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Abstract

The ongoing digitization of the world has led to a growing demand for energy- and cost-efficient
storage and processing of data. As the existing memory and computing technologies run into
fundamental physical limitations, novel devices and computing concepts are required to meet
the demand. One of the most promising technologies for future non-volatile memory- and
computing-applications are redox-based resistive switching devices. Such a device is composed
of a metal-insulator-metal stack that allows the reversible and non-volatile switching of the
electrical resistance through application of voltage signals. The resistance change is suspected
to be caused by the formation and migration of ionic defects within a small filamentary region
of the device. However, despite extensive research efforts the details of the microscopic redox
processes that drive resistive switching are still under debate. The aim of this thesis is the
elucidation of the switching mechanism in two classic resistive switching oxides, namely SrTiOg

and TaOs, by employing spectromicroscopic techniques.

First, the influence of the SrTiOg3 thin film properties on the switching characteristics is inves-
tigated. It is demonstrated that the film thickness and the crystallographic defect structure are
decisive factors that determine the polarity of the resistance hysteresis. By combining spec-
tromicroscopy and atomistic simulations, the role of extended defects as fast cation diffusion
path is identified. Cation migration takes place along extended defects during device opera-
tion, which results in spatially confined phase separations. In operando transmission electron
microscopy of defect rich SrTiOgs films provides evidence for a localized valence change from
Ti** to Ti®* caused by the electroforming process. In the high resistance state a homogeneous
oxygen distribution is observed, whereas in the low resistance state nanometer sized oxygen-

deficient regions are visible, which form at island boundaries.

To characterize conductive filaments in TagOs using photoelectron spectroscopy, a novel de-
vice layout is employed that combines a crossbar structure and graphene electrodes. Photoe-
mission electron microscopy of functional TapOs memristive devices reveals the presence of
oxygen-deficient nanoscale filaments. The filament composition is quantified using core level
spectroscopy and an oxygen vacancy concentration of 16 % is measured in the low resistive
state. The results further clarify the long debated question whether the filament is composed
of a suboxide or metallic phase by demonstrating that no metallic tantalum component is

present in the filament.






Kurzfassung

In unserer zunehmend digitalisierten Welt herrscht eine wachsende Nachfrage nach kostengiin-
stiger Datenspeicherung und -verarbeitung. Angesichts der Tatsache, dass bestehende Spe-
ichertechnologien an ihre physikalischen Grenzen stofen, werden neue Komponenten und
Konzepte bendtigt um die Nachfrage zu decken. Eine der vielversprechendsten Technolo-
gien fiir nichtfliichtige Speicher- und Logikanwendungen sind redox-basierte resistiv schal-
tende Bauelemente. Diese Bauteile, bestehend aus einem Metall-Isolator-Metall Stapel, kon-
nen durch Anlegen einer Spannung reversibel und nicht-fliichtig ihren elektrischen Widerstand
dndern. Es wird angenommen, dass die Widerstandsdanderung auf die Bildung und Migration
von ionischen Defekten zuriickzufithren ist. Obwohl das resistive Schalten eingehend unter-
sucht wurde, sind die Details der mikroskopischen Prozesse noch immer nicht vollstéindig
verstanden. Das Ziel dieser Arbeit ist die Aufkldrung der Schaltmechanismen in zwei klas-
sischen resistiv schaltenden Oxiden, namentlich SrTiO3 und TagOs, durch Verwendung von

spektromikroskopischen Analysemethoden.

Zunéchst wird der Einfluss der Schichteigenschaften von SrTiOg Diinnfilmen auf das resistive
Schaltverhalten untersucht. Es wird gezeigt, dass die Schichtdicke und die Defektstruktur
entscheidende Faktoren darstellen, welche die Polaritit der Widerstandshysterese festlegen.
Durch Kombination von Spektromikroskopie und atomaren Simulationen wird gezeigt, dass
ausgedehnte Defekte als Kationen-Diffusionspfade fungieren. Die Migration von Kationen
findet entlang der ausgedehnten Defekte wihrend des Schaltvorgangs statt und fithrt zu lokalen
Phasenseparationen. Mittels in operando Transmissionselektronenmikroskopie von defekt-
reichen SrTiOs Filmen wird der Valenzwechsel von Ti*t zu Ti3* nachgewiesen. Wihrend
im hochohmigen Zustand eine homogene Sauerstoffkonzentration vorgefunden wird, sind im
niederohmigen Zustand nanometergrofe Sauerstoff-defizitdre Bereiche sichtbar, welche sich

entlang von Inselgrenzen bilden.

Um leitfdhige Filamente in TagOs mittels Photoelektronenspektroskopie zu charakterisieren,
wird eine Bauteilarchitektur verwendet, die eine Kreuzpunktstruktur und Graphenelektroden
kombiniert. Photoemissionselektronenmikroskopie von funktionalen TasO5 memristiv schal-
tenden Bauelementen zeigt die Présenz von Sauerstoff-defizitdren nanoskaligen Filamenten.
Eine Sauerstoffleerstellenkonzentration von 16 % konnte fiir den niederohmigen Zustand bes-
timmt werden. Die Ergebnisse zeigen weiterhin, dass das Filament aus einer suboxid Phase

besteht und nicht wie oft angenommen aus metallischem Tantal.
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1 Introduction

In today’s information age, data is becoming increasingly important and it profoundly changes
the everyday life of people and the way businesses operate. With the ongoing digitization of
our society, the demand for cost-efficient data storage is growing and growing. While in 2020
an estimated 50 zetabytes of data was created world wide, it is expected to reach 175 zetabytes
by 2025 [1]. Currently, the vast majority of data is stored on hard disk drives (HDD) and
Flash memory. While both technologies have seen significant improvements over the last
decade, they suffer from high energy consumption, slow access times and a low endurance |2,3].
Especially the slow access time poses a major problem when data needs to be transferred from
non-volatile to volatile memories to further process the data. The overall performance of the
system is then limited by the low transfer rate of the non-volatile memory. In order to overcome
these shortcomings, various emerging memory technologies have been investigated with the

goal to complement or replace existing storage concepts.

One of the most promising candidate among the emerging memories is the so-called redox-
based resistive switching random access memory (ReRAM) [4 6]. A ReRAM cell is a two-
terminal device, which consists of an insulating oxide layer that is sandwiched between two
metal electrodes. In these devices, a voltage is applied to switch the device resistance between
two or more states. This so-called resistive switching effect allows the non-volatile storage
of information in form of the device resistance. Prototypical ReRAM systems have demon-
strated an excellent performance combining fast read and write times [7-9], long retention
[10], low energy consumption [11] and a high endurance [12], outperforming Flash and HDD.
Furthermore, owing to its simple structure, ReRAM offers exceptional scaling- and multi-
layer stacking-capabilities [13 15]. Due to these merits, ReRAM is also considered to be a
key component for emerging hardware applications in machine learning [16], neuromorphic
[17] and in-memory computing [18]. Despite these promising performance metrics, ReRAM
suffers from a large intrinsic variability, which hampers its technological exploitation [19]. Sev-
eral solution have been proposed to overcome these reliability issues, including material- and
process-optimization [20,21]. However, due to the large number of possible material combina-
tions and fabrication techniques, an empirical device optimization is not practical. To transit
towards a knowledge based optimization strategy, it is essential to gain a deeper understand-
ing of the microscopic processes that are involved in resistive switching and how they can be

controlled.



1 Introduction

In transition metal oxide devices, it is generally assumed that resistive switching is driven by
formation and migration of oxygen vacancies within the oxide layer [4,22]. This process takes
place in a spatially confined region, the so-called conductive filament. Because the formation of
oxygen vacancies is associated with a valence change of the transition metal cation, the process
is termed valence change mechanism (VCM) [6]. Accordingly, a detailed characterization of
conductive filaments is the key to establish a complete picture of the switching mechanism.
The study of filaments is, however, inherently difficult due to their small size and the fact that
they are covered by electrodes. Furthermore, the composition of a filament may differ only
slightly from the surrounding oxide as already small modulations of the oxygen concentration

have a strong impact on the device resistance [23-25].

Therefore, analysis methods are required that have a high sensitivity for changes in the chem-
ical and electronic structure and that have a high spatial resolution. These attributes are
unified in the field of spectromicroscopy. While spectromicroscopy on the micrometer scale
has become a standard method for many analytical tools, only very few techniques are capable
of providing spectroscopic information on the nanoscale [26]. Among these techniques, trans-
mission electron microscopy (TEM) and photoemission electron microscopy (PEEM) stand
out due to their capability of probing electronic core levels. This allows the determination of
oxidation states and gives information about the chemical environment. Accordingly, TEM
and PEEM have been successfully employed to study a wide range of resistive switching devices
[27-30].

To fully exploit the capabilities of spectroscopic TEM, samples with a high crystallinity are
preferred. Under ideal imaging conditions, TEM can probe core levels via electron energy loss
spectroscopy (EELS) or energy dispersive X-ray spectroscopy (EDX) with atomic resolution
[28,31]. The drawback of this technique is, however, that it requires the preparation of a
thin TEM specimen that is cut from a region of interest on the device. Therefore, precise
knowledge about the filament location is a prerequisite for the specimen preparation. A fur-
ther disadvantage of TEM is the possibility of creating additional defects during specimen
preparation, e.g. amorphization of the lamella during polishing [32]. Thus, discriminating
between preparation and switching induced defects is challenging. To overcome these obsta-
cles, in operando TEM can be employed, which enables switching of the specimen within the
microscope [33,34]. More importantly, the technique also allows to image a conductive fila-
ment in different resistive states, which is crucial for a detailed understanding of the switching

process.

Because TEM based EELS often suffers from a low signal-to-noise ratio, it is difficult to obtain
spatially resolved information about the oxidation state of the material. This is amplified for
heavier elements such as 5d transition metal oxides, which feature low intensity loss edges

located at high energies [35]. For this reason, many studies on TasOs and HfOq devices re-



strict their investigation to the determination of the chemical composition [36-39]. Hence, it
is highly desirable to utilize complementary spectromicroscopic techniques that provide addi-
tional information about the electronic structure of the conductive filament. In principle, this
can be achieved by combination of PEEM and X-ray photoelectron spectroscopy (XPS) [29].
However, because XPS is a highly surface sensitive technique, probing conductive filaments
through a metallic top electrode is not possible. To overcome this obstacle, two approaches
have been successfully demonstrated. The first approach relies on the mechanical removal of
the top electrode, which uncovers the filament and makes it accessible for characterization [40].
The downside of this approach is that a device can only be studied in a single resistive state.
In the second approach, a graphene top electrode is used to overcome the surface sensitivity
of XPS. Due to the nature of graphene, i.e. being only a single atomic layer thick, it is the
thinnest electrode material imaginable and to a large extent photoelectron transparent [41].
Accordingly, graphene electrodes enable photoelectron spectroscopy of functional memristive
devices [25].

The goal of this thesis is to clarify the switching mechanism in two prominent resistive switch-
ing oxides, namely SrTiOs and TasOs, by using spectromicroscopy. The motivation for se-
lecting SrTiOj3 is based on its well known defect chemistry and spectroscopic signatures. The
possibility to grow SrTiOs as an epitaxial thin film with adjustable cation stoichiometry and
controllable defect structure allows to study the impact of physical film properties on resistive
switching characteristics. Although SrTiOgs is an important model system, it is considered
to be technologically irrelevant due to its subpar switching performance and incompatibility
with standard semiconductor fabrication processes. In contrast, TagOs is a highly attractive
material for resistive switching because it unifies excellent switching properties and high in-
tegrability into existing semiconductor production lines. Hence, the investigation of TagOs

follows an application-oriented motive.

Chapter 2 reviews the fundamentals properties of SrTiO3 and TasOs5 with emphasis on the
crystal and electronic structure as well as their defect chemistry. The electronic transport
mechanism in metal-insulator-metal structures are presented. The chapter concludes with an

overview about the existing knowledge of resistive switching in SrTiO3 and TaO5.

In chapter 3 the sample fabrication and analysis techniques are introduced. Chapter 4 presents
a thorough characterization of the pristine SrTiO3 and TasOs thin films. The influence of
deposition parameters on the film properties will be discussed. Special focus is given to the
cation stoichiometry and growth temperature of SrTiOg thin films. In addition, a detailed
spectroscopic and electrical characterization of TaO, thin films with a large range of oxygen

non-stoichiometry is presented.



1 Introduction

The resistive switching characteristics of SrTiOs- and TasOs-based devices are discussed in
chapter 5. For SrTiOgs devices, the impact of cation stoichiometry, film thickness and sur-
rounding atmosphere is investigated. Special attention is paid to the polarity of the resistance
hysteresis and how it is connected to the thin film properties. TasOs devices were analyzed
with regard to the top electrode material, film thickness, surrounding atmosphere and tem-

perature.

Chapter 6 is dedicated to the spectromicroscopy of SrTiOsz devices. The chapter is sub-
divided into two parts. Part one deals with the investigation of devices with an eightwise
switching polarity. Through the combination of PEEM, TEM and atomistic simulations, the
mechanistic details of the cation-migration process are uncovered. Extended defects in an
otherwise epitaxial SrTiOs film serve as fast diffusion paths for Sr®t cations. In the second
part of the chapter, counter-eightwise switching devices are studied. Using in operando TEM
it is demonstrated, that the electroforming process induces a spatially confined reduction of
the oxide. Characterization of a device in different resistive states shows a local redistribution
of oxygen. Based on these results, a phenomenological model of the switching process is

given.

In chapter 7 the spectromicroscopic investigation is extended to TapO5 devices. By employing
graphene electrodes, PEEM of functional TagOs5 devices is enabled. The experimental condi-
tions and limitations are evaluated in depth before the characterization of memristive devices
is presented. It is observed that a localized oxygen deficient filament is formed during the
electroforming step. Spectroscopic evaluation by XPS gives quantitative information about
the composition and electronic structure of the filament. Using XAS, additional information
about the near range order in the oxygen deficient filament are derived. Using the insights
derived from spectromicroscopy, a review of the most common switching models is given. It
is reasoned, that the switching process is caused by a vertical redistribution of oxygen within

the conductive filament.

Finally, a summary of the key results obtained within this work is given in chapter 8.



2 Background

In this chapter, the fundamental properties of Sr'TiO3 and TapOs will be introduced. Special
emphasis is given to the crystal structure, defect chemistry and electronic structure of both
materials. Afterwards, an overview of the electronic transport mechanism in semiconductors
and across metal semiconductor contacts will be given. At the end of this chapter, the resistive

switching effect in transition metal oxides is discussed in detail.

2.1 Fundamentals of SrTiO;

Crystal structure

Strontium titanate is a ternary oxide with a perovskite crystal structure which undergoes
a structural phase transition from a tetragonal to cubic phase at 105K [42]. According to
the general crystal structure of ABX3 perovskites, the larger strontium cation is located at
the A-site and the titanium cation occupies the B-site. Figure 2.1 a) and b) schematically
depict the unit cell structure of SrTiO3z. Each titanium cation is coordinated octahedrally
by six oxygen anions. Another convenient way to describe the crystal structure of SrTiO3
is to consider an alternating stack of TiOs and SrO atomic planes, which propagate in the
[001] direction with a plane distance of a/2 between each layer (compare Figure 2.1 a))
[43].

Electronic structure

Intrinsic SrTiOg3 is an insulator with an indirect bandgap of 3.25eV and a direct bandgap
of 3.75eV [45]. SrTiO3 has an electron affinity of 3.9-4.1eV and forms a Schottky contact
with most high work function metals [46,47]. Due to the large difference in electro-negativity
between oxygen and metal atoms, the bonding in Sr'TiO3 has predominantly an ionic character.
Accordingly, the Ti3d, Ti4s and Sr5s valence electrons are transferred to the O 2p orbital,
giving rise to the nominal oxidation states Ti**, Sr?* and O?~. However, to a lesser extent
also covalent contributions are present in the oxygen-metal bond, especially for the Ti-O

bond [48]. A detailed description of the band structure is given in ref. [49]. Electronic



2 Background

Figure 2.1: Crystal structure of cubic SrTiO3 in a) the atomic representation and b) showing the
octahedral coordination symmetry of O?~ around Ti**. c) Unit cell of Sr3Ti;O7. d) Crystal
structure of a Ruddlesden-Popper type anti phase boundary. Structural data taken from [44].

transport in bulk SrTiOj is typically described by so-called Poole-Frenkel emission or by
band conduction [50,51]. In SrTiO3 metal-insulator-metal structures, the current can also be
limited by the transport across a Schottky barrier through tunnelling or thermionic emission
[52,53].

Defect chemistry

Crystallographic defects are interruptions of the regular periodic pattern in a crystalline solid.
Depending on their dimensionality, defects can be categorized into point defects and extended

defects. To describe crystallographic defects, the Kroger-Vink notation
Mg (2.1)

is used [54]. In this notation, M represents the species which can be an atom, an ion, a
vacancy, an electron, an electron-hole or an interstitial. S denotes the crystallographic site
which the species occupies and C denotes the nominal charge with respect to the perfect
lattice. A negative charge is illustrated by the prime symbol (’), a positive charge by a dot (*)
and a neutral charge by a cross (*). Hence, the regular lattice species in SrTiO3 are written
as Srg, Tig; and OF. A substitutional dopants like Fe3™ sitting on a titanium lattice site, is
written as Fel,. Vacant sites are indicated by V& or V¥, for an O%~ anion and a M2t cation
vacancy respectively. Here it is noted that the nominal charge of the vacancy is determined
by the oxidation state of the vacant ion. In peroxides, oxygen vacancies have only a single

positive charge.



2.1 Fundamentals of SrTiOsg

Point defects

The intrinsic point defects in Sr'TiO3 are almost exclusively vacancy defects (also called Schot-
tky defects), since the formation of interstitial defects (Frenkel defects) is energetically unfa-
vorable due to the close packing of the perovskite structure [55,56]. Equations 2.2-2.4 show
all possible vacancy defects that can occur in SrTiO3. Equation 2.2 describes the generation
of oxygen vacancies accompanied by the formation of molecular oxygen. The equilibration of
oxygen with the surrounding atmosphere is observed at comparatively low temperatures of
T >700K [57,58|. Importantly, every oxygen vacancy is compensated by two electrons in the
conduction band. In SrTiO3z, V& act as shallow donors with the donor level being located
less than 0.1eV below the conduction band. Accordingly, oxygen vacancies will be partially
ionized at room temperature. The formation of cation vacancies is expressed by equations 2.3
and 2.4. However, the generation of cation vacancies is only observed at high temperatures
of T>1300K [59], which is still considerably lower than the melting temperature of 2350 K
[60]. Due to the high defect formation energy of V/ the formation of V. is the dominant
defect mechanism for the cation sublattice [61,62]. From the equations it can be seen that the
cation vacancy generation goes along with the formation of a secondary phase (SP), which is
formed either on the crystal surface or in the bulk as point or extended defect [63]. Besides the
intrinsic defects, SrTiOgz crystals contain small amounts of impurities (extrinsic point defects),

which typically have an acceptor-type character [64].

1
08 = Vg +2¢ + 3 0, (2.2)

Stg, + 05 = Vg, + V& + SrOsp) (2.3)
Tif, + 208 = Vi +2VE + TiOysp) (2.4)

In the context of resistive switching, the creation of oxygen vacancies (equation 2.3) can be
considered to be the most important point defect reaction as oxygen vacancies are the most
mobile species and act as donor dopant. Both of these properties are essential for resistive

switching as will be discussed in more detail in section 2.4.



2 Background

Extended defects

Extended defects can be categorized according to their dimensionality as follows:

e 1D: Dislocations, linear clusters
e 2D: Stacking faults, grain boundaries, shear planes, antiphase boundaries

e 3D: Voids, inclusions, surface layer

Extended defects in SrTiO3 are particularly interesting in the context of resistive switching,
as their properties can significantly differ from the single crystal in terms of ionic transport
[65-67], electronic structure [65,68] and conductivity [68]. In this sense, extended defects
embedded in an otherwise single crystalline matrix can facilitate or inhibit the formation of

conductive filaments.

One particularly interesting defect is the so-called Ruddlesden-Popper type anti-phase bound-
ary (RP APB), which forms during the Sr-rich growth of epitaxial SrTiOg thin films [69, 70].
The defect name originates from the family of Ruddlesden-Popper compounds that can be
described by the sum formula Srj,+1Ti,Osp4+1 [71]. Figure 2.1 ¢) shows the unit cell of the
Sr3TisO7 Ruddlesden-Popper phase. The unit cell contains two extra SrO atomic layers, which
are shifted along the a/2[111] direction separated by two units of SrTiO3 perovskite layers
[72]. For thin films grown with a small Sr-excess, the additional SrO layers will not order to
form a single phase compound, but rather occur as randomly distributed antiphase boundaries
in the thin film. Figure 2.1 d) shows a RP APB separating two perovskite domains along the
(b) direction. The impact of RP APB on the resistive switching properties of SrTiO3 devices

will be discussed in detail in chapter 6.

2.2 Fundamentals of TasO;

Crystal structure

Tantalum pentoxide (TagOs5) is a binary transition metal oxide and is the only thermodynam-
ically stable oxide in the tantalum-oxygen system. TapOs has two stable low temperatures
phases: orthorhombic 8-TasOs [74,75] and hexagonal §-TasO5 [74,76,77]. At a temperature
of 1320°C B-Tay0O5 undergoes a reversible phase transition into the high temperature modifi-
cation a-TasO5 which has a tetragonal crystal structure [78,79]. The crystal structure of the
low temperature modification phase is shown in figure 2.2. Due to the polymorphism between
low and high temperature modifications it is difficult to grow pure TaxOs5 single crystals us-

ing conventional high-temperature techniques [80]. Ta2Os thin films are usually deposited as



2.2 Fundamentals of TasOs

Figure 2.2: Crystal structure of orthorhombic 3-TazOs. a) Atomic representation showing the
Ta-O bonds. b) Depiction of the octahedral coordination symmetry of oxygen around Ta. ¢) Unit
cell along the c-axis and d) along the b-axis. Structural data taken from ref. [73].

amorphous solid due to its high crystallization temperature. However, also single and poly-
crystalline films have been fabricated by sputter deposition and chemical vapor deposition
[81,82].

Besides the thermodynamically stable tantalum pentoxide many metastable crystalline phases
have been reported in literature, such as TagO [83], TaO [84], TagO3 [85] and TaOg [84]. In
these phases, the Ta cation can adopt oxidation states ranging from Tal* to Ta**. While none
of these metastable phases has been isolated in its pure form, they can be kinetically stabi-
lized under thin film conditions or through impurities. Apart from the crystalline phases, Ta-O
compounds can also be grown as amorphous TaO, thin films with a continuously adjustable
oxygen content [86,87]. These amorphous films are kinetically stable up to the crystallization
temperature of = 700°C [88], where the films undergo an irreversible phase separation into
the thermodynamically stable compounds Ta and TasOs. While amorphous compounds are
distinguished by their lack of far-range order, they typically show characteristic short-range
ordering. For TayOs, the local ionic arrangement of Ta’t surrounded by O%~ can be de-
scribed by an octahedral coordination sphere (TaOg) [89,90]. For sub-stoichiometric TaO,
compounds, the octahedral coordination partially transforms into a square pyramidal coordi-
nation (TaOs)p). Further, the polyhedra conjunction changes from corner- to edge- and lastly

plane-sharing with decreasing oxygen content [90].

Electronic structure

Intrinsic TagOs3 is an insulator with a large bandgap of approximately 4.4 eV [91,92]. TazO5 has
an electron affinity of 3.2 eV and forms a Schottky barrier with high work function metals [91].
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Figure 2.3: Partial density of states for amorphous TapO5 with a bandgap of 4.4eV. The valence
band is mainly composed of O 2p states and the conduction band of empty Ta5d states. Repro-
duced from ref. [99]

In a strictly ionic picture, the valence electrons of the Ta5d and Ta 6s orbitals have been fully
transferred to the O 2p orbitals. Accordingly, the oxidation state of the ions are Ta®* and O%~.
The large difference in electronegativity between Ta (1.5) and O (3.44) on the Pauling scale in-
dicates a predominantly ionic bonding character, however, a small covalent contribution exists
(compare figure 2.3). A critical parameter to understand the electronic conduction in intrinsic
TagO5 is the oxygen vacancy defect energy level. A range of reports found experimentally and
theoretically that oxygen vacancies act as deep donors with trap states in the range of 0.7-
0.85¢€V below the conduction band [93 97]. The electronic transport in amorphous TaO, was
described by a so-called variable range and nearest neighbor hopping [86,87], whereas Poole-

Frenkel conduction was observed in TagOs thin films [98].

Defect chemistry

The defect chemistry of intrinsic 8-TasOs has been consistently described in literature by
the point defect reactions 2.5-2.8 [100,101]. Equation 2.5 describes the formation of oxygen
vacancies and the associated release of molecular oxygen. In contrast to the closed packed
crystal structure of SrTiOs3, 3-TasOj5 tolerates the accommodation of oxygen and tantalum
at interstitial sites [101,102|. Equations 2.6 and 2.7 express the formation of Frenkel defects
for oxygen and tantalum respectively. Lastly, the Schottky defect formation by removal of a
complete unit cell is considered in equation 2.8. Besides the intrinsic defects, TaoO35 contains

small amounts of aliovalent impurities [103].
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2.3 Electronic transport mechanism

0§ =V +2¢ + % O, (2.5)

0§+ V;=0]+Vy (2.6)
Tay, + VI = Taj**** + Vi (2.7)
2Taf, + 505 = 2V4Y +5V5 + TunOs 29

While the defect chemistry of TaoOs is still an active research area, recent studies suggest that
oxygen interstitials play a major role for the generation and diffusion of oxygen vacancies. It
was found that the diffusion of oxygen is orders of magnitude faster compared to the cation
diffusion [101]. Based on these results, one might surmise that the drift and diffusion processes
that lead to resistive switching in TapOs devices occur predominantly by the redistribution of
oxygen anions. However, under certain conditions also tantalum migration might occur, espe-

cially at high temperatures and under high electric fields [102].

2.3 Electronic transport mechanism

The electronic transport in resistive switching metal-insulator-metal (MIM) structures is com-
prised of multiple current transport mechanism. Determination of the dominant conduction
mechanism in memristive devices is often complicated, as the conduction depends on the used
materials and variables such as the resistive state, temperature- and voltage ranges. For the
purpose of this thesis, it is sufficient to consider the special case of an MIM cell that is com-
posed of an Ohmic bottom interface and a Schottky contact at the top interface. In such
cells, the electronic transport across the Schottky barrier as well as the insulator bulk con-
duction has to be considered. Throughout this thesis, the terms semiconductor and insulator
will be used interchangeably, as resistive switching oxides can be treated as wide band-gap

semiconductors.

Electronic transport across a Schottky barrier

If a high work function metal is brought into contact with a semiconductor a potential energy
barrier for electrons, known as Schottky barrier, is formed. Figure 2.4 illustrates the band
alignment leading to the formation of a Schottky junction. Upon contact between metal and
semiconductor, electrons flow from the semiconductor to the metal until the Fermi energy is
equal throughout the system. The current flow results in the formation of a space charge region
(also called depletion region) bending the conduction- and valence-band. Similar to a p —n

junction, the Schottky junction shows current rectification. Under forward bias (positive bias
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Figure 2.4: Energy level diagram of a high work function metal and a n-type semiconductor before
a) and after b) they are brought in contact. With Er the Fermi energy, Eya. the vacuum level,
®,s the metal work function, x, the semiconductor electron affinity, Fc and Ey the conduction
and valence band energy and W the depletion region thickness. ¢) Band diagram of a Schottky
junction illustrating the three components of current across the barrier for no bias (black), forward
bias (blue) and reverse bias (red). With TE thermionic emission, TFE thermionic field emission
and FE field emission. For clarity only the conduction band is shown.

applied to the metal) electrons can flow easily from the semiconductor to the metal, whereas
under reverse bias the current transport is suppressed. In a first approximation, the Schottky
barrier height can be estimated by the Schottky-Mott rule as the difference between metal

work function and semiconductor electron affinity

Op =Py — x5 (2.9)

with ®p the Schottky barrier height, ®,, the metal work function and y; the semiconductor

electron affinity.

The Schottky-Mott rule is only valid for ideal metal-semiconductor junctions and does not
consider the presence of surface states that lead to an effect called Fermi level pinning. In
practice, the Fermi level pinning can have a significant impact on the junction properties,
where a high density of surface states results in a pinning of the Fermi level to the surface
state energy and thus making it independent of other material properties, such as the doping
concentration. Therefore, it is crucial to precisely control the interface quality between both
materials during device fabrication [104]. Typical values for the work functions of noble
metals, such as Pt and Au, are in the range of 5-6 eV, whereas the electron affinity of SrTiO3
and TapOs is 3.9-4.1 and 3.3 €V respectively. For Pt/SrTiO3 and Pt/TapOs the theoretical
Schottky barrier heights according to the Schottky-Mott rule are 1.8-2.0 and 2.6 V. However,
experimentally much smaller barriers are observed with 0.89 eV for Pt/SrTiO3 and 1.15-1.42eV
for Pt/TagOp, indicating a strong Fermi level pinning [46,92].

Figure 2.4 ¢) depicts schematically the three conduction mechanism that describe the current

12



2.3 Electronic transport mechanism

transport across a Schottky barrier for zero, forward and reverse bias. The figure illustrates the
rectifying properties of the junction. Upon forward biasing, the energy of the conduction band
is lifted and the barrier height decreases. This leads to an increased thermionic- and thermionic
field emission. In the extreme case where the conduction band is lifted to energies exceeding
the Schottky barrier height, electrons can flow freely from the semiconductor into the metal.
In contrast, a reverse bias shifts the conduction band to lower energies. This allows for easier
tunnelling of electrons from the metal into the conduction band of the semiconductor, due to
a decreased tunnelling distance. For the reverse bias, the main current components are tun-
nelling currents via field emission and thermionic field emission. However, the tunnelling cur-
rent is typically much smaller compared to the thermionic emission in forward direction, which

gives rise to the rectifying properties of the Schottky junction.

Thermionic emission describes a process where electrons with sufficiently high thermal en-
ergy overcome the Schottky barrier directly. The resulting current density Jrg is given
by

—q (¢>B - \/qE/47T€r50)

— A*TZ
JTE exp T

(2.10)

. 47Tqm*lc123
= (2.11)

with T the temperature, ¢ the elemental charge, E the electric field, €, the optical dielec-
tric constant, ¢y the vacuum permittivity, kg7 the Boltzmann constant. A* is the effec-
tive Richardson constant with m* the effective electron mass and h the Planck constant
[105].

Importantly, Jtg depends exponentially on the temperature which makes it the dominant

transport mechanism at high temperatures and under forward bias.

At low temperatures it is unlikely that electrons have enough thermal energy to overcome
the Schottky barrier through thermionic emission. In this temperature regime the current
transport occurs predominantly by field emission. In field emission, electrons near the Fermi
level tunnel through the barrier. In contrast to a direct tunnelling process, in field emission an
applied electric field deforms the Schottky barrier and increases the tunnel probability. This
effect takes place predominantly under reverse bias. At an intermediate temperature regime,
the current transport occurs by thermionic field emission, which represents a combination of
field emission and thermionic emission. In thermionic field emission thermally excited electrons

tunnel through a thinner part of the Schottky barrier.
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In the context of resistive switching, the resistance changes are studied at a constant temperature-
and voltage regime. Therefore, an additional parameter needs to be considered that re-
versibly modulates the Schottky barrier and gives rise to the multiple resistance states of
a device. This parameter is the doping concentration of the semiconductor. Consider-

ing that the thickness of the depletion region (i.e. the Schottky barrier thickness) is given

by
W=/ 261V (2.12)
~V aMp ’

with e the semiconductor permittivity, V3; the build-in potential and Np the doping concen-
tration [106],

it is apparent that increasing doping concentration decreases the Schottky barrier thickness.
This in turn increases the tunnelling currents. Therefore, the resistance change in metal
oxide based ReRAM cells might be explained by a modulation of the doping concentra-
tion at the Schottky interface. A prominent candidate for the dopant species are oxygen
vacancies as they are easily formed in oxides and typically have high mobilities. This en-
ables a comparatively easy redistribution of oxygen vacancies under an applied electric field
[107].

Electronic transport in bulk semiconductors

If the semiconductor film is very thin, e.g. in the low nanometer range, electrons can tunnel
directly from metal to metal electrodes. In this case, the electronic transport inside the
semiconductor can be neglected. However, the devices investigated within this thesis have
semiconductor thicknesses from 5 to 80 nm. Therefore, it is necessary to consider a modulation
of the bulk conduction as the origin of the switching phenomenon. The most prominent bulk
conduction mechanism discussed for ReRAM devices are Poole-Frenkel emission, Hopping
conduction and Ohmic conduction. In bulk conduction, one of the most important parameter
is the material dependent trap energy level ¢r. In the following, a short overview over the

different conduction mechanism will be given.

Poole-Frenkel emission conduction

Poole-Frenkel emission describes the transport phenomenologically as thermionic field emis-

sion of electrons from isolated trap states into the conduction band of the semiconductor.
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a) Energy b) Energy

Poole-Frenkel emission

Hopping conduction

High work Semiconductor Low work
function metal function metal

Figure 2.5: Schematic band diagram of metal-insulator-metal structures under forward bias, show-
ing different bulk conduction mechanisms with a) Poole-Frenkel emission, b) Hopping conduction
and ¢) Ohmic conduction. Trap states are shown as black circles, ¢t is the trap energy level and
Ep is the energy level of the defect band.

The mechanism is depicted in figure 2.5 a). Accordingly, Poole-Frenkel emission is often ob-
served at high temperatures and under high electric fields. After being released from the trap
state the electron can move freely through the semiconductor until it relaxes into another
trap state or reaches the electrode. The Poole-Frenkel emission current density Jpr is given
by

—q (¢T - qE/WEiEO)

2.1
T (2.13)

Jpr = quENc exp

with p the electron mobility, N¢ the effective density of states in the conduction band, ¢ the

trap energy level and ¢; and ¢y the semiconductor and vacuum permittivity [105].

Hopping conduction

Hopping conduction is based on the tunneling process of electrons between neighboring trap
sites. Hence, in hopping conduction the carrier energy can be smaller than the energy potential
barrier between two trapping sites. The process is schematically depicted in figure 2.5 b).
As Hopping is a tunnel process, it occurs predominantly in semiconductors with high trap
densities and small tunnelling distances. Hopping transport is mostly observed in solids with
a high degree of defects or disorder, such as amorphous oxides. If the electron localization
is very strong electrons will tunnel from one trap to the nearest trap site in space. In this
case the transport is called nearest-neighbor hopping. Alternatively, electrons might tunnel
into trap sites farther away in space but closer in their energy level. This process is called

variable-range hopping or Mott Hopping.
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The Hopping current density Jy,op is given by

qlF

kgT

Jhop = 2N (Er)kpT vy, exp [—2&[ - sinh (2.14)

kgT

with 2N (Er) kT the number of electrons per unit volume within a range kg7 from the Fermi
energy, | the hopping distance, v, the vibrational phonon frequency, a the decay length of
the localized electron wave function in reciprocal space, W the average site-to-site energy
difference and F the applied electric field [108].

Nearest-neighbor hopping is expected if the localization radius of the electron wave function is
much smaller than the average hopping distance to a nearest neighbor (al > 1). If al is larger
or close to unity, variable-range hopping occurs. According to Mott’s law, the temperature de-

pendent conductivity for variable-range hopping is expected to follow

T 1/(d+1)
o =o0pexp |— <;> (2.15)

with d the dimensionality in space of the system. In case of a current transport through a
switching filament, d can be equal to 1, 2 or 3, depending on the lateral size of the filament

and the semiconductor thickness.

Ohmic conduction

Ohmic conduction is observed if mobile charge carriers are present, i.e. electrons in the
conduction band or holes in the valence band which can migrate freely under an applied
electric field (compare figure 2.5 c). As the transport of current occurs via the conduction- or
valence-band, it is sometimes referred to as band-like transport. This conduction mechanism
is characterized by a linear current-voltage relationship. The Ohmic current density Jopy is

given by

— (Ec — Er)

2.1
T (2.16)

Johm = oF = QNENC €xXp |:

with o the electrical conductivity, u the charge carrier mobility, N¢ the effective density of
states in the conduction band and F¢ — Er the energy difference between the bottom of the
conduction band and the Fermi energy [105].
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2.4 Resistive switching in valence change materials

For intrinsic dielectrics with a large bandgap, the contribution of Ohmic current is negligible
as the amount of free charge carriers is small. However, extrinsic dopants or oxygen vacancies
can have significant impact on the charge carrier density if the dopant energy level is shallow,
i.e. close to the conduction- or close to the valence-band for electrons and holes respectively.
Here, the term shallow means that the thermal energy kg7 is large enough to ionize a sub-
stantial amount of defects, leading to a high carrier density. Ohmic conduction is particularly
interesting in the context of resistive switching, as often a linear current-voltage relationship

is observed in the low resistance state of memristive devices.

2.4 Resistive switching in valence change materials

The resistive switching phenomenon describes the reversible change of the electrical resistance
in a metal-insulator-metal structure upon electrical biasing. Switching occurs between two or
more resistive states, the so-called low and high resistance state (LRS and HRS respectively).
If the resistance can be tuned continuously between LRS and HRS, the switching is referred

to as analog switching.

Since its discovery in the mid 1960s, resistive switching was observed in a vast amount of
materials ranging from oxides, organic molecules, phase change and two-dimensional materials.
Likewise, the underlying mechanism that give rise to resistive switching are manifold. This
thesis focuses on the investigation of transition metal oxide devices that are believed to operate
based on the valence change mechanism (VCM) [4,6]. This mechanism describes resistive
switching through an internal redistribution of mobile dopants under an external electric
field. In general, a so-called electroforming step is necessary to bring the initially insulating
MIM structure into a switchable state by applying a comparatively high bias to the system.
It is suspected that during the electroforming step oxygen anions drift along the electric field
direction, are removed from the oxide lattice and leave behind a oxygen vacancies. For each
removed oxygen anion, two electrons remain in the oxide causing a valence change of the metal
cation. Therefore, oxygen vacancies can be considered as n-type dopant. Depending on the
exact device structure the removed oxygen might be accommodated in an oxidizable electrode,
leave the system as molecular oxygen or is stored as atomic oxygen inside an inert electrode.
Typically, the electroforming process is confined to a small region within the device area, giving
rise to its name filamentary switching. Once an oxygen vacancy rich filament has been formed,
the application of a smaller electric field enables the redistribution of oxygen anions through
ionic drift processes. Hence, switching in VCM type devices can be seen as formation (SET)
and rupture (RESET) of an oxygen vacancy rich filament. Per definition, filamentary switching

shows no scaling between the LRS and the device area.
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VCM-type cells can be classified into unipolar and bipolar resistive switching modes. If the
SET and RESET operations are performed with a single voltage polarity, the switching is
classified as unipolar. If two opposite polarities are required it is termed bipolar switching.
Bipolar switching can be further subdivided into the so-called counter-eightwise and eightwise
switching polarities, depending on the voltage polarity that is needed to perform the SET and
RESET operation. The terms refer to the cycling direction in which the resistance hysteresis
traverses. If it is resembling the drawing direction of the handwritten number eight, it is
defined as eightwise switching. In the opposite case is termed counter-eightwise switching. In
order to unambiguously apply this terminology to various device layouts, the voltage polarity
is always referenced to the Schottky-type interface. If a metal-insulator-metal structure has
Schottky barriers at both interfaces or no Schottky barrier at all, no switching polarity can

be assigned.

Both material systems investigated in this thesis show bipolar resistive switching and have well
defined asymmetric device structures with one Ohmic and one Schottky interface. In the fol-
lowing, the existing knowledge and the suspected mechanism for eightwise switching in SrTiO3

and counter-eightwise switching in TagOs will be introduced.

Eightwise resistive switching in SrTiO;

SrTiOgz is arguably one of the most intensively studied resistive switching materials. Due to
its well understood defect chemistry, its availability in form of single crystalline substrates
and the possibility to grow epitaxial thin films free from extended defects, it is a perfect
model material to investigate and simulate resistive switching. Depending on the electrode
choice, growth method and electrical treatment, resistive switching in SrTiOs can exhibit
eightwise, counter-eightwise or coexisting switching polarities. To give an overview of the
extensive literature about resistive switching in SrTiOg, table 2.1 compares the switching
characteristics of various device structures and fabrication methods. From the table it can be
seen, that the switching polarity is closely related to the crystallinity of the SrTiOg film. For
epitaxial devices, a predominantly eightwise switching is observed, whereas polycrystalline and
amorphous thin films show counter-eightwise polarities. The implications of this observation

will be discussed in more detail in chapters 5 and 6.

In the following, the proposed eightwise switching mechanism for single crystalline SrTiO3 de-
vices will be introduced. Counter-eightwise switching in SrTiOg is believed to follow the same

mechanism as switching in TagOs, which will be discussed in section 2.4.
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2.4 Resistive switching in valence change materials

Table 2.1: Selection of published work on SrTiOs; based memristive devices.

SrTiO3 thin films were

deposited by molecular beam epitaxy (MBE), pulsed laser deposition (PLD), reactive sputter deposition
or atomic layer deposition (ALD).

Reference Deposition Device stack Crystallinity Polarity
Mikheev 2015 [109] MBE Nb:SrTi03/SrTiO3/Pt single crystal 8w
Béumer 2015 [110] PLD Nb:SrTiO3/SrTiO3/Pt single crystal 8w
Bourim 2014 [111] Verneuil Nb:SrTiO3/Pt single crystal 8w
Shibuya 2010 [112] PLD Nb:SrTiO3/SroTiO4/Au  single crystal 8w or c8w'
Miinstermann 2010 [113] PLD Nb:SrTiO3/Fe:SrTiO3/Pt  single crystal 8w & c8w?
Fleck 2014 [114] Sputter Ti/SrTiO3/Pt amorphous c8w
Nili 2015 [115] Sputter Ti/SrTiO3/Pt amorphous c8w
Jiang 2020 [116] Sputter Ag/Fe:SrTiO3/Pt amorphous &
polycrystalline c8w
Aslam 2014 [117] ALD TiN/SrTiO3/Pt polycrystalline c8w
Choi 2014 [118] ALD Pt/SrTiO3/Pt polycrystalline -

! Thin films grown at low temperature exhibited c8w and at high temperatures 8w polarities.
2 The polarity could be defined by the magnitude of the applied voltage.

The VCM switching model for eightwise switching in epitaxial Nb:SrTiO3/SrTiO3 /Pt thin film
devices was introduced by Biumer et al. and is depicted in figure 2.6 [119]. @®): In the LRS,
an oxygen vacancy rich filament connects the Nb:SrTiO3 bottom- with the Pt top electrode.
Importantly, the oxygen vacancy concentration at the SrTiOz/Pt Schottky interface is high.
The increased donor concentration at the interface reduces the Schottky barrier height and
width and current can flow easily through the Schottky junction. The device is in the LRS.
®: Upon applying a negative bias to the Pt electrode, positively charged V& drift towards
the negatively charged electrode where they recombine with molecular oxygen according to
the following RESET reaction

V& +1/2 02 4 2¢/ — OF. (2.17)

The electrons that are consumed by this reaction stem from the conduction band and the
concentration of free charge carrier decreases. The oxygen that is required for this reaction
originates from the surrounding atmosphere. Besides molecular oxygen also oxygen containing
species, e.g. HaO and hydroxyls, can serve as potential oxygen source [120]. ©): After most

o are filled, the Schottky barrier height and thickness increases, which limits the current

flow significantly. The device is now in the HRS.

19



2 Background

Low resistance state SET process

© Nb:SrTiO3 /
SI'TiO3 o = D

=B <

ovs 5
3>

O Pt o A
8

0o, z
2 C

Voltage V
RESET process ig resistance state

Figure 2.6: Schematic illustration of eightwise switching mechanism in SrTiO3.'!@® The device is
in the LRS with a high oxygen vacancy concentration at the SrTiOz/Pt. @ RESET of the device.
Inset: Oy molecules are incorporated into the SrTiO3 film filling oxygen vacancies. (©) HRS of the
device with fewer oxygen vacancies at the interface. ©) SET process at positive voltages. Inset:
02~ anions are removed from the lattice leaving oxygen vacancies behind. Modified from ref.
[119].

©): Reversing the polarity by applying a positive voltage to the Pt electrode attracts negatively
charged O?~ anions. At the interface, the oxygen anions are oxidized to molecular oxygen and

leave the oxide as described in the SET reaction

08 — V& +1/2 03 + 2¢’ (2.18)

Going beyond this graphical model, the eightwise switching I-V characteristics can be ac-
curately simulated using a numerical model of electron diffusion combined with a Schottky-
contact barrier model |25,121]. Experimental evidence for the creation of oxygen vacancy rich
filaments during resistive switching in SrTiO3 could be obtained from photoemission electron
spectromicroscopy and transmission electron microscopy [28,110]. An unique feature of the
switching model is the exchange of oxygen with the surrounding atmosphere (compare equa-
tions 2.17 and 2.18). Using oxygen isotope labeling experiments combined with secondary ion
mass spectrometry, it was verified that the switching process in SrTiOg relies on the exchange

of oxygen between the oxide film and the atmosphere [120].

'Here it is noted that the current is shown in a logarithmic representation. Therefore, the I-V curve does not
resemble the handwritten number "8". A switching curve in a linear representation with the characteristic
"8" shape is shown in figure 5.1 c).
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2.4 Resistive switching in valence change materials

In addition to the here presented switching model, alternative models have been proposed to
explain eightwise switching in SrTiOgs, such as trapping and de-trapping of electrons within
interface defect states [109,122], local inversion of the doping character [113], or the presence of
a potential barrier at the Nb:SrTiO3/SrTiOg interface [123]. While these models are capable
to explain some of the experimental evidence, only the model proposed by Baumer et al. can

conclusively describe all observations [119].

A common feature of all models is their description of the switching process as intentional
manipulation of point defects. Although the point defect model successfully describes the
essence of the switching process, i.e. the resistance change between HRS and LRS, it is not
suited to explain other device characteristics such as device-to-device variability, retention
failure and ageing effects. Improving these device characteristics, especially the uniformity, is
still a major roadblock that needs to be overcome for a technological implementation [2,22].
Such device properties are often associated with the microscopic film structure of the switching
oxide [67]. Accordingly, in chapter 5 and 6 the influence of extended defects and the underlying

mechanism will be investigated in detail.

Counter-eightwise resistive switching in Ta,0;

Counter-eightwise switching is the predominant switching polarity in most transition metal
oxides, such as TasOs5 [7], HfO2 [124], ZnO [125], MnOg [126], TiO2 [127] and ZrO4 [128]. Espe-
cially, TagOs and HfO9 are of highest technological interest as they are CMOS-compatible and

show excellent switching properties for logic and memory applications.

A switching model for the counter-eightwise polarity was proposed by Menzel et al. and is
shown in figure 2.7 [129]. During the electroforming step, a filament composed of V¢ is
generated across the oxide film. (): The electroformed device in the HRS. The filament is
mostly intact but the V& concentration is depleted at the TasOs/Pt interface. This depletion
region is called "disc" and the bulk filament is termed "plug". In the HRS, the disc region
is large and it limits the current flow through the device. ®): By applying a negative bias to
the Pt electrode, positively charged V¢ from the plug drift towards the Schottky interface.
Consequently, the disc region is reduced and the device is SET. (§): The V& concentration is
high throughout the oxide and current can flow easily between both electrodes. The device is
in the LRS. @: A positive voltage at the Pt electrode repels V& and the disc region increases.
The device is RESETs to the HRS. Importantly, the counter-eightwise model is based on a
purely internal redistribution of oxygen vacancies and is therefore clearly distinguishable from

the eightwise model.

Counter-eightwise switching can be accurately simulated by a numerical drift-diffusion model

of electronic and ionic transport combined with a Schottky contact barrier [24]. Neverthe-
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Figure 2.7: Schematic illustration of the counter eightwise switching mechanism. &) The electro-

formed device is in the HRS which features a low oxygen vacancy concentration at the TazO5/Pt

interface. B SET process of the device. (©) LRS of the device with a high concentration of oxygen
vacancies at the interface. © RESET process at positive voltages. Modified from ref. [129].

less, direct experimental evidence for the creation of oxygen vacancy rich filaments is scarce.
Especially, mapping filaments in different resistive states has turned out to be an excep-
tionally challenging task due to their small size in the order of 10 to 100 nm [36,130, 131].
This restricts the spectroscopic characterisation of filaments to techniques with high spatial
resolution, such as transmission electron microscopy. For larger filament structures in the
micrometer region, photoemission electron microscopy provided evidence for oxygen deficient
filaments [132]. However, it is not clear if the results are transferable to nanometer sized
filaments that are formed at lower electric fields.

With detailed information about the chemical composition of nanometer sized filaments being
inaccessible so far, many studies have focused on alternative techniques to obtain information
about conductive filaments. A common approach is the temperature dependent characteri-
zation of the current transport in memristive devices [133,134]. As discussed in section 2.3,
different conduction mechanism have distinct temperature dependencies. Therefore, it is in
possible to gain information about the physical properties of conductive filaments by electrical
transport measurements. Unfortunately, the interpretation of the results if often ambiguous.
The conduction in TagOj resistive switching devices was extensively studied and is described
by a variety of different conduction mechanism, including: Phonon-assisted tunnelling between
traps [94], variable range and nearest neighbour hopping [86, 133], Efros-Shklovskii variable
range hopping [134], percolation through metallic Ta clusters [135] and Poole-Frenkel emission
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2.4 Resistive switching in valence change materials

[136,137].

Besides the electronic conduction mechanism, there is also no consensus about the underlying
switching mechanism. Although the here presented switching model of an internal redistri-
bution of oxygen vacancies is widely accepted in the scientific community [4,22], new models
were recently proposed that are based on the thermophoresis effect. In this model, resistive
switching is described through a lateral diffusion of oxygen or tantalum [38,39,138,139]. Ac-
cordingly, detailed information about the composition and electronic structure of switching
filaments is indispensable to clarify the physical origins of the resistive switching effect in
TagOs. Therefore, its is attempted in chapter 6 to experimentally shed light on the nature of

switching filaments.
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3 Experimental methods

In this thesis, memristive devices based on SrTiOsz and TasOs thin films were fabricated
an characterized. SrTiOgz films were deposited via pulsed laser deposition and TasOpy films
were grown by reactive sputter deposition or plasma oxidation. In this chapter the deposi-
tion processes, device fabrication and the most important spectroscopic techniques will be

introduced.

3.1 Pulsed laser deposition

Pulsed laser deposition (PLD) is a deposition technique for the growth of complex oxide thin
films through a laser induced ablation of material from a target. A detailed description of the
PLD process is given in refs. [140,141]. In this work, single crystalline SrTiO3 thin films with
various degrees of defect densities were fabricated. All SrTiOs films were grown on 0.5 wt%-
Nb:SrTiOg single crystal substrates (Crystec GmbH, Germany). As target served a nominally
pure SrTiOjz single crystal. The target was ablated using a KrF excimer laser (A =248 nm)
with a repetition rate of 5Hz and a spot size of 2mm? at a target-to-substrate distance of
44mm. The laser fluence was varied between 0.67 and 1.01J/cm?. The samples were grown in
an oxygen atmosphere of 0.1 mbar at a substrate temperature of 550-800°C. Film growth was
monitored using reflection high-energy electron diffraction. The thin film cation stoichiometry
was tuned through the choice of the laser fluence. This effect is discussed in detail in refs. [142]
and [143]. By growing at low temperatures of 550°C, extended defects were introduced into

the thin film, as will be discussed in more detail in chapter 4.

3.2 Radio frequency magnetron sputter deposition

Sputter deposition is a physical vapor deposition technique that is used to deposit thin films
by sputtering material from a target. In magnetron sputtering, a magnetron discharge ignites
and sustains a plasma by applying a high voltage between target and substrate. The plasma
ions are accelerated by the electric field towards the target. Upon bombardment of the target,

material is removed from the surface via sputtering processes and deposits on the substrate
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Figure 3.1: a) Schematic of a radio frequency reactive sputtering system. b) Flow and reactive
gas consumption in the system, with ). consumption of the collecting area, (); consumption of
the target area and @, the fraction of reactive gas that is pumped out of the system. c¢) Typical
experimental curve of the sputter rate as a function of reactive gas flow (modified from ref. [144]).

and the process chamber. In addition, electrons are emitted during the ion bombardment,
which further ionize gas atoms that help to sustain the plasma. Besides metals also metal
alloys and complex oxide can be used as sputter target. This offers the possibility to deposit a
wide range of complex materials. By introducing a reactive gas during the sputtering process,
it is possible to deposit a compound material. Depending on the used reactive gas it is
possible to form oxides, nitrides, carbides and others. Due to the chemical reaction that takes
place during the deposition, it is commonly referred to as reactive sputtering. If the formed
compound is electrically insulating, it is beneficial to operate in a so-called radio frequency
(RF) mode. In contrast to the direct current (DC) operation mode, the polarity of the applied
electric field is alternated at a radio frequency of 13.56 MHz. This allows the neutralization of
accumulated positive charges on the substrate. Using a RF sputtering process it is possible
to deposit high quality insulating thin films such as AlsOg3, SiO3 and Ta2Os5. In this work, an
ultra high vacuum (UHV) sputter tool from SURFACE systems + technology GmbH, Germany
was used. The base pressure of the process chamber is 1-1078 mbar. As process gases argon,
oxygen and a mixture of 1% Oz in argon was used. A principle scheme of the sputter tool is

shown in figure 3.1 a).

Due to the large number of adjustable process parameters, it is difficult to control and optimize
reactive sputter processes. Omne of the main obstacles for the deposition of thin films with
defined oxygen stoichiometries, is the deposition rate dependency on the reactive gas flow
[144]. To understand this behavior, it is necessary to consider the reactive gas consumption
during the deposition. Figure 3.1 b) depicts the three possible consumption pathways Q., Q¢
and @ p for the total flow @y of reactive gas in the system. @. describes the consumption
at the collecting area, namely the substrate and chamber walls. (); specifies the consumption
at the target surface and @, is the fraction of reactive gas that is pumped out of the system.
The consumption of the reactive gas ). and @, is a result of a chemical reaction between the
sputtered material and the reactive gas to form a stable solid. Thus, the sputtered material

is effectively acting as a sublimation pump. The situation is further complicated by the fact
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that the formed compound material has generally a much lower sputter yield compared to the
pure target. This gives rise to a hysteric behavior between sputter rate and reactive gas flow
as shown in figure 3.1 ¢). Sputtering with a reactive gas flow of zero yields a high sputter rate,
as the target is in its metallic form. Upon increasing the reactive gas flow to point A, the
sputter rate drops as an increasing part of the target surface reacts with the gas and forms
a compound with lower sputtering yield. At the point A, a critical gas flow is reached where
the complete target surface is covered by the compound material. The sputtering rate drops
to point B, which in turn is decreases the reactive gas consumption of @)., as less material is
deposited on the collecting area. Accordingly, the partial pressure of the reactive gas abruptly
increases at the transition from A to B. Therefore, sputtering under high reactive gas flows
occurs from a fully reacted target surface. Deposition under these conditions is sometimes
referred to as sputtering from a "poisoned" target. Reducing the reactive gas flow up to point
C partially removes the surface compound on the target as the reactive gas concentration is
too low to fully saturate the newly forming metallic target surface. Again, an avalanche like
transition from point C to point D is observed that indicates the transition from a poisoned

to a metallic target mode.

In the poisoned target mode, the deposition yields in general stoichiometric thin films. Sput-
tering in the metallic target mode, however, allows the growth of sub-stoichiometric films. In
addition to the reactive gas flow, further parameters can be optimized, such as the target to
substrate distance, sputter power, pump speed and total process pressure. A detailed study of
the sputter power and process pressure for the deposition of TaO, thin films will be presented

in chapter 4.

3.3 Device fabrication and electrical characterization

Depending on the desired device properties, samples have to fulfill various requirements. It is
often necessary to be able to contact devices via microprobes, through wire or manual bonding.
Furthermore, the device fabrication on single crystalline substrates or the usage of graphene
electrodes requires individually adjusted fabrication schemes. Therefore, a variety of different
device stacks and sample geometries have been employed and developed in this thesis. In the
following section, the fabrication of different samples is presented and their advantages and
disadvantages are discussed. All fabrication details and deposition parameter are listed in the

appendix.
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Figure 3.2: Sample fabrication of SrTiO3 devices contacted by metal leads. a) Nb:SrTiO3 single
crystalline substrate serving as bottom electrode. b) Deposition of a SrTiO3 thin film via PLD.
c) Electron beam evaporation of the Pt top electrode. d) Lithography to define the top electrode
area followed by e) ion beam etching and lift-off of the photoresist (PR). f) Partial covering of the
electrode area by photoresist and g) deposition of an HfO4 insulating layer with subsequent lift-off
process. h) Final lithography step to define the metal contacts. i) Electron beam deposition of
the Pt/Au contact leads and j) lift off of the remaining photoresist. k) Optical microscope image
of a single device and 1) device arrangement on the sample.

Noble metal top electrodes for electrical characterization and delamination

For metal-insulator-metal structures with noble metal top electrodes, a 30 or 80 nm Pt or Au
layer was electron-beam evaporated onto as-prepared oxide thin films. The top electrodes were
structured into square pads with areas ranging from 100x 100 down to 5x5 pm? through optical
lithography and dry etching in an Ion Beam Etching tool (lonfab 300plus, Ozford Instruments).
This sample architecture can be used for electrical characterization via microprobes and for top
electrode delamination experiments. Direct contact of the microprobes with the top electrode
restricts their use to electrical measurement set-ups with soft probe needles. Furthermore,
significant contact resistance might be observed between top electrode and the probe tip, which

can hinder a quantitative analysis of the device characteristics.

SrTiO; devices with metal contact leads for in operando electron microscopy

SrTiOg devices with metal contact leads were fabricated to allow the electrical addressing
of devices in transmission electron microscopes. The fabrication scheme is shown in figure

3.2. Because the samples are fabricated on a continuous bottom electrode, that can not be

28



3.3 Device fabrication and electrical characterization

g9)
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Figure 3.3: Sample fabrication of TasOs crossbar devices. a) Si/SiO. substrate. b) Sputter
deposition of the Ta bottom electrode. c¢) Lithography to structure the bottom electrode and
d) ion beam etching and lift-off of the photoresist. e) Reactive sputter deposition of the TayO5
switching layer. f) Electron beam evaporation of the Pt top electrode. g) Electron microscopy
image of a finished crossbar device after a final lithography and etching step.

easily structured, a crossbar device structure can not be used. Hence, an insulating layer is
added between the contact leads and the switching layer. The final result is a sample that
features individually addressable devices with small device areas and large contact pads on
a continuous bottom electrode. This device design allows for electrical contact via wire or
manual bonding by hand using silver paste and aluminium wire. This sample architecture
can be used for a wide variety of electrical and microscopic characterization. The metal leads
minimize the contact resistances and allow for a accurate and reproducible electrical char-
acterization. Further, contacting with hard piezo-controlled probe needles is possible, which
enables operation in enclosed systems. The drawback of this device structure is the overlap
between contact lead and top electrode. For surface sensitive techniques, e.g. photoelec-
tron spectroscopy, this overlap region is intransparent. Coincidentally, switching often takes

place in this overlap region, impeding the characterization of the switching induced changes.

Ta, 05 crossbar devices for atmosphere dependent electrical characterization

To investigate the atmosphere dependence of TasOs based devices, crossbar samples were
fabricated according to Figure 3.3. The sample stacks were designed in a way so that the
Tas05/Pt interface is in contact with the ambient atmosphere. The benefit of this stack
sequence is to maximize the influence of the atmosphere on the active Schottky interface.
Further, Pt electrodes can be fabricated as thin layer (down to 3-6 nm) while Ta electrodes need
to exceed 10nm to achieve a sufficient conductivity. Accordingly, the thin electrode further
facilitates exchange of oxygen species with the atmosphere. With the Schottky interface at
the top part of the stack, characterization of the interface using surface sensitive techniques

is possible. The viability of this approach was successfully tested with electron beam-induced
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Figure 3.4: Sample fabrication of graphene crossbar devices. a) SizN,4 substrates after lithography
to define the bottom electrode. b) RIBE etching of trenches. c¢) Filling the trenches with Ta by
sputter deposition and d) lift-off of the photoresist. e) Partial oxidation of the Ta layer by an
oxygen plasma treatment. f) Graphene deposition onto the flat substrate. g) The desired top
electrode area is protected by photoresist. h) Structuring of the graphene electrode using oxygen
plasma and subsequent photoresist lift-off. i) The majority of the graphene electrode is covered by
photoresist only leaving the graphene edges exposed. j) Metallic leads are evaporated to contact
the graphene electrode. k) Final device structure after photoresist lift-off

current imaging!.

Ta,0; graphene crossbar devices for in operando spectroscopy

Graphene crossbar devices were designed to achieve photoelectron transparent top electrodes.
A crossbar structure was chosen to allow the imaging of the complete device area with spec-
tromicroscopic techniques. The fabrication process is schematically shown in figure 3.4. To
fabricate flat crossbar structures, 40 nm deep trenches were etched into SigNy4 substrates via
reactive ion beam etching (RIBE) using CF4 as process gas. SisN4 was chosen as substrate
material because it is sufficiently insulating to prevent shortcuts. However, it is not as in-
sulating as SiO9, which reduces charging effects in spectroscopy experiments. Furthermore,
SigNy is an oxygen free insulator, which enables the measurement of the O K-edge absorption
spectrum of the device without interference of the substrate. Afterwards, the trenches were
filled by an approximately 38 nm thick metallic Ta bottom electrode via sputter deposition.

Note that the trenches have not been filled completely to account for the film expansion during

!More details on this topic can be found in the Masters thesis of Kalle GoR, Peter Griinberg Institute,
Forschungszentrum Jiilich GmbH, Jiilich, Germany.
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graphene graphene
Figure 3.5: Wet graphene transfer process onto arbitrary flat substrates a) Copper etching in
an aqueous (NHy4)2S20s etching solution. b) The graphene/PMMA stack is picked up with a

flat substrate. c) Transferred graphene/PMMA stack after removal from water and drying. d)
Finished graphene transfer after dissolving the PMMA layer in organic solvents.

the oxidation process in the next step. The resistive switching oxide layer was produced by
partially oxidizing the metallic Ta bottom electrode in an oxygen plasma. The resulting oxide
thicknesses varied from 4-9nm depending on the used process power (compare figure 4.5).
Plasma oxidation was chosen above sputtered TaoOj films as it increases the hydrophilicity
of the substrate, which is beneficial for the adhesion and stability of the transferred graphene.
However, also devices with sputtered TasOs were fabricated and showed similar switching
properties. Monolayer graphene was deposited directly after the plasma treatment and pat-
terned via photolithography and oxygen plasma etching. The transfer process is discussed in
detail below. In a final step, the graphene electrodes were contacted via metallic leads. Dif-
ferent combination of metals have been tested to achieve good adhesion to the substrate while
minimizing the contact resistance to the graphene top electrode. 5nm Ti followed by 70 nm
Au gave good contact but had poor adhesion to the substrate resulting in partial delamination
of the leads. The optimal material combination was found to be 10 nm Pt followed by 70 nm

Au possessing excellent adhesion and little contact resistance.

PMMA supported graphene transfer

Transfer ready monolayers of graphene on copper were purchased from Graphenea, San Sebas-
tian, Spain. A poly(methyl methacrylate) (PMMA) layer was spincoated onto the graphene
layer to support and protect the graphene against mechanical stress during the transfer pro-
cess. The copper substrate was etched in a 0.1 mol L=! (NHy)2S20g etching solution for 3-20 h
(see figure 3.5). After completion of the etching process, the etching solution is replaced with
purified water. Afterwards, the plasma treated substrate is submerged into the water and
lifted to pick up the graphene/PMMA stack. After removing most of the access water at the
substrate/graphene interface using a Ng spray gun, the sample is annealed at 50, 100 and
150°C for 30 min respectively to further dry and improve the graphene/substrate adhesion. In
a final step, the PMMA layer is dissolved in an organic solvent, rinsed in isopropyl alcohol and
Ng blow-dried. Several solvents have been studied to obtain the cleanest graphene surface, free

of PMMA residues. However, complete removal of PMMA was impossible using only solvents.
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Table 3.1: Typical switching parameters for different materials and device stacks. For some
samples the switching parameters may differ.

Switching Paramter SrTiO3 Tas05/(Pt, Au) Taz05/Graphene
Forming voltage (V) 5 -2 to -4 -4 to -7

SET current compliance 5 to 50 mA 10 pA to 5mA 1pA to 2mA
SET voltage (V) +4 -2 to -3 -2 to-5

RESET voltage (V) -4 +2to +3 +3 to +5

Best results were obtained using concentrated acetic acid (98 %) at elevated temperatures of
80°C for 3h. Further increasing the process time did not improve the surface quality and even
led to delamination of graphene in some cases. The remaining PMMA particles are likely
composed of highly cross-linked polymer particles that are insoluble due to their high atomic
mass. Annealing treatments at several hundred °C in inert atmospheres (Ar/Hsz) can effec-
tively remove left over PMMA. However, it is not possible to use heat treatments on this type
of devices, as the TapOs layer is reduced during the process and the device loses its switching
properties. Overall the PMMA contamination on the graphene layers had only minor effects

on the spectromicroscopic characterization.

Electrical characterization

Noble metal top electrodes were directly contacted with tungsten whisker probes, while the
continuous bottom electrode was contacted by aluminium wire bonding. For graphene samples
and samples with evaporated leads, the devices were contacted via tungsten whisker probes
for ez situ experiments and via aluminium wire bonding for in situ experiments. For SrTiO3
based devices, the Nb:SrTiO3 substrate served as electrically grounded bottom electrode and
for TapOs5 devices, a 30 nm thick metallic Ta film was used as bottom electrode. I-V sweeps
and pulse measurements were performed with a Keithley 2611(A-B) Source Meter. All I-V
sweeps were performed by ramping the voltage from 0V to the forming, SET or RESET volt-
age or until the current compliance is reached. Table 3.1 displays typical switching parameters
used in this work. The step size was 20mV and the holding time before measurement was
5ms. The current compliance for forming and SET is specified for each device under consid-
eration. For both materials, SrTiO3 and TagOs, no current compliance was needed during
the RESET. The device resistance was obtained from the slope of a linear fit of read-out
sweeps between +0.2 and -0.2V, or in case of pulse measurements, at a read-out voltage of
0.2V.

Temperature-dependent conduction measurements from 80 to 350 K were performed using
a CRX-VF Cryogenic Probe Station, Lake Shore Cryotronics Inc.. The probe station was

equipped with a turbo molecular pump, allowing to reach pressures of 7x10~% mbar.
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Atmosphere-dependent switching experiments were conducted in a home-built Mark-II probe
station. Turbo molecular pumping and gas inlets enabled switching in vacuum, Na, Ar/Hy

and Oy atmospheres between 5x10~% mbar and 1 bar.

Sheet resistances were measured in a standard Van-der-Pauw configuration by contacting the
four corners of a square 1x1cm? sample via ultra-sonic Al wire bonding using a Hall Effect
Measurement System Model 8404, Lake Shore Cryotronics Inc.

3.4 Conductive atomic force microscopy

The combined AFM/C-AFM measurements were performed using a VT-SPM system, Sci-
enta Omicron GmbH, Taunusstein, Germany operating at room temperature under UHV
conditions. The detection of the local surface conductance was achieved using silicon can-
tilevers with a boron doped polycrystalline diamond coating. The cantilever tips had a nom-
inal radius of less than 150nm and a spring constant of 25 Nm~! (AppNano, DD-ACTA-
10).

3.5 X-ray absorption spectroscopy

X-ray absorption describes the interaction of a solid with high energetic electromagnetic ir-
radiation. If an X-ray photon is absorbed by a solid, an electron can be promoted from an
occupied into an unoccupied excited state. This transition can only occur if the photon en-
ergy is larger than the energy gap between the initial and final state. This gives rise to the
so-called absorption edges, where a strong increase in absorption is observed if the photon en-
ergy becomes sufficiently large to overcome the energy gap. As both, the initial and final state
are dependent on the local electronic structure of the atoms in the solid, X-ray absorption
spectroscopy (XAS) can be used to measure the energy depended absorption and investigate
the electronic structure of a given sample. In contrast to diffraction based techniques, such as
X-ray diffraction, XAS is sensitive to the near range order and thus can also be employed on
amorphous solids. In an XAS experiment, the absorption is measured as a function of photon
energy. Therefore, a photon source with continuously tunable energy is required. Such photon
sources, that also have a high brilliancy and intensity, are available at soft X-ray beamlines
at most modern synchrotron. Classically, the absorption was measured by shining the X-ray
beam through a thin (few tens of micrometers) specimen and measure the decrease in intensity
of the beam after it passed through the sample. However, there are several limitations to this
approach. First, the sample needs to be fabricated on thin substrates or membranes, making

them prone to mechanical stress and altering their electrical behavior due to a missing heat
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sink. Second, the measured absorption is averaged over the whole specimen thickness making
it difficult to study changes that occur only in a thin part of the specimen. To overcome these
limitations, many modern XAS beamlines can operate in a so-called total electron yield mode.
Here, the electron current leaving the sample is measured. This mode takes advantage of the
effect that the photon absorption is often accompanied by photoelectron emission processes
via the Auger effect. After excitation of an electron into an unoccupied state, it leaves behind
an electron core hole. This core hole can be filled by electrons in higher energy shells and
the energy difference is transferred to a second electron, increasing its kinetic energy. The
excited electron moves through the solid, interacting with additional electrons via elastic and
inelastic scattering processes. The latter process generates low energy secondary electrons,
which in turn might further scatter inelastically. This cascading process leads to the gener-
ation of a large number of low energy electrons. If their energy is sufficient to overcome the
work function of the solid, they can leave the sample and be detected. The emitted electrons
can be detected directly using an electron detector or by measuring the sample current. As
the intensity of emitted electrons is proportional to the concentration of electron holes, it is
also proportional to the absorption of X-ray irradiation. Using this approach, only the top
most surface is studied (in the range of a few nanometers) due to the small escape depth of

electrons.

Following the IUPAC notation, absorption edges are labeled after the orbital from which a
core electron is extracted. With increasing principal quantum number n, the absorption edges
are labeled progressively starting from the letter K (n = 1,2,3, ... correspond to K, L, M, ...
edges). A lowercase number after the letter indicates from which degenerated orbital within
one principal quantum number the electron was excited (e.g. L1, Lo, L3 edges correspond to 25,
2py /2 and 23y orbitals). Due to a lack of absorption edges in an accessible energy range for
tantalum, only the oxygen absorption was studied within this thesis. For this, electrons from
the O 1s orbital were excited. Accordingly, the oxygen absorption edge is labeled O K edge
(the lowercase number in case of the K shell is often neglected as only a single energy level

exists).

A closely related technique is the so-called electron energy loss spectroscopy (EELS), which
is often employed in transmission electron microscopes. EELS allows to study absorption
edges by measuring the energy loss of primary electrons that are transmitted through a speci-
men. Accordingly, EELS provides the same information as XAS but at a much higher spatial

resolution.
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3.6 Photoelectron emission spectroscopy

3.6 Photoelectron emission spectroscopy

Photoelectron emission spectroscopy (PES) is a surface sensitive characterization technique
that is based on the photoelectric effect. In PES, electrons are excited by photons and escape
the solid. Considering the band structure of solids, electrons exhibit binding energies ranging
from a few electron volts (eV), e.g. valence band electrons, to several tens of keV for core level
electrons. Depending on the used photon source, PES is divided into ultra violet (UPS) and
X-ray photoelectron spectroscopy (XPS). UPS is typically used to study the valence band and
XPS to study the core level structure. The kinetic energy of excited electrons Ey;, can be

calculated according to

1
Epin = e v =hv—Ep, —® (3.1)

with m, the electron mass, v the velocity, e the elemental charge and hv the photon en-
ergy. Ep;, is the binding energy of the excited electron and @ is the work function of the
solid.

As the photon energy is typically known, it is possible to calculate the binding energy of
photoelectrons that leave the solid by measuring their kinetic energy. Because the binding
energy is an element specific property, it is possible to identify the elemental composition of
a sample. Furthermore, the exact binding energy of the core level electron depends on the
chemical environment of the atomic species. By measuring the so-called chemical shift of a
core level, it is possible to analyze the bonding character and the oxidation state of species in

a sample.

The photoemission process can be described by the so-called three-step model of photoemis-
sion. Figure 3.6 depicts schematically the photoemission process as described by the three-step
model. Upon irradiation of a solid with electromagnetic irradiation, photons refract at the
solid surface and propagate through the solid. The photon intensity decreases very slowly
within the solid due to the weak interaction between photons and electrons. Nevertheless,
a small fraction of photons is absorbed in a surface near region and excite electrons. This
photo-excitation process is step one in the three-step model. Step two describes the propaga-
tion of an excited electron through the solid. During the propagation, electrons might undergo
elastic and inelastic scattering processes with other electrons or crystal defects. If an electron
scatters inelastically, parts of its kinetic energy is transferred to a secondary electron. Be-
cause it is unknown how much energy a primary electron has lost through inelastic scattering
during its propagation to the surface, it is not possible to determine its initial binding energy.
The generated secondary electrons and the inelastically scattered primary electrons produce

a featureless background signal in a photoemission spectrum. In the last step of the model,
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the electron has arrives at the surface and leaves the solid if its kinetic energy exceeds the
work function @ of the sample. After the electron is emitted from the surface, it propagates

through the vacuum and is detected by an electron detector.

Only primary electrons that leave the sample without energy loss provide information about
the electronic structure of the solid. Therefore, the inelastic mean free path (IMFP) g, of
electrons is the most important quantity that determines the information depth of a photoe-
mission experiment. The intensity drop due to inelastic scattering along a distance [ can be

described by an exponential damping according to

l
I() =1 exp(—)\—). (3.2)
in
with I(l) the intensity of primary electrons after they have traveled the distance ! and Iy the

initial intensity of the primary electrons.

The IMFP of an excited electron is a strong function of its kinetic energy. While the ex-
act quantity of the IMFP is material dependent, the same correlation between IMFP and
kinetic energy is observed for all materials. Generally, electrons with higher kinetic energies
travel faster through the solid and have a lower chance to scatter before they reach the sur-
face. This gives the possibility to increase the information depth of a PES experiment by
using higher energy photons. If hard X-ray radiation is used, the technique is referred to as
hard X-ray photoelectron emission spectroscopy (HAXPES). Depending on the used kinetic
energy of the electron, the IMFP can range from only a few Angstroms to several tens of

nanometers.

Core level in XPS are labeled using the nl; nomenclature where n is the principal quantum
number, [/ is the angular momentum in letter notation (I = 0,1, 2, ... corresponds to s, p, d, ...)
and j is the total angular momentum quantum number that is defined as j = |l &+ s| (where s
is the spin angular momentum and can be £1/2). Core level with an angular momentum of
I = 0 give rise to a single peak, whereas core level with [ > 0 appear as a doublet. This effect is
known as spin-orbit splitting or j—j coupling and arises from the interaction between spin and
angular momentum of an unpaired electron, which can be either parallel or anti-parallel. The
relative peak ratio of the two doublet components is determined by the number of possibilities
that exist for parallel or anti-parallel pairing. The degeneracy d can be calculated according
to d = 25+ 1. For the Ta4f core level with n = 4 and [ = 3, the total angular momentum
calculates to j =3+1/2 =7/2 and 5/2, with 7/2 being the anti-parallel (low binding energy)
and 5/2 the parallel (high binding energy) component. Calculating the degeneracy for both
values yields d = 8 and 6. Thus the area ratio between the Ta4f;/, and the Ta4f;/, peak is
8/6. To account for the spin orbit splitting, peak models for core level spectra are constrained

with respect to their theoretical doublet peak area.
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Figure 3.6: Three-step model of photoemission. After an electromagnetic wave is refracted at
the surface of the crystal it penetrates through the solid and eventually excites an photoelectron
(1). The photoelectron travels through the solid (2) and undergoes elastic and inelastic scattering
processes with other electrons. The inelastic scattering produces secondary electrons. After
reaching the surface, the electron wave diffracts at the surface (3) and the photoelectron emits
into the vacuum. Note, that only electrons with sufficient kinetic energy (Exin > Ewr) can escape
the solid.

The PES measurements presented in this thesis were performed either with a Versa Probe
5000 from Physical Electronics Inc., USA or the NanoESCA from Scienta Omicron GmbH,
Taunusstein, Germany in the spectroscopy mode. Both instruments are equipped with a
monochromatic Al Ka X-ray source. All spectra were evaluated using CasaXPS Version 2.3.16.
Prior to quantitative analysis, a Shirley background was subtracted. For insulating samples
charge compensation was achieved using an electron flood gun on the Versa Probe 5000.
Charging in the NanoESCA was accounted for by referencing the spectra using a well known
core level peak (Au® 4f7 /5 at a binding energy of 84.0eV or Ta5+ 4f7 /5 with a binding energy
of 26.7eV) and applying a rigid shift to the spectra.

3.7 Photoemission electron microscopy

In photoemission electron microscopy (PEEM), photoelectrons are imaged using a set of elec-
tromagnetic lenses. This enables the magnification and imaging of a sample surface. Similar
to PES, electrons are excited by electromagnetic irradiation and depending on the used wave-
length, PEEM is categorized into UV-PEEM, X-PEEM or HAXPEEM (for ultraviolet, X-ray
and hard X-ray irradiation respectively). In contrast to classical XAS and PES techniques,

where the lateral resolution is limited by the size of the photon beam (typically several tens
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to hundreds of pm), PEEM gives the possibility to perform XAS and PES in a spatially re-
solved manner. This allows for probing the electronic structure of solids on the nanometer
scale. In addition to XAS and XPS, the electronic structure can also be analyzed through
so-called work function scans, which are used to measure the local work function of a sam-

ple.

For the PEEM studies presented in this thesis, two different instruments were used. The
NanoESCA from Scienta Omicron GmbH, Taunusstein, Germany (described in detail in ref.
[145] and [26]) and the SPELEEM III from Elmitec GmbH, Germany (described in detail in
ref. [146] and [147]). While the exact beam path and the microscope geometry differ between
the microscopes, they share the same fundamental building blocks. The basic operation prin-
ciple of a PEEM is shown in figure 3.7 using a schematic of the NanoESCA microscope. As the
sample is part of the beam path it has to be oriented precisely parallel to the lens system in
order to avoid comatic aberrations. Upon irradiation of the sample, photoelectrons are emit-
ted from the sample surface and are accelerate towards the objective lens by a high electric
field. Typical operating voltages of 12kV (20kV for the SPELEEM) are used to accelerate
and bundle the emitted photoelectrons. These high electric fields are necessary to achieve the
highest spatial resolution of the microscope and to increase the signal intensity by collecting
photoelectrons from a wider range of emission angles. After the photoelectrons have been ac-
celerated into the imaging column, they pass through a set of projection lenses, which further
magnify the image. Detection of the photoelectrons is achieved using a 2D detection unit com-
posed of a micro-channel plate, a scintillator screen and a charge-coupled device camera. To
obtain energy-filtered images, the instrument is operated in the imaging ESCA mode. Here,
the photoelectrons are separated according to their kinetic energy by a hemispherical energy
analyzer. To eliminate the spherical aberrations that are caused by the first hemisphere, a
second hemisphere is attached and the beam path is completed by an exit lens system. If
no spatial information is required, the microscope can be operated in the spectroscopy mode,
where electrons pass only through one hemisphere and are collected by a 1D channeltron de-
tector. This mode provides the same functionalities as a standard photoelectron spectrometer,

without the possibility to acquire angle resolved spectra.
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Figure 3.7: Schematic layout of the NanoESCA photoemission electron microscope. A sample is

irradiated by photons and emits photoelectrons, which are accelerated towards the objective lens.
The electrons travel through the image column and are directly detected in the PEEM mode.

Energy resolved imaging is achieved by passing the electrons through both hemispherical energy
analyzers. For acquiring non-spatially resolved spectra, photoelectrons pass only through the first

hemisphere and are afterwards detected by a channeltron detector. Modified from ref. [148|.
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oxide films

Before switching-induced changes are analyzed in memristive devices, it is essential to gain
thorough knowledge about the elemental composition, the micro- and the electronic structure
of the pristine thin films. In this thesis the resistive switching effect of SrTiO3 and TasOs is
studied. First, the properties of SrTiOgz thin films grown by pulsed laser deposition will be
presented in section 4.1. The characterization focuses on the effect of cation non-stoichiometry

and the thin film defect structure.

Afterwards, the fabrication of Ta and TayOj thin films by reactive sputter deposition is dis-
cussed in section 4.2. An alternative approach for fabrication of TasOj thin films for resistive
switching by plasma oxidation will be demonstrated. The surface morphology and struc-
ture of the prepared films is analyzed. Afterwards, the influence of growth conditions on the
oxygen stoichiometry of TaO, is presented. Special emphasis is given to the spectroscopic
characterization by XPS. The impact of the oxygen deficiency on the electrical resistance
is discussed. Lastly, the effect of electro-reduction on the spectroscopic signature is pre-

sented.

4.1 Structure and morphology of PLD grown SrTiOj3 thin films

Growing SrTiOs by PLD gives the possibility to precisely control the cation stoichiometry
and defect structure by tuning the deposition parameters [112,142]. This renders SrTiO3 to
an ideal model system that allows to investigating the relationship between thin film- and
resistive switching-properties. Accordingly, thin films with various cation non-stoichiometries

and defect densities were fabricated and characterized.

Influence of the cation non-stoichiometry

The cation stoichiometry of complex oxides grown by PLD can be adjusted through differ-

ent approaches, e.g. ablating from non-stoichiometric targets or by variation of the growth
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Figure 4.1: Impact of the laser fluence on the growth of SrTiO3. a) RHEED intensity as a function
of time for a deposition with a laser fluence of 1.01Jem™2. b) Line profile extracted from the

RHEED pattern in c) after deposition. d) RHEED intensity, e) line profile and f) RHEED pattern

for a deposition with a laser fluence of 0.66.J cm=2.

conditions. For the growth parameters used in this work, a reliable way to change the cation
stoichiometry is the adjustment of the laser fluence [149-152]. In the case of SrTiOs, the
variation of the cation stoichiometry with the laser fluence results from a combination of pref-
erential scattering of low atomic mass species, e.g. Ti in SrTiOs, and incongruent ablation
from a stoichiometric target [142]. The interplay of both processes results in the growth of
Sr-rich thin films at low laser fluences. Accordingly, Ti-rich films can be deposited at high
fluences. As will be discussed in chapter 5, the cation stoichiometry has a pronounced in-
fluence on the resistive switching properties of SrTiO3 memristive devices. Especially, the
excess of Sr in the thin film was found to improve the switching properties of such devices
[110].

In the following, the growth and morphology of a stoichiometric and a Sr-rich thin film will
be compared. For this, 20 nm films with varying laser fluences were grown at a substrate
temperature of 800°C. The growth mode and rate was monitored by reflection high-energy
electron diffraction (RHEED). Figure 4.1 a) and d) show the RHEED intensity as a func-
tion of the deposition time for a film grown at a laser fluence of 1.01 and 0.66J cm~2. The
oscillating RHEED intensity is indicative for a two-dimensional layer by layer growth [153].
Each oscillation corresponds to the growth of a single unit cell (u.c.) layer. As expected, the
growth rate at a high fluence is significantly higher (11.6s/u.c.) compared to the low fluence

(48.3s/u.c.). Based on the deposition time, the stoichiometry can be determined as described
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4.1 Structure and morphology of PLD grown SrTiOs thin films

in ref. [141]. For the film grown at a high laser fluence of a cation ratio of Sr/(Sr+Ti)~0.5
is determined, whereas the low fluence film has a cation ratio of 0.53. A detailed description
of the deposition parameters is given chapter 3 and all film stoichiometries in this thesis are

listed in the appendix in table Al.

Besides the determination of the growth rate, RHEED gives also valuable information about
the growth mode and the thin film properties. Figure 4.1 b) and e) show line profiles extracted
from the RHEED pattern in c¢) and f) respectively. By comparing the intensity from the spec-
ular spot (00) to those of the 1% order diffraction spots (01) and (01), a qualitative estimation
for the composition of the termination layer can be obtained. If the uppermost atomic layer is
formed by SrO, a high intensity of the 15¢ order diffraction spots is expected due to the higher
atom form factor of Sr compared to Ti [154,155]. Likewise, TiO9 termination leads to a high
intensity of the specular spot. As expected, the stoichiometric film features a RHEED pattern
with a higher specular spot intensity. Comparing the RHEED line profiles with the literature
indicates, that the stoichiometric film exhibits predominantly a TiOs termination, whereas
the Sr-rich thin film is SrO terminated [141]. As mentioned in chapter 2, small amounts of
Sr excess can be incorporated into the bulk film through the formation of Ruddlesden-Popper
type anti phase boundaries. However, if the Sr excess is large, a SrO secondary phase grows
at the film surface in the form of single crystalline islands [143]. This process goes along with
the appearance of additional diffraction spots in the RHEED pattern. Such spots emerge if
the electron beam transmits through the islands and produces a transmission diffraction pat-
tern [156]. Looking at the post deposition RHEED pattern in figure 4.1 ¢) and f), additional
diffraction spots can be seen in both cases but the intensity is lower for the stoichiometric
sample. This confirms, that the Sr-rich growth leads to the formation of single crystalline

islands at the surface.

The morphology and microstructure of the two thin films has been studied using atomic force
microscopy (AFM) and TEM. The results are shown in figure 4.2. The stoichiometric thin film
shows a well defined surface morphology with a distinct step-terrace structure. The terrace
structure is adapted from the surface morphology of the substrate and confirms a atomically
flat surface. In contrast, the Sr-rich thin film exhibits a high density of islands that are ran-
domly distributed across the surface. To investigate the microstructure of the film, a lamella
was cut from the Sr-rich sample and the film was investigated by TEM. Figure 4.2 ¢) shows a
cross-sectional view of the thin film. A single crystalline film quality can be observed. Occa-
sionally, extended defects are visible that are identified as Ruddlesden-Popper type antiphase

boundaries (see section 2.1 for more information).

!The TEM characterization within this chapter was performed by Dr. Hongchu Du, Ernst Ruska-Center,
Forschungszentrum Jiilich, Jilich, Germany.
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Figure 4.2: Surface morphology of a) a stoichiometric and b) a Sr-rich 20 nm SrTiOj thin filn
grown by PLD. ¢) High-angle annular dark-field TEM image of the Sr-rich thin film. Arrows
indicate Ruddlesden-Popper type antiphase boundaries running parallel (1) and perpendicular
(2) to the surface!.

Influence of the substrate temperature

Depending on the growth conditions SrTiOs can grow in different modes, namely island,
layer-by-layer or step-flow growth. One key parameter that determines the growth mode is
the substrate temperature. Typically, for low deposition temperatures island growth is ob-
served, whereas high temperatures lead to a step-flow growth. At intermediate temperatures,
a layer-by-layer growth dominates. In the case of SrTiOs, a transition from island to layer-by-
layer growth occurs at approximately 550°C and to a step-flow mode at temperatures above
800°C [157]. The reason for the occurrence of different growth modes can be attributed to the
temperature dependent mobility of adatoms on the substrate surface [158,159]. At low sub-
strate temperatures, the adatom mobility is low and clustering of the arriving species causes

the formation of islands.

In order to investigate the impact of the substrate temperature on the thin film structure, thin
films were prepared at low temperatures and characterized by electron microscopy. To further
increase the defect density, the films were grown at low laser fluences to additionally introduce
a Sr-excess. In the following, the structural properties of such films are discussed and in

chapter 5 their resistive switching properties will be analyzed.

Figure 4.3 a) shows a scanning electron microscopy (SEM) image of a 100nm Srq 17Ti; 0317
thin film deposited at 550°C. To prevent charging of the surface during the measurement, a
homogeneous layer of 30 nm Pt was evaporated onto the sample prior to SEM analysis. From
the image it can be seen that the surface exhibits characteristic square-shaped morphological
features with varying sizes. To investigate the thin film in a cross-sectional view, a lamella
was prepared by focused ion beam etching and characterized by TEM. Figure 4.3 b) displays
a high-angle annular dark-field (HAADF) overview image of the thin film cross-section. Inter-
estingly, it can be observed that the first few nanometers of the film exhibit an epitaxial crystal

structure. After approximately 20 nm, triangular shaped extended defects emerge, which are
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Figure 4.3: Electron microscopy of a 100nm Sry 17Ti;O3.17 thin film. a) SEM image of the film
surface. The oxide surface was covered with a 30nm Pt film prior to the experiment to minimize
charging. b) Cross sectional high-angle annular dark field (HAADF) image. c) Magnification of
a film section with defects and d) close up of the image section marked by a white box in (c). e)
HAADEF of a large defect structure and elemental maps acquired by EDX for f) SrLa, g) TiKa.
h) Schematic representation of the defect structure.

visible as regions with dark contrast. As the brightness of a HAADF image is proportional
to its mass density, it can be concluded that the dark regions are less dense compared to
the surrounding. To clarify the origin and nature of the defects, a high resolution HAADF
image was acquired at the bottom of a defect (compare Figure 4.3 ¢)). The image exhibits
atomic resolution and clearly resolves the mostly single crystalline film structure. In this film
section, two different extended defects can be distinguished. First, a Ruddlesden-Popper type
antiphase boundary (RP APB) is present in the center of the image marked by the red dashed
line. The RP APB starts from a a/2[111] screw dislocation and propagates along the [010]
crystal plane towards the film surface. Second, two adjacent defects can be recognized. They
start from the central RP APB defect and run along the [021] and [021] crystal planes as
evidenced by the agreement between theoretical angle 8 = arctan(2/1) ~ 63.4° and measured
angle of 63°. 4.3 d) shows a digitally magnified section of the white box marked in ¢). Due
to their higher atomic mass and radius, SrO columns appear brighter in the HAADF image
compared to TiOg columns. Taking a closer look at the stacking order of the SrO and TiOq
columns on the two sides of the defect, it becomes apparent that the lattices are shifted by a/2
against each other. This means that TiO2 columns on one side of the defect are opposed by
SrO columns on the other side. To further investigate the composition of the defects, energy-
dispersive X-ray spectroscopy (EDX) was performed and the results are presented in figure 4.3
e-g). To maximize the signal-to-noise ratio a particularly big defect was investigated. Panel e)

shows an overview HAADF image of the analyzed region. Looking at the Sr and Ti elemental
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maps in panel f) and g), a dark contrast within the red dashed region can be observed. This
confirms that less material is present in this region. Comparing the intensities of the Sr and Ti
maps indicates a slight Sr-excess. However, a precise determination of the defect composition

is not possible due to a low signal-to-noise ratio.

Based on the structural analysis, it is surmised that the growth mode changed from a layer-by-
layer growth for the first 20 nm to a island growth mode at later stages. Deliberately growing
the thin film at low laser fluences resulted in a Sr-rich thin film and induced the formation
of RP APB in the upper 80nm of the film. This is in good agreement with literature results
and can be explained as follows [143]. In the first growth stage, the film and the film surface
is progressively enriched with SrO. After the surface is saturated with SrO, the formation of
RP APB is induced through the stacking of SrO atomic planes. This explains, why the first
20nm of the film exhibit an epitaxial structure and are defect free. Due to the comparably low
substrate temperature, the adatom mobility is low and the island growth leads to the formation
of a large number of extended defects. Island growth appears to occur along the [021] and
[021] crystal plane, giving rise to the characteristic triangular shaped defects. From the surface
morphology it can seen that the islands grow in a square structure, which is not surprising as
SrTiOgz has a cubic crystal structure with a fourfold rotational symmetry. Considering that the
islands grow in the vertical and lateral direction, it is expected that a so-called self shadowing
effect occurs [160]. As a consequence, voids with less material are forming underneath the
islands, visible here as dark regions. However, as the adatom mobility is not zero and the
PLD process is not completely directional, the regions are partially filled. Figure 4.3 h) shows
a possible atomic model representation of the defect structure. Starting from a vertical RP
APB, a second antiphase boundary can form along the [021] crystal plane. Both defects are

similar and only differ in their propagation direction.

4.2 Structure and morphology of Ta and Ta;Oj thin films

Due to its industrial relevance as high-k dielectric, TasOp thin films have been fabricated
by a manifold of deposition methods. In the context of resistive switching, especially the
deposition by reactive sputtering is widely employed due to its ease of operation and be-
cause it enables a precise control over the film properties. However, sputtering is a complex
process that requires optimization to fabricate well defined and reproducible films. In the
following section, the fabrication and thin film properties of Ta and Tas O3 films will be inves-

tigated.
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Figure 4.4: Deposition rate of TaO,, thin films as a function of the sputter power. The dashed line
indicates the transition between the poisoned (TayO5) and metallic target state.

Sputter deposition of Ta and Ta;0; thin films

All tantalum films presented in this thesis were prepared by RF magnetron sputtering from
a metallic Ta target. Ta films were sputtered in pure argon (N6 purity) and oxides were
prepared in an Argon/Oxygen (N5 purity) gas mixture. The depositions were performed at
room temperature onto insulating Si/100nm SizN4 or Si/430 nm SiOs substrates. Detailed
information about the deposition process and parameters can be found in the appendix in
table A2.

First, the influence of the process power on the deposition rate was investigated. For this,
thin films were deposited with various process powers and the film thickness was subsequently
measured by X-ray reflection (XRR). Figure 4.4 shows the deposition rate of TaO, as a func-
tion of the sputter power. For high sputter powers, a linear correlation between deposition
rate and power is observed, which is in good agreement with previous reports [161,162|. At
lower powers, a sudden drop of the deposition rate can be observed at approximately 65 W.
This drastic change in the deposition rate indicates that the target state changes from a
metallic to an oxidized state. The so-called poisoning of the target occurs when the reaction
between target and reactive gas is faster than the ablation rate of the target (see 3.2 for more
details). The poisoned target has a decreased ablation rate compared to the metallic state
and as a consequence the deposition rate drops [144]. In section 4.3 it will be demonstrated

that sputtering from a metallic target at low oxygen partial pressures results in the forma-
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Figure 4.5: Power series of plasma oxidized Ta films. a) X-ray reflectivity measurements of native
oxide and TayOs films prepared by plasma oxidation. b) Oxide thickness as a function of the

process power.

tion of oxygen deficient TaO, films. Sputtering from a poisoned target always yields fully

stoichiometric TasOs.

Plasma oxidation of metallic Ta films

In general, stoichiometric oxides are used for the fabrication of resistive switching devices. This
allows the utilization of strongly oxidizing methods for the fabrication of TagOs thin films.
One of such methods is the O2 plasma oxidation of metallic Ta thin films. To investigate the
suitability of this approach, a series of metallic Ta films were treated for 15 min with an O2
plasma using various process powers. Figure 4.5 a) shows XRR data and fits of the resulting
bi-layer Ta/TagOs5 stack. The TapOs thickness was extracted from the fit and is shown in
figure 4.5 b) as a function of the process power. For untreated Ta films, a native oxide is
observed with a thickness of approximately 2.3 nm. The native oxide formation is self-limiting
due to the sluggish oxygen diffusion in TapOs at room temperature. However, the exact
thickness of native oxide films may vary between samples depending on their storage time and
conditions. A plasma treatment with 70 W results in the formation of a 4.7nm thick TayO5
layer. Increasing the process power reveals a linear correlation between oxide thickness and
process power. For the highest process power, a TagO3 thickness of 8.2 nm was measured. This
trend is can be explained by the increasing kinetic energy of oxygen ions with at high process
powers and thus having a greater penetration depth. Importantly, the oxide thicknesses that
can be fabricated using this process (5-9nm) are ideally suited for the application in resistive

switching devices.
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Figure 4.6: Thin film properties of Ta and Ta;O5 layers. AFM image for a) 30 nm sputtered
Ta b) 15nm sputtered TapsO5 and ¢) 8nm of TayO5 fabricated by plasma oxidation of a 30 nm
sputtered Ta film using a process power of 900 W. d) Grazing incidence XRD of a 100nm TasO5
thin film. e) TEM image of a Ta/TasOs stack fabricated by plasma oxidation.

Surface morphology and crystal structure

For the fabrication of resistive switching MIM-structures, one requirement is to have precise
control over the thin film and interface properties in order to achieve reproducible switching
characteristics. Therefore, the deposition processes have been optimized to give smooth thin
films with defined thicknesses and interface qualities. Figure 4.6 a-c) shows AFM morphology
images of as-prepared thin films. All films are exceptionally smooth with root mean squared
roughness values below 200 pm, indicating homogeneous growth without pinholes or formation
of large crystallites. Further, it can be seen that the oxygen plasma treatment induces no
surface roughening. To investigate the crystal structure of the TapOs oxide films, grazing
incidence XRD was performed on 100 nm sputtered TagOs thin films (compare figure 4.6 d)).
No diffraction peaks other than the Si(311) peak from the substrate could be identified. This
proves that the sputter process gives amorphous TasOs films. This is expected for a room
temperature sputter deposition [163]. Figure 4.6 d) shows a TEM image of a Ta/TagOp bi-
layer in a cross-sectional view. For both films, no crystallographic features are visible, verifying

that also the metallic tantalum and the plasma oxidized TasOs5 films have an amorphous
structure.
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4.3 Engineering the oxygen content in sputtered TaO, thin films

During reactive sputtering, various parameter can have a impact on the thin film properties.
In this section, the influence of the deposition parameters on the oxygen stoichiometry is
discussed in detail. For this, TaO, films with various reactive gas flows and deposition rates

were fabricated and analyzed by XPS.

As evidenced in figure 4.5, metallic tantalum forms a 2-3nm thick natural TasOs5 layer if
it is exposed to an ambient atmosphere. Because XPS is a highly surface sensitive tech-
nique, it is necessary to prevent the natural oxide formation. Therefore, all samples have
been transferred under UHV conditions from the deposition chamber directly into the XPS
machine. The base pressure during the transfer was always below 3-10~® mbar and the in-
fluence of the residual gas in the UHV environment was determined to be negligible over
periods of several days, i.e. no measurable change in stoichiometry occurred during this pe-

riod.

It is also possible to analyze the stoichiometry of TaO, films that have a natural oxide layer
using bulk sensitive methods. A typical example for such a technique is Rutherford backscat-
tering spectrometry, which has been successfully used to measure the oxygen content in TaO,
over a wide stoichiometry range [86,134]. However, in this work only XPS was employed as

it also provides detailed information about the electronic and chemical structure of a sam-

ple.

Ta 4f core level and valence band spectroscopy

In order to evaluate the oxygen content of a deposited TaO, thin film by XPS, different
approaches can be used. A common way to analyze the elemental composition of a given
sample is to measure a core level spectrum for each element in the sample and reference the
peak integral to a sample standard with known composition. In the case of tantalum oxide it
was shown that comparing the integral of the O 1s and the Ta4f core level gives reliable results
for small oxygen vacancy concentrations [164]. The drawback of this methods is that two core
level spectra have to be acquired with high precision to obtain accurate peak areas. Further,
the O1s core level is known to be influenced by oxygen containing adsorbents, such as CO,
CO9 and H20, which are readily present in UHV systems. Therefore, the stoichiometry was
determined through fitting of the Ta4f core level spectrum.

Figure 4.7 shows typical Ta 4f spectra acquired from thin films with various oxygen contents.
To obtain accurate results, a single peak model was constructed that was used to fit all
samples. For this, a peak doublet was fitted to a pure TasOs5 reference sample and the peak
shape, position, full width at half maximum (FWHM) and spin-orbit splitting was determined.
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Figure 4.7: Ta 4f core level and valence band spectra of sputtered tantalum oxide films with various

oxygen contents. a) Pure TayOs5, b) TaO, with a O/Ta ratio of 2.15, ¢) 1.30 and d) 0.98. The

y-axis of the valence band is rescaled by a factor of 10 for better visibility.
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Based on these values, Ta?t, Ta3™, Ta?t and Ta!t doublets were introduced to the peak model
to describe the reduced components. The metallic Ta® component was uniquely fitted with
a peak shape measured from a metallic reference sample. The Ta’ component exhibits an
asymmetric line shape that is characteristic for metals. To prevent an over-parametrisation of
the peak model, all components were constrained in their peak shape, position and FWHM.

Only the peak area of each component was allowed to vary.

Based on the contribution of each component to the total peak area, it is possible to determine

the O/Ta ratio according to

25: [Ta™]-2  [Ta*]- 14 [Ta™]. 2+ [Ta™®] 3 +[Ta™] & +[Ta™"]- 1)
100 100 ’

n=1

with [Ta™"] the peak area fraction of a tantalum component in % and n the formal oxidation

state.

The Ta4f core level clearly shows, that reducing the oxygen content leads to the formation of
various components ranging from Ta®t to Tal. As expected, the contribution of components
with lower oxidation states increases in expense of higher oxidation states if the oxygen content
is decreased. This leads to a gradual shift of the core level from 26.60eV (Ta’") to 21.95eV
(Ta%). This so-called chemical shift is a direct measure of the electron density of the Ta cation.
For high oxidation states, the Ta cation is charged positively and the negatively charged core
level electrons feel a strong Coulomb attraction. Similarly, if Ta is only slightly positively
charged or neutral, the Coulomb attraction is weaker. In the case of Ta, the chemical shift is

pronounced and has a value of 4.65 eV between Ta®+ and Tal.

For fully stoichiometric TasOs5, the valence band is almost entirely composed of O 2p states
(shown in green in figure 4.7) and the valence band maximum is located at 3.3€eV. Considering
that TasO5 has a band gap of 4.4eV, the Fermi-level is located 1.1eV below the conduction
band minimum. Hence, TapOs can be assumed to be a n-type semiconductor. Reducing the
oxygen content results in appearance of an additional peak that is located at a binding energy
of 1.04eV. This component can be assigned to a defect band that is formed by Ta5d and 6s
orbitals [165]. As expected, decreasing the oxygen content in a sample results in an increased

contribution from Ta states in the valence band.

Controlling the stoichiometry of TaO, thin films

As demonstrated in the previous section, it is possible to deposit and characterize TaO, thin

films with various degrees of oxygen deficiency. However, the important question remains
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how the stoichiometry can be controlled through the deposition conditions. Here, two ap-
proaches are demonstrated. In the first approach, the deposition rate is changed through
the sputter power and in the second approach, the oxygen partial pressure in the chamber is

varied.

Thin films were prepared using sputter powers from 50 to 250 W (compare table 4.1) and
analyzed by XPS. In figure 4.8 a) the corresponding Ta 4f core level spectra are shown. Upon
increasing the sputter power, a clear shift towards lower oxygen contents is visible (compare
figure 4.8 b)). To understand this behavior, it is necessary to consider that the reaction
rate between Ta and oxygen is finite and mainly determined by the oxygen partial pressure.
During the sputter series, the p(O2) is kept constant, while the sputter rate is increased. As a
result, the amount of oxygen that can react with the growing film decreases. This allows the
deposition of a wide range of TaO, stoichiometries from 1.5 > x > 0. Below sputter powers
of 65 W a target poisoning occurs, which leads to fully stoichiometric films. Therefore, the
stoichiometry regime 2.5 > x > 1.5 is inaccessible by only changing the sputter power (see

section 3.2 for more details).

In a second deposition series, the deposition rate was kept constant and the oxygen par-
tial pressure was varied between 0.9-10™% and 5.3-10* mbar (compare table 4.1). Following
the same argumentation as before, an increasing oxygen partial pressure increases the ox-
ide formation rate. As expected, the oxygen content of the thin film is a function of the
p(02) (compare figure 4.8 ¢) and d)). Again, a poisoning of the target is observed at a
p(03) of 5.3 - 10~*mbar. This inhibits the fabrication of stoichiometries in the range of
2.5 >z > 1.65.

Besides the oxygen content, fitting of the Ta4f core level gives also valuable information

about the distribution of the individual oxidation states. Figure 4.8 f) shows the peak area

Table 4.1: Sputter parameter for the TaO, thin film deposition and calculated O/Ta ratio for
films deposited at a target to substrate distance of 50 mm and a gas composition of 1% O in Ar.

Power variation Pressure variation

Power (W) Pressure (mbar) O/Ta ratio Power (W) Pressure (mbar) O/Ta ratio

50 5-1072 2.5 65 9.1073 0
67 51072 1.46 65 2.1072 0

70 51072 1.28 65 4.1072 1.17
90 51072 0.98 65 4.5-1072 1.31
120 5.1072 0.79 65 5.1072 1.45
150 51072 0.64 65 5.2-1072 1.65
250 51072 0.43 65 5.3-1072 2.5
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Figure 4.8: Power and pressure series of sputtered TaQ, thin films. a) Ta 4f core level spectra of
films sputtered with a power of 50 (black), 67, 70, 90, 120 and 150 W (red). b) O/Ta ratio as a
function of deposition power. The dashed line indicates a transition between the poisoned and
the metallic target state c) Ta 4f core level spectra for films sputtered with a p(Oz) of 5.3 - 107*
(black), 5-1074,4.5-107%,4-107%,2-10~% and 9- 10~° mbar (green). d) O/Ta ratio as a function
of p(O2). e) Sheet resistivity as a function of the O/Ta ratio. The red data points represent
films that were grown using a high pump rate sputter process (compare table A2). f) Peak area
contributions of Ta®, Ta’* and suboxide components as a function of the O/Ta ratio.
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contributions for Ta®, Ta’* and the suboxide components. The suboxides (Ta%*-Ta'*) are
summed up to a single component for better visibility. In the O/Ta range from 2.5 to 1.5
the main component is Ta’t and from 0.8 to 0 it is Ta’. In the intermediate region from
1.5 to 0.8 the suboxides show a maximum contribution. However, Ta%t and Ta® are overall
the most common oxidation states. This behavior reflects the tendency of tantalum to form
the thermodynamically stable oxidation states (Ta’ and Tat®), whereas the suboxides never
exceed a contribution of 50 % of the total peak area. Looking at the trend of the individual
components, it is evident that Ta’" changes linearly over the whole stoichiometry range.
Similarly, the Ta® component also follows an inverse linear trend but it drops to zero at an
O/Taratio of 1.9. Importantly, this means that Ta’ is not expected to occur in a stoichiometry
range between 1.9 to 2.5. The reason for this behavior is not obvious but a possible explanation
is that the formation of metallic clusters becomes unlikely in an increasingly oxygen rich

matrix. The suboxides show a parabolic distribution.

To understand the resistive switching phenomenon in TasOs-based memristive devices it is
important to evaluate the effect of oxygen vacancies on the electronic conduction. Therefore,
the sheet resistivity was determined for all TaO, thin films and plotted as a function of the
O/Ta ratio (see figure 4.8 e)). Starting from metallic tantalum with a resistivity of 8 /O,
the resistivity steadily increases by several orders of magnitude until an O/Ta ratio of 1.9 is
reached. At this point, a sudden jump in resistivity from 10k to 350 MQ /O occurs. The fully
stoichiometric thin films have resistivities in the order of 10 G2/00. Connecting the conclusions
drawn from the XPS analysis and the sheet resistivity, it becomes clear that oxygen vacancies
increase the conductivity of TaO, films over the whole stoichiometry regime but have the

highest impact at a O/Ta ratio of approximately 2.0.

4.4 Spectroscopic signatures of Ta;Oj; thin films reduced by

electrical stress

In section 4.2 it was demonstrated, that it is possible to fabricate TaO, thin films with var-
ious degrees of oxygen content. The range of non-stoichiometry is, however, limited by a
poisoning of the metallic Ta target. As a consequence, stoichiometries between TaO; ;7 and
TaO49 cannot be easily deposited in a standard sputter process without in situ monitoring
and real time process control. Nevertheless, this range of non-stoichiometry is especially rel-
evant for the suspected valence changes processes that occur during resistive switching. As
shown in figure 4.8 e), a slight increase in the oxygen content from z=1.9 to 2.2 changes the
resistivity by over four orders of magnitude. Interestingly, TaO, regions in this stoichiometry
range could be reproducibly observed in fully oxidized samples after degradation by a high

electric field. In the following, the degradation process and the spectroscopic signatures will
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Figure 4.9: X-PEEM analysis of a Ta/TazO5/Graphene device after high voltage arcing. a) X-
PEEM photoelectron image of a device after an arcing event taken at Ta4f core level binding
energies. Inset: Magnification of an area with high amounts of reduced tantalum. The X-PEEM
image was acquired by averaging over binding energies from 22-26¢eV, corresponding to reduced
tantalum states. b) Fitted Ta4f core level spectrum integrated over the region of interest labeled

with "1" in (a) and ¢) spectrum from region "2".

be evaluated to examine the effect of low oxygen vacancy concentrations on the electronic

structure.

In situ electro-reduction of Ta,05

Electro-reduction of oxides is a common phenomenon that occurs if the electrical field strength
exceeds the dielectric strength of an insulator or semiconductor [166 168]. In contrast to a
soft breakdown performed during electroformation of ReRAM devices, a "hard breakdown"
can take place if no protective measures, such as a current or voltage limiter, is used during
the forming process. Typically, this hard breakdown leads to the creation of a conductive path
through the insulator and as a result the electric field across the insulator drops. This break-
down can be understood as an extreme case of the switching process in memristive devices.
During investigation of Ta/TasOs5/graphene devices, occasionally dielectric breakdowns were
caused by high voltage arcing inside a photoemission electron microscope. While a fast-acting
fuse was in place to limit the amount of current that during the arcing event, damage of the
devices was evidenced by changes in morphology and melting of metal contacts. However, the
electrical degradation of the TagOs5 films can be used to study the effect of high currents and
electric fields on the chemical and electronic structure and to the investigate failure mechanism
of devices. Figure 4.9 a) shows an exemplary device after a dielectric breakdown. From the
PEEM image, the appearance of a small bright region along an edge of the crosspoint can
be observed. The inset shows that two separate regions have formed, labeled with "1" and
"2". Extracting and fitting of the Ta4f core level from these regions confirms that the oxide
film is strongly reduced in this area. For region 1, a stoichiometry of TaO; g2 and for region

2, a stoichiometry of TaOj 74 was determined. Interestingly, the contribution of individual
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components differs from TaO, films with a similar stoichiometry fabricated by reactive sput-
tering. Most importantly, no Ta’ component is present in the electro-reduced case whereas
comparable sputtered films have a Ta® fraction of approximately 10%. This demonstrates
that the O/Ta ratio alone is not sufficient to describe the chemical and electronic structure of

reduced TaO, compounds.

Transferring these observation to the context of resistive switching, two important conclusions

can be drawn:

1. Assuming that the dielectric breakdown can be considered as an extreme case of the
electroformation process, the extracted O/Ta ratio of ~ 1.6 serves as an estimate for the

lower boundary of the filament stoichiometry.

2. Metallic tantalum is not necessarily involved in the switching process, as electro-reduction

does not result in the formation of a Ta® component.

The spectromicroscopic investigation of Ta/TasO5/graphene devices will be continued in chap-
ter 7, where devices are investigated that were operated with appropriate switching voltages

and currents.

4.5 Summary

In this chapter, the growth of different metal oxide thin films was presented. In section 4.1
it was demonstrated that the cation stoichiometry of PLD grown SrTiOs thin films can be
adjusted by tuning the laser fluence. Low laser fluences result in Sr-rich thin films, while higher
fluences give stoichiometric films. It was found that the accommodation of access Sr occurs
predominantly through the formation of SrO island on the film surface. To a lesser extend, the
Sr-rich growth also induced the formation of extended defects in form of Ruddlesden-Popper
type anti phase boundaries. By deliberately reducing the deposition temperature, SrTiO3 films
with high densities of extended defects could be fabricated. TEM characterization indicates
that the extended defects are closely related to Ruddlesden-Popper type anti phase boundaries.
The characteristic triangular microstructure of the films can be explained by an island growth
along preferential crystallographic planes inducing a self shadowing effect during deposition.
Defect regions contain overall less material compared to the surrounding regions and show a

slight Sr-excess.

In section 4.2, the preparation of Ta and TayOj films by reactive sputter deposition and oxygen
plasma oxidation was introduced. All films show a smooth surface with a low roughness.

XRD and TEM analysis confirmed that all thin films were amorphous. XRR measurements
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of plasma oxidized Ta films revealed a linear relationship between the process power and the
thin film thickness.

The influence of the sputter power and the oxygen partial pressure was studied for depo-
sition of TaO, thin films. The film stoichiometry was investigated by in situ XPS. It was
demonstrated that both parameters can be used to continuously tune the thin film compo-
sition in a wide stoichiometry range. Fitting of the Ta4f core level gave insights into the
electronic structure of the thin films. By plotting the individual tantalum components against
the O/Ta ratio, it was observed that Ta®* and Ta® linearly change with the oxygen con-
tent. The sub oxide distribution, however, exhibits a semicircle shape. By measuring the
sheet resistivity for all sub-stoichiometric films, an exponential dependency of the resistivity
against the oxygen content could be identified for O/Ta ratios up to a value of 1.9. Further
increasing the oxygen content resulted in an abrupt increase in resistance of several orders of

magnitude.

Lastly, the effect of electro-reduction on TasO5 memristive devices was investigated. X-PEEM
characterization revealed the formation of oxygen vacancy rich TagOs_, regions, formed after
a high voltage arcing. Extracting and fitting of the Ta4f core level provide an information
basis for the structure of conductive filaments. No evidence for a metallic Ta® component was

found.
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5 Resistive switching in SrTiO3 and Ta,O;5

thin film devices

In this chapter, the resistive switching properties of SrTiO3 and TayO5 based devices will be
studied in detail. To gain deeper insights into the physical origins of the switching process,
electrical characterization is performed in different atmospheres and at different temperatures.

The results presented in this chapter have been published in parts in:

T. Heisig, J. Kler, H. Du, C. Baeumer, F. V. Hensling, M. Gl6%, M. Moors, A. Locatelli, T.
O. Mentes, F. Genuzio, J. Mayer, R. A. De Souza and R. Dittmann, "Antiphase Boundaries
Constitute Fast Cation Diffusion Paths in SrTiO3 Memristive Devices," Advanced Functional
Materials 2020, 30, 48, p. 2004118.

5.1 Resistive switching in SrTiO; thin film devices

As mentioned in section 2.4, depending on the fabrication method and film thickness, SrTiO3
can posses an eightwise or counter-eightwise switching polarity. In this section, both polarities
will be discussed. Afterwards, the impact of the SrTiOg thin film properties on the switching
polarity will be elucidated.

5.1.1 Eightwise switching in SrTiO;

In this section, Nb:SrTiO3/20 nm SrTiOs/Pt metal-insulator-metal (MIM) devices are inves-
tigated. An equivalent circuit diagram of such a device is depicted in Figure 5.1 a). As all
eightwise switching curves presented in this thesis have qualitatively similar switching char-
acteristics, the general features and the terminology will be introduced on the basis of the

prototypical I-V curve shown in figure 5.1 b)-d).

In the untreated (or pristine) state, the MIM cell exhibits a high resistance in the gigaohm
region (>10°Q). Upon biasing the device in the forward direction of the Schottky diode,
i.e. applying a positive voltage to the high work function Pt electrode, current starts to flow

(compare "1" in figure 5.1 b)). If the positive bias is further increased, a sudden increase in
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Figure 5.1: a) Equivalent circuit diagram of the Nb:SrTiO3/20nm SrTiOs/Pt device. b) Loga-
rithmic and c) linear representation of a typical I-V curve showing the electroforming (dashed
line) and the subsequent switching cycle. d) Magnified part of the I-V curve in c) showing the
low current region. Dashed lines indicate the forward- and reverse voltage.

current is observed. This is seen as a kink in the I-V curve in 5.1 ¢) at 3.4 V. This so-called
electroforming process reduces the device resistance to the kiloohm range (< 105 Q). In order
to prevent damage from high currents, the device is protected by a current compliance that
limits the maximum current. In this case a current compliance of 50 mA was used. The device
is now in the low resistance state (LRS). Generally, the resistance change is non-volatile and
the device remains in a conductive state if the voltage is removed. However, for some devices
the LRS is unstable and the resistance will gradually increase over time. The time that passes
until the LRS state becomes indistinguishable from the initial or high resistance state (HRS)
is called the retention time. Retention times in SrTiO3 can vary from a few minutes up to

several weeks or month.

From the LRS state the device can be reset to the HRS by applying a negative bias (see
"3" in figure 5.1 b) and ¢)). For a typical reset a voltage between -3 an -4V is required.
Exceeding -4V quickly results in a permanent device failure, which is often evidenced by
damaged top electrodes. In contrast to the LRS, the HRS is always stable under ambient
conditions. From the HRS the device can be set into the LRS state again by applying a
positive bias. Besides the here shown quasi-static I-V sweeps, devices can also be operated
using short voltage pulses. However, to study the switching mechanism it is beneficial to
measure full I-V curves as they provide additional information about the voltage dependent

current transport mechanisms.

Figure 5.1 d) shows the low current regime of the LRS, HRS and the virgin device state. From
the plot it becomes evident, that all states have a non-linear current voltage relationship,
which is expected for a device with a Schottky junction. To characterize the junction, two
important parameters are considered. The forward- (Vpy) and reverse voltage (Vry). These
parameters indicate the minimal voltage that is required to observe an increasing current flow.
In the virgin state, the device has a very high forward voltage exceeding 3 V. Once the device
is formed, the forward voltage decreases to 1.3 and 0.5V for the HRS and LRS respectively.
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5.1 Resistive switching in SrTiOs thin film devices

This indicates, that the largest change of the Schottky barrier occurs during the electroforming
process. Nevertheless, the modulation of the Schottky barrier between LRS and HRS has a
great impact on device resistance. Looking at the negative voltage branch, a significant
change of the reverse voltage between LRS and HRS is visible. The HRS exhibits a typical
Schottky diode behavior where Vgy > Vpy. In contrast, the LRS is almost symmetrical with

Vrv = VRyv, which is indicative for a high doping concentration.

Role of the cation stoichiometry

The influence of the cation stoichiometry in epitaxial SrTiO3 devices is discussed at length in
refs. [110,152,169]. Here, the most important differences between Sr-rich and stoichiometric
SrTiO3 will be briefly summarized. The conclusions drawn from the influence of the cation
stoichiometry will serve as basis for the discussion of the spectromicroscopic data in chapter
6.

Figure 5.2 shows a comparison of the switching characteristics between a Sr-rich and a stoi-
chiometric sample. The thin film stoichiometry was estimated based on the deposition rate
as described in ref. [141]. The Sr-rich sample has a cation ratio of Sr/(Sr+Ti)~0.53 and
the stoichiometric sample a ratio of Sr/(Sr+Ti)~0.5. Comparing the I-V curves in figure
5.2 a) and d) illustrates the main differences between both samples. Sr-rich devices show a
distinct forming step (dashed lines) at high positive voltages, whereas the forming step in the
stoichiometric sample is indistinguishable from the subsequent set process. The kink in the
I-V curve of the Sr-rich sample at approximately +3V is caused by a rapid decrease of the
device resistance in combination with an active current compliance. Due to the rapid decrease
of the device resistance, the source measuring unit reduces the applied voltage to stay within
the selected current limit. This gives rise to the observed kink shape. Here it is important to
note that the used Keithley 2611 source measuring unit has a response time in the ps region.
This means that for a short amount of time (several microseconds) an undefined current passes
through the sample. This so-called overshoot current is only limited by the series resistance

of the circuit.

It can be seen that the devices on the stoichiometric sample that have been operated with lower
currents show no complete set. This is especially evident in the negative voltage branch. For
the 10 and 20 mA devices, the current is decreased by several orders of magnitude compared to
the 30 and 50 mA devices. It is not surprising that the current compliance has a large impact
on the I-V curves, as it is one of the most important switching parameters. The reason for
this is that the current limit controls the Joule heating induced temperature increase during
switching. Because Joule heating depends quadratically on the current, a small increase of the

current limit can lead to a significantly higher temperatures.
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Figure 5.2: Representative switching curves of Nb:SrTiO3/20nm SrTiO;/Pt devices. Samples
with a Sr-rich (green) and a stoichiometric (red) SrTiOjs layer are compared. a) I-V curves
of the Sr-rich sample. Each curve represents an individual devices switched with the specified
current compliances. The dashed lines indicate the electroforming process. b) LRS resistances as
a function of the current compliance. At least 5 devices per current compliance were measured.
c) Retention measurement of the LRS. d) I-V curves, e) LRS resistance and f) retention of the
stoichiometric sample. Modified from ref. [170].

To investigate how the current compliance effects the switching, multiple devices on each sam-
ple were switched with current limits from 5 to 50 mA. The influence of the current compliance
on the LRS is illustrated in figure 5.2 b) and e). Interestingly, the LRS is almost constant for
the Sr-rich sample with a resistance of approximately 3 x 103 Q. Only devices switched with
currents below 10 mA exhibit a slight higher resistance and a larger data spread. In contrast,
the stoichiometric sample shows a significantly higher LRS for currents below 25mA. This
indicates that the set process is not completed at low currents. This is in accordance with the
conclusions derived from the I-V curves. For higher currents the LRS resistance decreases
until it reaches a minimum of 3 x 102Q at 40mA. Further increasing the current to 50 mA

leads to a slight increase of the resistance.

For their use as non-volatile memory the so called retention time is a key parameter that
determines how stable a programmed resistive state is. Compellingly, the stability of a resistive
state is often closely connected to the underlying processes that drive resistive switching.

Accordingly, it is sometimes possible to deduce conclusions about the switching mechanism
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5.1 Resistive switching in SrTiOs thin film devices

from the retention behavior of a device [110,171]. Therefore, the stability of the LRS state
was investigated over a time span of several days. Figure 5.2 ¢) and f) shows the evolution
of the LRS resistance over time. For the Sr-rich sample, an initial increase of the resistance
of approximately one order of magnitude is observed after a time span of three days. After
this, the LRS state is stable for at least 17 days. Importantly, no difference in the stability is
observed for different current compliances. In contrast, the LRS state of the stoichiometric
sample is unstable for current compliances below 50 mA. Already after 3 days the LRS state for
10 and 20 mA reached the HRS resistance and the 30 mA is only slightly below the threshold.
A further increase of the resistance after 17 days is observed, where all devices switched with
low currents converged to a single resistance state. The device that was switched with 50 mA
shows a stable retention after a small increase of resistance after 1 day. With this, the device

resembles the retention behavior of a Sr-rich device.

To recapitulate, the main differences in the switching behavior of Sr-rich and stoichiometric

thin films can be summarized by the following observations:

1. Sr-rich thin films have a higher initial resistance, forward voltage and show a distinct

forming step.
2. Stoichiometric thin films require higher currents to achieve a complete set to the LRS.
3. Sr-rich thin films have a superior LRS stability that is independent of the current limit.

In the following, the physical origins of the different switching behavior will be discussed. To
understand the high initial resistance and forward voltage in Sr-rich samples, it is mandatory
to know how the thin film properties effect the Schottky barrier. As described in section 2.1,
the surface of SrTiO3 can be terminated either by a TiOg, a SrO layer or by a mixture of
both. For a Sr-rich growth, the surface is expected to be completely SrO terminated [143],
whereas a stoichiometric growth gives a mixed terminated surface [141]. It is known that
the Schottky barrier height is very sensitive to surface and interface states, which are formed
by the atomic layers that are the closest to the surface. Hence, it can be predicted that a
different Schottky barrier is formed for SrO and mixed terminated surfaces due to the different
electronic structure of the surface [172]. Further, it was reported that SrO terminated thin
films are chemically reactive whereas a TiO9 termination is considered to be mostly inert [141].
Exposing SrO terminated SrTiOj3 film to an ambient atmosphere leads to the formation of
SrCO3 [173]. Depending on the exact nature of the interface states, the SrO termination can
either increase or decrease the Schottky barrier height. This effect was studied in detail in
ref. [169]. As expected from the measured I-V characteristics, the Schottky barrier height for
Sr-rich films is higher (@5 ~ 1.00€V) compared to the Schottky barrier of stoichiometric films
(0.91eV). Therefore, it can be assumed that the differences in the initial state correspond to a

modified Schottky barrier due to different interface properties.
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5 Resistive switching in SrTiOs and Tay Oy thin film devices

The observed scaling of the LRS in stoichiometric films is likely related to the missing electro-
forming step. Considering that the forming in Sr-rich devices takes place at high electric fields,
a high overshoot current flows until the current compliance becomes active. As the overshoot
current is independent of the current compliance, the filament is formed equally in all cases.
This implies that the forming procedure is the predominant step that defines the LRS resis-
tance in the Sr-rich case. Contrary, if no distinct forming process occurs the LRS depends on
the current compliance. To test this hypothesis, switching of Sr-rich devices could be repeated
with a passive series resistance that limits the overshoot current. In this case, also a scaling

of the LRS resistance would be expected for Sr-rich devices.

A similar argument can be made to explain the observed retention characteristics of both
samples. As the forming process in the Sr-rich case produces similar filaments independent of
the current compliance, the retention characteristics are also similar. For the stoichiometric
sample, however, it can be argued that a stable retention is only observed if the filament
is formed with a sufficiently high current. This is only the case for the device switched
with 50mA. The question remains why high currents and a pronounced electroforming is
beneficial to achieve a stable LRS. This question will be discussed in more detail in chap-
ter 6.

5.1.2 Counter-eightwise switching in SrTiO;

In this section, the resistive switching properties of 80 nm Sr-rich SrTiOj3 devices are ana-
lyzed. As mentioned in section 2.4, SrTiO3 devices can exhibit a counter-eightwise switching
polarity if the oxide is deposited as amorphous or polycrystalline thin film [114, 115, 117].
To emulate this effect for PLD grown thin films, extended defects were intentionally in-
troduced by performing depositions at low substrate temperatures as described in chap-
ter 4.1.

As expected for devices with thicker oxide films, the initial resistance increases and the forming
step requires higher voltages and longer forming times. The electroforming time can vary from
milliseconds to several minutes. For this reason, electroforming is performed by applying a
constant positive voltage to the Pt electrode until a specified current limit is reached. Figure
5.3 a) shows a direct current forming procedure. In this particular case, the device was biased
with a constant voltage of 5V until a current of 1 mA is reached. During the biasing time,
the conductivity steadily increases until a rapid increase of current can be observed after
approximately 60s. Within the next 5s the current compliance is reached and the device is
considered to be formed. While individual devices show a large variation in the forming time,
the general I-¢ trend is similar in all cases. After electroforming, the device switches in a

counter-eightwise polarity (figure 5.3 b) and ¢)). Starting in the LRS, the device can be reset
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Figure 5.3: Counter-eightwise switching characteristics of a Nb:SrTiO3/80nm SrTiOs/Pt device.
a) I-t curve of a direct current electroforming procedure using a bias of 5V. b) Logarithmic and
c) linear representation of a typical counter-eightwise I-V curve. d) Low current region of the I-V
curve in ¢).

by applying a voltage sweep from 0 to 4 V. Because the reset process is self-limiting, no current
compliance is needed. In general, the reset occurs gradually and the HRS state depends on
the reset voltage. For this sample a complete reset was achieved at 4 V. Performing the reset
with smaller voltages yields intermediate resistance states. Typical HRS resistances are in
the order of > 109Q. Biasing the device in the reverse Schottky diode direction (negative
voltages applied to the Pt electrode) a set is observed at approximately -2V. As the set
is a self-accelerating process, a current limit is required to prevent permanent damage of the
device. For this device, a current compliance of 1 mA was used. Characteristic for the counter-
eightwise polarity is the apparently instantaneous set as evidenced by the jump of the I-V
curve to lower voltages (compare figure 5.3 b) and c¢) number 3 to 4). The resistance of the
LRS is generally in the kilo-ohm region (~ 103 Q).

Taking a closer look at the low current region shown in 5.3 d), reveals important differences to
the eightwise polarity. First, the initial state is insulating over a large voltage range of +6 V
(here only an excerpt from -2 to 4V is shown). This is expected as, in a first approximation,
the electric field is inversely proportional to the distance between bottom and top electrode.
However, the situation is complicated because the electric field is not homogeneous across the
insulator but a large voltage drop occurs at the Schottky barrier. The second key difference
is the linear (or ohmic) I-V relationship of the LRS state. This indicates that the Schottky
barrier is doped degenerately and is not the dominant current limiter of the device, as this
would give rise to a non-linear I-V characteristic. Considering that the LRS resistance is in
the order of a few kilo-ohms, it is likely that the main resistance is caused by the conduction
through the bulk (or plug) part of the filament.

Influence of the atmosphere on counter-eightwise switching SrTiO3

As the operation principle of transition metal oxide memristive devices relies on the formation

an redistribution of oxygen vacancies, it is conceivable that the surrounding atmosphere and
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Figure 5.4: Switching characteristics of a Nb:SrTiO3/80nm SrTiO3/Pt device in various atmo-
spheres. a) I-V sweep of a pristine device biased in different atmospheres. b) Switching of the
device in different atmospheres using short voltage pulses. I-V curves the device in ¢) air, d) O,
e) Ny and f) vacuum. The first I-V curve is colored and subsequent cycles are shown in gray.

in particular the oxygen partial pressure, has an impact on the device properties [120,171].
Besides the oxygen partial pressure also the humidity is to have an effect on the electronic
and ionic properties of oxides in general [174] and SrTiOg [175,176] in particular. Accord-
ingly, it was investigated how the surrounding atmosphere affects the switching characteris-
tics.

In a first step the sample was placed in a vacuum chamber equipped with micro probes for
electrical characterization. After storing the sample for 24 h at a pressure of ~ 1075 mbar, I-V
sweeps from 0 to 10 V were employed. Similarly, I-V sweeps were performed in N9, O2 and air
atmosphere. For this, the evacuated chamber was flooded with the specified gas and electrical
characterization was performed under constant gas flow. Between each atmosphere change, the
chamber was completely evacuated. Figure 5.4 a) shows the I-V sweeps of the same device
in different atmospheres. Importantly, the device remained in a pristine state and a small
current limit of 10 pA was employed to ensured that no electroforming occurred between the
individual measurements. Interestingly, one can observe a clear influence of the atmosphere
on the I-V characteristics. Under vacuum conditions, the device has extremely insulating
properties. Even under a high bias of 10V, the current barely exceeds 10 '* A. Under Ny and
02 atmospheres, however, the current rises at approximately 7V up to a maximum current

of ~1078 A at 10 V. Comparing both gases, Ny and O, only minor differences are noticeable.
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5.1 Resistive switching in SrTiOs thin film devices

The most striking change is visible for the measurement in air. Over the entire voltage
range a comparably high current is observed. This observation was verified by repeating the
measurement on five nominally identical devices. To exclude that a partial electroforming
is causing the current differences between atmospheres, the order in which the atmospheres
were studied was varied. For all devices, the general trend Iy > In, = [0, > Ivac. Was

found.

To understand this strong effect of the surrounding atmosphere, it is necessary to identify
the component that causes the increasing current in air. By volume air contains 78.09% Na,
20.95% O2, 0.93% Ar, ~1% H20 (on average at sea level) and small amounts of other trace
gases [177]. From these main components No and Oz can be excluded as origin for the high
conductivity in air, as the devices remain insulating in the corresponding pure atmospheres.
Further, Ar is considered to be chemically inert. Therefore, it is unlikely that Ar has a
big impact on the conductivity. H2O on the other hand is highly reactive towards oxides.
It is known that humidity can affect the electronic properties of memristive devices, which
renders it the most probable candidate that influences the conductivity [120,178-180]. The
slight current increase in No and O9 atmospheres compared to vacuum can be explained by
trace amounts of HoO impurities in the gas supply, which are typically in the low parts-per-
million range. The underlying mechanism that leads to a sensitivity towards moisture is still
an active research area and depends on the details of used materials, their microstructure
and the fabrication process [181]. For oxygen vacancy rich oxides, it is known that water is
incorporated into the oxide matrix through dissociation of HoO. This process can be expressed

according to

H0 4 Ve + 05 = 20H}, (5.1)

where OHg, represents a hydroxide ion (OH™) on a regular oxygen anion lattice site.

The incorporated protons can migrate through the bulk oxide via proton hopping (similar
to the Grotthus mechanism) or through a vehicle-type mechanism. This increase the ionic
conductivity of the SrTiOg3 layer [182]. Besides the incorporation of HoO, also the modulation
of the Schottky barrier is discussed as possible origin of the moisture sensitivity of SrTiO3
ReRAM devices [178]. Both mechanism, an increased ionic conduction or a Schottky bar-
rier modulation, could be responsible for the observed sensitivity to moisture of the initial

state.

Going beyond the characterization of the initial state, also the switching properties were
studied in different atmospheres. For this, devices were electroformed in air and subsequently
switched 300 times in each atmosphere (compare figure 5.4 b)) using voltage pulses. A general

trend is observable where the HRS resistance decreases with increasing number of cycles.
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Table 5.1: Switching parameters in different atmospheres extracted from the I-V curves
in figure 5.4 c-f). The values are averaged over 10 switching cycles for each sample.

Air No O Vacuum
Rygrs () 4.8-10° 1.8 - 106 1.1-106 3.4-106
Rigrs (Q) 4.5-103 1.8-10° 2.4-103 1.1-10°
Rugrs/Rirs 1.1-102 1.0-10° 4.6-102 3.0-103
Vser (V) -1.4 -1.8 -2.3 -2.2
Vreser (V)! 1.6 1.2 1.4 1.2

1V geser is defined as the smallest voltage at which the current starts to decrease.

However, it is not clear if this effect is caused by the atmosphere or if it is an aging effect of
the device. Due to the large cycle-to-cycle variance of the device, it is difficult to determine if
the atmosphere has an effect just from the resistance values. Therefore, devices were switched
using I-V sweeps. This allows the quantification of additional switching parameters, such
as set and reset voltage. Representative I-V curves from a single device are shown in figure
5.4 c¢f) and the switching parameters are given in table 5.1. Again, the devices could be
switched repeatedly in all atmospheres. Interestingly, Vggr differs significantly between dry
atmospheres and air. While the set in air occurs already at a voltage of -1.4V, under vacuum
conditions -2.2'V are required. This large difference in the set voltage can be understood by
the fact that the HRS state is less insulating in air and thus the critical set current is reached
at lower voltages. Further, the memory window (Ryrs/Rrrs) is the smallest in air and is
over one magnitude larger in vacuum, again due to the comparatively conductive HRS state

in air.

From the obtained results of the atmosphere dependent measurements, it can be concluded
that the SrTiOs based memristive devices interact with the surrounding atmosphere. In
particular, the initial state of the devices is highly sensitive to HoO containing atmospheres,
decreasing the resistance by several orders of magnitude. Further, the atmosphere has an
impact on the switching properties, where operation in dry atmospheres and under vacuum
conditions requires higher set voltages. Finally, the presence of humidity reduces the memory
window by approximately one order of magnitude. A more detailed discussion of the origin of
the atmospheric influence on counter-eightwise switching memristive devices will be given in

section 5.2.3.
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5.1 Resistive switching in SrTiOs thin film devices

5.1.3 Impact of the thin film thickness and growth temperature on the
switching polarity

Previous studies could show, that the switching polarity in SroTiO4 memristive devices is
determined by the defect density and the thin film thickness [67]. To investigate if a similar
correlation is also observed in SrTiOg3 devices, samples grown at various temperatures and film
thicknesses. Afterwards they have been electrically characterized. For this, a large number of
devices were switched on each sample. To test if a sample shows eightwise or counter-eightwise
switching, the electroforming step was performed either by an I-V sweep or by using a DC

bias as described in sections 5.1.1 and 5.1.2.

Figure 5.5 a) shows the switching polarity of Nb:SrTiO3/SrTiO3/Pt devices as a function of
growth temperature and film thickness. From the graph a clear correlation between the switch-
ing polarity and the growth temperature can be seen. Samples grown at 800°C exhibit an
epitaxial crystal quality and almost exclusively show eightwise switching. An exception is the
80nm thin film sample, that also features counter-eightwise switching. Reducing the growth
temperature leads to a transition towards a counter-eightwise polarity. For temperatures below
700°C, only counter eightwise switching was observed. Under these growth conditions, SrTiOg
films have a high density of antiphase and island-boundaries (compare section 4.1). Interest-
ingly, in the transition region at 1" = 700°C, the sample exhibits both switching polarities in
a single device (coexisting polarities). Two exemplary I-V curves of a device with coexisting
polarities are shown in figure 5.5 b). Initially, the device started with an eightwise polarity, but
upon cycling of the device, the polarity changed to counter-eightwise switching. Characteris-
tic for such a device is the shared resistive state between both polarities, i.e. the LRS of the
eightwise cycle corresponds to the HRS of the counter-eightwise cycle. Similar observations
of coexisting polarities have been observed in TiOg memristive devices [127]. Since the occur-
rence of coexisting polarities indicates the presence of two competing switching mechanism,
it represents an intricate special case. Thus, for the purpose of this thesis, the investigation

of devices with coexisting polarities will be neglected.

To understand what causes the transition between eightwise and counter-eightwise switching,
it is important to consider how the film properties influence the electrical and ionic properties
of the memristive devices. As discussed in chapter 2.4, eightwise switching in SrTiO3 can
be explained by a modulation of the Schottky barrier height and thickness through oxygen
vacancies. Upon increasing the film thickness of the Sr'TiO3, the bulk resistance of the oxide
layer increases while the Schottky barrier is unaffected. If the oxide layer reaches a critical
thickness, it can be assumed that the modulation of the Schottky barrier alone is not suf-
ficient to establish a conductive LRS state and an oxygen vacancy rich filament is formed
between bottom- and top electrode (the so-called "plug"). In contrast to other classical

counter-eightwise switching systems that employ oxidizable electrodes, no oxygen vacancies
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Figure 5.5: Impact of the thin film thickness and growth temperature on the switching polarity.
a) Switching polarity of samples composed of SrTiOz films grown at various temperatures and
with different thicknesses. All thin films were grown with a cation ratio of Sr/(Sr+Ti)~ 0.53.
b) I-V characteristics of an 80 nm SrTiO3 device grown at 700°C that showed coexisting switching
polarities.

can be generated at Nb:SrTiO3 the bottom electrode. For this reason, a DC electroforming
step with a high positive bias is required that generates a large amount of oxygen vacancies.
Afterwards, switching is facilitated by the redistributed of oxygen vacancies throughout the
SrTiOgz layer. Reducing the growth temperature on the other hand, leads to a high concentra-
tion of extended defects. It has been suspected that such defects facilitate diffusion processes,
i.e. oxygen migration, and could therefore favor an internal redistribution of oxygen vacancies
within the SrTiOgz layer, leading to counter-eightwise switching [68,112,183]. However, by
measuring and simulating oxygen isotope diffusion profiles, no evidence was found for fast
grain-boundary diffusion in dislocation-rich single crystalline SrTiOg [66,184,185]. Thus, the
impact of extended defects on the ionic mobility and electronic properties is still an active
research area and most likely depends on the details of the defect structure and the electric
field. The effect of extended defects for resistive switching will be discussed in more detail in

section 6.2.

5.1.4 Summary of resistive switching in SrTiO;

In summary, the resistive switching properties of Nb:SrTiO3/SrTiOs/Pt memristive devices
were investigated. Depending on the SrTiO3 thin film properties, eightwise, counter-eightwise

and coexisting switching polarities could be observed.

For epitaxial thin films below 80 nm, only eightwise switching was obtained. Eightwise switch-

ing is characterized by non-linear I-V characteristics in both resistive states, indicating a
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Schottky barrier limited current transport. Comparing devices fabricated from stoichiomet-
ric and Sr-rich SrTiOg3 layers revealed that Sr-rich devices require an electroforming step at
higher positive voltages. A general trend was observed where the Sr-rich devices exhibit a
superior LRS retention even for small switching currents. Because of this, the comparison
between stoichiometric and Sr-rich devices can be used to study underlying mechanism that
give rise to a stable retention or retention failure using spectromicroscopy, as presented in

chapter 6.

Counter-eightwise switching was observed in 80nm thick SrTiOs3 films and was especially
common in samples grown at lower temperatures with a high defect density. In contrast
to the eightwise polarity, the LRS state in counter-eightwise switching SrTiOg exhibits an
ohmic [-V characteristic. This indicates that the LRS resistance is dominated by bulk con-
duction and not by the Schottky barrier. Atmosphere dependent measurements revealed
a clear correlation between the pristine device resistance and the surrounding atmosphere.
For dry atmospheres, the resistance was several orders of magnitude higher. This suggests
that the conductivity in the pristine device is caused by ionic conduction of protonic defects.
Switching in all atmospheres proved to be possible for at least a few hundred switching cy-
cles. This demonstrates that switching is possible under UHV conditions, which is essential
to study the switching mechanism via in operando spectromicroscopy in a TEM (see chapter
6).

5.2 Counter-eightwise switching in Ta;Os5 thin film devices

In this section, the resistive switching characteristics of TasOs based devices are analyzed.
The switching behavior of cells with different top electrodes will be investigated. Further,
the impact of the oxide film thickness and preparation method of the TasOs5 film will be
discussed.

5.2.1 General switching characteristics and influence of different top electrode
materials

Figure 5.6 shows the I-V characteristics of a Ta/TasO5 stack with a-c) Pt and d-f) single
layer graphene as top electrode. Single layer graphene electrodes were employed to enable
the characterization of the switching layer by surface sensitive spectroscopy, which will be
presented in chapter 7. Both electrode materials have a high work function of 5.5-5.9¢eV for
Pt [186] and 4-5eV for graphene [187]. Hence, the formation of a Schottky junction with
TagOs5 is expected in both cases.
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Figure 5.6: Counter-eightwise switching curves of 30nm Ta/6nm Ta;O; devices with different
top electrodes. a) Logarithmic and b) linear representation of an exemplary counter-eightwise
I-V curve of a device with Pt electrode. The dashed lines indicate the forming step. c¢) Low
current region of the I-V curve in b). d) Logarithmic and e) linear switching curve of a device
with graphene top electrode. f) Low current region of the I-V curve in e).

All investigated devices show a typical counter-eightwise switching behavior. Initially, the
devices are highly insulating and they can be electroformed by applying a negative voltage to
the top electrode (compare dashed lines in figure 5.6 a) and d)). Graphene devices are formed
with the smallest possible current limit to minimize the electrical stress that is applied to the
graphene electrode. After the forming step the cells are in the LRS and can be reset to the
HRS by applying a positive voltage. Upon biasing with a negative voltage, the devices set
into the LRS state again. Typical switching parameters are given in table 5.2. Similarly to
the counter-eightwise switching in SrTiOgz, both device stacks show a completely ohmic LRS
state, while the HRS exhibits a non linear current-voltage relationship (see figure 5.6 ¢) and f)).
Comparing both device stacks, however, three key differences can be identified. First, devices
with graphene electrodes require higher forming, set and reset voltages. Second, the HRS and
LRS of graphene devices are shifted towards higher resistances. Lastly, the memory window

is almost one order of magnitude higher for graphene devices.

To understand the origin of the quantitative differences between Pt and graphene devices, it
has to be considered that graphene electrodes introduce an additional series resistance to the
MIM stack. Typical values for the resistance of graphene top electrodes are in the order of
1-4 k) (compare figure A4 in the appendix). Considering that the LRS resistance of a TagO5
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Table 5.2: Switching parameters for 30 nm Ta/8 nm TapO5 de-
vices with different top electrodes.

Pt Graphene
Ryrs (Q) 2.1-10° 9.8 108
Rigs () 9.1-10? 9.3-103
Rurs/RBLrs 2.3-10% 1-108
Vet (V) 0.8 5.4
Vreset (V) 0.5 1.4

device is typically a few kilo-ohms, it becomes evident that the graphene series resistance
has a significant contribution to the overall LRS resistance. In contrast, Pt electrodes have
only a negligible resistance below 100€). This means, that the LRS resistance in Pt devices
is governed almost solely by the conductive filament. Therefore, in the case of a graphene
device, the applied voltage drops partly over the series resistance, whereas in the case of
Pt devices no voltage drop across the top electrode occurs. Accordingly, the electric field
is smaller in graphene devices and higher reset voltages are required. The question remains
why the graphene device exhibits a higher HRS state. The series resistance of graphene is in
the HRS much lower compared to the device resistance and can therefore be excluded as a
possible cause for the increased HRS. However, the origin of this so-called deep reset might be
explained by the oxygen blocking properties of the graphene layer. Recent studies have found
that in counter-eightwise switching TapOs devices to a small extent also an oxygen exchange
with Pt electrodes can occur. This concomitant process leads to a resistance hysteresis of
opposite polarity [188]. It was proposed that the HRS in Ta/TayO5/Pt devices is limited by
the exchange of oxygen with the Pt electrode. However, this process can be suppressed by
introducing a oxygen blocking layer and a complete reset can be achieved that yields a higher
HRS [189]. Graphene is known to exhibit such oxygen blocking properties [190]. Therefore,
the increased HRS state of graphene devices is attributed to the suppression of oxygen vacancy

generation at the graphene TapOs interface.

Due to its chemical nature, i.e. being composed out of a single layer of carbon, graphene is
very sensitive to thermal stress and prone to oxidize, especially if molecular oxygen is present.
Thermal treatments in air showed that single layer graphene is stable up to ~470°C [191].
Above this temperature, the graphene quality quickly starts to degrade. While this temper-
ature appears to be relatively high, it is known that during resistive switching temperatures
of 720°C can easily be reached for a short duration [27,192]. Therefore, it is mandatory to
study the stability of graphene electrodes over a large number of cycles to evaluate how the
thermal and electrical stress affects the graphene. For this, devices were cycled in pulse op-

eration for several thousand cycles and characterized by Raman spectroscopy. Figure 5.7 a)
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Figure 5.7: Long term switching stability of graphene electrodes. a) Endurance measurement of
a Ta/8nm TayOs5/graphene cell. The set voltage was -7V using 30 pA current compliance and
the reset voltage was 3.2 V. b) Raman spectra of the graphene top electrode before (black), after
1000 cycles (blue) and after 2000 cycles (red). ¢) Peak area ratio In/I¢ (blue) and peak position
of the 2D and G band (black) as a function of the number of switching cycles.

shows a typical endurance measurement over 2000 cycles.! All investigated devices could be
cycled at least 5000 and up to 20000 times before a breakdown occurred. In order to minimize
the electrical stress during cycling, the switching voltage and current was chosen as small as
possible while still allowing reliable switching. Figure 5.7 b) shows the Raman spectra of a
device before, after 1000 and after 2000 switching cycles. The laser spot had the same size
as the device crosspoint area of 10x10 pum. Thus, the measured spectra represent an average
of the whole device area. To verify the reproducibility of the observed changes, a total of 5
devices were studied. For all devices similar trends were observed, which will be discussed for

a exemplary device in the following.

Useful information about the structural and electronic properties of graphene can be extracted
from the defect D, G and 2D band [193]. The intensity of the D band is indicative for the defect
or disorder density of the graphene layer. High temperature thermal annealing in air or Ar™
ion bombardment are known to increase the defect density and proportionally the intensity of
the D peak [191,194]. The defect concentration can be estimated by calculating the peak area
ratio I'p/I g, which is given in figure 5.7 ¢). Interestingly, Ip/Ig decreases after the first 1000
cycles, which indicates that fewer defects are present after switching. Further increasing the
number of cycles to 2000, leads to an increase in the Ip/Iq ratio, however, it remains below
the initial defect concentration. Intuitively this is surprising, as the electrical biasing of the
device should induce new defects rather than reducing the amount of defects. This behavior
might be explained by the self-healing properties of graphene layers. It was reported that the
D band decreases during annealing in an inert Ar atmosphere. This effect was attributed to

the recombination of mobile carbon adatoms with vacancies in the graphene layer [195]. It

!The jump in the HRS resistance after 1000 cycles occurred after the sample was removed from the mea-
surement setup for Raman characterization. The reason for this is unclear but could be related to contact
problems between the probe tip and the sample, which would limit the applied voltage for the reset.
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can be surmised that the same process can take place in air during switching with the heat
that is produced by Joule heating. However, in opposition to the healing process, the creation
of new defects can occur through a reaction of graphene with Os. Therefore, it is assumed
that the self-healing process is dominant in the early stages of the endurance test until the
defect formation prevails in later stages. Considering that the reaction between graphene and
oxygen results in the formation of volatile components (CO and COz) it is reasonable that a
gradual decrease of carbon content leads to a degradation of the graphene layer and ultimately
to a device failure, which is observed in graphene devices typically between 5000 and 20000

cycles.

Besides the D band, information about the doping concentration and structural properties can
be extracted from the position and intensity of the G and 2D Raman band [196,197]. Figure
5.7 ¢) shows the wavenumbers of the G and 2D band for the different stages of the endurance
test. From the graph it is visible, that the wavenumbers of the 2D and G bands are shifting to
lower wavenumbers. The shift of both bands indicates a change of the doping concentration
induced by adsorbed gas molecules, such as CO, NOg, H2O or Oy [198]. Shifting to lower
wavenumbers, i.e. red shifting, suggests either desorption of acceptor dopants (HoO, N2O),
adsorption of electron donating species (CO, Og) or both. This processes could be facilitated
by Joule heating as the adsorbents are stable at room temperature and elevated temperatures

are required to trigger the desorption of molecules.

5.2.2 Thickness dependence

Understanding the relationship between film properties and electrical characteristics of a de-
vice is crucial to explain the working principles behind resistive switching. In this sense, it
is especially important to investigate the influence of the insulator thickness, as it is known
to have a great impact on the device functionality as well as on the underlying mechanism
[148,199]. Therefore, the influence of the TayOjs thickness will be studied in the follow-
ing.

Figure 5.8 shows representative I-V curves of a typical Ta/TasO5/Pt stack with increasing
TagOs thickness. Table 5.3 summarizes the switching parameters. While the general shape of
the curves is similar, distinct differences can be noticed in the forming and switching behavior.
Most importantly, with increasing film thickness the forming voltage increases from -1.42V
to -3.14V from 4nm to 8nm TayOs. This is not surprising as the initial device resistance
also increases with the film thickness while the electric field strength decreases. Interestingly,
the LRS resistance does not follow a clear trend and the lowest resistance is observed for the
6nm device with 5.1 -102 €. In contrast, the HRS resistance clearly scales with the insulator

thickness. Unexpectedly, the HRS resistance decreases with increasing film thickness from
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Figure 5.8: Thickness dependence of the TayO5 switching layer. Representative forming and I-V
characteristics of a) 4, b) 6 and ¢) 8 nm Tay05 samples fabricated by O2 plasma oxidation of the
Ta films. For each device 25 I-V curves are shown in grey and the first sweep is shown in colour.
The current limit was set to 300 pA.

2.6 -10° to 1.9 - 10* Q for 4nm to 8nm respectively. Consequently, the memory window is
the largest for the 4nm device with 3.0 - 102 being one order of magnitude higher than the
memory window of the 8nm device. Lastly, the set voltage also shows scaling with the film
thickness. The highest absolute voltage is required for the 4 nm film with -0.90 V, whereas the
8nm film sets at -0.66 V.

At a first glance it seems counter-intuitive that the HRS state scales inversely with the film
thickness, as a thicker film should also provide a higher resistance. While this is true for the
initial device state, it is not necessarily the case for formed devices. Because both states, LRS
and HRS, are considerably more conductive as the initial state it can be assumed that the
resistance of both states is governed entirely by the conductive filament. Therefore, the HRS
resistance is a measure of how effectively the filament can be reset. This process is seemingly
more effective for thinner films that have been formed with low voltages. One may surmise
that the increasing forming voltage has an impact on the composition and size of the created
filaments, making them increasingly difficult to reset. This explanation is in accordance to
the HRS I-V asymmetry. For the 4nm TayOj film, the HRS shows a rectifying behavior, i.e.
more current passes in the positive voltage polarity. This is expected for a Schottky barrier
limited transport. In contrast, the 8nm film is shows an almost ohmic behavior resembling
the LRS state.

5.2.3 Influence of the atmosphere

It was demonstrated in section 5.1.2 that the switching atmosphere, especially the humidity,
can have a substantial influence on the electrical characteristics of resistive switching devices.
Therefore, a similar study was repeated for Tas O35 based devices to clarify if the atmospheric

influence is a general feature of counter-eightwise switching.
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Table 5.3: Switching parameters for 30nm Ta/TazO5/Pt devices with different
TagOs5 thicknesses. The values are averaged over 25 switching cycles for each

sample.
4nm Ta205 6 nm Ta205 8 nm Ta205

Rpuistine (! 1.8-108 2.6 - 10° 1.9-1010
Rurs (Q) 2.6-10° 4.8-10* 1.9-10*
Rigrs (Q) 8.7-10% 5.1-102 1.1-10°
Rurs/RiRrs 3.0- 102 9.3-10! 1.8-10!
V¥orm. (V) -1.42 -2.44 -3.14

Vet (V) -0.90 -0.82 -0.66

Veset (V) 0.62 0.57 0.58

1 The resistance of the pristine state was determined by a linear fit of the
forming I-V curve from 0 to -1V.

For this, devices were formed and switched in air to verify that they exhibit an ordinary
switching behavior. Afterwards, the sample was placed in a vacuum probe station and heated
to 90°C for 12h. This was done to minimize the residual water content in the chamber
and in the sample. For the experiment a crossbar device architecture was used with a 15nm
thick sputtered TasOj layer fabricated as described in chapter 3.3. The actual TagO5 thickness
might be smaller across the edge step due to a non ideal coverage during the sputter deposition.
Figure 5.9 a) shows the atmosphere dependent switching characteristics of a device. Starting
in air, well defined and reproducible counter-eightwise switching is observed. The device was
kept in the HRS before the chamber was evacuated. After 12h of storing the sample at
90°C under vacuum, the device was allowed to cool down to room temperature before the
electrical characterization was continued. Comparing the I-V curve measured in vacuum with
those measured in air, several distinct differences can be seen. First, the HRS in vacuum
is considerably more insulating. In air, the current rises to 1 - 1077 A at -1V, whereas in
vacuum a current of only 5-107'° A can be measured. This current decrease by almost three
orders of magnitude significantly impacts the set voltage by increasing Ve from -1.7 to -6.8 V.
Interestingly, trying to reset the device to the HRS was impossible in vacuum for all tested
devices. Applying a positive voltage to the top electrode leads to a linear increase in current.
However, no reset occurs even for high voltages up to 6 V. Further increasing the positive bias
led in some cases to a permanent device breakdown. For this reason, the reset voltage was
limited to 4-6 V. To test if the atmosphere permanently effects the device or if the changes are
reversible, the devices were exposed to air and subsequently to vacuum again. Panel 3. shows
switching in air after the vacuum treatment. It is evidenced that the switching characteristics
of the device has been completely restored and no permanent change is apparent. Testing the
device for a last time in vacuum atmosphere shows again the highly insulating HRS as well

as the missing reset. Figure 5.9 b) displays the switching yield obtained from 16 individual
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Figure 5.9: Influence of the atmosphere on the switching characteristics of Ta/TasO5 /Pt devices.
a) Representative switching curves of a single device in 1. Air, 2. Vacuum, 3. Air and 4. Vacuum.
b) Switching yield of all tested devices in vacuum and air atmosphere. A total of 16 devices were
measured. ¢) Scanning electron microscope image of a typical device failure occurred during an
attempted reset process in vacuum.

devices as a function of the atmosphere. From this plot, it is apparent that the vacuum
atmosphere almost always inhibits resistive switching. Further, the vacuum treatment has a
negative influence on the device stability, as some devices did not recover in air and failed to
switch again. In all cases the same failure mechanism was observed. The devices could not
be reset and remained stuck in the LRS. In figure 5.9 ¢) a typical device breakdown is shown,
which occurred in vacuum under high positive bias. Upon increasing the positive voltage, a
high current of several milliampere caused damage to the Pt electrode. Typically, the defects
extend over several micrometers and show indicators for melting of the top electrode. The
defects are surrounded by recrystallized Pt, which is visible as bright contrast. These defects

are indicative for very high temperatures.

From these results, it can be concluded that TasOs memristive devices interact strongly with
the surrounding atmosphere. In particular, in absence of air, devices become much more
insulating and the reset is inhibited. These observations are in good agreement with the results
obtained for counter-eightwise switching SrTiOs. Interestingly, similar effects were found by
Goux [171] and Liibben et al. [200]. The interpretation of the results, however, varies from each
other. While Goux argued that switching in Os-poor environments results in the degradation

of the device due to a loss of oxygen in the surrounding of the filament, Liibben found that
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5.2 Counter-eightwise switching in TapOs thin film devices

H5O is crucial for resistive switching by acting as a redox active species. Unfortunately, both
models cannot explain all experimental results obtained from the here presented experiment.
In order to be conclusive, a model should reflect the effect of the atmosphere on the initial
and HRS state, i.e. the higher conductivity in air, and the inhibition of the reset. For this, a

combination of both models is proposed.

79



5 Resistive switching in SrTiOs and Tay Oy thin film devices

First, the increased conductivity is explained by the reaction of HoO with intrinsic oxygen

vacancies according to

H,0 + V& + 0% = 20Hy (5.2)

If oxygen vacancies are filled by H2O, the conductivity of the TasOs film increases due to
the ionic conductivity from the incorporated protons. However, to explain the observed at-
mospheric dependence, the reaction has to be reversible at moderately low temperatures of
90°C in a vacuum environment. Further, the incorporation of protons should have a signif-
icant effect on the conductivity of TasOs thin films. Lastly, the amount of intrinsic oxygen
vacancies must be high enough to allow the accommodation of a substantial amount of pro-

tons.

Starting with the question whether the reaction 5.2 is reversible at low temperatures, a lit-
erature survey shows that the water content in hydrated amorphous TagOs5 powders rapidly
decreases after heat treatments above 50°C [201]. While a direct comparison is difficult as the
experiment was performed under ambient conditions, it shows that the removal of HoO from
Taz05 can occur well below the here used 90°C. Additionally, the annealing in vacuum further
shifts the thermodynamic equilibrium towards the release of HyO. The effect of water content
on the conductivity of TagOs thin films was reported several times in literature and could be
directly linked to a Grotthus-type proton conduction [201,202]. The total conductivity can
increase by several orders of magnitude with increasing proton content. Therefore, it seems
reasonable that in ambient conditions, the HRS is determined by the ionic conductivity. The
question remains if sputtered, nominally fully oxidized, TasOs thin films contain HoO under
ambient conditions. The effect of incorporation of protons during reactive sputtering of TasOs
was investigated by Abe et al. using secondary ion mass spectrometry [203]. Analysing films
sputtered in dry Ar/Ogy atmosphere revealed, that even for nominally dry atmospheres Hy-
drogen to Tantalum ratios of approximately 0.02 (or 2%) are observed. Even though a direct
comparison is difficult, as the Hydrogen content will be influenced by the residual gas com-
position of the sputter chamber, the gas purity and the deposition parameters, it illustrates

that proton impurities should not be neglected.

Now it will be discussed why the reset process is inhibited under vacuum conditions. Classi-
cally, the counter-eightwise switching mechanism considers only the internal redistribution of
oxygen vacancies. Therefore the atmosphere should not affect the reset process. However, this
simple picture neglects electrode reactions and oxygen exchange processes through permeable
electrodes. First, the set in vacuum and air is compared. Figure 5.10 a) shows a side by side
comparison of both processes. The set in vacuum requires almost four times more voltage

than in air, leading to much higher electric fields through the TasOs layer. Although the

80



5.2

3 T T T T 10-2¢—
a) 10°F_ vacuum 2 ] b) 0
— Air 4
—~ F {1 ~
<109 2 | S04
k< 3 1 € ]
§1o-7[ { g 106}
o r 1 1 { © ]
§1o-9[ ] § 108}
F 1 P
T . . -0l R
W% 0 2 " eaE s i s 67

Voltage U (V)

Counter-eightwise switching in TasOs thin filin devices

Figure 5.10: Influence of the atmosphere on the switching characteristics of Ta/TazO5 /Pt devices.
a) Side by side comparison of the set under vacuum (red) and in air (blue). b) Device response
to successive reset sweeps in air after a vacuum set. Schematic illustration of the device state in
¢) vacuum and in d) air.

current limit was set to 300 pA in both cases, the transient current under vacuum conditions
is expected to reach much higher values due to discharge of capacitances in combination with
a slow acting current compliance [171]. Therefore, the set process in vacuum can be assumed
to be much more vigorous. This effect is evidenced by a decreased LRS resistance by a factor
of 2 after a set in vacuum, indicating that more oxygen vacancies have been created. The gen-
eration of excess oxygen vacancies can either be associated with further oxidation of the Ta
bottom electrode, or through the release of molecular oxygen. The processes can be described
by the following equations

Ta+xz Of =TaOy+ 2z ¢ + 2 VY (5.3)

05 = % 0,42 + Ve (5.4)
Taking into account that the electric field direction during the set leads to a drift of oxygen
anions towards the bottom electrode, equation 5.3 appears more likely. Equation 5.4 on the
other hand is only expected to take place if local temperatures are high enough to partially
decompose the oxide. Coming back to the initial question why the reset process is inhibited,
one may surmise that the local oxygen vacancy concentration is so high that no reset is
possible. This effect is known as a hard or permanent dielectric breakdown and can also occur

under ambient conditions if no current compliance is used [22].

The question remains why exposing the sample to air recovers the switching ability of the
cells. To explain this effect, the recovery process of a device after exposure to air will be
discussed. Figure 5.10 b) shows subsequent reset sweeps of a device that was first set in
vacuum and then exposed to air. From the I-V curves it is evident, that the recovery process

is gradual and requires several sweeps until a stable HRS is established. This gradual process
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5 Resistive switching in SrTiOs and Tay Oy thin film devices

indicates that oxygen as well as an electric field is necessary for the recovery. Considering that
air contains various sources of oxygen it is conceivable that equation 5.4 is now taking place
in the reverse direction, i.e. oxygen species from the atmosphere oxidize the filament. The
reaction consumes electrons to reduce molecular or atomic oxygen to oxygen anions. It appears
counter intuitive that the reaction occurs when a positive bias is applied to the Pt electrode,
i.e. when the interface is depleted of electrons. Accordingly, it is presumed that the effect of an
applied voltage is mainly a thermal effect, accelerating the diffusion of oxygen species through
the electrode. The reaction itself, filling of oxygen vacancies, does not require an applied
voltage and takes place spontaneously at room temperature [204]. However, this is only
possible if the Pt electrode is permeable for gas molecules. Interestingly, studies could show
that for polycrystalline Pt films, oxygen diffusion through grain-boundaries can take place at
moderate temperatures and through film thicknesses of at least 100nm [205,206]. Likewise,
the evacuation of oxygen from the oxide lattice through Pt electrodes into the atmosphere
during the electroforming process in memristive devices was reported [207,208]. Figure 5.10
¢) and d) schematically illustrate the LRS of a device in vacuum and in air respectively. In
a vacuum after annealing, most of the protonic defects have been removed as well as any
adsorbed oxygen species in the electrode or interface regions. By exposing the device to air,
oxygen vacancies are partly filled by water molecules and molecular oxygen (equations 5.2 and
5.4).

5.2.4 Temperature dependence

As discussed in section 2.3, the electronic transport in noble metal-insulator-metal structures
can be governed by a transport across a Schottky barrier, by bulk conduction through the
insulator or by a combination of both. Due to the similar I-V dependence of many trans-
port mechanism, it is difficult to differentiate which process is dominant based only on -V
curves. Further insights might be gained by measuring the temperature dependent electronic
transport in memristive devices as the individual mechanism have distinct temperature depen-
dencies. One of the main obstacles is the differentiation between bulk and Schottky dominated
transport mechanism. Therefore, the temperature-dependent resistance change of a oxygen
deficient TaO, film was compared to a TapOs memristive device. Using this approach, the
thin film sample serves as a Schottky barrier free reference to investigate the bulk transport.
For the device investigation, Ta/TasO5/graphene devices were used to compare the results to

devices investigated in chapter 7.

Figure 5.11 shows the temperature dependent resistance change of a TaO, thin film and
a TagOs memristive device in the LRS. Both samples show a decrease of resistance with
increasing temperature, i.e. they have a negative temperature coefficient of resistance. This

behavior is typical for semiconductors and indicates that the current transport is a thermally
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Figure 5.11: Low temperature conductivity of a TaO, thin film and a TayO5/graphene device.
a) Sheet resistivity of a TaO,, thin film with z = 1.9 as a function of the temperature. b) Arrhenius
plot of In(conductance) vs T~1. ¢) Mott 3D variable range hopping plot showing In(conductance)
vs T~/%.d), e) and f) same plots as in a), b) and c) for a 30nm Ta/8 nm Tay O /graphene device
in the LRS state.

activated. First, the TaO, thin film sample will be discussed. A thin film with a stoichiometry
of TaO, with x = 1.9 was investigated, as it is close to an expected filament stoichiometry
(compare section 4.4). Figure 5.11 b) shows a typical Arrhenius plot of the logarithmic
conductance against the reciprocal of the temperature. If the conduction mechanism follows

the simple relationship for thermally activated charge carriers

E,

a linear relationship between In(conductance) and 1/7T is expected. However, from the plot
it is evident that no linear behavior exists. This indicates, that the low temperature con-
duction in TaO, is not a simple thermal activation of electrons above the mobility edge. As
discussed in section 2.3, for highly disordered systems hopping conduction can occur. Ac-
cording to Mott’s law (equation 2.15) hopping conduction can be differentiated from other

conduction mechanism by its characteristic temperature dependence. For three-dimensional
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or two-dimensional variable range hopping a temperature dependence of T4 or T3 is
predicted [108]. In the special case of a strong on-site electron-electron Coulomb repulsion
so called Efros-Shklovskii variable range hopping can be observed with a temperature de-
pendence of T—1/2 [209]. The here investigated thin film has a thickness of approximately
300 nm, which is substantially thicker than the expected hopping length of a few nanometers.
Therefore, three-dimensional or Efros-Shklovskii hopping is expected. Figure 5.11 ¢) shows
the logarithmic conductance against T/, For temperatures above 80 K a linear correlation
is visible. Below this temperature the curve deviates from the linear dependency, indicating
a change of the conduction mechanism at very low temperatures. Here it is noted that the
data showed an almost equally good linearity for T-1/3, while T-1/2 deviated significantly
from the linear trend. Accordingly, the conductivity in TaO, thin films with a stoichiometry
of x = 1.9 can be well described by the three-dimensional variable range hopping mechanism
in a temperature regime of 80K < T < 300K

In the following the temperature dependent resistance change of the Ta/TagOs/graphene
device in the LRS state is discussed. Here two important differences to the thin film case
are evident. First, the graphene electrode introduces an additional series resistance to the
circuit, which is in the range of 1-2k{). Considering that the resistance of the LRS is in the
order of a few k{2, it is apparent that the resistance of the graphene electrode has a significant
contribution to the total resistance. Second, it is expected that a Schottky barrier forms at the
Tag0Os/graphene interface and thus an additional contribution from the interface barrier to
the total resistance is possible. Figure 5.11 d) shows the LRS device resistance as a function of
the temperature. It can be seen that the temperature dependence is much weaker compared to
the thin film case with the resistance decreasing by less than 40 % from 80 K to 350 K. Similar
observations have been made before for TapO5/Pt devices [133,134]. This indicates that the
electronic transport occurs via a temperature insensitive conduction mechanism, such as trap
assisted tunnelling. Figure 5.11 e) shows the corresponding Arrhenius plot. It is obvious
that at least two different regions can be distinguished, one at low temperatures T' < 150 K,
which is fairly temperature insensitive and one at 7" > 150K with a stronger temperature
dependence. Graves et al. attributed the occurrence of two conduction regions to a "hot"
current contribution from a Schottky emission process at high temperatures and a "cold"
current due to variable range hopping at low temperatures [133]. From figure 5.11 e) it can
be seen that no linear correlation between In(conductance) and T~/4 exists. This further

indicates the existence of two conduction mechanism.

In summary, the temperature dependence of TaO, thin films and TagOs5 devices vary from
each other. While the conduction in the thin film is accurately described by the vari-
able range hopping model, the memristive devices exhibits at least two different conduc-

tion regimes. Determining the dominating transport mechanism in graphene based devices
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is further complicated by the series resistance of graphene, which also varies with tempera-
ture [210].

5.2.5 Summary of resistive switching in Ta;0;

In this section, the resistive switching characteristics of Ta/TasO5 devices with Pt and graphene
top electrodes have been studied. For both device structures qualitatively similar counter-
eightwise switching was observed. Quantitative comparison of the switching parameter re-
vealed, that graphene devices exhibit a higher memory window but require significantly
higher switching voltages. The higher switching voltages have been attributed to an ad-
ditional series resistance introduced by the graphene electrode and the suppression of oxy-
gen exchange processes with the Schottky electrode. Using Raman spectroscopy it was
demonstrated, that graphene electrodes are stable for at least 2000 thousand switching cy-
cles. Thus, graphene electrodes show suitable switching characteristics and a sufficiently high
endurance to be used for in operando X-PEEM spectromicroscopy as presented in chapter
7.

The influence of the TagOs thickness was investigated and a correlation between the film
thickness and the forming voltage was observed. For thin films, a small forming voltage
was sufficient, whereas thick films required higher voltages. The memory window scaled
inversely with the oxide thickness and the thinnest oxide film exhibits the highest memory

window.

Importantly, switching in different atmospheres revealed that the reset process in TapOs is
inhibited under vacuum conditions. This experimental observation is inconsistent with many
counter-eightwise switching models presented in literature. To explain this atmosphere depen-
dence an extended switching model was proposed that includes the interaction between oxygen

species from the surrounding atmosphere and the oxide thin film.

Moreover, temperature dependent conductivity measurements indicate that the conduction in
TaO, thin films occurs by variable range hopping. For the LRS in Ta/TayO5/graphene devices,
no conclusive interpretation of the conductivity data was possible. This illustrates the need
for physicochemical information about the composition and size of switching filaments in order
to be able to accurately describe the current transport. Such a filament characterization will

be attempted in chapter 7.
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6 Spectromicroscopic analysis of

switching-induced chemical changes in
SrTiO;3

As presented in chapter 2, resistive switching in valence change materials is typically explained
by a redistribution of oxygen vacancies under an applied electric field. However, this simple
mechanistic picture of the switching process is not suited to describe more complex device
characteristics, such as failure mechanism, aging effects or device-to-device variability. The
underlying mechanism that give rise to these device characteristics are not well understood
and have been connected to phase separations, microstructural defects or a change of the fila-
ment position. Therefore spectromicroscopy may be employed to further clarify the details of

switching and failure processes in SrTiO3 memristive devices.

In the first section of this chapter, eightwise switching in SrTiOgz is investigated. As dis-
cussed in chapter 5, the cation stoichiometry of the SrTiOs switching layer has a big im-
pact on the LRS stability. While stoichiometric films have a poor LRS retention, Sr-rich
films show a strongly improved LRS stability. Therefore, a comparison between both sys-
tems represents a compelling approach to study the retention failure and stabilization mech-

anism.

In the second section, the counter-eightwise polarity is studied using in operando TEM. In
contrast to the eightwise polarity, very little is known about the counter-eightwise switching in
SrTiOs. Although it can be suspected that the mechanism is similar to that of other counter-
eightwise switching oxides, direct experimental evidence is missing so far. In order to clarify
the origin of the counter-eightwise polarity in SrTiOs, spectromicroscopy is used to map the
switching induced chemical and structural changes. The results presented in this chapter have

been published in parts in:

T. Heisig, J. Kler, H. Du, C. Baeumer, F. V. Hensling, M. Glofs, M. Moors, A. Locatelli, T.
O. Mentes, F. Genuzio, J. Mayer, R. A. De Souza and R. Dittmann, "Antiphase Boundaries
Constitute Fast Cation Diffusion Paths in SrTiO3 Memristive Devices," Advanced Functional
Materials 2020, 30, 48, p. 2004118.
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6.1 Investigation of eightwise switching in SrTiOj;

In this section, spectromicroscopy is used to investigate the local micro- and electronic-
structure of eightwise switching SrTiOg3 devices after operation. For this purpose two samples
were analyzed, one with a stoichiometric and one with a Sr-rich SrTiOgs layer. The cation
ratios of the two samples were Sr/(Sr+Ti) ~ 0.5 and 0.53 respectively. Additionally, the influ-
ence of the current compliance was studied, as it is a crucial parameter for achieving stable
device operation. While low currents lead to an incomplete SET process, which results in bad
retention times and low memory windows, high currents can cause irreversible device break-
downs. This renders the current compliance to an ideal parameter that can be used to study

the switching process and possible failure mechanism.

6.1.1 In situ delamination of top electrodes

One of the main difficulties in characterizing resistive switching filaments in MIM devices
by photoelectron spectroscopy, is the buried nature of the switching layer. This problem
becomes evident if one considers that the information depth of photoelectron spectroscopy
is below 5nm, which is much smaller than the employed top electrode thickness of 30 nm.
To overcome this surface sensitivity, different approaches have been developed. One of the
most successful approach is based on in situ delamination of the top electrodes to expose the
switching layer. For the surface sensitive analysis presented in this section, this delamination
approach was employed and the top electrodes were mechanically removed under UHV (p <
10~" mbar) conditions. The top electrode removal under UHV conditions is critical, as oxygen
deficient filaments easily re-oxidize in ambient atmospheres, which significantly changes their
spectroscopic fingerprint. The details of the sample preparation can be found in chapter 3 and
details of the top electrode removal are given in ref. [148]. To ensure a complete top electrode
removal, all devices have been checked for Pt residues by either acquiring a Pt 4f core level

spectrum or through a work function scan.

6.1.2 PEEM work function analysis

The work function of a semiconductor surface contains manifold information about the elec-
tronic structure of a sample. In principle, it is possible to correlate the cation oxidation state
with the work function in transition metal oxides [211], which would allow a quantification of
oxygen vacancy rich filaments. Unfortunately, the work function is extremely sensitive to a
number of factors, such as adsorbates, surface morphology and surface termination [212,213].
This makes a quantitative evaluation of the work function difficult and typically additional

information from complimentary measurements are required to unambiguously interpret work
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Figure 6.1: PEEM work function analysis of Sr-rich SrTiOj3 devices with a cation ratio of
Sr/(Sr+Ti) ~0.53. Energy filtered PEEM image of devices switched with a) 7.5, b) 20, c) 30
and d) 50mA, acquired at an electron energy of 4.1V using an UV light source. Scale bar, 5 pm.
The device area is indicated by the orange dashed line and the affected area by a red dashed
circle. e) Measured affected area as a function of current compliance. Modified from ref. [170].

function shifts [132]. Therefore, the here presented work function measurements are not used
to evaluate changes of the electronic structure. Nevertheless, mapping the local work func-
tion of a switched device is a reliable method to localize and measure the size of switching
induced changes. Here, UV-PEEM is used to map the work function of delaminated de-

vices.

Sr-rich SrTiO3 devices

Figure 6.1 shows PEEM work function images of devices composed of a Sr-rich SrTiO3 layer
with removed top electrodes. The devices were switched prior to the top electrode removal
using current limits from 7.5 to 50 mA. For all current compliances, at least two devices were
investigated. The switching curves for selected devices are shown in figure 5.2. The former
electrode area can be easily distinguished from the surrounding SrTiOs surface, as the regions
have a slightly different work function. The differences in the work function are likely induced
by different surface conditions, such as adsorbates. For all switched devices, a circular region
with dark contrast was observed inside the device area (red dashed circles in figure 6.1 a-
¢)). By comparing switched and pristine devices (data not shown), it could be verified that
only switched devices showed a distinct contrast inside the device area. This confirms that

the observed contrasts stem from switching related effects. In the following, these regions
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Figure 6.2: PEEM work function analysis of stoichiometric SrTiO3 devices with a cation ratio of
Sr/(Sr+Ti) ~0.5. Energy filtered PEEM image of devices switched with a) 7.5, b) 20, ¢) 30 and
d) 50mA, acquired at an electron energy of 4.1eV using an UV light source. Scale bar, 5 pm. The
device area is indicated by the orange dashed line.

will be referred to as affected areas. Additionally, features with a bright contrast appeared
inside the affected area of the devices that were switched with a high current. Because PEEM
work function images are sensitive to the local electronic structure, one may assume that these
contrast indicate the presence of oxygen vacancies. However, such contrast can also be induced
by other switching related effects, such as the formation of secondary phases or desorption of

surface contaminants.

Figure 6.1 e) displays the measured size of the affected area as a function of the current
compliance. Interestingly, a linear correlation between the area and the current compliance
can be recognized. For a current compliance over 30 mA, the affected area exceeded the device
area (compare figure 6.1 d)). Therefore, only affected areas for devices switched with current
compliances up to 30 mA are shown. The origin of the correlation between current compliance

and affected area size will be discussed later in this section.

Stoichiometric SrTiO3 thin film devices

In the following, devices fabricated from a stoichiometric SrTiOgz layer will be discussed. Fig-
ure 6.2 again shows PEEM work function images of devices with removed top electrode. In
contrast to the Sr-rich sample, no features are observed within the device area. For some
devices it was possible to resolve the step-terrace structure of the epitaxial thin film, visible
as dark lines. This is possible because PEEM is very sensitive to the surface morphology.
Interestingly, the 50mA device features a flat region without step terraces within the de-
vice area. This could be caused by a surface reconstruction to minimize the surface energy
[214]. However, such surface reconstructions typically require high temperatures (7 > 800°C)
and long annealing times of several hours [215]. While these temperatures might be reached
during switching with high currents, they only occur for a short time (milliseconds to sec-

onds).
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In summary, from the work function analysis of samples with different cation stoichiometries,
two important conclusions can be drawn. First, the cation stoichiometry has a pronounced
effect on the switching induced work function changes. For Sr-rich devices, large changes in
the local work function occurred within an affected region. For the stoichiometric sample, no
changes in the work function could be observed. This indicates, that the observed changes in
the Sr-rich sample are not related to oxygen vacancies, as these changes should also occur in
the stoichiometric sample. Second, the size of the affected area in the Sr-rich sample scales
with the used current compliance. In the following sections, the origin of the work function

changes in Sr-rich devices will be examined in more detail.

6.1.3 Microscopic investigation of switching induced changes in Sr-rich devices

To further characterize the switching-induced changes, the topography and the local conduc-
tivity of the affected region was investigated. For this, a delaminated sample was transferred
from the PEEM into a conductive atomic force microscope (C-AFM) under UHV conditions.
The expected filament position was extracted from the work function scans in figure 6.1. To
maximize the chance of locating the conductive filament, the device switched with a high
current compliance of 50mA shown in figure 6.1 d) was investigated. Figure 6.3 compares
the topography of a) the pristine thin film and b) a filamentary region after top electrode
removal.! By comparing the topography of the pristine and switched film, it can be seen
that the filament region is significantly rougher and shows large islands on the surface. Small
islands are also visible on the as prepared film, however, they do not exceed a height of 4nm
and have diameters typically below 150 nm. The origin of these growth induced islands is
discussed in more detail in section 4.1 and ref. [143]. In contrast, the islands that stem from
of the electrical treatment are higher (approximately 13nm) and have a characteristic ring-
shape morphology. These islands can be correlated to the bright features in figure 6.1 d). This
could indicate, that switching induces the segregation of a secondary phase at the SrTiO3/Pt

interface.

Figure 6.3 c) displays the current map that was acquired simultaneously with the topogra-
phy scan in b). In the current map, three distinct regions can be identified. First, a region
with very low conductivity, visible as dark features, is observed. By correlating the topog-
raphy and current map, it can be seen that the region with low conductivity coincides with
the islands in the topography map. The second region is characterized as a homogeneously
conductive area. The third region exhibits a medium conductivity similar to that of pris-
tine SrTiOs. Based on these results, it can be assumed that the area with high conductivity

represents the oxygen vacancy rich filament, whereas the region with medium conductivity

!Conductive AFM measurements were performed by Maria Gl6&, Peter Griinberg Institut, Forschungszentrum
Jillich GmbH, Jiilich, Germany

91



6 Spectromicroscopic analysis of switching-induced chemical changes in SrTiO3

a) 35 567
_ 500
e o
S 400 =
5 300 £
2 3
200

Figure 6.3: Surface topography of a) the as prepared Sr-rich SrTiO3 thin film, b) the filament area
of the delaminated device and c) the corresponding current map. The red dashed line indicates
the transition from the conductive to the region with medium conductivity. For the investigation,
a device switched with 50mA was used. Modified from ref. [170].

is the surrounding film. Further, the islands that appear inside and around the filament
could indicate the formation of an insulating secondary phase such as SrO, Sr(OH)y or SrCO3
[216].

While work function and topography scans deliver valuable information about the size and
structure of the switching-induced changes, they do not provide information about the chemi-
cal composition of the filament area. For this, X-PEEM was employed at the Nanospectroscopy
beamline at Elettra synchrotron laboratory (Trieste, Italy) using the endstation described in
ref. [147].2 X-PEEM was used to map the Ti3p and Sr3d core levels across a filament

region.

Figure 6.4 a) shows an energy filtered image of a filament obtained at an electron energy of
Eyin = 36.2¢eV. The selected binding energy corresponds to the feature in the Ti3p core level
spectrum that can be attributed to a Ti*t component. Therefore, a high concentration of Ti+
appears bright in the image. It is apparent, that a Ti3* rich area of irregular shape is observed,
enclosed by the red dotted line. The region is surrounded by a Ti** matrix. Inside the Ti**
rich area small dark spots are visible, revealing that the filament is not homogeneous but is
heterogeneously structured at sub-micron lengths. The corresponding Ti 3p XPS spectra of the
filament and the surrounding region are presented in Figure 6.4 b). Quantification of the core
level spectrum reveals, that the filament consists of up to 30 % Ti®*, while the surrounding
area is composed almost entirely of Ti**. The high fraction of Ti®* can be attributed to
a reduction of the SrTiOgz film and thus indicates the presence of a large amount of oxygen

vacancies.

The same region was measured again at a binding energy corresponding to the Sr3d core
level. The energy filtered image obtained at an electron energy of Ey;, = 131.9€V is shown
in figure 6.4 ¢) and the corresponding spectra are depicted in d). This binding energy was

selected to visualize the differences in the low binding energy region of the peak (compare the

2X-PEEM measurements were performed by Dr. Christoph Baeumer, Peter Griinberg Institut, Forschungszen-
trum Jiilich GmbH, Jiilich, Germany
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Figure 6.4: Spectromicroscopic filament investigation. a) X-PEEM image of the filament region
acquired at a binding energy of 36.2 eV showing the Ti®* concentration based on the Ti3p core
level spectrum (scale bar: 2pm). The dashed red line indicates the filament boundary. b) Ti3p
XPS spectra extracted from the filament and surrounding area. The dashed line indicates the
selected binding energy in (a). c¢) X-PEEM image based on the Sr3d core level spectrum at a
binding energy of 131.96V. d) Sr3d spectra extracted from the bright spots (marked with white
arrows in (c)) and the surrounding area. Modified from ref. [170].

dashed line in d)). The image shows a darker region that coincides with the Ti3* rich region
observed in a). Inside the filament, several features can be identified as bright spots (marked
by white arrows). Again, these features are also observed in the Ti3p core level image as
dark spots. Extracting the Sr3d core level spectra from the bright spots reveals, that the
peak (red spectrum) is shifted towards lower binding energies compared to the surrounding
regions (black spectrum). This suggests that an additional low binding energy component is
present. Intuitively, one might assume that this additional component can be assigned to a
SrO, Sr(OH)2 or SrCO3 secondary phase. However, all of these Sr compounds have higher
binding energies compared to SrTiO3 and are therefore not suitable to explain the spectral
difference [217]. Lenser et al. observed a similar spectral change, which they attributed to the
formation of SrO and Sr:}i anti-site defects [29]. It is likely, that in the here presented case, a

similar phase separation occurred.

Due to the limitation of PEEM and AFM, that is, low or no sensitivity to the buried layers,
scanning transmission electron microscopy (STEM) was employed to study a filament in a
cross-sectional view.? For this, a lamella was cut across the filament presented in figure 6.1
d), including parts of the islands that emerged during the electrical treatment. Figure 6.5 a)
displays a high-resolution dark-field (DF) TEM image of the SrTiO3/Pt interface where an
island (surface precipitate) is located. For the most part the film exhibits an epitaxial crystal
quality, which is only disrupted by a Ruddlesden-Popper type antiphase boundary (RP APB)
located directly beneath the island (compare the orange dashed line). The RP APB consists of
one vertical [010] and two horizontal [100] planes. Figure 6.5 b) shows a high angle annular
dark-field (HAADF) image of the area marked with a white box in a). The HAADF image
clearly resolves that the SrTiOg3 lattices on both sides of the APB are displaced relative to each

3STEM investigation was performed by Dr. Hongchu Du, Ernst Ruska-Center, Forschungszentrum Jiilich,
Jiilich, Germany.
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Figure 6.5: Cross sectional TEM analysis of a filament area. a) DF-STEM image of the filament
cross-section and b) HAADF image of the white box in (a). c-f) EDX elemental maps acquired
using ¢) Pt Mo, d) OKa, e) SrLa and f) TiKa emission peaks. g) Annular bright-field (ABF)
image of the same region. h) Smoothed (solid lines) spectra of the SrLa and TiKa lines nor-
malized to the TiKa peak. EDX spectra were summed from regions of interest shown in (g) to
enhance the signal-to-noise ratio. Modified from ref. [170].

other by a/2[111], with the intermediate TiOy plane missing. This results in two adjacent
SrO atomic planes. The z component is along the projection direction and is therefore not
visible.

In order to obtain information about the elemental distribution of the filament section, en-
ergy dispersive X-ray (EDX) mapping was employed. Figure 6.5 c-f) shows the EDX maps
of Pt, O, Sr and Ti respectively. The Pt map indicates no interdiffusion of Pt into the
SrTiOg layer. Further, it is confirmed that the island is not composed of Pt, as no signal
is detected in this region. The oxygen map appears almost homogeneous within the SrTiO3
layer and the precipitate. However, a small decrease of intensity can be noticed at the RP
APB location. Importantly, the St Ka map shows a distinct Sr depletion in the vicinity of
the RP APB. This is unexpected, as the double SrO plane structure of the RP APB should
be considerably richer in Sr than the bulk [31]. The Ti map closely resembles the oxygen

map.

To quantify the cation ratio around the APB and the thin film stoichiometry, atomic Sr/Ti
ratios were determined from EDX spectra extracted from these regions. The SrTiOj single
crystal substrate served as an internal standard for calibration [28]. Figure 6.5 h) shows the
EDX spectra extracted from the regions shown in g) and the substrate. The increased intensity
of the SrLa line reveals a 5+2% Sr enrichment in the thin film (blue) compared to the
substrate (black). This is consistent with the expected stoichiometry based on the PLD growth
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rate and laser fluence [218]. The Sr excess is likely incorporated into the thin film as randomly
distributed small RP faults [219]. Another possibility for the accommodation of excess Sr
is the presence of Ti vacancies [150]. In contrast to the grown thin film, the stoichiometry
of the area surrounding the RP APB, shows a cation ratio similar to the substrate. This
indicates, that the Sr excess that was incorporated into the film during growth, precipitates
out of the thin film in the vicinity of the RP APB. Unfortunately, the a poor signal-to-noise
ratio arising from less material and from overlapping Pt Ma and Sr La emission lines hinders

a quantification of the precipitate composition.

6.1.4 Atomistic simulation of cation diffusion along antiphase boundaries

In the last section it was demonstrated, that resistive switching of Sr-rich SrTiO3 devices in-
duces a phase separation in the vicinity of the switching filament. Intriguingly, TEM analysis
indicates that the phase separation occurs preferentially at RP APBs. Based on these results it

can be assumed that the extended defects act as fast cation-diffusion paths.

To clarify the role of RP APBs, molecular static and molecular dynamic simulations were
performed to investigate how extended defects impact the ionic diffusion in SrTiOs.# The
simulations were carried out using the LAMMPS (Large-scale atomic/molecular massively
parallel simulator) code [221], employing empirical pair potentials derived by Pedone et al
[222]. For this, a high-order (n—10) RP phase was used as a model system. This selection
is motivated because such a RP phase exhibits an APB as well as an extended bulk phase.
The unit cell of Sry1Ti;p0s; is depicted in figure 6.6 a). First, the relative defect formation
energy for a strontium vacancy was calculated for different lattice sites in the simulation cell
(compare figure 6.6 b)). The defect formation energy for the APB site is considerably lower
(AE = —0.28¢eV) compared to the defect energy of the perovskite lattice. This means that
the energetically most stable position for Sr vacancies is at the APB. Considering that the
cation diffusion in SrTiOj3 is exclusively occurring via a vacancy diffusion mechanism, it can
be assumed that the strontium diffusion is enhanced by the presence of Sr vacancies. The
values for the different perovskite sites are almost equal in energy. This demonstrates that

the APB has no long range effect on adjacent lattice sites.

To gain insights into the migration processes of Sr cations, static lattice simulations based
on the nudge-elastic band method were performed. Figure 6.6 ¢) shows selected strontium
migration paths within the Sr11Ti19O3; unit cell and figure 6.6 d) depicts the corresponding
energy profiles. The migration paths in the perovskite type bulk phase (paths 1 and 2) have

a high energy barrier of 4.0eV. These values are in good agreement with values obtained

4The simulations were performed by Joe Kler, Institute of Physical Chemistry, RWTH Aachen University,
Aachen, Germany, as a part of his doctoral thesis and reproduced by his kind permission. Detailed infor-
mation can be found in ref. [170].
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Figure 6.6: Molecular static and dynamic simulations of Sr>* behaviour at RP APB. a) Illustration
of the Sry;Ti1903; unit cell (solid black line) used in the atomistic simulations. Sr?* in green,
Ti** in blue, and O?~ in red. The RP APBs are marked by dashed black lines. b) Defect
formation energy of a Sr vacancy as a function of distance to the APB. ¢) Magnified part of the
unit cell, with the simulated migration path indicated schematically by black arrows. d) Strontium
migration energies for the individual migration paths. e) Molecular dynamic trajectories of Sr>* at
T =2000 K. f) Diffusion coefficients of strontium along an APB obtained from molecular dynamic
simulations (black) and experimental values in bulk SrTiOs by Meyer et al. (red) [220] and
Gomann et al. (blue and green) |55] as a function of (reciprocal) temperature. Modified from
ref. [170].
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experimentally [55,220] and computationally for SrTiOs [66,223]. Migration in the double
SrO plane structure of the RP APB can occur via two possible pathways, along or across the
APB (paths 3 and 4). Both paths have a significantly lowered migration barrier of 1.3 €V. This
confirms that the Sr diffusion in the APB is greatly increased. Further, the lowered migration
barrier enables Sr diffusion at much lower temperatures than the SrTiOs cation equilibration
temperature of 1300 K [59].

To quantify the effect of APBs on the diffusion of Sr cations, molecular dynamics simulations
were carried out. For this, the dynamics of a 12x12x1 unit cell large supercell containing
14976 ions (Sr3iesTi2s8008s928) was simulated. An initial Sr vacancy concentration of 1% was
introduced into the supercell and equally distributed between APB and bulk phase. Figure
6.6 ¢) shows the Sr cations trajectories in a section of the supercell including an APB. It
can be noticed that the Sr cations only move in the RP APB and remain immobile in the
bulk phase. A closer look at the cation trajectory reveals that the cations move along the
same migration paths that were calculated in the nudge-elastic band simulations to have a
low migration barrier. The obtained diffusion coefficients for Sr migration in the RP APB
structure yield a migration enthalpy of 1.33 eV. This compares remarkably well with the static
migration barriers. Since Sr cations did not execute any jumps in the bulk phase, due to the
high migration barrier of 4.0eV, no diffusion coefficient for Sr cations outside the RP APB
could be determined. To estimate the impact of RP APBs on the strontium diffusion, the
APB diffusion coefficients obtained from molecular dynamics simulations are compared to
experimental data for single crystal Sr'TiO3 by Meyer [220] and Gémann et al. [55] (see figure
6.6 ). It can be noticed that the APB diffusion coefficient is orders of magnitude higher (by
a factor of over 10° for T' < 1500 K) than the bulk diffusion coefficient. From these results it
can be concluded that the diffusion along RP APBs is considerably faster and can take place

at lower temperatures.

6.1.5 Electro-thermal device simulations

In section 6.1.2 it was demonstrated, that the area in which switching induced changes occur
scales with the current compliance. In order to understand this behavior, it is necessary to have

a closer look on the temperature development during resistive switching.

For this, a SrTiOs device was modeled and an electro-thermal simulation was performed to
obtain a temperature map of the device during electrical biasing.> Figure 6.7 a) shows the
used device geometry. For the simulation, a filament with a radius of 500 nm was assumed,
based on the X-PEEM results presented in section 6.1.3. To simplify the simulation, a 10 nm

SrTiO3 film was used instead of a 20 nm film which was investigated experimentally. Further,

5The simulations were performed by Sebastian Siegel, Peter Griinberg Institut, Forschungszentrum Jiilich
GmbH, Jiilich, Germany. Detailed information can be found in ref. [170].
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Figure 6.7: Electro-thermal simulation of SrTiO3 memristive device. a) Schematic depiction of
the simulated device structure with a filament radius of 500 nm (green and blue) and a SrTiO3
thickness of 10nm. Red lines indicate the simulation boundaries with the boundary conditions
T = Tymp and J = 0. b) Temperature distribution at a bias of V., = 3V and at a current
compliance of 7, 10, 25 and 50 mA.

the bottom electrode length is underestimated in the simulation, which might cause small
deviations from the actual series resistance of the circuit. Therefore, a one-to-one comparison
to the devices studied in the previous sections is not possible. However, it can be assumed
that the general trends obtained from the simulation can be transferred to the case of 20 nm
SrTi0O3 devices. It is likely that the simulation underestimates the temperature evolution due
to a smaller bulk resistance of the SrTiO3 layer. In figure 6.7 b) the temperature distribution
of the simulated device geometry is shown for different current compliances. It can be seen,
that the maximum temperature and the radial extension of the temperature increases with
increasing current compliance. This is not unexpected as Joule heating is described by the

following relationship

PxI?* R (6.1)

with P the power converted to thermal energy, I the current and R the device resistance.

For low current compliances, the temperature increase is limited to a very small region and
does not exceed the filament diameter significantly. Increasing the current, however, induces
local heating of regions next to the filament through heat dissipation. For a current compliance
of 25 mA the heated region extends several micrometers into the bulk of the device. Based
on these results, it can be assumed that the area scaling of the switching induced changes
presented in figure 6.1 can be explained by heating of comparably large areas around the
filament due to Joule heating and heat dissipation. The lateral expansion of these areas

dependents strongly on the current compliance.
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Interestingly, the maximum temperature reached in the simulations exceeded 1000 K. In this
temperature regime, it is expected that oxygen anions are mobile. In contrast, the tempera-
tures are still too low for cation migration in bulk SrTiOs. However, in the previous section
it was demonstrated that Sr cations exhibit a significantly reduced migration energy along
RP APBs. Therefore, it can be assumed that cation migration can take place in RP APBs if
devices are switched using high current compliances. This is in accordance with the observed

secondary phase formation discussed in section 6.1.3.

6.1.6 Summary of eightwise switching in SrTiO3

In this section, it was demonstrated that the cation stoichiometry of SrTiO3 has a profound
influence on the microscopic structure of the switching filaments. For stoichiometric thin
film devices, no local phase separations were observed in PEEM work function scans. In
contrast, Sr-rich devices exhibit a modified work function in an affected area, which scales
with the current limit. The investigation of conductive filaments by C-AFM and X-PEEM
revealed, that the resistance change in SrTiO3 devices is caused by the formation of a spa-
tially confined conductive region with a high Ti3* concentration. This observation is in good
agreement with the proposed valence change mechanism for eightwise switching in SrTiOgz
[119].

A closer examination of the microscopic filament structure in Sr-rich devices shows, that
switching leads to the formation of insulating Sr-rich islands at the SrTiOs/Pt interface. By
TEM it was found that the Sr-rich islands preferentially form above RP APBs. Using atom-
istic simulations it could be clarified that RP APBs act as fast diffusion paths for strontium

cations.

Electro-thermal simulation of a biased device confirmed that Joule heating generates high
temperatures in the vicinity of the conductive filament. Simulations using different current
limits show that the maximum temperature and the spatial extension of the heated area scale
with the current limit. For high currents, local temperatures can exceed 1000 K, which is

sufficient to trigger the cation diffusion along RP APB.

6.1.7 Discussion: Origin of the retention stabilization in eightwise switching in
Sr-rich SrTiO;

Based on the insights obtained from experiment and simulation, it is now discussed how the
local precipitation of Sr-rich secondary phases impacts the switching and retention behavior
of SrTiOs memristive devices. For this, switching model of Cooper and Baeumer et al. will

serve as basis for the discussion of the switching mechanism [34]. The model is extended to
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include the role of crystallographic defects and phase separations, which have been observed

in Sr-rich devices.
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Figure 6.8: Proposed model for retention stabilization of the LRS in eightwise switching Sr-rich
SrTiO3 devices. An exemplary electroforming (dashed line) and switching I-V curve is depicted
together with schematics of the device in different states. a) Pristine state: The Sr-rich SrTiO3
layer (blue) is sandwiched between a Nb:SrTiO3 bottom electrode (purple) and a Pt top electrode
(gray). A Ruddlesden-Popper defect (white line) is shown in the SrTiOj3 layer with Sr?* (green
circles) and Sr?* vacancies (white circles with green contour). b) SET: Oxygen anions are released
from the lattice and leave behind oxygen vacancies and electrons. c) Precipitation of excess
strontium forming a SrO phase. Inset: Sr’* vacancy diffusion. d) LRS: A high concentration of
oxygen vacancies is present at the Schottky interface. Regions without SrO start to reoxidize.
e) RESET: Oxygen anions are reincorporated into the lattice at the SrO covered regions. f) HRS:
All oxygen vacancies are filled.

Figure 6.8 shows the proposed electroforming and switching model. In the pristine device
state, the Sr-rich SrTiOs layer is fully oxidized and the device is insulating (figure 6.8 a)).
As a result of the Sr-rich growth, RP APB (white lines) are randomly distributed throughout
the thin film. Due to their reduced formation energy, Sr vacancies accumulate at the APB

site.

Upon application of a positive bias to the top electrode, negatively charged oxygen anions drift
towards the polycrystalline Pt electrode (figure 6.8 b)). At the interface, the oxygen anions
are oxidized to atomic or molecular oxygen and are released from the crystal lattice, leaving

behind oxygen vacancies and electrons. It is likely that the released oxygen is stored inside
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the Pt electrode or leaves the device in form of molecular oxygen. The electrons, however,
are transferred into the conduction band, where they contribute to current transport. With
increasing current flow, Joule heating generates high temperatures. This further accelerates
the oxygen anion drift. At a certain bias, the electric field and the local temperature is
high enough to trigger a self accelerating reaction. This results in the generation of a large
amount of oxygen vacancies, i.e. the conductive filament. In the I-V curve this is visible as
an abrupt increase in current (compare point (b)). The device is now in an electroformed

state.

Without a current compliance the current passing through the electroformed device under high
bias would lead to an irreversible dielectric breakdown. With current compliance, however, the
voltage is reduced to stay within the current limit (point "c" in the I-V curve). During this
stage of the switching cycle, the highest temperatures are reached. As demonstrated by PEEM
and electro-thermal simulations, the current compliance can be used to control the maximum
temperature and the spatial extent of the heated areas. If the temperatures are high enough,
i.e. if a high current limit is used, cation diffusion can take place. Based on the STEM and
AFM experiments, it is suspected that the strontium excess precipitates out of the SrTiOg
bulk and forms a secondary phase at the SrTiO3/Pt interface. This occurs preferentially at
RP APBs due to the reduced Sr?* migration energy within the defect (figure 6.8 c)). The
inset schematically depicts the strontium diffusion via Sr vacancies within the SrO double plane
structure of the RP APB. As cation diffusion in the SrTiO3 bulk is orders of magnitude slower
compared to the diffusion along the defect, no secondary phases form in stoichiometric SrTiOg
thin films under similar current limits. Additionally, the driving force to form a secondary
phase is higher in the case of Sr-rich SrTiOs, due to the thermodynamically unfavorable

composition.

If the applied voltage is removed, a non-volatile decrease of the resistance is observed. The
device is in the LRS (figure 6.8 d)). However, the LRS is not completely stable and the
resistance increases over time. This increase is typically assigned to a reoxidation of the
conductive filament. While stoichiometric devices tend to completely reoxidize within hours,
Sr-rich devices are stable for weeks after an initial resistance increase is observed (compare
figure 5.2). This difference in stability of the LRS state can be explained by the oxygen block-
ing properties of the SrO precipitates. If the device is kept in the LRS state for a longer
time, oxygen from within the Pt electrode or oxygen from the surrounding atmosphere can
diffuse to the SrTiO3_, /Pt interface and fill oxygen vacancies. This reaction is exergonic and
thus does not require the presence of an electric field or any other external driving force. In
the stoichiometric case, a complete oxidation of the filament can take place. In the Sr-rich
device, however, the precipitates act as diffusion barrier and prevent a reoxidation. Consid-
ering that the filament area is much larger than the area covered by precipitates explains

why the LRS resistance in Sr-rich devices initially increases and then becomes stable. The
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uncovered regions reoxidize and the filament size decreases until only SrO covered regions
remain oxygen vacancy rich. Importantly, the question remains how the SrO islands can re-
tain the LRS while at the same time being highly insulating as it was observed in C-AFM.
Here it is proposed that the triple phase boundary (SrTiO3/SrO/Pt) acts as the main current
path.

If a negative bias is applied, the situation changes and also regions covered by SrO are ox-
idized (figure 6.8 €)). The device is reset into the HRS. For the oxidation of SrO covered
regions, two possible scenarios are conceivable. First, the applied electric field attracts the re-
maining oxygen vacancies from underneath the SrO precipitate towards the SrO/Pt interface,
where they eventually recombine. Alternatively, the temperature that is generated during
the RESET causes the vacancies to diffuse towards the SrTiO3/Pt interface along a chemical
gradient, where they also recombine. If the oxygen vacancies from regions covered by SrO are
also filled, the device is in the HRS (figure 6.8 f)). The HRS is resembling the pristine device
state, with the exception that the SrO precipitations remain and that the subsequent SET

processes require lower voltages.

6.2 Investigation of counter-eightwise switching in SrTiO3 by

in operando TEM

With an increasing switching oxide thickness, it becomes more important to utilize spectro-
microscopic techniques that allow a cross-sectional mapping of the chemical and electronic
structure. Especially, the vertical distribution of oxygen within the switching layer is of im-
portance to understand the memristive behavior in counter-eightwise switching oxides. While
depth resolved spectromicroscopy is inaccessible with PEEM, transmission electron microscopy
(TEM) is predestined for this purpose. Modern aberration corrected TEM offers unparalleled
spatial resolution down to the atomic scale combined with spectroscopic techniques such as
energy dispersive X-ray (EDX) and electron energy loss spectroscopy (EELS). By preparing
a TEM specimen through focused ion beam milling, it is possible to cut a cross-sectional
lamella from a device. This allows a vertically resolved characterization of the switching

layer.

A common approach to characterize switching filaments is to cut a lamella from a switched
device with known filament location. To locate the filament different approaches can be used
such as C-AFM or PEEM |28, 131]. This approach, however, limits the investigation of a
filament to one predefined resistive state, as no switching can be performed after the lamella
preparation. Therefore, much work has been focused on the development of in operando
approaches to allow device operation inside the microscope [33,34]. For this, the prepared

lamella is electrically contacted inside the microscope and a voltage can be applied using
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Figure 6.9: In operando resistive switching in a TEM. a) Protochip based in situ biasing setup.
b) Nanofactory holder in situ biasing using a piezo controlled tungsten tip. ¢) Counter-eightwise
switching curve measured on the Protochip setup. d) Eightwise switching curve measured using
the Nanofactory holder and with the tip placed directly on top of the Pt electrode.

an external power supply. Most importantly, this in operando approach offers the possibil-
ity to characterize the same filament in different resistive states. Additionally, it is possible
to study gradual changes of the device upon increasing currents or number of operation cy-
cles. This could help to understand the origin of variability and aging effects in memristive

devices.

In this section, in operando TEM characterization of Nb:SrTiO3z/80nm Sr-rich SrTiOs3/Pt
devices was employed to study counter-eightwise switching in SrTiO3 devices.® The films were
grown using the same conditions as described in chapter 4.1. Figure 6.9 a) and b) show the two
experimental setups that were used to electrically contact the lamella inside the microscope.
The first approach is based on a Protochip TEM holder. Here, the lamella is Pt-welded to
a chip. Each side of the chip is electrically addressable. By focused ion beam milling, two
insulation cuts are made to separate the bottom and top electrode. This ensures that the
voltage is applied across the switching layer and no short circuits are present. The Protochip
system offers high spatial resolution and no tungsten tip is needed to address the device. This
eliminates contact problems between tip and sample. The downside of this approach is to
find the filament in the comparatively large lamella (~5pm). The second approach based

on a Nanofactory holder and utilizes a conductive probe tip that can be placed directly onto

SAll TEM experiments in this chapter were performed by Dr. David Cooper, CEA LETI, Grenoble, France.
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6 Spectromicroscopic analysis of switching-induced chemical changes in SrTiO3

the top electrode. Here, the filament position is usually located underneath the probe tip.
However, the tip can induce mechanical stress and thus could damage the thin film and give

rise to other non-switching related effects.

Figure 6.9 ¢) and d) show two exemplary in situ switching curves measured with the Protochip
and Nanofactory setup respectively. Resistive switching was reproducibly accomplished with
both setups, however, switching with the Nanofactory holder typically required higher voltages
and smaller memory windows were observed. This can be attributed to an additional contact
resistance between the probe tip and the top electrode. Interestingly, counter-eightwise (red)
and eightwise (blue) switching was observed in both measurement setups. Initially, the lamella
showed an eightwise switching polarity. After several switching cycles with successively higher
current limits, the polarity changed to counter-eightwise switching. Eightwise switching was
not observed in bulk devices and occurred only in the prepared TEM specimen. One possible
explanation for this behavior could be the additional phase boundaries (i.e. SrTiO3/vacuum)
of the ~100nm thin lamella, facilitating oxygen release into the vacuum atmosphere of the
microscope. Furthermore, the thermal properties of the lamella are different from bulk de-
vices due to the missing thermal mass. As eightwise switching was already studied in detail
using in operando TEM [34], the investigation in this section is limited to counter-eightwise
switching. Therefore, the terms LRS and HRS used in this section always refer to the resistive

states of the counter-eightwise polarity.

6.2.1 Current induced structural and electronic modifications

Before spectroscopy was employed, the effect of high currents on the microscopic structure
of the thin films was investigated. For this, a lamella was biased using the Protochip setup.
Figure 6.10 shows annular dark-field (ADF) and bright-field (BF) images before (a, b) and
after (c, d) electrical treatment. It is apparent, that the current modifies the crystal structure
of the thin film. This modification was observed in an approximately 500 nm large region. It
is assumed that this is the location where the current passes through the film. The passing
current results in the generation of high temperatures due to Joule heating. As a consequence,
the thin film homogenizes through grain growth. However, the microstructural modifications
cannot be directly associated to the switching mechanism itself, as they can be explained
purely by thermal effects. Nevertheless, these modifications can help to locate the filament

position.

In order to obtain quantitative physicochemical information about the current induced mod-
ifications, EELS was performed on a similar device and the TiLp3 and the O K-edge were
investigated. Similarly to the analogous X-ray technique XAS, EELS can provide information

about the coordination symmetry, the oxidation state and local chemical concentrations of
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Figure 6.10: Effect of biasing on the grain boundary structure. a) Annular dark-field (ADF) and
b) bright-field (BF) images of a pristine SrTiOg film. ¢) ADF and d) BF image of the same film at
a different region after electrical treatment. The device was switched 30 times using high currents
of up to 1.5 mA.

elements at the nanoscale. Figure 6.11 a) shows a HAADF image of the investigated sample
region. The region of interest was selected in such a way, that it contained the area where
structural modification were evident. Before switching was performed, a representative EEL
spectrum was acquired in the pristine device state, i.e. before electrical treatment. The corre-
sponding Ti Ly 3-edge is shown in figure 6.11 b). Comparing the pristine spectrum to literature
data taken from single crystalline SrTiO3 shows, that the grown thin film consists mostly of
Ti*t [224]. Additionally, the high density of extended defects in the grown thin film has no
apparent influence on the spectral shape. This can be explained by the low energy resolution
of the EELS, which outweighs the defect induced peak broadening [148]. After several switch-
ing cycles, EEL spectra were acquired in the HRS (blue) and LRS (red) respectively (figure
6.11 b)). Interestingly, the in situ biasing has a pronounced effect on the fine structure of the
Ti Lo 3-edge. Most importantly, a significant broadening of the ¢9, and e, peak occurs in both
resistive states. The peak broadening is more pronounced in the HRS and also a shift to lower
loss energies is observed. This indicates a higher concentration of Ti*T in the HRS compared
to the LRS [225].

To confirm this observation, the O K-edge was acquired as well. Figure 6.11 ¢) shows the
corresponding EEL spectra. The O K-edge in SrTiOj3 is mainly composed of three peaks
that can be correlated to the hybridization of O 2p orbitals with Ti3d, Sr4d and Ti4sp

orbitals. The spectral fine structure of the O K-edge is sensitive to the amount of oxygen non-
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Figure 6.11: Spectroscopy of the switching SrTiOj layer. a) High-angle annular dark-field
(HAADF) image showing the examined region of interest. b) Ti Ly 3-edge and ¢) O K-edge elec-
tron energy loss spectra extracted from the region of interest (ROI) in (a).

stoichiometry [226]. The most pronounced effect of oxygen vacancies on the spectral shape is
a decrease of the O 2p-Ti3d and O 2p—Sr4d peak combined with an increase of the intensity
between the two peaks [119,226]. A decrease in the O 2p—Sr4d peak is clearly visible for both
resistive states. This confirms the presence of Ti*t that was also observed in the Ti Lo 3-
edge. However, looking at the O2p Ti3d peak shows a stronger peak intensity decrease in
the LRS. This indicates that the LRS has a higher concentration of oxygen vacancies than
the HRS. This is in contradiction with the conclusions derived from the Ti Lo 3-edge (figure
6.11 b)). Here it is important to consider that also microstructural changes induced by Joule
heating, as observed in figure 6.10, can have a impact on the absorption edge. Therefore, a
direct correlation between the spectral fine structure and the oxygen vacancy concentration is
hindered.

To summarize, the EEL spectra show significant changes between the pristine and switched
state. Based on the spectral fine structure it can be concluded that both, HRS and LRS, show
signs of Ti*>T. Comparing both resistive states also reveals spectral differences between HRS
and LRS. However, a quantitative interpretation of the fine structure is complicated, as the
Ti Ly 3-edge indicates a higher degree of reduction in the HRS whereas the O K-edge suggests
the LRS is more reduced.

6.2.2 Mapping of the oxygen distribution in different resistive states

In a next step, resistive switching was performed by directly contacting the top electrode
with a tungsten probe tip. This approach allows to precisely control the filament position
through the probe tip placement. With a known filament position, it is possible to map the

oxygen distribution for different resistive states with high spatial resolution. Figure 6.12 a)
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Figure 6.12: EELS mapping of the oxygen distribution in different resistive states. a) HAADF
image of the region where the probe tip was placed. b) False color EELS map showing the O/Ti
ratio. The map was created by dividing the O K-edge by the Ti L, 3-edge signal. c) False color
maps of the same region as in (b), for different resistive states. The white arrows indicate regions
with a low oxygen concentration.

shows a HAADF image of a selected sample region where the probe tip was placed for the
switching experiments. A region with particularly pronounced island structure was chosen
to potentiate any possible effects of the defect structure on the switching mechanism. The
corresponding O/ Ti ratio map extracted from EELS is shown in figure 6.12 b). In the following
discussion, it is assumed that the changes in the O/Ti maps are induced by oxygen migration
and titanium is considered to be immobile. While this assumption is only partly justified
considering the changes of the thin film microstructure observed in the previous section, it
is expected that the diffusion of titanium is much slower compared to the oxygen migration
[227].

In the map, a dark region indicates a low oxygen concentration, whereas bright-red regions
show high oxygen concentrations. It can be seen that the oxygen distribution in the pristine
state is mostly homogeneous across the thin film. Figure 6.12 ¢) shows a series of O/Ti ratio
maps acquired in different resistive states. For this, the device was formed and RESET into
the HRS (HRS1). Subsequently, the device was switched into the LRS (LRS1). This process
was repeated a second time (HRS2 and LRS2) and for each device state an O/Ti ratio map
was measured. During the electrical treatment it was observed that the probe tip started
to deform the specimen surface, which is indicated by the white dashed line. This is likely
caused by the high temperatures that arise during the switching process and mechanical stress
from the probe tip. A change in the oxygen distribution is apparent between the HRS and
LRS state. While the HRS resembles the pristine state, i.e. exhibits a homogeneous oxygen
distribution, the LRS clearly shows varying oxygen concentrations. Especially the defect
structure of the film can easily be recognized in the LRS. Here it is noted, that the O/Ti maps

were acquired over the whole specimen thickness (=100nm). Accordingly, if the filament
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is smaller than the specimen thickness an additional background from the SrTiOgz matrix is
present. This might be the reason why no continuous oxygen depleted filament is visible but
rather multiple vacancy rich regions are seen (white arrows in figure 6.12 ¢)). Nevertheless,
the inhomogeneity of the LRS is a clear indicator for oxygen redistribution along antiphase
boundaries. Importantly, this process is reversible and the distribution is associated with the
resistive state. This excludes measurement artifacts, e.g. purely thermal effects or mechanical

strain, as origin for the observed changes.

6.2.3 Summary of counter-eightwise switching in SrTiO3

In this section, the counter-eightwise switching mechanism in SrTiO3 memristive devices was
investigated by means of in operando transmission electron microscopy. For this, lamella were
prepared from counter-eightwise switching Nb:SrTiO3/80nm SrTiO3/Pt devices to study the
memristive devices in a cross-sectional view. Resistive switching within the microscope was re-
producibly achieved using two different experimental biasing setups. Contrary to the switching
properties of the bulk device, the lamella exhibited eightwise and counter-eightwise switching
polarities. Typically, the lamella started with an eightwise polarity and then transitioned into
counter-eightwise switching. It was suspected that the occurrence of eightwise switching is
linked to the additional SrTiOg/vacuum phase boundary and the missing thermal mass of the

lamella structure.

The effect of successive switching cycles and high current limits on the film microstructure
was investigated by ADF and BF imaging. It was observed that the defect structure of the
film is substantially modified by high currents, indicating the generation of high temperatures
during biasing. The electronic structure of the film before and after biasing was studied by
EELS of the TiLy3 and the O K-edge. Comparing the pristine film state with the switched
film shows large spectral changes. While the pristine state compares well with literature
spectra of fully oxidized single crystalline SrTiOg3, the spectra of the switched film show the
presence of Ti3" states. Interpretation of the spectral differences between the HRS and LRS,
however, is complicated as structural and stoichiometry changes contribute to the spectral

shape.

To study the oxygen distribution in both resistive states, O/Ti maps were acquired in the
LRS and HRS respectively using quantitative EELS. Interestingly, it was found that the pris-
tine and HRS feature a homogeneous oxygen distribution. In contrast, the LRS exhibits
regions with low oxygen concentration particularly along the thin film microstructure. This
behavior could be reproduced for multiple switching cycles demonstrating that it is associ-
ated to the resistive state and is not induced by artifacts from e.g. heating or strain ef-

fects.
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Figure 6.13: Proposed model for counter-eightwise switching in SrTiO3. A defect rich SrTiO3 film
(blue) is sandwiched between a Nb:SrTiO3 bottom- (purple) and a Pt top electrode (grey). The
extended defects are indicated by white lines. a) The device is initially in an insulating pristine
state. b) After electroforming, the device is in the LRS state and an oxygen vacancy rich filament
connects both electrodes. If a positive bias is applied to the top electrode, oxygen vacancies drift
towards the bottom electrode. ¢) In the HRS state, vacancies are homogeneously distributed at
the bottom electrode. Applying a negative bias to the top electrode leads to a drift of oxygen
vacancies towards the Pt electrode.

6.2.4 Discussion: Origin of the counter-eightwise switching polarity in SrTiO;

Based on the presented results, the origin of the counter-eightwise polarity in SrTiOgz is
discussed. In the previous chapter 5 it was demonstrated that counter-eightwise switching
occurs predominantly in defect rich SrTiOg films. Therefore, it can be suspected that de-
fects play an important role in determining the switching polarity. The influence of grain
boundaries has already been studied in HfOs and SrTiOs based memristive devices. It
was observed that grain boundaries can act as preferential sites for filament formation [228

232].

Based on the in operando TEM results, it is conceivable that in counter-eightwise switching
SrTiO3 devices, extended defects also act as preferential switching locations. One possi-
ble explanation for this behavior is the current channeling along defects and cavities that
are formed during the growth process of defect rich SrTiOs [233,234]. If the defects serve
as major current path, the highest temperatures are expected to arise at these positions
due to Joule heating. Accordingly, ion migration is enhanced in the surrounding of the de-

fects.

A phenomenological model of the switching process is presented in figure 6.13. Starting from
an initially insulating device in the pristine state (figure 6.13 a)), an electroforming step
is applied to bring the device in a switchable state. For this, a positive bias is applied to
the Pt top electrode (compare chapter 5.1.2). Considering that the electroforming process
in eightwise switching also requires a positive bias at the top electrode, it can be assumed

that electroforming in both switching polarities involves similar processes. It is suspected
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that electroforming in counter-eightwise switching occurs via the generation of oxygen va-
cancies by releasing lattice oxygen into the atmosphere as molecular oxygen (compare equa-
tion 2.18).

Due to the large bulk resistance of the thicker defect-rich SrTiO3 layer, it is surmised that the
electroforming step generates a conductive filament through the complete SrTiO3 layer. This
gives rise to an ohmic LRS (compare 5.3). If the extended defects exhibit an enhanced oxygen
diffusion, oxygen vacancies will drift preferentially along the antiphase boundaries and form
the filament along the defect structure. Figure 6.13 b) shows the electroformed device in the
LRS state. The LRS is characterized by a large oxygen concentration gradient at the antiphase
boundaries as observed by TEM (6.12). For the RESET, a positive voltage is applied to the
Pt electrode. According to the electric field direction, oxygen vacancies are repelled from the
top electrode and drift towards the bottom electrode. In the HRS, the oxygen distribution
appeared homogeneously across the device. Thus its is assumed that the vacancies spread over
a large region (Figure 6.13 c)). This is a conceivable scenario as the RESET is a self limiting
process where the electric field repels oxygen vacancies from the filament. If a negative polarity
is applied to the Pt electrode, vacancies are pulled towards the top electrode. If the vacancies
reach an extended defect, they preferentially drift along the defect until a continuous filament
is formed.

In summary, the origin of the counter-eightwise switching polarity can be explained by two
effects: 1. An increased bulk resistance observed in thick SrTiOg films leads to the formation of
a continuous filament through the switching layer. 2. Extended defects facilitate an internal re-

distribution of oxygen by acting as drift and diffusion fast paths.
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TayO; devices with graphene electrodes

Due to its excellent CMOS compatibility and exceptional switching properties, TaoOs is of
highest technological relevance for the use in non-volatile memories and neuromorphic com-
puting [17,235]. The details of the switching mechanism in TagO3 based devices, however, are
still under debate. Despite extensive characterization efforts, quantitative information about

the structure and composition of conductive filaments is rare.

In this chapter, functioning Ta/TagOs5/graphene devices are investigated with synchrotron
based X-PEEM. Using graphene as an ultra-thin top electrode allows a direct spectroscopic
characterization of the switching layer [25]. In the first part of this chapter, the spatial reso-
lution of the PEEM instrument is evaluated. Afterwards, it is demonstrated that spectromi-
croscopy can be performed on TapOs films through a graphene layer. In the next section, the
effect of the synchrotron beam irradiation on TapOs is investigated. It is demonstrated, that
the intense synchrotron radiation slightly reduces the TasOs layer. The reduction is strongly
inhibited by the graphene layer. In the last part, X-PEEM is employed to characterize TazOs5
devices, providing spatially resolved spectroscopic information about the composition and
structure of conductive filaments. All PEEM experiments presented in this chapter were car-
ried out at the Nanospectroscopy beamline at the Elettra synchrotron laboratory (Trieste,
Italy).

The results presented in this chapter have been prepared for publication:

T. Heisig, K. Lange, A. Gutsche, K. T. Gof, S. Hambsch, A. Locatelli, T. O. Mentes, F.

Genuzio, S. Menzel and R. Dittmann, in preparation.

7.1 Spatial resolution of photoemission electron microscopy

One of the major obstacles to overcome in the characterization of switching filaments is to
resolve their small spatial dimension. Contrary to the micrometer sized filaments that were

observed in SrTiOg [121], in TagOs the filament size is estimated to be in the order of a
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few tens of nanometer [38,131]. It was demonstrated that TapOs devices with diameters be-
low 30nm show stable resistive switching [236], indicating that the filament size can reach
very small dimensions. This underlines the importance of using spectromicroscopic tech-
niques with high spatial resolution to image and characterize switching filaments. In this
section, the spatial resolution of the SPELEEM microscope (Elmitec GmbH, Germany) at
the Nanospectroscopy beamline at Elettra synchrotron laboratory (Trieste, Italy) will be dis-
cussed [147].

The spatial resolution of modern aberration corrected PEEM instruments is approximately 15-
30 nm for imaging using secondary electrons and in the order of 50 nm using core level electrons
[147]. However, the actual resolution can be negatively influenced by imperfect alignment of
the microscope, sample drift and space charge effects [237]. Also the sample itself can greatly
reduce the obtainable resolution. An ideal sample should be flat to prevent electromagnetic
field distortions induced by surface morphology. Further, the sample should be conductive to
allow charge compensation of the positive surface charge that builds up during photoelectron

emission.

To determine the achievable resolution of a non ideal sample, i.e. a sample which is used for
resistive switching, a model system composed of a sputtered TasOs thin film partly covered by
graphene was studied. This selection is motivated because the structure exhibits well-defined
and sharp edges with little topography. First, the sample is characterized by AFM to verify
that it is suitable to determine the resolution of a PEEM image. Figure 7.1 a) shows an AFM
image of a sample section containing a region of TasO5 and TazOj5/graphene. To measure the
sharpness of the graphene edge, a line scan across both regions was taken. From the line scan
in figure 7.1 b) it can be seen, that the apparent height of the graphene film is approximately
1.6nm. The large difference between the theoretical thickness of graphene (0.335nm) and the
measured thickness can be explained by tip-sample interaction of the AFM operated in tapping
mode [238]. To determine the resolution of the AFM image, the line profile was fitted using a
complementary error function as described in detail in ref. [239]. This approach models a step
edge by convolution of a Gauss- and a Heaviside-function. As a measure for the resolution,
the full width at half maximum (FWHM) of the Gauss profile is used [147]. For the AFM
line scan, a resolution of 23.5nm was determined. This value reflects the minimum sharpness
that is expected for the step edge. Accordingly, the edge can be used to measure the X-PEEM
resolution down to 23.5nm. Figure 7.1 c) shows a secondary electron image X-PEEM of the
same sample section. The image was acquired at a photon energy of 200eV using the same
imaging conditions that are employed in the following sections to characterize devices. The
image contrast arises from the different work functions of graphene and TaOs. Figure 7.1 d)
shows the extracted line profile from the green box in (c). To obtain an adequate signal-to-noise
ratio, a profile with a line width of 7 pixel was extracted. Using the same fitting procedure

as before, yields a spatial resolution of 68.8nm. In a next step, the resolution of a Ta4f
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Figure 7.1: Spatial resolution of PEEM. a) AFM image of a sputtered TazOj film covered partly
by single layer graphene. b) Line scan across the step edge taken along the blue box in (a).
¢) Secondary electron X-PEEM image of the same region shown in (a) acquired at a photon
energy of hv = 200€V. d) Line scan taken along the green box in (c). e) Line scan extracted
from an X-PEEM image of the same region shown in (c) acquired by monitoring the Ta4f core
level electrons (hr = 200€V ). f) Line scan extracted from a secondary electron X-PEEM image
obtained at a photon energy of hv = 532eV (O K-edge XAS).
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photoelectron X-PEEM image was determined (image not shown). The line scan is displayed
in figure 7.1 e). Here, the attenuation of core level electrons through the graphene layer results
in an intensity difference between uncovered and graphene covered TasOs. A resolution of
123.8 nm was reached. This loss of resolution (compared to the secondary electron image) is
due to the low intensity of core level electrons. To obtain acceptable signal-to-noise ratios
longer integration times are required. This however, amplifies the noise contribution from
sources such as sample or beam drift and from vibrations. Lastly, the resolution of a secondary
electron image acquired at a photon energy of 532eV was determined. This photon energy
corresponds to the excitation energy of electrons from the O 1s core level into unoccupied
states above the Fermi energy. Accordingly, this value represents the spatial resolution of an
O K-edge XAS scan (see chapter for 3.5 for more details). The determined FWHM is 67.8 nm,
which is very close to the resolution obtained for a secondary electron image at a photon

energy of 200V (compare figure 7.1 d)).

From these results it can be concluded, that the spatial resolution of secondary electron
images is in the order of 70nm, while the core level photoelectron images reach a resolu-
tion down to 125nm. It is noted that these values represent the best possible resolutions
that were reached for this type of sample under standard imaging conditions. While mi-
nor improvements of the resolution might be achieved by further optimizing the microscope
alignment, disproportionally longer alignment times are required. Thus, the resolution val-
ues represent a compromise between the alignment time and achieving an adequate spatial

resolution.

7.2 Photoelectron spectroscopy through graphene electrodes

As discussed in chapter 3.6, photoelectron spectroscopy is a surface sensitive technique that
is limited by the inelastic mean free path of photoelectrons. To probe the active interface
of memristive devices, a thin electrode is required. Considering that the IMFP of electrons
in solids is in the order of 1nm, even the thinnest metal electrodes (approx. 2nm) strongly
attenuate the photoelectron intensity of buried layers [25]. For this reason, graphene represents
an ideal electrode material that combines high electrical conductivity with a single atomic layer
thickness. In this section, the viability of graphene as photoelectron transparent electrode will

be evaluated.

The signal attenuation induced by graphene can be estimated by the Tanuma, Powell and
Penn (TPP-2M) formula using bulk values of graphite [240]. For a photon energy of 200 eV
and a graphene thickness of 0.335nm, a transmittance of approximately 60 % is expected.
However, such calculations are not suited for 2D-materials as they neglect interface effects

[241]. Therefore, the transmittance of graphene on TasOs was determined experimentally.
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Figure 7.2: Transmittance of graphene electrodes. a) Geometry of the sample with the intensity
of photoelectrons emitted from uncovered TazOs Iy and from a graphene covered region I b)
X-PEEM image obtained using Ta4f; /5 core level electrons. c¢) Ta4f XPS spectra extracted from
regions marked with circles in (b). The spectra were acquired using a photon energy of 200eV.
d) O K-edge XAS extracted from the regions marked in (b).

Figure 7.2 a) shows the used sample geometry. The transmittance (in percent) is given
by
T = I/ - 100 (7.1)

with the photoelectron intensity o from TasOs and I from graphene covered TasOs.

This approach is only valid if the emitted photoelectrons are generated in the TaxOs layer.
Therefore, a binding energy was selected that corresponds to the Tadf;/, core level. Fig-
ure 7.2 b) shows an X-PEEM image of a sample section partly covered by graphene. The
brightness of the represents the photoelectron intensity. From both sections, a Ta4f XPS
spectrum was extracted (compare figure 7.2 ¢)). From the spectra, it can be seen that the
intensity of the graphene covered region (blue) is significantly reduced. Calculating the trans-
mittance gives T~ 28 %. As the IMFP is a function of the photon energy, the transmittance
of secondary electrons was measured at photon energies from 520-570 eV, corresponding to the
O K-edge. The O K-edge absorption spectrum is shown in figure 7.2 d). The transmittance
at a photon energy of 532¢eV is 35% and therefore slightly higher than the transmittance
at a photon energy of 200eV. However, the value is still much smaller than the theoretical
transmittance of 79 %. Table 7.1 summarizes the experimental and theoretical transmittance

values.
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Table 7.1: Photoelectron transmittance of graphene for different photon energies.

Photon energy (eV) Measured transmittance (%) Theoretical transmittance!(%)
200 28 60
532 35 79

! Calculated using the TPP-2M equation and the NIST Electron Inelastic-Mean-Free-Path
Database |240,242].

While the experimentally determined values for the transmittance are decreased by a factor of 2
compared to the theoretical prediction, it is still possible to employ graphene as photoelectron
transparent electrode. A possible explanation for the lowered transmittance could be the
deposition of amorphous carbon contaminants during X-ray irradiation, which is commonly
observed due to cracking processes of carbon containing residual gases [243]. Nevertheless,
comparing the XPS and XAS spectra from TasOs with- and without graphene demonstrates
that all spectral features are preserved. Graphene can therefore be considered as suitable
electrode material for photoelectron emission spectroscopy experiments of buried switching

layers.

7.3 Stability of Ta;O5 under synchrotron radiation

Before resistive switching devices are analyzed using synchrotron based PEEM, it is important
to evaluate if the highly intense X-ray synchrotron radiation has an effect on the devices. While
inorganic materials are less prone to radiation damage compared to organic and soft matter,
recent advances in photon sources and focusing optics give the possibility to characterize
samples with very intense radiation [244]. Under these extreme conditions also inorganic
materials become susceptible to radiation induced damage [245]. Especially, the generation
of oxygen vacancies is commonly observed in transition metal oxides if the experiment is
performed under UHV conditions [121,246]. Hence, it is important to carefully study the
effects of synchrotron radiation on TasOj5 to differentiate between switching- and radiation-

induced changes of the device stoichiometry.

For this, a thin film was exposed to the highest possible photon flux (a~ 103 ph/s) for 20 min
while simultaneously acquiring core level spectra. Figure 7.3 a) shows the Ta 4f core level as a
function of the irradiation time. Each line represents a single Ta4f core level spectrum. The
7/2 and 5/2 core level peaks are visible as bright stripes. Upon closer inspection, one notices
that the peak positions gradually shift towards higher binding energies. This effect becomes
more clear by comparing the spectra at the beginning and after irradiation (see figure 7.3 b)).

The irradiation caused a shift of the core level by approximately 0.3eV to higher binding
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Figure 7.3: Effects of synchrotron radiation on TapOj thin films. a) Ta4f core level as a function
of irradiation time. b) Extracted Ta4f spectra from the blue (pristine) and red (irradiated) box
in (a). c) Binding energy of the Tadf;/; peak as a function of irradiation time. d) Schematic
illustration of the binding energy shift with WF the work function, E\,. the vacuum level and Ey
the Fermi level. e) Ta4f spectra of uncovered (black) and graphene covered (green) TayOs after
irradiation.

energies. To correlate the peak shift to the irradiation time, the 7/2 peak was fitted using
a Gaussian peak shape for each spectrum and the peak maximum was plotted against the
irradiation time (figure 7.3 ¢)). The plot reveals that the binding energy shifts linearly with
the irradiation time for the first 400s and then slope decreases. This demonstrates that the
irradiation induced changes do not completely saturate within the first 20 min and it is likely

that the effect continues until a steady state is reached.

At first, the shift towards higher binding energies seems counter intuitive as the creation of
oxygen vacancies should lead to the formation of reduced Ta valence states at lower binding
energies (compare chapter 4.3). However, it was demonstrated that small oxygen vacancy
concentrations do not change the core level peak-shape significantly but induce a shift towards
higher binding energies [164]. This can be understood by considering that oxygen vacancies
act as n-type dopant and shift the Fermi energy closer to the conduction band. As the binding
energy in XPS is a measure of the energy difference between the Fermi level and the respective
occupied electronic state, a shift of the Fermi level to the conduction band increases the binding
energy of all occupied states [247]. This effect is illustrated in figure 7.3 d). Consequently, the
work function should decrease by the same amount, as it is defined as the energy difference

between the Fermi level and the vacuum level.
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7 Photoemission electron microscopy of TayOs devices with graphene electrodes

So far, the effect of beam irradiation was studied only on TayOs films that are in direct
contact to the UHV atmosphere of the PEEM instrument. The question arises if a graphene
layer influences the reducing effect of the X-ray beam by protecting the oxide from the UHV
environment. A strong impact from photon absorption of graphene, i.e. reducing the effective
photon flux that is reaching the TayOs film, is not expected as graphene is almost completely
transparent for X-ray radiation. Figure 7.3 e) shows the Ta 4f spectra extracted from a region
with (green) and without graphene (black). Both regions have been irradiated identically for
approximately 4 h. Comparing both spectra reveals that the TagO5 surface without graphene
shows a small contribution of Ta*T and Ta3* states at low binding energies. Fitting the core
level spectra gives an O/Ta ratio of approximately 2.4 (fitting not shown). In comparison, the
graphene covered region shows no sign of reduction. However, evaluation of the peak position
indicates that also the graphene covered region exhibits small amounts of oxygen vacancies
(comparable to 15min exposure of an uncovered TagOs film). This demonstrates, that the
graphene film effectively protects the oxide layer from beam damage. While the reduction is
not completely inhibited, the process is slowed down significantly. Based on these results, it
is assumed that the beam reduction of graphene covered devices only has a minor influence
on the electronic structure compared to the switching induced changes. The justification of

this assumption will be given in the next sections.

To summarize, it was demonstrated that irradiation of a TasOs thin film with an intense
synchrotron X-ray beam under UHV conditions induces the generation of oxygen vacancies.
For small oxygen vacancy concentrations, a shift of the Ta4f core level towards higher binding
energies was observed, whereas no signs of suboxides were visible in the spectral shape. It was
found that the process occurs gradually over a time span of several minutes to hours. Graphene

greatly improves the stability of TasO5 against beam reduction.

7.4 Spectromicroscopy of functioning Ta,O; graphene devices

In this section, the spectroscopic signatures of switching induced changes will be analyzed
in functioning devices. For this, a crossbar device layout with graphene top electrodes was
employed (compare figure 7.4 a)). The crossbar design allows the characterization of the
entire device area by contacting the graphene outside of the active device area. Figure 7.4 b)
and c) show an optical- and electron-microscopy image of an exemplary 10x10pum? device.
While also smaller devices were prepared, the chance for graphene delamination increased
with decreasing top electrode thickness. Therefore, the X-PEEM analysis mainly focused on
devices with an electrode area of 1001m? or larger. Considering that the device size is large
compared to the filament size, the localization of the switching filament within the device area

is a challenging task. For this, devices were first analyzed by work function scans. This allows
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Figure 7.4: Crossbar device layout with graphene top electrodes. a) 3D schematic of the device
structure. A TayOj channel (blue) is sandwiched between a sputtered Ta bottom electrode (grey)
and a graphene top electrode (black honeycomb lattice). The graphene layer is electrically con-
tacted through Pt/Au metal contacts, which are electrically separated from the bottom electrode
by an insulating SisN, layer (green). b) Optical microscope image of a single device. The graphene
layer (black dashed line) is visible as slightly darker region. ¢) SEM image of a similar device
imaged using a low acceleration voltage (1kV). The graphene layer is visible as bright region. The
active device area is marked by the red dashed line.

mapping of devices with high spatial resolution and short scan times. The work function scans

then serve as a basis for further spectroscopic analysis.

Before introducing the sample into the PEEM chamber, devices were electroformed in air
using different current limits. Figure 7.5 a) shows the electroforming step of an investigated
device. For this particular device, a deliberately high current compliance of 1 mA was used.
This was done to maximize the switching induced changes, i.e. the filament size and oxygen
non-stoichiometry, while maintaining the functionality of the device.! The I-V curve shows
a distinct forming step at a voltage of approximately -4.5V. This is in good agreement with
the observed switching characteristics of graphene devices presented in chapter 5.2. Initially,
the pristine device is in an insulating state (R > 103 ) and drops to a LRS of approximately
5 x 103 Q after the forming procedure.

In a next step, the device was analyzed by PEEM. Figure 7.5 b) shows a secondary electron
PEEM image acquired at an electron energy of 3.2eV. A field of view was selected which
includes the complete device area (solid orange line), to ensure that all possible filament for-
mation sites are within the image. From the image it is clearly visible, that the graphene layer
is torn in the middle of the device, leaving a central region of the device uncovered. Such
defects in the graphene layer are commonly observed in devices and are caused by the me-
chanical stress that occurs during the graphene transfer process. A more detailed description
of graphene defects is given in the appendix in figure A5. Nevertheless, the electrical charac-
terization confirmed that the device is fully functional. Therefore it can be assumed that the

top electrode defect has no effect on the switching properties. Upon closer examination of the

!Here it is noted that devices were also switched with smaller currents below 100 pA. However, only in devices
operated with high currents above 1 mA filaments were observed.
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Figure 7.5: Work function analysis of a formed device. a) Electroforming I-V curve of a
Ta/8nm TazO5/graphene device. b) PEEM image of the electroformed device from (a) at an
electron energy of 3.2eV. The device features a large crack in the graphene layer. The active
device area is highlighted by the orange line. Scale bar 3 pm. Inset: False colour image of a device
section featuring a pronounced contrast. Scale bar 100nm. c¢) Work function spectra extracted
from the feature observed in (b) (red) and the surrounding area (blue).

device area, it can be seen that a single bright feature is located on the device area. The size
of the feature can be estimated to be 120 nm or smaller. Precise determination of the feature
size is limited by the spatial resolution of the image (approximately 70nm) and the gradual

fading of the feature.

Extracting the work function from the feature and the surrounding region shows that the
feature exhibits a decreased work function (see figure 7.5 c)). By fitting the rising edge and
the background of the spectra using linear regression, the work function can be determined
as the intersection point of both linear fits. Extracting the values of both regions yields
3.06eV for the feature and 3.33eV for the reference. This work function shift of -0.27eV
fits well to the previously observed core level shift of TagOs reduced by synchrotron radia-
tion (compare section 7.3). The shift towards lower E-Ep values indicates that the Fermi
level is located closer to the conduction band, which is expected for an oxygen vacancy rich
filament. It can therefore be suspected, that the feature corresponds to the switching fila-

ment.

To confirm this hypothesis, the Ta4f core level of the device was mapped using X-PEEM.
Figure 7.6 a) shows an X-PEEM image of the region previously identified as possible filament
location. The image was generated by averaging over all images acquired at binding ener-
gies from 26-23eV. As this energy range corresponds to reduced Ta®" (z = 4, 3,2, 1) valence
states, a high intensity in the image signifies a high concentration of reduced states. Here
it is noted that the high intensity from the region without graphene (solid orange line) is
caused by the missing signal attenuation from the graphene layer. Interestingly, the feature
previously observed in the work function scan appears at the same location in the core level

image.
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Figure 7.6: XPS signature of a switching filament. a) X-PEEM image of the region localized
in figure 7.5, acquired using Ta4f core level electrons. The image was obtained by averaging
multiple images taken at binding energies from 23-26 eV. The solid orange line marks the hole in
the graphene electrode (bright region). Scale bar 2pm. Inset: False colour map of the region of
interest. Scale bar 100 nm. b) Ta4f spectra extracted from the feature (red) and the surrounding
region (blue) as reference.

Figure 7.6 b) shows the Ta 4f core level spectra extracted from the feature and the surrounding
area as reference. For this, the spectrum of the feature was extracted from a 3x3 pixel sized
region (red pixel in the false colour map in figure 7.6 b)). The spectra reveal, that the feature
exhibits significant amounts of reduced Ta** states, whereas the reference spectra shows only
Ta®*. Fitting of the core level spectrum yields an O/Ta ratio of 2.1, which corresponds to an
oxygen vacancy concentration of ~ 16%. Importantly, no metallic component was found, which
is in good agreement with the observations made in chapter 4.4. From the signal intensities of
the spectra, it can be concluded that the filament region is still covered by the graphene layer.
This is important because a defective graphene layer would cause a partial re-oxidation of the
filament between switching in ambient atmosphere and introducing the sample to a vacuum

environment.

In a next step, the filament was studied with XAS by measuring the O K-edge of the filament.
Figure 7.7 a) shows a secondary electron PEEM image measured at a photon energy of 534 eV.
This photon energy was selected as it is located between the f5; and the ey absorption peaks.
This spectral region was found to be sensitive to variations of the oxygen stoichiometry [89].
Again, the filament appears at the same location as before. The O K-edge spectra are shown in
figure 7.7 b). To ensure that the graphene has no influence on the spectral shape of the oxygen
absorption edge, caused by e.g. polymer residues, a region without graphene was analyzed
as well. Comparing the reference spectra (blue) and the region without graphene (green)
shows no significant spectral differences. The intensity differences at high photon energies are
likely caused by a small beam drift that can occur during the measurement. The reference

spectra are in good agreement with data published for TasO5 [248]. In contrast, the O K-edge
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Figure 7.7: O K-edge absorption spectrum of a switching filament. a) PEEM secondary electron
image obtained at a photon energy of 534eV. Scale bar 1,ym. Inset: False colour image of the
filament region. Scale bar 100nm. b) O K-edge spectra of the filament (red), the surrounding
region (blue) and from an area without graphene (green). ¢) Magnification of the spectral region
featuring the to, and e, peaks. d) Schematic depiction of the X-ray absorption process of O 1s
electrons in an octahedral coordination with an additional unoccupied energy level a. ) Energies
of the 5d orbitals in an octahedral, trigonal bipyramidal and square pyramidal ligand field. E
denotes the average energy of the d-orbitals. The energy diagrams are based on ref. [249] and
[250].

spectrum of the filament shows distinct differences in the spectral fine structure. The most
striking difference is an additional peak shoulder "a" that appears at a photon energy of
approximately 534 eV (compare figure 7.7 c)). The shoulder is located 1.1eV above the ta,
level, which is 1/4 of the energy separation between ts; and ez level (4.4€V). Furthermore,
the filament spectrum shows an overall higher intensity in the region between the to, and e,

peak.

To understand these spectral variations, first the O K-edge fine structure of stoichiometric
TagO5 is discussed. The O K-edge stems from the excitation O 1s electrons according to the
dipole selection rule into unoccupied O 2p states. In a purely ionic picture, the O?~ anion has
an electron configuration of O 1s22s?2p® and therefore no empty O 2p states are available for

the excitation. However, covalency in the Ta-O bond reduces the number of filled O 2p states,
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7.4 Spectromicroscopy of functioning Tas Os graphene devices

giving rise to the O K-edge. The fine structure of the absorption edge can be explained by
the hybridization of O 2p states with Ta5d states, which are split into 24 and ey states by
an octahedral ligand field (compare figure 7.7 d)). A third broad peak appears at a photon
energy of 544 V. This peak can be assigned to a hybridization of O 2p with Ta 6sp states [248].
As spectral variations between the filament and the reference occur only in the first part of
the spectrum, only peaks originating from the hybridization between O 2p and Ta 5d orbitals

will be discussed.

Considering that the filament contains large amount of oxygen vacancies, it is likely that the
octahedral coordination geometry changes. The system can compensate for lost ligands either
by adapting a lower coordination number or by polymerization of octahedrons from corner-, to
edge-, to plane-sharing. However, only polymerization of the octahedrons can not explain the
changes of the spectral fine structure. Therefore, it is assumed that the coordination number
decreases and a new ligand polyhedra is adopted. Figure 7.7 e) shows the most likely geome-
tries for fivefold coordination and the corresponding orbital energies according to the ligand
field theory [249]. The two possible configurations are trigonal bipyramidal (D3}, symmetry)
and square pyramidal (Cy4, symmetry). Both configurations would give rise to additional
empty states above the oz level that could explain the occurrence of the peak shoulder a.
However, it would also induce states above the eg, which is not observed experimentally. To
explain this it is important to consider that the presented configurations are idealized struc-
tures. In reality the polyhedra are likely distorted from their ideal angles. Distortion of the
coordination polyhedra shifts the orbital energies towards the average energy of the d-orbitals
[251]. Therefore, the observed spectral variations in the filament could be explained by trans-
formation of octahedral to distorted fivefold coordination polyhedrons. These observations
are in good agreement with literature results that suggest the presence of distorted square

pyramidal coordination in reduced TaO, [89,90].

Unfortunately, the spectroscopic characterization of the switching filament was limited to the
LRS, as no RESET could be achieved after X-PEEM characterization. While in principle the
X-PEEM is a non-destructive technique, the device was stuck in the LRS after the spectro-
scopic investigation. It is assumed, that the prolonged synchrotron X-ray radiation reduced
the TapO5 film over a large area, i.e. the beam footprint of a few pum?2, which increases the
leakage current of the device. As a consequence, no RESET of the filament can be achieved
as the electric field drops across the large reduced area and no local heating can occur as the

current that passes through the filament is decreased.

In the previous chapter 6 it was demonstrated that switching in SrTiO3 can induce changes
in the device morphology, especially if high currents are applied. Similar observations have
also been made for TapOs devices [132]. To investigate if a topography change occurs in

graphene devices, the filament was studied by AFM. The AFM images are presented in fig-
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Figure 7.8: AFM-topography of a filament. a) Sample topography of the device in figure 7.5.
b) Zoom-in on the filament area marked with a white dashed line in (a). ¢) Line scan along the
green line in (b).

ure 7.8 a) and b). Using the filament position from the X-PEEM images, the filament can
be located in the AFM scan. From the topography scans, it can be seen that the filament
exhibits an increased height. Smaller topographic features of similar height can be found
at other location on the device, however, they presumably originate from the sputter de-
position. Figure 7.8 c¢) shows a line scan across the filament. Measuring the dimension of
the filament yields a diameter of approximately 116 nm with a maximum height difference of
2.6nm. The diameter is in good agreement with the dimensions obtained from the X-PEEM

results.

In the following, the possible mechanism are discussed that could explain the observed to-
pography. First, the topography could not be directly related to the switching process itself,
but rather to a defect in the film formed during deposition. Such a defect, e.g. a nano pore,
could represent a weak point in the oxide film and thus facilitate a dielectric breakdown during
electroforming. A second possibility is a volume expansion of the Ta bottom electrode due to
partial oxidation and an associated restructuring of the switching matrix. Lastly, it has been
proposed, that high temperature gradients during switching induce the migration of cations
towards the filament (see chapter 2.4) [38]. Due to the very high activation energy for Ta
diffusion, the latter scenario appears to be the most unlikely [101]. An atomic rearrangement
on the other hand appears to be the most likely scenario. While a complete crystallization
would lead to a phase separation between metallic Ta® and TapOs, a partial restructuring
of the atomic configuration is evidenced by the observed spectral changes in the O K-edge.
Furthermore, it is known that oxide thin films can undergo significant volume expansion upon

introduction of oxygen vacancies [252].

In order to obtain a rough estimation whether the characterized filament can explain the ob-
served resistance change, a simple model is employed to simulate the current flow through the
device using the chemical information derived from the X-PEEM measurements. Figure 7.9 a)

shows the equivalent circuit diagram of a Ta/TapO5/graphene device. As discussed in chapter
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7.4 Spectromicroscopy of functioning Tas Os graphene devices

5.2, the LRS in such devices is governed mainly by two contributions, the series resistance of the

graphene electrode (Rgraphene) and the filament resistance (Rpyik).

Under the assumption that the Schottky barrier becomes negligible in the LRS state, the cur-

rent passing through a cylindrical filament can be calculated according to

OV (mda )\’
I*plm_( 5 ) (7.2)

with V the voltage, p the filament resistivity, lg). the filament length and dg; the filament

diameter.

With the TagsOs film thickness as an approximation for /g = 8 nm and the measured diameter
from X-PEEM and AFM dg). = 120 nm, the only unknown parameter is the filament resistivity.
In chapter 4.3, the sheet resistances of TaO, thin films for a wide range of O/Ta ratios
were determined. By combining the chemical information derived from the Ta4f X-PEEM
measurement and the sheet resistance values from the reference TaO, films, it is possible to
estimate the filament resistivity. Fitting of the Ta4f core level peak yields an O/Ta ratio of
2.1 for the filament (see figure 7.6). Extrapolating the resistivity for this O/Ta ratio from
data shown figure 4.8 f) gives a filament resistivity of p ~ 0.33Q cm.? For ecasier assessment
of the result it can be compared to the resistivity of graphite perpendicular to the basal plane
(p~ 0.3Q cm) [253]. Accordingly, the filament resistivity ranks below that of most intrinsic

semiconductors, e.g. Si or Ge, but above the metallic regime.

Using these values as an input for equation 7.2 yields the current for a given voltage. Figure 7.9
shows the measured I-V curve of the device in figure 7.5 and the calculated current values for
three filament diameters. To account for the series resistance of the graphene top electrode, a
resistance of 2.5 k{2 was subtracted from the measured resistance values. The value was esti-
mated based on resistance measurements of similar graphene electrodes (compare figure A4).
The error bars indicate the estimated uncertainty of the series resistance. Comparing the sim-
ulated current with the experimental data shows a good agreement between prediction and
measured current. For a filament diameter of 120 nm the best fit is obtained, which compares

well to the experimental findings.

Here it is emphasized, that this simple model should only serve as a rough estimation to test
if the experimentally derived filament size and composition yield reasonable resistance val-
ues. The model neglects the influence of the Schottky barrier and assumes an homogeneously

conductive filament. However, the linear I-V characteristic of the LRS (compare figure 5.6)

2The resistivity was calculated by multiplying the measured sheet resistivity of 10.6kQ/0 of a TaO, film
(z ~ 2) with the film thickness of 310 nm. The thin film thickness was determined by XRR.

125



7 Photoemission electron microscopy of TayOs devices with graphene electrodes

2) odata —70nm
—120 nm —170 nm

graphene

graphene

-
e
&
n

Abs. Current / (A)
3 =)

-6.6 -6.3 OjO 0f3 Of6
Voltage U (V)

Figure 7.9: Current simulation of a switching filament. a) Equivalent circuit diagram of a
Ta/Tas 05 /graphene device in the LRS. The green area represents the filament. b) Experimental
I-V characteristic (black circles) of the LRS state of the device in figure 7.5. A series resistance of
2.5 k() was subtracted from the experimental data to account for the series resistance of graphene.
The error bars indicate the uncertainty of the graphene resistance. The solid lines show the sim-
ulated I-V curve for a filament diameter of 70 (green), 120 (red) and 170nm (blue).

indicates that the Schottky barrier is not dominating the current transport in the LRS. Con-
sidering that X-PEEM is limited to a probing depth of approximately 2-3nm, it is unclear if
the determined O/Ta ratio is homogeneous along the filament length, or if an oxygen vacancy

gradient is present.

7.5 Summary

In summary, this chapter presented an approach to characterize TagOs resistive switching
devices with spectromicroscopy. Using a state of the art PEEM instrument combined with
highly intense synchrotron radiation, a spatial resolution of 70 nm for secondary electron imag-
ing and XAS was achieved. Imaging with core level electrons in an XPS measurement reduced
the obtainable resolution to 120nm. Measuring the photoelectron transparency of a single
layer graphene electrode confirmed that graphene is a suitable top electrode material to per-
form photoelectron emission spectroscopy of buried layers. While the determined graphene
transmittance is well below the theoretical value, it was still possible to acquire high reso-
lution XPS and XAS spectra of graphene covered TagOs layers. Importantly, no influence
of the graphene electrode on the oxygen absorption edge was observed, which indicates that
no substantial amounts of PMMA polymer contaminants are present. Studying the effect
of synchrotron radiation on TasOs revealed that the beam has a reducing effect on the ox-
ide. Over the time span of several minutes, oxygen vacancy generation becomes evident as

a continuous shift of the Ta4f core level towards higher binding energies. This effect is sup-
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7.6 Discussion of the switching mechanism

pressed by graphene, possibly by acting as a protection layer against the UHV environment
of the PEEM instrument. Measuring the peak shift, i.e. the reduction process, as a function
of time shows that the process is slow and does not impair the quantification of switching

filaments.

X-PEEM analysis based on photoelectron threshold spectroscopy revealed that some of the
electroformed devices featured a small, confined region with a reduced work function. Mapping
the Ta 4f core level of a region with reduced work function confirmed the presence of reduced
Ta®" valence states, which are indicative for oxygen vacancies. A filament composition of
O/Ta~2.1 could be determined. Importantly, using the determined chemical shifts deduced
from TaO, reference films, verified the absence of a metallic Ta’ component. Analysing
the O K-edge of the filament demonstrates that the generation of oxygen vacancies leads
to a rearrangement of the octahedral coordination symmetry. Comparing the spectral fine
structure with literature results suggests that the ligand coordination in the filament consists
of distorted octahedral polyhedra with a contribution from either square pyramidal or trigonal

bipyramidal coordination.

The morphology of the filament was studied by AFM. The filament diameter was estimated
based on a slightly modified topography to be 120 nm, fitting well to the size estimated from the
X-PEEM measurement. Additionally, the filament region increased in height by approximately
2nm This could be induced by oxidation of the bottom electrode or through lattice expansion
due to oxygen vacancies. To verify that the observed filament composition and structure give
physically sensible current voltage characteristics, a simple model was used to simulate the
experimental read-out I-V sweep in the LRS. Using the resistivity value from a reference TaO,,
thin film with a comparable oxygen stoichiometry and the filament dimension from PEEM
and AFM experiments confirmed, that the experimentally derived parameters describe the

LRS -V characteristics reasonably well.

7.6 Discussion of the switching mechanism

As discussed in the beginning of this chapter, the underlying physicochemical processes that
give rise to counter-eightwise switching in tantalum oxide are still under controversial de-
bate. With experimental evidence from various spectromicroscopic techniques and electrical
transport measurements, different models have been proposed to explain the resistive switch-
ing properties of tantalum oxide. In the following, the most commonly invoked models in
literature are introduced and evaluated based on the experimental results presented in this

chapter.
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Figure 7.10: Proposed switching mechanisms in tantalum oxide. The suggested processes that
lead to a filament formation are illustrated. a) Thermophoresis induced radial oxygen migration
based on ref. [138,139]. The false colour bar indicates the amount of oxygen vacancies (red: high
concentration, dark blue: low concentration). b) Cation accumulation due to thermophoresis as
proposed in ref. [38]. c) Percolation through metallic Ta clusters according to ref. [135]. d) Classic
VCM switching model based on electric field and Joule heating induced oxygen drift [254, 255].

Model 1: Thermophoresis induced radial oxygen migration. This model is based on
experimental observation from X-ray fluorescence, EELS and X-ray absorption spectroscopy
[131,139], where Ta-rich conductive filaments were observed surrounded by an oxygen rich
halo. Figure 7.10 a) schematically depicts the measured oxygen vacancy distribution. Impor-
tantly, the investigated devices were fabricated from a slightly reduced TasO5_, layer. Three
distinct regions could be identified, an oxygen poor region (red), a surrounding region with
increased oxygen concentration (dark blue) and the remaining device area with a medium oxy-
gen concentration (light blue). To describe this oxygen distribution and explain the switching
behaviour, a quasi-3D model was used to model the ionic flux during device operation through
a combination of Fick diffusion, thermophoresis (also called Soret diffusion) and ionic drift
[138]. In this model, oxygen anions diffuse along the temperature gradient from high tempera-
tures towards low temperatures, i.e. away from the conductive filament. This process is known
as thermophoresis. Opposing to the thermophoresis, Fick diffusion leads to the diffusion of
oxygen anions towards the filament along the concentration gradient. By using the filament
radius as state variable, the model is capable to describe the resistance change between LRS

and HRS through shrinking and expanding of the filament.

Importantly, in the here presented device, no lateral variation of the oxygen concentration
around the filament was observed in the O K-edge XAS measurements. The reason for this
might be related to the stoichiometry of the switching layer. While thermophoresis of oxygen
was observed in TaO,, layers with slight oxygen deficiency, here fully oxidized TazOs5 was used.
Furthermore, the authors reported that the lateral diffusion took place over a large number
of cycles (10°) [139]. This might indicate that the thermophoresis of oxygen is not related to
switching between LRS and HRS, but rather represents a concomitant process that could ex-

plain aging effects, device failure and cycle-to-cycle variability.

Model 2: Thermophoresis induced cation accumulation. This model is very similar to

the previously discussed model, however, here it is proposed that thermophoresis drives the
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Figure 7.11: Local Ta concentration of the switching filament. a) X-PEEM image of the filament
region localized in figure 7.5, acquired using Ta 4f core level electrons. The image was obtained by
averaging multiple images taken at binding energies from 23-31eV. Scale bar 2pm. Inset: False
color map of the magnified filament region. Scale bar 300nm. The white dashed circle indicates
the filament position. b) Line profile extracted from the white dashed line in (b). The black
dashed lines shows the filament position.

accumulation of Ta®" cations towards the filament (compare figure 7.10 b)). The model is
based of TEM results, which show an enrichment of Ta in a filamentary region as evidenced
by HAADF imaging and EDX mapping [38,39]. Notably, in this model the thermophore-
sis causes motion of Ta towards higher temperatures, which is opposite to the direction of
oxygen diffusion in modell. As a matter of fact, the direction of the thermophoresis flux
in TagOs cannot be predicted, as no model of heat transport exists so far [38]. Further-
more, it is noted that the investigated device architecture is comprised of a symmetrical
TiN/TaO./TiN stack with a comparably thick (50 and 120 nm respectively) switching layer.
Nevertheless, the devices feature qualitatively similar bipolar resistive switching characteris-

tics.

To test the cation accumulation model, the local Ta concentration inside and around a conduc-
tive filament needs to be analyzed. For this, an X-PEEM image of the filament was measured
using Ta 4f core level electrons. Single images were acquired over the complete binding energy
range of the Ta4f core level (23-31eV) and averaged (compare 7.11 a)). Accordingly, the
intensity of the image is a direct measure of the Ta concentration. If a filament is composed
of an increased amount of Ta, it should produce a higher signal compared to the surrounding
matrix. However, as evident from the false color image, no local intensity fluctuations above
the signal-to-noise ratio can be observed. The high intensity in the top part of the image (red
region) is caused by the absence of the graphene layer. Considering that Ma et al. found a
significant Ta enrichment of ~20% [38], it is unlikely that such a high Ta enrichment is not
visible in the intensity profile (figure 7.11 b)).

Given that model 2 does not agree with the experimental results it can not explain resis-

tive switching in Ta/TapOs/graphene samples. Furthermore, the diffusion of Ta is orders
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7 Photoemission electron microscopy of TayOs devices with graphene electrodes

of magnitude slower compared to oxygen diffusion [101]. Consequently, the involvement of
Ta as mobile species during device operation can be excluded for the here investigated de-

vice.

Model 3: Percolation through metallic Ta clusters. Electrical transport measurements
and structural analysis by TEM indicate that the conduction mechanism is determined by
percolation of electrons through metallic Ta clusters. Accordingly, a switching model was
proposed that predicts the presence of a metallic tantalum phase (see figure 7.10 ¢)) [135].
Based on the conductivity data, a filament size between 5 and 10 nm was estimated. Here it
is noted that the metallic filament model is only used to describe the LRS of the device. The
mechanism that drives the resistance change between LRS and the HRS remains unclear so

far.

A central aspect of this model is the conduction of electrons through a metallic filament, which
can be tested by determining the electronic structure of the filament. Surprisingly, it is very
difficult to differentiate if a filament is composed of a metal or an sub-oxide phase. The most
commonly employed techniques, e.g. TEM based HAADF or EDX, are useful to measure
local atomic concentrations but they are not sensitive to the cationic oxidation state. Other
spectromicroscopic techniques, such as EELS, could provide information about the electronic
structure, however, they are often limited by a low energy resolution and signal-to-noise ratio
[36].

Fortunately, X-PEEM is well suited to characterize switching filaments by XPS and XAS. As
presented in figure 7.6, it is possible to measure the Ta4f core level spectrum of a filament
with good energy resolution and adequate signal-to-noise ratio. From the XPS results, it
was deduced that the filament is composed of a sub-oxide with no metallic contribution. A
similar observation was made in devices after a hard electric breakdown. Again, no metal-
lic component was found in the filaments (compare chapter 4.4). Based on these experi-
mental results, it can be concluded that model 3 does not apply for the here investigated

devices.

Model 4: Electric field and Joule heating induced drift of oxygen. Figure 7.10 d)
depicts the electroforming or SET process in the classic VCM switching model. Upon appli-
cation of a negative bias to the top electrode, oxygen anions are repelled from the negatively
charged electrode and driven towards the oxidizable Ta electrode. Importantly, the drift of
oxygen anions is accelerated by high temperatures emerging during biasing due to Joule heat-
ing. A reaction between the oxygen anions from the TayOs layer with the metallic Ta bottom
electrode leads to the formation of a sub-oxide and an oxygen vacancy rich filament. Depend-
ing on the electric field direction, oxygen anions are redistributed within the switching layer.
If a positive bias is applied to the top electrode, oxygen anions are attracted and form an
insulating gap at the Schottky barrier, i.e. the device is RESET into the HRS. A detailed
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7.6 Discussion of the switching mechanism

description of the model is given in figure 2.7. Importantly, the model is based solely on a

vertical movement of oxygen.

While the model agrees qualitatively well to the experimental data, it is not possible to ver-
ify the mechanism unambiguously without additional spectroscopic information about the
filament in the HRS. Nevertheless, it is the only model that can account for all experimen-
tal observation, making it the most likely candidate to describe the switching process in
Ta205.
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8 Conclusions

The aim of this thesis was to study the microscopic processes in resistive switching transition
metal oxides using spectromicroscopy. In particular, transition electron microscopy and pho-
toemission electron microscopy were employed to characterize conductive filaments in SrTiO3
and TasOs. In the following, the most important results for both material systems will be

summarized and concluded.
SrTiO3 based devices

SrTiO3 devices with different cation stoichiometries, film thicknesses and defect structures
were fabricated and their resistive switching properties characterized. Thin films grown at
a high deposition temperature of 800°C exhibit an epitaxial crystal quality with a low de-
fect density. Memristive devices that were fabricated from epitaxial films show an eightwise
switching polarity, i.e. the device can be set into the low resistive state by applying a positive
voltage to the top electrode. By reducing the deposition temperature and increasing the film
thickness, the density of extended defects was increased. Interestingly, memristive devices
with defect-rich SrTiOs films feature a counter-eightwise switching polarity. This demon-
strates that SrTiOgz is a compelling model system that can be used to study a wide variety of

resistive switching effects.

Resistive switching phenomena of eightwise switching SrTiOs were investigated by electron
microscopy. It was shown that the electroforming process causes localized phase separations
in Sr-rich thin films. Based on PEEM and TEM analysis, the secondary phase was identi-
fied as a Sr-rich precipitate. Molecular static and molecular dynamic simulations clarified the
mechanistic details of the involved cation diffusion processes. Two important insights were ob-
tained. First, the phase separation is thermodynamically driven. Only the Sr excess that was
incorporated during growth segregates out of the thin film. Second, the activation energy of
Sr migration is greatly reduced along so-called Ruddlesden-Popper type antiphase boundaries.
These extended defects readily form during the Sr-rich film growth and serve as fast diffusion
path for Sr cations. Accordingly, phase separations occur predominantly at antiphase bound-
aries. It is expected that the results can be transferred to related A-site rich AUBVO3 and
AMBIMQO, perovskites that form Ruddlesden-Popper defects. These insights might pave the
way to improve device properties through defect engineering, either by avoiding or deliberately

inducing the growth of extended defects.
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The study of SrTiO3 was extended to counter-eightwise switching devices. By intentionally
growing SrTiOg3 at low deposition temperatures and with Sr-excess, films with large densities
of antiphase boundaries were obtained. Additionally, an island growth mode resulted in the
formation of less dense regions between adjacent islands. To investigate why these films show
an opposing switching polarity, in operando TEM was employed. It was observed that the
electroforming processes causes a local reduction of the SrTiO3 film. This was evidenced by
a characteristic change of the Ti L and O K-absorption edges that can be linked to a valence
change from Ti*t to Ti3*. Utilizing the fully capabilities of in operando TEM, multiple
O/Ti maps were recorded of a single specimen in different resistive states. In the pristine
and high resistive state a uniform oxygen distribution was observed, whereas the low resistive
state featured oxygen rich and depleted regions. Especially the accumulation and depletion
of oxygen in the vicinity of extended defects was visible. These results are a direct evidence
for an internal redistribution of oxygen within the switching layer and agree well with the
proposed valence change mechanism. Further, they highlight the importance of the thin film

defect structure as a preferential switching site.
Tay05 based devices

Prior to the investigation of memristive devices, a reference system for the quantification of
oxygen vacancies in TasOps was established. It was demonstrated that the oxygen content
in TaO, thin films can be controlled through careful adjustments of the reactive sputter
conditions. In situ XPS was employed to probe the electronic structure of TaO, over a wide
stoichiometry range. It was presented that the Tad4f core level is sensitive to the oxygen
stoichiometry and can be used to quantify the oxygen vacancy concentration. A peak model
was constructed that accurately describes the core level spectra of all tantalum suboxides.
Fitting of the core level gave access to the oxygen content and the oxidation state distribution
of the thin films. Furthermore, the impact of oxygen vacancies on the valence band was
studied. For oxygen deficient films, an additional peak at the Fermi level was observed. It
could be demonstrated that the intensity of this defect band is proportional to the oxygen
vacancy concentration. Based on resistivity measurements, a correlation between the electrical
conductivity and the oxygen vacancy concentration was established. These findings serve as an
important foundation that facilitate the identification and interpretation of switching induced
changes in TagOs5 devices. Beyond the case of TagOs, the employed methods can also be used

to characterize other binary transition metal oxides.

The resistive switching characteristics of TapOs devices with different oxide thicknesses and
top electrodes were analyzed. All devices exhibit a counter-eightwise switching polarity with
a linear LRS and a rectifying HRS current-voltage relationship. A trend was observed where
thicker TasOs films require higher electroforming voltages and have a lower memory win-

dow. Comparing Pt and graphene electrodes showed that graphene devices feature higher
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electroforming, set and reset voltages. The increased switching voltage was attributed to the
additional series resistance of the graphene electrode. The characteristic counter-eightwise
switching I-V curves of graphene devices proof that the switching mechanism is similar to
noble-metal devices. Importantly, this means that memristive devices with graphene electrodes

can serve as a model system to study resistive switching.

The device reliability under external influences was investigated. Measuring the I-V char-
acteristics of devices in ambient and under vacuum conditions revealed that the set process
requires significantly higher voltages in a vacuum environment. Further, the vacuum strongly
decreased reset yield and caused devices to be stuck in the LRS. The increased set voltage was
ascribed to the removal of water impurities from the switching oxide and the consequential
decrease of ionic conductivity. To explain the lowered RESET yield, it was suggested that
the vacuum set process at high voltages forms a larger and more oxygen deficient filament
that can not be RESET without an external oxygen source. The positive effect of oxygen
from the atmosphere was demonstrated by recovering that devices that were stuck in the LRS
by performing the reset in an oxygen atmosphere. These results imply that the reliability of
TasOs5 ReRAM devices could be improved by minimizing the detrimental effects of external

influences by engineering oxygen-reservoir or capping layers.

Synchrotron based PEEM on TagOs graphene devices was used to determine the composition
and electronic structure of the conductive filaments. Photoelectron spectroscopy revealed, that
they consist of an oxygen deficient suboxide phase. More precisely, the presence of Ta%T-Tal*
oxidation states were observed in the spectroscopic signature of filaments. Importantly, no
contribution of a metallic Ta® component could be detected. These insights are in good agree-
ment with the valence change mechanism in which oxygen vacancies act as mobile dopants.
The results contradict the proposed model of a metallic filament where the current percolates
through metallic grains instead of an oxygen deficient suboxide. The filament was found to
have an oxygen to tantalum ratio of ~ 2.1, which translates to an oxygen vacancy concentration
of 16 %. Furthermore, no evidence for the lateral diffusion of tantalum or oxygen was found.
This is important because some switching models, that are based on the thermophoresis effect,
predict a lateral ion migration during switching. Accordingly, the presented X-PEEM results
could clarify that the valence change mechanism is the only model that is consistent with all

experimental findings presented in this work.
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8 Conclusions

Overall, the results of this thesis present fundamentally new insights about resistive switching
in SrTiO3z and TasOs-based devices. Importantly, the role of extended defects for resistive
switching was clarified. This knowledge could be used to facilitate future device design through
systematic defect engineering. Spectroscopic information about conductive filaments in TasOs5
resolved the long debated question whether the conductive filament is composed of a metallic or
suboxide phase. By mapping the lateral distribution of oxygen and tantalum, it was concluded
that the switching process is caused by a vertical redistribution of oxygen vacancies instead of
a lateral migration of ions. The obtained quantitative information about the oxygen vacancy
concentration in filaments is essential for the physical understanding of the switching process

and for device simulations.
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Appendix: Fabrication details

PLD deposition parameters for SrTiO; thin films

The following table summarizes the deposition parameters for all SrTiOs thin films that
are presented in this thesis. For all depositions a target to substrate distance of 44 mm, a
repetition rate of 5Hz and a spot size of 2mm? was used. All thin films were grown on
annealed not terminated 0.5 wt-% Nb:SrTiO3 (CrysTec GmbH, Germany) single crystalline

substrates.

Table Al: PLD deposition parameter used during this thesis.

C . L fl Thick D iti T
StOIChIOInetryl Purpose aser fluence ickness eposition rate emperature

(J/cm?) (nm) (s/u.c.) (°C)
Srg.9sTiO298  stoichiometry series 1.01 20 11.6 800
Sry.13Ti0O3.13  stoichiometry series 0.67 20 48.3 800
Sry08TiO3,08  temperature series 0.67 80 38 550
Sri08Ti03,08  temperature series 0.67 80 39 600
Sr1.07TiO307  temperature series 0.67 80 36 650
Sr1,07Ti03,97  temperature series 0.67 80 36 700
Sry.12Ti0O312  temperature series 0.67 80 46 800
Sr111TiO3.11  thickness series 0.67 20 44.6 800
Sr1.17Ti03.17  thickness series 0.67 40 57.2 800
Sry18Ti0318  thickness series 0.67 60 63.5 800
Sry.17Ti03.17  thickness series 0.67 80 58.4 800

! The stoichiometry is estimated based on the deposition rate according to refs. [169,218].

Sputter deposition parameters

The following table summarizes the deposition parameters for all sputtered thin films that
are presented in this thesis. For deposition of stoichiometric oxides a target to substrate
distance of 1000 mm, for metallic films 10 mm and for sub-stoichiometric films a distance of
50 mm was used. These values correspond to the maximal, minimal and an intermediate (in

front of the sputter dome) distances that can be adjusted in the machine respectively. All
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depositions, except for the Pt deposition, were performed using a RF sputter process was

employed. For low oxygen partial pressure processes, a premix of 1% Oz in 99% Ar was

used.
Table A2: Sputter deposition parameter used during this thesis.

Material Purpose RF(\P;;;V e IZSES;: ﬂx/gsio Dzitli?; ¢
Tag0Os5 switching oxide 200 5.1072 3/2 100
Ta bottom electrode 30 1-1072 Ar 10
Pt top electrode 10 (DC) 1-1072 Ar 10
HfOq insulating layer 200 5.1072 3/2 100
TaOo 5 pressure series 65 5.3-1072 99/1 50
Ta01 .65 pressure series 65 5.2-1072 99/1 50
TaOq 45 pressure series 65 5.0-1072 99/1 50
TaOq 31 pressure series 65 4.5-1072 99/1 50
Ta0O1.17 pressure series 65 4.1072 99/1 50
TaOgp pressure series 65 2.1072 99/1 50
TaOq pressure series 65 91073 99/1 50
TaOs 5 power series 50 5.0-1072 99/1 50
TaO1 46 power series 67 5.0-1072 99/1 50
Ta01.98 power series 70 5.0-1072 99/1 50
TaOg.08 power series 90 5.0-1072 99/1 50
TaOg.79 power series 120 5.0-1072 99/1 50
TaOg.64 power series 150 5.0-1072 99/1 50
TaOg .43 power series 250 5.0-1072 99/1 50
TaO9.15 reactive gas series’ 100 5.0-1073 12/1 50
TaO1 .88 reactive gas series’ 100 5.0-1073 15/1 50

1 To achieve a stoichiometry in the range of 1.6 < z < 2.5, a high pump speed process was used.
For this, the films were sputtered with the main shutter open to the turbo molecular pump at
very low process pressures.

Fabrication details

In the following, flowcharts, common problems and solutions are listed for each sample type
presented in this thesis. It is noted, that individual parameters might have changed during
the course of this thesis. Here, the most commonly used processes that gave the best results

are described.
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Noble metal top electrodes for delamination: SiO,/Ta/Ta;0;/Au

This sample architecture can be used to fabricated single devices with different sizes, which can
be contacted directly using a microcontroller and a probe tip. Afterwards, the top electrode
can be delaminated as described elsewhere [148] and analyzed with the desired method (e.g.
PEEM, SNOM, XPS).

Process Flowchart

1. Clean Si/430 nm SiO4 substrate using ultrasonication in acetone followed by 2-propanol

for 5min. Blow-dry with Na.

2. Fabricate 30 nm Ta bottom electrode by sputter deposition, followed by deposition of a
4-20nm Tas 05 switching layer by reactive sputter deposition.

3. Expose the sample to ambient atmosphere and transfer to the clean room.

4. Deposit 80 nm Au top electrodes via electron beam evaporation (EBE) through a shadow

mask at room temperature.
5. After resistive switching of the devices deposit a homogeneous 80 nm Au layer via EBE.

6. Perform delamination as described in detail in ref. [148].

Additional notes

Chances to carry out a successful delamination is determined by the adhesion between oxide
and noble metal. The goal is to achieve sufficiently weak adhesion, which still allows to contact
the electrodes with soft probe needles without scratching the metal electrode. This is typically
accomplished by using gold as electrode material, due to its weak adhesion to oxides. The
drawback of using gold is, that the switching and retention properties are considerably worse
compared to Pt electrodes. Retention of just a few seconds and irreversible break downs are

commonly observed.

To further minimize the adhesion, the evaporation process should be performed at low tem-
peratures. For this, the EBE machine in the cleanroom of the PGI 7 is suitable, as only
a low temperature increase during the deposition is observed. It is suspected that the big
target to substrate distance is beneficial to prevent passive heating during the evaporation
process. Trying to deposit the gold layers in the EBE of the electronic oxide cluster (PGI 7)
always resulted in a failed delamination. This is likely caused by a strong temperature increase

(= 170°C) during deposition.
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Noble metal top electrodes for delamination: Nb:SrTiO;3/SrTiO;/noble metal

Process Flowchart

1. Anneal Nb:SrTiOg substrate at 950°C for four hours under ambient atmosphere and

verify that the surface has a step terrace structure via AFM.
2. Fabricate SrTiOgz thin film by PLD.
3. Deposit 80nm Au or Pt top electrodes via EBE through a shadow mask.

4. After resistive switching of the devices deposit a homogeneous 80 nm Au or Pt layer via
EBE.

5. Perform delamination as discussed in detail in ref. [148].

Additional notes

Besides Au, also Pt can be used for delamination. However, the success rate for delamina-
tion with Pt is significantly decreased compared to Au. While Au typically yields =~80 %

delaminated electrodes, with Pt only ~ 30 % are achieved.

Devices with metal contact leads: Nb:SrTiO;/SrTiO;/Pt

Metal leads allow to contact devices using manual wire bonding. Additionally, the contact
resistance between the probe tip and the metal lead is negligible and thus, the electrical char-
acterization is far more reliable compared to directly placing the probe tip onto the electrode.
This sample architecture is preferred if devices need to be operated inside a machine, where
no microcontroller can be used to address the device directly or if the probe tip damages the
electrodes (e.g. the Mark-IT setup).

To fabricate the samples, three lithography steps are necessary. First, the top electrodes are
lithographically structured using electron beam evaporation and dry etching. In a next step,
the sample is completely covered by an insulating layer except for the electrodes. In a final step,

the metal leads are deposited and structured using a lift-off process.

140



Process Flowchart 1: Structuring of top electrodes

1. Anneal Nb:SrTiOg3 substrate at 950°C for four hours under ambient atmosphere and

verify that the surface has a step terrace structure via AFM.
2. Fabricate SrTiOg3 thin film by PLD.

3. Remove mechanically most of the silver paste from the backside of the sample using a

scalpel.
4. Deposit a homogeneous top electrode layer, e.g. 10 nm Pt, onto the sample.
5. Dehydrate the sample by heating it to 180°C for 5min.

6. Coat the sample with AZ5214 photo resist. Softbake the sample at 90°C for 5min and

let the sample cool down to room temperature.

7. Expose the sample to UV light through a photomask for 25s (optimal exposure time
may vary depending on the light intensity).

8. Etch the exposed top electrode layer by ion beam etching (IBE).

9. Remove the remaining photo resist by soaking the sample in dimethyl sulfoxide (DMSO)
for 120 min at 80°C and subsequently wash with acetone and 2-propanol. If the photore-
sist is not completely dissolved, the resist can be mechanically removed by swabbing with
a clean room swaps in 2-propanol. Additionally, the sample can be cleaned with ultra-
sonication. However, this can lead to contamination of the surface with silver particles

from the backside.

Process Flowchart 2: Deposition of an insulating layer

1. Dehydrate the sample by heating it to 180°C for 5 min.

2. Coat the sample with AZ5214 photo resist. Softbake the sample at 90°C for 5min and

let the sample cool down to room temperature.

3. Align the sample in the mask aligner in such a way that the parts top electrode area
is concealed. Expose the sample to UV light through a photomask for 25s (optimal

exposure time may vary depending on the light intensity).
4. Develop the exposed photoresist using MIF 326 developer for approximately 50 s.

5. Deposit an approximately 100 nm thick insulating layer, e.g. TagOs or HfO9, via reactive

sputtering.
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6. Lift-off the remaining photo resist together with the overlaying insulating layer by soak-
ing the sample in dimethyl sulfoxide (DMSO) for 120 min at 80°C and subsequently wash
with acetone and 2-propanol. Depending on adhesion between sample and insulating
layer, mechanical cleaning or ultrasonication can be used (compare step 10 in process
flowchart 1).

Process Flowchart 3: Forming of the contact leads

1. Dehydrate the sample by heating it to 180°C for 5min

2. Coat the sample with AZnLof2020 photo resist. Softbake the sample at 90°C for 5 min

and let the sample cool down to room temperature.

3. Align the sample in the mask aligner in such a way that the parts of inner top electrode
area is concealed. Expose the sample to UV light through a photomask for 10s (optimal

exposure time may vary depending on the light intensity).
4. Hard bake the resist at 110°C for 60s.
5. Develop the exposed photoresist using MIF 726 developer for approximately 60s.

6. Deposit 10nm Pt followed by 100nm Au by EBE. The Pt film serves as adhesion layer

and the additional Au film increases the scratch resistance.

7. Lift-off the remaining photo resist together with the overlaying metal layers by soaking
the sample in TechniStrip Ni555 for 120 min at 80 °C and subsequently wash with acetone

and 2-propanol.

Additional notes

In some cases photoresist can be difficult to remove if it was exposed to thermal stress or UV
light (e.g. during EBE evaporation). To prevent hardening and cross-linking of the resist, it is
recommended to avoid temperatures above 100°C. Thus, the EBE machine from the electronic

oxide cluster should not be used with photoresist covered samples.

If the photoresist can not be removed by vigorous swabbing with clean room swabs or by
ultrasonication it is typically not possible to remove the remaining photoresist by other meth-
ods.
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Devices with metal contact leads: Ta/Ta;0;/noble metal crossbar device

This sample type can be used to study the effect of different atmospheres on memristive
devices. The special feature of this stack arrangement is that the Schottky electrode is in
contact with the atmosphere. This is opposite to the conventional stacking order, where the
Pt is structured directly onto the substrate and then covered by the switching layer and the

ohmic electrode.

Process Flowchart 1: Structuring of bottom electrode

1. Clean Si/430 nm SiO9 substrate using ultrasonication in acetone followed by 2-propanol

for 5min. Blow-dry with Ns.
2. Fabricate 30 nm Ta bottom electrode by sputter deposition.
3. Expose the sample to ambient atmosphere and transfer to the clean room.

4. Coat the sample with AZ5214 photo resist. Softbake the sample at 90°C for 5 min and

let the sample cool down to room temperature.

5. Expose the sample to UV light through a photomask for 25s (optimal exposure time
may vary depending on the light intensity).

6. Develop the exposed photoresist using MIF 326 developer for approximately 50s.
7. Etch the exposed parts of the 30 nm Ta bottom electrode by ion beam etching (IBE).

8. Remove the remaining photo resist by soaking the sample in dimethyl sulfoxide (DMSO)

for 120 min at 80°C and subsequently wash with acetone and 2-propanol.

Process Flowchart 2: Structuring of the switching layer and top electrode

1. Deposition a 4-20 nm TapOs switching layer by reactive sputter deposition.
2. Expose the sample to ambient atmosphere and transfer to the clean room.
3. Deposit a homogeneous top electrode layer, e.g. 30 nm Pt, onto the sample.

4. Coat the sample with AZ5214 photo resist. Softbake the sample at 90°C for 5 min and

let the sample cool down to room temperature.

5. Expose the sample to UV light through a photomask for 25s (optimal exposure time
may vary depending on the light intensity).
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6. Develop the exposed photoresist using MIF 326 developer for approximately 50s.

7. Etch the exposed parts of the top electrode and TayOjs switching layer by ion beam
etching (IBE).

8. Remove the remaining photo resist by soaking the sample in dimethyl sulfoxide (DMSO)

for 120 min at 80°C and subsequently wash with acetone and 2-propanol.

Additional notes

The Ta bottom electrode forms a thin (~2-3nm) native oxide layer if exposed to ambient
atmosphere. This native oxide makes contacting the crossbar structure with needles problem-
atic, due to is high resistance. The native oxide layer can be locally removed by placing both
probe tips on the Ta bottom electrode and applying a high bias between the probes. This
leads to a hard breakdown of the native oxide and the device can be switched as usual until

the probe is removed.

Devices with metal contact leads: Ta/Ta;0O;/graphene crossbar device

Graphene crossbar devices are perfectly suited to perform spectromicroscopy on functional
memristors, by imaging through the transparent graphene electrode. This architecture was
successfully employed in X-PEEM and scanning near field optical microscopy (SNOM) mea-

surement setups.

The biggest challenge in fabricating graphene crossbar structures is to achieve a flat sur-
face without edges or steps in a margin of just a few nanometers. Therefore, the bottom
electrode and the switching oxide are buried into the substrate as described in figure 3.4.
This requires precise determination of etching and deposition rates and a detailed process

control.

Process Flowchart 1: Planarization and structuring of bottom electrode
1. Clean Si/100 nm SigN, substrate using ultrasonication in acetone followed by 2-propanol
for 5min. Blow-dry with Naj.

2. Coat the sample with AZ5214 photo resist. Softbake the sample at 90°C for 5min and

let the sample cool down to room temperature.

3. Expose the sample to UV light through a photomask for 25s (optimal exposure time
may vary depending on the light intensity).
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Develop the exposed photoresist using MIG 326 developer for approximately 50s.

Etch 40 nm of deep trenches into the exposed parts of the SigNy switching layer by CFy
reactive ion beam etching (RIBE).

Fabricate 30nm Ta bottom electrode by sputtering followed by deposition of 10nm
Tag O switching layer by reactive sputter deposition. Thicknesses of the individual layers
can be adjusted. It is important that the total thickness of deposited films corresponds
to the trench depth.

Lift-off remaining photo resist together with the overlying Ta and TayOj layers by soak-
ing the sample in dimethyl sulfoxide (DMSO) for 120 min at 80°C and subsequently

wash with acetone and 2-propanol.

Process Flowchart 2: Deposition and structuring of the graphene electrode

Deposit single layer graphene (Graphenea, Spain) as described in detail in ref. [256].

Coat the sample with AZ5214 photo resist. Softbake the sample at 90°C for 5 min and

let the sample cool down to room temperature.
Develop the exposed photoresist using MIF 326 developer for approximately 50 s.

Etch the exposed graphene layer using oxygen plasma (clean room PGI 7) with 150 W
for 30s. Oxygen plasma is harmful to the photo resist and prolonged etching or high
power processes can cross-link the resist. Etching parameters might therefore be further

optimized.

Remove the remaining photo resist by soaking the sample in TechniStrip Nib55 for

120 min at 80°C and subsequently wash with acetone and 2-propanol.

Process Flowchart 3: Forming of the contact leads

Dehydrate the sample by heating it to 180°C for 5 min

Coat the sample with AZnLof2020 photo resist. Softbake the sample at 90°C for 5min

and let the sample cool down to room temperature.

Align the sample in the mask aligner in such a way that the parts of inner top electrode
area is concealed. Expose the sample to UV light through a photomask for 10s (optimal

exposure time may vary depending on the light intensity).

Hard bake the resist at 110°C for 60s.
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Figure A1l: Process control of RIBE etching and subsequent filling of the trenches. a) Line scan
of an etched device obtained from the AFM morphology image in b). The etching profile showing
almost perfect vertical trenches. The aimed depth was 30nm and the measured etching depth
is with 33 nm slightly higher. These profiles could be obtained very reproducibly with only little
deviation between different batches. c) Three typical line scans of samples after filling of the
trench showing d) over-, e) correct- and f) under-filling.

5. Develop the exposed photoresist using MIF 726 developer for approximately 60s.

6. Deposit 10nm Pt followed by 100nm Au by EBE. The Pt film serves as adhesion layer

and the additional Au film increases the scratch resistance.

7. Lift-off the remaining photo resist together with the overlaying metal layers by soaking
the sample in TechniStrip Ni555 for 120 min at 80 °C and subsequently wash with acetone
and 2-propanol.

Additional notes: Planarization

Figure Al shows a exemplary AFM process control of etching and filling of trenches. It
was found that SigNy etching using CF4 gives highly reproducible results. Importantly, no
hardening of the resist was observed after this process step. Figure Al c) shows typical
line scans of trenches after the filling process. Under and over filling are common problems
if the deposition rate of the sputter process is not stable. Even for the same process pa-
rameters, the deposition rate was found to vary between processes, making a precise filling
challenging. Nevertheless, the filling process was accurate enough to achieve a sufficiently
planar surface. A margin of +5nm was found to be tolerable for a graphene transfer without

tearing.
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Another hurdle to overcome is the removal of so-called fence structures that occur along
lithographically defined edges. Fence structures were found to form after the filling pro-
cess and were not related to the etching process. Thus, the origin of the fences can be
traced back to the sputtering process and can be explained by one of the following scenar-

ios

e Sputtered material deposits not only in the trench, but also onto the substrate at the
edge region, which is not completely covered by photoresist due to the undercut structure
of the resist flank. In this case the fence height should be approximately equal or smaller
than the deposited film thickness f < d (compare Figure A3 a)).

e Jons with high kinetic energy that are created in the sputter process bombard the resist
flank and cross-link the photoresist, making it insoluble in organic solvents. This effect
should apply to the complete photoresist flank and thus the fence height can be much
greater than the film thickness f > d (compare Figure A3 b)).

As the fence height typically is in the range of the deposited film thickness, scenario 1 seems
more likely. In order to prevent cracking of graphene along the device edges, fences were
removed using a series of mechanical polishing procedures. In a first step, the sample was
placed in a beaker with 2-propanol and the surface was swabbed using a polyester clean room
swab ( Cleansebay’s CB-PS714N, Rectangular Swab) using moderated to high pressure followed
by blow-drying with Nao. This process should be performed for at least 5mins. During this
time the swabbing direction should be changed, ensuring a homogeneous polishing. After this,
the sample is checked via AFM if the fences have been removed. If the fences remain, a second
polishing step is performed by soaking a polyester cleanroom wipe in 2-propanol and placing it
on a flat surface. With the sample surface facing the wipe, the sample is repeatedly moved over
the wipe along the fiber direction under high pressure. Again, the sample should be turned

during this process to obtain a more homogeneous result.

While the mechanical polishing gets rid of most fence structures, it also seems to effect
the surface of the deposited film by removing a few nanometers of material. This should
be kept in mind as it also will effect the switching characteristics due to the thinner oxide

layer.

Additional notes: Contacting graphene electrodes

Contacting graphene electrodes is easiest achieved by metal evaporation. For good contact,
a sufficiently large overlap between metal lead and the graphene electrode is recommended
(2-3um). Figure A4 a) shows the I-V curve of an graphene top electrode measured across
the electrode for Ti/Au and Pt/Au metal contacts. From the I-V curve it is visible that both
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Figure A2: Mechanical removal of fence structures using clean room swaps and tissues. The effect
of fence removal is depicted for three exemplary devices. a) AFM morphology scan of a filled
trench after the lift-off process and b) after mechanical treatment of the sample. c) Line scans

before and after treatment.

metals form an ohmic contact to the graphene. Comparing both metals, Ti and Pt, shows
that Pt gives a much more reliable contact and has on average a lower resistance (see figure
A4b)). The reason for the large variability for the Ti/Au contact can be seen in figure A4 c).
During the lift-off process to produce the contact leads, the evaporated contacts delaminated
from the graphene surface, i.e. Ti has a weak adhesion to graphene and peels off. Therefore,
it is advised to use a combination of 10nm Pt followed by 50 nm of Au to contact graphene

electrodes, where Pt provides good contact and adhesion and Au provides mechanical support

of the contact.

Additional notes: Graphene electrode defects

Transferring graphene layers using a PMMA assisted wet transfer, induces a corrugation of the

graphene layer. This can result in the formation of wrinkles, folds and crumbles [257]. Besides

148

8.1nm
7.0
6.0
5.0
4.0
3.0
20

[712.1nm
10,0
8.0
6.0

4.0

0.6

3.63 nm

73.00
250
[ 2.00
[ 1.50
["1.00

g
~

Height [nm]

Height [nm]

Height [nm]

[— after swabbing
|— before swabbing|

Distance x [um]

[— after swabbing
|— before swabbing|

0 15 2
Distance x [ym]

[— after swabbing
|— before swabbing|

Distance x [um]



cross-linked
photoresisit

cross-linked

photoresisit
f>d

Figure A3: Two possible scenarios for the formation of fences during the trench filling. a) Sputtered
material deposits on the undercut of the photoresist. b) Energetic ions cross-link the photoresist
polymer, which can not be removed in a lift-off process.

the transfer related defects, also mechanical stress can result in defective graphene. Fig-
ure A5 shows typical graphene defects that were observed during device preparation. While
wrinkles were observed in almost any sample and device, defects such as folds, holes and
crumbles of graphene were less common. Most defects associated with mechanical stress are
presumably connected to a weak substrate-graphene adhesion or to fence structures (com-
pare A3). It is likely, that these defects influence the electrical properties of the graphene
electrodes, which explains the rather large spread of graphene series resistances observed
in figure A4. Nevertheless, the defects have only a minor influence on the device opera-

tion.
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Figure A4: Contacting of graphene electrodes using evaporated metal leads. a) I-V curve of a
graphene electrode contacted with leads of Pt/Au (blue) and (Ti/Au). b) Resistance across the
graphene electrode for Pt/Au and Ti/Au metal contacts averaged over 20 devices. ¢) SEM image
of a graphene device after evaporation of Ti/Au and the subsequent Lift-off process. The structure
in the middle of the device is a Pt layer deposited for TEM lamella preparation.
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Figure A5: Typical graphene electrode defects investigated by SEM. a) 20x 10 um graphene cross-
bar device. White arrows point to wrinkles in the graphene layer. b) 5x10pm graphene crossbar
device. The top arrow points to a contamination that was present on the Ta205 layer prior to
the graphene deposition. The bottom arrow points to graphene cracks at the crosspoint border,
likely caused by fence structures. c) Large part of the graphene electrode folded back onto itself.
d) Rolling up (crumbling) of the graphene electrode (white arrow).
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List of Abbreviations

ABF Annular bright field

AFM Atomic force microscopy

C-AFM Conductive atomic force microscopy

DF Dark field

EBE Electron beam evaporation

EDX Energy dispersive X-ray spectroscopy

EELS Electron energy loss spectroscopy

FWHM Full width at half maximum

HAADF High-angle annular dark field

HAXPES Hard X-ray photoelectron spectroscopy
HDD Hard disk drive

HRS High resistive state

IMFP Inelastic mean free path

LRS Low resistive state

MIM Metal insulator metal

PEEM Photoemission electron microscopy

PES Photoelectron emission spectroscopy

PMMA Poly(methyl methacrylat)

ReRAM Redox-based resistive switching random access memory
RHEED Reflection high-energy electron diffraction

RIBE Reactive ion beam etching
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ROl Region of interest

RP APB Ruddlesden-Popper type antiphase boundary
SEM Scanning electron microscopy

SP Secondary phase

STEM Scanning transmission electron microscopy
TEM Transmission electron microscopy

u.c. unit cell

UHV Ultra-high vacuum

UPS Ultraviolet photoelectron spectroscopy

XAS X-ray absorption spectroscopy

XPS X-ray photoelectron spectroscopy

XRR X-ray reflectivity
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