also often
referred to as memristors or resistive switches) rapidly emerged and
received considerable attention due to their potential to replace electronic
transistor based technology in future memory and computing
architectures'”??%2%  This is because ionic memristive devices offer
lower power consumption, shorter read/write times, superior endurance,
etc. compared to conventional technologies?®. Redox-based memristive
memories rely on the control of ionic carriers in oxide thin films under a
strong bias stimulus®»?*?%, Despite the huge progress made in the field
of memristive memories, material design criteria and tools still need to be
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developed to open new ways for material architectures. Here, alternative
ways in designing these oxide film structures to alter their carrier
flux/concentration profiles under bias for ionic memristive devices to
modulate the property of "memristance” are needed. Nowadays, most
devices are based on a single oxide film, either crystalline®® or
amorphous®®, as the switching element, relying only on doping to control

material properties.

For modulating the charge transport, strain engineering is a promising
material design tool. It has been shown that strain modulation can alter
the resistivity by several orders of magnitude, and can induce large
changes in the activation energy when compared to classic doping
approaches*®®. Although the impact of strain modulation in ionic
heterostructure oxides is clearly demonstrated, no study has been carried
out as to how ionic transport-strain modulation affects on the one hand
the property of "memristance” and also the performance in a real device.
Here, the question of how to design material heterostructures and
integrate them into strained ionic memristive devices is explored for the
first time for the property of memristance.

To rationally connect the control of strain at heterostructure interfaces to
charge transport and memristance, it is necessary to gradually increase the
overall strain through an increased number of interfaces while keeping the
total film thickness constant. Any such model system must consist of a
switching oxide heterostructure sandwiched laterally between two metal
electrodes at reasonably small distances in order to achieve the required
electric field strength, which is one of the fundamental requirements of
the memristive device. This forms the basis to systematically design
strained model ionic heterostructures to modulate the physical property of
memristance. Ref.?® reported through a microdot contacting route the
successful contacting and strain engineering of heterostructures to
measure its impact on "resistance” for the system Gd;Cey 9O, 5/Er0s.
On the other hand, memristive devices are operated at room temperature
with high electric fields, conditions under which strain effects are
expected to affect ionic conduction most strongly?*>"®, However, devices
based on strained ionic conducting oxide heterostructures to alter
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"memristance” still do not exist, require novel fabrication routes at
smaller dimensions compared to state-of-the-art microdots, and principles
are still to be proven.

We use lattice strain modulation as a new design tool in oxide
heterostructures to gain fundamental insights on the control of oxygen
ionic transfer, and to expand our knowledge significantly beyond the
previously studied implication on the property of resistance?®, newly
through this work, to the physical property of "memristance". This could
enable a novel ionic type of electrochemical device, namely, the strained
ionic memristor based on oxide heterostructures. In the present study, we
carry out a systematic investigation of structural and transport properties
of compressively strained microdot heterostructure oxides to design a
well-described model system and relate to the newly suggested operation
as strained memristive memory through alteration of memristance.
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13 Methods

13.1 Pulsed laser deposition targets

The powders, Gdg;Cep90,.5 (Praxair, Woodinville, WA) and Er,O3
(Sigma-Aldrich, Switzerland) were uniaxially and then isostatically
pressed at 440 bars for 2 minutes to form ceramic targets. Sintering was
carried out isothermally at 1650 °C for Er,O; and at 1400 °C for
Gd;1Ce0.90,.5 with hold times of 24 h for Er,O; and of 4 h for
Gdo1Ceq0,.5. Heating and cooling rates were 5 °C/min each.

13.2 Pulsed laser deposition thin film fabrication

Mono- and heterolayer film depositions were carried out on round single
crystalline, double-side polished (0001)-oriented sapphire substrates
(Stettler sapphire, Switzerland). Before deposition, the PLD chamber
(Surface Technologies, Germany; KrF excimer laser, 248 nm) was
pumped to a pressure of 4 x 10 mbar. The deposition was performed at
700 °C, at an oxygen pressure of 0.0267 mbar and with a target-substrate
distance of 85 mm. The laser energy during deposition was kept constant
at 0.81 J/cm?. To get different layer thicknesses the number of pulses was
adjusted accordingly, for growth rates see Supplementary information S1.

13.3 Microdot Heterostructure and Sidewise Contact
Microfabrication

After thin film deposition carried out by Pulsed Laser Deposition, the
samples are subject to photolithography to create a pattern of dots on the
films that we can use to make the microdots. Those dots are the template
for the microdots. This pattern was made with spin-coating AZ 4533
Photoresist (Microchemical, Germany) to achieve a thickness of 4.3 — 4.6
microns. After letting the sample rest and soft-bake with 100°C for 90 sec
the sample was exposed in a MA6 mask aligner (SUSS MicroTec,
Germany) with a dose of 190 mJ/cm? at 405 nm. After a short resting time
the sample was subject to post-bake with 115°C for 20 sec. After another
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resting period we developed the sample in 2 different puddles filled with
AZ 826 developer with 39 sec in each puddle. Finally the sample was
dried in an N, stream. In the next step, the microdots were etched using an
Oxford Plasmalab 80. After the dots were free etched the pattern for the
electrodes had to be defined. AZ nLof 2020 (Microchemical, Germany)
was spin-coated onto the sample. After a resting period the samples were
soft-baked at 110 °C for 180 sec followed by another resting period. The
samples were exposed with a dose of 75 mJ/cm? at 365 nm. After another
resting period they were post-baked at 110°C for 90 sec. After a final
resting step for rehydration the samples were developed in 2 puddles of
AZ 726 for 45 sec each. Then the samples were dried in an N, stream. We
detail the fabrication process flow in Supplementary information S1.

13.4 Structural characterization

The ceramic PLD targets and as-deposited thin films were characterized
by X-ray Diffraction (Bruker D8, Cu Ka). Confocal Raman microscopy
and Raman mapping (WITec CRM200, WITec, Germany and WITec 300
alpha, WITec, Germany) was done using a 532 nm wavelength laser for
excitation with a spectral resolution of 0.7 cm™. Fitting was done by
OriginPro 9.1 using a Gaussian function.

13.5 Microstructural characterization

Scanning electron microscopy (SEM, LEO 1530) was used to analyze the
surface topography and cross-sections. Preparation of the TEM lamellas
was performed using FIB scanning electron microscope (Zeiss NVision
40). The gallium beam-induced deposition of the protection layer and
then subsequent milling were carried out at 30 kV and 300 pA. HR-TEM
images were acquired using an FEI Tecnai F30 FEG operating at 300 kV.
The annular dark field STEM images were recorded using a FEI Talos
F200X operated at 200 kV. Fourier diffractogram analysis was performed
using the Gatan DigitalMicrograph software package.

89



Part 111 | 13 - Methods

13.6 Electrical measurements and microdot device
characterization

Device contacting was done using Pt needles and 3D micropositioners
(Everbeing, Taiwan). All electrical measurements were carried out with a
Keithley 2612B source measurement unit (Keithley Instruments, USA).
Preforming was performed using a positive voltage of 200 V with a
ramping-up speed of 1 V/s. After reaching the maximum voltage a
compliance current level of 200 nA was set. Previous experiments
showed that a current higher than 200 nA can lead to device failure. A
preforming was successful if the current reached the set compliance level
of 200 nA and stayed there until the hold time of 1 h ended.
Cyclic voltammetry was carried out with maximum amplitudes of +/- 200
V with a sweep rate of 500 mV/sec. Each sample was cycled at least 50
times to ensure stability.

13.7 Density functional theory (DFT) calculations

Our density functional theory calculations were performed with the VASP
code?™® using the PBEsol exchange-correlation  functional®.
Wavefunctions were expanded in planewaves up to a kinetic energy of
500 eV for PAW potentials®>#® with explicit Ce 4f states, while Er 4f
states were frozen in the core in a Er*" configuration. For the 4-atom
fluorite unit cell a 12x12x12 T"-centered reciprocal space mesh was used,
which was reduced to 3x3x3 for the 96-atom cubic supercell and to 2x2x1
for the cell used to describe the CeO,/Er,05 interface. In our calculations
Gd doping was implicitly included by removing a O atom along with two
electrons from the simulation cell when creating an oxygen vacancy,
which electronically mimics the presence of a 2Gdc, Vo™ cluster. Phonon
calculations were carried out within the frozen phonon method

implemented in the Phonopy code®*.
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14 Results and Discussions

14.1 lonic Heterostructure Oxide Dot Design for Strained
Anionic Memristive Devices

We fabricate biaxially strained heterostructure oxide microdots to study
the influence of strain on oxygen anionic switching and the memristive
behavior, Figure 14.1a. The microdots are fabricated using pulsed laser
deposition, ablating thin films onto single crystalline sapphire substrates.
Our thin film model system consists of two different materials,
Gdg1Cep90,.5 and Er,O3. One material, in our case Gdg1Ceq 90,5, is more
conductive than the second one by several orders of magnitude*®**. The
second material serves in this case only to impose compressive lattice
strain on the conductive Gdy;Ce90,.5 phase and to therefore modulate
the electrical transport in the heterostructure, Figure 14.1b. This strain-
imposing phase, here Er,0s, is chosen to be an electrical insulator'®’. The
two phases, conductive and insulating, are stacked consecutively; the total
film thickness was kept constant at a thickness of 275 nm £ 10%, while
the number of interfaces was actively varied, i.e. from 6 to 60 interfaces.
As a result, the heterostructure oxide microdots with a low number of
interfaces are supposed to have less strain acting on the ionic conductor
lattice and interfacial strain increases with an increasing number of
interfaces for the microdot, since the strain is the biggest at the interfaces.
Now to rationally access the strained interfaces down to nanoscale, it is
necessary to develop a unique device design with sideways attached
electrodes contacting the free-etched heterostructure dots on a chip. The
switching mechanism for ceria based memristive devices is based on
oxygen vacancy conduction in the ion conductor balanced by electronic
carriers***#521% ‘which we will now actively tune by imposing the strain
field in various degrees with the insulating erbia layer and monolayer
thickness variations in the heterostructure dot device. Herein, to operate
the device units on the chip newly as memristors it is a prerequisite to
apply high electric field strengths, in the range of MV/m, for operation as
memristive memory. In order to achieve this, a substantial reduction in

the device size relative to previously reported microdot devices®® was
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necessary. Hence, the challenge to realize these high field strengths and to
contact the strained interfaces directly through sideways attached
electrodes at small distances had to be overcome. We present successfully
contacted microdot switching structures to alter in this work
"memristance” with a small size of approximately 2.5 microns diameter,
Figure 14.1c and d. Importantly, this is now roughly a one order of
magnitude decreased microdot size when compared to the state-of-the-art
in literature which was previously used to alter "resistance"?* and is an
important step to realize those new memristive switches under strain.
These microdots were fabricated using photolithography and physical
dry-etching, to obtain devices at micrometer-scale, see Methods and
Supplementary information 24.1 for details on the microfabrication
process flows and materials etch rates.
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Figure 14.1: Strained multilayer microdots. a) Schematic view of the
microdot system. b), Schematic view of the interfacial lattice mismatch
and the conduction model. c) Optical image of the electrode arrangement
on the chip with the ceramic microdots in between the contacting bridges.
d) SEM micrograph of the strained microdot on the chip.
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14.2 Local Modulation and TEM Characteristics of the
Anisotropic Strain Field at the Heterostructure
Interfaces of the Memristive Oxide Dot

TEM imaging and diffraction techniques have been successfully
employed to investigate oxide heterolayers, such as Fourier analysis of
high resolution images to investigate crystallographic orientation
relationships at heterolayer interfaces. Here we apply both TEM and
STEM imaging and diffraction analyses to assess heterostructure layer
growth, and the strain state of the conducting oxide phase. In cross-
sectional annular dark field STEM images we observe well-defined layers
of Gdy:Ceu90,; and Er,0; stacked consecutively with monolayer
thicknesses down to 3 nm, Figure 14.2a and b. Oriented growth of the
multilayer heterostructure using sapphire-substrates allows for well-
defined interfaces between the two materials, which we demonstrate on
two examples using atomic-resolution TEM imaging for the 6 and 60
interface modulated heterostructure oxides in a microdot. While keeping
the total device thickness constant, we increase the number of interfaces.
This results in an increase of the strain-affected volume over the total
device. The growth conditions employed here result in oriented growth of
columnar grains in the out-of-plane [111] direction. The influence of
different growth rates for Gdy 1Cep 90,5 and Er,0O; can also be observed in
the cross-sections, see also Supplementary information 24.1 for
deposition rates, Table 24.1. Diffraction analysis reveals that the cubic
fluorite structure®” is present throughout the heterostructure microdots for
the Gdg:Cep90,.5 phases Figure 14.2c. Following a similar TEM
diffraction approach to strain mapping in confined Si thin films*®,
Fourier analysis of atomic-resolution TEM images®® was used to make a
relative assessment of lattice distortion in the conducting ceria phase for
the 6 and 60 interface modulated samples.

Miller plane spacing, dy, in the out-of-plane [111] direction and in-plane
[311] direction was measured in the Gdg1Cey9O,5 phases of the
heterostructure microdots using diffractograms (e.g. Figure 14.2c and
Supplementary Information 24.2) computed from the highlighted regions
labeled “1” and “2” in the high resolution TEM images Figure 14.2d and f
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for 6 and 60 interfaces, respectively. The highlighted regions were
approximately 11 nm tall (i.e. in the direction normal to the
Er,05/Gdg1Cep90,5 interface), with region “2” in the 6 interface
heterostructure microdot positioned 12 nm from a heterolayer interface.
For the 6 interface heterostructure dot we assumed region “2” to be more
relaxed, as it is furthest from an interface. Importantly, compared to
region “2” in the 6 interface sample, we measure that the 60 interface
sample exhibits elongation in the out-of-plane [111] spacing by
4.5 + 0.2 %, which is accompanied by a contraction in the in-plane [311]
spacing by 2.1+0.2% and is consistent with interfacial compressive
strain in region "1". In contrast, when compared to region “2” in the 6
interface sample (12 nm from the interface), the out-of-plane [111]
spacing in region “1” (adjacent to the interface) is only elongated by
1.2 £0.2 %. In conclusion, we report fully strained Gd,;Cey 90,5 layers
for the 60 interfaces microdot with in plane-compression, and in contrast,
relaxation towards the center of the Gdy:Ceqq0,; layers for the 6
interfaces microdot. This analysis is detailed in Table 14.1. The oriented
growth was further confirmed by XRD, see Supplementary information
23.3. To understand if Gd segregation at the interfaces could play a role in
modulating the memristance, we investigated the Gdg,Cey90,5 cation
distribution in the Gdg1Ceq40,.5/Er,O5 interface region of an as-prepared
heterolayer sample via electron energy-loss spectroscopy (EELS) in a
scanning transmission electron microscope (STEM), Supplementary
Information  24.4. Gdy1Ceog0,5 Spectra acquired near the
Gdo.1Ceq90,.5/Er,05 interface (within 2.5 nm) and relatively far from the
interface (22 nm - 28 nm) were compared to determine if there was a
significant difference in the ratio of intensities of the cerium (Ce Mys) to
gadolinium (Gd Mys) signals, which is proportional to the ratio of
elemental concentrations®®. The difference in measured intensity ratios in
the layer and interface regions was found to be negligible within the
measurement error in this case, indicating that the two regions exhibit
approximately equal area-averaged cation stoichiometry, see Figure 24.3
for details. Therefore, it is reasonable to conclude that cation segregation
doesn’t play a role in the strain and interface induced modification of the
overall memristive response in these heterostructure devices. EELS also
indicated that Ce ions in the interface region were reduced relative to Ce
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ions in the layer region, a consequential point discussed below and in
Supplementary Information 24.4.

101 ZA diffractogram from
fig. 1j region 1
(60 interfaces)

Gdp 1Ce; 90,5

Gd, Cey40;
Gd,4Cep40,
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Figure 14.2: High magnification micrographs of multilayers. a) and b),
Annular dark field STEM cross sectional view of a 6 and 60 interfaces
Gdo.1Ceq90,.5/Er,O3 multilayer sample, respectively. ¢) Diffractogram of
Gdo.1Ceq 0,5 layer displaying fluorite structure (computed from region
1+2 in d). d) and f), atomic-resolution bright field TEM images of
Gdo1Ceq0,.5/Er,O3 interface(s) in 6 and 60 interface samples,
respectively, with highlighted regions labelled "1" and "2" indicating the
areas used to compute diffractograms. e) and g), diagram illustrating the
results of the Miller plane spacing measurements in the out-of-plane and
in-plane directions in the conducting oxide phase. The 6 interface sample
contains a more relaxed region "2" positioned 12 nm from the interface,
and a more strained region "1" adjacent to the interface, €), whereas the
conducting phase in the 60 interface sample is fully strained, g).

We successfully present a novel design strategy for the heterostructure
microdots, which are deployable for testing as switching device to alter
memristance. We analyze the strain state near the interface and in the
relaxed zones by atomic-resolution TEM, showing the evolution of strain
relaxation within the thin film and the in-plane and out-of-plane strain
anisotropy. This allows us to locally resolve the strain states at the
interfaces and in the center of the layers. In the following we investigate
the influence of interface modulations on structure and the property of
memristance.
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14.3 Raman Spectroscopic Local Mapping and DFT
Description for the Heterostructure Resistive
Switching Microdots

Motivated by the opportunity to modulate the interfacial strain through
the number of interfaces and monolayer thickness for the
Gdy.1Cer90,.5/Er,03 heterostructure unit in the device architectures, we
turn to Raman microscopy to probe the atomistic near-order correlations
and provide a first Raman mapping relative to the device structure
features and vibrational modes, Figure 14.3a. We use cluster analysis to
decompose the hyperspectral map into single clusters, which can be
assigned to the materials and device segments, Figure 14.3b and c.

Raman spectroscopy is a particularly useful type of vibrational
spectroscopy to investigate such systems, as exemplified by Kreisel et
al.™*, for the following reasons: Firstly, we excite the interactions
between the cation- and anion sublattices which makes this technique
particularly sensitive to changes in the oxygen sublattice?®. Since the
ionic transport in the conductive phase of Gdg;Ce90..5 relies on the
oxygen sublattice, this allows us to draw conclusions about structure-
transport interactions. Secondly, we can measure with high spatial
resolution (~360nm)*, which is useful for measuring our micron-sized
devices using a 532nm laser for excitation. Unlike TEM, Raman
spectroscopy directly probes the full extent of the thin film sample in out-
of-plane direction. Thirdly, it allows us to directly connect the
spectroscopic results to interfacial strain states through interpretation and
analysis of the change in the ionic bond strengths through the shift of the
frequencies of the Raman bands. When a bond of a heterostructure oxide
phase is stretched or compressed it changes its vibrational frequency,
thereby altering the peak position of the respective mode. Analyzing the
Raman spectra, Figure 14.3d, we first turn to the reference sample made
from pure Gdy1Cey 90,5 in a single thin film microdot device. A single
Raman-active peak is visible, originating from the unstrained fluorite

' See Supplementary Information 24.5 for calculation of the Raman spot
resolution.
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structure for only one triply degenerate F,; mode, in agreement with
literature*"#?21%22_ The efficiency of scattering | is given by

I= CZ;|€iRj€s|2 Equation 14.3.1

where C is a constant, R; is the Raman tensor of a phonon j, and e; and e,
are the polarization vectors of the incoming and scattered beams,
respectively. For Gdg;Ce(90,.5 fluorite structure-type the Raman tensors
for the three directions of the crystal coordinate system are given by

0 0 O 0 0 d 0 d o0
0 0 d 0 0 O|R;|d 0O Of Equation 14.3.2
0 d O d 00 0 00

In the absence of stress the three optical Raman modes have the same
frequency of about 464cm™ as the isotropic cubic crystal system is from a
group theoretical point of view symmetry inverse, see Loudon et al.?? In
the spectra of the Gdg;Ce90,.5/Er,O3 heterostructure microdots we can
observe a peak splitting of the triply degenerated F,4 mode into the in-
plane F,4 and the out-of-plane F,q modes related to strained Gdy1Ceg 90,5
cubic fluorite structure, Figure 14.3e and inset of Figure 14.3g. This is
associated with a decrease of symmetry for biaxially strained samples
where the isotropy between in-plane and out-of-plane direction is
lifted*>?2?%* The strain analysis through Raman microscopy is focused
on the Gdg1Ceq¢0,.5 modes, since this is the phase that is relevant for the
transport behavior, i.e. all current flows through this phase. Importantly,
this finding agrees with the observation in TEM where we see the
elongation along the out-of-plane axis, more pronounced with increasing
in-plane compression, as detailed in Figure 14.2d to g and Table 14.1.
This lifting of the symmetry could also influence Poisson’s ratio?.
Information on erbia Raman spectra assignment is presented in detail in
Supplementary Information 24.6.

We observe a monotonic shift of the relevant Raman band with an
increase in the number of interfaces for the GdgCeyg04s/Er,Os
heterostructure dots, Figure 14.3f. The strain is largest at the interface and
relaxes towards the interior of the layers, this means when we start to
decrease the monolayer thickness at a constant total film thickness for the
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Gdg1Cepg0,.5 phase, the strain fields can relax less, leading to an overall
increase of strain in the system and the splitting of the F,q Raman mode is
most pronounced. Viz. this agrees with the TEM analysisFigure 14.2d to
g. The strain associated with the frequency shift is computed through
DFT calculations. Frequencies of the Raman-active stretching modes
were computed in the fluorite unit cell with different amounts of imposed
in-plane strain, Figure 14.3g. The underestimation of the Raman
frequencies in the calculations can be explained by the missing larger Gd
ions, which are expected to blue shift the frequencies. The magnitude of
relative changes as a function of strain are, however, expected to be
reliably predicted. Using the values obtained thereby, we were able to
calculate strains in the Gdg;Cep90,5 phase ranging from relaxed
(unstrained) to -1.26% compressive strain  for 60 interfaces
heterostructure microdots. We want to point out that these strain values
obtained via DFT calculations are in good agreement (within +/- 0.1%)
with strain values obtained by high pressure Raman studies on ceria
crystals*’®. For further information on how to analyze Raman scattering
data from strained samples see Supplementary information 24.5.

Local Raman mapping was successful and used for the first time on a
heterostructure microdot device to probe memristance in connection with
DFT computations to access the strain states and to show anisotropy
present in the conductive Gdg1Ceq40,.; phase of the microdot. Density
functional theory predictions were used to analyze the data and relate the
experimentally obtained values to compressive strains at the internal
interfaces. Results of Raman mapping measurements are consistent with
those from aforementioned TEM analysis. We use these results to further
study the implication on memristance under strain for the microdot
devices.
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Figure 14.3: Structural characterization, mapping and interfacial strain
state. @) Raman device map to investigate the structural consistency of the
microdots. The yellow, red, turquoise and purple colors represent
different materials obtained through cluster analysis. The purple rim
represents an overlay of the yellow Gd,1Ceq 90,5 signal and the turquoise
sapphire signal. b) Cluster analysis of Raman modes extracted from the
Raman device map showing the Gd,1Cegq0,.s single phase device c)
Cluster analysis of Raman modes extracted from the Raman device map
showing the electrodes and the substrate, respectively. d) Micro-Raman
spectra of the compressively strained microdots. F,4 and Fy4 denote the
relevant cationic-anionic Gdg,Cey90,.s Raman bands. The diamonds
represent Er,0O; bands. The Gdg:Ceq0,.5 single phase sample shows the
triply-degenerate F,q mode. e) Splitting of the Gdy1Ceq40,.; bands due to
symmetry change in out-of-plane and in-plane modes. f) Analysis of the
band shifts using the computational results to compute the magnitude of
interfacial strain g) DFT simulations to correlate the Raman frequency
shift to strain states. Inset: Raman mode splitting in the sample reference
system.

14.4 Physical Switching and Dynamics: A Strained
Memristive Microdot Device

As an initial step to characterize the transport behavior of our samples,
they were subject to a preforming procedure in accordance with
literature?®??’, After successful preforming the samples were investigated
with cyclic voltammetry, Figure 14.4 and Table 14.2. We observe for the
single phase Gd,1Cey 90,5 sample that with increasing positive voltage
there is a continuous increase in current, Figure 14.4a. Once we have
reached the maximum and decrease the voltage again, the current
decreases as well with a slight hysteresis. For the negative polarity a
similar behavior can be observed. After increasing the current with rising
voltage at negative polarity we reach the negative maximum, then we
decrease the voltage again and observe a continuous decrease of current
until zero voltage is reached. Hence, changing the polarity of the device
resets it back to the high resistance state within one switching cycle. The
unstrained Gd,1Cey90,s microdot reveals an asymmetric hysteretic
memristive switching curve with a low Ry /R, ratio of ~1.5 in the
positive branch. We ascribe the asymmetry of the current-voltage profile
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to the initial preforming step applied with positive polarity discussed in
Ref.?,

Now increasing the compressive strain on the Gdg,Ceq 40,5 heterolayer
phases of the microdot increases the hysteretic opening at positive
polarity while maintaining the volatile switching characteristics, Figure
14.4b to d. This leads to an increase of the Ry/R,, ratio, see also Table
14.2. When the compressive strain on the conductor of the heterolayer dot
is increased to -1.26% the switching characteristics of the systems are
changing to a non-volatile behavior, Figure 14.4d. For the positive branch
a further increase of the Rs/Ro, ratio can be observed, reaching more than
1 order of magnitude. Analysis of the microdots’ current-voltage profiles
revealed that the OFF-state (high resistance state) remains virtually
unchanged with respect to strain at the heterostructure interfaces in the
Gdo1Ceq 0,5 phase, Figure 14.5a. Importantly, it is the conductivity of
the ON-state (low resistance state) of the heterostructure dot device that is
being modulated by the effective strain imposed on the Gdg1Ceqg0,.5
phase under the high local electric fields. We report that increasing the
effective compressive in-plane strain up to -1.26 % in the Gdg:Ceq40,.5
phase of the heterostructure microdots results in an increase of the Ry/Ron
ratio by one order of magnitude, Figure 14.5b. In the present study we
operate for the first time memristive heterostructure microdots to alter
memristance at room temperature under high local electric field strength
of about 80 MV/m and observe for increased strain the enlargement in the
assigned Ry/R,n ratio of the switch.
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Figure 14.4: Electrical characterization through cyclic voltammetry and
memristive behavior. a) 1-V curve of the unstrained Gdg;Ceq¢0,.5 single
phase microdot. b) I-V curve of the 6 interfaces sample c) I-V curve of the
40 interfaces sample. d) I-V curve of the 60 interfaces sample with a
strain of -1.26%. This curve shows an additional crossing at negative
polarity. The Ry#/R,, ratio increase from 1.5 to 15 when increasing the
compressive strain from unstrained to -1.26%.
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Figure 14.5: Strained interfaces to control memristance. a) The
interfacial state of the system acts primarily on the ON-state, the OFF-
state remains unchanged. b) This behavior leads to a minimum Rux/Ro,
ratio at the unstrained sample an increased Ry /R, ratio with an
increasing number of interfaces.

We interpret the finding as follows in light of the atomistic structure
investigations by Raman spectroscopy and TEM measurements, Figure
14.6a and b. Earlier, Gao et al.?®® investigated the switching behavior of
single phase ceria films through in-situ TEM studies, revealing restive
switching by a filamentary type mechanism, mediated by reduced Ce,04
portions within the ceria films. Also, Song et al."® reported a preferential
reduction of ceria at the interfaces within heterostructures formed with
zirconia-based oxides as second constituent material. They find that ceria
reduction at the interface is independent of the strain, since the Ce®
concentrations are identical for compressive and strain fields applied.
However, density functional theory (DFT) studies showed that under
compressive strain both neutral (i.e. thermally created) and ionized (i.e.
charge-compensating for Gd** dopants) oxygen vacancies prefer to be
located at the Ce,04/ZrO, interface'®. Such a cerium reduction at the
interface is consistent with our own EELS observations, and we confirm
the latter results for the CeQO,/Er,0O; interface based on our own DFT
computation where we plot the energy as a function of the distance to the
surface, Figure 14.6c. Additional information to the DFT calculations of
vacancies at the CeO,/Er,03 interface is presented in Supplementary
information 24.7. Together with our own structural TEM, EELS and
Raman spectroscopy investigations, we propose that reduction of ceria
takes place close to the (strained) interfaces, increasing the interfacial
Ce*" concentration during preforming under high electric field strength in
our heterostructure microdot devices for memristance modulation. This is
comparable to reduction effects of PLD grown ceria layers relative to the
air interface that are described by Chueh et al.**® using XPS. See
Supplementary information 24.8 for detailed defect chemical equations on
the ceria reduction at the strained interfaces.
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Figure 14.6: Reduced interfacial states in heterostructures. a) The
strained interfaces give rise to an increase in the number of charge
carriers. The compressively strained volumes decrease the mobility of the
oxygen ions. In samples with a low number of interfaces the strain relaxes
toward the center of the Gdy1Ce40,.s phase, decreasing the fraction of
strained material with respect to the total device volume. The total
conductivity is given bY 0., a1, hign . cotarvy = He' * [€'] + pyg * [V5],
where oy Stands for the total conductivity over the total volume of the
Gdo1Cep 90,5 phase of the device. u. and uyo. represent the electronic
and ionic mobilities, respectively; [e’] and [Vo'] are the electronic and
ionic charge carrier densities. b) In samples with a high number of
interfaces the device volume is fully strained. The influence on charge
carrier densities and mobilities is much larger. c) DFT calculations show
it is energetically favorable for the defects to be located close to the
interfaces. d) Increasing the compressive strain reduces the effective mass
of the electrons, thereby increasing the electronic mobility, as confirmed
through DFT calculations.
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We now turn to the effect of the systematically modulated strained
volumes in the ceria-based phases of the heterostructures on the
memristive response: By two independent structural investigation
methods, TEM and Raman, Figure 14.2 and Figure 14.3, we show that the
magnitude of strain and, importantly, of its biaxial lattice distortion is
systematically increased with increasing number of interfaces in the
microdot, Table 14.1. Secondly, in the heterostructure dots with a low
interface count, a relaxed and less biaxially distorted zone is found within
the ceria-based monolayer structures for distances greater than 12 nm
from the interface. The overall higher degree of biaxial lattice distortions
in the ceria-based heterostructure dots with 60 interfaces (high strain) has
an effect on both the ionic and electronic charge carriers and the mixed
conductivity. A formation energy reduced by up to several tenths of eV'®
results in an increased effective concentration of oxygen vacancies
balanced by an also increased number of electronic carriers (in line with
our EELS observations, Ref. ' and *°). The oxygen vacancy mobility is
reduced due to increased migration barriers under compressive strain®® as
also confirmed by our DFT calculations (Supplementary information S7).
Here, the curvature of the lowest unoccupied bands in pure CeO, is found
to increase with increasing compressive strain, meaning that the electrons
resulting from oxygen vacancy formation, which reside in these bands,
are characterized by a lower effective mass and hence higher mobility
with increasing compressive strain, Figure 14.6d. For the highly strained
(high interface count) microdot heterostructures, the high biaxial strain
thus leads to an increase in the electronic mobility that can be used for
modulation of the memristance in the ON-state. The excess electrons
created populate the Ce 4f band®®. The overall conductivity is given by

O'tot (RT, highE, total v) = He' * [e'] + Hg * V5] Equation 14.4.1

where oy Stands for the total conductivity over the total volume of the
Gdo1Ceq 0,5 phase of the device. ue and uyo.. represent the electronic
and ionic mobilities, respectively; /e’] and [Vo] are the electronic and
ionic charge carrier densities. The modulation of the electronic charge
carrier densities balanced by oxygen ionic vacancies and their mobilities,
respectively, gives rises to the memristance modulation after preforming.
This interplay of electronic and ionic conductivity also explains the
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change of persistence in highly strained and high interface count samples.
The increase in memristance, i.e. the formation of the hysteresis during
cycling is a product of the changed conductivities, due to the formation of
reduced filaments of ceria®®, facilitated through the interfaces'® and
modulated by the compressive in-plane strain. The introduction of the
additional crossing in the current-voltage signal of the high interface
sample can be explained through the mechanism of filament breakdown:
The filament of reduced material is reoxidized through transport of
oxygen ions to the filament. This ionic transport is governed by
compressive strain because oxygen ions must diffuse inwards from the
electrodes. Only if the ionic transport is very slow the filament is stable
enough to keep the low resistance state while cycling back to zero voltage
and then start cycling with opposite polarity. Another reason supporting
these characteristics is the overall change in relaxed (non-reduced)
volumes as confirmed in our HRTEM measurements. Samples with a
lower interface count have thicker individual Gdg;Ceqg0,.5 layers;
therefore, more material is available which acts as oxygen reservoir. A
varying magnitude of strain in the Gdg;Ce90..5 phases and interfacial
effects altered by the interface count in the heterostructure microdots of
the devices govern structurally the break in cubic symmetry, raising
oxygen vacancy sites and in turn, can be actively used to tune the
memristance property.
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15 Conclusions

The results show a new, exciting way to use multilayered heterostructure
oxides as a functional building block to control the degree of biaxial
strain in ionic conductors, and demonstrate for the first time their direct
implication for devices with tuned memristive properties by strain. The
resistive switching and memristive behavior could be changed from
volatile to non-volatile memristance upon strain modulations in the
conducting phase of the heterostructure oxide units on the example of
Gdg 1Ce(¢0,.5/Er,O; materials. The successful decrease of the microdot
size by one order of magnitude compared to state-of-the-literature to
reach an electrode separation of 2.5 microns, yielding electric field
strength of up to 80 MV/m, allowed accessing the property of
"memristance” for strained multilayer heterostructures. The systematic
and successful increase of strained volume in the Gdg;Ceq40,.5 phase of
the heterostructure microdots was proven by Raman microscopy together
with DFT simulations to interpret the experimental results. Raman
mapping was used as a novel method to locally relate the chemical
mapping of the material and strain states to the device structure. The
results obtained by Raman microscopy and complementary TEM analysis
clarify that local strain relaxation could be observed within the low
interface count sample in the conducting phases of the heterolayer dots.
We reveal that for the high number of interfaces, tuning the repetitions of
ceria and erbia layers down to 3 nm, the increased biaxial strain distortion
results not only in a modulation of the ionic conductivity primarily
through the changed migration barriers, but also the electronic mobility
via strain induced enhanced electronic mobility. Furthermore, the defect
concentration at the interfaces is increased with greater strain levels. We
provide a successful integration and design of strain levels and lattice
biaxial distortion to tune the charge carrier transport in an ionic
heterostructure oxide, and demonstrate their direct implication as novel
microdot devices to modulate the property of memristance. The presented
materials design concepts and insights are useful to make new
architectures for micro-electrochemical devices beyond classic doping
strategies, not only for digital information storage applications based on
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memristance but also for related fields such as energy harvesting and
storage devices.
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PART IV
Influence of Electrode
Symmetry and Electroforming
on Resistive Switching of
Structured Memristive Devices

Contents of this thesis chapter are going to be submitted together with
additional material as research paper entitled

Influence of electrode symmetry and electroforming on resistive switching
of structured memristive devices

by Sebastian Schweiger, William J. Bowman, Peter Crozier and Jennifer
L.M. Rupp to ACS Nano, 2016
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16 Abstract

Restive switching memories operating on ionic carriers are considered as
potential next generation memristor storage-class memories to replace
electronic transistor memory technologies. In a classical arrangement,
resistive switching devices consist of a switching oxide sandwiched
between two metal electrodes arranged in a cross-plane geometry.
Importantly, one electrode is in contact with the substrate while the other
electrode is exposed to the atmosphere or a capping layer, resulting in an
inherent asymmetry for most memristive devices. It is debated how the
intrinsic asymmetry in oxygen exchange and varied interfacial defect
states of the electrode-oxide interfaces vs. the initial electroforming may
affect the resistive switching property. Here, we present a unique model
experiment to study solely the implication of electroforming for a totally
symmetric device through an in-plane microdot oxide design with
sideways attached electrodes. Thereby, we can study the implication of
electroforming on resistive switching at realistic local electric field
strengths. For this, we study the influence of electroforming on symmetric
Gdo1Ce 90,5 thin film devices and Gdg1Cep90,4/Er,0s multilayer
devices. Here, the symmetry break, which is artificially introduced
through electroforming at varied polarity, is replicated in the current-
voltage curves and the subject of further analysis. Changing the
electroforming polarity flips the memristive response with a mirror plane
at zero volt. Analyzing the Ry/R,, ratios of the hysteresis allows us to
observe that the resistance ratios remain the same with different
electroforming polarities, i.e. positive and negative, for both the
Gdo.1Ceq 90,5 and Gdy 1Ceq 90, 5/Er,05 samples. The shapes of the curves,
i.e. the position of the large R./R,, areas and additional crossings can
also be reproduced at different polarities through our electroforming
experiments. An important observation is that through electroforming
with a long and strong bias pulse we modulate actively the number of
defects in the system. Based on the symmetric model microdot resistive
switching structures, we conclude that the underlying processes for
transport remain the same, but the degree of reduction in the conductive
phase of the switch depends on the effective electroforming initially
applied to the symmetric device structures. EELS is being employed to
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investigate the interfacial reduction states and a preferential reduction at
the interfaces can be confirmed. Since the exchange with the
environment, electrode interfaces and oxide microstructure remain the
same for both cases of electroforming with positive and negative
electroforming, the strong asymmetry present in the resistive switching
response is given by the initial electroforming bias and polarity.
Electroforming introduces a strong asymmetry on the resistive switching
property by affecting the reduction state of the mixed conducting oxide
which defines how many defects are present for the ionic transport of the
resistive switch. We gain deeper understanding about the role of
electroforming in symmetric devices and correlate this to a model where
the symmetric electroforming response is explained through a reduction
of the interfaces of the oxide. Ultimately, the study provides new insight
into the connection of electroforming and device symmetry to alter the
property of resistive switching, exemplified for ceria-based oxides.
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17 Introduction

In the last decade oxide-based resistive switches have gained considerable
attention as potential candidates for next-generation memories replacing
current transistor-based technologies'®?+2%°2% Most memristive devices
consist of a resistive switching thin film sandwiched between two metal
electrodes in a conventional cross-plane geometry, where the first
electrode is deposited on a substrate, and on top of this first metal layer
the thin film switching oxide is placed®®?®?!, Therefore, it is inherent for
this commonly employed cross-plane design that an asymmetric electrode
design is present in terms of microstructures and oxygen exchange
reactions with the environment. One electrode is always buried under the
thin film, while the other one is exposed to the atmosphere?*2?**, Here, the
thin film growth mode can be responsible for differences in
microstructure within the extent of the resistive switching thin film, e.g. a
gradient in grain boundary density. This may result in a changed defect
density profile at the bottom electrode when compared to the counter top
electrode. Such asymmetries are also present in packaged devices, since
one electrode is exposed to the capping layer, while the other electrode is
in contact with the substrate. Further, the electrodes, even when the same
materials are selected, may also differ by the sequence of their deposition
during sample fabrication. For example, the electrode interfaces may vary
with respect to being grown either on the substrate or on the oxide for a
cross-plane switching device geometry. The density of grain boundaries
and dislocations may differ for the part of the oxide being directly
deposited on the bottom electrode whereas the grain boundary density is
different close to the second electrode deposited on top of the oxide?*.

An important aspect is that in many devices an electroforming (also called
preforming) step is necessary to activate resistive switching; this applies
to all classes of resistive switches, i.e. valence change memories,
electrochemical metallization cells and thermochemical memories®®. This
electroforming step requires very often higher voltage, higher current or a
longer duration than the subsequent, regular switching process for the
operation of the memristive switch as memory or computational unit. The
memristive switching device is often set to a state of higher conductivity
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during and after the electroforming process. In filamentary-type devices a
conductive filament or a reduced pathway is formed in the oxide during
the electroforming step®®2%, and in the subsequent switching the charge
carrier transport is taking place in this higher conductivity region. We
refer here to the work of Yang and Williams®*® where they investigate the
role and mechanism of electroforming in TiO, based devices in a cross-
plane device geometry with different interfaces, one ohmic and the other
one Schottky-like. They study the mechanism of electroforming and the
role of different polarities during electroforming and find that the device
is controlled by the as-deposited asymmetries and that the formation of
conductive channels via oxygen vacancies is responsible for the switching
process. They also discuss the role of oxygen gas evolution during
electroforming. In the work of Kwon et al.?* the formation and disruption
of titania-magneli phase is identified to be responsible for the resistive
switching behavior. In other cases it was also observed that
electroforming in iron oxide sets the device into a state of lower
conductivity®®. Electroforming is required to either create defects that can
act as charge carriers later, accumulate them at interfaces or reduce the
material. This creates a state that is thermodynamically frozen, i.e. not in
its equilibrium but kinetically hindered, and imposes differences in the
later switching characteristics, although the device design does not
necessarily reflect such asymmetries.

There is a fundamental interest to study symmetry breaks in memristive
devices, be it either to be used as a design tool or a property that needs to
be well controlled to have good reproducibility in the devices. In multi-
terminal stacked devices asymmetries can be amplified and could be used
to create different input-output responses through e.g. electroforming,
while keeping the same fabrication process and device design. We refer to
the work carried out in the groups of lelmini®®, Leblebici?®® and Waser*®,

where they demonstrate the usefulness of stacked and 3D devices.

Deliberate or inherent symmetry breaks in switching devices can actively
be used as a design strategy to modulate device properties, e.g. through
different electrode materials. Several asymmetric systems with respect to
the switching direction were fabricated and measured in literature, see
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Table 17.1, but so far only few studies, e.g. Yang et al.*® and Jeong et

al?' have directly targeted the effect and applicability of device
symmetry and asymmetry for cross-plane geometries, respectively. To the
best of our knowledge no studies were published on in-plane devices.
This highlights that this topic is of great importance and could contribute
substantially to the understanding of memristive devices.

Table 17.1: Asymmetric memristive material systems, where the device
symmetry is broken on purpose by using different electrode materials (of
varying work function) in contact with the switching oxide for cross-plane
geometries.

Material System Ref.
PUTIO,/Al =l
PtNi/TiO,/Al
PYMn/TiO, /Al
PYW/TiO,/Al
Al/W/WO,/AIO,/AI 42
Ti/Gd,04/Pt i
Pt/ZnO/Pb(Zr s, Tip45)O3/CoFe,0./Au 24
Pt/SiO/TiN 5
Pt/Ta205-x/TiOXNy/TiN/Ta205-x/Pt 240

Due to the abovementioned constraints of inherent asymmetry it remains
challenging to study the effects of symmetry in resistive switching
devices. As electroforming can define the thermodynamic boundaries set
within which the resistive switching device is operated, it is doubtless that
understanding of the processes involved is required to elaborate best
switching device operation schemes. In-plane devices allow to design
model experiments with devices that are completely symmetric in the
switching direction. So far this has been challenging, since contacting
issues had to be overcome and devices with a small electrode separation
needed to be realized.

We fabricate symmetric memristive devices to investigate the role of
symmetry breaks given by the initial electroforming applied to
Gdg1Cepg0,.5/Er,O3 multilayer memory structures. Conventional devices
have many sources of asymmetries, e.g. microstructure, exchange
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reactions with the environment, or variations in defect density and
distribution, see Figure 17.1a and Figure 17.1b. In this study we
demonstrate a model memristive device that is strictly symmetric with
respect to the electrode materials, their microstructures and the exposure
to gas atmosphere along the switching direction. In the design employed
in this work the switching oxide is fabricated as a microdot onto a
sapphire substrate and the metal electrodes are attached sideways,
whereby a unique "real" in plane switching device is realized. Making
such a device that is strictly symmetric in the switching direction with
respect to the abovementioned, symmetry-breaking elements and
fabrication challenges is complex and was not achieved so far.

In the present work we study a memristive device with a symmetric
electrode design and this allows us to investigate the influence of
electroforming and symmetry on the resistive switching characteristics.
Ultimately, the results contribute to the understanding of the role of
electroforming in symmetric devices and show new ways how this
knowledge could be used to introduce new oxide architectures for
memory or computational hardware components operating on
memristance.
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Figure 17.1: Sample and experimental design. a) Schematic side-view of
a vacuum grown cross-plane design memristive device. There are
different sources of asymmetry, e.g. the electrodes, leading to a
modulation of exchange reactions with the environment (atmosphere);
growth induced microstructural variations or variations in the defect
density and defect energy levels. b) Left side: In conventional devices
most of these asymmetries are inherently present. Right side: In the
devices presented in this work an in-plane device design is employed
eliminating potential sources of asymmetry.
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18 Methods

18.1 Sample Fabrication

The thin films and multilayered thin films with a thickness of
approximately 275nm were fabricated by Pulsed Laser Deposition
(Surface Technologies, Germany; KrF excimer laser, 248 nm) on c-cut
sapphire substrates (Stettler sapphire, Switzerland). The films were
deposited at 700 °C at an oxygen pressure of 0.0267 mbar. The microdot
structures were fabricated with standard photolithography methods and
dry etching. First, a pattern was made using positive photoresist (AZ
4533). After dry etching to remove the excess material and create free-
standing microdots negative photoresist (AZ 2020) was used to make a
pattern for the contacting electrodes, see Ref.*?*’  Figure 18.1 and
Supplementary Information 24.1for details on the microfabrication route.
The Pt metal electrodes were deposited by e-beam evaporation.
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Figure 18.1: Microfabrication process flow to produce strained
microdots contacted by electrodes for small dot sizes down to 2.5 microns
in diameter.

18.2 Structural and Chemical Characterization

The thin films were characterized by X-ray diffraction (Bruker D8, Cu
Ka) and confocal Raman microscopy (WITec alpha300R, WiTec,
Germany, 532 nm). The microstructure was investigated with scanning
electron microscopy (SEM, LEO 1530). Lamellas for TEM analysis were
prepared using a FIB scanning electron microscope (Zeiss NVision 40).
The annular dark field STEM images were recorded using a FEI Talos
F200X operated at 200 kV.

18.3 Electrical Characterization

All electrical measurement were carried out using a Keithley 2612B
source measurement unit (Keithley Instruments, USA), Pt needles and 3D
micropositioners (Everbeing, Taiwan). The electroforming program
consisted of a ramping step with a sweep rate of 1V/sec to a voltage of
200 V and then a dwell step of 3600 sec with a compliance current of 200
nA. If this compliance current was reached the applied voltage was
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reduced accordingly. The cyclic voltammetry was carried out with a
sweep rate of 500 mV/sec, an amplitude of £200 V and a compliance
current of 200 nA.
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19 Results and Discussions

The microdots used in this work are based on the either pure
Gd 1Cey 40,5 or a combination of the materials Gdg;Ce 9045 and Er,O3
in a multilayer design to tune the effective defects present in the
switching oxide, see Ref.?*" for details. Such a symmetric switching
device can be characterized through a mirror plane cutting the device in
the middle; and can be realized as the electrodes are shaped by
microfabrication after deposition at the same time and differ towards
classic subsequently deposited resistive switching geometries, Figure
19.1a. Besides the advantages of allowing us to capture real strain effects
at micrometer scale another striking feature of the microdot design
employed here is that along the charge carrier flow direction, i.e. the
switching direction, the device is strictly symmetric, see Figure 17.1b
right side. This implicates that all asymmetries in the electric
measurements stem from the treatments after sample (device) preparation
and are not a result of unequal interfaces i.e. substrate-electrode vs. air-
electrode. In other words, such a resistive switching symmetric
architecture allows to study solely the implication of electroforming
(applying a long and strong bias pulse at larger current magnitude) prior
to the resistive switching operation. We test this hypothesis by applying
different polarities during the electroforming procedure, as illustrated in
Figure 19.1b. This design element that we can engineer gives us the
unique opportunity to study the role of electroforming and asymmetry in
oxide-based resistive switching devices with the same electrodes, oxide
microstructures and defect states in the switching direction for a given
material.
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Figure 19.1: Symmetric devices and the application of electroforming to
induce asymmetry. a) Optical micrograph of a microdot memristive
device. b) The symmetry imposed through device design can be studied
via a deliberately induced symmetry break, in this case electroforming
with different polarities is used.

Electroforming is the one-time application of a high current or voltage
leading to a breakdown of the material. Very often this is needed to
increase the defect density, e.g. the oxygen vacancy concentration, which
in turn results in the formation of conductive filaments and sets the device
into a low resistance state’®. In the present study a voltage of 200V was
applied, corresponding to a field strength of 8*10" V/m. A compliance
current of 200 nA was set. If no compliance current was set the device
failed after reaching very high current levels, usually resulting in
electrode delamination.

The electroforming procedure was deemed successful when the current
was still at the compliance value after the full electroforming period of
the ramping time and one hour dwell time, this means the device didn’t
fail and the electrodes were still intact. Device failure was usually
characterized by a steep and sudden increase in resistance.
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The electroforming program is shown in the top section of the first
column of Figure 19.2, the bottom section of the first column displays the
corresponding electric response. This experiment was carried out for the
sample design consisting of a single phase Gd,1Ceg 40,5 thin film and for
the 60 interfaces Gdy1Ceoq0,.5/Er,O3 design. To deliberately introduce
asymmetry the two systems under investigation were subject to
electroforming with either positive or negative polarity, with respect to a
specific electrode. As shown in the first column of Figure 19.2, the
positive and the negative electroforming yield a similar response, which is
characterized by a slow increase in current during the voltage sweep,
followed by a sudden change in conductivity after ~150 sec. Then the
current reaches a level where it runs into the set compliance current. After
successful electroforming as described above we studied how different
polarities during electroforming change the memristive response of the
microdots, i.e. the current-voltage (IV) profiles. The memristive behavior
of the samples was investigated using cyclic voltammetry?*'.

A voltage of positive polarity was applied, and was subsequently swept
up to a maximum voltage of 200V and then cycled to the opposite
polarity. The cyclic voltammetry experiments revealed that the IV curves
for positive and negative electroforming polarity have the same basic
shape, but are mirrored as zero volts. Taking a closer look at the shape of
the curves of the 60 interfaces sample we can see that after electroforming
with positive polarity, Figure 19.2a, 2" column, a large hysteretic
opening prevails, i.e. a large Ry/Ro, ratio at the positive side, which is
also the side of the applied electroforming at positive polarity. On the
negative side the hysteretic opening is smaller than on the positive side
with a crossing at ~85V. For electroforming with negative polarity, see
Figure 19.2b, we can observe the large Ru/Ro, ratio on the negative side.
On the positive side we can observe a crossing at approximately 100V.
The current at the crossing is for both cases ~ 2.5 nA. The Ry/R,, ratios
are approximately around 15 and 18 for positive and negative
electroforming, respectively; see Supplementary Information 25.1.

Conducting the same experiment with the Gdg1Ceq90,.5 single phase
sample yields the same results, Figure 19.2, third column. The memristive
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profile displays a small hysteretic opening at the side of the
electroforming polarity and a larger hysteretic opening at the side of
opposite polarity. Similar current-voltage characteristics, only mirrored at
zero volt are observable for the opposite polarity. Here it should be
mentioned that the Gdy;Ceq¢0,.5 single phase samples are selected as an
example for volatile hysteretic current-voltage characteristics, for a
detailed discussion see Ref.”*’. This allows us to confirm the same
symmetry-dependent charge carrier transport behavior for operation at
different time scales. The Ry/R,, ratios are equivalent for different
electroforming polarities, see Supplementary Information 25.1.
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Figure 19.2: Memristive characteristics after electroforming at different
polarities. a) Electroforming with positive polarity. The first column
shows the general electroforming program and response, the second
column the current-voltage curve of a 60 interfaces Gdg1Ceq0,.s/Er,O3
sample and the third column shows the current-voltage curve of a GDC
single film microdot device. b) Electroforming with negative polarity. The
first column shows the general electroforming program and response, the
second column the current-voltage curve of a 60 interfaces
Gdo1Ceq90,.5/Er,O; sample and the third column shows the current-
voltage curve of a GDC single film microdot device.

Since the two cases of electroforming at different polarity exemplified for
two different material systems with their distinctive persistence
characteristics are only different in their polarity during electroforming,
we can conclude the difference in the current-voltage curves, which can
be described by a mirror symmetry at zero volt which stems only from the
electroforming. Other symmetry breaks along the electrical switching
direction are not present in the microdot switches, and therefore cannot
influence the memristive characteristics. After successful demonstration,
that electroforming induces the symmetry break in the current-voltage
profile of the switch we turn to EELS to carefully investigate the redox
state of the ceria conductor material in the resistive switch. Through local
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EELS mapping, the ratio of the Cerium-Ms and Cerium-M,; peaks,
measured at the interface and in the bulk, confirms a reduction of ceria
towards the secondary oxide interfaces’**?*® resulting in an increased
defect density close to the interface, see Figure 19.3.

E Gdy1Ce,50s5 u — interface
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Figure 19.3: EELS of a Gdg;Cey90,.4Er,0;s multilayer sample. a)
Micrograph of the specimen showing the measurement spots. b)
Comparison of the spectra at the interface and within the layer (bulk)
reveals the reduction of the cerium ions at the interfaces.

Electroforming is required to obtain reliable and reproducible results for
this type of device, Figure 19.4. This holds for the single thin films
samples, Figure 19.4a and the 60 interface samples, Figure 19.4b. Before
electroforming the measured currents are one to two orders of magnitude
lower than after electroforming. We ascribe this to an increase density of
defects, caused by an electrochemical reduction of the conducting ceria
phase, preferably at the interfaces. The non-electroformed resistive
switches and their profiles display only very small hystereses with some
capacitive characteristics, Figure 19.4, second column. For the 60
interfaces non-electroformed sample, no additional crossing can be
observed. The additional crossing emerges only after electroforming.
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Figure 19.4: Electroforming characteristics of symmetric resistive
switching devices. a) Change after electroforming for the Gdg;Ce¢0,.5
single thin film sample. b) Change after electroforming for the
Gdg1Ceq90,.5/Er,05 60 interfaces sample

The memristive behavior is mediated by electronic and ionic charge
carriers™ 3L Dyring the electroforming process the ceria layer is
undergoing additional reduction. This is in parts in agreement with other
findings in the field, for example where a higher fraction of Ce®* present
at interface is reported by Song et al."*® and Chueh et al.?*°. In the present
case the thickness and extent of the reduced layer is increased through
electroforming.
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Figure 19.5: Model of the OFF/ON states as a function the changed
electroforming polarity. In the OFF state the interface does not form a
continuous boundary layer (filament) between the electrodes. In the ON
state a continuous reduced filament of ceria spans between the two
eelctrodes. This holds for the the case of a) positive electroforming and b)
negative electroforming, leading to the mirrored memristive response.

Based on the electrochemical results and first EELS/TEM confirmation,
we interpret the role of electroforming on symmetric resistive switches
based on ceria as follows: During electroforming electrons are injected
into the system from the side of positive polarity, leading to an enlarged,
electrochemically reduced interface boundary layer at this electrode,
resulting in an increased density of the electronic charge carriers. While
the voltage is increased during the sweep, the ionic and electronic charge
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carriers are migrating to the electrode with opposite charge, resulting in a
decrease in resistance, see Figure 19.5. In the electroformed samples the
reduced portion of the oxide interface has been enlarged, resulting in only
a small part of the cerium oxide that has to undergo reduction during the
voltage sweep. In other words, a non-uniform density gradient of charge
carrier concentration is established between the two electrodes. When
reversing the polarity the reduced portion is being reoxidized. Depending
on the concentration of the non-reduced cerium oxide (Ce*"), i.e. the non-
interfacial portion of Gd,1Ce(40,.5, the reoxidation happens faster if more
Gdo.1Ceq 0,5 is available. The CeO, portion of the thin film layer, which
is larger in the Gdy;Cep¢0,.5 single film sample compared to the
multilayered system, is acting as oxygen reservoir; thereby, also
facilitating the volatile behavior in this sample, see Figure 19.6. In the
material system investigated the strain state of the conducting oxide also
plays a role. In this case we have compressive strain in ceria, leading to a
decrease in ionic conductivity?®, also facilitating the slow reoxidation
through ionic transport in the high interface count sample.

Single material Multilayered system

reduced ceria
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PP bE bbby b by

substrate substrate

Figure 19.6: Reoxidation of reduced ceria. Larger volumes of ceria
support the fast reoxidation of Ce** rich portion of the conducting oxide.
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20 Conclusions

In this study we demonstrate a model experiment to study the role of
electroforming for a totally symmetric in-plane resistive switching
(memristive) device. Choosing the oxide switches to be microdots with
sideways attached electrodes gives the unique opportunity to reach the
needed high electric field strengths to induce switching but keep totally
symmetric electrode-oxide interface in terms of their defects at interfaces
and oxygen exchange with the environment. The resistive switching
property can be studied electrochemically solely with respect to the
applied initial electroforming which is the matter of investigation. Here,
two model microdot oxide structures based on various interface
modulated ceria heterostructures in terms of their defect densities have
been selected. In general, the occurrence and reaction of electroforming is
studied for resistive switches with either volatile or non-volatile
characteristics by choice of the switching oxide, being either
Gdo1Ceq 90,5 or multilayered Gdg;Ceq0,.5/Er,03. We demonstrate that
in-plane microdots can be used to create a model case for which the
resistive switch has a high level of "symmetry" given by i) the
microstructures and defects at the exposed and buried electrode interfaces
and ii) towards the oxygen gas exchange with the atmosphere. Through
this approach we can study the effect of electroforming on the evolvement
of the current-voltage profiles for the switches. The electroforming
process is carried out at different polarities, i.e. either positive or negative
bias applied. Actively reversing the polarity allows to demonstrate that
this change in polarity during preforming is implemented into the
hysteretic memristive current-voltage response depends on the initial
electroforming polarity for its switching and effective magnitude: we
observe for the non-volatile resistive switches based on multilayered
Gdo.1Ceq90,.5/Er,05 a mirror plane at zero voltage in the current-voltage
profile, i.e. where the polarity changes its sign from positive to negative.
The shapes of the curves display a hysteretic opening with a large Rqs/Ron
ratio at the polarity of electroforming and an additional crossing at the
opposite polarity. Exactly the same behavior is observable when the
polarity is reversed, e.g. the hysteresis with large opening is mirrored
from the positive side to the negative side. This confirms for the very first
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time that for the given case of a strictly symmetric resistive switching
device (or memristor) the major determining parameter of the resistive
switching property is the initially applied electroforming and induced
defects (i.e. reduction of the ceria-phase). Moreover, we show a high level
of material, defect and interface processing as we demonstrate a
successful inversion of the resistive switching profile in its resistance
ratios in OFF and ON state, additional crossings and shape of the
hysteretic curves simply by exchanging the bias polarity at a fixed
magnitude. On an atomistic level, we understand the process of
electroforming such that the amount of reduced ceria is increased in a
given conductor phase, modulating the number of ionic and electronic
charge carriers. Subsequently, the density and mobility of these defects
drives the resistive switching process; hence, the electroforming is for the
given material a necessity and determines the switch characteristic. On a
broader scale, one may see here analogies between freezing defects by
electroforming (under a high electric field strength) in the material and to
what is done in a classic temper and quench step, defining the
thermodynamic boundary conditions of any oxide ceramic conductor.
Through the deliberately introduced element of a symmetry break, which
was electroforming at different polarities, we were able to demonstrate
that this artificial asymmetric element has impact on the resistive
switching characteristics. By doing so, we exclude that differences in the
microstructure and/or exchange reactions with the environment between
both electrode-oxide interfaces drive the changes in this in-plane devices;
it is solely the electroforming process as presented for the given case of
ceria-based resistive switches and memristors.
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Here the outcome of this PhD thesis and its impact on the scientific
community is discussed and analysed in a broader context. Also,
questions that arose during this thesis but remain to be answered in the
future are presented and discussed.

21 General Conclusion

The aim of this thesis was to investigate how interfacial effects in general
and strain in particular could be employed to modulate the physical
property of memristance. Based on a comprehensive literature review it
was decided that a multilayer approach would be the most suitable
strategy, since it allows to finely tune the strained volumes for oxygen
ionic conductors. Two phases are grown on each other and the resulting
lattice mismatch gives rise to strain. To have a model that allows a clear
assignment of the induced changes of the conductivity it was decided to
have one phase that is an electric insulator while the other phase is
assigned to be an oxygen ionic conductor. This way it can be safely
assumed that all the current flows through the conductor and the number
of variables that can play a role in the model has been reduced. The
materials couple can be selected to result in compressive or tensile strain
in the conductor phase. Considering current resistive switching models it
is still not clear whether lattice compaction or lattice tension would yield
the better results.

The materials that were selected as ionic conductor and insulator were
Gdo1Ceo0,5 and Er,0s, respectively. This material pair yields
compression in the Gdg;Cey90,.5; therefore, one expects a decrease in
ionic conductivity in this material system for the in-plane direction.
Samples were successfully fabricated with PLD and optical
photolithography, first with an electrode distance of 15 pm, later with 2.5
um. To capture real strain effects the electrodes were attached sideways
instead of using top electrodes. It was found that top electrodes to not
provide reasonable results for the present case when trying to capture
strain effects at the microscale trying to contact nanoscopic interfaces. To
impose different magnitudes the total film thickness of all samples was
kept the same at 275 nm, but different layer counts were fabricated. The
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number of interfaces was varied from 6 to 60, yielding different
magnitudes of compressive in-plane strain.

In Arrhenius-type heating experiments it was proven that the ionic
conductivity was decreased and the activation energy was increased under
compressive strain. A compressive strain value of -1.26% allowed us to
decrease the electrical conductivity by 75% and to increase the activation
energy of ionic conduction by A0.31 eV. Based on these promising results
the 2.5 pm devices were used for testing of the memristance modulation,
since a certain electric field strength is required to observe memristance.
The strain values were probed with Raman spectroscopy analyzing the
shift of the F,y Raman mode of the ion conducting Gdy1Ceg 90-.5 phase.

It was tested if electroforming is required for operation as memristive
device and it was indeed found that electroforming is beneficial, since it
increases the current measureable by one to two orders of magnitude.
Also, without electroforming the shape of the IV profiles shows no
memristive modulation, revealing that not only a decrease in resistivity is
the consequence of electroforming, but also the occurrence of
memristance. With our strain and interface aided design approach we
could modulate the Ry /R, ratio by one order of magnitude. The
otherwise volatile hysteretic characteristics were found to be non-volatile
for the highly-strained 60 interfaces sample.

One distinctive feature of the device design employed is that it is strictly
symmetric, which gave the opportunity to study the role of electroforming
and symmetry on resistive switching. It was found that a deliberate break
in symmetry is exactly represented in the IV curves. Electroforming at
positive and negative polarity has been employed to break the symmetry
and this results in an electric mirror plane at zero Volts.

To assess the in-plane strain states Raman microscopy mapping was
applied to the oxide microdots and their multilayers for the device
structures. This allows us to directly connect a change in lattice
modulations imposed through lattice mismatch to a strain value. At first,
we compared our results to experimental data to get a good estimation of
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the strain values but later we employed DFT calculations to get more
precise values.

To confirm our results with an independent second method we decided to
use high resolution transmission electron microscopy. After preparing the
TEM lamellas with FIB cutting we measured the Gdg;Ceq¢0,.5 Spacing at
the interfaces and at the center of film for the Gd,;Ceg90,./Er,O5 60
interfaces sample and the Gd,1Cey 90,5 single film sample. The results
confirmed that compressive in-plane and tensile out-of-plane strain is
imposed in the Gdy1Cey 40,5 films. A strain gradient from the interface,
where the strain field originates, to the film interior was measured and
strain relaxation within the conductor films proven.

EELS was used to investigate the interfaces. It was found that the ceria at
interfaces is preferentially reduced. A higher interface count leads in total
to a larger portion of interfacial volume, resulting in a larger portion of
reduced ceria as the lattice structure goes from cubic isotropic to a
strained state.

Concluding, a new strained memristive device is demonstrated. New
fundamentals on fabrication, contacting and measurement methodology
were established. A proof-of-concept of this novel device architecture is
shown and could be further miniaturized for commercialization.
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22 Outlook & Future Challenges

Ultimately, the thesis contributed in understanding the relationship of
strained interfaces and electric transport, particularly at moderate
temperatures and high electric fields. This can be used for the fabrication
of memristive devices, as demonstrated here through sideways contacted
multilayer oxide microdots. Even though it was successful to develop the
new strained memristors based on oxide heterostructures, and hypothesis
could be tested concerning the electric transport-structure-resistive
switching properties in such materials and devices, there are still many
topics to be explored and questions that we want to answer.

A deeper structural understanding would help to refine the models
connecting strain, interfacial redox states and the related memristive
response. Strain analysis using standard Raman microscopy is suffering
from thermal broadening and using a cooling stage with liquid nitrogen
cooling would help to narrow the FWHM of the peaks and would
therefore improve the peak separation, allowing a better strain
determination.

To make the concept of using strain for memristive devices more relevant
for high density application further downsizing would be required.
However, the proof of concept given through this thesis and
electrochemistry behind it can actively be used for further downscaling.
To achieve this, e-beam lithography is suggested in the first patterning
step where the microdot pattern is created on the multilayer thin film. A
resist with a sufficiently low etching rate has to be selected or the device
has to be thinner. Another option that would be enabled by a substantial
decrease in size would be the application of electrochemical impedance
spectroscopy. Using impedance spectroscopy to analyze the ON and OFF
states for the in-plane microdots would allow getting a deeper
understanding of the underlying mechanism. In the presented design of
the strained microdots for resistive switches the usage of impedance
spectroscopy was limited by the resistance of the samples and the high
voltages required to reasonably investigate the ON and OFF state.
Separation of electronic and ionic contributions would be an important
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cornerstone for understanding the switching behavior in strain- and
interface controlled multilayered systems based on mixed ionic-electronic
oxides in the future. This could be achieved for example through oxygen
partial pressure depended conductivity measurements and analysis of the
Brouwer diagram. Another way would be 0 tracer diffusion
experiments, like previously carried out by Aydin et al.”*%. For optically
active systems, e.g. Pr-doped ceria, absorption measurements could be
used to track the oxidation state of the system?®*.

In-situ TEM measurements to directly observe the resistive switching
process would help to connect the electric transport data to structural
changes (e.g. in redox state of the oxide) and actual mass transport in the
device under bias. However, these remain challenging in sample
preparation, measurement and data analysis Also one would have to keep
in mind that the TEM lamella as resistive switch would be a scenario far
from a real device structure due to its constrained volume after FIB-
cutting.

It remains to be explored how tensile strain impacts on the modulation of
memristance and tuning the electronic and ionic conductivities. Sm,03
and Bismuth-Niobates seem to be promising candidates for the insulating
phase, keeping the same approach of using Gdy;Cey90,.5 as conductive
phase and using the insulating phase to impose strain on the conducting
strain. Different strain magnitudes can also be employed; e.g. by using
Vegard’s law in the Bismuth-Niobates; however, it seems advisable to
remain in the elastic strain regime but still try to get a maximum of strain.
Also the critical thickness for formation of dislocation has to be
considered.

The present work was carried out on polycrystalline thin films. In order to
get a better understanding for the role of grain boundaries and the grain
boundary density it would be possible to grow epitaxial and grain
boundary free thin films. That would allow taking the understanding of
structure-transport relationships in strain- and interface controlled
samples to a higher level.
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In applications, a different sample design could be employed using the
anisotropic strain behavior in thin films through a crosspoint design,
where bottom and top electrodes are sandwiching a thin film. This means
an in-plane compressive film could be used by exploiting its out-of-plane
tensile strain. One would have to consider the use of a bottom electrode
with the correct structure to ensure well-controlled growth.
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23 Supplementary Information Part Il: A Microdot
Multilayer Oxide Device: Let Us Tune the
Strain-lonic Transport Interaction

23.1 Spatially resolved Raman scans of the micro-dot
array

Raman spectra with respect to their spatial position on the specimen are
displayed. The spot of the excitation laser was moved to the strained
Gdo.1Ceq90,.5/Er,05 multilayer structure and to another randomly chosen
spot on the surface that is not the metal electrode, as depicted in Figure
23.1. Figure 23.1a indicates the measured spots on the specimen. Figure
23.1b shows the spectrum obtained by measuring the free-etched surface
of the sample. The spectrum clearly shows just the sapphire features.
Figure 23.1c was measured on the Gdy;Cey90,5/Er,O; multilayer
structure and shows the known spectrum for these heterostructure.
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Figure 23.1: Spatially resolved Raman spectra of the multilayer micro-
dots on the free etched surface. a) High-magnification light microscopy
picture of a microdot contacted by side-wise attached Pt electrodes. The
red lines indicate the spot where the Raman spectra shown in b) and c)
were recorded. b) Raman spectrum of the free etched sapphire substrate.
¢) Raman spectrum of the micro-dot. The characteristic features of the
Gdo1Ce(90,.5/Er,05 multilayer can be observed.

23.2 Detailed XRD Scans

Detailed 6-28 scans of all processed thin film samples were recorded and
are displayed in Figure 23.2. All samples show a narrow FWHM and are
well-oriented, with (111) or higher order orientations. Samples with a
single layer film thickness < 9 nm for Er,0O5 or < 18 nm for Gdg1Ceq0,.5
show superlattice modulation. The non-symmetry of the satellite peaks
stems from non-perfect geometrical alignment of the specimens. The peak
positions are in agreement with Refs.®*2, When going to a higher
number of interfaces, i.e. the number of layers is increased we can
observe a systematic shift of the peak positions.
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Figure 23.2: X-Ray diffractograms of all thin film samples. The numbers
indicate the number Gd, 1Ce(90,./Er,05 of bilayers.

23.3 XRD patterns of pellets

X-ray diffractograms of the bulk ceramic pellets used for Pulsed Laser

Deposition are displayed in Figure 23.3. The patterns show all
characteristic peaks, indicating the correct phase and no impurities.
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Figure 23.3: X-Ray diffractograms of the bulk ceramic pellets.

23.4 Comparison of Raman spectra of Gdj;Ce 90,5 and
Er,0; of pellets and single thin film samples

Raman spectra of all pellet and thin film samples were recorded and
compared to each other and to Refs.*®®>1 The pellet sample peaks
match with the thin samples. For Gdg;Cep90,.5 the peak could be
assigned to the F,y mode, see Figure 23.4. The peak is at the unstrained
position (~463 cm™), which is at a higher wavenumber than the peaks
tentatively identified in the spectra of the strained samples. For the case of
Er,0; the Raman spectra of bulk pellet and thin film sample match, see
Figure 23.5. All the peaks could be assigned to Fy and Fg+Ag peaks or
could be identified in Raman spectra of compounds with the same
bixbyite structure. For all Raman measurements an experimental series
with different laser energies was made to exclude influence from laser
heating. The composition was the same for all samples, i.e. a shift of the
Raman lines due to change of the composition can be neglected.
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Figure 23.4: Raman spectra of the bulk pellet (black line) and single thin

film sample (red line). The blue F, index marks the respective Raman

mode of Gdy1Cep 90, s. Both samples show a good match, the thin film
sample shows sapphire features from the substrate.
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Figure 23.5: Raman spectra of the bulk pellet (black line) and single thin
film sample (red line). The Fy and Fq+A, index marks the respective
Raman modes of Er,Os;. The (0) index marks peaks that could be
identified in similar bixbyite structures. Both samples show a good match,
the thin film sample shows sapphire features from the substrate.
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24 Supplementary Information Part I11: Designing
Strained Interface  Heterostructures  for
Memristive Devices

24.1 Fabrication details

Compared to the state-of-the-art in literature?® we were able to decrease
the size of the devices by ~one order of magnitude. After thin film
deposition in a PLD system (Figure 18.1, step 1), see Table S1.1 for
deposition rates, the samples were subject to a first photolithography step.
This photoresist pattern was made with spin-coating AZ 4533 Photoresist
(Microchemical, Germany) to achieve a thickness of 4.3 — 4.6 microns.
After letting the sample rest and soft-bake with 100°C for 90 sec the
sample was exposed in a MA6 mask aligner (SUSS MicroTec, Germany)
with a dose of 190mJ/cm? at 405 nm (Figure 18.1, step 2). After resting
the sample was post-baked with 115°C for 20 sec. After another resting
period we developed the sample in 2 different puddles filled with AZ 826
developer with 39 sec in each puddle. Subsequently the sample was dried
in an N, stream.

Then the microdots were subject to dry-etching using an Oxford
Plasmalab 80 (Figure 18.1, step 3). The etching rates for the oxides and
the photoresist were measured in previously carried out pilot experiments,
see Table S1.2. AZ nLof 2020 was spin-coated onto the sample to create
a pattern for metal deposition (Figure 18.1, step 4). Following a resting
step the samples were soft-baked at 110°C for 180 sec followed by
another resting period. The samples were then exposed at 365 nm with a
dose of 75 mJ/cm?. Another resting period was followed by a post-bake at
110°C for 90 sec. After a final rehydration the samples were developed in
2 puddles of AZ 726 for 45 sec each. The samples were dried in an N,
stream and finally subject to metal deposition to fabricate the electrodes
(Figure 18.1, step 5).

A process flow chart depicting the sample fabrication is shown in Figure
18.1.
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Table 24.1: Thin film deposition rates

. PLD deposition rate /
I nm*100pulses™
Er,O4 ~1
Gdo.1Cep90.5 ~2

Table 24.2: Etch rates

ViiaTal Etch rate iL\ Ar _pl)lasma/
nm*min
Er,0; 0.59
Gdo1Ce 9025 1.24
Sapphire 1.75
AZ nLof 2020 ~10
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24.2 HR-TEM diffraction analysis

Relative assessment of lattice spacing out-of-plane ([111]) and in-plane
([311]) was performed via Fourier analysis of atomic-resolution images of
the 6 and 60 interface samples. Representative 101 zone axis
diffractograms computed from Gdg;Ceq 90,5 in the 60 and 6 interface
samples are shown in Figure 24.1a and b, respectively. Spot separation
was measured 4 to 6 times (typically 5) depending on the number of high
order reflections visible in the diffractogram. Standard error propagation
was performed using the measured mean and standard deviation.

101 ZA diffractogram from [ b 101 ZA diffractogram from
fig. 1f region 1 fig. 1g region 1
(60 interfaces) (6 interfaces)

Figure 24.1: Typical 101 zone axis (ZA) diffractograms used for relative
lattice plane spacing analysis. Diffractograms were computed from
Gdo.1Ceq 90,5 layers 60 and 6 interface samples.

The result of this analysis is detailed in Table 14.1, and reveals a relative
contraction of the in-plane [311] spacing by 2.8 + 0.2 % when comparing
regions 1 and 2 in the 6 interface sample, Figure 14.2c. This result
suggests the strain field relaxes within the several nanometers directly
adjacent the interface.
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24.3 XRD Structural characterization

The thin films were also characterized with X-Ray Diffraction in Bragg-
Brentano configuration, Figure 24.2. The 6 interfaces sample shows the
single peaks for both materials, Gd,1Cep 90,5 and Er,O3. The 40 and 60
interfaces samples exhibit supelattice modulation.

Gdy 1Ceg 90, 5/ErO;
60 interfaces

AIA_/\ Gdy 1Ce 90, 5/Er,05
* 40 interfaces
J\:\

,j’k

25 ' 30 ' 35
° /20

Int. / a.u.

Gd, 1Ceg 90, 5/ErOy
6 interfaces

Gd, 1Ce( 90,5 single

Figure 24.2: X-Ray diffractograms of the thin film samples. The diamond
symbol refers to Gd, 1Cep 40, s phase and the triangle symbol to Er,Os,

24.4 Scanning transmission electron microscope electron
energy-loss spectroscopy

Dopant cation segregation at the interfaces was investigated in non-
preformed samples using STEM EELS to track the intensity ratio of the
Ce Mys and Gd Mys ionization edges. A negligible difference in the
intensity ratio, I54s/I5%s, was observed when comparing spectra
acquired in the GDC layer (I55s/15%s = 11.6 + 0.8) and within 2.5 nm
of the interface 1555 /15%s = 11.8 + 1.3). The cited error is one standard
deviation in the mean value measured at five locations along the interface.
In the interface region (i.e. within 2.5 nm of the interface), cerium
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reduction was typically observed as a reversal in the Ce Ms to M, peak

height ratio, and a slight shift of both peaks towards lower energy-loss®®.

Gd,;Cep 40,5 o cle M45I — Layelr 1F Gd M4|5 i
M, = Interface

ol i ]
=
=
)
o
E
<
%]
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3
ErO, Er0, O
Gd,;Ce50,5
880 900 920 940 1180 1220
50'nm 10nm Energy loss (eV)

Figure 24.3:TEM and EELS measurements. a) Annular dark field (ADF)
STEM image of Gdg;Ce90,.s/Er,05 multilayers. b) ADF STEM image of
a single Gdy1Ceo 40, s/Er,03 interface; the image was acquired in the
region of a highlighted with a dashed box labeled b. c) Area-averaged
Ce Mys and Gd Mys energy-loss spectra acquired in the Gdg1Ceo90Oy.s
layer 22 nm — 28 nm from the Gdg;Ceq¢0,.5/Er,O3 interface (Layer), and
acquired within the 2.5 nm directly adjacent to the Gdg1Ceqg0,.s/Er,O3
interface (Interface). The spectra labeled Layer and Interface were
acquired in the regions of b highlighted with a dashed box with
corresponding labels.

STEM EELS experimental details:

A JEOL 2010F STEM equipped with a Gatan Enfina energy-loss
spectrometer was operated with an acceleration voltage of 200 kV. The
probe size at the specimen was approximately 0.7 - 1 nm. Individual
spectra were acquired with an exposure time of 0.5 s, and a spectrometer
dispersion of 0.7 eV/channel. The convergence and collection semi-
angles were about 15 mrad and 33 mrad, respectively. For spectral
processing, spectra were shifted such that the Ce M5 edge maxima had an
energy loss of 883 eV. An inverse power-law fit to the background signal
was used for background subtraction, and signal integration windows
were selected to minimize specimen thickness effects (e.g. plural
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scattering artifacts)®*. Background fitting and signal integration windows
are provided in the table below.

Background fitting (eV) Signal integration (eV)
Ce Mys 890 - 870 875 — 955
Gd Mys 1070 -1170 1175 -1255

24.5 Additional Raman Spectroscopy Theory

According to Ganesan et al.”*?, the frequencies of the three optical modes
can be described by the following secular equation:

P&+ q(exn +€33) — 4 2reg, 2reg3

2reg, Pz +qlezs +&11) — A 2reys

2regs 2rey3 pesz +qlen +&22) — 4
0 Equation 24.5.1

, Where p, q and r are the phonon deformation potentials. The Raman
frequencies for the strained and unstrained cases can be calculated from
the eigenvalues A.

— 2 2 .
A= WSrained — Wunstrained Equation 24.5.2

This can be rewritten as
A i .
Al = Wgtrainea = Wunstrained ~ ——sirained Equation 24.5.3

2Wynstrained

Resolution:

The spatial resolution achievable with optical microscopy is given by
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Spatial resolution = 0.7\11;/1 Equation 24.5.4

A is the wavelength, in this case 532 nm, NA stands for the numerical
aperture, which is for the given case 0.9, giving a spatial resolution of
about 360 nm on average.

24.6 Raman Microscopy on Erbia

A Raman spectrum of an Er,Os thin film on sapphire is presented in
Figure 24.4. All Raman band assignments presented in Table 24.3 were
assigned using Refs. 232 A pilot experiment with varying laser powers
was conducted to exclude influence from laser-induced sample heating.

Int. / a.u.

J

T T T T T T T y T T T T
400 450 500 550 600 650 700

Wavenumber / cm”

Figure 24.4: Er,O3; micro-Raman spectrum. The black indices refer to
sapphire vibrational modes and the red denoted indices refer to the phase
of Er,0s.
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Table 24.3: Assignment of Raman modes for Figure 24.4: Er,O; micro-
Raman spectrum

Wavenumber / cm™ Mode Ref.
~417 Alg 256
~430 Eq 26
~449 E, 2%6
~480 Fg 253-255
~520 Fy 253-255
~569 Fy 253-255
~576 Eg 256
~605 Fy 253-255
~645 Ay 256
~655 Fy 253-255

24.7 DFT calculations of vacancies at the CeO,/Er,0;
interface

In Figure 14.6¢c we show the energy for oxygen vacancies at different
positions in a CeO,/Er,O3 heterostructure. In this calculation, charged
oxygen vacancies were created by removing two electrons from the
calculation, which mimics the presence of two Gd** dopants at Ce*" sites.
The effective composition is thus Gdg sCe€0.9401 g7.

The disorder in Er,O; leads to a significant scatter in the data, but since
high energy states will not be populated, we can focus on the low-energy
states highlighted in red. These data points show that vacancies can reside
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in lower energy states close to the interface, which is in agreement with
previous calculations for charged and neutral oxygen vacancies'®,

Figure 24.5 reports the oxygen vacancy migration barrier in CeO, under
applied biaxial strain, for migration along both the in-plane and out-of-
plane direction.
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Figure 24.5: Oxygen vacancy migration barriers in CeO, under biaxial
strain.

Independent of the migration direction, the migration barrier increases
under compressive (negative) biaxial strain, which will reduce the
mobility of oxygen vacancies under compressive strain.

Figure 14.6d shows the bottom of the conduction band of pure CeO,
around the X (0.0, 0.0, 0.5) point of the Brillouin zone. These bands,
which will be occupied by oxygen vacancy-generated electrons, show a
systematically higher curvature with increasing compressive strain, which
translates to a smaller effective mass and hence a higher mobility of these
electrons with increasing strain.
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24.8 Defect chemical equations

The equilibrium at the ceria-erbia interface can be described as follows in
Kroger-Vink notation:

05+ Cel, = %0,(g) +Vy + Ceco + €' Equation 24.8.1
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25 Supplementary Information Part 1V: The role of
symmetry and electroforming in strained
heterostructure strained resistive switches

25.1 Analysis of the Ry#/Ron ratios of preforming with
different polarities

The Ry#/Ron ratios of the 1V curves of the two different systems,
Gdp.1Ceq 90,5 single thin film and Gd,1Ce 90, 4/Er,O3 60 interfaces were
analyzed to compare the equivalence of the mirrored IV curves, Figure
25.1. It was found that within the error the Ry/R,, ratios are the same for
preforming with positive or negative polarity. We conclude that this
supports the model that the preforming introduced an electric mirror plane
at zero volts.
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Figure 25.1: Analysis of the Ry/R,, ratios of preforming with different
polarities
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28 List of Abbreviations and Symbols

a lattice constant

ALD atomic layer deposition

B bulk modulus

c.c. compliance current

CMOS complementary metal-oxide—semiconductor

DFT density functional theory

DRAM dynamic random-access memory

E energy

€ strain

EELS electron energy loss spectroscopy

eV electronvolt

f lattice mismatch

FeERAM Ferroelectric random-access memory

FIB focused ion beam

FWHM full width at half maximum

G Gibb’s energy

H enthalpy

| current

Ks Boltzmann constant

MOSS multi-beam optical stress sensor

1j mobility of the charge carrier species j

v Poisson’s ratio

p pressure

PCM phase change memory

PLD pulsed laser deposition

q elementary charge
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RT room temperature
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t time

T temperature
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\% voltage / volume
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XRD X-ray diffraction
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