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Abstract

Transition metal oxides constitute one of the most interesting material classes due to
their wide variety of interesting and unusual properties. Often these properties are
closely related to their defect structure. Within the transition metal oxide community
SrTi0Oz is often referred to as a model material due to its well known defect chem-
istry. Therefore, in this work the possibilities of defect engineering are considered for
this model material and the resulting properties are utilized for a highly interesting
application: Resistive switching of SrTiO3 in a metal insulator metal structure, a
field of research where defects are key for the basic operation principle. The interest
in transition metal oxides has been accompanied by an increased use of pulsed laser
deposition, since it is a powerful and versatile method to achieve epitaxial complex
metal oxide thin films.

Usually pulsed laser deposition is performed in ultra-high vacuum systems with the
substrate being heated. Often oxygen is applied for the process as a method to
compensate possible oxygen loss. The pressure applied in this manner is referred
to as oxygen pressure, not considering the influence of residual gases. This thesis
presents evidence that this pressure in reality does not correspond to the oxygen
partial pressure. The ionization based measurement devices applied to the vacuum
chamber can shift the equilibrium of the residual gases, which, for low pressure,
cannot be neglected. The result is a markedly lower oxygen partial pressures than the
applied oxygen pressure suggests, resulting in an increased oxygen vacancy formation.
Within this thesis further a method to inhibit the formation of oxygen vacancies in
the considered temperature and pressure regimes is presented. It is found that the
formation of oxygen vacancies in SrTi0O3 is dependent on its termination. As the
termination of Sr'TiO3z can easily be controlled, this constitutes a practical possibility
to engineer the oxygen vacancy formation.

Pulsed laser deposition itself is a non-equilibrinm growth technique, thus deviations
from the equilibrinm defect concentration and types are expected. An influence on
this non-equilibrinm process that was up to now not considered is the radiation re-
sulting from the plasma plume. In this work it is shown that the plasma plume
present during SrTiO3z depositions emits UV-radiation, which in turn enhances the
oxygen vacancy formation. Besides this, a the possibility to control the cation stoi-
chiometry of the film by a change of the laser fluence is investigated. This method



is employed to modify the Sr/Ti-ratio and a Sr-surplus is identified to be highly
advantageous for the switching performance of SrTi0O3z devices. Two main accom-
modation mechanisms for Sr-excess are identified, namely Ruddlesden-Popper-type
anti phase boundaries and SrO surface segregation. This work presents methods to
engineer both defect scenarios in nominally stoichiometric thin films. Ruddlesden-
Popper-type anti phase boundaries can be achieved by the stabilization of additional
SrQ) on the substrate surface, which acts as a seed for their formation. SrO sur-
face segregation can be achieved by depositing additional SrO on top of the thin
film.

These defect engineered thin films are subsequently investigated with respect to their
switching properties. It is found that Ruddlesden-Popper-type anti phase boundaries
in SrTi0O3 result in forming free switching, a highly desirable property for resistive
switching devices. Additional SrO on top of the film is shown to form SrCO 3, which
in turn is a main influence factor on all resistive switching properties. Its heat
confinement is shown to determine the memory window and the variability; its high
diffusion barrier for oxygen is shown to determine the memory’s time stability and
the forming step.

Summarizing, this works elucidates the sources of defect formation for the model
material SrTi03z, shows methods to control the formation of these defects and explains
their role for the properties of the material. The presented results in principle apply
to other resistive switching oxides in the same fashion and provide a guideline on how
to improve the device performance by defect engineering,.
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Kurzfassung

Auf Grund ihrer ungewdhnlichen und interessanten Eigenschaften, die oftmals in eng-
em Zusammenhang mit ihrer Defektstruktur stehen, ist die Erforschung von Uber-
gangsmetalloxiden von hichstem Interesse. Innerhalb der Ubergangsmetalloxide gilt
SrTiOz gemeinhin als Modellmaterial, da es den Vorteil einer wohlbekannten Defekt-
chemie besitzt. Daher wird im Zuge dieser Arbeit das Makschneidern von Defekten
anhand dieses Materials untersucht und angewendet. Eine geeignete Anwendung fiir
diese Untersuchungen findet sich im resistiven Schalten von SrTiOj; ein Prozess
der makgeblich abhingig von der Defektstruktur der Diinnschicht ist. Das wis-
senschaftliche Interesse an Ubergangsmetalloxiden geht einher mit einer gesteigerten
Beachtung der gepulsten Laserdeposition, da diese Methode die Abscheidung kom-
plexer epitaktischer oxider Diinnschichten erméglicht.

Gepulste Laserdeposition findet in der Regel in Ultrahochvakuumsystemen statt.
Hierbei wird das Substrat geheizt und oftmals Sauerstoff eingelassen, um einen et-
waigen Verlust auszugleichen. Der so eingestellte Druck wird gemeinhin als Sauner-
stoffdruck bezeichnet, ohne dabei jedoch den Einfluss der Restgase zu beriicksichti-
gen. Im Verlaufe dieser Arbeit stellt sich jedoch heraus, dass es sich hierbei nicht
um den realen Sauerstoffpartialdruck handelt. Messgerite, die an der Kammer
angeschlossen sind und auf lonisationsprozessen bernhen, kénnen vielmehr das
Gleichgewicht der bei niedrigen Driicken nicht vernachlissigbaren Restgase beein-
flussen. Auf diese Weise wird der effektive Sauerstoffpartialdruck vermindert, was
letztendlich zu einem vermehrten Einbau von Saunerstoffleerstellen fithrt. Dariiber
hinaus wird in dieser Arbeit eine Maglichkeit priisentiert den Einbau von Sauerstoff-
leerstellen in den betrachteten Druck- und Temperaturbereichen zu unterdriicken.
Das Ergebnis, dass der Einbau von Saunerstoffleerstellen in SrTiO3; terminiernngsab-
hingig ist, ermébglicht ein Makschneidern des Sauerstoffleerstelleneinbans, da die Ter-
minierung prizise einstellbar ist.

Da es sich bei der gepulsten Laserdeposition um eine Wachstumsmethode handelt,
die nicht im thermodynamischen Gleichgewicht stattfindet, erwartet man grundsit-
zlich, dass die Defektdichte und -typen vom Gleichgewicht abweichen. Ein Ein-
fluss auf dieses Ungleichgewicht, der bis dato keine Beachtung gefunden hat, ist die
Strahlung des Plasmaplumes. In dieser Arbeit wird gezeigt, dass das Abscheiden
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von SrTi0z UV-Strahlung mit sich bringt, die wiedernm den Einbau von Sauer-
stoffleerstellen beschleunigt. Des Weiteren wird die Méglichkeit der Kationensto-
chiometrieeinstellung anhand der Energiedichte des Lasers geniitzt, um das Sr/Ti-
Verhiltnis einzustellen. Es stellt sich heraus, dass Schichten mit einem Sr-Uberschuss
hervorragende Schalt-eigenschaften anfweisen und dass dieser Sr-Uberschuss haupt-
sdchlich durch zwei Mechanismen ausgeglichen wird: das Bilden von Ruddlesden-
Popper-artigen Antiphasengrenzen und die Segregation von SrO an die Oberfliche.
In dieser Arbeit werden Mdglichkeiten prisentiert, um beide Defekte in nominell st-
chiometrischen Schichten nachznahmen. Ruddlesden-Popper-artige Antiphasengren-
zen konnen mit Hilfe der Abscheidung sowie Stabilisierung von SrO an der Substra-
toberfliche eingebracht werden. Die Segregation von SrO kann durch das Abscheiden
zusiitzlichen SrOs auf der Diinnschichtoberfliche nachgeahmt werden.

Schichten mit auf diese Weise eingebrachten Defekten wurden anschliekend beziiglich
ihrer Schalteigenschaften untersucht. Es stellt sich heraus, dass Ruddlesden-Popper-
artige Antiphasengrenzen zu formierfreiem Schalten fithren, eine Eigenschaft, die als
dukerst erstrebenswert fiir resistives Schalten gilt. Weiterhin wird gezeigt, dass SrO
auf der Filmoberfliche zu SrCOj reagiert, welches wiederum einen Haupteinflussfak-
tor auf die Schalteigenschaften darstellt. Seine Eigenschaft als schlechter Wirmeleiter
legen das Speicherfenster sowie die Variabilitiit fest, aukerdem fiihrt seine hohe Sauner-
stoffdiffusionsbarriere zu einer besseren Langzeitstabilitit und einem ausgeprigtem
Formierschritt.

Insgesamt klirt diese Arbeit den Ursprung von Defekten im Modellmaterial SrTiO 3
auf, zeigt Moglichkeiten auf, diese Defekte zu kontrollieren und erkldrt den Einfluss
dieser Defekte auf die Eigenschaften des Materials. Grundsitzlich lassen sich die hier
prisentierten Ergebnisse auf andere resistiv schaltende Oxide {ibertragen und stellen
daher einen vielversprechenden Weg zur Verbesserung der Schalteigenschaften mittels
Defektmakschneiderns dar.
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1 Introduction

Over the last decade the field of transition metal oxides has received extensive atten-
tion from research. This is due to their manifold interesting and unusual properties,
which are connected to their outer d-electrons. This especially results in noteworthy
electronic and magnetic properties. Their electronic properties reach from metallic
conducting e.g. LaNiOjz to highly insulating e.g. LaAlOjz. Their magnetic proper-
ties reach from ferromagnetic e.g. LaggsSrosMnOj3 to antiferromagnetic e.g. LaCrOj.
Other related interesting properties include the formation of a two dimensional elec-
tron gas in heterostructures, e.g. at the LaAlOg/SrTiOj3 interface, superconductivity,
e.g. LaCuQg, or ferroelasticity, e.g. Gda(MoOy)s.|1] The increased interest in transi-
tion metal oxides has been accompanied by an increased use of pulsed laser deposition
(PLD), since PLD is a powerful and versatile method to achieve epitaxial complex

metal oxide thin films.|2-4]

The properties of these oxide thin films are highly dependent on their defect struc-
ture. Examples are the oxygen vacancy induced conduction|5-8| and the suppression
of donor doping by cation vacancies|9-16]. In order to achieve high quality epi-
taxially oxide thin films one usually uses single crystal substrates with a similar
crystal structure. The defects of the substrate can equally influence the properties
of the resulting material system. These defects can e.g. be induced during anneal-
ing or growth. PLD, in particular since it is a non-equilibrium process, generally
results in material systems with defect densities strongly differing from the expected
equilibrium. [17] The conductivity of the system can for example be dominated by the
substrate, if a significant amount of oxygen vacancies is generated during growth. [18
20|

SrTiOz is considered as a model material for perovskite transition metal oxides

as it offers the advantage of a well known chemical equilibrium defect chemistry
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and is frequently used as a substrate. Nevertheless, prior to this work a contra-
diction existed in literature with regard to the oxygen pressure necessary to re-
duce SrTi0O3z. While chemical equilibrium experiments suggested an oxygen pres-
sure of po, < 1077 mbar,[5, 6, 8, 21] physical annealing experiments suggested
an oxygen pressure of po, < 1077 mbar.|22-24] In this work the source of this
marked ten orders of magnitude difference in reported po, will, besides other in-
fluences on the formation of oxygen vacancies during growth and annealing, be un-

revealed.

The parasitic influence of oxygen vacancies in SrTiO 3 will be considered more closely
for LaAlOQ3/SrTiOz heterostructures. Since its discovery by Ohtomo ef al.|25] the
two dimensional electron gas (2DEG) at the interface between the two otherwise
insulating materials LaAlO3 and SrTiOz has drawn a lot of attention. Due to the
outstanding properties of the 2DEG, e.g. a controllable electron density, its possible
applications include, but are not limited to an all-oxide field effect transistor.|26

33| In the scope of this work the interest in LaAlO3z/SrTiO3 is based on its sen-
sitivity to oxygen vacancies. Two different conduction mechanisms can be distin-
guished for LaAlOgz/SrTiO3 based on the drastically different resulting carrier den-
sities, bulk conductivity and interface conductivity. While interface conductivity is
based on the evasion of a polar catastrophe|34|, bulk conductivity is only observed,
if significant oxygen vacancies are present in the SrTiQOj substrate|35]. This makes
LaAlO3/SrTiO3 an outstanding candidate to identify and understand the role of

OxXygen vacancies.

One of the most exciting field where defects are even crucial for the underlying work-
ing principle is the field of resistive switching. The interest in resistive switching is
a result of the ever continuing search for faster, smaller and more energy efficient
non-volatile memory devices. It has shifted into the focus of industry and research
as it additionally allows multi-bit operation, logic-in-memory applications, and neu-
romorphic computing architectures.[36-41| It has been shown for a wide range of
resistive switching materials that the defects present in the insulating thin film play
a crucial role for the resulting switching behavior.|42-47] However the commonly used
binary oxides in a polycrystalline or amorphous form make it impossible to under-
stand the details of the impacts of defects on the device performance. Using epitaxial

SrTi05; metal-insulator-metal (MIM) structures in this work it will be shown that it



is possible to single out defect types and consequently link them to specific switch-
ing properties. Previous results of this group have shown that epitaxial SrTiO3
MIMs are highly sensitive to deviations from the perfect cation stoichiometry.|48]
A focus of this work will be to identify the defects resulting from a deviation from
the perfect cation stoichiometry and to investigate their influences on the switching

properties.

Chapter 2 will describe the background of this work in more detail and in chapter 3

the experimental details will be presented.

In chapter 4 different influences on the defect structure of SrTiO 3 will be investigated.
First influences on the formation of oxygen vacancies will be considered. Besides the
known equilibrium influences like pressure and temperature,|5-7| additional influ-
ences during mere thermal annealing are revealed, such as the role of contaminations
and measurement devices. Furthermore influences during PLD are considered, in
particular the influence of the UV-radiation of the plasma plume. While both of
these influences are based on the process, finally an influence on the oxygen vacancy
formation based on the substrate is presented, namely it is demonstrated that ter-
mination control allows for a tailoring of the formation of oxygen vacancies. The
role of oxygen vacancy formation in SrTiOz will be demonstrated by the use of
LaAlO3/SrTiO3 heterostructures.

In the second part of chapter 4 the possibility of influencing the cation stoichiom-
etry of SrTiO3z thin films during PLD by a change of the laser fluence will be
elaborated. By changing the cation stoichiometry one does also change the defect
type and concentration of the resulting SrTiOz thin film. Considering the follow-
ing chapters a main emphasis will be on the defects resulting from an accommoda-
tion of Sr-excess, i.e. SrO islands and Ruddlesden-Popper type anti phase bound-

aries,

Chapter 5 will provide insights on the role of these defects for resistive switch-
ing of SrTiO; MIMs. This calls for the development of a method to engineer
said defects, which is also presented in this chapter. Being able to engineer both,
Ruddlesden-Popper type anti phase boundaries and SrO islands, allows us to dis-

tinguish their influences on the switching properties of SrTiOz devices, eventu-
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ally allowing to derive design rules for devices based on the impact of specific de-

fects.

As chapter 5 will prove a marked influence of SrO at the SrTiOg/Pt interface for
resistive switching, chapter 6 will intensify the investigations of this interface. The
supposed SrO islands are identified to in fact form SrCO3. In this context carbon will
be presented as a central influence parameter. Different scenarios for the influence
of carbon will be considered and its role as a lateral heat confinement layer will
be identified as most probable. Based on this new gained knowledge a possibility
to utilize the central role of carbon, namely introducing a carbon pattern, will be

investigated.

Finally chapter 7 will summarize the results of the previous chapters and put them
into an overall context. [t will further give an outlook on possible future experi-

ments.



2 Background

In the following SrTiOz will be introduced with regard to its erystal, defect and
electronic structure. Further, the two applications considered in this work, namely

LaAlOg/SrTiO3 heterostructures and resistive switching, will be introduced.

2.1 SrTiO3

2.1.1 Crystal structure

At room temperature Sr'TiO5 is a cubic ionic crystal perovskite in the Pm3m space
group with a lattice constant of a — (.39 nm. Figure 2.1 a) shows ifs structure, where
Sr2t is located on the A-site and Ti*t on the B-site. The Ti*t on the B-site forms
a framework of TiOg octahedra and the Sr?t on the A-site is anticuboctahedrally
coordinated in the respective interstices.[49, 50| In the [001] direction this results
in non-polar alternating layers of SrO and TiOj,. The surface of SrTiO3z can thus
exhibit a TiOg-, a SrO- or a mixed termination.|51] Usually SrTiOgs, as delivered,
exhibits a mixed termination with 5 to 25% SrO and 95 to 75% TiO g, respectively.|51,
52|

2.1.2 Defect chemistry

The properties of all solid state materials are heavily influenced by their defect
structure.|53] Defects in the SrTiOjz ecrystallinity can, as for all other materials,

be categorized by their dimension:
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Figure 2.1: a) Structure of a perovskite, for SrTiOs the A-site is Sr2t and the B-
site Ti%t, for LaAlOz the A-site is La3t and the B-site Al3t. b) [lustration of the
electronic band structure of SrTi0g with a schematic portrayal of oxygen vacancy and
Nb doping.

0D Vacancies and interstitials

Within this work the Kroeger-Vinck notation is used to describe point defects.|54]
For the densely packed structure of SrTiOz the formation of interstitials can

be excluded, |6 thus in the following only the role of vacancies will be discussed.

For SrTi0j3two basic types of vacancies exist, oxygen vacancies (V§') and

cationic vacancies. In case of thermodynamic equilibrium, the two main in-
fluence factors on these vacancies are, as given by the mass action law, tem-
perature and oxygen pressure.|5-7| Generally these vacancies have to fulfill the
charge neutrality law. In the case of SrTiOgz this means, that Vi, which, as
indicated, are double positively charged with respect to the lattice, need to be
compensated by either 2e~ or by cation vacancies, forming a Schottky pair. A
Ti vacancy (\:;::) is four times negatively charged with respect to the lattice
and a Sr vacancy (\:r) double positively charged. The cation vacancies can
consequently be compensated either by the appropriate number of Vg or h*.
The particular concentration of these defects and their compensation can be
differentiated by temperature and oxygen pressure regime as will be discussed

below. |55]

In order to adjust the thermodynamical equilibrium, the involved species need

to be mobile. For SrTiOjz this results in three different temperature regimes,
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where the low temperature regime is dominated by the immobility of all ionic
species, the intermediate temperature regime is dominated by mobile anions

and the high temperature regime by the mobility of all involved species.|55, 56]

As ionic species are largely immobile < 750 K in SrTiOg, the vacancy concen-
tration is frozen and determined by the sample’s history. This can be used to
investigate frozen defect equilibria of higher temperatures at room temperature.
For as received SrTiOj3 this implies acceptor doping, as impurities incorporated
during manufacturing (typically Fe, Al, Mn) are omnipresent and negatively
charged with respect to the lattice.|55] In this regime electron hole pairs can be
generated by extrinsic influences like thermal excitation or irradiation.|57, 58]
Further in this temperature regime ionization reactions are observable. Due
to their low ionization energy barrier oxygen vacancies are e.g. usually double

ionized donating two electrons:|6]
Vo =VG + 2~ (2.1)

This is also the principle of extrinsic doping of SrTiO3z with e.g. Nb, which is

discussed in section 2.1.3.

As described above, in the intermediate temperature regime 2 750 K and
< 1250 K the anions of Sr'TiOz become mobile. This results in a oxygen defect
chemistry heavily dependent on the oxygen partial pressure po,. For high poy
oxygen is incorporated and for low pgo; oxygen vacancies are incorporated into
the SrTiOj3 lattice. The incorporation of oxygen vacancies can be described by
eq. 2.2

0 = %()2 +VE 4+ 2e” (2.2)

and the incorporation of oxygen by eq. 2.3:|5-7, 59

%02 + Ve = 0% 4+ 2h* (2.3)

Finally 2 1250 K all species become mobile. Thus, the Schottky equilibrium

describing the formation or removal of a complete Sr'TiO3 formula is activated,

=1



2 Background

as described by eq. 2.4:

SrZ 4+ Ti%, + 0F = Ve + VI + 3V 4+ SrTi0; (2.4)
Considering the two formation energies of Sr-vacancies and Ti-vacancies, the
formation of Sr-vacancies is more likely, as energetically favorable.|60] Their

formation can be described by eq. 2.5:
OF 4812, = V& + Ve, + S0 (2.5)

The formation of the Sr-vacancy is accompanied by the formation of an oxygen
vacancy or two holes. The resulting SrO can either result in 2D or 3D defects,
which are described below.|20, 61| A good indication for significant amounts
of cation vacancies in SrTiOz is the accompanying lattice expansion, which

results from the high electrostatic repulsion of the vacancies.|10, 60, 62|

Following the influence of the oxygen pressure on the thermodynamical equilib-
rium will be described. As mentioned before SrTiO 3 is inherently acceptor-type
doped and the interaction of SrTiO3z with the po, is activated for temperatures
2 750 K. Thus, these conditions will be implied for below explanations. The
poz dependent equilibrium of SrTiO3 can be divided into three regimes as

shown in figure 2.2 a).

In the lowest po, regime (extrinsic) more oxygen vacancies are created than
inherent acceptor type impurities are available. The charge of the oxygen va-
cancies exceeding the concentration of inherent acceptor dopants is thus com-

pensated by electrons. This results in eq. 2.6:|55]
n = 2Vy (2.6)

If the temperature is high enough to activate the Schottky equilibrium the
concentration of the Sr-vacancies on this regime is anti-proportionally coupled
with the electron concentration resulting from the oxygen vacancies due to their

negative charge.

Upon increasing the po, the charge of the decreasing concentration of oxygen
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log[]

vacancies can be compensated by the acceptors. Ultimately the oxygen va-
cancy concentration is pinpointed by the acceptor concentration resulting in
eq. 2.7.]55]

!

A
Ve = (27)
Nevertheless, the electron concentration n and hole concentration p in this
regime are still po; dependent. Due to their orders of magnitude lower con-
centration they are massively influenced even by the smallest changes in the
oxygen vacancy concentration, which are still possible, namely the electron con-
centration further decreases with the increasing po, and the hole concentration

increases.|55] For a high enough oxygen pressure the hole concentration exceeds

the electron concentration.|55|

a) extrinsic | intrinsic (ntype) | (ptype)

log(pC2)

Figure 2.2: a) Schematic illustration of the defect concentrations in acceptor doped
SrTiOz in dependence of the pog, courtesy of Dr. rer. nat. Felix Gunkel b) lustration
of edge and screw dislocations from reference [63].

1D Dislocations

Two types of dislocations can be differentiated: Screw and edge dislocations.
Both types are illustrated in figure 2.2 b). Edge dislocations are defined by
an extra or missing plane of atoms within the erystal. Screw dislocation on
the other hand can best be described by a helical insertion of such an addi-
tional plane. Opposite to vacancies these defects are non-equilibrium defects,

meaning they do not occur in unstrained crystals in thermodynamic equilib-
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Figure 2.3: a) Etch pits and b) screw dislocation at the surface of a SrTiOz single
crystal substrate.

2D

10

rium conditions.|53] Nevertheless, both types are commonly observed, not only
in thin films but also in SrTiO3 single crystals. Figure 2.3 shows the effect of
both types of dislocations for the SrTiO3 single crystal surface. Figure 2.3 a)
displays the etch pits, which can be observed after the TiO o-termination process
of these substrates, which will be described in chapter 3.1. These etch pits mark
the point an edge dislocation meets the surface.|64, 65| Figure 2.3 b) shows the
topography resulting from a screw dislocation meeting the surface.|66, 67] The
reason behind the formation of dislocations is stress. This stress can result e.g.

from processing steps during crystal growth and polishing. |65, 68|
Grain boundaries and anti phase boundaries

In the case of single crystals and epitaxial thin films grain boundaries do not
play a role. Anti phase boundaries are very common defects in thin films and
Ruddlesden-Popper type anti phase boundaries are one possibility in SrTiO 3
to accommodate the additional SrO resulting from eq. 2.5. They are best
described by a SrO stacking fault as depicted in figure 2.4. Instead of the
alternating TiOg and SrO layers, two or more SrO layers in direct sucecession
disrupt the periodicity of the erystal. While anti phase boundaries are naturally
also non-equilibrium defects they often occur during non-equilibrium growth

conditions. Non-stoichiometry and kinetic limitation typically promote their
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Figure 2.4: Schematic depiction of a Ruddlesden-Popper type anti phase boundary.

formation. |20, 61, 69
3D Bulk defects

Typical 3D defects are e.g. cracks, pores and precipitates.|53] SrO precipitates
typically have a rock salt structure and are the second possibility for SrTiO3 to
accommodate the additional SrO resulting from eq. 2.5. If the additional SrO is
not kinetically limited, it was shown that the accommodation by precipitation
on the surface is preferable in comparison to the above described formation of

Ruddlesden-Popper type anti phase boundaries.|61]

2.1.3 Electronic Structure

In its undoped equilibrinm state, SrTiO3z is a wide band gap insulating oxide with
AE = 3.3 eV (figure 2.1 b)).|70] As already described above, the formal oxidization
states of the ions in SrTiOs are Sr2T, Ti*t and O?~. These result from a transfer of
the valence electrons of Ti 3d, Ti 4s and Sr 5s into the O 2p orbital. The valence band
shown in figure 2.1 b), thus, is formed by the O 2p states and the conduction band
in figure 2.1 b) by the empty Ti 3d and Sr 5s states.|71]

As described in the above section one possibility to achieve electronic conductivity
is the formation of oxygen vacancies. In the band model they can be described as

shallow donors (figure 2.1 b)) and contribute two electrons to the conduction band, if

11
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in the extrinsic regime (eq. 2.6). This results in n-conductivity and can, as previously
discussed, be described by eq. 2.2. Formally this changes the valence of Ti from Ti*t
to Tidt,

A second method to achieve n-type conductivity in SrTiOgz is doping with Nb. Nb
doping exchanges parts of the Ti*" with Nb®". The additional positive charge can
either be compensated by electrons or Sr-vacancies. In the moderately reducing
regime electronic compensation is dominant, resulting in an electron in the condue-
tion band (figure 2.1 b)).|72| By successive doping with Nb it is thus possible to
change the SrTiOz properties from insulating to n-type semiconducting, and ulti-

mately to metallic conducting.|73]

2.2 LaAlO3/SrTiO3

Similarly to SrTiOz LaAlQj is a wide band gap insulator with AE = 5.5—6.0 eV .|74]
LaAlO3 has a rhomboedric crystal structure, which can be described as a distorted
perovskite. Considering LaAlOQj3 as such, the A-site is La3t and the B-site AI** (com-
pare figure 2.1 a)).|75] In contrast to SrTiO3, which has, as described above, non-
polar alternating layers of SrO and TiOzin the [001] direction, LaAlOj3 consists of po-

lar alternating layers of LaO* and AlO7 in the [001] direction. |76]

In 2004 Ohtomo et al.|25| discovered that, despite the insulating properties of both,
SrTi0z and LaAlOgz, a deposition of LaAlO3 on SrTiOjz single erystals can result in

the formation of a 2-dimensional electron gas (2DEG) at the interface.

The most prominent explanation is that the formation of a 2DEG results from the
combination of the polar LaAlOjz; planes with the non-polar SrTiO3z planes, which
results in a polarity discontinuity at their interface as shown in figure 2.5 a). To
evade a polar catastrophe half an electron is transfered to the TiOg-terminated n-
type interface, ultimately resulting in a 2DEG, as shown in figure 2.5 a).[34| In the
same way, one would expect half a hole to be transfered into the p-type interface
for a SrO-termination. The potential build-up is, however, in this case compensated
by positively charged oxygen vacancies rather than by holes.|77| This results in an

insulating interface for the SrO-termination.|34] The n-type conducting interface was

12
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Figure 2.5: Schematic illustration of the origin of interface 2DEG conductivity for a)
crystalline LaAlOgz/SrTiOz and b) amorphous LaAlOg/SrTiOg.

shown to prevail for interfaces with up to 83% SrO-termination, which can be ex-
plained by the formation of the 2DEG in the TiO ;-terminated areas and percolation

paths in between those areas.|76, 78]

If LaAlO3/SrTiOg heterostructures are grown at low oxygen pressures the conduction
mechanism changes. This groups has shown that the growth of crystalline LaAlO3
at oxygen pressures < 1072 mbar results in a shift from 2DEG conductivity to bulk
conductivity, when quenching the sample immediately after growth.|35, 79| The ap-
pearance of bulk conductivity in erystalline LaAlO3/SrTiO; can be explained by
the incorporation of oxygen vacancies in the SrTiOgz bulk, which contribute elec-
trons to the conduction band as described above. During its low pressure growth,
LaAlOjz sucks oxygen from the underlying SrTiOj3 substrate resulting in the for-
mation of oxygen vacancies in the SrTi03.|80] The shift towards bulk conductiv-
ity can easily be identified as it is accompanied by a shift towards lower resistiv-
ity. |18, 22, 25, 35, 76, 79, 81-86] The carriers resulting from a bulk reduction of
SrTiOz described by eq. 2.6 easily excel the expected sheet carrier concentration

ng = 10 em™2 for interface conduction.

Interestingly the observed carrier densities for amorphous LaAlO3/SrTiOg, figure 2.5
b), are in a similar regime as for the crystalline case (ng = 10** cm~2). The conduc-
tivity of the amorphous LaAlQ3/SrTiO; can in contrast to the crystalline case not
be explained by the avoidance of the polar catastrophe, as the missing long range
order already avoids the build up of a potential. Similar to the bulk conductivity

of erystalline LaAlO3/SrTiO; grown at low pressures, the 2DEG conductivity of
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the interface between amorphous LaAlO3z and SrTiOj; single crystals relies on the
incorporation of oxygen vacancies into the SrTi0O; lattice.|85, 87, 88] The main dif-
ference is their confinement to the interface in case of amorphous LaAlO 3/SrTiOg,
as shown in figure 2.5 b). The confinement is based on the kinetic limitation of
the oxygen vacancies, as amorphous LaAlOg3 is usually deposited at room tempera-

fure.

2.3 Resistive Switching

Resistive switching is based on the reversible change of the resistance of an active
material between two electrodes (MIM) by applying electrical stimuli. Typically the
low resistance state (LRS) is defined as 1, while the high resistance state (HRS)
is defined as 0. Resistive switching can be based on several mechanisms, promi-
nent examples are phase change memories (PCMs) and valence change memories
(VCMs). SrTiOj3 is an intensely investigated model material of the valence change
memory class, i.e. for filamentary resistive switching transition metal oxides.|89
91|

Virgin MIM structures are usually in a highly insulating state, with a resistance
comparable to the HRS.|92| The first transition into the LRS in most cases requires
a forming step. The forming step is characterized by a higher necessary voltage
than subsequent sweeps to change from the HRS into the LRS (SETs). As the low
resistive state is characterized by the formation of a conductive oxygen vacancy rich
filament, the limiting factors of eq. 2.2 can either be the diffusion of the oxygen
vacancies or their generation by the release of oxygen gas. Two central parameters
that were identified influencing these factors are Joule heating and the electrical
field.[93, 94|

The polarity of the applied stimuli for forming, subsequent SETs and RESETs defines
the switching polarity. Most prominently one differentiates 8-wise switching (8w)
figure 2.6 a) and counter 8-wise switching (c8w) figure 2.6 b). Depending on the
layout of the MIM and the structure as well as thickness of the insulating layer both

of these polarities have been observed in SrTi03.|95, 96]
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SET process

Figure 2.6: Switching mechanism for a) 8w resistive switching and b) c8w resistive
switching. Adapted from |97, 98|.

Among these switching polarities c8w is the one observable for the widest range
of materials, besides for SrTiOgz it was reported for multiple other oxides such as
TaOx, HfOx, TiOx and ZrOx.|97, 99| As depicted in figure 2.6 b) for 8w switch-
ing the appliance of a negative voltage to the Schottky type interface results in the
SET, while the appliance of a positive voltage results in the RESET. C8w switch-
ing is best explained by the dise-plug model, as depicted in the inlets of figure 2.6
b).|97| The fully oxidized material, ZrOx in this example, is represented by the yel-
low spheres. The metal forming the Schottky contact, in the depicted example Pt,
is shown as silver spheres. The metal forming the Ohmic contact, here Ta, is repre-
sented by the blue spheres. The reduced Zr ions are represented by purple spheres
and the oxygen vacancies by green spheres. The conducting plug, which is rich in
oxygen vacancies and reduced Zr ions, results from the forming step. 1) In the OFF
state the conducting plug is separated from the Schottky contact by a fully oxidized
disc. 2) During the application of the negative SET voltage the double positively
charged oxygen vacancies are driven into the disc resulting in formally reduced Zr
ions in the disc and ultimately in conduction through the dise, 3) the ON state. 4)
Applying an opposite voltage reverses the process, the oxygen vacancies are pushed
back into the plug and the disc returns to its insulating state, 1) the OFF state.
C8w switching can thus solely be explained by an internal rearrangement of oxy-
gen vacancies, while an oxygen exchange with the electrodes or atmosphere are not

regarded.

In SrTiO3 of high crystal quality and sufficient low thickness the opposite switching
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polarity, 8w, is observed.|95, 96| The 8w polarity usually is observed for switching
that is limited by oxygen diffusion instead of the exchange reaction. In contrast to
the well known 8w switching mechanism, the 8w switching mechanism was only
recently unrevealed by this group.|98, 100| For 8w switching, switching into the LRS
is achieved by applying a positive voltage to the Schottky-type interface as shown in
figure 2.6 a). 1) shows the state of the filament in the HRS. Applying a positive bias
to the Schottky-type interface 2) results in a faster oxygen vacancy formation at this
interface, than the oxygen vacancies are driven away in the direction of the negative
bias. This process comes to a stop when the current compliance is reached as the
oxygen vacancy rich filament is adequately conducting 2). Applying a negative bias
to the Schottky-type interface reverses the process, as oxygen, either stored in the Pt
or provided by the atmosphere, gets incorporated into the filament at this interface 4)
until the HRS is reached 1). In contrast to c8w switching, 8w switching, thus, relies
on the incorporation of oxygen vacancies and oxygen from the atmosphere or the elec-

trode material and not on their internal rearrangement.
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3.1 Sample preparation

Mainly two kinds of substrates were used in this work, SrTiO3 and 0.5 wt% Nb:SrTiO3.
Substrates were either acquired from Shinkosha or Crystec, both of which guarantee
a miss-cut of below £0.5°. This miss-cut is responsible for the typical step-edges
observable for SrTiO;.[101]

As described in the previous chapter Sr'TiO3 is a perovskite of alternating layers of
SrO and TiOg, resulting, for as received substrates, in a mixed surface termination
of SrO and TiOs. In some cases in this work a more defined surface termination
is desirable. A TiOs-termination can easily be achieved by etching the as received
SrTiOz or 0.5 wt% Nb:SrTiOj single crystals (figure 3.1 a)) in buffered HF[51, 102],
TECHNIC BOE 7-1, for 2:30 min. The resulting substrate shown in figure 3.1 b)
has a 100 % TiOs-termination and shows, as described in the previous chapter, etch
pits, which indicate edge dislocations meeting the sample surface. However, the
step edges of as received substrates are irregular. To achieve smooth step edges
as shown in figure 3.1 ¢) an annealing step is necessary. Terminated substrates
are annealed for two hours and unterminated substrates for four hours at 950 °C,

respectively.
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a) 5 pm t.)] . _ Spm o] 5 pm
2 » T 7 . _2
£ I
: £ & i
{=] Lo

Figure 3.1: a) As received, b) terminated and ¢) annealed SrTi0g substrate.

3.2 The oxide cluster tool

The oxide cluster tool depicted in figure 3.2 offers the possibility of an in situ transfer
between different deposition and analysis techniques. The central ones utilized within
this work will be described below. The sample transport within the cluster is based
on Omicron sample holders, which are slightly modified for some of the cluster tool
stations. If not stated otherwise, these holders were used and the samples were fixed
with Ag-paste for high temperature depositions and carbon tape for low temperature

depositions.

3.2.1 Deposition techniques

Within this work different deposition techniques were used. Epitaxial oxide thin
films were grown by pulsed laser deposition. The carbon, HfO, and Ta as well as
Tay0p thin films were sputtered. The electrode materials were deposited by e-beam

evaporation.

Pulsed laser deposition

Figure 3.3 a) shows the schematics of the PLD system integrated in the oxide cluster.
To allow different deposition pressures and process gases it features a gas inlet with
the possibility to apply Oz, CO, ®0,, Ar and Hs. Pressures < 1072 mbar are

controlled with a leak valve, while the turbo pump is running at full capacity. For
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Figure 3.2: The oxide cluster tool including a PLD, an LCAFM/STM combination,
a PEEM, a delamination chamber, an XPS, a sputter tool and an e-beam evaporator.

higher pressures a massflow controller is used and the eross section of the pumping
valve is reduced using a bypass. The pressure inside the chamber is measured using
the appropriate Pfeiffer pressure gauges, an IKR 270 cold cathode gauge measures
pressures up to 1072 mbar, a CCR 364 capacity gauge measures pressures between
1.33 x 107 and 1 mbar and a TPR 280 Pirani gauge measures pressures between
5 x 107% and 10® mbar. In case of mass analysis a Pfeiffer Vacuum PrismaPlus mass

spectrometer is used.

A Compex 205F - COHERENT laser is used to obtain a 248 nm 25 ns pulse. Fol-
lowing the path of the laser beam, it first passes an aperture, which can be used to
adjust the spot size. Next the attenuator is passed, that allows a precise adjustment
of the laser luence, which is measured using a LEM 2/20. Subsequently the beam
passes the focus lens, which projects the image of the aperture on the target, and
finally passes the entry window. To obtain the actual laser fluence it is important to

know the permeability of the entry window.

2 area, ablating the target

The laser hits the spinning (5 rpm) target on a 2 mm
material. The resulting ablated species absorb the remaining laser pulse, increasing
vapor pressure and thermal energy of the ablated material. This results in partial
ionization and ultimately in the formation of a plasma. As the resulting plasma

plume expands, its ionization and thermal energy convert into kinetic energy. Due to
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Figure 3.3: a) Schematics of the PLD system attached to the oxide cluster b) RHEED
2D pattern and ¢) RHEED island growth pattern.

the high energy and short length of the PLD pulses, the target material does not, as
it would for the thermodynamical equilibrium, change into the liquid and gas phase,
but is directly transfered into a plasma plume. PLD is, thus, a non-thermodynamical

equilibrium technique.|3|

This non-equilibrium is influenced by varions parameters. Besides the laser param-
eters as spot size,[103| fluence[17, 104-106] and repetition rate,[107| the interaction
between substrate and plume is also influenced by the target substrate distance|104]
and the background gas conditions|108|. All of these influence the kinetic energy of
the plume and ionization as well as oxidization of the plume species. These in turn
influence growth, stoichiometry and crystallinity of the film. The specific influence

of each parameter will be discussed in the following.

The background gas conditions were shown to determine between two different ex-
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pansion regimes of the plasma plume, namely the diffusive and ballistic regime. The
plume is in the diffusive regime for high process pressures. Here the growth and
resulting film properties are dominated by the oxidization state and the surface dif-
fusivity of the species. In this regime small changes of the oxygen partial pressures
Poe Significantly change the morphology and stoichiometry of the film, however, the
below described influence of the laser fluence decreases. Lower process pressures re-
sult in a plume in the kinetic regime.[108| In this regime growth and film properties
are predominately influenced by the kinetic energy of the plume species. The kinetic
energy influences the scattering with the background gas species and can thus in-
fluence the film stoichiometry. Further high energy species can result in sputtering
effects on the substrate and growing thin film. Further it can influence the adatom
behavior. For all growth pressures used in this work, which can be found in table
3.1, the plume is in the ballistic regime. Although exclusively working in the ballistic
regime, this work will within chapter 4.1 provide evidence of the, nevertheless, central

role of the oxygen partial pressure.

The spot size was previously investigated for the model material SrTi0Oj;. It was
shown that, premising a constant laser fluence, decreasing the spot size results in a de-
crease of the ionization within the plume and a decrease of its kinetic energy. This was
shown to heavily influence the oxidization state of the resulting thin film, as decreas-
ing the kinetic energy of the plume decreases the re-sputtering of oxygen species from
film and substrate.|103] To minimize the influence parameters in this work, the spot

2

size was constantly 1x2 mm?, as shown in figure 3.3 a).

Previous works of this group have shown that the repetition rate influences the species
of the adatoms. As different species can e.g. differ in volatility, the repetition rate
can in this way directly influence the stoichiometry of the thin film.[107] To avoid
influences of the repetition rate, it was as presented in table 3.1 kept constant for

each material.

The influence of the fluence will following be discussed in detail, at it is of cen-
tral importance to understand the fluence dependent stoichiometry of SrTiO3z pre-
sented in chapter 4.2. It is thus also discussed exemplary for the model material
SrTiO3. In general, two sources of fluence induced non-stoichiometry are differenti-

ated for PLD processes, influences on the target ablation and influences on the plume
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propagation.|17]

An incongruent ablation of the target usually is accompanied by a strong dependence
of the cation stoichiometry on the laser fluence as it is observed for Sr'TiO 3 in chapter
4.2, There are two main reasons for an incongruent ablation of the target. It can on
the one hand be the result of an incongruent melting of target materials with com-
plex phase diagrams at low fluence.|17, 109] It can on the other hand be the result
of different effective evaporation enthalpies of the involved components.[109, 110] As
SrTi0;3 has a rather simple phase diagram and melts congruently, |17, 109] it is reason-

able that latter is responsible for the fluence dependency.

For non-stoichiometry introduced by different effective evaporation enthalpies a linear
dependency of the stoichiometry on the fluence is expected.[109, 110] However, the
stoichiometry dependence on the fluence is non-linear for SrTi03.[17, 104-106] Thus,
there has to be another influence factor on the cation stoichiometry by the laser
fluence. As mentioned, growth at high pressures result in a low kinetic energy of the
species. This is due to interactions with the oxygen. Considering the atomic masses
of Sr (87.62 u) and Ti (47.87 u) it is obvious that Sr has the bigger impulse. It is thus
less effected by the interaction with other species. The result is a non-linear decrease
of the Ti content in dependence of the distance from the target and the time after
plume breakdown.|[17, 104] This further explains the influence of the target-substrate
distance on the cation stoichiometry. In order to eliminate this influence factor the
target substrate distance was constantly kept at 44 mm in this work. The fluence

used in this work can be found in table 3.1.

Besides these influences another central parameter is the temperature of the sub-
strate. The substrate in this system is, as shown in figure 3.3 a), heated by IR-
diode laser. It allows a rapid heating and cool down of the substrate. The heat-
ing rate is typically 50 °C/min. A cool down from the typically applied 800 °C
to below 250 °C can be achieved within s 40 s. Such a rapid cool down allows
the preservation of the non-equilibrium state of defects induced during the PLD

growth.

The substrate temperature is a central parameter influencing the surface diffusivity.

In case of non-equilibrium growth the surface diffusivity defines the growth mode.
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b)

Figure 3.4: Epitaxial growth modes: a) step flow, b) layer by layer and ¢) second
layer nucleation and island growth. The substrate is marked by black edges

Figure 3.4 shows the three growth modes observable for epitaxy. For high temper-
atures and short step lengths step flow growth can be observed, figure 3.4 a). For
intermediate temperatures layer by layer growth is observed, figure 3.4 b}, and for
low temperatures second layer nucleation, ultimately resulting in islands, is observed,
figure 3.4 ¢).[111, 112]

In order to obtain live information on the growth a RHEED system is applied to the
chamber as shown in figure 3.3 a). Figure 3.3 b) shows a typical RHEED pattern for a
smooth surface, as observable for 2D growth. The top bright spot is the direct beam.
The reflection of the beam on the sample surface results in diffraction spots, which
are located on the, in this case 1%, Laue circle. These diffraction spots represent
intersections of the Ewald sphere with the reciprocal lattice rods of the surface. This
changes for the case of island growth. The formation of islands results in parts of
the electron beam being transmitted instead of reflected. If the islands are epitaxial,
their reciprocal lattice is the same as of the crystal, and thus a 3D-array of reciprocal
points. The intersections of these points with the Ewald sphere result in a RHEED

pattern as shown in figure 3.3 ¢).|113]

The intensity of the RHEED further gives information on the surface roughness. The
principal behind this is depicted in figure 3.5. An increasing surface roughness re-
sults in an increase of scattering, which in turn results in a decrease of intensity. This
principle can be used to monitor layer by layer growth as in figure 3.4 b). Species
arriving on the surface will progressively increase the surface roughness until the cov-
erage rate © is 50 %. Now additional species will decrease the surface roughness until
the original roughness is recreated. This results in an oscillation of the RHEED signal

tantamount to the deposition of one monolayer.|113]

This principle can also be used to differentiate between step flow growth and layer

by layer growth. As depicted in figure 3.4 a), step flow growth is defined by the
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Figure 3.5: Intensity of the RHEED in dependence of the surface coverage. Figure
courtesy of Moritz Weber.

intermediate agglomeration of the arriving species at the step edges, thus arriving
species do not result in a roughening of the surface and in turn no oscillations of the

RHEED intensity are observable.

Besides these more standard RHEED applications, it can also be used to identify the

surface termination, which will be deseribed in chapters 4 and 5.

Details of the specific growth parameters for the different target materials can he
found in table 3.1. All used targets were single crystals except for SrO5. A sintered
SrQs target was used to achieve SrO films, as it has a superior stability in comparison

to the desired thin film material.
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Table 3.1: Growth parameters used for PLD in this work

| F|J/em?] | p(Oy) [bar| | f [He] | T |°C]
SrTiOg (.63-1.58 0.01 b} 800
crystalline LaAlOg 1.3 107%-5 1 800
amorphous LaAlO; 1.3 107° 1 RT
SrO (.81 1078 1 800

Sputter tool

The sputter tool, which is part of the cluster (figure 3.2), offers the possibility
of DC magnetron and RF sputtering. Both techniques will be introduced in this
section alongside the parameters used for the deposition of Ta, Ta05, HfOs and
C.

The simplest sputter technique is DC sputtering. It is based on a glow discharge be-
tween two electrodes, where the substrate is the anode and the target is the cathode.
To achieve a sputtering of the cathode material a process gas in form of a noble gas
is necessary, usually Ar. After a first random ionization event, avalanching results in
the formation of a plasma. The glow discharge created Ar ™ ions are accelerated in the
direction of the cathode, where they cause a momentum transfer cascade resulting
in ablation of the target material. The ablated material propagates to the substrate
surface, where it nucleates. Sputtering in this fashion would result in a very low yield.
The yield can substantially be increased by applying magnetron sputtering. Mag-
netron sputtering is based on the application of a magnetic field at the target material
forcing the electrons to move in a spiral. This increases the probability of electrons
ionizing Ar atoms. As a result of the increased ion density, more Ar¥ ions are accel-
erated towards the target ultimately increasing the sputter yield. As DC magnetron
sputtering only allows for metallic targets, the deposition of oxide thin films demands
the application of a reactive process gas, namely oxygen. Thus an oxygen argon mix-
ture is used instead of pure argon. The precise mixture of this process gas allows for

the tailoring of the thin film’s oxidization state.|114, 115]

As mentioned a major drawback of DC magnetron sputtering is its limitation to
conducting target materials. For insulating materials the accelerating field cannot

be directly applied, as the target would charge upon bombardment. This can be
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circnmvented by applying RF sputtering. For RF sputtering the applied field has
a frequency that is high enough to only allow the light electrons to follow it, but
not the much heavier Art ions, resulting in a charge neutralization on the tar-
get. A positive side effect of this method is the further improved collision proba-
bility between Ar atoms and electrons, improving as described above, the sputter
yield.[116]

The sputter tool used in this work was build by Surface. Its base pressure is
~ 1072 mbar. The parameters applied in this work can be found in table 3.2. The
growth rate (rate) was determined by X-ray reflectometry (see below); d¢ describes

the distance between substrate and target.

Table 3.2: Growth parameters used for sputtering in this work

| method | plbar] | Og/Ar | P[W] |dy | rate |s/nm|
C DC 1073 0 D min. 200
C RF 1072 0 50 min. 60
Tag0s RF 51073 2/3 200 max. 64
Ta RF 51072 [0 20 min. 1457
HEO, RF 51073 2/3 200 max. 25.71

E-beam evaporation

In this work two different e-beam evaporators are used. Additional to the custom one
attached to the oxide cluster shown in figure 3.2, an ex sifu custom e-beam evaporator
is used. The in situ evaporator is based on an e-beam source by Telemark, the ex
situ evaporator on a Ferro Tec Carrera. One central difference between the systems
is, that the er sifu evaporator uses carbon crucibles, while the in sifu one does

not.

The basic working principle of an evaporator is rather simple. The target material is
heated above its vaporization point and the substrate is placed at a defined distance
from the target. As the substrates surface is cold, the vapor condenses on its surface
and a thin film forms. In case of e-beam evaporation the target is heated by a electron

beam, which is patterned to allow an even evaporation.|117]
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Both systems used in this work utilize a quartz crystal oscillator to monitor the
thickness of the deposited film. The deposition rate of the in situ system was set to
~ 0.2 A/s and of the ex situ to =~ 1 A/s. The electrode thickness generally is 30 nm,

Au leads are 100 nm thick.

3.2.2 Analysis techniques

The analysis techniques within this work were either applied in sifu utilizing the
possibilities of the clusters or, if in situ processing was not necessary, exr situ. In the
following the analysis techniques will be briefly described. More specialized analysis
techniques that were performed by collaborators are introduced upon presentation

of the properly results.

Atomic force microscopy

Within this work different AFMs were used. In sifu measurements were performed
with an Omicron VT AFM XA in static mode and analyzed using Vernissage. Ex
situ measurements were made utilizing either a SIS Pico Station UltraObjective or a
Cypher AFM or a nanosurf Flex Ariom, each in dynamic mode, and were analyzed
using Guyddion. A detailed complete description of atomic force microscopy can he

found in reference [118].

X-ray photon spectroscopy

X-ray photon spectroscopy measurements and analysis were carried out with the
help of Dr. ret. nat. Christoph Baeumer. The XPS is a PHI 5000 Versa Probe,
the photoemission angle was 45°, if not stated otherwise, and the spectra were fit-
ted using Casa XPS with a Shirley background and a convolution of Gaussian and
Lorentzian line shape. The working principle of XPS analysis can be found in refer-

ence [119].
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3 Experimental methods

X-ray diffraction

X-ray diffraction was performed er situ using a Philips PW 3020 diffractometer with
a Cu-Ka X-ray tube in Bragg-Brentano geometry. X-ray reflectometry measurements
were fitted using GenX. ©-20 scans and rocking curves were fitted using Fityk. A
detailed description of the working principles of X-ray diffraction can be found in

reference [120)].

3.3 Device Patterning

After deposition of a resistively switching insulator, its characterization and the de-
position of the top metal layer, the next step is a patterning of this top layer. Two
different patterning approaches were used in this work. The standard approach re-
sultsin 10x10 pm? Pt pads as top electrode shown in figures 3.6 a), which are directly
contacted by W-whiskers tips for below described electronic characterization. The
second approach was developed to reduce the influence of the contact resistance be-
tween whisker tip and pad, which is necessary for the below described variability
measurements. This is achieved by contacting a metal lead (Au) instead of the pad.
To avoid switching at the metal lead, it is insulated from the film by a 70 nm insu-
lator layer (HfOz). The resulting MIM structure is shown in figures 3.6 b). Figure
3.6 shows the structure for the mostly used SrTiOjz based MIMs in this work. In
the case of TagOg5 based MIMs the SrTiOj3 is interchanged with TagOgs and the bot-
tom electrode is Ta. Below a step by step guide for the device patterning can be

found.

2 Pt b)

STO STO

0.5wt%Nb:STO 0.5wt%Nb:STO

Figure 3.6: a) Schematic side view of the standard layout. b) Schematic side view of
the layout developed for variability measurements.
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3.3 Device Patterning

6.

. The sample is cleaned by swiping in isopropyl alcohol, blow drying with N ¢ and

dehydrating at 180 °C for 3 min.

After the sample has cooled down to room temperature it is coated with AZ5204

photo resist and heated for 3 min at 90 °C.

When the sample has reached room temperature once more, it is exposed to
UV light for 15 s covering the future device areas utilizing a Suss MicroTec

MA6 mask aligner.

The photo resist is developed in MIF326 until the devices become visible. This

takes between 30 and 60 s.

Reactive ion beam etching using an Ozford Instruments Tonfab 300plus disposes

of the spare top electrode material.

To lift the remaining photo resist the samples are stored in acetone over night.

Subsequently they are cleaned by swiping in isopropyl aleohol.

At this step the standard approach allowing the direct contacting of the pads by W-

whisker tips is finalized. A microscopic image of the finished devices is shown in figure

3.7 a). For MIMs with a metal lead additional steps as listed below are necessary.

These additional steps were performed by Jan Rieck.

a)

b)

Figure 3.7: Microscopic images of the finished devices of a) a standard MIM and b)
of a MIM with metal leads.

7.

The sample is dehydrated at 180 °C for 3 min.
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8.

9.

10.

11.

12.

13.

14.

16.

17.

After cooling down to room temperature the sample is coated with AZ5214

photo resist and heated for 3 min at 90 °C.

Again the sample cools down to room temperature and is then exposed to UV

light for 25 s by the mask aligner, covering the center of the device areas.
Step 4 is repeated.

After depositing the 70 nm HfO 5 layer as described before, the sample is heated
to 80 °C in dimethyl sulfoxide (DMSO) for 2 hours to lift the photo resist.
Subsequently the sample is swiped in acetone, cleaned in isopropyl alcohol and

blow dried with N.
Step 7 is repeated.

After cooling down, the sample is coated with A ZnLof, baked at 90 °C for 3 min

and cooled down to room temperature.

The areas of the future metal leads are concealed while exposing the sample to

UV light with help of the mask aligner for 10 s.

. The photo resist is baked out at 110 °C for 1 min.

The photo resist is developed in MIF726 for 45 s.

After depositing the =2 100 nm metal leads by e-beam evaporation (see above),
the photo resist is removed by MicroChemicals TechniStrip Nis55 at 80 °C for
2 h. Subsequently the sample is swiped in acetone, cleaned in isopropyl alcohol

and blow dried with Ns.

A microscopic image of the resulting structure can be found in 3.7 b).
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3.4 Electronic characterization

Hall measurements

The electronic transport properties of SrTiO3 single erystals and LaAlOg/SrTiOg
heterostructures were investigated utilizing two different setups. For both setups the
samples were bonded with Al wire. Low temperature electronic transport measure-
ments were performed in the Hall bar geometry by Marc Rose using a physical prop-
erty measurement setup. Detailed information on temperature dependent electronic

transport measurements can be found in reference [121].

Room temperature Hall measurements were performed with a Lake Shore 8400 Series
in the van der Pauw geometry in two different operating modes, AC and DC. In
the DC mode the magnetic field is steady, in the AC mode it is sinusoidal, allowing
measurements for lower mobilities. When samples showed no detectable conductivity
the detection limits of the Lake Shore 8400 Series were assumed. These are 101° cm—2
for the sheet carrier concentration, 0 ecm?2/Vs for the Hall mobility and 108Q/0 for
the sheet resistance. The principal of Hall measurements and van der Pauw geometry

can be found in references |122| and [123|, respectively.

I(V)-measurements

To characterize the devices that were fabricated as described in section 3.3 the Pt
pads or Au leads were contacted using W-whisker tips. The bottom electrode was
contacted by Al wire bonding. The I{V)-characteristics and resistance read outs
were performed by a Keithley 2611A SourceMeter with a a step size of 20 mV and a
holding time of 5 ms. A typical characterization starts with the read out of the virgin
state. For the read out 0.5 and —0.5 V are applied. The resulting linear I{'V)-slope
is fitted between —0.1 and 0.1 V to obtain the resistance. For the forming of the
device 3 V are applied with a current compliance of 10 mA or 30 mA. After another
read out the device is switched OFF using —4 V. Once more a read out is preformed

before switching the device in the ON state again using 3 V and performing time
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dependent read outs for retention time measurements. The retention time measure-
ments were exclusively performed om MIMs patterned as in figures 3.6 a) and 3.7

a).

Variability measurements were solely performed on the MIM layout presented in
3.7 b), as it was observed that the influence of the variability by the W-whisker
tip’s contact to the Pt pad can shadow the device variability. For the variability
measurements the current compliance always was 10 mA, as the metal lead structure
was destroyed for higher compliances. Instead of performing time dependent read
outs, 2000 cycles were performed per device, with each cycle being followed by a
read out. This number of cycles largely prevents influences of the device endurance.
The resulting resistances are, within this work, presented in Weibull plots, with the
Weibull slope 8 given as a variability parameter.|124] All variability measurements

were performed by Jan Rieck.
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4 Influences on the defect

structure

As described in chapter 2.1.2 a broad variety of defects can be observed in SrTiO 3.

The aim of this chapter is to gain control over the formation of such defects. Section

4.1 focuses on various influences on the oxygen vacancy formation in SrTiO 3. This

will be accomplished considering erystalline and amorphous LaAlO 3 grown epitaxially

on SrTi0Oz. Two heterostructures which are highly sensitive to the formation of

oxygen vacancies as described in chapter 2.2. The subsequent section 4.2 sheds light

on the influence of actively changing the cation stoichiometry on the defect formation

during PLD growth.

a) Sources of cation non-stoichiometry

Target:
incongruent
ablation

Scattering
with O; gas:
preferential
scattering of
light elements

Substrate:
preferential
sputtering of
light elements

Figure 4.1: Influences on the stoichiometry during PLD growth:

b) Stages of loss and gain of oxygen

8.2588 esee ) Suce ace sgece 'acaceceses
YT N

Target:

+ breaking of
metal/oxygen
bonds

+ oxidation of
the surface

Plume:

+ oxidation

« decompaosition
of metal-oxygen
ions

Substrate:

« surface oxidation

+ sputtering of
oxygen atoms

« bulk diffusion
from the substrate

a) influences on the

cation stoichiometry and b) influences on the anion stoichiometry equivalent to the
oxygen stoichiometry. Figure modified from reference [125]
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4 Influences on the defect structure

4.1 Anion stoichiometry

In this section influences on the anion stoichiometry during PLD processes will he
discussed. As described in chapter 2.1 the formation of ample oxygen vacancies in
SrTi03 results in conductivity. Oxygen vacancies thus play a central role for the
properties of SrTiOz and have to be avoided or introduced for certain applications.
The central role of oxygen vacancies for all SrTiO3 applications has resulted in
intense research efforts to understand and control their formation.|5-8, 35, 79, 80,
85, 103, 126-128| Apart from the classic influence factors such as temperature and
pressure|5-7| specific influences occur during PLD: the oxidization of the oxygen
deficient thin film wia the substrate resulting in the formation of oxygen vacancies
in the substrate|85, 103, 127] and impinging species of the plasma plume resulting
in an oxygen removal.|80, 88, 128| (compare Figure 4.1 b)) Although a wide variety
of influence factors on the oxygen stoichiometry during PLD is already investigated,
open questions remain. Some of these questions will be addressed in this chapter.
The oxygen sensitive heterostructure LaAlQ3/SrTi0O3 (compare chapter 2.2) will be
utilized for this, where applicable. The results presented in this section have been

published in part in references: |126, 129

4.1.1 Enhanced oxygen vacancy formation at low pressures

One of these open questions oceurs when comparing the existing literature regarding
the reduction of SrTiOs. It is conspicuous that one finds different oxygen pres-
sures required to achieve reduction for vacuum annealing and for chemically con-
trolled reducing atmospheres. The unraveling of this discrepancy is of high in-
terest for low pressure PLD to gain further understanding of the reduction of the
SrTi0g.

Numerous examples can be found in literature for the reduction of SrTi0O 3 substrates
during pulsed laser depositions for physical oxygen pressures below 10~° mbar.|22,
35, 85, 86, 130-134] This opposes the results of chemically controlled reducing at-
mosphere annealing experiments (Ha/Ar/Os mixtures), for which the sample is, in
opposite to vacuum annealing, under a physical pressure of 1 bar. These experi-

ments determined that Sr'TiO3 reduction, in case of inherent acceptor-type impurity
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4.1 Anion stoichiometry

content, will only take place at oxygen partial pressures below 10717 mbar even at
elevated temperatures.|5, 6, 21, 59] The contradiction is often explained by the in-
fluence of the laser plume during growth.|85, 103, 132] Lee ef al. e.g. have recently
found that an increased ion bombardment via the laser plume results in an increased
reduction.|103] Another explanation often found in literature is the oxidization of the
growing thin film by the SrTiOj3 substrate, eventually resulting in the reduction of
the substrate.|80, 88, 135] However, as soon as the plume is turned off one would ex-
pect the oxygen content of the sample to approach the equilibrium value and thus to

re-oxidize at a certain rate within the PLD chamber .|35]

The reduction of SrTiOz in PLD vacuum chambers, however, is not only observed
during deposition, but also observed when annealing at physical oxygen pressures
below a2 71077 mbar [22-24], which is in contradiction to the thermodynamic
equilibrinm measurements performed in chemically controlled gas mixtures or with
oxygen pumps |5, 6, 59]. No prior work sufficiently explained this contradiction
between physical oxygen pressure and chemically controlled oxygen pressure. The
oxygen pressures used for vacuum annealing (a2 1078 mbar) are considered as low
pressure growing conditions. However, the oxygen pressure is comparably high con-
sidering the thermodynamical equilibrium of SrTiO3. In other words, a chemical
oxygen partial pressure of 107® mbar is not reducing at all. Understanding the
reduction mechanism of SrTiOz in vacuum chambers at comparably high oxygen
pressures as a first step may subsequently improve the understanding of the low
pressure growth of oxides by PLD. Based on this understanding it may be achievable
to grow at low physical pressures, but at the same time to avoid a reduction of the

substrate.

The influence of some of the most common procedures typically involved in PLD
processing were investigated. First the influence of contaminations, which originate
on the one hand from adsorbates on the holder as well as the sample and on the other
hand from the gluing of samples on holders with Ag-paste, are investigated. Second
the influence of measurement devices attached to the PLD chamber, namely a cold
cathode gange for pressure measurement and a mass spectrometer, is investigated.
Being able to explain the reduction of SrTiOjz during annealing, the reduction of
SrTiOz during depositions is disentangled using LaAlOg3 growth on SrTiO3 due to

its oxygen pressure sensitivity (compare chapter 2.2).[22, 35, 59, 131| The influences
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induced by the plume are separated from influences of an insufficient supply of oxygen

and influences of the measurement devices.

Influence of contaminations

A first hint to a possible reason for the reduction of Sr'TiO 3 at comparably high oxygen
pressures are the findings of Frederikse ef al., who observed the presence of oil of their
forepump in their vacuum chamber to accelerate the reduction process of SrTiO .
|23] Based on this observation, one may surmise that the gas mixture present when
annealing in vacuum chambers may actually contain only small partial pressures of
OXygen, Pog, resulting in a discrepancy between the measured total pressure p inside

the chamber and the actual p,z, due to contaminations.

Thus, in a first step, the gas mixture present during a typical annealing process in a
vacuum chamber is investigated. For this SrTiO 3 single crystals glued on the holder
using Ag-paste are heated for 1 h in the PLD chamber with a rate of 20 °C/min
to 800 °C. Utilizing the diffusion constant by de Souza et al.|7] the diffusion length
of oxygen vacancies is determined to be 8 mm, when annealing at 800 °C for 1 h,
and, therefore, to exceed the sample dimensions. Furthermore a surface reaction
limitation can be excluded for high temperatures.|136] Therefore, it can be assumed

that the samples are in thermodynamical equilibrium.

Some samples were treated with an additional pre-annealing step at 400 °C. This
temperature is high enough to evaporate most of the organic solvents and adsorbates,
but at the same time no detectable reduction on the chosen time scales appears
for SrTi03.|7] At the end of the experiment, the samples are quenched reaching a
temperature < 350 °C within 65 s, what circumvents further changes in the samples.
The background pressure before the start of the experiment is & 3-10~® mbar. During
the experiment the pressure is set to 107® mbar with the help of a constant oxygen
flow. It is measured using a cold cathode gauge thronghout all experiments of figure
4.2. Further a mass spectrometer was running during these experiments to analyze

the gas composition.

Figure 4.2 shows the obtained mass spectrometry data for annealing a sample 1 h at

800 °C without a) and with b) an additional pre-annealing step (0.5 h). In both cases
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Figure 4.2: a) Mass spectrometry data during thermal annealing of SrTiO3z crystals
inside a PLD chamber at 10~6 mbar without pre-annealing. The mass spectrometry
graphs show the relative intensity of the measured ions (y-axis) over time (x-axis).
b) mass spectrometry data obtained for two-step annealing (T — 400 °C for 0.5 h
pre-anneal followed by T — 800 °C for one hour). ¢) Carrier concentration (y-axis)
for different durations of the pre-annealing step (x-axis). The error bars indicate the
standard deviation of the carrier concentration measured for at least two equally treated
samples, verifying the reproducibility of our results. The dashed line is a guide to the
eye. Mass spectrometer and cold cathode gange were running for all acquired samples.

starting with the appliance of the oxygen flow, the masses of O5 and O become the
dominantly detected ones (dark blue and light blue, respectively). The simultaneous
increase of the other measured species can be explained by the imperfect degree of
purity of the oxygen inlet gas (purity: 99.995 %). In particular contaminations of H
(dark red), Ha (light red), HaO (violet), CO/Ng (light green) and COz (dark green)

are detected. Shortly after starting heating (black dotted line) a strong increase of
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all detected species except O and O3 is observed. CO and Ny are hard to distinguish
as they have similar molecular masses. Analysis of the CO/COg4 ratio, however,
indicates that mainly CO is present. We associate this strong increase on the one
hand with the evaporation of the organic solvents of the Ag-paste, as it is less distinct
for samples fixed without Ag-paste (Figure 4.3 a)), on the other hand evaporating
adsorbates on the sample holder are responsible as well. The sample holder is the
main source of adsorbates, as it is the only part that is transfered in and out of
the chamber. The temperature of the chamber itself never exceeded 60 °C and
it is thus unlikely that adsorbates situated at the chamber wall play a significant

role.

After the initial heavy evaporation, the amount of contaminations decreases to a local
minimum and oxygen becomes the dominating species again. When heating without
an additional pre-annealing step (Fig. 4.2 a)) the signal slowly increases again with
increasing temperature. The additional pre-annealing step at 400 °C (Fig. 4.2 b))
shifts the local minimum to a later point in time as the amount of contaminations
keeps decreasing. The additional pre-annealing step, however, cannot prevent an
increase of the contaminations shortly before reaching 800 °C. After reaching 800 °C
(dashed lines) there is a transient decrease of contaminations towards a nearly con-
stant value. The amount of contaminations, especially Hg during the annealing step
at 800 °C is lower for the case of an additional pre-annealing step. Although a sig-
nificant amount of contaminations is measurable, O and O are the dominant species

with and without an applied pre-annealing step.

After remaining one hour at 800 °C, the samples are quenched and a Hall measure-
ment is carried out subsequently. The resulting carrier concentration (n) for samples

annealed without an additional annealing step is ~ 2.4-10® em™3

assuming homoge-
neous doping within the entire crystal (Fig. 4.2 ¢)). Remarkably, this carrier concen-
tration corresponds to heavily reduced SrTiO3]5]. To investigate whether the con-
taminations are responsible for the reduction of Sr'TiO 3 the duration of the additional
pre-annealing step at 400 °C is varied. The resulting n values for different durations
of the 400 °C annealing step are depicted in Figure 4.2 ¢). A 15 minute annealing
step results in a almost two times lower n (2 1.3 - 10*® em ™). While still achieving
a slight decrease in carrier concentration with an increase of the time towards 30

minutes (2 0.9 - 10'® cm™3) a further increase of the pre-annealing time towards 60
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minutes does not change the carrier density further.

The observed behavior is surprising, because the reduction behavior of the SrTi0O 3 sin-
gle crystals indicates a local oxygen partial pressure that is well below the physical
pressure of 107% mbar. This however, seems to contradict the results of the mass
spectrometry experiments revealing that oxygen is the dominant component of the
gas mixture. A possible explanation for O and O being the dominant species and at
the same time reducing the sample is that the origin of the contaminations. The sam-
ple and its holder are the main source of contaminations, as only the sample holder
is transferred from outside the chamber and the silver paste, used to fix the sample,
outgasses. However, both, mass spectrometer and oxygen inlet, are not in the direct
vicinity of the sample. It is thus conceivable that contaminations react with the sam-
ple before reaching the mass spectrometer. The decrease in contaminations, achieved
by the additional annealing step, results in a less reduced substrate. Thus, the con-
taminations play a role in the enhanced oxygen vacancy formation during vacuum
annealing. H and Hs|5, 6, 59| as well as CO|137] are identified as species responsible
for this effect. The equilibria describing their oxidation behavior in the gas atmo-

sphere are the following (Kroeger-Vinck-notation)|54|:

CO + %()2 = CO, (4.1)
1

Applying those to SrTiOz under consideration of chapter 2.1 results in:
CO+0OF =C0Oz2+ V¥ + 2e” (4.3)

Hy + 0% = Hy0 + Ve + 2™ (4.4)

;which then describes the oxidation of carbon monoxide and hydrogen in the vicinity
of an oxide surface. In this case, these molecules tend to remove oxygen from the

solid in order to get oxidized.

At this point it was found that the contaminations present in the PLD chamber
play an important role for the reduction of SrTiOj. It is possible to decrease the

amount of contamination present during annealing by applying an additional an-
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nealing step resulting in a less reduced SrTiOgz substrate. The pre-annealing temper-
ature of 400 °C is high enough to enable the evaporation of most adsorbates, at the
same time it is, according to literature, low enough to prevent significant release of
oxygen from the substrate at the chosen time scales.|7| However SrTiOj is still re-
duced to a greater extend than would be expected considering chemically controlled

reducing atmospheres.|5, 6, 59| Thus other possible influences have to be consid-

ered.
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Figure 4.3: a) Mass spectrometry data during thermal annealing of SrTiOgz crystals
inside a PLD chamber at 107® mbar using a holder without Ag-paste. b) Mass spec-
trometry of the purposely induced CO mimicking the CO induced by the cold cathode
gauge

Influence of measurement devices

A hint to another possible influence on the enhanced oxygen vacancy formation
was recently published by Scheiderer ef al.|138] They found an influence of the cold
cathode gauge on the reduction state of LaAlO3/SrTiOg3 heterostructures in HyO rich
atmospheres. They identified the cold cathode gauge to influence the ratio of Ho0 and
its ionic derivatives.|138] Thus the influence of similar measurement devices applied
to our vacuum chamber, namely a cold cathode gauge and a mass spectrometer, was
investigated.

Figure 4.4 a) depicts the carrier concentration of different SrTiOj; single crystals
annealed for one hour at 800 °C and 1078 mbar without pre-annealing step in com-

parison to chemically controlled thermodynamic equilibrium data from our earlier
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work (black squares)|59]. The thermodynamic equilibrium data is acquired in chem-
ically controlled reducing atmospheres. As the pressure for these experiments is
constantly 1 bar neither a cold cathode gauge nor a mass spectrometer are used. In
order to draw this comparison, the equilibrium conductivity data|59] is converted
into the corresponding carrier concentration utilizing the mobility formula provided
by Moos et al.|5]. These data serve as reference for the carrier density expected for
SrTiOg in chemically controlled thermodynamic equilibrinm. The data points repre-
sent the carrier concentration of the sample with a running cold cathode gauge and
mass spectrometer (blue dot), a running cold cathode gange (red triangle), a running
mass spectrometer (green triangle), and without any of both devices running (crossed

pink square).

The highest sheet carrier concentration is achieved when both measurement devices
are running (= 3 - 10'® cm=3). With only one measurement device running n is
considerably smaller (a2 1 -10'® cm™2), but, considering the equilibrium data, still
in the magnitude of highly reduced SrTiOs. Remarkably, when no measurement
device is running during annealing, n is lower than the detection limit of the Hall
probe (10 em™). The fact that the carrier concentration is even lower than the
equilibrium data is easily explainable considering the measurement methods. The
equilibrinm conductivity data is measured at elevated temperatures, while our mea-
surements are performed at room temperature. Considering the temperature depen-
dence of small carrier concentrations, the corresponding data is below the threshold
for n-type conduction in the quenched state (about 10 cm=2).|139| Therefore, it

can be concluded that the sample is not reduced.

These results are surprising as they prove the attached measurement devices as being
responsible for the reducing atmosphere in the vacuum chamber. A possible reason
can be extracted from Figure 4.4 b). It shows again the mass spectrometry data
for COz (dark green), CO (light green), Hp (light red) and H (dark red) obtained at
10=% mbar. These species were identified as responsible for the reduction of SrTiO3
(Eq. 4.3 and Eq. 4.4). When the cold cathode gauge is turned off (dashed line),
the signals of COg and CO decrease. Noticeably, the amount of CO decreases to a
stronger extend than the amount of COg, while there is no change observable for
H; and H. Thus the cold cathode gauge shifts the CO/COgq equilibrium towards

the reducing CO (Eq. 4.3). This differs from the findings of Scheiderer et al. as
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Figure 4.4: a) Resulting carrier concentrations (y-axis) for annealing one hour at
106 mbar and 800 °C with different measurement devices running. CC meaning cold
cathode gauge and MS mass spectrometer, CO representing a C0O/0Og atmosphere.
The error bars indicate the standard deviation of the carrier concentration measured
for at least two equally treated samples, verifying the reproducibility of our results.
The carrier concentration is plotted into a chemically controlled thermodynamic equi-
librium graph|59] with the pOg as x-axis for better comparability. The inset shows
details of the resulting sheet carrier concentration for different running measurement
devices without the error bars. The pink arrow indicates the change for switched off
measurement devices, the black arrow indicates the change for measuring at room
temperature.[139] The crossed out data point indicates a sheet carrier concentration
below the measurement limit. b) Relative intensity of selected ions (y-axis) over the
time (x-axis) measured via mass spectrometry in the moment of the cold cathode gauge
turn off (dashed line) measured at the same parameters. Dark red representing H, light
red Hg, light green CO and dark green COa.

they found a shift in the ratio of HoO and its derivatives. However, in contrast to
this experiment they worked in HzO rich atmospheres, which explains the different

observations. |138]

To verify CO as the contamination mainly responsible for the reduction samples were
annealed in a CO /O mixture (turquoise star). Figure 4.3 b) shows a constant flux of
CO, which is applied matching the amount of CO originating from the cold cathode

gange identified in figure 4.4 b). During the annealing the mass spectrometer and the
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cold cathode are switched off. Samples annealed this way show a carrier concentration
in the same regime as samples with both the measuring devices switched on (a2
3-10'® em=3). The surplus of CO originating from the cold cathode gauge is thus
likely to be responsible for the reduction of SrTiO; at comparably high oxygen

pressures.

Both measurement devices work based on ionization. This working principle is likely
to be responsible for the shift of the CO/CO4 ratio towards CO. According to Eq. 4.1
this results in a lowered effective oxygen partial pressure pOg ~ ’% As a result of
Eq. 4.3 one then expects a stronger reduction of the SrTiO3 crystal when exposed
to this atmosphere. Additionally it is conceivable that the ionization can influence
the kinetics of the redox reaction at the sample surface in a way that the removal of
oxygen from the sample gets favorable.|56] In conclusion the cold cathode and mass
spectrometer are primarily responsible for the unexpected reduction of SrTiO3 at
relatively high oxygen pressures; probably due to their working principle, which is
based on ionization. Their influence outweighs the influence of the contaminations
found in figure 4.2, as it is possible to avoid reduction even without an additional
annealing step. This is perspicuous considering the contaminations change the carrier
concentration by a factor of three, while the measurement devices eventually change

the carrier concentration by at least 6 tens of magnitude.

Reduction during PLD

After having addressed the reduction behavior of SrTiOz upon vacuum annealing,
here the possible implications for actual PLD growth processes are discussed. For this
LaAlO3 is grown on SrTiOz as this results in a very p,, sensitive system (see chapter
2.2). To unravel whether the reduction of the SrTi0O3 substrate during LaAlO3 growth
is triggered by the measurement devices, as it is for mere thermal annealing, or by
the deposition itself|80, 85, 103, 132, 135| 8 monolayers of LaAlOj are deposited on
SrTiOz with and without an applied cold cathode gauge. The mass spectrometer was
not applied in any case. The black squares in the left panel of Figure 4.5 a) repre-
sent the resulting sheet carrier concentration of the LaAlO3/SrTiO3 heterostructure

quenched after deposition with and without applied cold cathode gauge. For both
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cases the sheet carrier concentration is & 6.1 - 10'® em~2 and thus in the regime of

bulk contribution (compare chapter 2.2).

As the application of the cold cathode gange does not influence the resulting sheet
carrier concentration for samples quenched directly after deposition its influence dur-
ing depositions is neglectable. The influence of the plasma plume and the oxidiza-
tion of the grown film wia the substrate, respectively, dominate the reduction of the

SrTi03 substrate.

In an earlier work it was shown that it is possible to re-oxidize the SrTi0O 3 substrate
reduced during growth by annealing after deposition for a sufficient time at growth
conditions for pressures > 107* mbar (Figure 4.5 b)).|35] Until now this was not
possible for lower pressures. As it was shown in this chapter that the cold cathode
gauge has a crucial influence on the reduction state of SrTi0 3 for thermal annealing,
its influence during the post-annealing process is investigated and the re-oxidization

of the SrTiOgz substrate at lower pressures is attempted.

The red squares in the left panel of Figure 4.5 a) represent the resulting sheet carrier
concentration when annealing for 1 h at deposition conditions with and without
applied cold cathode gauge. The annealing time of 1 h ensures, as before, a diffusion
length exceeding the sample dimensions.|7] The temperature of 800 °C further allows
the exclusion of a surface reaction limitation.|136] While there is no change of the
sheet carrier concentration when the cold cathode gauge is applied (=2 6.1-10'% cm™2),
post-annealing without an applied cold cathode gauge results in a decrease of the
sheet carrier concentration (a2 1.6- 1016 cm™2). This value, however, still corresponds
to a contribution from the bulk conduction of the reduced SrTiOj; substrate.[130,
131]

To elucidate the extend of reoxidization the sheet carrier concentrations are compared
to the prior annealing experiments in Figure 4.5 b).|35] Although reoxidization takes
place to certain extend at 10~° mbar, when the cold cathode gauge is not applied,
the SrTiOgz substrate is far from complete reoxidization. Working with pressures
p > 107* mbar, however, eventually results in a complete reoxidization.[35] The
explanation for this discrepancy is that for p < 107% mbar reoxidization is hindered
by a lack of oxygen species reaching the sample surface. In opposite to oxidation

in chemically controlled atmospheres, where oxygen is constantly delivered wia an
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Figure 4.5: a) Sheet carrier concentration of LaAlOg/SrTi0g heterostructures for
the case of a running cold cathode gange (CC) and a turned off one, respectively.
The left panel shows the sheet carrier concentration (ng) of LaAlO3/SrTiO3 grown at
10~% mbar, when quenched directly after deposition (black) and subsequently annealed
for one hour (red). The right panel shows ng of LaAlOg/SrTiOg samples, which were
ex situ reduced in equilibrium experiments (black) and subsequently annealed in the
PLD chamber under the same conditions as the grown ones (red). b) depicts the
annealing experiments at 1072 mbar (turquoise) and 10™% mbar (pink), respectively.
The results of our annealing experiments at 107% mbar with cold cathode (CC) (black)
and without cold cathode (red) are included for comparison. The dashed black line
marks the expected sheet carrier concentration for 2D interface conduction.

equilibrium, the oxygen consumption of the reoxidization of the SrTiOj3 in vacuum

chambers is not compensated adequately.

To verify that oxidization is hindered by a lack of oxygen species reaching the sample
surface ez-situ reduced samples were annealed. This allows us to exclude lasting
influences of the deposition on the substrate like induced cation defects or the creation

of a chemically broad interface.[103, 140, 141]

For this purpose LaAlQOjz thin films were grown on SrTiOjz at oxidizing conditions
(p = 1072 mbar) to avoid a reduction of the SrTiOs substrate.]22, 35| Subse-
quently the samples were reduced in ez-situ equilibration experiments for 90 min-

utes at 1000 °C and po, < 1072° mbar. The po, for ez-situ reduction is ad-
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justed by a 4 % Ho/Ar mixture resulting in a shift of the equilibrinm described
by Eq.4.2 and Eq.4.4. This shift, eventually, results in a highly reducing atmo-

sphere.

The sheet carrier concentration resulting from the ez-situ reduction is represented
by the black squares in the right panel of Figure 4.5 a) (3.1 -10'7 ecm™2). The ex-
situ reduced samples are subsequently annealed inside the PLD chamber for 1 h
at 107% mbar and 800 °C with and without applied cold cathode gaunge. These
parameters ensure comparability with the prior experiments. The resulting sheet
carrier concentration is represented by the red dots in the right panel of Figure 4.5 a).
While, again, there is nearly no change for the sample with an applied cold cathode
gauge (=~ 2.4-10'7 em~2), reoxidization is observed for the sample annealed without

an applied cold cathode gauge (=~ 0.6 - 10* cm™2),

The sheet carrier concentrations of the er-situ (= 6.1-10' cm™2) and in-situ (=~
1.6 - 10 cm=2) reduced samples, which were subsequently annealed for 1 h without
an applied cold cathode gange, differ significantly. This proves that the reached state
is not the result of lasting deposition effects, but the result of a lack of oxygen species
reaching the sample surface during post-annealing and thus hindering a complete re-
oxidization. These experiments also underline the severe influence of the cold cathode
on the reduction state of the SrTi0O3 substrate, as annealing for 1 h with an applied

cold cathode gauge leads to no reoxidization at all.

Discussion and conclusion: Enhanced oxygen vacancy formation at low

pressures

To summarize, the discrepancy of the oxygen pressure required to achieve reduction
of SrTi03 single crystals found in literature, when comparing vacuum annealing
and annealing in chemically controlled reducing atmospheres, was unraveled. The
residual gases present in vacuum processes play a minor role, as it is possible to
decrease the level of reduction by decreasing the amount of contaminations. More
important, the reduction of SrTi03 mainly originates from the attached measurement
devices, namely a cold cathode pressure gauge and a mass spectrometer. Both devices
are based on ionization. The ionized species on the one hand shift the CO/COy

equilibrium to the reducing CO and on the other hand accelerate the surface redox
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reaction. These effects in combination enable the reduction of SrTiOg3 at pressures
as high as 107% mbar. As soon as the devices are not attached no reduction takes

place.

However, during depositions the attached measurement devices lose in importance
as the reduction triggered by the deposition dominates the reduction state of the
SrTiOs substrates. During post-annealing at pressures < 107 mbar samples are
only reoxidized, if no measurement device is attached. The SrTiOj3 substrate is,
however, not completely reoxidized, even without an attached cold cathode gange
due to a lack of oxygen species reaching the sample surface and thus hindering a

complete reoxidization.

Thus further understanding of oxidization/reduction during PLD processes at low
oxygen pressures was provided and the contradiction concerning the reduction of
SrTiOg substrates during deposition and its well known defect equilibrium was elim-
inated. The recommendation is to consider the role of the cold cathode, when post-
annealing samples during PLD processes. Moreover it should also be considered for

other thermal annealing processes carried out in vacunm chambers.

4.1.2 UV-radiation of the plasma plume

In this section another parameter with an influence on the formation of oxygen va-
cancies in SrTi0gz, that has up to this point been neglected will be investigated: the
UV-radiation of the plasma plume during PLD. While the effect of impinging species
from the PLD plasma plume has been studied |80, 88, 128| the possible effect of
UV-radiation emitted by the plume has not been considered, although the plasma
plume is known to emit UV-radiation.|4] Further UV radiation is known to induce
persistent photo conductivity,|57, 58| as well as to enhance the oxygen incorporation
rate, |56, 142-145| in SrTiOs.

One obstacle with respect to evaluate the influence of UV-radiation during PLD
growth is the problem of separating its influence from that of the impinging species
within the plume. In order to allow such a separation, a new sample holder was

designed, allowing UV-radiation to reach the sample, but not the impinging species.
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SrTi0z samples are processed in this new holder at typical low pressure PLD con-
ditions, one sample with an ignited plume and, as a reference, one without. Hall
measurements show an increase in charge carrier concentration in SrTi0 3 samples
exposed to the plume UV-radiation, compared to the reference sample. Cross sec-
tional scanning Kelvin probe microscopy (SKPM) measurements revealed a differ-
ence in the carrier concentration profile between the two samples. Variable energy
positron annihilation lifetime spectroscopy (VEPALS) measurements detect Ti va-
cancy - oxygen vacancy complexes (Vp;Vp) in the near-surface region of both types

treated SrTi0Oz samples.

The first step towards an understanding of the role of UV radiation during PLD
processes is to determine, whether UV radiation is emitted. The UV-spectrum of the
plasma plume resulting from the PLD ablation of a SrTiO 3 target is simulated using
Saha-LTE by collaborators at the Chair for Technology of Optical Systems, BWTH
Aachen University. To obtain the ionization levels from the NIST atomic spectra
database needed for this simulation the electron temperature and density in the
plasma plume are required.|146] The electron temperature (£7") in the plasma plume
can be derived from the power density of the used ablation laser, (14 0.5) x 108%,
using the corresponding equation by Schriever ef al.|147], to be 0.8854+0.135 eV. The
electron density in the plasma plume is estimated to be & 1 x 10'® em =3 as given hy
Gilgenbach et al.[148]. The simulated UV-radiation spectrum of the plasma plume
resulting from ablation of an SrTi0j3 target is shown in Figure 4.6 a). Strong emission
lines at &~ 215 nm due to strontium are observed, and will contribute considerable

intensity to the emitted UV radiation.

The sample holder designed for this study is shown in Figure 4.6 b}, the laser plume
is blocked by a sapphire window which is transparent to UV-radiation > 150 nm.|149)
The SrTiOg sample is separated from the window by four 1 x 1 x 0.5 mm? SrTiOg spac-
ers, this exposes the sample surface to a gas exchange volume. The SrTiO3 sample
is mounted into the holder with a Ni-foil placed between the rear of the sample and
a second sapphire window. The foil acts as an absorber for the infrared diode laser
heater which provides precise control of the sample temperature. The back sapphire
window enables transmission of the IR-radiation and prevents the ablation of the
Ni-foil. Finally a spacer is placed between the second window and the holder frame

to tighten the whole stack and improve heat transfer.
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Figure 4.6: a) Simulated spectra in the UV regime for a SrTiOgz plasma plume. b)
Sample holder designed to separate the influence of the UV-radiation and the impinging
species from the plasma plume during PLD. The front sapphire window is transparent
to UV-radiation, but prevents the ablated atomic and molecular species of the plume
from reaching the SrTi0Og sample.

Experiments were performed on TiOs-terminated SrTiOz samples heated to 800 °C
and in chamber pressure of 10~° mbar oxygen for one hour. The sample temperature
is rapidly quenched to room temperature by switching off the laser heater (cool down
time =2 65 s). These are typical conditions for low pressure growth of oxide thin
films, for which was shown in section 4.1.1 that no reoxidization appears even after
one hour.|79] At the same time, quenching preserves as best as possible the defect
state obtained immediately after the growth, and, hence allows to decouple growth
phenomena from thermodynamic phenomena, such as re-oxidation kinetics.[35] The
effect of the UV-radiation from the plasma plume was then investigated by ablating
the SrTiOg3 single erystal target with a 5 Hz pulse repetition rate. Laser ablation was
maintained for the 1 h period. Samples were prepared with and without the presence

of the laser plume.
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Table 4.1: Sheet carrier concentration calculated from Hall effect measurements for low
pressure annealed UV-irradiated and non-UV-irradiated SrTi0O3 single crystal samples.
The samples were measured immediately after processing and after a further 50 day
storage in air. The error indicates the standard deviation obtained from measuring at
least four equally treated samples.

Sample | ns (immediate) | ng (50 d)

UV irradiated (5+1) x107 em=2 | (54+£1) x 107 em™2

Non UV irradiated || (24 0) x 107 cm™2 < 10 ¢ =2

The sheet carrier concentration, ng, of the processed SrTiOg samples, with and with-
out exposure to UV-irradiation, were measured using a Hall measurement system
(compare chapter 3.4). Measurements were performed immediately following pro-
cessing and after 50 days of storage in air for at least four equally treated samples.
The averaged results including the standard deviation are shown in Table 4.1. Both
the UV-irradiated and the non-irradiated samples exhibit a high sheet carrier concen-
tration immediately after preparation. It is well known that annealing of SrTiO3 at
1075 mbar can result in the reduction of the samples, as shown in section 4.1.1.|22

24, 79| The sheet carrier concentration of the UV-irradiated samples, however, is
approximately twice that of the non-irradiated samples immediately after process-
ing. More strikingly, after 50 days the difference between the two types of samples
becomes marked. The sheet carrier concentration of the UV-irradiated samples is
unchanged, while the concentration in the non-irradiated samples has fallen below

the measurement limit (< 101 cm™2),

A similar behavior was observed for samples treated at different oxygen pressure.
Samples processed at 10™* mbar oxygen showed the same behavior as samples pro-
cessed at 10~° mbar with a 50 % lower sheet carrier concentration. Samples processed
at 10~% mbar showed an increased carrier concentration and no time dependence dur-
ing storage in air. It can thus be assumed that their whole bulk was reduced. Samples
processed at 10~3 mbar, however, showed no signs of reduction, which is in accor-
dance with previous results.|35] In the following exemplary the samples processed
at 107% mbar will be discussed as they show the most pronounced differences be-
tween irradiated and non-irradiated samples, while having a high initial sheet carrier

concentration.

In order to deliminate the results from conductivity contributions generated by photo-
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induced carriers only, reference experiments were carried out at room temperature
and 10~% mbar, where photo-induced carriers may be generated by UV irradiation,
while the kinetics of ionic defect formation limits the photo-induced formation of oxy-
gen vacancies to the very-surface region. This is of high interest, as a reduction of
SrTi0; is commonly also observed for room temperature depositions. |88, 150] How-
ever no reduction of the substrates was observed without the presence of impinging

species.

The higher sheet carrier concentration and its persistence after 50 days storage pro-
vide evidence that the SrTiOjz sample’s defect structure, in particular the oxygen
vacancy concentration, is altered significantly by the UV-irradiation from the plasma

plume during low pressure processing.

The question arises, whether the carrier concentration is homogeneously distributed

through the volume of the sample, or if a concentration gradient exists.

To investigate the depth dependence of the carrier concentration cross-sectional
SKPM measurements were performed 10 days after processing by collaborators at
the University of Massachusetts. The results are shown in Figure 4.7. Figure 4.7 a)
shows the topography image for orientation (top) and the surface potentials for the
UV irradiated sample (center) and the non-UV-irradiated sample (bottom). With
the help of the surface potentials the local carrier concentration can be determined,
Figure 4.7 b).|151| The carrier concentrations near the surface for the UV-irradiated
and non-irradiated samples are comparable, however, while the UV-irradiated sam-
ple exhibits a very shallow depth profile, the non-irradiated sample exhibits a rapid
decrease within the first 4 gm. In consequence, it can be inferred that the oxygen va-
cancy concentration profile resulting from low pressure annealing with UV-irradiation
is markedly different from that for the samples similarly annealed but not exposed

to UV-irradiation.

The observation from the non-UV-irradiated samples that the sheet carrier concen-
tration decreased below the measurement limit after 50 days (Table 4.1) is consistent
with the restriction of the initial carrier profile to the top few microns (Figure 4.7 b)).
Using the oxygen-vacancy diffusivity determined for SrTiOgz by De Souza et al.|7],
it is found that after 50 days at room temperature the diffusion length of oxygen

vacancies is &2 10 gm. In consequence, the low pressure annealed sample not exposed
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Figure 4.7: a) The surface potentials below the SrTiOgz surface (0 pm) measured
by cross sectional SKPM including a topography image for orientation. b) The local
carrier concentration with depth below the SrTiOg surface determined wia the surface
potential. Samples exposed to UV-irradiation during low pressure anneal (blue), and
samples low pressure annealed but without UV exposure (red).

to UV-irradiation can re-oxidize, returning to the insulating state, while the near
constant depth dependent concentration of the UV-exposed sample is not detectably

altered.

To gain further insight on the defect content of the near surface region of the
samples VEPALS measurements were performed by a collaborator from the Uni-
versity of Dundee using the PLEPS instrument on the neutron induced positron
source (NEPOMUC) beamline at the Heinz Maier-Leibnitz Zentrum Munich research
reactor.[152, 153] The spectra were best fitted using three positron lifetime compo-
nents, a reduced bulk lifetime and two vacancy-related defect components. The de-
fect component results for positron implantation energies between 10 keV and 18 keV,
which correspond to mean implantation depths varying between approximately 300

to 800 nm, are shown in Figure 4.8. The first lifetime component corresponds to the
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Figure 4.8: The two defect components obtained from three lifetime component free
fits of the PALS spectra for positron implantation energies between 10 and 18 keV for
a sample exposed to UV-irradiation during low pressure anneal (up triangle, blue), and
a sample annealed but without UV exposure (down triangle, red). The inset shows a
ViV vacancy complex.

bulk and is thus not further considered. The second lifetime component was found
to be approximately 225+6 ps, this is in good agreement with the density functional
theory (DFT) calculated value for the Ti-vacancy oxygen vacancy complex, V;Vg,
of 225 ps.|154] A significant increase in trapping to this defect was observed for the
UV-irradiated low pressure annealed sample, compared to the sample annealed with-
out UV-irradiation (samples stored in air for > 50 days). The oxygen monovacancy
is normally expected to be positively charged and hence not to trap positrons.|155]
The lifetime of the Ti vacancy in SrTiOjz is approximately 180 ps, while that for
the Sr vacancy is 280 ps.|155] The increase in the intensity of the V1;Vo lifetime
component observed here (Figure 4.8) can only result from either an increase in the
defect trapping coefficient, which would require a change of the charge state of the
defect to a more negative value, or from an increase in the concentration of defects
in the low pressure annealed sample exposed to UV-irradiation compared to the non-
UV-irradiated sample. An increase in the concentration of V;Vg defects is thus
consistent with an increase in the oxygen vacancy concentration in the UV-exposed

sample.



4 Influences on the defect structure

Figure 4.8 also shows the results for the third lifetime component, this has negligible
value for the non-UV-irradiated sample, but there is evidence of trapping to a vacancy
cluster defect with an approximate lifetime of 500440 ps in the UV-exposed sample.
Positron trapping vacancy cluster defects involved on the order of 10-20 vacancies
have been previously observed in SrTiOj thin films.|106] Trapping to vacancy cluster
defects in the UV-exposed sample supports the presence of an increase in oxygen va-

cancy defects compared to the non-UV-exposed sample.

Discussion and conclusion: UV-radiation of the plasma plume

Considering all the results deseribed above a mechanism by which the UV radiation
of the plasma plume influences SrTiOj3 is proposed. The VEPALS measurements
observe an increase in positron trapping to oxygen vacancy containing vacancy com-
plexes providing indirect evidence that an increase in oxygen vacancy concentration
is responsible for the increase in conductivity. The very different depth dependent
carrier concentration profiles obtained from the cross sectional SKPM provide further
evidence for the presence of much higher coneentration of oxygen vacancies within the
volume of the UV irradiated sample compared to the non-UV-irradiated sample. The
temperature and pressure environment for both samples was equal. Further the for-
mation of interstitials in SrTiO3 can be excluded restricting the formation of oxygen
vacancies to the surface.|6] Hence it is concluded that the UV irradiation enhances
the oxygen vacancy incorporation rate at the surface. The oxygen vacancy incorpo-

ration can be described by Equation 4.5(5-7, 59| in the Kroeger-Vink notation|54| as

already deseribed in chapter 2.1.

OF + 2h* = %02 +VeE (4.5)

In the same way the incorporation of oxygen can be described by Equation 4.6]5

7, 59| in the Kroeger-Vink notation|54].

%02 FVE 42" =08 (4.6)

The incorporation of oxygen (Equation 4.6) in reality is a multi step reaction includ-
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ing the adsorption of molecular oxygen, electron transfer, O-O bond dissociation and
incorporation of atomic oxygen into oxygen vacancies. However, in the case of suf-
ficient oxygen vacancies being present the electron transfer is considered as the rate
limiting step.|17, 56| Considering this, the known UV-enhanced oxygen incorpora-
tion rate for SrTiOz is under consideration of Equation 4.6 explained by additional
electrons provided by the electron hole generation of the UV radiation (Equation
4.7).[56, 142-144]

nil + hv =+ e~ +h* (4.7)

In a similar fashion the hole transfer can be considered the rate limiting step for the
incorporation of oxygen vacancies (Equation 4.5) in case of sufficient lattice oxygen
being present. Considering Equation 4.7 the enhanced oxygen vacancy incorporation
can be attributed to the generation of additional holes by the UV radiation. Con-
sequently the persistent photo conductivity in SrTiOgz, which has been discussed in
literature controversially,|58| can be explained by an increased oxygen vacancy incor-
poration rate triggered by the generation of additional holes. Considering Equations
4.5, 4.6 and 4.7 not only the oxygen vacancy incorporation can be explained by the
UV irradiation of the plasma plume, observed in our experiments, but equally the
enhanced oxygen incorporation in presence of the plasma plume reported in literature
can be explained.|156, 157] This in turn explains, why no UV induced reduction was
observed at 1072 mbar. The absence of conductivity for samples processed at room
temperature may be explained by the reoxidization of the UV induced oxygen vacan-
cies upon air exposure, as they are restricted to the surface due to the limited kinetic
at such temperatures.|158] It further shows that the holes and electrons generated
by the UV radiation of the plume are not persistent and thus do at best introduce
perishable conductivity. Only if they participate in the chemical reduction of the

sample persistent photo conductivity seems observable.

In this section the influence of the UV-irradiation accompanying the PLD laser plume
on the oxide sample was investigated. UV-exposed samples exhibited a high carrier
concentration that was nearly constant with both depth and time. By contrast
the non-UV-exposed SrTiOz samples showed a carrier concentration that decreased

strongly with depth and time. The results suggest that the oxygen vacancy concentra-
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tion is higher and that the profile with depth is markedly shallower in the UV-exposed
samples compared to the non-UV-irradiated samples. The depth dependent positron
lifetime measurements detect an increase in trapping to V;Vpo divacancies in the
UV-exposed sample consistent with an increased oxygen vacancy concentration. It
was shown that the UV radiation emitted by the plasma plume during pulsed laser
deposition of oxide thin films plays a key role for their properties. The mechanism
behind this was identified as a UV enhanced oxygen vacaney incorporation rate, thus
also providing an explanation for persistent photo conductivity in SrTiO 3 reported
in literature. The UV radiation of the plasma plume was identified as a key influence
factor on the redox-processes relevant for the oxidization state of oxide thin films and

the underlying substrate during PLD.

4.1.3 The termination layer

Besides the mentioned influence of the oxygen vacancy concentration on SrTi0j, a
second central parameter is its termination. As mentioned in chapter 77 SrTiOz can
either be TiOg- or SrO-terminated. In this chapter the interplay of these two
influences, oxygen vacancies and termination, will be investigated. The termina-
tion of SrTiOgzespecially plays a key role for applications, which rely on interfaces.
Examples are the properties of magnetic heterojunctions,|159] interface dependent
superconductivity,|160] and the formation of a two dimensional electron gas (2DEG),
as observed at the interface of the model system LaAlO3z/SrTiO3.[18, 22, 25, 34, 76,
78, 83, 86, 88

Although a strong termination dependence of the oxygen exchange kinetics has been
demonstrated for other perovskites,|161-163| it has only been scarcely considered for
SrTi05(100).]7, 164| In this section the role of the SrTi0 3 termination on the oxygen
exchange kinetics will be thoroughly investigated and a new method to control the
oxygen exchange will be presented. This new method will be applied to amorphous
and crystalline LaAlO3/SrTiOz. In the course of this the ambient stability of the

SrTi0Ogtermination will be investigated.
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Interplay of termination and oxygen vacancy incorporation

In order to investigate the termination dependent oxygen vacancy incorporation,
SrTiOg single crystals were SrO- and TiOg-terminated selectively. Details on the
termination process can be found in chapter 3. For the in sifu annealing process
samples were annealed under oxidizing conditions after termination to minimize ad-
sorbates. Subsequently the annealing experiment was performed for 1 h at an oxygen
pressure of 1078 mbar at 800 °C with subsequent quenching (cool down time to be-
low 400 °C was about 40 s). The ex situ samples were stored at room temperature
under ambient conditions for 60 h before being exposed to the same annealing con-

ditions.

Figure 4.9 a) shows the resulting carrier concentration n, which is a measure for the
oxygen vacancy concentration, for TiOg and SrO terminated SrTiOjz (red square).
The resulting carrier concentration for the TiO 5 terminated sample is 5 x 10*® em—3,
a typical value observed for the applied conditions.|23, 79| The carrier concentration
of the SrO terminated sample after the same treatment is, however, below the mea-
surement limit (< 10 cm™3). This is a first hint to a termination dependency of

the oxygen vacancy formation.

The observed behavior, however, changes drastically after SrO terminated SrTiO 3 was
exposed to ambient conditions for 60 h. The annealing of ex situ samples results in
high carrier densities independent of the termination (blue triangles). Ambient stor-
age thus affects the reduction of SrO-terminated SrTiOj3, while the carrier concen-

tration of TiOg-terminated SrTi0Oj3 remains unchanged.

Concomitant to the reduction behavior of SrO-terminated SrTiO 3, also the topog-
raphy changes, when exposed to ambient conditions . Figure 4.9 ¢) shows the to-
pography of an in situ annealed sample and figure 4.9 b) shows the topography of
the same sample, but stored 60 h in ambient. While the vicinal surface is atomically
flat in the beginning, features of about 0.2 nm height decorating the unit cell step
terraces after ambient storage can be observed. The topography of TiO o-terminated

SrTiOz showed no change after ambient storage.

o
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Figure 4.9: a) Carrier concentration of TiOg terminated (left) and SrO terminated
(right) SrTiOg after 1 h of annealing at 10™® mbar oxygen pressure and 800 °C for
an in situ sample (red) and a sample stored 60 h in air (blue). b) the topography of
the SrO terminated sample after 60 h of air storage and c¢) the topography of a SrO
terminated sample measured in situ before storage in air. The topography in b) was
measured for the sample presented in c), after that sample was exposed to air for 60 h.

Stability of the SrO termination

The changes of the surface configuration during exposure to ambient conditions were

further investigated using in situ and ex situ XPS in order to investigate the surface

chemistry before and after ambient exposure. The C 1s (Figure 4.10 top), O 1s

(Figure

4.10 center) and Sr 3d spectra (Figure 4.10 bottom) were recorded. The C

1s spectrum is of interest as exposure to ambient is expected to give significant rise

to adventitious carbon.|165, 166] The O 1s and Sr 3d spectra are of interest to probe
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chemical changes in the SrO termination layer. The center and right column show the
comparison of the spectra before (in situ) and after (ex situ) exposure to the ambient

for a SrO and a TiOs-terminated sample, respectively.

The fits in the left column of Figure 4.10 are representatively depicted for the SrO-
terminated sample and were obtained in the same manner for the TiO o-terminated
sample. The chemical information is gained from these fits. The comparisons in
the center and right column elucidate the differences occurring for both terminations
before and after exposure to the ambient. The C 1s spectra (Figure 4.10 a)) are
fitted with a carbonate component for the highest binding energy (Eg) and a hydro-
carbon component (Ep = 286 ¢V). The O 1s spectra are fitted using 4 components
(Figure 4.10 b)). The lowest Eg component represents metal oxide bonds in the
SrTiOz bulk. The highest Ep component represents carbonates.[167-169] Both of
the intermediate Epg can be ascribed to hydroxides and other non-carbonate con-
taminations, and are referred to as contaminations peaks. The Sr 3d spectra are
composed of a doublet from the SrTiO3z bulk and a second, surface-related dou-
blet at higher binding energies, as is typically observed for SrTiO; (Figure 4.10
¢)).[170]

In order to estimate changes of the surface stoichiometry, the peak areas of the
different core-levels are compared. In case of the C 1s spectra the area ratio of the
C 1Is and Sr 3pgj, peaks (Figure 4.10 d) and g)) are used to obtain a C/Sr ratio.
Further the area of the carbonate and the hydrocarbon peak are used to obtain a
relative carbonate contribution. For the O 1s spectra, the areas of the carbonate
and the contamination peaks in relation to the metal oxide peak are used to obtain
a relative carbonate contribution and a non-carbonate contamination concentration,
respectively. The relative contribution of the Sr related surface component to the Sr
3d signal is obtained from the ratio of the doublet at high binding energy and the
doublet from the bulk SrTiOs;.

These ratios can be found in Table 4.2 for SrO and TiOs-terminated samples, mea-
sured in situ and after 60 h of ambient exposure (ex sifu). After air exposure, the
C/Sr ratio increases markedly, to 40%, for both, TiOs- and SrO-termination. For
both samples there is no discernible C 1s carbonate component, when measuring in

situ. Ambient exposure gives rise to this component, 3.0% for the Ti0 s-termination
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Figure 4.10: Left column shows the fits for a) the C 1s, b) O 1s and ¢) Sr 3d spectra.
The center column shows the comparison of normalized spectra before (in situ), blue,
and after (ex sifu), red, ambient exposure for a SrO-terminated sample, the right
column for a TiOg-terminated sample, respectively. For the C 1s spectrum the change

by ambient exposure is more significant for the d) SrO-terminated sample than the g)
TiOg-terminated sample. The same is observed for the SrO- e) and TiOg-termination
h) for the O 1s spectrum and the Sr 3d spectrum, f) and 1), respectively.

and 6.5% for the SrO-termination. The carbonate component is thus markedly the
highest for an ambient exposed SrO-termination. Similarly, the O 1s spectra do
not exhibit a carbonate component when measuring in situ, but after exposure to

ambient, this component is 7.5% for the TiOg-termination and 9.5% for the SrO
termination. Again the carbonate component is thus the most pronounced for an
ambient exposed SrO-termination. The 3d surface component of the Sr 3d spectra
is 18% for the TiOs-termination in and ex sifu and for the in situ SrO-termination.
Ambient exposure of the SrO-termination increases this spectral weight (21%). This

means that the 3d surface component of the Sr 3d spectra only changes after ambient
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4.1 Anion stoichiometry

exposing the SrO-terminated SrTiO3.

Table 4.2: Ratios obtained from XPS fits for in situ and er sifu samples, for both
TiOg- and SrO-termination, respectively.

|| i silu || e situ

termination || TiO5 SrO || TiO4 | SrO
C/Sr ratio (C 1s) 21 % 8.6 % 40 % 40 %
Carbonate contribution (C 1s) - - 3.0 % 6.5 %
Contamination concentration (O || 24 % 21 % 28 % 30 %
1s)

Carbonate contribution (O 1s) - - 7.5 % 9.5 %
Sr related surface component (Sr || 18 % 18 % 18 % 21 %
3d)

The strong increase of the C/Sr ratio for both terminations is typical for XPS mea-
surements after ambient exposure due to adventitious carbon.[165, 166, 171, 172
The more pronounced carbonate component of the C 1s and O 1s spectra for the
SrO-termination points towards the formation of SrCOgz, naturally occurring when
SrO reacts with COg of the atmosphere.[173] This is also substantiated by the in-
crease of surface component obtained from the Sr 3d spectrum after ambient exposure
exclusively for the SrO-termination, as the component could be SrCOj related. It
thus seems that the SrO-termination is instable under ambient conditions due to
the formation of SrCOj, eliminating the oxygen vacancy formation inhibiting ef-
feet.

Application to LaAlO;/SrTiO; heterostructures

As a method to tailor the oxygen vacancy incorporation in SrTiOj3; by control of
the surface termination under UHV conditions was developed, it was subsequently
transferred to the thin film system used within this chapter to elucidate the effects

of oxygen vacancies, namely LaAlO3/SrTi0s.

As described in chapter 2.2 the interface of between LaAlOgz and SrTiOjz is only
conducting in the n-type configuration. However, the n-type conducting interface

was shown to prevail for interfaces with up to 83% SrO-termination, which can be
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explained by the formation of the 2DEG in the TiOs-terminated areas and percola-
tion paths in between those areas.|76, 78] Further chapter 2.2 described that the shift
towards bulk conductivity of Sr'TiO3 can easily be identified as it is accompanied by a

shift towards lower resistivity. |18, 22, 25, 35, 76, 79, 81-86]

As described in chapter 2.2 similar to the bulk conductivity of erystalline LaAlO g/
SrTi0Oz grown at low pressures, the 2DEG conductivity of the interface between
amorphous LaAlOz and SrTiOg3 single crystals relies on the incorporation of oxygen
vacancies into the SrTiOj lattice. Amorphous LaAlOg/SrTiOg therefore can be ex-
pected to be sensitive to the oxygen vacancy incorporation at the interface as well.
Thus one can expect to see differences in the conductivity depending on the termi-
nation for both, crystalline LaAlOQ3/SrTiO; grown in the bulk-conducting regime (i.e.

grown at low pressures) and for amorphous LaAlO3/SrTiOs.

Figure 4.11 a) shows the sheet resistance of crystalline LaAlO3/SrTi03 in dependence
of temperature obtained for different SrTiO3 terminations. The sheet resistance of
LaAlO3/SrTi0Oz with 0% SrO-termination is about 100 € at room temperature and
about 1072 Q below 10 K. This corresponds to a dominant metallic bulk conduction
of SrTi0;, as expected for these growth conditions.|35] An increase of the SrO-
termination to 50% results in an increase of the sheet resistance, to about 10* Q
at room temperature and about 10® € below 50 K. This is the typical tempera-
ture dependency of the sheet resistance for crystalline LaAlO3/SrTiOz dominated
by 2DEG conductivity.[18, 22, 25, 35, 76, 79, 81-86| Increasing the SrO-termination
further to 100 % did, in agreement with observations reported in literature,|76, 78]

result in insulating samples, whose sheet resistance is above the measurement limit
(108 Q).

Figure 4.11 b) shows the sheet resistance of amorphous LaAlO3/SrTi0O3 in depen-
dence of temperature and SrTiOztermination. Amorphous LaAlO3/SrTiO5; with 0%
SrO-terminated SrTiOj3 has a sheet resistance of about 10* £ at room temperature
and about 10®  below 50 K. This is in good agreement with the temperature de-
pendent resistivity of the 2DEG formed by amorphons LaAlO3/SrTiOgz, now solely
relying on the incorporation of interface oxygen vacancies.|85, 87, 88| Increasing the
SrO-termination of the SrTiOjz substrate to 50% results in a slight increase of the

sheet resistance hy a factor of two. A further increase to 100% results, as for the

62



4.1 Anion stoichiometry

a) crystalline b) amorphous

100% SrO L 100% sro 4

a
10° 6| Sr0
S0 LAO 10 LAO

10* 4 10% 4
0% 510 50% SrO
r

R/ Q

G
—
< 2] 0%sro
LAO
TiO,
10° 4
1072 I I
10 100

T/K

Figure 4.11: Sheet resistance in dependence of temperature of a) crys-
talline LaAlOz/SrTiOsz with different SrTi0Oz terminations and b) amorphous
LaAlO3/S5rTi0g with different SrTiOgz terminations. 100% SrO-termination results in
insulating behavior for both heterostructures. 50% SrO-termination results in 2DEG
conductivity for both, as does 0% SrO termination in the amorphous case. The 0%
SrO-terminated crystalline LaAlOg/SrTi0Og shows metallic conductivity.

crystalline case, in an insulating sample. Hence, only a negligible amount of oxygen

vacancies has formed at the SrO-terminated interface.

Figure 4.11 shows that the termination control of the Sr'Ti0O 3 substrate can be utilized
to tailor the sheet resistance in LaAlO3/SrTiOz heterostructures. As the sheet resis-
tance of both, erystalline LaAlO3/SrTiO3 grown in reducing conditions and amor-

phous LaAlO3/SrTi03, is defined by the oxygen vacancies|18, 22, 25, 35, 76, 79, 81
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4 Influences on the defect structure

88|, their incorporation was successfully tailored. This also explains the shift from
bulk dominated to interface dominated conductivity for erystalline LAO, when in-
creasing the SrO-termination to 50% (Figure 4.11 a)). The oxygen vacancy incor-
poration is limited to the remaining TiOg-terminated areas, as shown in the top
sketch in Figure 4.11 a). The resulting confined conductivity is comparable to the
conductivity of amorphous LaAlO3/SrTiO3 (Figure 4.11 b)), which is also dominated
by oxygen vacancies confined to the interface, as shown in the according sketches.
Thus, in the same way the increased resistivity for amorphous LaAlO3/SrTiOg can

be explained.

Discussion and conclusion: Influence of the termination layer

Considering all the results described above a more complete picture of the role of
the termination of SrTiOg for its oxygen exchange kinetics is presented. Apply-
ing conditions known to be reducing for SrTiOjz single crystals,|23, 79| it is only
possible to efficiently incorporate oxygen vacancies into the TiOs-terminated sin-
gle crystal. The SrO-terminated sample remains insulating. It is concluded that
the incorporation of oxygen vacancies is inhibited, as other kinetic and thermody-
namic factors, e.g. the diffusion coefficient in the bulk, are not affected by termina-

tion.

The surface reaction of the oxygen vacancy incorporation is known to be a multi
step process, which is influenced by several parameters.|56, 143| Considering that
Alexandrov et al.|164] have shown by ab initio calculations that the formation en-
ergy of oxygen vacancies is lower for TiOs-terminated SrTiOz as compared to SrO-
terminated SrTiOj3, it is conceivable that the termination has an influence on one
or more steps of the surface reaction. In particular a high formation energy of oxy-
gen vacancies in SrO-terminated SrTiOgz could fully depress the oxygen vacancy in-
corporation at SrO-terminated surfaces. The schematic of this is shown in figure
4.12.

Another possible mechanism behind the inhibited oxygen vacancy incorporation is
SrO acting as a diffusion barrier for oxygen.|174] However an increased diffusion
barrier was only shown for SrO in a rock salt structure. For SrO in the perovskite

structure of SrTi0gz, the effect was not observed.|175] Thus the explanation of a
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Figure 4.12: Schematic of the oxygen vacancy incorporation at the SrTi0g surface
for different terminations. Due to the higher formation energy of oxygen vacancies for

a SrO-termination, the oxygen vacancy incorporation is suppressed.

SrO diffusion barrier is ruled out, leaving the increased formation energy as decisive

parameter.

The observed behavior, however, changed drastically after SrO-terminated SrTi0O 3 was
exposed to ambient conditions. Similar vacuum annealing of ex situ samples now re-

sulted in high carrier densities independent of termination, indicating that the block-

ing effect of the SrO termination layer was eliminated by air exposure. This was

accompanied by the formation of morphological features, indicating a clustering of
SrO related particles.|175] Utilizing XPS measurements these particles were identified

as SrCOs5.

If a SrO-termination inhibits the formation of oxygen vacancies, the formation of
SrCO3 can explain the elimination of the effect under ambient conditions. The
formation of islands after ambient exposure results in pores in the oxygen block-
ing SrO-termination layer, revealing the TiOg-terminated SrTiOjz, which then al-
lows pathways for the incorporation of oxygen vacancies. Moreover, the resulting
SrCOj clusters do not necessarily have a high formation energy for oxygen vacan-

cies.

To profit from the new method to tailor the oxygen vacancy incorporation properties

it was applied to the model application of the 2DEG at the LaAlQ3/SrTiO3 het-
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erointerface. Crystalline LaAlO3/SrTiO3 dominated by bulk conductivity and amor-
phous LaAlOgz/SrTiO3 both rely on oxygen vacancy incorporation. In case of crys-
talline LaAlOg/SrTiO3 fabricated under reducing conditions a transition from bulk
conducting SrTiOz(0 %) to interface conductivity (50 %) and finally to insulating
(100 %) is observed with an increasing amount of SrO-termination. For amorphous
LaAlO3/SrTiO3 a transition to insulating behavior is observed as well, when increas-
ing the SrO-termination to 100%. This confirms the inhibition of the incorporation

of oxygen vacancies observed for SrTiOj3 single erystals.

Considering crystalline LaAlOg/SrTiOg this is especially interesting, as it was found
that the conductivity in the initial report of 2DEG conductivity by Ohtomo et al.|25]
was in fact dominated by bulk conductivity, hence by oxygen vacancies.|18, 83| Never-
theless, conductivity was only observed for Ti0g-terminated SrTi03.[25] This effect
could not be explained within the polar catastrophe scenario. With our findings
it is possible to explain this phenomenon wia the inhibition of the oxygen vacancy

incorporation for the SrO-terminated sample.

Within this section a novel way to tailor the oxygen vacancy incorporation in SrTiO 3 by
controlling its termination was provided. It was demonstrated that a SrO-termination
of SrTiO3z completely inhibits the incorporation of oxygen vacancies for otherwise re-
ducing conditions. By systematically controlling the termination of SrTiOj it is thus
possible to tailor the areas of oxygen vacancy incorporation. Due to the widespread
use of SrTiOg as a substrate this result is highly interesting. A specific application
for which this new method was employed are LaAlOg/SrTiO3 2DEG heterostrue-
tures. By doing so, it is not only possible to directly influence the conductivity
of these heterostructures, but also their understanding was improved. Further ap-
plications include, but are not limited to: i) oxides that require low oxygen pres-
sure growth due to thermodynamic reasons (e.g. LaVOj3[176-178|, EuTiO3[179]),
for which film properties would otherwise be masked by oxygen vacancies induced
in SrTi0j; ii) metals, which induce the incorporation of oxygen vacancies at the
interface.| 180
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4.1.4 Summary: Anion stoichiometry

In this section light was shed on different aspects influencing the anion stoichiome-
try in SrTiOz. For mere thermal annealing an influence of residual gases was found
and more vital an influence of measurement devices based on ionization. Residual
gases can decrease the oxygen partial pressure by releasing e.g. hydrogen or carbon-
monoxide. lonic measurement devices change the carbonmonoxide carbondioxide
equilibrinm to a carbonmonoxide richer atmosphere. This in turn decreases the oxy-

gen partial pressure resulting in a reducing atmosphere.

For PLD growth at adequately low pressures an influence of the UV radiation of the
plasma plume was presented. This was enabled by the design of a new holder. It
was found that the UV radiation of the PLD plasma plume significantly accelerates

the oxygen vacancy formation for low pressure growth.

Last a way to modify the formation of oxygen vacancies was presented. It was found
that the formation of oxygen vacancies in SrTiQO 3 is termination dependent. Namely
the formation is only observed for a TiOg-termination. It is thus possible to tailor the
conductivity in SrTiOg, resulting from the induced oxygen vacancies, by manipulating
its termination. Utilizing this knowledge SrTiO3 and LaAlO3/5rTi0Og with a tailored

oxygen vacancy formation were presented.
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4.2 Cation stoichiometry

In order to vary the cation stoichiometry while ablating from a stoichiometric single
crystal target, dependencies of the cation stoichiometry on different parameters dur-
ing different stages of the PLD growth can be utilized. For the growth parameters
of SrTi03 used in this work (compare chapter 3.2.1) a convenient way to influence the

cation non-stoichiometry is a change of laser fluence.|17, 104-106]

As described in chapter 3.2.1 the laser fluence during PLD can easily be adjusted by
an attenuator. To determine the detailed influence of the laser fluence on the cation
stoichiometry, SrTiO3 thin films were grown on SrTiO3z and 0.5 wt% Nb:SrTi0O3 sub-
strates. Thin films grown on SrTiOjz substrates had a thickness of 100 nm to
enable XRD analysis, thin films grown on 0.5 wt% Nb:SrTi0O3 substrates had a
thickness of 20 nm, as those used for the MIM structures in the later chapters.
Thin films grown on 0.5 wt% Nb:SrTiO3 substrates were analyzed using XPS and
AFM.

Figure 4.13 shows the RHEED data of Sr'TiO 3 thin films deposited with comparably

2-0.95 J/ecm?). The left column shows the intensity of

low fluence (Fr, = 0.63 J/cm
the (01) spot (green), the (01) spot (blue) and the (00) spot (red) during the first
=2 6505 of growth. The right column shows the relative intensity of these spots to each
other after growth. Equally figure 4.14 shows the RHEED data of SrTiO 3 thin films

deposited with higher fluence ( Fy, =1.04 J/cm? - 1.58 J/cm?).

As described in chapter 3.2.1 the intensity of the RHEED signal over time cannot only
be used to determine the growth rate, but also gives information about the growth
mode. For all fluence, except the lowest (figure 4.13 a)) and the highest (figure 4.14
e)), thickness oscillations are observable throughout the first & 650 s of deposition,
pointing towards a 2D layer by layer dominated growth. For the lowest fluence the
primary (00) spot decreases markedly in intensity after about 300 seconds, while
there is a slight increase of the (01) and (01) spots (fignre 4.13 a)). The decrease of
the primary spot can be associated with a roughening of the surface and is thus a
hint for a change of the growth to the 3D island type.|181] The reason behind the
simultaneous increase of the secondary spots is discussed in the next paragraph. For

the highest fluence in figure 4.14 e) oscillations are observable for about 100 seconds.
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Figure 4.13: The left column shows the RHEED intensity over time and the right
column the relative intensity of the (01) spot (b luej the [E]I) spot (green) and the
(00) spot (red) for a laser fluence of 0.63 J/cm?2, 0.86 J/cm?and 0.95 J/cm?. The
right column shows the line profile desc rlbmg the mtenhlty relation of the spots after

deposition.

However, the signal intensity does not decrease after the oscillations vanish, but is

constant. This indicates step flow growth.|101]
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Figure 4.14: The left column shows the RHEED intensity over time and the right

column the relative intensity of the (01) spot (blue), the (01) spot (green) and the (00)

spot (red) for alaser fluence of 1.04 J/em?, 1.13 J/em?and 1.58 J/em? The right column

shows the line profile describing the intensity relation of the spots after deposition.

The RHEED signal can further give us information about the termination of SrTiO 3.

As described in chapter 2.1.1 SrTiO3 can either be TiOg-, SrO- or mixed terminated.
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Unterminated substrates (compare chapter 3.1) usually have a mixed termination
consisting of 5 to 25 % SrO and 95 to 75 % TiOg, respectively.|51] The top right
of figures 4.13 and 4.14 represent the intensity ratio of the secondary spots and the
primary spot for a typical unterminated substrate. Due to the higher atom form
factor of Sr in comparison to Ti the intensity of the secondary spots (blue and green)
increases proportionally to the share of SrO termination, while the intensity of the
primary spot increases proportionally to the share of TiOg-termination.|61, 182, 183]
The right column of figures 4.13 and 4.14 can thus be used to qualitatively deter-
mine the termination of the grown films in dependence of the fluence as it com-
pares the intensity of these spots. At the low fluence 0.63 J/cm?(figure 4.13 d))
and 0.86 J/cm?(figure 4.13 f) the secondary spots are dominant after deposition,
thus a primarily SrO-terminated surface can be expected. With an increasing flu-
ence the primary spot becomes more and more dominant after deposition, meaning
that the share of TiOs-terminated surface areas increases. For the highest fluence
of 1.13 J/em?(figure 4.14 d)) and 1.58 J/em?(figure 4.14 f)) the secondary sports
are barely visible after deposition in comparison to the primary spot, thus a TiO -

termination can be expected.

To gain more information about the surface of the 20 nm SrTiOz on 0.5 wt% Nb:SrTiO3
thin films, AFM scans were conducted and the mean square roughness ( R,,s) was
determined. Figure 4.15 shows the resulting topographies with the corresponding

fluence and R, values.

Independent of the laser fluence the typical step structure of Sr'Ti0O 3 substrates re-
mains observable (compare chapter 3.1). Nevertheless, distinct differences are ob-
servable. For the lowest fluence (figure 4.15 a)) the formation of islands is observed
and the R, is consequently the highest. For a fluence between 0.86 J/cm2and
1.04 J/em2the topography shows no distinct features (figure 4.15 b)-d)). The R
of all three thin films is reasonably low (< 2 nm), however it is the lowest for
Fr, — 095 J/em2(1.1 nm). An increase of the fluence to 1.13 J/cm2gives rise to the
formation of distinet features on top of the step terraces (figure 4.15 e)), while main-
taining a relatively low Rp,s 2.1 nm. Increasing the laser fluence even further results
in extended features on the surface, while the step terraces are barely observable. This

also goes together with a markedly increase of the R,s to 4.7 nm.
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Figure 4.15: Topography of 20 nm SrTiOg thin films for a different laser fluence with
the determined mean square roughness (Rps).
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While RHEED and AFM give hints on the stoichiometry of the thin films and RHEED
even allows a qualitative analysis of the termination, XPS allows the quantification
of both: termination and stoichiometry. This is achieved by an angular dependent
measurement of the Ti%® and Sr*? peak. The peak ratio of both corresponds to
Sr/(Sr+Ti). For high angles 6 this corresponds to the bulk stoichiometry. As XPS
gets more surface sensitive with decreasing angle, the ratio at low angles can be used

to determine the termination.|184]

Figure 4.16a) shows the bulk Sr/(Sr+Ti) acquired by in situ XPS in dependency
of the fluence (black) compared to the growth speed (red). The dashed blue line
indicates the reference cation stoichiometry. As is to be expected the growth speed is
higher for higher fluence. The films deposited with a fluence between (.86 J/cm?and
1.13 J/em?are nearly stoichiometric. The film grown with the lowest fluence is Sr-
rich, the one with the highest fluence Ti-rich. Figure 4.16b) shows the angular
dependent Sr/(Sr+Ti). The progression of this ratio shows an upwards trend for
Fp, <1.04 J/em2and a downwards trend for Fy, = 1.13 J/em2and Fy, = 1.58 J/cm?.
Thus films grown with Fy, < 1.04 J/em?predominately show a predominately SrO-
terminated surface, while films grown with F, =1.13 J,-"'cmganrl Fr, =1.58 J,-"'r:anare

predominately TiOo-terminated.|184]

Although XPS performed at high angles gives bulk sensitive information to some
extent, it is still a comparably surface sensitive method. Therefore, XRD measure-
ments were performed. As described in chapter 3.2.2 the 26 scan (figure 4.16 ¢))
gives information on the lattice expansion and the rocking curve (figure 4.16 d)) on
the crystal quality. As shown in figure 4.16 ¢), a significant deviation of the c-lattice
is only observable for the Ti-rich sample (light blue). Considering that the FWHM
of all rocking curves is below 0.03" the bulk of all films is of reasonably good crystal

quality.

Discussion and conclusion: Cation stoichiometry

Considering the entirety of results in this chapter a complete picture of the inter-
play between cation stoichiometry and laser fluence can be presented. For a low
laser fluence (0.63 J/em?2) (figure 4.17 a)) RHEED showed shares of 3D growth
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Figure 4.16: a) Sr/(Sr+Ti) ratio obtained from the Ti*® and Sr*® peak by XPS in
dependency of the laser fluence (black) and in comparison to the growth rate (red)
b) angular dependent Sr/(Sr+T1i) ratio ¢) XRD 28 scan for different fluence and d)
rocking curves.

and a predominately SrO-terminated surface. The topography confirmed the for-
mation of islands during growth, which can be associated with SrO islands in the
rock salt structure.|105, 175, 185] Utilizing angular dependent XPS the SrO termi-
nation of the thin film surface was confirmed. As the XRD data neither suggests
a c-lattice expansion nor a decrease of crystal quality, but the formation of SrO is-
lands was observed, it seems under these conditions the additional SrO is Hoating
to the surface.|61] A second mechanism previously found for the accommodation of
Sr-excess is the formation of Ruddlesden-Popper type anti phase boundaries.|20| In
this case the excess of Sr is compensated by stacking fault in form of SrO double

layers.

For intermediate fluence (figure 4.17 b)) the RHEED data suggested layer by layer
growth and the topography showed that the step structure of the substrate was

conserved. The XPS data confirmed that these films are nearly stoichiometric and
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their XRD data suggests the same. Interestingly all of these films still showed a
termination dominated by SrO in opposite to the predominately TiO o-terminated

substrates.

For high fluence (figure 4.17 ¢)) the growth rate increases drastically and in case of
1.58 J/cmZsnggests step flow growth. The increased growth rate results in a second
layer nucleation and resulting multilayer growth of the film.[185] This explains the
change of the surface morphology and the increase in roughness for higher Huence.
As expected the predominant TiOstermination is restored for the high laser fluence
resulting in Ti-rich films. The 28 scan of the film grown with the highest fluence
suggests a lattice expansion. The e-lattice expansion is a result of the formation
of Sr-vacancies, which expand the lattice.|10, 62| In contrast to Sr-excess which is
accommodated by SrO formation, the Ti-excess is accommodated by the formation
of Sr vacancies. The reason behind this is that the formation energy of Sr vacancies is
lower than the formation energy of Ti vacancies. Furthermore, the formation energy

of SrO, either within or on top of SrTiO3, is low.|60)

a) 0.63 J/em? b)  0.86J/cm?- 1.04 J/cm? c) 1.13 J/em? & 1.58 J/cm?

Nb:STO Ti-term. Nb:STO Ti-term. Nb:STO Ti-term.

Figure 4.17: Schematics of the films resulting from different fluence regimes a) a
low fluence results Sr-rich thin films with SrO islands b) intermediate fluence result in
mixed terminated films ¢} high fluence result in Tirich films with a TiOgtermination

In chapter 3.2 influences on the cation non-stoichiometry during PLD were discussed
in detail. In a simple manner these influences can be divided into three categories
(Figure 4.1 a)):

1) Preferential sticking and re-sputtering on the substrate
The high growth pressure (> 107! mbar) applied for SrTiO3 in this chapter
means re-sputtering effects can be excluded. Further an influence of preferential

sticking can be excluded, as neither SrO nor TiOg are volatile.|17, 186]

2) Incongruent ablation of the target

As suggested in chapter 3.2 a probable reason for the cation non-stoichiometry
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4 Influences on the defect structure

in SrTiO3 is the difference in the effective evaporation enthalpies of the involved
components. Here it was presented that with an increasing laser fluence the Ti
ratio increases. This is in good agreement with the evaporation enthalpies,as
they suggest that low fluence results in a preferential evaporation of SrO, while

high fluence results in a preferential evaporation of Ti0.|186]

3) Plume interactions
In chapter 3.2 it was described that the different evaporation enthalpies fail
to describe a non-linearity of the stoichiometry dependence on the fluence.
Figure 4.16 a) suggests such a non-linearity, which can only be explained by

the preferential scattering of the Ti species.

In conclusion, in this chapter the influence of the fluence on the cation stoichiometry
was clarified. The cation stoichiometry can be steered precisely by fluence variation,
as can the termination of the film. Low fluence result in Sr-rich thin films, interme-
diate luence in stoichiometric thin films and high fluence in Ti-rich thin films. The
non-stoichiometry is accommodated by different mechanisms. Sr-rich thin films form
SrO islands and can also show extended defects in form of Ruddlesden-Popper type
anti phase boundaries within the film|20|. Ti-rich growth is, in the here considered
regimes, accommodated by the formation of Sr-vacancies. The reason behind the flu-
ence dependent cation stoichiometry is an interplay of different effective evaporation
enthalpies for SrO and TiOz and a stronger interaction with the process gas within

the chamber for Ti than Sr at low energies.



5 Engineering SrTiO3 for resistive

switching

After considering possibilities for engineering defects in the previous chapter, this
chapter will discuss possible applications for defect engineering in SrTi0O 3 thin films
for resistive switching. In the previous chapter the impact of Sr-rich growth on the
defect structure was discussed. It was found that Sr-rich SrTiOgz growth can on the
one hand be accommodated by the formation of Ruddlesden-Popper type anti phase
boundaries and on the other hand by the formation of SrO islands on top of the
film.

Previous works in this group already considered the influence of stoichiometry de-
viations on the resistive switching properties of SrTiOg3. It was shown that the low
resistive state (LRS) of Sr-rich SrTiOj3 is more stable over time in comparison to
Ti-rich and stoichiometric SrTiO3. Further it was shown that Sr-rich devices also
exhibit an improved ON/OFF ratio, as they have a lower LRS and a higher high
resistive state (HRS) than stoichiometric and Ti-rich devices.|48| Sr-rich devices thus

show an overall superior performance.

A major foeus of this group has thus been to understand the superior performance
of Sr-rich SrTiO3. As described in chapter 2.3 resistive switching of SrTiOj3 is based
on the formation of an oxygen vacancy rich filament during the first sweep. It
was recently shown by this group that the oxygen vacancies are introduced at the
Pt/SrTiO3 interface.|98, 100 It has been shown that the oxygen vacancy concentra-
tion at this interface increases by a factor of 2-3 for the LRS in comparison to the
HRS. Therefore the reoxidization of the SrTiO3 at the Pt interface results in an LRS
failure.|187, 188]

|
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5 Engineering SrTiQOj for resistive switching

Under consideration of this knowledge two possible explanations for the improved
performance of Sr-rich devices have been presented by this group. The first is a stabi-
lization of the oxygen vacancies of the filament at extended defects such as anti phase
boundaries.[48] In the previous chapter it was shown that Ruddlesden-Popper type
anti phase boundaries can accommodate the Sr surplus of Sr-rich growth. Another
mechanism of Sr excess accommodation is the formation of SrQ islands, which were
found to be an oxygen diffusion blocking layer and thus were presented as the second
explanation for a filament stabilization.[|174] While both possibilities can explain the
enhanced stability of the LRS, either by a stabilization of the oxygen vacancies,|48] or
by a blockage of the reoxidization,|174] neither can explain the enhanced ON/OFF ra-
tio. Further both explanations lack the possibility to ultimately separate the influence

of extended defects from the influence of SrQ islands.

This chapter thus aims to enable a differentiation between the influence of the differ-
ent types of Sr-excess accommodation on the resistive switching properties of SrTiO 3.
This will be achieved by engineering both accommodation types separately in stoi-
chiometric films. It is conceivable that it is possible to engineer Ruddlesden-Popper
type anti phase boundaries by a controlled deposition of SrO double layers. To start
with a defined SrO coverage it is important to start with a defined surface termina-

tion.

As former studies mainly worked with unterminated 0.5 wt% Nb:SrTiO 3 substrates
for resistive switching|189, 190| the first step will be to investigate, whether the
termination of the substrate has an influence on the switching performance of the
SrTi03 devices. After clarifying the influence of the substrate termination, the im-
pact of purposefully induced Ruddlesden-Popper type anti phase boundaries will be
considered. Last the influence of SrO islands on top of stoichiometric SrTi0 3 will be

investigated.

Parts of this chapter were published in reference [175].



5.1 Role of the substrate termination and thin film stoichiometry

5.1 Role of the substrate termination and thin film

stoichiometry

The goal of this section is to determine, whether the termination of the 0.5 wt%
Nb:SrTiOgz substrate plays a role for the switching behavior of the SrTiOgz thin
film. Sr-rich and stoichiometric films are investigated with regard to their I(V)-
characteristics, their time stability and variability. Current compliances of 10 mA
and 30 mA are applied for the SET, as previous work suggests that the difference
between stoichiometric and Sr-rich films can be best observed at 10 mA and vanishes
to some extend at 30 mA.|[174] For the self limiting RESET no current compliance

is required.

Figure 5.1 shows the I{V)-characteristics of the stoichiometric SrTiO3 thin films
for the forming step (red) and a representative SET (blue). The voltage was nom-
inally 3V for the SET and -4V for the RESET (compare chapter 2.3). The top
row shows the IfV)-characteristics with a current compliance of 10mA for an un-
terminated (a)) and a TiOg-terminated substrate (b)). The bottom row shows the
I{V)-characteristics with a current compliance of 30 mA for an unterminated (c¢)) and

a TiOs-terminated substrate (d)), respectively.

The 30 mA current compliance is reached at a higher voltage than the 10 mA cur-
rent compliance, for both terminations (dashed line). For all devices the increase
of the current is shifted to a higher voltage for the first sweep (red) in comparison
to subsequent SETs (blue). The samples thus show a small, but distinguishable,
forming step. Both forming and SET are gradual. For the respective current com-
pliance the I{V)-characteristics show no apparent influence of the substrate termi-

nation.

Figure 5.2 shows the I(V)-characteristics of the Sr-rich SrTiOj3 thin films for the first
sweep (red) and a representative SET (blue). SET, RESET and current compliance

were applied in the same way as for the stoichiometric samples.

In contrast to the stoichiometric samples the forming step does not necessarily change
to higher voltages for higher eurrent compliances. Further only the SET is as grad-

ual as for the stoichiometric devices, for the first sweep the current increases faster
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Figure 5.1: I{ V)-characteristics of stoichiometric SrTiOgthin films grown on untermi-
nated (left) and TiOg-terminated (right) 0.5 wt% Nb:SrTiOgsubstrates. All samples
were SET with 3V and RESET with -4 V. The top row shows the first sweep (red) and

SET (blue) for a current compliance of 10 mA, the bottom row for a current compliance

of 30mA, respectively.

than the voltage can be controlled by the source, resulting in an increasing cur-
rent with a decreasing voltage in the current compliance. Additionally for the Sr-
rich devices the shift of current increase between SET (blue) and first sweep (red)
is even more pronounced. Both of these observation result in a more pronounced
forming step for the Sr-rich devices than for the stoichiometric devices, which is in
accordance with previous work.[48, 174, 175 Again the I{V)-characteristics show no

apparent influence of the substrate termination for the respective current compli-
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Figure 5.2: [I{V)-characteristics of Sr-rich SrTiOgthin films grown on unterminated
(left) and TiOg-terminated 0.5 wt% Nb:SrTiOg(right) substrates. All samples were
SET with 3V and RESET with -4 V. The top row shows the first sweep (red) and SET
(blue) for a current compliance of 10mA, the bottom row for a current compliance of
30mA, respectively.

ance.

Considering the I{V)-characteristics of MIMs based on mixed- and Ti0O g-terminated
0.5 wt% Nb:SrTiO3 at most a small difference is conceivable. For further investigation
the time stability of the LRS and the ON/OFF ratio for both current compliances

and all four MIM setups was measured.
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Figure 5.3: LRS retention over 300 h and ON/OFF ratios for a) a current compliance
of 30 mA and b) a current compliance of 10 mA for stoichiometric samples (black and
gray) and Sr-rich samples (blue and turquoise).

Figure 5.3 a) shows the ON/OFF ratio and time stability of the LRS for samples
switched with 10 mA current compliance. The Sr-rich devices show a LRS around
108 Q, the LRS of the stoichiometric devices is around one order of magnitude higher
independent of substrate termination. The HRS of the Sr-rich samples is around
one order of magnitude higher than for the stoichiometric devices for both kinds of
substrates, TiOg-terminated and unterminated. This results in an ON/OFF ratio
of 10* for the Sr-rich samples and an ON/OFF ratio of 102 for the stoichiometric
samples. The LRS of the Sr-rich devices increases by a factor of 2 within the first
hour and saturates around 107 € in the course of 300 h. The stoichiometric de-
vices, however, show an initial increase of the LRS of one order of magnitude and
after between 25 and 50 hours their LRS becomes indistinguishable from the HRS.
The LRS of all samples has a high device to device variability as the error bars

indicate.

Figure 5.3 b) shows the ON/OFF ratio and LRS time stability for samples switched
with 30 mA current compliance. As for switching with a 10 mA current compliance
the HRS of all stoichiometric samples is 10% € and for all Sr-rich samples 10° .
However the initial LRS is now around 108 © for all samples. The ON/OFF ratio is
thus 10% for the stoichiometric samples and 10* for the Sr-rich samples. All samples
show a steep increase in the LRS of a factor around 1.5 within the first hour. After-

wards the LRS is reasonably stable for at least 300 h. In comparison to the samples

82



5.1 Role of the substrate termination and thin film stoichiometry

switched with 10 mA current compliance the device to device variability is lower, as

indicated by the error bars.
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Figure 5.4: Comparison of the device to device and cycle to cycle variability for the
LRS a) - d) and the HRS e) to h) of stoichiometric and (left) and Sr-rich (right) devices
based on TiOg-terminated and unterminated 0.5 wt% Nb:SrTi0s3.

One reason behind the high error in figure 5.3 is the used MIM. As described in chap-
ters 3.3 and 3.4, the MIM layout used for IV )-characterization and LRS time sta-

bility measurements requires contacting the top electrode directly with a W-whisker

probe resulting in an inherent high variability induced by the contact resistance and

its change over time.
contacting, was introduced. While this MIM inhibits the inherently high variability

In the same chapters an alternative layout, avoiding direct

it does not allow switching for a 30 mA current compliance. Figure 5.4 shows the
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5 Engineering SrTiQOj for resistive switching

result of the variability measurements. Each gray graph represents the cycle to cycle
variability of one device. It was acquired over 2000 cycles. The highlighted graph
represents the device to device variability taking the cycle to cyele variability into
account. It is acquired by averaging the respective gray graphs. A measure for the
device to device variability is the Weibull slope 8, which results from the highlighted

graphs; the higher its value, the lower the variability.

The top row of figure 5.4 shows the variability of the LRS of stoichiometric and Sr-rich
devices based on unterminated and TiOs-terminated 0.5 wt% Nb:SrTi0 5 substrates.
Comparing the influence of the termination for both stoichiometries no influence on
cyele to cycle or device to device variability is observable. However, comparing both
stoichiometries with each other, the Sr-rich devices (figure 5.4 ¢) and d)) show a
higher cycle to cycle variability than the stoichiometric devices (figure 5.4 a) and
b)). The bottom row of figure 5.4 shows the variability of the HRS. Independent of
substrate termination and film stoichiometry, devices have a very low cycle to cycle
and device to device variability in the HRS (3.23 < 8 < 8.61) . As described in
chapter 2.3, given appropriate switching parameters, the HRS is similar to the virgin

resistance.|92, 191]

Discussion and conclusion: Role of the substrate termination and thin film
stoichiometry

In this chapter the influence of the 0.5 wt% Nb:SrTiO3 termination on the switching
properties of SrTi03 was investigated for stoichiometric and Sr-rich thin films. Con-
sidering all measured properties, I{V)-characteristics, time stability, ON/OFF ratio
and variability, the termination of the substrate plays at most a minor role for the

switching performance.

As described in the introduction to this chapter the stoichiometry, however, plays a
central role for the switching performance. |48, 174] Within this chapter it was shown
that independent of the substrate termination Sr-rich devices show an improved
LRS stability compared to stoichiometric devices. The following chapter will answer
the question, if the improved LRS stability is based on the stabilization of oxygen
vacancies at Ruddlesden-Popper type anti phase boundaries|48| or on the blockage

of the reoxidization by SrO islands|174].
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5.1 Role of the substrate termination and thin film stoichiometry

Similar to the time stability of the LRS the improved ON/OFF ratio of Sr-rich devices
in comparison to stoichiometric devices is independent of the substrate termination.
In addition to these properties the cycle to cycle and device to device variability
were investigated with respect to stoichiometry and termination. Again the termi-
nation proved to have no influence, whereas Sr-rich devices have higher variability
than stoichiometric devices. A possible explanation for this can be deducted from
the previous chapter. Equally to the improved LRS stability an influence of the
Ruddlesden-Popper type anti phase boundaries or the SrO islands is conceivable. If
in fact these defects have a considerable influence on the switching performance of
SrTiOg their uneven distribution can explain the higher device to device variabil-
ity. A possible explanation for the higher cycle to cycle variability is a change of
either the Ruddlesden-Popper type anti phase boundaries or the SrO islands be-
tween cycles. However, both of these explanations require further investigations to

be proven.

As the termination of the 0.5 wt% Nb:SrTiO 3 substrate does not markedly influence
the properties of resistively switching Sr'TiO 3 and a TiOs-termination offers the ben-
efit of a defined substrate surface, all following SrTi0O 3 MIM structures are based on
TiOg-terminated 0.5 wt% Nb:SrTiOs.
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5.2 SrO interface engineering

In this chapter it will be investigated, which influence both possibilities of Sr-excess
accommodation, Ruddlesden-Popper type anti phase boundaries and SrO islands,
have on the switching performance of SrTiOgz devices. In order to separate both
of their influences the respective accommodation mechanisms will be engineered for

stoichiometric SrTi0O3 thin films.

5.2.1 Additional SrO at the bottom interface

The first step in investigating the influence of Ruddlesden-Popper type anti phase
boundaries independently of other effects of off-stoichiometric growth is to find a
method to purposefully induce them into a stoichiometric thin film. As described in
chapters 2.1, Ruddlesden-Popper type anti phase boundaries are in principal stacking
errors induced by a double layer of SrO. An obvious approach is thus to deposit ad-
ditional SrO) within the stack. However, if a double layer of SrO is deposited, there is
only a Ruddlesden-Popper type anti phase boundary parallel to the growth direction.
In order to achieve Ruddlesden-Popper type anti phase boundaries perpendicular to
the growth direction an incomplete layer of SrO is needed. At the edges of the re-
sulting one u.c. high SrO islands the anti-phase boundaries should be induced. The

underlying principle is depicted in figure 5.5.

As the substrates have a TiOg-termination, 1.5 u.c. of SrO were deposited using the
parameters described in chapter 3.2. Subsequently, stoichiometric SrTiO 3 is grown
using the parameters obtained in chapter 4.2. Figure 5.6 a) shows the topography
resulting from such a thin film growth. The step edges are barely visible and nu-
merous islands have formed. The surface is comparable to the surface of Sr-rich thin
films, which show the outgrowth of SrO islands (compare chapter 4.2). It thus seems
that the additional SrO did not remain at the bottom interface and induce anti-phase
boundaries as intended, but rather ended up at the top interface. This effect can he
explained by the findings of Nie et. al.|61], that for SrO double layers it is energeti-
cally preferable for the additional SrO to migrate to the surface of the film. This is

schematically represented on the left side of figure 5.5.
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Figure 5.5: The two possibilities of stoichiometric SrTiOggrowth on top of a TiOg
terminated (.5 wt% Nb:SrTiOgsubstrate with 1.5 w.c. of SrO. Either the SrQ migrates
to the top or it is stabilized at the bottom interface and induces anti phase boundaries.

The challenge is thus to prevent the additional SrO deposited at the bottom inter-
face from migrating to the stop interface. Generally two strategies are conceivable
for this. If the subsequent growth of SrTiOz is performed at a temperature low
enough to suppress fast cation diffusion, a migration of the SrO layer to the sur-
face is also suppressed. This strategy inherently results in additional problems. A
suppression of the cation diffusion results in thin films with additional extended de-
fects and thus a poor crystal quality.|66, 192] The second strategy is to stabilize
the SrO at step edges. In comparison to a normal site on a step terrace, where
a species is only bond on one side, a species at a step edge is bond on two sides.
Thus species bond at step edges are energetically more stable.|[193] To utilize this
0.5 wt% Nb:SrTiO3z(100) substrates with an intentionally high miscut were selected.
The miscut is responsible for the density of step edges, the higher the miscut in one
direction the higher the step edge density. Here a miscut of 4° in the (010) direction

was chosen.
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Figure 5.6: Topography of stoichiometric SrTiOgdeposited on 1.5 u.c. of SrO on
top of a) standard TiOg- terminated 0.5 wt% Nb:SrTiOgzand b) TiOg terminated
0.5 wt% Nb:SrTiOgawith intentional miscut.

Figure 5.6 b) shows the topography of a stoichiometric SrTiO3 film grown on top of
1.5 u.c. of SrO, which were grown on the 4° miscut TiOa-terminated 0.5 wt% Nb:SrTiO;
substrate. Using the substrate with a miscut results in a thin film, which shows no
SrO segregations. Further, the dense step edge structure remains observable. It is
thus probable that the 1.5 u.c. of SrO are indeed located within the film. To verify

this TEM analysis was performed.

Figure 5.7 a) shows the HAADF TEM survey of the stoichiometric SrTiO3 thin film
grown on 1.5 u.c. of SrO on top of 4° miscut TiOg-terminated 0.5 wt% Nh:SrTiO3 sub-
strate and a zoom into the interface area between thin film and substrate. The survey
reveals that the grown thin film exhibits a good crystal quality. The zoom into the
interface area reveals a double layer of Sr (green) at the interface. This means, that
the additional 1.5 u.c. SrO grown on the bottom interface, did indeed remain there
and did form a Ruddlesden-Popper type anti phase boundary parallel to the growth

direction.

The next step is to validate, whether the engineering of Ruddlesden-Popper type
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Figure 5.7: a) HAADF TEM survey of the stoichiometric SrTiOgzthin film grown on
1.5 u.c. of SrO on top of TiOg- terminated 0.5 wt% Nb:SrTiOgwith intentional miscut
and zoom on the substrate thin film interface. Green dots represent Sr, red ones Ti

b) Close up of the induced anti phase boundary with unit cells marked for orientation.
The TEM measurements were conducted by Hongehu Du.

anti phase boundaries perpendicular to the growth direction was equally success-
ful. Figure 5.7 b) shows a HAADF TEM survey of a step edge and the inter-
face between substrate and thin film. As planned a Ruddlesden-Popper type anti

phase boundary starts at step edge of the substrate and continues throughout the
film.

The TEM results of figure 5.7 and the AFM result of figure 5.6 show that vertical
anti phase boundaries were successfully engineered within an otherwise stoichiometric
thin film. The electrical characterization of this thin film should thus unravel the

effect of the anti phase boundaries on resistive switching.

Figure 5.8 shows the first sweep (red) and SET (blue) I{V)-characteristics for a
current compliance of a) 10 mA and b) 30 mA. Similar to the switching of stoi-
chiometric devices shown in figure 5.1 the current compliance is reached at higher

voltages for a higher current. Independent of the current compliance, the first sweep
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Figure 5.8: [{V)-characteristics of a sample with intentionally induced anti phase
boundary witched with a) a current compliance of 30 mA and b) a current compliance
of 10 mA.

is not distinguishable from the subsequent SET. The devices are thus forming free.
Considering the I{V)-characteristics of Sr-rich devices in figure 5.2 it is conspicu-
ous that the I{V)-characteristics of the I{V)-characteristics of devices with inten-
tionally induced Ruddlesden-Popper type anti phase boundaries do not resemble

them.

To ultimately verify the influence of Ruddlesden-Popper type anti phase boundaries,
the time stability of the LRS and the ON/OFF ratio of the devices are compared to
stoichiometric and Sr-rich devices for 10 and 30 mA current compliance (figure 5.9),
respectively. As described in chapter 5.1 the OFF state of Sr-rich devices is one order
of magnitude higher than the OFF state of stoichiometric devices. The OFF state of
the anti phase boundary devices is identical to the OFF state of the stoichiometric

devices.

Figure 5.9 a) shows the ON/OFF ratio and time stability of the LRS for 10 mA
current compliance. In accordance with chapter 5.1 the Sr-rich devices have a lower
ON resistance than the stoichiometric devices and considering the higher OFF resis-

tance consequently also a higher ON/OFF ratio. In contrast to the stoichiometric
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devices they also have a stable retention of more than 300 h. The ON state of the
stoichiometric devices becomes indistingnishable from their OFF state within 50 h.
The ON state of the anti phase boundary devices is even higher than the one of the
stoichiometric devices. They thus have the lowest ON/OFF ratio. Within one hour
their ON state is no longer distinguishable from their OFF state. Hence they also

have the shortest retention time.

Figure 5.9: Retention and ON/OFF ratio of stoichiometric {(black) Sr-rich (blue) and
anti phase boundary (violet) devices for a current compliance of a) 10 mA and b)
30 mA. The OFF state of the Sr-rich devices is hatched in blue, the OFF state of the

anti phase boundary devices and the stoichiometric devices in black

Figure 5.9 b) shows the ON/OFF ratio and time stability of the LRS for 30 mA
current compliance. As for the current compliance of 10 mA the LRS time stability
and ON/OFF ratio of stoichiometric and Sr-rich devices is in accordance with chapter
5.1. The Sr-rich devices have a higher ON/OFF ratio and a more stable retention.
However, for 30 mA current compliance, also the LRS of the stoichiometric devices
is reasonably time stable. Surprisingly using 30 mA current compliance, the LRS
of the anti phase boundary devices is the lowest with approximately 10* €. Within
the first hour a steep increase in resistance is observable, comparable to the 10 mA
current compliance. Subsequently, the 30 mA current compliance LRS stabilizes on

the same level as the LRS of the stoichiometric devices.
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Discussion and conclusion: Bottom interface engineering

Considering the I(V)-characteristics, the ON/OFF ratio and the time stability of
the LRS of anti phase boundary devices and comparing them to stoichiometric and
Sr-rich devices it is unlikely that Ruddlesden-Popper type anti phase boundaries are
responsible for the enhanced ON/OFF ratio or improved time stability of the LRS of
Sr-rich devices. Their retention time is even shorter than the one of the stoichiometric
devices and their ON/OFF ratio only improves at 30 mA current compliance. While
Ruddlesden-Popper type anti phase boundaries can thus be excluded as the respon-
sible mechanism for an enhanced performance of Sr-rich devices, devices with inten-
tionally induced Ruddlesden-Popper type anti phase boundaries still show a highly
interesting property. Their first I(V)-sweep is identical to all subsequent SETs, they
are thus forming free. A property that is highly desirable for application,|194] but

was so far not reported for resistively switching SrTiO 3.

As the devices with intentionally induced Ruddlesden-Popper type anti phase bound-
aries are forming free, an obvious explanation would be the presence of a preformed
filament. Further, the only difference between these devices and stoichiometric de-
vices are the Ruddlesden-Popper type anti phase boundaries. It is thus likely that
the Ruddlesden-Popper type anti phase boundaries are connected to the preformed
filaments. A possible explanation is an enrichment in naturally occurring oxygen
vacancies|195, 196 at the Ruddlesden-Popper type anti phase boundaries. This is
conceivable as it was reported for other extended defects in SrTiOg3, namely small
angle grain boundaries|197, 198] and dislocations|7, 198, 199|. For these defects
the formation energy of oxygen vacancies is lower in the defect’s vicinity.|7, 197

199] If the formation of oxygen vacancies is lower at Ruddlesden-Popper type anti
phase boundaries, it is conceivable that this naturally occurring oxygen vacancy
rich region is the preformed filament, ultimately explaining the lack of a forming

step.

Postulating preformed filaments, the short retention time of these devices can also
be explained. Joule heating is an important factor for the formation of the oxy-
gen vacancy rich filament in SrTiOg, as it aids the oxygen vacancy formation and
diffusion.[93, 95, 100] Generally Joule’s first law describes: P oc I?R. If Ohm’s

law applies as well the proportionality turns into a equation.|200| Considering the
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I{V)-characteristics of SrTi0O3 devices Ohm's law does, however, not apply. A precise
determination of the Joule heating present in these devices is thus difficult. Neverthe-
less qualitatively one can expect higher Joule heating, when the current compliance
is reached at a higher voltage and when the current increase takes place at higher
voltages. For devices with a forming step considerable Joule heating is induced dur-
ing forming. The Joule heating increases vacancy formation and diffusion, resulting
in filaments with a diameter of 100-500 nm.[100, 174, 187, 201] Considering the I{V)-
characteristics of the anti phase boundary devices one can expect less Joule heating
and thus either a smaller filament diameter or less oxygen vacancies forming. [t is
conceivable that an oxygen vacancy rich filament with a smaller diameter or less oxy-
gen vacancies reoxidizes faster and thus has short retention time. A dependence of
the retention time on Joule heating is also consistent with the current compliance de-
pendence of the retention time. For a higher current compliance more Joule heating
is expected and a higher time stability of the LRS is observed. Further it was shown
that at high currents the diffusion of SrO to the Pt/SrTiO3 interface is activated,

which as described can stabilize the LRS.|174]

In this section it was shown that Ruddlesden-Popper type anti phase boundaries are
not responsible for the enhanced performance of Sr-rich devices. However, Ruddlesden-
Popper type anti phase boundaries can be utilized to obtain forming free devices. For
this, in a first step, Ruddlesden-Popper type anti phase boundaries have to be suc-
cessfully engineered into the SrTiOz thin film. In this section it was shown that
this can be achieved by the deposition of 1.5 n.c. of SrO on an intentionally miscut
TiOs-terminated 0.5 wt% Nb:SrTiOj3 substrate. The additional SrQ at the bot-
tom interface induces horizontal and more important vertical Ruddlesden-Popper
type anti phase boundaries. Extended defects in SrTiOg are known to pinpoint
native oxygen vacancies.|7, 197-199] A probable explanation for forming free de-
vices are thus preformed filaments along the anti phase boundaries. This should
in future be further investigated. One possibility would be to calculate the forma-
tion energy of oxygen vacancies at the Ruddlesden-Popper type anti phase bound-

aries,
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5.2.2 Additional SrO at the top interface

In this section the second accommodation mechanism for Sr-surplus in Sr-rich thin
films will be investigated with regard to its influence on the switching behavior.
For this purpose SrO islands are grown on top of stoichiometric SrTiO3 films. The
resulting devices will then be investigated paying special attention to the possibility
to tailor the time stability of the LRS.

Figure 5.10 shows the topography of the as-grown thin films acquired by AFM of
a) a stoichiometric thin film and b) a Sr-rich thin film as presented in chapter 4.2.
The stoichiometrie Sr'Ti0O3 is atomically flat, while the Sr-rich STO film shows SrO

islands.

In order to emulate the SrO segregation of Sr-rich thin films, additional SrO was
deposited after the deposition of a 20 nm thick stoichiometric thin film. Figure 5.10
f) shows the RHEED oscillations for the growth of SrO. Due to the higher atom
form factor of Sr in comparison to Ti a maximum in the intensity of the secondary
spots (blue and green) corresponds to a SrQ termination as discussed in chapter
4.2.|61, 182, 183] The oscillation of secondary spots and the additional oscillation of
the main spot (red) thus correspond to the layer-by-layer growth of 1.5 unit cells
(u.c.).|61]

Further deposition of SrO results in the formation of SrO islands, shown for 2 u.c.
in Figure 5.10 d) and 3 u.c. in Figure 5.10 e). The increase of the amount of the
additional SrO results in a higher SrO island density, while the individual islands
show a similar height. The increased surface roughness results in the vanishing of
the RHEED signal (Figure 5.10 f)). The transition to 3D growth can be explained
by the different lattice parameters of Sr'TiO3 and SrO. While SrO has a rock salt
structure with a lattice constant of a — 0.51 nm, SrTiO3 is a perovskite with a — 0.39
nm. |49, 202, 203| The high lattice mismatch results in a high stress, which in turn

results in a transition to 3D growth to release the strain.

Having suceessfully deposited SrO on top of SrTiO3 the samples were electrically
characterized. Figure 5.11 shows the I{V)-characteristics for a 10 mA current com-
pliance of the devices with different SrO thicknesses and as a reference the I{V)-

characteristics of a stoichiometric and Sr-rich device.
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Figure 5.10: AFM topography images of a) stoichiometric SrTiOs, b) Sr-rich SrTiOsc)
1.5 u.c. of SrO deposited on top of a stoichiometric thin film, d) 2 u.c. and e) 3 u.c.,
respectively. f) shows the RHEED oscillation recorded during the deposition of SrO.
The inset shows the RHEED pattern corresponding to the oscillations.
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For the devices with additional SrO at the top interface the forming step gets increas-
ingly more pronounced with an increasing amount of additional SrO. The similarity
of the I{V)-characteristics for the Sr-rich SrTiO3 devices and the devices with in-
tentionally inserted SrO is a first hint towards the same underlying mechanism. For
both a significant current starts at the comparably high voltage of 1 V (compare

stoichiometrie: 0.5 V).

a) stoichiometric b) Sr-rich
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Figure 5.11: I{V)-characteristics for a current compliance of 10 mA of a) a stoichio-
metric, b) a Sr-rich device and devices with additional ¢) 1.5 uw.c. SrO, d) 2 u.c. SrO
and e) 3 u.c. SrO

Figure 5.12 shows the I{V)-characteristics for a current compliance of 30 mA. Basi-

cally the same trend as for 10 mA can be observed.

Figure 5.13 a) shows the LRS resistance immediately after the SET for samples
switched with 10 mA current compliance. The error bars in Figure 5.13 correspond
to the standard deviation of at least six switched devices. As described in chapter

5.1 the stoichiometric devices (black) have the highest LRS and the lowest HRS
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Figure 5.12: I{V)-characteristics for a current compliance of 30 mA of a) a stoichio-
metric, b) a Sr-rich device and devices with additional ¢) 1.5 u.c. SrO, d) 2 u.c. SrO
and e} 3 w.c. SrO

(Figure 5.13 b) black HRS). The LRS of the Sr-rich devices (blue) is one order of
magnitude lower and the HRS (Figure 5.13 b) blue HRS) is one order of magnitude
higher. Their memory window is thus two orders of magnitude larger. All devices
with additional SrO at the top interface show an even lower LRS resistance. Taking
the error into account, the LRS of devices with additional SrO at the top interface
is rather independent of the thickness of the SrO. Their HRS, however is lower than
for the Sr-rich devices (Figure 5.13 b) black HRS). They have thus a similar memory

window as Sr-rich devices.

Although the LRS resistance measured immediately after the SET is independent
of the SrO thickness, the LRS retention in Figure 5.13 b) is directly affected by it.
While samples with an additional 1.5 n.c. of SrO (green) show a similar retention as

stoichiometric devices (black), samples with an additional 2 n.c. SrO (pink) show a
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Figure 5.13: a) Resistance after forming with 10 mA, read out at (.1 V, and retention
for different thicknesses of the SrO at the interface in comparison with stoichiometric
and Sr-rich SrTiOgdevices for forming with b) 10 mA and ¢) 30 mA.

similar retention behavior as Sr-rich devices (blue). Depositing a layer of 3 n.c. (red)
even results in a significantly improved retention of the corresponding devices. How-

ever, their resistance still increases by a factor of two.

Of course, one could expect this trend to continue, when further increasing the SrO
thickness. However, considering the already high surface roughness of the stoichio-
metric film with an additional 3 u.c. of SrO (Figure 5.10 e)), samples with additional

4 n.c were not fabricated.

Figure 5.13 ¢) shows the ON/OFF ratio and retention for samples switched with a
30 mA current compliance. Taking the error into account, the LRS of devices with
additional SrO at the top interface is again independent of the thickness of the SrO.
In contrast to the LRS achieved with 10 mA current compliance this LRS is, however,
significantly lower, and thus also significantly lower than the LRS of stoichiometric
and Sr-rich devices. While the LRS of stoichiometric and S-rich devices is =2 108 2,
the LRS of the devices with additional SrO on top is = 10® Q. While Sr-rich devices
still have exclusively a higher HRS, the ON/OFF ratio is now the highest for the
devices with additional SrO, as it benefits from the much lower LRS. In particular
the ON/OFF ratio is the lowest for the stoichiometric devices, &~ 102, intermediate
for Sr-rich devices, & 104, and the highest for the devices with additional SrQ, ~ 108,
As expected for 30 mA (compare chapter 5.1) all devices have a stable retention over
300 h.
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Figure 5.14 shows the variability of a) stoichiometric devices and b) Sr-rich devices as
shown in figure 5.4 for comparison. Figure 5.14 ¢) shows the cycle to cycle variability
(gray) and the resulting device to device variability (red) of devices with additional
3 mc. of SrO at the Pt/SrTiOg3 interface. Interestingly the cycle to cycle variability
of the device with 3 u.c. SrO is lower. The device to device variability, however, is

higher, as indicated by the Weibull slope 8 = 1.72.
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Figure 5.14: Cycle to cycle (gray) and device to device (colored) variability of a)
stoichiometric devices, b) Sr-rich devices, and ¢) devices with additional 3 u.c. SrO at

the Pt/SrTiOgz interface.

Discussion and conclusion: Top interface engineering

In the beginning of this chapter two possible explanations were given for the enhanced
switching performance of Sr-rich SrTiOgz, the stabilization of oxygen vacancies at
growth induced extended defects [48] and the protection of the oxygen vacancy rich
filament by the formation of SrQO islands, acting as diffusion barriers [174]. We
have considered the latter one in detail in this section by growing SrO of different

thicknesses on top of stoichiometric SrTiO 3.

Considering the I{V)-characteristics in Figures 5.11 and 5.12 it is conspicuous that

switching stoichiometric devices with additional SrO at the top interface results in
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a similar distinct forming step as switching Sr-rich devices. The distinct forming
step is determined by the comparably higher voltage needed for a significant current.
As SrO has a higher band gap than SrTiO3[49, 203| it is a serial resistance with
an additional higher barrier for the electrons to overcome. One explanation for
the distinct forming step of Sr-rich devices can thus be the serial resistance of SrO
islands, as it was possible to mimic it by SrO islands on stoichiometric SrTiO 3.
Another explanation can be found in the oxygen diffusion blocking properties of the
SrO. As oxygen vacancies are incorporated at the Pt/SrTiOg interface, the oxygen
needs to overcome the higher SrO oxygen diffusion barrier, for which a higher field is
necessary, thus resulting in a shift of the current increase to higher voltages, defining

the distinet forming step.

Considering the time stability of the LRS, the similarities are verified. In the past
it was postulated that SrO is an oxygen diffusion blocking layer and can thus act
as retenfion stabilizing layer.|174] Considering the retention times in Figure 5.13 b),
at least 2 n.c. of SrO are needed to form a LRS stabilizing layer. As shown in
Figure 5.10 f) this corresponds to the transition from 2D to 3D growth and thus
to the transition of the SrO from the perovskite to the rock-salt structure. It can
thus be concluded that a mere termination change towards SrO is not sufficient for
diffusion blocking of oxygen and thus the LRS stabilization, but at least 2 u.c. of
SrO are needed. Inereasing the thickness of the SrO to 3 u.c. results in an even more
stable LRS, which is in good agreement with this understanding. Still the resistance
increases by a factor of two, which can be explained by the island coverage of SrO at
the surface, still exposing some channels for oxygen back-diffusion. This is consistent
with the expected diameter of the filaments (100 - 500 nm)|174, 188, 201|, which
exceeds that of most SrO islands. The significant improvement of the LRS stability,
when increasing the thickness of the SrO layer from 2 to 3 u.c., is in good agreement
with the higher density of SrO islands, thus exposing less channels for the oxygen
back diffusion. Comparing the diameter of the filaments with the thickness of the
film it is clear that a lateral reoxidization plays a minor role. The LRS stabilization

is schematically depicted in figure 5.15.

[t is noticeable that both Sr-rich devices and devices with additional SrO show an
increased memory window. However only Sr-rich devices have an increased HRS. This

might be explained by the cation vacancies induced by the Sr-rich growth|106], which
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Figure 5.15: Reoxidization paths for the filament. The SrO islands are a diffusion
barrier for the oxygen, the oxygen vacancy rich filament is thus stabilized underneath
the islands.

are deep acceptors and consequently increase the resistance of the bulk SrTiO 5|48].
Both, Sr-rich devices and devices with additional SrO, show a lower LRS compared
to stoichiometric devices. A low LRS thus seems to be related with SrO segregations.
The mechanism behind the lower LRS, however, remains an open question at this

point. This question will be addressed in chapter 7.

Devices with additional 3 u.e. SrO did further show a lower cycle to cyele variability
and a higher device to device variability. The higher device to device variability
is in accordance with the observation of Sr-rich devices having a higher device to
device variability. In chapter 5.1 the higher device to device variability of Sr-rich
devices was linked to an uneven distribution of the accommodation of Sr surplus
during growth. Considering the topography shown in figure 5.10 e) an irregular
distribution and morphology of SrO islands is mainly responsible for a high device
to device variability. The responsible mechanism behind the decreased cyele to cycle
variability can at this point, however, not be explained and will also be a addressed

in the subsequent chapter.

In this section, the enhanced performance of Sr-rich SrTiO3 devices was unraveled.
The formation of SrO islands, which occur during Sr-rich growth of SrTiO3 and
during switching of the same, was artificially engineered by growing additional SrO
on top of stoichiometric SrTiOg films. It was found that the deposition of 2 u.c. of
SrO results in the same switching performance as observed for Sr-rich devices. It
is possible to correlate the enhanced performance with the presence of SrO islands.

Consistently following these results, the thickness of the SrO layer was further in-
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creased. This way devices with a further increased LRS time stability were obtained.
The beneficent effect of SrO) on the retention time was attributed to its high diffusion

barrier for oxygen.

5.3 Summary: Engineering SrTiOs for resistive

switching

Within this chapter, possibilities to engineer defects for SrTiO3 thin films were
presented and influences of these defects on the switching characteristics were in-
vestigated. One motivation behind this was to unravel the enhanced performance
of Sr-rich thin film devices. To achieve this, two explanations were methodically
tested. The first possibility considered was that Ruddlesden-Popper type anti phase
boundaries within the Sr-rich thin film enhance its performance. To examine this, it
was necessary to develop a technique to induce Ruddlesden-Popper type anti phase
boundaries in thin films, without changing other properties. This was achieved by
growing 1.5 w.c. of SrO on TiOs-terminated 0.5 wt% Nb:SrTiOz substrates with
an intentional miscut. This miseut prevented the SrO diffusion to the surface.
While the resulting devices did not show the enhanced performance of Sr-rich de-
vices, namely a large ON/OFF ratio and a time stable LRS, they were interestingly
forming free. A possible explanation are preformed filaments, defined by an oxy-
gen vacancy enrichment in the vicinity of the Ruddlesden-Popper type anti phase

boundaries.

The other explanation is that the LRS of Sr rich devices is time stable because of
the oxygen diffusion blocking effect of the SrO islands induced during forming and
growth. Thus additional SrO was grown on top of stoichiometric films. The re-
sults showed that not only the enhanced performance of Sr-rich devices could be
reproduced with devices with additional SrO at the top interface, but the perfor-
mance could even be further improved. While the enhanced retention was unrav-
eled within this chapter, the next step is to understand the enhanced ON/OFF
ratio of Sr-rich devices, which was even further improved for devices with additional
SrO at the top interface. This open question will be addressed in the next chap-

ter.
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In the previous chapter the mechanism behind the superior retention of Sr-rich
SrTiOgz devices was unraveled. This was achieved by depositing SrO on top of sto-
ichiometric thin films. Those devices did not only show a similar LRS stability
to Sr-rich devices, but an even more conductive LRS. In this chapter the mecha-
nism behind the low LRS for devices with SrO islands and Sr-rich devices is re-
vealed. This knowledge is then applied to influence the switching properties of
SrTiOg.

6.1 Role of Carbon

In chapter 5.2 it was shown that purposely growing SrO islands at the Pt/SrTiOg
interface has a surprising influence on the LRS. While one would expect that ad-
ditional SrQ at this interface would, due to the high resistivity of Sr(0,|204] result
in a serial resistance, the LRS is in fact lower as presented in table 6.1. Taking
the error into account the LRS is comparably low for all investigated thicknesses of
SrO at the Pt/SrTiO3 interface. Independent of the current compliance the LRS
is markedly lower for devices with SrO at the Pt/SrTiOj3 interface than for Sr-rich

devices.

To unravel the reason behind the lower LRS for devices with additional SrO at the
Pt/SrTiO3 interface in comparison to Sr-rich devices, the surface chemistry of both
is considered. [n-situ XPS measurements were carried out for a Sr-rich SrTiO3 thin
film and a stoichiometric SrTiO3 thin film with 3 u.c. SrO deposited on top. Fig-
ure 6.1 a)-¢) shows the fits for the Sr-rich and d)-f) for the stoichiometric sample

with 3 w.e. SrO on top. The chemical information is gained from these fits. The
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Table 6.1: LRS of Sr-rich devices in comparison to devices with different thicknesses of
additional SrO at the Pt/SrTi0O3z interface for 10 mA and 30 mA current compliance.
The error corresponds to the standard deviation of at least six switched devices

Current Compliance || 10 mA 30 mA
Sr-rich 1200 4 500 k2 1400 + 300 k2
1.5 we. SrO 30+ 14 kO 1.6 +£0.6 kQ

2 n.e. SrO 14+ 5k 1.3+04 kQ

3 e SrO 140 + 200 k2 5.0+ 0.8 k2

comparisons in the right column shows the difference between the Sr-rich thin film
(blue) and the stoichiometric thin film with additional 3 w.e. of SrO (red). The
C 1s spectra are fitted with a Sr 3p component for the lowest binding energy, a
hydrocarbon component (Ep = 286 ¢V) and a carbonate component for the high-
est binding energy. The O 1s spectra are fitted using 3 components. The lowest
E'p component represents metal oxide bonds in the SrTiO3 bulk. The highest Ep
component represents carbonates.[167-169] The intermediate Eg can be ascribed to
hydroxides and other non-carbonate contaminations, and is referred to as contamina-
tions peak. The Sr 3d spectra are composed of a doublet from the SrTiO3 bulk and

a second, surface-related doublet at higher binding energies, as is typically observed
for SrTi05.[170]

In order to estimate the surface chemistry, the peak areas of the different core-levels
are compared. In case of the C 1s spectra the area ratio of the C 1s and Sr 3pyp
peaks are used to obtain a C/Sr ratio. Further the area of the carbonate and the
hydrocarbon peak are used to obtain a relative carbonate contribution. For the
O 1s spectra, the areas of the carbonate and the contaminations peak in relation
to the metal oxide peak are used to obtain a relative carbonate contribution and
contamination concentration, respectively. The relative contribution of the Sr related
surface component to the Sr 3d signal is obtained from the ratio of the doublet at high

binding energy and the doublet from the bulk SrTiOj.

These ratios can be found in Table 6.2. The C/Sr ratio of the sample with 3 u.c. of
SrO is 4 %, while it is slightly lower for the Sr-rich sample, 1.3 %. Sr-rich SrTi0O3
shows a 4.1 % carbonate contribution. For 3 u.c. of SrO this ratio tenfolds to 46 %.

The contamination concentration is again the highest for the 3 uw.e. SrO sample,
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Figure 6.1: a)-c¢) Fits for the Sr-rich sample and d)-f) fits for the stoichiometric sample
with 3 u.c. of SrO on top for the C 1s, O 1s and Sr 3d core levels, respectively. g)-i)
A comparison between both samples for the same core levels.

51 %, while it is comparably lower for the the Sr-rich sample, 14 %. The carbonate
contribution for the Sr-rich sample it is 10 % and for the 3 u.c. SrO sample it is
double as high, 19 %. The Sr related surface component is 37 % for the Sr-rich

sample and even higher for the 3 u.c. SrO sample, 55 %.

Considering the results of chapter 4.1 it is probable that the SrO on top of Sr-rich
thin films and stoichiometric thin films with additional 3 u.c. of SrO reacts to SrCO 5
in situ, without ambient exposure. This can be explained by the residual CO 5 within

the vacunm system.

Table 6.2 reveals that the C content increases for the much higher SrO surface cov-

erage of the stoichiometric sample with additional 3 u.c. SrO in comparison to the
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Table 6.2: Ratios obtained from XPS fits for in situ samples, for TiOg-termination as
reference, Sr-rich Sr'Ti03 and stoichiometric SrTiOgwith 3 u.c. of SrO.

Sample Sr-rich | 3 we. SrO
C/Sr ratio (C 1s) 1.3 % 4.0 %
Carbonate contribution (C 1s) 4.1 % 46 %
Contamination concentration (O 1s) 14 % 51 %
Carbonate contribution (O 1s) 10 % 19 %
Sr related surface component (Sr 3d) 137 % 55 %

Sr-rich sample. In table 6.1 it was shown that the LRS decreases for samples with ad-
ditional SrO at the Pt /SrTiOj3 interface. Thusin a next step these films are compared
with regard to their I{V)-characteristics. To avoid additional contaminations by am-

bient exposure the Pt electrodes were deposited in sifu.

Figure 6.2 shows the I{V)-characteristics for a Sr-rich (top) sample and a sample
with additional 3 w.e. SrO on top (bottom). The left column shows the I{V)-
characteristics for a 10 mA current compliance and the right column for a 30 mA

current compliance.

The I{V)-characteristics of the Sr-rich sample with an in situ Pt electrode surprisingly
reveal no hysteresis independent of the forming current. The stoichiometric film
with an additional 3 u.c. of SrO on top on the other hand shows the expected I{V)-

characteristics, namely a pronounced forming step and a hysteresis (compare chapter
77).

Connecting table 6.2 and figure 6.2 it is conspicuous that only the sample with
the highest carbon concentration at the Pt/SrTiOj interface shows a hysteresis. It
thus seems that the Carbon at the top interface plays a crucial role for resistive
switching. To investigate this in detail different thicknesses of carbon were DC
sputtered in situ on top of stoichiometric thin films as described in chapter 3.2.
Subsequently the Pt was evaporated in situ on top. With regard to table 6.2 stoi-
chiometric thin films were chosen to avoid an uncontrollable high in situ C contam-

ination.

The left column of figure 6.3 shows the I{V)-characteristics of samples with 0 - 1 nm
of C switched with a 10 mA current compliance and the right column of samples

switched with a 30 mA current compliance, respectively. As a reference figure 6.3 a)
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Figure 6.2: a) and b) I{V)-characteristics for a Sr-rich sample (top) and c¢) and d)
a stoichiometric sample with additional 3 u.c. SrO on top (bottom) with an in situ
The left column shows the IfV)characteristics for a 10 mA current
compliance and the right column for a 30 mA current compliance.

top electrode.

and b) shows the I{V)-characteristics of a stoichiometric samples with the previously

used Pt top electrode. Here referred to as 'dirty’, as it is deposited ex situ and using

a graphite crucible.|189]

Figure 6.3 ¢) and d) shows the I{ V)-characteristics of the stoichiometric sample with

in situ Pt. Like for the Sr-rich sample presented in figure 6.2 no hysteresis is observ-

able. For 1 nm of C sputtered in between the stoichiometric Sr'TiO 3 and the in situ Pt

top electrode, figure 6.3 e) and f), a hysteresis is observable for both current compli-

ances. While the SET (blue) is comparable to the SET of the reference devices in fig-

ure 6.3 a) and b), the forming step is slightly more pronounced. This is due to a higher

voltage necessary to observe an increase of the current for the forming step. Possible
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reasons behind this will be discussed at a later point.

10 mA
a) . -
107} 3
b » 1
mar / 1
—_ r }
< 10 Y/ }
. z r ',{_J//rirslsmaap 1
dirty’ Pt g/ ;
a 1
mar 1
s |
10 SET4V |
F RESET: 4v 1
2 L L
0 n 2 3
Voltage V (V)
q
1
1
1
z 1
0nmC | ‘
1
‘3 L
/ 1
' SET:+3V 1]
1o E,SEI':-!V.I
cc: 10mA
12 L L
100 n 2 3
0 Voltage V (V)
1
1
1
1
1
1
1nmC ]
1
/ ) SET:+3V ]
R fIrSlSwGGP RESET: 4V
cc:10mA Y
4 1
12 L L
10° n 2 3
Voltage V (V)

g 1
= 1
t F
e
= 1
3
o 1
SET:43v  §
F RESET: 4V §
- , .
1 ] 1 2 3
Voltage V (V)
L
30 mA
10" 7 co 0mA 3
F 4
13 L L
10 1 2 3
f) Voltage V (V)
107§ ) 1
r P 1
10%§ 7 7 ]
—_ r ,-"/ 1
E- 104§ Y 1
= F / / 1
g 4o e
g 107 S 1
3 / ]
Q 109 J."f first sweep 4
. 4 SET:+3V ]
10 RESET: 4V 1
r cc: 30 mA 1
<13 L L
10 ] 1 2 3
Voltage V (V)

Figure 6.3: Left column: 10 mA current compliance; right column: 30 mA current
compliance I{V)-characteristics of a) and b) stoichiometric SrTi03 with er situ Pt ¢)
and d) with in situ Pt e) and ) with in situ sputtered 1 nm C.

108



i.1 Role of Carbon

10mA 30mA
a) , , b)
101 | q 10 k|
r 7 1 1 = 1
10°f / — - q 102§ /'/ ]
T r / 1 1 / 1
g 10} / 1 3: 10%f y, 1
2nmCcC E I / ; I / / 1
g 107 ,f'l firat sweep 1 E 107 ,”/ 1
3 ] / 1 5 3 / / 1
10°p / 1 O 0% / 1
P ___/ SET: +3W o b . / firstsweep geo Loy o
101 - RESET: -4V ] 10" — RESET: 4V |
e ThmA ce: 30mA
13 1 1 <13 1 1
R 1 2 3 % 1 2 3
Voltage V (V) Voltage V (V)
o} : : d) : .
104 10 . i
r ~ 1
10° 100 i
f— r 1
< 10% 2 o5} i
- E 1
3nmC w0 $ 107 / ]
5 /
RF g o 7 -"x first sweep !
10% 10 / / 1
1 / — SET:i43v |
101 101 RESET: -4V
:fﬁ cc: 30 mA :
13 13 1 1
", 7 1 2 3
Voltage V (V)
e) f)
107 | { 104 i
r — 1
7
10} A 10% J!I
r / 1 = 1
< 105} 1 gm‘ 1
= r 1 t 1
4 nmC E 107} 1 £ 107 i
H / b 3 i
= /' first sweep o /
© 10} /,"llr 1 10° / [ first sweep 1
3 _ { B i
a1 T SET: +3V a1 T .
Tl a el 10 srsy
r e 10mA 1 ) 3 1
‘043 1 1 ‘043 1 1 o 30 mA
[} 1 2 3 [} 1 2 3
g) Voltage V (V) h) Voltage V (V)
107 { 107 i
r 1 I 1
0%} { 10°] i
3: 3 3: F —— 1
= 10%} { = 10° —, 1
~
E . ] E T / ]
‘IO nm C g 107 first sweep 1 g 107 i
o ] o first sweep b
10* 1 10* 1
r SET:+3v ] 3 SET: +3V 1
0 RESET: -4V { 10"y RESET: 4V |
ez 10mA ce: 30mA
r 1 r 1
13 1 1 13 1 1
R 1 2 3 07 1 2 3
Voltage V (V) Voltage V (V)
Figure 6.4: I{V)-characteristics shown in dependence of the carbon thickness. 109

Left column: 10 mA current compliance; right column: 30 mA current compliance.



6 Influence of the top electrode

This confirms the necessity of carbon at the Pt/SrTiOj3 interface for the resistive
switching of SrTiO3. Consequently following this result, the thickness of the sput-
tered C layer was further increased. Figure 6.4 shows the resulting (' V)-characteristics
for increasing the thickness of the sputtered C from 2 nm up to 10 nm. Again the left
column shows the I{V)characteristics for 10 mA current compliance and the right
column for 30 mA current compliance, respectively. It is worth noting that the 3 nm
carbon layer in figure 6.4 ¢) and d) was not DC sputtered, but rather RF sputtered

with a new parameter set, as described in chapter 3.2.

An increase of the carbon thickness between the SrTi03 and Pt to 2 nm results in
a distinct forming step (red) as presented in figure 6.4 a) and b). Comparing the
I{V)-characteristics of devices containing 2 nm C with devices containing 1 nm C as
in figure 6.3 g) and h), it is noticeable that an increase of the interface C thickness
is accompanied by an increase of the voltage necessary to observe a current increase.
However, the I(V)-characteristics of the 3 nm C devices (figure 6.4 ¢) and d)) do
not show the same trend. Rather the forming step is comparable to the devices with
2 nm C. This is probably linked to the change of deposition technique for the C.
Considering the 4 nm C devices in figure 6.4 e) and f) the trend of an increased
voltage necessary to observe an increase in current with an increased C thickness for

the forming step is confirmed.

Figure 6.4 g) and h) show the I{V)-characteristics for a drastically increased thickness
of C. The sputtered C here is 10 nm, thus half the thickness of the active switching
layer SrTiOz. While a hysteresis is still observable to some degree, it shows no

permanent resistance change.

In the next step the role of the carbon at this interface for the ON/OFF ratio and thus
the LRS will be considered. Figure 6.5 shows the LRS and HRS for stoichiometric
devices with different thicknesses of sputtered C at the in situ Pt/SrTiOj interface.
As expected for I{V)-characteristics lacking a hysteresis the HRS and LRS of de-
vices with 0 nm C, 0.1 nm C and 10 mm C are equal independent of the current

compliance.

Considering the devices, which actually have the desired hysteresis, the LRS (light
blue) of a device with 1 nm is comparably high; a2 10° (2 in comparison to a2 107 2 for

the 'dirty’ reference sample. lts HRS (dark blue) is, however, also one order of

110



i.1 Role of Carbon

magnitude higher a2 101° 2. This results in an ON/OFF ratio of 10. Again comparing
this ratio to the reference, 102, it is comparably low. Increasing the C thickness
to 2 nm results in a decrease of the LRS to & 5 x 10 2 and a decrease of the
HRS to = 5 x 10° §). The resulting ON/OFF ratio has thus markedly increased to
103,

a oM — : . . . . D) qort . . . . .
" RF
100} 1 100 [ 1
HRS
— 10 I [ HRS 3
|- -
o, 10% ¢ E o 108 -
p RF = :
107 | 1 %ol 3
1081 3 108 -
cc: 10 mA oc: 30 mA
105 1 1 1 1 1 1 105 1 1 1 1 1
0 2 4 ] 8 10 0 2 4 6 8 10
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Figure 6.5: LRS and HRS in dependence of the additional C at the Pt/SrTiOz in-
terface for a) 10 mA current compliance and b) 30 mA current compliance. The error
bars correspond to the standard deviation of at least six switched devices.

As mentioned before, the 3 nm C were RF sputtered in opposite to the other carbon
thicknesses. The device with 3 nm C does also not follow the I{V)-characteristic trend
as discussed for figure 6.4. In figure 6.5 a) it is obvious that the LRS and HRS of
the RF sputtered C devices is rather similar to the LRS and HRS of the devices with
1 nm C. It thus seems that the structure of the carbon to some extend influences the
switching characteristics. Henceforth the 3 nm RF-sputtered carbon will be excluded
from discussion. Increasing the C thickness further to 4 nm and returning to DC
sputtered C results in a HRS similar to the 2 nm C devices. The LRS slightly increases
to & 107 2. The resulting ON/OFF ratio is thus 5 x 102,

In chapter 5.1 it was shown that stoichiometric devices show an improved ON/OFF
ratio when increasing the current compliance to 30 mA. Considering the results pre-
sented in figure 6.5 b) this is also true for devices with carbon at the Pt/SrTiO 3 in-
terface. The LRS (pink) of a device with 1 nm decreases to = 10° €2, while its HRS
(violet) changes to a2 5 x 10° (2. The resulting ON/OFF ratio is thus 5 x 103 for

30 mA current compliance instead of 10 for 10 mA current compliance. For 2 nm
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6 Influence of the top electrode

C and 4 nm C the ON/OFF ratio increases to 5 x 10% as well. It thus seems that
the C thickness is less influential on the ON/OFF ratio for a higher current compli-

ance.

At this point it is clear that the carbon at the interface between Pt and SrTiO 3 in-
fluences the LRS. In particular a certain amount of C is necessary to even allow
resistive switching. If enough carbon is available to allow switching, an increase
of the C at the interface results in a lower LRS until a minimum is reached. Fol-
lowing the retention time of the LRS of the stoichiometric devices with different
thicknesses of C at the Pt/SrTiOj3 interface that showed resistive switching was in-

vestigated.

a) 1om

cc: 10 mA

tin tin

Figure 6.6: Time stability of the LRS for different thicknesses of carbon at the
PT/SrTiOz interface for a) 10 mA current compliance and b) 30 mA current com-
pliance.

Figure 6.6 shows the LRS time stability for a) switching with a 10 mA current compli-
ance and b) switching with a 30 mA current compliance. As for 'dirty’ stoichiometric
devices (compare chapter 5.1) the retention time is short for all devices switched with
a 10 mA current compliance. For a 30 mA current compliance all devices with DC
sputtered carbon have a time stable LRS, also comparable to the 'dirty’ stoichiomet-
ric devices. Again the RF sputtered C devices deviate from this observation, as they
do not show a time stable LRS, even for a 30 mA eurrent compliance. This is another
hint that the structure of the C plays a crucial role for the switching properties of

SrTi03 based devices.

Overall the C at the Pt/SrTiOj3 interface does not have a noticeable influence on
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the retention of SrTiOz devices. The retention thus is, as discussed in the previous

chapter, stabilized by oxygen diffusion blocking,
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Figure 6.7: Cycle to cycle (gray) and device to device (colored) variability of the LRS
of a) 'dirty’ Pt devices as reference and b) the of devices with 2 nm RF sputtered carbon
at the Pt/SrTi0Og interface. The device to device variability results from averaging the
cyele to eycle variabilities.

Last the variability of a device with additional 2 nm of C is investigated in figure
6.7. The LRS in figure 6.7 b) has a low device to device (red) variability and an
extraordinarily low cycle to cycle variability (gray) compared to any other shown
in this work before, represented by stoichiometric devices with 'dirty’ Pt in fig-

ure 6.7 a). As is evident considering their Weibull slopes . (compare chapter

5.1)

Discussion and conclusion: The role of carbon

This chapter started with the investigation of a possible reason behind the lower

LRS of devices with supposedly SrO at the Pt/SrTiOj interface. It was found that
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SrO forms marked amounts of SrCOj. To investigate the influence of the C at the
Pt/SrTi0Og interface on the resistive switching properties, different thicknesses of C
were deposited in sifu on stoichiometric Sr'TiOjz. It was found that increasing the
C thickness resulted in an increase of the voltage during forming that is needed
to measure an inecrease in current. This will be discussed later in this section. It
was found that the optimal thickness of the C interlayer is between 2 and 4 nm,
resulting in the highest ON/OFF ratio. Additionally devices with 2 nm C have an
extraordinary low cycle to cycle variability. Devices with below 1 nm C did not show
a switching event at all. C is thus a prerequisite for resistive switching. However, it
was also observed that the deposition technique of the carbon layer plays a central

role for the resulting properties.

Having established that C is necessary for resistive switching of SrTiO 3 and does
directly influence the LRS, the next step is to understand the mechanism behind this.
To identify the responsible mechanism different approaches derived from existing

literature are considered:
1) An intrinsic defect rich layer at the Pt/Nb:SrTiO 3 interface|92]

This is the most obvious explanation that can be found in literature, as it de-
seribes the dependence of resistive switching in Nb:SrTiO 3 of the top electrode.
Similar to the here presented results they found that the occurrence of a switch-
ing event depends heavily on the choice of deposition technique for the top elec-
trode. Their explanation focuses on the necessity of charge trapping at an unin-
tentionally induced intrinsic defect rich layer at the Pt/Nb:SrTiO ;3 interface.|92]
Their result states that the choice of the deposition technique for the Pt deter-
mines this intrinsic defect rich layer at the Pt/Nb:SrTiOg3 interface; i.e. that

sputtering of Pt causes less defects than thermal evaporation.|92, 205

As this explanation is based on the defects induced by the deposition of Pt,
it is, despite the similarities, not suited to explain the here observed results.
Firstly, the general assumption that sputtering induces less defects than thermal
evaporation is not unequivocally true, but rather depends on the deposition
parameters and the involved materials.|205-210] Secondly, the here presented
results differed in either the exposure to ambient and residuals ("dity’ Pt) or the

thickness of the purposefully induced Carbon layer. The deposition technique
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for the Pt did not change (compare chapter 3.2). This explanation will thus be

disregarded.

The enhancement of catalytic activity using Pt with a carbon intermixing in

comparison to pure Pt[211-214]

In the field of catalysis and fuel cells it is well known that the activity of Pt
as a catalyst can be improved by the introduction of carbon.|211-214] In the
picture of resistively switching SrTiO 3 one could consider the Pt top electrode
as catalytic active material for the formation of oxygen vacancies. It is thus
conceivable that the Pt electrode would need to be catalytically activated by

the addition of C, as for example in the case of certain fuel cells.|214]

In general catalytic activities can be measured by eyclic voltammetry, allowing
the measurement of the activity of the Pt electrode, with and without addi-
tional carbon.|215] During measurements conducted in the course of this work
no differences were observable, more frankly no peaks were observable in the
voltammograms. However, this must not necessarily mean that this explana-
tion can be ruled out, as single crystal SrTiQO3 is a poor ionic conductor,|216]

thus making cyclic voltammetry measurements difficult.|217]
Energetically favorable formation of CO3 or CO in comparison to Og

This explanation is based on the rate determining step for the surface reaction
during oxygen exchange for SrTiOj, which is the formation of (2.56, 143]
Considering Hess'’s law Og has per definition a standard enthalpy of formation
of 0 kJ/mol. Thus, the formation of either, CO or COy, is thermodynamically
more favorable then the formation of Q5. The corresponding enthalpies can be

found in table 6.3.

Considering the enthalpies it is probable that, if C is available, the formation of
oxygen vacancies is energetically more preferable than without the presence of
C. This explanation is conclusive considering the absence of a switching event
in case of the absence of C. The formation of O3, which would be necessary in
the absence of C, requires significantly more energy, which may not be provided

by the system. This could also be the underlying mechanism of explanation 2).
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Table 6.3: Enthalpies of possible reactants during the filament formation in SrTiOs

A H (kJ/mol)
C, Oy 0
CO -111
COq -282

4} A carbon heating layer as patented for PCMs|218|
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This explanation is based on a patent that suggest a carbon containing in-
terfacial layer for an improvement of performance in PCMs based on thermal
confinement induced by said interfacial layer.|218] A thermal confinement is
desirable for PCMs as the switching mechanism is mainly heat driven. Thus
heat confinement can prevent the undesirable exposure of non-active parts of
the sample to heat and at the same time can increase the locally induced heat,

ultimately decreasing the power consumption.|219]

Basically the idea of improving performance by thermal confinement could also
be applied to resistive switching of Sr'TiO3. As described in the previous chapter
5.2, Joule heating is an important factor for the formation of the oxygen vacancy
rich filament including the surface reaction of the oxygen vacancy formation and
their diffusion.|93, 95, 100] For a higher local Joule heating an enhanced oxygen
vacancy formation and diffusion can be expected, resulting in better conducting

filaments.

Considering the thermal conductivity of carbon, however, it is surprising that
it was suggested by Xu as thermal confinement layer.|218] The thermal conduc-
tivity of carbon is indeed higher than of most materials.[220] Considering the
results of table 6.2 not only carbon can be found at the Pt/SrTiO interface,

but also SrCOj3, which exhibits a very low thermal conductivity|221].

The role of C for resistive switching would thus be a reaction with SrO to form a
thermal confinement layer of SrCOg3. In the absence of C the confinement layer
does not form and thus the local Joule heat is not sufficient to enable a filament
formation. Increasing the C thickness increases the thermal confinement and

thus the local Joule heating, ultimately resulting in an increased oxygen vacancy
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formation and diffusion, until a saturation is reached. At this point additional

C may not contribute to the confinement layer, as it may remain C.

The formation of a SrCOj3 thermal confinement layer can also explain the shift
to higher voltages needed to measure an increase in current with an increasing C
thickness and for samples with SrO at the top interface. In the previous chapter
two possible explanations were given for this observation. One was the serial
resistance of the SrO islands. However, above results suggest that SrO islands
on the SrTiO3 surface form SrCOz. Considering the much smaller band gap of
SrCO;3 (3.17 eV)]|222| compared to the one of SrO (5.22 eV)|203], this explana-
tion is unlikely. The other explanation was the necessity of a higher voltage in
order to overcome the SrO oxygen diffusion barrier. This explanations seems
likely, as SrCOj has, like SrQ), a high diffusion barrier for oxygen|223| and can

explain the shift also for samples with additional C at the Pt/SrTiO3 interface.

To determine which of the above mechanisms is in fact responsible for the influ-
ence of carbon for resistive switching in SrTiOg, its influence is investigated for
a c8w-switching MIM structure. The inlet of figure 6.8 shows the MIM strue-
ture used for c8w-switching. For forming a positive voltage is applied to the top,
Schottky-type, interface. Thus the switching does not rely on an oxygen exchange
with the atmosphere or the Schottky-type interface, but relies, as deseribed by the
disc-plug model in chapter 2.3, on an internal rearrangement of the oxygen vacan-

cies.

Explanation 1) was already found not to be responsible, explanations 2) and 3)
are based on influences on the oxygen vacancy formation, while explanation 4) is
based on a confinement of the Joule heating. Thus carbon should only have an
influence on c8w-switching in the considered setup, if explanation 4) is responsi-

ble.

Figure 6.8 shows the I{V)-characteristics of Metal/(C/) Tag05/Ta/Si0g MIM struc-
tures. For the top row the metal is gold and for the bottom row platinum. The left
column shows the I{V)-characteristics without additional C and the right column

with additional 2 nm of C.

The top row of figure 6.8 shows the I{V)-characteristics of a) a Au/TagQs,/Ta/Si0q
MIM and b) of a Au/C/Taz05/Ta/Si02 MIM. Equally to the influence of C on the
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Figure 6.8: I{V)-characteristics of TagOg/Ta with a) and b) Au and ¢) and d) Pt top
electrode. The left column shows the I V)-characteristics without and the right with
additional C.

8w-switching SrTiO3z an absence of C for this MIM results in the absence of resistive
switching. Considering above explanations this confirms explanation 4), as it is the
only one not restricted to an oxygen exchange with the atmosphere or stored oxygen
in the Schottky-electrode, but instead explains the influence of C by a confinement

of the Joule heating.

In a next step the Au top electrode was exchanged for a Pt top electrode. As Pt
has a lower thermal conductivity|224| than An|225|, this should be beneficial for the
switching of TagOs. Figure 6.8 ¢) does reveal that, when using a Pt top electrode,
in fact switching occurs without the addition of C to the interface. Adding C to the
Pt/Taz05 does not show any observable effect, as shown in figure 6.8 d). This is

not surprising as the thermal conductivity of C|220] is similar to the one of Pt|224].
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For SrTiO3 based MIMs the formation of SrCQO 3 is responsible for the thermal con-
finement layer. While the formation of tantalum carbides is due to their formation
energy unlikely,|226] but cannot be excluded,|227] their thermal conductivity is also

rather high.|228|

Summarizing, in this chapter the influence of the top electrode on resistive switching
was unraveled. In particular it was found that the thermal conductivity of the top
electrode plays a central role for the occurrence of a switching event and for the re-
sulting LRS. If the thermal conductivity is below a case dependent threshold value,
no switching event oceurs, lowering the thermal conductivity results in a successive
lower LRS. The reason behind this is a local confinement of the heat induced during
the switching. The heat in turn accelerates all rate limiting steps, resulting in a lower
LRS. It was shown that this theory is valid for 8w- and c8w-switching MIMs indepen-
dent of the active oxide, it is thus valid for all VCM systems. It can further explain
the lower LRS for samples with intentional or unintentional SrO at the top interface

(compare chapter 5.2), which was shown to form SrCOj.

Introducing an additional thermal confinement layer was shown to decrease the
variability and allow an adjustment of the LRS. The next steps should thus be
to try and use the influence on the variability of the heat confinement to control

it.
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6.2 Carbon patterns

In the previous chapter it was shown that carbon is necessary at the Pt/SrTiO 3 inter-
face to enable resistive switching. It was further shown that intentionally introducing
it can result in a lower variability. In this chapter the possibility of controlling the
filament position utilizing this knowledge will be tested. Controlling the filament
position could ultimately result in the possibility to control the variability, which is
highly desirable for the emerging field of neuromorphic computing, where this could
be used to introduce stochasticity and thereby improve the learning efficiency of a

neural network.|229-233]

The idea behind variability control is that this group has recently shown that a main
reason behind the high variability of SrTiO3 devices is the formation of multiple
filaments during the first SET, of which different filaments can be active in subsequent
SETs and RESETs.|201] As it was shown in chapter 6.1, carbon is necessary to
enable switching in SrTiOg3. If it is possible to introduce a carbon pattern at the
Pt/SrTiOg interface, it should thus be possible to pinpoint the filament position
and, thus, to decrease the variability. Controlling the number of carbon patterns, it

might be possible to control the variability.

To provide patterned C-pads at Pt/SrTiOg interface in a simple way an SEM was
used. The electron beam of the SEM can condense the residual C of the back-
ground pressure and in that manner form a carbon layer.|234] Figure 6.9 shows
a) one carbon pad, b) two carbon pads and ¢) three carbon pads acquired by fo-
cusing the beam with a 220 x magnification, 15 kV acceleration voltage and 80 s
exposure time. Additional single pads with a doubled exposure time were fabri-

cated.

To investigate the morphology of the deposited carbon pads the topography was
investigated. Figure 6.10 a) shows the topography of a single carbon pad and c)
of three carbon pads next to each other, b) and d) show the respective line pro-

files.

The topography of the single carbon pad is homogeneous. The rectangular pad,
~ 2 x 2 pm?2, directly written with the e-beam of the SEM is well defined and

has a height of approximately 4 nm. Around the rectangular pattern a circle with
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Figure 6.9: a) one carbon pad, b) two carbon pads and c) three carbon pads achieved
by utilizing the carbon deposition effect during SEM.

a height of 2 nm is visible. The circle probably results of the e-beam changing
directions at the edge of the pattern and thus exposing the surrounding area. In
the previous chapter it was shown that the optimal carbon thickness for resistive
switching in SrTiOg is between 2 and 4 nm. The carbon pad is thus a promising
seed for filament formation. The topography of the three carbon pads in vicinity
of each other reveals a decrease of the homogeneity. The pad deposited first (top
left) looks similar to the single pad in figure 6.10 a). The subsequently deposited
pads show a less defined rectangular structure, while the circular pattern around it

remains unchanged.

After successfully depositing a C pattern at the Pt/SrTiO3 interface, the next step
is to investigate its influence on resistive switching. Figure 6.11 shows the results
including reference devices, which have no C pad, however a C contamination is
expected, as an ezx-situ transfer to the SEM is necessary and the SEM will also
deposit small amounts of carbon contaminations in areas, where it is not intended. All
different numbers and thicknesses of C pads presented in figure 6.11 were measured

on the same SrTi0j film, as was the reference.

The I{V)-characteristics shown in figure 6.11 a) to d) show a first sweep that is
slightly different from the subsequent SET, however no distinct forming step is
visible as for samples with similar C thickness (compare figure 6.4). The I(V)-
characteristics are similar to the I(V)-characteristics of 'dirty’ Pt samples (compare
figure 6.3). This is conceivable as they were exposed to ambient. Considering the
I{V)-characteristics no influence of C thickness, pad number or even presence is ob-

served.
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Figure 6.10: a) topography and b) line profile of a single carbon pad. ¢) Topography
and d) line profile of three carbon pads in direct vicinity of each other.

Figure 6.11 e) shows the LRS and f) the LRS time stability of the devices with
different carbon pad thicknesses and numbers and the reference. The reference device
LRS is 107 Q. The LRS of all other devices is independent of the number or thickness
of the C pad around 5x 10® Q. The trend of a lower LRS by the addition of C to the
top interface discussed in the previous chapter can thus be reproduced for patterned
carbon. The low LRS time stability of the reference sample is in agreement with

previous work from this group.[189]
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Figure 6.11: a) I{V)-characteristic of a stoichiometric SrTiOg device with a single
carbon pad at the Pt interface, b) with a thicker C pad and ¢) with three carbon pads.
d) I{ V)-characteristic of a device without carbon pad on the same sample. ) LRS and
) LRS time stability of Sr'Ti0g devices with different numbers and thicknesses of SEM
deposited carbon pads.

Considering figure 6.11 it is mostly possible to reproduce the influence of C on the
switching behavior of SrTiOgz, when using C patterns. Thus in a next step the
influence of the C patterning on the variability is considered. Figure 6.12 shows
the cycle to cycle (gray) and device to device (color) variability of devices with 0
pads (black), 1 pad (red), 2 pads (green) and 3 pads (violet). In comparison to the
devices with areal carbon (figure 6.7), which had a markedly low cycle to cycle and
device to device variability, both, cycle to cycle and device to device variability, are
very high independent of pad number or even presence. Consequently their Weibull

slopes are low (0.85 < 8 < 1.36), comparing to the one of areal carbon devices

(8 = 3.14).
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Figure 6.12: Cycle to cycle (gray) and device to device (color) variability of devices
with () pads (black), 1 pad (red), 2 pads (green) and 3 pads (violet). The device to
device variability results from averaging the cycle to cycle variabilities,

Discussion and conclusion: Carbon patterns

Within this section the possibilities of carbon patterns at the Pt/SrTiOj interface
were investigated. SEM was identified as a practical method for the lithography of

C pads of the desired height.

Different numbers of these pads and two different thicknesses were deposited and the
resulting devices were subsequently investigated regarding their switching properties,
which were then compared to a reference device, without any C pad. Expectedly
devices with C patterns showed a lower LRS than the reference devices, which can
be explained by the SrCOg heat confinement layer, as described in the previous

section.

While this chapter aimed to pinpoint the filament and thus decrease the variability,
devices with carbon pads showed the opposite effect. Their cycle to cyele variability
increased. A possible explanation can be found in figure 6.13. Figure 6.13 a) shows
exemplary the first 300 cycles of a device with three carbon pads, which underly the
variability measurements. Figure 6.13 b) shows the topography of the device after
forming and ¢) after 292 cycles, respectively. The topography reveals the recrystal-
lization of Pt in certain areas. The recrystallization of Pt requires a temperature

2 400 °C.|235] The recrystallized Pt can thus be used as an indicator for Joule
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6 Influence of the top electrode

heating and filament position.

Figure 6.13 b) reveals that after the forming step basically two recrystallization cir-
cles are visible, one at the center of the carbon pads (center of the device) and one
in contact with the first one, directly below it. A mechanism that could possibly
explain this arrangement is, that the C pads confine heat, however their serial re-
sistance makes it unlikely for the current to flow directly through the pads, instead
the filament is formed in the viecinity of the pads, benefiting from the heat and the
lower serial resistance. Figure 6.13 ¢) reveals an additional recrystallization circle
after additional cycles. Considering figure 6.13 a) the appearance of the additional
recrystallization circle is accompanied by a change of the LRS. The additional re-
crystallization circle implies that the position of the filament has drifted further away
from the carbon pads to the bottom edge of the device. The fact that this drift is
accompanied by a change of the LRS suggest that said drift is responsible for the high

variability. The mechanism is depicted in figure 6.13 d).

The mechanism of heat confinement at the C pad resulting in a filament in the vicinity
of the pad rather than underneath the pad can also explain the less pronounced form-
ing step for devices with a carbon pad in comparison to to samples with similar areal
C thickness. The forming step for areal C devices was explained by the high diffusion
barrier for oxygen of StCOj3, which has to be overcome. However the filament in case
of C pads does not form underneath the SrCQg, thus the diffusion barrier does not
have to be overcome. In conclusion it is possible to initiate a certain filament position,

but not to prevent its motion during repeated switching.
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7 Conclusion and outlook

7.1 Origin and engineering of defects

7.1.1 The origin of oxygen vacancies and how to tailor them

In the course of chapter 4.1 different influences on the formation of oxygen vacan-
cies during thermal annealing and pulsed laser deposition were investigated. These
influences are summarized in figure 7.1. In case of thermal annealing, it can he
assumed that SrTiOjz is in thermal equilibrium. As discussed in chapter 2.1 the
oxygen vacancy formation in the extrinsic regime can be described by equation
7.1

1 ree - -
0f = 505+ V& + 2 (7.1)

An obvious influence factor on this equilibrium is the oxygen pressure po., as it is
a direct measure for the oxygen partaking in the reaction. In the course of this
work it was found that, for physical annealing, the determination of the actual pos
is less trivial than expected. While commonly the po, is determined by applying
oxygen to a pumped system until reaching the desired pressure, it was found that
the actual pog is orders of magnitude lower. It was identified that the reason behind
this are applied measurement devices that are based on ionization, e.g. the cold
cathode pressure gauge. The cold cathode pressure gauge is schematically depicted
on the left of figure 7.1. It was found that the cold cathode gange shifts the CO/CO5
towards CO. This in turn lowers the effective pg, shifting equation 7.1 towards more

reducing conditions.

[t is also conceivable that the increased amount of CO increases the oxygen vacancy

formation rate. The rate determining steps of oxygen vacancy formation are generally
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Figure 7.1: Schematic illustration of influences on the oxygen vacancy formation in
SrTi0O3 unraveled in this work.

the oxygen vacancy diffusion D and the surface reaction rate k. In case of SrTiOz the
oxygen vacancy diffusion can 2 750 K be estimated fast enough to consider the sur-
face reaction as solely rate determining.|142| Further for all following considerations it

will be presupposed that sufficient lattice oxygen is present.

Assuming that CO actively partakes in the oxygen vacancy defect equilibrium, it can

be rearranged to equation 7.2.
05 +CO=CO2+ Vg + 2~ (7.2)

Considering the formation enthalpies of Oz (AH= 0 k.J/mol) and of CO reacting to
COz (AH=-171 kJ/mol) the enhanced oxygen vacancy incorporation is further based
on the thermodynamical benefiting influence of CO on the rate limiting formation of

oxygen from the lattice.

In the course of this work it was further found that the plasma plume during
PLD emits UV radiation. This radiation in turn was found to influence the sur-
face reaction rate. The underlying mechanism is based on the formation of elec-

tron hole pairs by the radiation and can thus be generalized for other radiation
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sources.

nil + hv =+ e~ +h* (7.3)

Equation 7.3 describes the formation of an electron hole pair by radiation.|56, 142
144
1 .
0f +2h* = E()g +Vy (7.4)

Rearranging equation 7.1 into equation 7.4 it is apparent that the additional holes

generated by the radiation enhance the oxygen vacancy incorporation.

Last the influence of the termination of SrTiO3 was investigated. It was found in this
work that the respective termination drastically influences the oxygen vacancy forma-
tion in the investigated pressure regime. Namely a SrO-termination fully depresses
the oxygen vacancy incorporation. An explanation can be derived from the findings
of Alexandrov et al.|164|, who have shown by ab initio calculations that the forma-
tion energy of oxygen vacancies is lower for Ti0O o-terminated SrTiOz as compared to
SrO-terminated SrTi0Og. This in turn will influence the surface reaction. As the SrO
coverage of SrTi0Oz can be controlled with high precision this allows a tunable oxygen
vacancy formation, ranging from an inhibition of the oxygen vacancy formation to

limiting their formation to certain areas of the surface.

Considering above results it was possible to further unravel the vast variety of in-
fluence factors on the oxygen vacancy formation in SrTiO3z. Two major influence
factors, which are not linked to a change of the pog, on the surface reaction of the
formation of oxygen vacancies were presented, namely radiation and crystal termi-
nation. The latter one was utilized to tailor the formation of the oxygen vacancies.
While the underlying mechanisms for both influence factors were largely uncovered,
in future it would be interesting to quantify their influence on the surface reaction.
Basically this is possible utilizing ¥0 exchange and subsequently analyzing the ion
profile with secondary ion mass spectrometry. However, this is non-trivial for the
influence of the surface termination, as the SrO-termination was, in the course of

this work, proven to be very unstable.
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7.1.2 Cationic defect engineering

In chapter 4.2 the possibility of tailoring the stoichiometry of SrTiOgz thin films
by laser fluence control were fathomed. The underlying mechanisms of the fluence
dependent stoichiometry are on the one hand the different effective evaporation en-
thalpies of SrO and Ti0g,|186] which result in a preferential ablation of SrQ at low
fluence and of TiO5 at high fluence. On the other hand the much lighter Ti interacts
stronger with the process gas than Sr, resulting in a Ti depletion for low energies.
The Sr depletion at high fluence is, in the regimes considered in this work, accom-
modated by Sr-vacancies. Ti-vacancies are, as described in chapter 2.1, energetically
unfavorable. Therefore the Ti-depletion for a low fluence is accommodated by the
formation of Ruddlesden-Popper type anti phase boundaries and SrO islands on top

of the film shown schematically in figure 7.2.

a) b)

SrO
TiO:

SrO
TiO:

Nb:STO Ti-term. Nb:STO Ti-term.

Figure 7.2: Schematic illustration of a) SrO islands and b) Ruddlesden-Popper type
anti phase boundaries.

In the course of chapter 5.2 both accommodation mechanisms were engineered for
stoichiometric thin films. In order to emulate SrO segregation on the surface, ad-
ditional SrO exceeding 1.5 u.c. thickness is deposited on top of the stoichiometric
thin film. Exceeding 1.5 u.c. thickness ensures the formation of islands, as the SrO
no longer growth in a layer-by-layer fashion due to its high lattice mismatch in re-
lation to SrTiOz. Changing the thickness of the additional SrO, the thickness and

morphology of the resulting islands can be influenced.

To engineer Ruddlesden-Popper type anti phase boundaries 1.5 u.c. SrO were de-
posited on the TiOg-terminated 0.5 wt% Nb:SrTiOz substrate. As schematically
shown in figure 7.2 b) the deposition of half a unit cell of SrO results in SrQO islands

on the now SrO-terminated 0.5 wt% Nb:SrTiO3 substrate. These islands result in
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SrO double layers during SrTiO3 growth and can be regarded as Ruddlesden-Popper
type anti phase boundaries parallel to the growth direction. Moreover, subsequently
depositing stoichiometric Sr'Ti0Og will result in Ruddlesden-Popper type anti phase
boundaries induces at the edges of the SrQ islands as shown in figure 7.2 b). However,
using regular 0.5 wt% Nb:SrTiOj3 substrates the SrO islands will rather migrate to
the surface of the film, as it is energetically preferable.|61] It was shown that this effect
can be avoided by using substrates with a higher miscut. A higher miscut results in a
higher density of step edges. The SrO stabilizes at the step edges, compare figure 7.2
b, eventually resulting in the desired seeds for the formation of Ruddlesden-Popper

type anti phase boundaries.

7.2 Impact of defects on the switching performance

In the following the results of this work on the influences on resistive switching
presented in chapters 5 and 6 will be presented categorized by properties. One mo-
tivation of this work was to understand the enhanced performance of devices with
Sr-rich SrTi0O3 in comparison to stoichiometric SrTiOz devices and, thus, eventu-
ally to be able to derive design rules from this understanding. It was found that
one of the most important influence factors is additional SrCOg4 at the Pt/SrTiOg
interface. For Sr-rich devices more SrCO 3 forms at the Pt/SrTiO3 interface than for
stoichiometric devices due to the increased availability of SrO. This amount can he
increased even further, when depositing additional SrO at the Pt/SrTiO3 interface,
as described above. If the Pt is applied in situ the formation of SrCOj3 can be de-
pressed. Depositing C in situ allows to some extend controlling the amount of StCO3

forming at the Pt/SrTiO3 interface.

Forming step

The forming step is characterized by a higher voltage necessary to observe an in-
crease in current for the first SET than for all subsequent SETs. As the low re-
sistive state is characterized by the formation of a conductive oxygen vacancy rich

filament, the limiting factors of eq. 7.1 can either be the diffusion of the oxygen

131



7 Conclusion and outlook

vacancies or their generation. All subsequent SETs and RESETs were shown to
only change the oxygen vacancy concentration by a factor of 2-3.|188] Thus the
difference between the virgin state and the formed state can be explained by the
necessity to generate additional oxygen vacancies during the first SET. The lim-
itation of this process by either diffusion or generation results in a pronounced
forming step. From a viewpoint of industrial application a forming step is highly

undesirable.|194]

In the course of this work a possible mechanism underlying the device structure
dependent forming step was introduced. Additionally devices were engineered that
show no forming step. In the course of this work it was found that the forming step
roughly scales with the amount of SrCOj at the Pt/SrTiO3 interface. SrCOg has a
high diffusion barrier for oxygen,|223| it is thus conceivable that with an increasing
thickness of this diffusion barrier an increasing voltage is necessary to enable oxygen
diffusion through this barrier and thus enable the formation of oxygen vacancies in
SrTi0z. This is schematically illustrated in figure 7.3 a). While this mechanism best
explains the results presented in this work, it also fails to some extend. Our results
suggest SrCOj islands much smaller than the filament diameter (100-500 nm),[174,
188, 201] provoking the question, why the diffusion barrier would have to be overcome,
if it could just be bypassed, as shown in figure 7.3 a). A possible reason could be the
additional heat induced by the SrCOj discussed below. In future this contradiction
should be unraveled or a more suitable explanation should be found e.g. by additional
spectromicroscopic investigations of the forming step in the vicinity of the islands or
by simulating the field and temperature distribution and comparing it to the here

presented experimental data.

a) High diffusion barrier
"t Normal diffusion barrier " & — T T T T T T T T

Nb:STO Ti-term.

Figure 7.3: Schematic illustration of a) the proposed mechanism underlying a pro-
nounced forming step and b) Ruddlesden-Popper type anti phase boundaries acting as
preformed filaments.

Within this work SrTiO3 devices that require no forming step were fabricated by

132



7.2 Impact of defects on the switching performance

intentionally introducing Ruddlesden-Popper type anti phase boundaries (compare
section 7.1.2). A possible explanation is that Ruddlesden-Popper type anti phase
boundaries act as preformed filaments, as depicted in 7.3 b). It is conceivable that
oxygen vacancies have a lower formation energy in the vicinity of Ruddlesden-Popper
type anti phase boundaries, as they have for other extended defects, as small angular
grain boundaries and dislocations.|7, 197, 199, 236| This in turn would result in an
oxygen vacancy enrichment along Ruddlesden-Popper type anti phase boundaries,
defining them as preformed filaments. To prove this explanation a conceivable next
step would be to actually determine the formation energy of oxygen vacancies at the

Ruddlesden-Popper type anti phase boundaries.

ON/OFF ratio

The ON/OFF ratio describes the difference between LRS and HRS measured im-
mediately after SET and RESET, respectively. Only one device structure showed
a markedly different HRS than all other devices, namely devices including Sr-rich
SrTi0;z. This was explained by the cation vacancies induced by the Sr-rich growth,|106]
which are deep acceptors trapping electrons and consequently increase the resistance
of the bulk SrTiOj. [48| For all other devices the ON/OFF ratio is consequently
defined by the LRS.

In the course of chapter 6.1 it was uncovered that the LRS is mainly defined by the
Joule heating present during SET, as the Joule heating increases the formation of
oxygen vacancies. In particular it was found that the heat needs to be confined at the
interface to induce sufficient heat to activate the formation of oxygen vacancies at the
Pt/SrTiO3 interface. It was found that SrCOj acts as a heat confinement layer and
that by increasing the amount of SrCQj it is possible to decrease the LRS until a cer-
tain saturation value is reached. Samples completely lacking SrCO 3 at the Pt /SrTiOg

interface were even found to show no switching at all.

Currently the suggested heat confinement mechanism best described the experimental
observations of this work. In future it would be desirable to confirm this mechanism
by simulations of the heat confinement. Further the next logical step would be to

apply a heat confinement layer with an even lower thermal conductivity than SrCO 3.
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A possible candidate is WOz as it has a low thermal conductivity|237] and is a
metallic conductor (p(300 K) = 2.9 x 1073)|238].

LRS retention time

One of the major failure mechanisms of resistive switching SrTiO 3 is a reoxidization
of the oxygen vacancy rich filament at the Pt/SrTiO3 interface over time resulting
in an approach of the LRS towards the HRS.|[187, 188] In the course of this work a
possibility to stabilize the LRS was developed. The introduction of a oxygen diffusion
blocking layer at the Pt/SrTiO3 interface stops a reoxidization of the filament over
time. One possibility to achieve a diffusion blocking layer is the deposition of SrO at
the Pt/SrTiO3 interface. If more than 1.5 u.e. SrO are deposited the formation of
islands is observable, as is also observable for Sr-rich growth. The resulting islands
would supposedly be SrO in the rock salt structure exhibiting the desired diffusion
blocking property.|174| It was found that increasing the thickness of these islands did
in the investigated regime further increase the stability of the LRS. Although the area
of these islands is smaller than the filament area as depicted in 7.4 it is, considering
the filament dimensions, still conceivable that they stabilize the LRS wia the proposed
mechanism. Moreover, a reoxidization of the uncovered filament area can explain the

initial increase of the LRS that is usunally observed.

While at the beginning of this work SrO) was proposed as the retention stabilization
layer, the results obtained in the further course of this work suggest that the SrO
forms SrCO3;. However, as SrCOj3 has a high oxygen diffusion barrier as well,|223]

the proposed mechanism is equally valid.

Variability

While traditionally the development of memories aimed for a very low variability,
[239] the emerging field of neuromorphic computing is also interested in employ-
ing it for stochastic learning algorithms.|229-233| Prior to this work the variability
of SrTiOz devices has scarcely been investigated. Recent advances of this group
have suggested that the high variability of SrTiOs devices is caused by a change

of the filament position or physiognomy between cycles.[201] Within this work the
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Figure 7.4: lllustration of the underlying mechanism of the LRS stabilization by
SrCQOs islands.

proposed mechanism was further investigated with respect to different influences.
In agreement with the prior work it was possible to account for changes in the
LRS by a change of the filament position. It was possible to visnalize the change
of the filament position by investigating the recrystallization of the Pt top elec-

trode.

The stoichiometry of the SrTiOjz thin film showed no significant influence on the
variability. Thus, following the relatively high cycle to cycle and device to device
variability presented for stoichiometric and Sr-rich devices in chapter 5.1 is consid-
ered as reference. Below a possible underlying mechanism for devices that showed
marked deviations from the references will be discussed. Devices with additional
3 un.c. of SrO, that were shown to form SrCOg, at the Pt/SrTiO3 interface showed,
as presented in chapter 5.2, a low cycle to eycle variability, but a high device to device
variability. Devices with areal C deposition, resulting in a thin areal SrCOj layer,
showed a low cycle to cycle and device to device variability, as presented in chapter
6.1. Devices with a C pattern at the Pt /SrTiO3 interface showed an increased cycle

to cycle variability, as presented in chapter 6.2.

The proposed underlying mechanism for the variability of the three different consid-
ered devices is illustrated in figure 7.5. The mechanism assumes a filament diameter
of 100-500 nm as observed previously by this group.|174, 188, 201| Further it pre-
supposes the existence of preferred filament positions within the SrTiO3 film. As
described in figure 7.3, one possibility for such a position are anti phase bound-

aries,
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Nb:STO Ti-term.

Nb:STO Ti-term.
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/A Heat confinement o V-

Figure 7.5: Proposed underlying mechanism of the variability observed for devices
with a) SrCOg3 islands, b) areal SrCO3z and c) SrCOgz pads.
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Figure 7.5 a) shows the proposed mechanism for devices with additional 3 u.c. of SrO
deposited at the Pt/SrTiOj3 interface. The resulting SrO islands form SrCOg, which
confine the heat during switching. The SrCQOj islands are randomly distributed at the
Pt/SrTiO3 interface and considerably smaller than the filament. Upon appliance of
the voltage the filament will form, where a preferred filament position is best aligned
with the heat confining islands. The result will be a filament that is pinpointed and
will likely not change for subsequent SETs and RESETs, explaining the low cycle
to cycle variability. However, the alignment of preferred filament position and heat
confining islands can differ from device to device, in turn explaining the high device

to device variability.

Figure 7.5 b) shows the proposed mechanism for devices with areal C at the Pt/SrTiO 3
interface, which probably forms a thin SrCOjz layer. In comparison to device with
SrCOj3 islands the heat is confined evenly over the whole device area for each device.
Consequently the filament will form at its preferred position for each device and not
change position afterwards. This results in a low cycle to cyele and device to device

variability.

Figure 7.5 ¢) shows the proposed mechanism for devices with a carbon pattern applied
to the Pt/SrTiO3 interface. In comparison to the SrCOj3 in figure 7.5 a) the SrCO5
'islands’ resulting from the appliance of a C pad have a diameter of ~ 2 pm and
are thus significantly bigger than the filament. This comparably big structure will
confine the heat, when a voltage is applied. However the filament will only form in
its vicinity. Opposed to the SrCQj3 islands in figure 7.5 a), which are smaller than
the filament and thus allow the formation of the filament underneath, the oxygen
vacancies will form at the edge of the big SrCOj island, where they do not have to
overcome an additional diffusion barrier, but still profit from the induced heat. It is
unlikely that this edge is also a preferred filament position. Thus, for the subsequent
cycles, the filament will move towards its preferred position, where it stabilizes. This
is in good agreement with the observations in chapter 6.2 that the high variability of
the LRS oceurs during the first 200 cycles. Afterwards position and LRS are stable,
which would, in the proposed mechanism, be explained by the stabilization of the

filament at its preferred position.

In future further investigations should be conducted to verify the proposed mecha-
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nisms. One possibility is to investigate the Joule heating by heat sensible microscopy.

More importantly it is necessary to prove the existence of preferred filament posi-

tions.
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List of abbreviations

AFM
APB
c8w

CC

cc

DC
DFT
FWHM
HAADF
HRS

IR
LCAFM
LRS
MIM
MS
PCM
PEEM
PLD

RHEED
SKPFM
STM
TEM
UHV
uv

Atomic force microscopy

Anti-phase boundary

counter-eightwise

Cold cathode gange

Current compliance

Direct eurrent

density functional theory

Full width half maximum

High angular annunal dark field

High resistance state

Infrared

Local conductivity atomic force microscopy
Low resistance state
Metal-insulator-metal

Mass spectrometer

Phase change memory

Photoemission electron microscopy
Pulsed laser deposition

Room temperature

Radio frequency

Refeletive high energy electron diffraction
Cross sectional scanning Kelvin probe microscopy
Scanning tunneling microscopy
Transmission electron microscopy
Ultra-high vacuum

Ultraviolett
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VCM
VEPALS
XPS
XRD
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