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Kurzfassung

Da die aktuelle Speichertechnologie in den nachsten Jahrzehnten ihr physikalisches Limit
erreichen wird, miissen innovative Konzepte entwickelt werden, um weitere Verbesserungen
in Groke, Stromverbrauch und Kosten sicherzustellen. Ein vielversprechender Kandidat unter
den "Beyond CMOS" Technologien ist das resistive RAM, das auf dem nichtfliichtigen
und reversiblen Schalten des Widerstandes eines Bauelements mithilfe einer externen
Anregung basiert. Genauer formuliert scheinen schnelle Schreib- und Lesevorgange in
resistiv schaltenden Ubergangsmetalloxiden durch Redox-basierte Mechanismen erméglicht
zu werden, die tiblicherweise mit der Bildung eines leitenden Filaments einhergehen, das die
isolierende Umgebung kurzschlieBt. Bei einigen Materialien tritt das Schalten homogen
liber der kompletten Bauelement-Flache auf, was einen zusatzlichen Freiheitsgrad beim
Bauelement-Design ermoglicht. Fiir diesen Schalt-Typ spielen Grenzflacheneffekte zwischen
dem involvierten resistiv-schaltenden Oxid und der aktiven Elektrode die Schliisselrolle.

Die Hauptthematik dieser Arbeit ist das Redox-basierte Wechselspiel zwischen einem kom-
plexen Oxid und dem oxidierbaren Elektrodenmaterial in einem flachig-schaltenden ReRAM
Bauelement. Als epitaktisches Modellsystem wird das quaternire Ubergangsmetalloxid
(Pr,Ca)MnO34 untersucht.

Um mittels gepulster Laser Deposition hoch-qualitative epitaktische Diinnschichten zu er-
halten, wurden ausfiihrliche Wachstumsstudien durchgefiihrt. Trotz der recht groBen Gitter-
fehlanpassung von —2.39 % zu dem SrTiOz Substrat, konnte defektarmes (Pr,Ca)MnQOs.s
erfolgreich in verschiedenen Schichtabfolgen gewachsen werden. Ab einer Schichtdicke
von 40 nm wird die elastische Verformungsenergie grols genug fiir Relaxationseffekte. Es
konnten zwei konkurrierende Relaxationsprozesse identifiziert werden, Rissbildung und
Einbau von Stufenversetzungen, die jeweils in entscheidend unterschiedlichen strukturellen
und elektrischen Eigenschaften der (Pr,Ca)MnOs;.5 Diinnschichten resultieren.

Nach einem ersten Elektroformierschritt zeigt (Pr,Ca)MnQOs.s mit Ti als oberer Elektrode
stabile resistive Schalteigenschaften, fiir die ein Widerstandsverhiltnis von einer GréRenord-
nung und Retention Zeiten von mindestens 300 Tagen erzielt werden konnten. Es wurde
eine Redox-Reaktion an der Grenzflache nachgewiesen, die einen Sauerstofftransfer von
(Pr,Ca)MnQO344 zu Ti beinhaltet. Ein Valenzwechsel auf der Ti-Seite wahrend des Formier-
und den Schaltprozessen konnte mittels Photoelektronspektroskopie gezeigt werden. Der
Stromtransport in den Bauelementen konnte fiir die symmetrischen Zustande mit kleinem
Widerstand mit einem Beitrag aus Polaron-Hopping und einem ohmschen Serienwiderstand
beschrieben werden. Fiir die Zustande mit groBem Widerstand musste das Modell um eine
trapezformige Tunnelbarriere erweitert werden. Durch die Kombination aller Ergebnisse
konnte ein schliissiges Modell abgeleitet werden, um den Schalteffekt in (Pr,Ca)MnOsys/Ti
Bauelementen durch die Bildung und Uberbriickung einer natiirlich entstandenen TiO,
Tunnelbarriere an der Grenzflache zu erklaren.






Abstract

As the current memory technology will reach its physical limit within the next decades,
innovative concepts have to be developed to ensure future improvements in size, power
consumption and costs in data storage. A promising candidate among "Beyond CMOS"
technologies is resistive RAM, which is based on the non-volatile and reversible switching of
the resistance of a device with the help of an external stimulus. More specific, fast writing
and reading operations in resistively switching transition metal oxides seem to be enabled by
redox-based mechanisms, which usually go along with the formation of a conducting filament
to bridge the insulating matrix. For a few materials, the switching occurs homogeneously
over the entire device area, which offers one more degree of freedom in device design. For
this switching type, the interface effects between the involved resistively switching oxide
and the active electrode play the key role.

The main topic of this work is this redox-based interplay between the oxidizable electrode
material and a complex oxide in a homogeneously switching ReRAM device, realized for
the quaternary transition metal oxide (Pr,Ca)MnQO3.4 as epitaxial model system.

In order to obtain high quality epitaxial thin films by pulsed laser deposition, detailed growth
studies were performed. In spite of the rather high lattice mismatch of —2.39% to the
SrTiOs substrate, defect-poor (Pr,Ca)MnOszys could be successfully grown in various layer
stacks. For film thicknesses larger than 40 nm, the elastic strain energy becomes sufficient
high for relaxation effects. We identified two concurring processes for relaxation, crack
formation and the incorporation of edge dislocations, which result in crucially different
structural and electrical properties of the (Pr,Ca)MnQ34 thin film.

After an initial electroforming step, (Pr,Ca)MnOs.s with Ti as active top electrode exhibits
stable resistive switching properties, for which we could obtain a resistance ratio of one
order of magnitude and retention times of at least 300 days. A redox reaction was found
to occur at the interface involving an oxygen transfer from the (Pr,Ca)MnOszys to the
Ti. A change of the valence state on the Ti-side was identified during the forming and
also the switching processes by X-ray spectroscopy. The current transport in the devices
could be described by a polaron hopping contribution and a serial ohmic resistor for the
symmetric low resistive states, and with the presence of a trapezoidal tunnel barrier for the
high resistive states. Combining both results, a coherent model was derived to explain the
switching effect in (Pr,Ca)MnOs.5/Ti devices by the formation and bridging of a TiO,
tunnel barrier, naturally formed at the (Pr,Ca)MnQOsy/Ti interface.
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Introduction

In 1965 Gordon E. Moore documented his observation that the number of transistors on
integrated circuits doubles approximately every two years, known as "Moore's law" [1]. The
prediction of an exponential dependence of the transistor density on the time has proven
to be accurate up to these days. For each reduction in size and thus costs of a functional
device, a lot of research effort is necessary. This approach of further miniaturization

according to "Moore's law" is known as "More Moore". As the standard density of an

4-(20nm)?
2 bit

reduction is limited, as for the length scale of the elementary material components quantum

integrated function is nowadays already for Flash, the possibility of further size
mechanical effects occur, which might not be compatible with the current complementary
metal oxide semiconductor (CMOS) technology. That is why, other concepts have to be
developed to keep the opportunities of further device improvement.

One set of technologies for facing this challenge is "More than Moore", which bets on the
functional diversification of semiconductor-based devices. The idea behind is that they
do not necessarily scale according to "Moore's Law". Another concept is called "Beyond
CMOS" and deals with nanometer-size functionalities, which are not necessarily based
on semiconductors. Here, new state variables such as spin, molecular state, photons,
phonons, nano-structures, mechanical state, resistance, quantum state (including phase)
and magnetic flux are investigated for their suitability in electronic devices [2].

One of the most promising technologies is the concept of resistive random-access memory
(RRAM), which is based on the non-volatile and reversible switching of the resistance of
a device with the help of an external stimulus. Different materials and mechanisms have
been considered for RRAM. Beyond them, resistive switching in a variety of oxide materials
has gained much interest because of fast writing and reading operations and has already
been successfully integrated in commercially available products [3]. The most convincing
explanation for this type of resistive switching is the field-driven oxygen migration, which
affects the valence state of the cations in complex transition metal oxides and thus influences
the electronic properties of the system. However, the details of the redox-processes, which



2 Introduction

are expected to occur at the nanoscale, are still only partly understood.

Most of the Redox-based resistive RAM effects are based on the formation of a conducting
filament within an insulating matrix. For proceeding device design, a larger amount of
degrees of freedom is indispensable and thus material systems are of great interest, that
exhibit a homogeneously distributed switching effect over the entire device area and thereby
allow for the tuning of the device parameters with the area. For these materials, the involved
redox-process is typically located at the interface to an electrode material. However, one
drawback of this approach is that there exists some hints from the literature [4] that the
retention of interface-type switching devices is clearly worse than for filamentary switching
systems.

In this work, the quaternary transition metal oxide Pr;_,Ca,MnOs is investigated as epitaxial
model system for homogeneously switching complex oxides. The key role for this redox-
based effect is thereby played by the interface between the involved oxide and the active
oxidizable electrode. Resistive switching phenomena are reported for this mixed-valence
manganite.

Besides the investigation of the switching effect itself, one aim of this work is to enhance
the retention of the Pr;_,Ca,MnQO3 devices. One concept to improve the conservation of
the states in interface-type devices is to stabilize the charged species at the interface by
the insertion of a depolarization field of a neighboring ferroelectric like BaTiOs.

Before combining both complex oxides, the resistive switching properties of
Pro4sCagsoMnO3 and the ferroelectric switching properties of BaTiOs have to be in-
vestigated individually. As complex oxide systems, a suitable technique to deposit these
materials as thin films is pulsed laser deposition, because the stoichiometric transfer from
the ceramic target to the single crystal substrate is enabled by non-equilibrium processes.
In order to receive high quality epitaxial thin films, detailed growth studies have to be
performed to control the deposition process. For epitaxial thin films, tensile or compressive
strain is induced into the film according to its lattice mismatch to the substrate. Relaxation
effects can have an immense impact on the structural properties of a thin film and thus
also influence its electrical properties. This impact has to be considered, especially because
Pro.4gCag.5oMnQO3 differs by —5.14 % from BaTiOs in its lattice constant.

For the formation of a strong depolarization field, a large polarization of BaTiOj3 is important,
which should not be screened by mobile charge carriers. Free electrons as compensating
defects for oxygen vacancies are known to lead to screening effects in BaTiO3, which can
be visualized as leakage currents and need to be considered in this work.

For the observation of resistive switching, Prg4s3Cags:MnO3 has to be integrated into



a metal-insulator-metal structure to build a device. The influence of different electrode
materials has to be examined to select a good material combination for the appearance of
homogeneous resistive switching. Detailed studies on the switching effect are necessary
to identify the main properties of the switching heterostructures. To further clarify the
origin of the redox-based switching effect, structural, chemical and electrical investigation
methods are applied and evaluated to receive a deep understanding of the underlying
processes and be able to develop a consistent model for the switching effect.

A detailed introduction into the basics of resistive switching can be found in Section 1.1.
The studied material system Pr;_,Ca,MnO3 as a member of the class of mixed-valence
manganites offers a large diversity of structural, magnetic and transport properties. The
origin of its nature is illuminated in Section 1.2, as well as its defect chemistry.

The growth study and optimization for titanates and manganites in various layer stacks is
reported in Chapter 2.

Strategies to avoid leakage currents in BaTiO3, which might screen the dipole moments
and thus disable the depolarization field, are the topic of Chapter 3.

The bulk transport through Prg4sCagsoMnQO3 as well as the identification of relaxation
effects are reported in Chapter 4. The resistive switching mechanism of Prg45Cag50MnO3
and its origin will be addressed in Chapter 5.

All results are summarized and concluded in Chapter 6.






1 Basics

The principle of redox-based resistive switching will be discussed in the framework of general
data storage concepts.

The homogeneously switching material system Pr;_,Ca,MnQOs3 is the main center of interest
in this work. Its defect chemistry and its physical properties are depicted as one candidate
of the material class of mixed-valence manganites.

1.1 Resistive switching in oxides

In current information technologies many different possibilities of data storage are available.
The magnetic data storage used for hard disc drives requires a relatively complicated actor
system, but is fast and the information is kept over a long time.

Devices with a much easier access to the stored data are based on electronic effects,
which can be written and read on the basis of electric circuits. In this category, there
also exist different device types. Mostly used as main memory in computers are dynamic
random access memories (DRAM). These devices are based on capacitance effects and
allow writing, erasing and reading times of less then 10 ns. In addition, they can be cycled
more than 10° times. But for these extremely fast devices, the written states constantly
have to be refreshed due to a short retention time of 64 ms. Thus, the data storage is
volatile and highly power-consuming during usage [5, 6].

On the opposite, NAND-Flash memories are available, where the charge is trapped in
the floating gate of a transistor. These devices offer a non-volatile data storage with a
retention time of 10yrs and a non-destructive read-out. But the data storage is relatively
slow with a reading time of 100 us, an erasing time of 0.1 ms and a writing time of 1 ms.
Furthermore, they show an endurance of only 10* cycles and hence can only be used to
store data, but not for frequent storage during arithmetic computer processing. These
devices are used in USB-sticks, SD-cards and portable solid-state drives [5, 6].
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For future information technology it would be indispensable to combine the advantages of
the given device types. But an electronic storage device, which saves the data non-volatilely
but fast with a large endurance has to overcome a certain time-voltage dilemma. To
compete with flash, the writing pulse should be in the range of 1-5V and below 100 ns,
while the data should be stored for more than 10yrs and is read-out non-destructively
at 0.1-0.5V. This gap requires a non-linearity in the switching kinetics of more than 15
orders of magnitude in time for only one order of magnitude change in voltage, known as
time-voltage dilemma [7].

Beside ferromagnetic, ferroelectric [8], molecular R
[9] and nanomechanical RAM concepts, especially OFF
the resistive switching is an interesting candidate

for new generation RAM devices.

Here, the resistance of a material or device is SET

switched between two or more resistive states due SET
to a thermal, chemical or electronic stimulus, as
shown in Figure 1.1. For phase change materials -
[10] the thermal heat is the primary stimulus to TON

switch the material, whereas also a pure electronic

Y

stimulus

mechanism exists. Within the redox-process re-
lated chemical mechanism three further different Figure 1.1: Working principle of resis-

mechanisms can be found. tive RAM, taken from [11].

The good conducting state is normally identified with the binary "1" and called ON or low
resistance state (LRS), while the less conducting state is identified with " 0" and called
OFF or high resistance state (HRS). The process, which forms an OFF state into an ON
state is called SET process, while RESET causes the opposite effect (Figure 1.1).

Going back to the switching mechanism itself, basically two different types can be found:
Unipolar and bipolar resistive switching [7]. As depicted in Figure 1.2(a), for unipolarly
switching materials, the SET and RESET process can both be achieved with the same
polarity of the stimulating voltage, but at different amplitudes. For these materials, the
direction of the voltage is not crucial, only the absolute value. Negative voltages can be
used in the same manner. In contrast, for bipolarly switching systems the absolute value and
the direction of the stimulus is decisive for the switching effect. As shown in the example
in Figure 1.2(b), the SET process takes place for positive voltages, while a certain negative
voltage is needed to RESET the device. This switching polarity is called "eight-wise",
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(a) (b)
QRESET ON-state cc
ON-state ¢c =I[sET

- \/SET -

1] 5 OFF-state

g OFF-state 8

RESET U &
Voltage Voltage

Figure 1.2: Polarity of switching in RRAM, based on [7]: (a) Unipolar resistive switching: The
SET and RESET process are realized with the same voltage polarity, but different amplitude. (b)
Bipolar resistive switching: For the SET and RESET process two different polarities are obliged. In
this case, "eight-wise" switching is depicted. CC stands for current compliance.

because it has the drawing direction of the handwriting of a tilted "8" [12]. Other systems
show a "counter-eight-wise" behavior with SET for negative voltages, corresponding to a
counter-clockwise switching of the resistance, as depicted in Figure 1.1. Some systems
indeed show both switching polarities [13].

Within the redox-based resistive RAM concepts, also know as "ReRAM", three different
mechanisms are known so far, i.e. thermochemical memory effect (TCM), valence change
mechanism (VCM) and electrochemical metallization (ECM) [7]. The TCM [14] is a
unipolar switching mechanism, in which the controlled dielectric breakdown by thermal
runaway is used. ECM [15] is based on the migration of cations due to redox-processes and
thus is bipolar. A solid electrolyte is stacked between two different metal electrodes, one
electrochemically active and the other one as inert counter electrode. With the application
of a voltage, the electrochemical metal deposition and dissolution is utilized to form a
conducting filament through the insulating ion-conductor by active electrode material [7].
The VCM devices show a bipolar resistive switching behavior, which is not electrode
dominated as for ECM, but a result of the active material itself. This effect has mainly
been observed for binary transition metal oxides or multinary oxides with transition metal
content. Different models are available as explanation, including pure electronic effects as
the charge-trap model [16], trapping at interface states [17], metal-insulator transition [18],
polaron ordering [19] and resistance changes caused by ferroelectric polarization flip [8].
Besides, anion migration is assumed to be the main mechanism in this class of materials.
Oxygen-related defects, as oxygen vacancies, are known to be much more mobile in these
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materials than the cations. An enrichment or depletion of oxygen vacancies according
to Oy = £0,(9) +Vg + 2¢/ might affect the valence state of the transition metal
cation and consequently influence the electronic properties of the system. Therefore the
mechanism is called VCM [7].

In addition to this classification of the switching effect, one has to distinguish two funda-
mentally different switching geometries: A filamentary switching scenario like for ECM
cells and a homogeneous switching mechanism [20, 7]. This issue is not only relevant for
the understanding of the switching procedure itself, but also for the scaling potential of

future memory devices.

(a) Formation/Rupture (b)

‘
A
.-

Oxide
Metal

Filament Oxygen \I(acancy
Charge carrier

Figure 1.3: Classification of VCM, taken from [20]: (a) Filamentary type: As for ECM cells, a
conducting filament is formed within the insulating matrix and during switching its connection to
the electrode is interrupted and reconnected. (b) Homogeneous type: The switching takes place at
the interface of the oxide to one electrode.

For the filamentary type, depicted in Figure 1.3(a), a conducting path is formed in the
insulating matrix of the oxide, which connects the two electrodes. For devices with a
single filament, especially the ON state is independent of the electrode area. It has been
shown that only the filament itself is switched locally, while the other parts behave almost
pristine. Thus, a parallel circuit arises out of the conducting filament resistance and the
insulating matrix. A down-scaling of the pad size will only affect the highly-resistive part of
the circuit, which is generally not dominant and therefore the influence of area scaling on
the resistance is rather small. In this respect, filamentary switching devices show a good
scaling potential, especially if the OFF state shows an area dependence of the resistance
and hence the Ron/Rorr ratio is increased with decreasing cell size.

The homogeneous switching type in Figure 1.3(b) shows a switching effect distributed
over the entire area of the electrode of the memory cell. The result is an electrode
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area dependent resistance for the ON and the OFF state [20]. The change in resistance
is attributed to a field-induced change of the Schottky-barrier at the metal-electrode
interface, as it is also the case for several filamentary switching systems. Here it takes
place homogeneously over the entire electrode area due to another field distribution. For
these interface type devices, the Ron/Rorr ratio is not influenced by the pad size, as it
might be the case for filamentary switching devices. However, these devices are not based
on the random filament formation and the current and thus the power consumption for
switching and reading also scales with the area. Moreover, in homogeneously switching
systems the area is an additional screw to tune the device properties and it offers one more
degree of freedom for sophisticated device designs.

In addition to these two extreme cases, there might be several types in-between. Coming
from the single filament type, multiple filaments could be formed in the insulating oxide.
On top of that, a spotty type has been observed, showing a conducting pattern of relatively
regular spots of uniform distance. In the interface type, the affected layer is not necessarily
completely homogeneous, but might show some irregularities, which could influence the

area scaling as well.

For VCM and ECM based ReRAM cells, usually an initial electroforming cycle is required
to activate the switching properties. For filamentary type switching devices, this can be
understood in the framework of filament formation. It takes a certain DC voltage to form
the filament between the two electrodes by a soft breakdown of the material, while during
the switching effect itself only the last few nanometers of the filament are ruptured and
reconnected. For homogeneously switching devices, such a breakdown is not necessarily
needed and in this case a homogeneous oxidation process is behind.

In literature Pr;_,Ca,MnQO3; is found to show resistive switching behavior already in 1997
[18]. Here, the explanation is the magneto-resistive response of Pry7Cag 3MnO3, stimulated
by an electrical field. The current induces a dielectric breakdown of the insulating charge-
ordered into the metallic ferromagnetic state. A pure electronic effect is also reported in
[19], where the ordering mechanisms of a polaron melt are said to be responsible for the
resistance changes.

A widely spread explanation for the resistive switching is the movement of oxygen anions in
the region of an enhanced electrical field. A first theoretical model for electrically induced
resistance switching in manganites is proposed in [21], where oxygen vacancies are assumed
to control the doping of the electronic state. In 2004 resistive switching of PCMO was
observed to happen at the interface to low work function metals [22]. Intense studies
suggest, that the Schottky barrier at the interface is modified during the oxidation and
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reduction of the topmost layer of PCMO due to high electric fields [17, 20, 23]. As
illustrated in Figure 1.4, an enrichment with oxygen vacancies is meant to create a highly
resistive state, while an oxidized interface should be better conducting. Therefore, an
enhanced electrical field, caused by the Schottky-like barrier, provides enough energy to
move oxygen and, as a result, to change the barrier height and/or depletion layer width.

(b)

Oxygen vacancy

Figure 1.4: Resistive switching via homogeneous oxygen movement, taken from [20]: (a) A reduced
interface results in a high resistance state. (b) An oxidized interface is meant to form the low
resistance state.

One remaining question is, where the oxygen for switching of the Schottky barrier on
PCMO side comes from or rather goes to. A first hint is given in [23], where an amorphous
TiO, layer is observed at the interface to PCMO by cross-sectional TEM. Still it is unclear,
if this is connected to the switching effect. Many different electrode materials were tested
in [24, 25] and the proposition of the influence of the work function is confirmed. For
Ti and Ta top electrodes TEM and EELS studies also indicate the formation of oxidized
electrode material and a redox-based switching mechanism [26, 27, 28].

Although a lot of studies have been done on the system Pr;_,Ca,MnOs3 and a redox-based
effect is very likely, a detailed understanding on the mechanism is not yet existing. One
crucial question is, to what extent the switching is influenced by the oxidized electrode
material and if the switching effect is taking place homogeneously over the entire device

area.

The interplay between ferroelectric properties and resistive switching is the topic of a large
number of publications. One concept is based on a ferroelectric tunnel junction, which is
used to switch the resistance of the stack by changing the barrier height in dependence of
the polarization [29, 30, 31, 32, 33]. A similar idea is presented in [34], where a dead layer
is assumed to be the origin of resistive switching.

Besides the usage of the ferroelectrics itself for resistance changes, the impact of the
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ferroelectric on neighboring materials is also used, in terms of the piezoelectric field-induces
strain or the depolarization field [4, 35, 36, 37]. One idea is to use the depolarization
field of a ferroelectric layer to stabilize the charged oxygen vacancies at the interface to a
homogeneously resistive switching material like Pr;_,Ca,MnQOj3 for a better retention of
the states. Thus, the combination of these two effects is of great interest.
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1.2 Mixed-valence manganites

Mixed-valence manganites form a class of oxide materials, which excel in their large diversity
in properties [38]. Generally, these materials form a distorted perovskite structure ABO;,
where Mn is positioned on B-site and the A-site is shared by trivalent rare earth cations
(R) such as La, Ce, Pr or Nd and divalent alkaline earth cations (A) like Ca, Sr or
Ba. The composition R;_,A.MnO3 can be regarded as a solid solution of RMnO3 and
AMnQO3, while A%+ acts as acceptor dopant for the RMnO5 host crystal due to the formal
charges (R¥* AZF)(Mn3* Mn#)O3~. Depending on the cation species, stoichiometry and

temperature, these oxides exhibit different structural, magnetic and transport properties.

1.2.1 Defect chemistry of mixed-valence manganites

Smith defines defect chemistry as the study of deviations from perfect order in crystalline
inorganic compounds, and the effects of such disorder on their properties [39].

In terms of defect chemistry, the most simple way to describe manganites is to first consider
pure RMnOs, referring to Section 1.2. In addition, R®** and Mn3* are assumed to be
chemically equal, as the valence state has a more dominant impact on defect chemistry
than the ion size. Thus the system M3*O3 is discussed according to [39], where M
stands for the metal cations R and Mn. Still the perovskite structure is conserved, so that
interstitial oxygen anions are not allowed and Schottky disorder is favored over Frenkel
disorder. Furthermore, for the stoichiometric composition the intrinsic electronic disorder
is favored over the intrinsic ionic disorder, which are indeed the vacancies V(A// and V'O',
while /, e and x indicate a negative, positive and neutral charge of the defect relative to
the perfect crystal, according to the Kroger-Vink notation [39, 40]. The relevant chemical
reactions and corresponding mass-action equations, including the temperature dependent
equilibrium constants K, ;(T), as well as the charge neutrality equation to calculate the
carrier density for each species are listed below:

Schottky disorder: il == 2V/// +3ver V12 VS = Ks
lonization: nil = e/ +h* np =K,
: V51 VP(O2)
. X o\ /e 1 O _
Redox-Reaction: Oy +2h* = Vg +50,1 W = Kr

Charge neutrality: p+2V5*l=n+ 3[V,C,//]
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From this set of equations, all different defect concentrations can be calculated in depen-
dence of the ambient oxygen partial pressure p(O,). n = [e/] and p = [h*] denote the
electronic charge carrier densities. To solve these equations manually, one can distinguish
between certain pressure regions, where different chemical processes are dominant, and
neglect the contributions of the other species. In the case of M,O; three different regions
can be found:

e Near stoichiometric region: n = p = n/py = /K, is valid for the stoichiometric
composition. As the concentration of intrinsic electronic defects exceeds the one of

ionic defects, the charge neutrality is reduced to p =~ n.

e Reduction region: The reduction process becomes the major source of defects, leading
to a charge neutrality of 2[V3*] = n.

e Oxidation region: The oxidation process becomes the major source of defects,
resulting in p = 3[\/1\///]-

Applying the mass-action constants Ks = 10723, K; = 107* and Kr = 107°, according to
[41], the concentration for each involved species is calculated and plotted in Figure 1.5(a)
for different ambient oxygen pressures. The carrier concentration is induced by electronic
charges: Holes for the oxidizing, electrons for the reducing region and both near the
stoichiometric point. Assuming a constant mobility, the conductance would have a "U"-
shape, as it is visible in Figure 1.5(a).

Coming closer to the model for mixed-valence manganites, one can now dope the system
with an acceptor A%*, as formal addition of A>*O? to the compound. The chemical
reactions for the undoped system stay valid, but the additional substitutional cations AKA
have to be compensated by other defects:

o Holes (oxidized): 2A0 + 10,1 220l 4305 +2h°
e Anion vacancies (stoichiometric): 2A0 2%, ZAKA +205 +Vg

The charge neutrality equation also has to be corrected to p+2[V3*] = n+ 3[V,\2//] + [Aﬁ/l].
The strongly nonstoichiometric regions are not affected, but the near-stoichiometric region
is replaced by the impurity controlled region, represented by the electronic and the ionic
compensation when neglecting the non-dominant effects:

e Electronic compensation: Holes compensate the doping charge: p = [A{W]

e |onic compensation: "Crisscross" region, where oxygen vacancies level the additional
negative charge: 2[V3*] = [Aﬁ/,]
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Figure 1.5: Kroger-Vink diagram of M>O3 and A:M>Os3. The approximated calculations (solid
lines) differ only slightly from the exact calculations (dotted lines). For the approximation the slopes
for each species and regime are marked. (a) M,Os3: Three regions can be identified for the undoped
system: The reduction region, the near-stoichiometric region and the oxidation region. (b) A:M»0O3
for [A] = 10 %: For the doped system the near-stoichiometric region is replaced by the ionic and
electronic compensated impurity-controlled regions.

Using a doping concentration of 0.1 doping atoms per unit cell as example, one can again
calculate the approximated and exact defect concentrations, as shown in Figure 1.5(b). For
doping, the "U"-shape of the carrier concentration is widened out and in the plateau region
two levels appear, as oxygen vacancies become the determining carriers over a certain

pressure regime.

If the defect concentration of intrinsic or extrinsic defects reaches more than 1% of the
host material, the model of dilute solution is no longer valid. In this case, it has to be taken
into account that the concentration of the host components can no longer be regarded
as constant, but the number of lattice sites is unchanged within the crystal. Additionally,
the distribution of defects is no longer random, but there might be cluster formation,
neutralization and the formation of extended defects. Besides, interactions between point
defects as associations and complex formation might occur. Because the integration of
such complex processes into the current model is highly complicated, defects will still be
regarded as randomly distributed and the interactions between them will be neglected.
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The host components will now be considered as variables of the ambient oxygen partial
pressure, so that site balance equations are needed and the picture of doping is changed
to that of a solid solution of two compositions. In addition, the charges created by the
ionization process are assumed to be localized at the cations, known as small polaron model
(SPM) [41, 42]:

Schottky disorder: nil = 2V/// 4+3Ver V12 V8PP = Ks

onization: oM M M (M) [M},] _«

onization: M T My, + My [/\/I R /
Myl [VE*] vp(02)

Redox-Reaction: ~ Of +2My, = V& +2M}, + 30,1 = Kg

MM IP[Og]
Charge neutrality:  [My,] + 2[V3®] = [I\/l/ 1+ 3[V///] + [A/ ]

Site-balance M:  [M,] + [ML] + [My,] + V)1 + [Al] = 2

Site balance O: [Of]1+ V51 =3

Using this set of formulas the concentrations of all six different species can be calculated in
dependence of the ambient oxygen partial pressure, as shown in Figure 1.6(a) for a defect
concentration of 20 %.

Moving one step further towards real systems, the compound A%*: R3+Mn3+0§;5 has to be
considered. The Schottky reaction changes to nil = Vé// + VK/{r{ + 3V and the charge
neutrality to [Mnf,] +2 V8] = M/, 1+ 3 [VZ/] + 3 [V///] + [AL].

Besides, the defect-chemical processes are usually thermally activated and only contribute

above their respective activation temperature:

e Low temperature regime (T < 500°C):

lonization is activated according to the band gap E,

lon diffusion is frozen in

Carriers are created from dopants

Associates, complexes and not completely ionized defects exist
e Intermediate temperatures (500°C < T < 1000°C):
— Oxygen exchange with atmosphere is activated

— Associates, complexes and other defects are completely ionized
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e High temperature regime (T > 1000°C):
— Schottky balance is activated

For an appropriate comparability of the theoretical considerations and real thin films
deposited by PLD at 600-800°C, the Schottky balance might have to be frozen in, because
cation vacancies can be neglected to some extent. The resulting Kroger-Vink diagram is
shown in Figure 1.6(b) and clearly resembles results shown in [43, 41].
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Figure 1.6: Kroger-Vink diagram of A:M>Os3 covering site-balance: (a) For both extreme oxygen
conditions even the host components are clearly affected, using [A] = 20%. (b) When the Schottky
balance is frozen in (solid lines), the region of highly oxidizing conditions is not visible, using
[A] = 10%. The dotted lines refer to calculations of the same system with activated Schottky
reaction.
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1.2.2 Effects of correlated electronics

As described in Section 1.2.1, the point defect chemistry in combination with the doping
level determines the number and the charge of carriers in dependence of ambient oxygen
pressure and temperature. For many systems, the conductivity o follows the shape of the
carrier concentrations n;, derived from defect chemistry, under the assumption that the
mobility w; is equal for all charge carriers and not dependent on the oxygen partial pressure,

g = Z qinilk;,
i
summing up over all different electronic and ionic carrier types / with the respective charges
g

according to

For mixed valence manganites a "U"-shape carrier concentration for holes, oxygen vacancies
and electrons was calculated in Section 1.2.1 for different pressure regimes and thus a similar
shaped conductivity over oxygen partial pressure is predicted. The oxygen partial pressure
dependence of the conductivity for LaggSrgoMnO3z (LSMO) is available in literature [44]
and shown in Figure 1.7(a). The conductivity stays constant over a wide oxygen partial
pressure regime and only drops under highly reducing conditions by almost two orders of

magnitude.
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Figure 1.7: Transport properties of Lag.gSrgoMnOj3 in dependence of the oxygen partial pressure,
taken from [44]: (a) The conductivity of LSMO drops dramatically at highly reducing conditions.
(b) The mobility of LSMO also drops significantly at a similar oxygen partial pressure.

A reason for this behavior might be different mobility values for each charge carriers. For
reducing conditions, the hole concentration is exceeded by the oxygen vacancy concentration,
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which becomes negligible for transport properties, when assuming a much lower mobility of
jonic defects compared to electronic defects. Another explanation could be an oxygen partial
pressure dependence of the mobility, which is available in literature for LaggSrg>,MnQO3
[44] (Figure 1.7(b)). It has a similar shape as the conductivity and is therefore the most
probable explanation.

To understand the correlation between oxygen partial pressure and mobility of the charge
carriers, it is important to look at the large variety in structural, magnetic and transport
properties of mixed-valence manganites. In Figure 1.8 the phase diagrams of Pr;_,Ca,MnQO3
and La;_,SryMnO3 are depicted. Figure 1.8(c) shows a more schematic sketch of the
different phases of R;_,A,MnQO3 in general.
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Figure 1.8: Phase diagrams of R1_yA,MnQOs3: (a) Phase diagram of Pr;_,Ca,MnOs, taken from
[45]. (b) Phase diagram of La;_»SryMnQOs3, taken from [46]. (c) Sketch of a general phase diagram
of R1_xAxMnOs3: Magnetism: ferromagnetic (FM or F), antiferromagnetic (AFM, A or AF), canted
antiferromagnetic (CAFM, CN, CA), paramagnetic (PM or P); Transport: metallic (M), insulating
(1); Structure: cubic (C), orthorhombic (O or O"); Order: orbital-ordering (OO), charge-ordering
(CO).

To explain the different properties it is crucial to first consider the end-members RMnO,
and AMnO,. Starting with a perfectly cubic system (Figure 1.9(a)) the oxygen ions are
arranged in an octahedral coordination around the Mn cations and form a crystal field,
in which the five 3d-orbitals of Mn get split (Figure 1.9(b)). Since d,,, dy, and d,, are
oriented in-between the directions of the three axial oxygen 2p-orbitals, they have a small
overlap with these orbitals, therefore are energetically favored and form the energetically
lowered triple to4 level, where g stands for an even inversion center. The do_,2 and d,
orbitals are oriented along the same axes as the O, and the coulomb repulsion between
electron and O lifts the two orbitals up to the double e,-level.
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For the perovskite lattice structure the sizes of the two different cations have a crucial

impact on the stability of the structure. Goldschmidt defined a tolerance factor

1 FA+fO

V2rs+ro’

in [47], which relates the ion radii ri—a g0 of the different species of ABO; together and
which value defines the stability and distortion of a system. At T = 1 the system is perfectly
cubic, as it is the case for SrTiO3, and for 0.8 < T < 1.0 the system is at least stable. A
deformation of the unit cell occurs for 0.75 < T < 0.90, so that in RMO with a factor of

around 0.9 the oxygen octahedra are tilted.

A similar effect is attained, if there is exactly one eg-orbital occupied in a system, which
is the case for RMO. The system tries to reverse the degeneracy of the two egz-levels
to minimize the total energy by getting distorted in a way, that the overlap between the
occupied orbital and the O,,-orbitals become minimized, called Jahn-Teller distortion (JT)
(Figure 1.9(c)). The most plausible way is to extend the oxygen octahedra along the
c-axis, when the d,.-orbital is occupied. Another possibility, which is mainly important for
mixed-valence manganites as Pr;_,Ca,MnOs3 (Figure 1.9(d)), is the tilting of the oxygen
octahedra for the occupation of the d,z_j.-orbital. As two neighboring octahedra share
a common oxygen ion, the deformations are not independent and the whole lattice is
distorted, which is the so-called cooperative Jahn-Teller effect. Such a lattice distortion
generated by a single electron is called a polaron, since the electron is localized within its
own lattice distortion by coulomb forces.

For the consideration of the magnetic properties [51], Hund’s rules are necessary to be
beared in mind. Within one atom or ion, the spins of a partially occupied shell are oriented
in one direction due to Hund’s second rule. Applied to Mn, it has three ty4-electrons
forming the t-core with a spin of 3/2 and possibly one eg4-electron with the spin of 1/2,
which must be oriented the same way.

In RMnO; Mn**([Ar]3s23d*) has one loosely bound e,-electron per unit cell. If we now
consider two Mn®* ions, they both have one occupied eg-level. As they are coupled by an
oxygen ion with fully occupied 2d® configuration, the Mn-spins are oriented antiferromag-
netically (AFM) along the d,.-direction, as well as their cores due to Hund’s rule, what is
called super exchange (Figure 1.10(a)). As the d,2_,2-orbitals are unoccupied, they can
couple degeneratedly and the in-plane exchange mechanism is ferromagnetism (FM). In an
easy picture, the two energetically separated eg,-states due to Jahn-Teller distortion form
two bands with a certain energy gap when put into a periodic crystal. In pure RMnO; the
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Figure 1.9: Crystal field splitting and Jahn-Teller distortion: In the crystal field of the octahedral
oxygen environment in the perovskite crystal structure ABO; (a), taken from [48], the five d-orbitals
of Mn split into two energy levels (b), based on [49]. The three t»4-levels are energetically favored,
as their orbitals are lying just between the oxygen p-orbitals, while the 2 eg-orbitals are unfavored due
to their large overlap with the oxygen orbitals. If only one eg-orbital is occupied in R;_xAMnO3,
the crystal tries to minimize the total energy by distorting according to Jahn-Teller (c), taken from
[45]. Besides the difference between untilted and tilted oxygen octahedra, the top and side view of
a distorted structure is depicted. This is the reason for an enlarged unit cell for Prg4gCag 5oMnO3
(d), taken from [50].

lower band is totally occupied, while the other one is empty [52]. So the trapped electrons

have no possibility to move and the system is insulating.

In AMnO; Mn**([Ar]3s23d?) has no occupied eg-orbital and only three strongly bound
trg-electrons to provide the overlap with the oxygen orbitals. Therefore, there will be no
JT-distortion. As the three t-core orbitals are completely equivalent, the model of super
exchange is valid in all directions and the spins of the Mn cations are oriented in a 3D



. . Mn3+ 02' Mn3+
1.2 Mixed-valence manganites 21

it

antiferromagnet of type charge-exchange (CE). As ache gap between the hybridized tyg4

and the ey-levels is rather large and there are no unbound carriers, the materiaf'behaves

insulating.
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Figure 1.10: (a) Antiferromagnetic super-exchange: The spins of additional eg-electrons are
oriented antipbr 4 due t(i interaction with the mediating oxygen ions. (b) Ferromagnetic
double exchange: The spin polarized ‘hopping transport between two Mn ions with different valence
state is @nhanced, as the two states Gre degenerated.
spin-polarized hopping transport

"Doping", the Rl\/an -compound with AMnO; will lead to the creation of holes within
the mal\’ggrlal as the Qcceptor Ilkg"aopants need to be compensated. Such a hole can be
considered as issing (% e&tron in the actual unit cell, where it is localized, turning the
Mn** ta Mn** *To understand how the magnetic exchange mechanism is coupled to the
conducgrzwty in mandhanites, it is €ucial to consider the coupling between Mn®" to Mn**,
called double exchange (Figure 1.10(b)). Again Hund’s second rule forces the valence
electrons to be polarized the same way as the t-core. In addition, charge carriers keep
their spin when hopping to a vacant neighboring site. These facts result in a possible
hopping process between ferromagnetically oriented cations, while hopping is forbidden for
antiparallel spins. As hopping increases the degree of disorder, which is energetically favored
due to an increase in entropy, the hopping process lowers the systems total energy and
ferromagnetic coupling occurs. In another picture, the two states Mn**—0? —Mn** and
Mn**—0% —Mn>* are quantum theoretically equal, so that the electron is delocalized over
the whole system, the probability amplitude is uniformly distributed over the two ions and
the electron is therefore mobile. As charge transfer is provided by spin-polarized electrons
via so-called "zig-zag"-patterns, the conducting state is called "half-metallic".
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Using the current considerations, it is possible to explain the schematic phase diagram of
mixed-valence manganites (Figure 1.8(c)). Starting to dope the RMnO; system with A,
the new hole-containing unit cells will be randomly distributed and the antiferromagnetism
will be locally replaced by ferromagnetic coupling, in which charge exchange is allowed.
With more and more doping, clusters will be formed, what can be calculated by percolation
theory [53]. At a certain concentration, the system will be pierced infinitely by FM regions,
which allow a macroscopic change in conductivity, while still AFM and FM regions coexist.
This 3D-percolation threshold x. ~ 0.16 leads to an insulator-metal transition into a
metallic FM state in three dimensions, which persist up to x =1 —y = 0.5.

Doping the AMnO;-system with R, i.e. electrons, the picture of percolation can again be
applied. Up to a 2D-percolation threshold of y. =~ 0.45, the 3D insulating AFM state is
conserved, in spite of the coexisting new phase. Above this insulator-metal transition, the
conducting state consists of an antiferromagnetic A-structure with conducting FM-coupled

planes and forbidden charge transport along the c-axis.

Going from the magnetically ordered states to higher temperatures, both FM and AFM
phases show the typical phase transition to the paramagnetic phase under thermal de-
struction of the former arranged spins at Curie- and Néel-temperature respectively. As
depicted in [54], the temperature dependence of R;_,A,MnO3 for a metallic composition is
dominated by the FM metallic phase for low temperature, switching at T¢ into a thermally
activated semiconducting behavior in the paramagnetic phase.

At elevated temperatures and certain doping levels the system can additionally adopt
orbital and/or charge ordering. Orbital ordering (OO) is closely related to the cooperative
JT-effect, which provides the direction of occupied orbitals. As the charge is localized
within the single distorted unit cells, this phenomenon is also called polaron ordering. The
alternating orientation of the oxygen octahedra often leads to an enlarged unit cell compared
to the cubic structure with the lattice constant acupic, resulting in an orthorhombic structure
with a unit cell of about (v/2 |v/2 | 2) - acupic. Orbital ordering can occur only if there are
enough ions with orderable orbitals Mn®*, i.e. mainly near x = 0, with decreasing transition
temperature towards AMnOj;.

Inter-atomic coulomb interactions cause a phenomenon that is called charge ordering (CO).
Also known as Wigner crystallization, the mobile electrons (or holes) can be localized on
certain manganese ions forming a regular lattice of I\/In3+/l\/ln4+. This mechanism mainly
occurs at doping concentrations being rational fractions.

In principle this scheme of different phases is very similar in all mixed-valance manganites,
but the borders between the different regimes and the transition temperatures depend
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strongly on the cation species. The tolerance factor has a large impact on the JT-distortions,
as the ratio in cation radii regulates the octahedra tilting. A strong distortion of the oxygen
neighborhood again decreases the strength of the double exchange, because this mechanism
is optimized for untilted Mn—O—Mn chains. The ferromagnetism also controls the charge
exchange and therefore the conductance mechanism.

Reducing the material by adjustment of the ambient leads to the creation of oxygen
vacancies due to defect chemistry, described later-on in Section 1.2.1. A missing oxygen
ion leads to the destruction of the Mn—O—Mn chains, which are responsible for magnetic
order and hence conductance. Furthermore, if the material is highly reduced, the oxygen
vacancies might replace the holes as compensating defects and the conductance mechanism
is changed from half-metallic to the less conducting ionic type because of a hopping barrier
of AE ~ 0.6 — 0.9eV for oxygen vacancies and even higher values for interstitial diffusion
or cation hopping [55].

This rather simple picture of mixed-valence manganites already provides the explanation of
many observed phenomena, but still does not explain, for example, why these materials show
p-type conductance over almost the whole doping range. Therefore a more complex view
has to be taken into account. As R;_,A,MnQO3 can be regarded as a kind of semiconductor,
it is interesting to consider the band scheme including the doping levels. Using density
functional theory (DFT) calculations the density of states (DOS) can be obtained for
different stoichiometries of Pr;_,Ca,MnQOs, as schematically depicted in Figure 1.11(a).

In Figure 1.11(b) the band structure of Pry,Cap3MnOs is depicted for the stoichiomet-
ric composition and an oxygen deficient composition Pr,_ Ca,MnO,_;. According to
these calculations the region around the Fermi level consists of oxygen vacancy levels
Mn** —V&—Mn**. These can be filled up by charge carriers, but the mobility of the holes
is so small, that they can be regarded as localized. As the mobility edge [57] is lying well
below the Fermi level, the localized states act as shallow in-gap bandgap and the system
does no longer behave half-metallic.
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Figure 1.11: DFT calculations for Pr;_xCaxMnOs: (a) Schematic evolution of the band structure
of Pri_xCayMnOs, which is based on DFT calculations, taken from [52]. The two end-members

CaMnO5 and PrMnO; are isolating, while in-gap states lead to transport for mixed systems. For
oxygen depletion, additional carriers are introduced and the Fermi level is shifted to higher energies,
but the carriers become immobile. (b) DOS of Prg 7Cag3MnO3 for the stoichiometric and a reduced
composition, taken from [56]. Within the bandgap the DOS near the Fermi edge can be assigned
to localized oxygen vacancy states.



2 Epitaxial growth of perovskite thin film
heterostructures by pulsed laser deposition

In this chapter the deposition procedure of epitaxially grown thin films is described. Various
perovskite materials are grown in diverse complicated layer stacks for different projects.
After a short description of the background of epitaxial growth, the applied methods are
introduced and the results of several heterostructures are presented.

2.1 Basics

2.1.1 Epitaxial thin film growth

For the hetero-epitaxial growth of a complex oxide material on a single-crystal substrate,
the mismatch between the two different lattices has a crucial impact on the growth quality.
Cubic SrTiOg3 is used as a substrate for many thin films, while the deposited film material
can have various complex crystal structures. The crystal structure of many materials can
be regarded as cubic by using only small approximations, which is the neglect of the oxygen
octahedra tilting for manganites, described in Section 1.2. The newly created unit cell is
called "pseudo-cubic" and in most cases denoted with *. For many common oxides the
cubic/pseudo-cubic lattice constants are shown in Figure 2.1(a).

Depending on the ratio of the pseudo-cubic lattice constants of film and substrate, the
mismatch strain . .
Ffilm — Fsubstrate

a

€Em = -
film

in the film is compressive or tensile (Figure 2.1(b)). When a critical film thickness d,
is reached, which depends strongly on the mismatch itself, the stress inside the thin
film becomes too large and the material starts to relax. Relaxation is achieved by the

introduction of one-, two- or three-dimensional lattice defects.

25



26 Chapter 2: Epitaxial growth of perovskite thin film heterostructures

a 5 e s oo K b
( ) < IS Qo g ¢ & ( ) v
E ¢ s¢& 5 2
@ a @@ o m 0 dc
| || | PbRZr, Tit0,———— 4
Film lattice (A) ~——(Pr,Ca)MInO,—= RBa,Srulio, »|
3.70 3.80 3.90 l l 4.00 4.10 4.20 {}
| | | ¢ | | I I
f M - :
LaGaO, GdSCOIA NdScO, Substrate lattice (A) oo (T

+ + +
LaSrAIO, LaSrGaO, |LSAT DyScO; SmScO,
|
YAIO, LaAlOg NdGaO, KTaO4 - - -

Figure 2.1: For hetero-epitaxial thin film growth, the mismatch in lattice constant results in strain:
(a) (Pseudo-)cubic lattice constants of common oxide substrate and thin film materials, based on
[58]. (b) Effect of tensile and compressive strain on thin films, based on [59]. For both cases the
film will start to relax above a certain thickness d_..

Beside the three-dimensional growth modes Volmer-Weber and Stranski-Krastanov, the
two-dimensional growth modes Frank-van der Merve (layer-by-layer) and step-flow growth
mode exist, which are desirable as they result in atomically flat surfaces.

2.1.2 Deposition and characterization methods
2.1.2.1 Pulsed laser deposition

For the deposition of complex oxides, pulsed laser deposition (PLD) is a widely used
technique [60, 23, 61, 62]. The working principle is sketched in Figure 2.2(a): A short-
pulsed laser is focused on the ceramic or single-crystalline target material. The absorption
of the pulse instantaneously generates a plasma plume of neutral and ionized species of
the composition and is directed orthogonal to the target surface. As result of the high
energetic laser pulse, the ablated material is not in its thermodynamical equilibrium and
even for large melting-point deviations of the individual species, the stoichiometry can be
transferred into the plasma phase and later onto the substrate. The large advantage of
PLD is, that with the right set of process parameters, the stoichiometry is conserved during
the transfer of material between target and substrate.

In this work, a setup from TSST (Twente Solid State Technology, B.V.) was used
(Figure 2.2(b)), applying a 50 W KrF excimer laser with a wavelength of A\ = 248 nm,
which provides a large absorption in the target. The pulse length is t = 25ns and the
repetition rate can be varied between f = 1 Hz and 50 Hz. The fluence on the target has a
crucial impact on the stoichiometry on the substrate. It depends on the laser pulse energy



2.1 Basics 27

(a)
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Figure 2.2: RHEED-assisted pulsed laser deposition: (a) Sketch of the PLD chamber. (b) Photo
of the PLD setup from TSST.

E, which can be adjusted by a beam attenuator and measured in front of the chamber, the
transmission coefficient of the window, through which the laser beam is directed, and the
laser spot size on the target adjusted by the optics geometry. The background pressure
in the vacuum chamber is typically 1078 mbar. For the deposition, a carefully controlled
oxygen ambient can be created in the chamber, which can be varied over 8 orders of
magnitude in partial pressure p and has an influence on the plume expansion, the valance
states of the plume particles and their kinetic energy. The substrate is glued on a heater
with silver paste and is adjusted in the center of the plum in an adjustable distance d of
about 6cm. The substrate can be heated up to a maximum temperature of T = 800°C,
which activates the mobility of the incoming species on the surface. The stoichiometry of
a thin film deposited by PLD depends strongly on the complex interaction between laser
ablation and plasma plume kinetics [63]. Therefore, the adjustable parameters have to be
tuned carefully and mutually to obtain high quality single crystal thin films.

2.1.2.2 RHEED

During the deposition, reflection high energy electron deflection (RHEED) is used to
monitor the crystal growth in-situ. Here, a differentially pumped, high pressure TorrRHEED
system by STAIB Instruments GmbH is applied. A high energetic electron beam of 25 keV
hits the substrate in gracing incidence and is focused on a phosphor screen, as depicted in
Figure 2.3(a) for a SrTiO3 substrate. To achieve a large surface sensitivity, the incoming
angle is chosen very small, so that a small part of the beam even passes the substrate. The
largest part is diffracted at the periodic crystal lattice, as the wavelength of the electrons is
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comparable to the atomic distances, directly reflected or scattered by the surface roughness.
The penetration depth of the electrons is only a few atomic layers, so that the detected
information comes mainly from the surface. On the screen, the direct beam can be observed
and beside the directly reflected spot (specular spot), a characteristic material-dependent
diffraction pattern arises [64].
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Figure 2.3: Principle of RHEED: (a) RHEED pattern of a SrTiO3 substrate: Beside the direct
beam, the directly reflected specular spot is visible and the specific diffraction pattern of SrTiOs3.
The red box indicates the area, over which the intensity is integrated and measured. (b) Two
different modes of 2-dimensional growth, based on [65]: In layer-by-layer growth mode, the surface is
successively covered by nucleation points, while in step-flow growth mode the incoming species dock
with the edges of the surface. (c) RHEED signal of layer-by-layer growth, taken from [66]: During
the deposition, the scattered part of the beam changes frequently due to roughness alternations.

During the growth of one unit cell layer (ucl) of a material growing in layer-by-layer
mode (Figure 2.3(b)), the monitored intensity of the specular spot runs through one
oscillation (Figure 2.3(c)). Starting at an atomically flat surface of the substrate, the plane
is successively covered with material. Nucleation and growth of the formed islands are
competing processes, which lead to a two-dimensional growth process. For an increased
coverage of the surface, the island growth process becomes dominant, until the ucl is
completed. The roughness of the surface is directly determined by the coverage, as the
amount of step edges crucially depends on the density of islands, and thus is minimal for a
closed ucl and maximal for half a ucl. The roughness in turn determines the scattering
probability of the electrons and thus the intensity of the reflected beam. A maximum in
electron scattering for half of a closed ucl causes a minimum in the reflected intensity of the
specular spot, so that the detected RHEED signal goes through one complete oscillation
during the growth of one ucl. A detailed description can be found in [64].

Step-flow (Figure 2.3(b)) describes a growth mode, during which the incoming species are
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so mobile at the surface, that they move towards a step edge of the underlying layer and
stick there, while no island nucleation takes place. The corresponding RHEED intensity
of the specular spot does not alter much during growth, because the roughness of the
surface is not changed due to a shift of the step edges. This growth process provides a
very good crystal quality and is therefore favorable, but only realizable for some materials
and deposition conditions.

2.1.2.3 Target and substrate preparation

The targets used for depositions, consisting of highly compressed dense ceramic powders,
were mainly bought from Praxair Surface Technologies or in several cases produced within
the institute. Prior to each deposition, the target surface was sanded homogeneously.

Four different single crystal materials were used as substrates: SrTiO3(001) (STO),
Nb(0.5 at.%):SrTi03(001), NdGaO3(110) (NGO) and (Lag3Sro7)(Alg.esTap.35)03(001)
(LSAT). To achieve a uniform TiO,-termination of (Nb:)SrTiO3, the substrates were
partially etched in buffered hydrofluoric acid (BHF, pH = 6.5) for 3:45min. In order to
reduce the disorder and defects, induced by the polishing procedure, an annealing step is
applied, which allows the system to rearrange its lattice structure at high temperatures.
Due to a natural miscut angle of the substrates, a step-terrace structure of one unit cell
height is formed on the surface. The annealing procedures are listed in Table 2.1.

Material Atmosphere Temperature Time
(Nb:)SrTiO3 Air 950°C 4h
TiO-terminated (Nb:)SrTiOs Air 950°C 2h
NdGaOs Air 1000°C 2h
LSAT H,(4%)-Ar 1050°C 60h

Table 2.1: Annealing procedures for different substrates.
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2.1.2.4 Atomic force microscopy

The surface morphology of the prepared substrates and deposited thin films was determined
by atomic force microscopy (AFM). The images were measured with an SIS Pico Station
by UltraObjective in tapping mode.

The work principle of an AFM is based on inter-atomic forces between probe and sample
(Figure 2.4). An atomically sharp tip, which is attached to an elastic cantilever, is
approached to the surface of the sample and then carefully scanned over an area of
micrometer range. Atomic interactions between tip and surface atoms cause a bending of
the cantilever in dependence of the surface topography. A laser is directed on the backside
of the cantilever and its reflection is detected by a multiple segmented photo-diode, so that
small changes in its direction are revealed. For the applied tapping mode of the AFM, the
cantilever is externally oscillated at its resonance frequency, and the change in amplitude
and phase due to tip-sample interaction forces are measured. More information can be
found in [67].
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Figure 2.4: Work principle of an AFM, based on [68]: An atomically sharp tip mounted under a
cantilever is scanned over a surface, while a laser beam is focused on the cantilever. The reflection
of the laser beam is detected and changes of the surface are measured.

With the AFM, the surface morphology can be imaged with a vertical resolution of down
to 1A and a lateral resolution of well below 100 nm. The scans are used to monitor the
step-terrace structure of the substrates and thus their quality and how good the steps are
reproduced in the epitaxial thin films. In addition, the roughness p of the surface can be
determined as the root mean square (RMS) value of the AFM height data set.
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2.1.2.5 X-ray diffraction

For the structural analysis of the thin films, X-ray diffraction (XRD) is used. X-ray radiation
is suitable to resolve the crystal structure, as its small wavelength X lies in the same range
as the atomic distances in solids, and diffraction reflexes appear as a result of the periodicity
of the crystal lattice. As the X-ray beam hits a crystal, it interacts with the electronic
structure of the lattice constituents and is scattered. Under certain angles the diffracted
radiation interferes constructively, as shown in Figure 2.5(a). As the beam hits parallel

S S
e+’

lattice constants a, b and ¢ and Miller indices (hk!), observable intensity peaks appear for

lattice planes spaced by dye = valid for right-angled crystal systems with

angles 26z, where the Bragg-equation
2dhk/ sin 95 =

is fulfilled and no reflexes are erased due to symmetry properties of the respective Bravais
lattice.
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Figure 2.5: X-ray diffraction: (a) Schematic depiction of the Bragg condition, based on [69]:
Parallel X-rays are diffracted at lattice planes of the distance dn; and interfere in dependence of
their angle of incidence. (b) Measurement principle of XRD, based on [45]: The X-ray tube (D)
generates the beam, which is focused on the sample (2), while the diffracted radiation is detected
. The sample can be moved along all three axes and the corresponding rotation angles, the
detector can only be moved along one angle 26.

In this work a Philips PW3020 diffractometer equipped with a Cu-K, tube of wavelength
A = 1.54 A was used, which line actually splits into K, and Kq,. The schematic setup is
depicted in Figure 2.5(b). The sample can be moved in all three dimensions x, y and z
and rotated along the corresponding angles 1, w and . The detector can be moved by
the angle 26, in-plane with w.
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Pure out-of-plane reflexes (00/) in Bragg-Brentano geometry (8 = w) were measured as 26-
w scans to determine the lattice constants of the epitaxially grown thin films. w-scans were
performed at the respective 26-positions to obtain the width (full width at half maximum,
FWHM-value) of the resulting peaks, known as "rocking curves", which give a hint on the
crystallinity of the thin films. The resolution of the XRD system in the used configuration
provides the lower limit of the w-peak width for the STO substrate of Aw = 0.025-0.032°.

Additionally, reflexes with in-plane contribution (h0/) were used to image the strain effects
of the lattice mismatch in so-called reciprocal space maps (RSM). For this technique
an asymmetric XRD reflex is chosen, in this work the STO (103) reflex, to obtain in-
plane information on the thin film in addition to the out-of-plane information, recorded in
Bragg-Brentano geometry. Around the STO (103) peak a set of 26-w-scans for different
w-offsets is measured and combined to a map. After converting the data set to real space
lattice constants, the intensity is gained in dependence of in-plane lattice constant a* and

out-of-plane lattice constant c*.

A method called X-ray reflection (XRR) was occasionally used to determine the thickness
d of thin films. For this technique, the Bragg-Brentano geometry is used with a very small
incidence angle 0° < 8 < 2°. Now the direct beam is measured and its interference fringes
caused by the reflection at the surface interacting with the one at the underlying interfaces.
The difference between n+ 1 maxima of the detected signal A(20) is used to determine
the thickness using the small-angle approximation with € in radian measure

n-Aa

9= 208

From the periodicity of these oscillations the film thickness can be calculated with an
accuracy of 0.5nm.
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2.2 Growth of perovskite heterostructures

For the growth of epitaxial thin films with PLD the deposition parameters have to be
adjusted individually for each material to obtain a stoichiometric transfer from the target
to the substrate.

For homo-epitaxially grown films, the crucial criterion for a stoichiometric composition is the
matching of the out-of-plane lattice constant, which forms a minimum at the stoichiometric
point for fluence variation [63]. If the stoichiometry is not conserved during growth due to
a misaligned parameter set, cation vacancies are formed, which distend the unit cell and
result in an increased out-of-plane lattice constant.

This criterion is not valid for hetero-epitaxially grown films. As the bulk lattice constant of
the thin film material differs from the substrate lattice constant, the film will adapt the
in-plane structure of the substrate and also the out-of-plane dimension will change. From
elastic deformation considerations [70] an appropriate value for the out-of-plane lattice
constant can be estimated, which gives - in addition to the bulk value - the other limit for
the real thin film lattice constant. In addition, the width of the rocking curve at the film
Bragg reflex is a good measure for the crystal quality.

Beside the structural investigations, the surface morphology gives a hint on the stoichiometry.
For a perfectly strained and near-stoichiometric film, the step-terrace structure of the
substrate should be reproduced without any segregated material on its surface.

2.2.1 Growth of SrRuO;3

The growth properties of SrRuOs depend strongly on the surface termination of the
underlying substrate [71]. The diffusion lengths of the species vary strongly between the
SrO- and the TiO,-termination, so that several nm deep holes are created during the
growth of SrRuO3 on an only-annealed SrTiOz substrate. Therefore, the substrates have to
be prepared by the etching step discussed in Section 2.1.2.3, which in most cases improves
the regularity of the terrace structure.

In addition, the parameter set has to be chosen very carefully, in order to achieve step-flow
growth. Thus, the laser frequency has to be adjusted to the step length of the substrate
[72]. Besides, the Ru is known to be volatile [73], so that a relatively low deposition
temperature is recommended, which narrows the parameter space.

Taking into account these circumstances, the optimized parameter set for SrRuQOs is
p=0.133mbar O,, T =650°C, E =19mJ, f = 10Hz and d = 59 mm. The results of a
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terminated SrTiO3 are shown in Figure 2.6.
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Figure 2.6: Growth of SrTiO3 substrate / 40 nm SrRuOs: (a) Layer stack: STO-SRO. (b) AFM
image of the SRO surface, p = 1.6 A. (c) RHEED signal for SRO, growing in step-flow mode. The
dip is the result of a termination change. (d) XRD spectrum around the STO (002) reflex of the
complete stack. (e) XRR spectrum at gracing incidence. With the help of a simulation, a film
thickness of 37.8 nm was determined.

As visible from the RHEED intensity evolution in Figure 2.6(c), the SrRuOs grows in
almost perfect step-flow growth mode. After a very deep dip in the RHEED signal intensity,
which covers the first one and a half ucl and can be ascribed to an internal termination
alternation [74], the intensity reaches the initial value again and stays more or less constant
at this magnitude. This behavior is typical for the step-flow growth mode, indicating that
all adhered species move upon the surface, until they reach a step edge. The surface of
the 40 nm thick SrRuQOj3 film in Figure 2.6(b) shows nicely the step-terrace structure of the
substrate with a roughness of p = 1.6 A. The straightness of the step edges has vanished
as a result of the not completely perfect step-flow growth. The XRD spectrum around the



2.2 Growth of perovskite heterostructures 35

STO (002) reflex in Figure 2.6(d) shows a nicely developed SrRuQ3 peak beside the intense
SrTiO5 substrate split peak. Due to the relatively small mismatch of +0.56 %, the rocking
curves are with a width well below 0.04 ° very sharp, indicating a good crystal quality. In
the XRR-measurement in Figure 2.6(e) thickness fringes are visible beside the direct beam
near the O-position. The data set was simulated and a film thickness of ~ 38 nm was
determined from the periodicity of the oscillations.

(b)

B 1000

T g182

66.94
. s
4481
. 3667
30.00

Countrate / cps

X X X 3'8386 3.é8 3.“90 3.“92 3.é4 3.96
45.0 45.5 46.0 46.5 47.0 Lattice constant a* / A

20/°

Figure 2.7: Growth of SrTiO3 substrate / 100 nm SrRuO3: (a) AFM image of the SRO surface,
p=2.1A. (b) XRD spectrum around the STO (002) reflex of the complete stack. (c) RSM around
the STO (103) reflex.

In addition, a 100 nm thick SrRuOs film is grown on terminated SrTiO3 and the results
of the characterization are depicted in Figure 2.7. On the surface in Figure 2.7(a) the
step-terrace structure is still reproduced and in the XRD spectrum (Figure 2.7(b)) the
Ka, ,-splitting is observable even for the SrRuO; Bragg reflex. Besides, an RSM was
measured around the STO (103) reflex and is depicted in Figure 2.7(c). The additional
in-plane lattice parameter information shows, that even the 100 nm thick SrRuOs film
is grown completely strained on top of SrTiOs, as the a* values of both reflexes match
perfectly.
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2.2.2 Growth of BaTiOs3 heterostructures
2.2.2.1 Growth of BaTiOs

For the growth of BaTiO3 on SrTiOs3 substrate, it is a complex task to find good deposition
conditions, since the lattice mismatch of +2.62 % [50] is very large and results in compressive
strain. For further electrical measurements, as will be presented in Chapter 3, the deposition
process was optimized for 30 nm thin film grown on SrRuOz/SrTiO3. SrRuOs3 acts as BE
and its deposition process is described in Section 2.2.1.

Many different parameter series were tested to find a parameter set, with which BaTiO3
could be grown as nicely as SrRuO; or different manganites, which will be shown in
Section 2.2.3. But for BaTiOs growth, hardly a few RHEED oscillations were visible,
because the thin film starts to relax at a very small thickness. Additionally, this behavior
can result in rough surfaces and bad crystal qualities.

Still, some BaTiO3 thin films could be grown, which have nice properties. Here, three
representative thin films are presented in Figure 2.8, which show at least one outstanding

property.

The parameter set p = 0.001 mbar O,, T =600°C, E =25mJ, f =5Hz and d = 57 mm
(Figure 2.8(a)-2.8(c)) lead to pronounced RHEED oscillations, while step bunching occurs
at the surface and the rocking curve of the BaTiOs reflex is extremely broad.

The conditions p = 0.001 mbar O,, T = 600°C, E = 19mJ, f = 5Hz and d = 57 mm
(Figure 2.8(d)-2.8(f)) produced a very nice surface, but the XRD peak is not clearly visible.
For this deposition the burst mode of the laser was used, implying that the calculated
number of pulses for one ucl is applied within one burst of 5Hz, with a relaxation time of
10s in-between.

For the deposition of a sample with very good structural properties (Figure 2.8(g)-2.8(i)),
the set p = 0.001 mbar O,, T =600°C, E =27mJ, f =5Hz and d = 57 mm was used.
This deposition resulted in a very rough and grainy surface.

The parameter sets do not vary much, but it has to be taken into account, that the laser
optics had to be adjusted frequently and the resulting fluences are not linearly comparable
to the energy values.
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Figure 2.8: Growth of SrTiO3 substrate / 30 nm SrRuO3 / 30nm BaTiO3. RHEED intensity of
BaTiOs3 (red curve) and SrRuO3 (inset, blue curve), AFM image and XRD data are depicted: (a-c)
BaTiO3 sample with nice growth process: While many RHEED oscillations are visible, the surface
shows step bunching (p = 5.6 A) and the rocking curve of the XRD reflex for BaTiOs is very broad.
(d-f) BaTiO3 sample with nice topography: While the surface is atomically flat (o = 2.0 A) and the
RHEED signal from burst mode looks acceptable, there is no real XRD reflex visible. (g-i) BaTiOs
sample with nice structural properties: While the Bragg reflex is nicely developed, its rocking curve
is very sharp and the RHEED oscillations are acceptable, the surface morphology shows many grains

with a roughness of p = 12.9A.

Using a parameter set, which seemed really promising, an energy series was performed,
for which the other parameters were kept constant at p = 0.0l mbar O,, T = 600°C,
f =5Hz and d = 57mm. The whole series is shown in Figure 2.9 with a variation of
energy between 22-42 mJ at an interval of 5mJ.
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Figure 2.9: Growth of SrTiO3 substrate / 30 nm SrRuOs / 30nm BaTiO3 during laser energy
variation between 22-42mJ: (a) AFM image of the BTO surface grown at £ =22mJ, p = 16.2A.
(b) AFM image of the BTO surface grown at £ =27mJ, p = 6.2A. (c) AFM image of the BTO
surface grown at £ =32mJ, p = 2.0A. (d) AFM image of the BTO surface grown at E = 37 mJ,
o=2.1A. (e) AFM image of the BTO surface grown at £ = 42mJ, p=1.8A. (f) Layer stack:
STO-SRO-BTO. (g) XRD spectra around the STO (002) reflex of the complete stack. The
BaTiOs-reflex is successively shifted towards larger c-axes, while an additional peak at very small

26-angles develops.

Starting with the surface properties of the energy series BaTiOs thin films, a clear trend from
a very rough topography (Figure 2.9(a)) towards an atomically flat surface (2.9(e)) is visible
for increasing laser energy E. For the Bragg peak (Figure 2.9(g)) also a systematic change is
visible, as the c-lattice constant for BaTiOs5 is shifted from 4.076 A to 4.156 A upon energy
increase, what indicates the incorporation of cation vacancies to the lattice. In addition,
already at 27 mJ a shoulder starts to develop at around 42°, which then finally forms an
individual second peak at 42mJ. This peak splitting could be a result of strain relaxation
discussed in Section 2.1.1 [75, 76], but is unwanted. A bilayered structure of BaTiOs
would not have one set of ferroelectric properties and be thus not useful for integration in
functional stacks. In addition, an enlarged unit cell due to vacancy formation leads to a
better conductance in titanates, which is very unfavorable for ferroelectric switching, as it
will be discussed in Chapter 3. Considering the formation of cation vacancies in SrTiO3
[63], the case could be similar for BaTiO3. For low fluences the material is grown Sr-rich,
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resulting in segregation or Ruddlesden-Popper phases, which will lead to 3D-growth. For
higher fluencies, the stoichiometric point will be reached, and beyond Sr-vacancies might
be formed, which flare the out-of-plane axis. Local inhomogeneities in the Sr-content could
be a reason for the development of the second peak. The results of the energy series are
summed up in Table 2.2.

Energy E 22mJ 27mJ 32mJ 37mJ 42mJ

AFM: p  16.2A 6.2A 2.0A 2.1A 1.8A

c 4076 A 4112A 4114A 4119A 4.156A
Aw 0.057° 0.051° 0.047° 0.064° 0.056°
2nd ¢ - ~420A ~4220A ~425A 431A

Table 2.2: Energy series of BaTiO3 growth.

In conclusion, while the surface becomes smoother with increasing laser energy, the strain
within the material becomes larger, resulting in a relaxation of the thin film at lower film
thickness. The trend already seen in Figure 2.8 is always recurring: If one property is
improved, another one is deteriorated. For small laser energies a very rough surface is
obtained and for large laser energies a double peak in the XRD spectrum occurs. The
intermediate value of E = 32mJ is a good compromise as optimized growth condition set.
A more detailed characterization of this BaTiOs thin film is depicted in Figure 2.10.

A TiO,-terminated SrTiO3 substrate (Figure 2.10(b)) is used for the deposition of
SrRuQ3/BaTiOs and 30nm SrRuOs; and BaTiOs are grown in-situ by PLD. SrRuOs
grows nicely in step-flow growth mode (inset of Figure 2.10(d)) and BaTiOs in layer-by-
layer growth mode for approximately 10 ucl, as depicted in Figure 2.10(d). The surface
of BaTiO5 is atomically smooth with a roughness of p = 2.0 A (Figure 2.10(c)) and the
meander structure can be explained by the step-flow growth of SrRuO;. In the XRD
spectrum in Figure 2.10(e) three well defined Bragg reflexes can be identified, for which all
rocking curves are sharp with a FWHM of below 0.05°.



l 40 Chapter 2: Epitaxial growth of perovskite thin film heterostructures

(a)
BTO
SRO
sTO
(d) 6ok . .
50k
=}
50k | © 40K
. ; 30k 8. Aw = 0.040°
S ‘© 20k 5
© 40k £ o 2 0% BTO: 3
= £ L A0 =0.047°
= a0kl 0 200 400 600 800 S 0
§ Time /s %
= 20kf o 10°
10k : : : : 107
0 200 400 600 800 1000 42 43 44 45 46 47 48

Time /s 20/°

Figure 2.10: Growth of SrTiO3 substrate / 30 nm SrRuO3 / 30nm BaTiOs: (a) Layer stack:
STO-SRO-BTO. (b) AFM image of the terminated STO substrate surface, p = 1.8 A. (c) AFM
image of the BTO surface, p = 2.0A. (d) RHEED signal for SRO (inset, blue) and BTO (red),
growing in step-flow mode and layer-by-layer mode, respectively. (e) XRD spectrum around the

STO (002) reflex of the complete stack.
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2.2.2.2 Interface engineering of BaTiO3/SrRuQO3 heterostructures

For the epitaxial growth of perovskites, a uniformly terminated surface is important for
most materials. In particular for ferroelectrics, the screening at the interface and thereby
the polarization could be influenced. Thus the identification of interface termination and
possible approaches to modify it were investigated for SrTiOs, BaTiOz and SrRuOs.

For stacks on SrTiOs it is important to first consider the naturally formed interface structure.
Different sample stacks were analyzed by scanning transmission electron microscopy (STEM)
by Daesung Park at the GFE [77], RWTH Aachen. For this purpose, an electron transparent
lamella was prepared out of the sample stack, which was previously covered by amorphous
SrTiO3; (a-STO) and Au, by focused ion beam (FIB) sectioning. The images shown here
were recorded by the high-angle annular dark field (HAADF) detector in STEM mode,
where the intensity is roughly proportional to the square of the atomic number Z2 and
therefore also called "Z-contrast image".

Going back to the growth of SrRuO3 on SrTiO3 (Section 2.2.3.1), we know from [71],
that a single TiO,-termination of SrTiOs3 is necessary for a homogenous growth process. In
addition, as the underlying SrTiO3 substrate is deliberately TiO,-terminated, the SrRuO3
layer has an SrO-termination at the atomically-sharp bottom interface. Regarding BaTiO3,
the same arguments explains the BaO-termination at the bottom interface for the growth
on terminated SrTiOs.

During the growth of BaTiOz a mixed termination of
mainly TiO, is formed at the surface. The growth
properties of SrRuO3 on top of BaTiO3 depend cru-
cially on its termination, since the nucleation rates for
SrRuQs3 differ strongly according to the local termi-
nation of BaTiO3, so that for extreme cases neither

step-flow nor layer-by-layer growth is possible. This

can result in a very rough layer with locally strongly
Figure 2.11: AFM image of

the SrRuOj3; surface, grown on
PCMO/SRO/STO, p = 4.3A.

disordered crystallinity, as shown for a 30 nm thick
film grown on non-terminated Prg45Cag52MnQO3 (Fig-
ure 2.11).

Using an additional annealing step prior to the SrRuO3 growth, a larger part of TiO,-
terminated surface regions were achieved at the upper interface of BaTiO3, proved by
STEM and depicted in Figure 2.12. Although this enhanced the crystal quality of SrRuQOs, a
reliable uniform termination for the whole interface was still not possible using this method.
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Figure 2.12: Cross-sectional STEM image of stack SrTiO3 substrate / 7ucl BaTiO3 / 15ucl
SrRuO3: (a) Layer stack: STO-BTO-SRO. (b) STEM image of the two BaTiO3 interfaces. The
TiO,-termination of the SrTiOz substrates leads to a BaO-termination of the bottom interface,
while the top interface is TiO2/BaO—mi><ed terminated. Its main part is TiO,-terminated as a
result of an additional annealing step. For the deposition of this stack the normal parameter set
for SrRuO3 was used, while for the growth of BaTiO3 p = 0.05mbar O,, T =800°C, £ =42mJ,
f =1Hz and d = 57 mm was applied.

An approach to artificially modify the process-related TiO,-termination of the top interface
of BaTiOsz actively, is to add a layer of BaRuOs with the thickness of one ucl at the
BaTiO3/SrRuQs interface. As depicted in Figure 2.13(b), BaRuO3 has the A-site cation of
the underlying BaTiO3 and the B-site cation of the stacked SrRuO3. BaRuO3 would then
have a BaO-termination at bottom interface due to the TiO,-termination of SrTiO5 analog
to SrRuO3 and BaTiO5. As only one ucl is grown, the top interface will be RuO,-terminated
and thus the next atomic layer of SrRuOs will be SrO. But it is not possible to distinguish,
whether the BaO-layer at the bottom interface belongs to BaRuO3 or to BaTiO3, as well as
it is not possible to assign the top RuO, of BaRuO3 to BaRuO3 or to SrRuO3. Therefore
the result would be a termination change of the upper interface of BaTiO3 towards BaO.

The results of this approach are shown in Figure 2.13. The BHF-etched SrTiO3 substrate
(Figure 2.13(c)) has a nice step-terrace structure, but at some step edges small bumps in
a jagged pattern are visible, which are due to a not perfectly finished termination. These
straight lines are reproduced in the SrRuQOj3 surface in Figure 2.13(d) as line-like holes,
because the whole layer stack could not be grown properly on top of these regions. Beside
these SrTiOs-dependent features, the surface is atomically flat with the typical step-flow
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Figure 2.13: Cross-sectional STEM image of stack with BaRuOs incorporation: (a) Layer stack:
STO-BTO-BRO-SRO. (b) Schematic sketch of the impact of the one ucl BaRuOs interface-layer.
(c) AFM picture of the SrTiO3 substrate surface, p= 1.6 A. (d) AFM picture of the SrRuOs
surface, p=5.1A. (e) 7 RHEED oscillations = 3nm of BaTiOs, growing in layer-by-layer mode.
(f) 1.5 RHEED oscillations of BaRuOs3, growing in layer-by-layer mode. (g) RHEED intensity of
SrRuQOs3, growing in step-flow mode. (h) Drift-corrected HAADF (STEM) image of the cross-section
of the layer stack. All three interfaces are atomically sharp. In addition, the tetragonal deformation
of the BaTiOsz unit cells are visible, depicted by the yellow arrow joining the diagonal arranged
Ba-ions. (i) Intensity profile of a vertical line-scan through the layer stack. The red arrows indicate
the Ba rows, while the green ring displays the 1.5 ucl of BaRuOs.
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caused surface of SrRuO3; growth. Figure 2.13(e) shows 7 RHEED oscillations of the
BaTiOs deposition using p = 0.001 mbar O,, T = 600°C, £ = 19mJ, f = 1Hz and
d = 57mm. For the growth of BaRuOj3 the SrRuOs-growth conditions were used, but the
temperature was set to T = 600°C as for BaTiOs3. It was challenging to stop the laser
after the right number of pulses necessary for one ucl, because in comparison to regular
layer-by-layer growth the intensity of the specular spot was increased first (Figure 2.13(f)).
The reason might be a not totally completed last ucl of BaTiO3. As a result, not one ucl,
but about 1.5 ucl of BaRuO3z were grown. SrRuOs then grew - beside the holes - nicely in
step-flow growth mode, as well as BaTiOs at T = 600°C, as visible in Figure 2.13(g).

The cross-sectional HAADF image of the stack in Figure 2.13(h) visualizes the results more
tangible. Depicted is the perfectly drift-corrected HAADF image, showing the "Z-contrast"
according to Ba (Z=56, red) appearing brightest, over Ru (Z=44, purple) and Sr (Z=38,
yellow) to Ti (Z=22, green) and finally O (Z=8, blue) almost not visible. In addition, the
HAADF intensity profile of a vertical line-scan from the bottom (STO) to the top (SRO)
is depicted for a more quantitative view on the results (Figure 2.13(i)). A peak finding
algorithm in combination with Gaussian fitting was used to determine the position and
intensity of the ions. For the interface between SrTiOs and BaTiOg3, a slight intermixing
on Ba/Sr site is observed. At the upper interface, a BaO-terminated BaTiOj3 thin film is
visible, to which a complete ucl of BaRuOs3 is added, before the SrRuOs layer starts. This
sample shows, that in principle the BaO-termination change of BaTiOs is possible with this
approach, but the thickness of BaRuOs has to be adjusted more precisely to exact one ucl.
Furthermore, the BaRuO3 interface-layer compensates any intermixing at the interface and

results in a very sharp interface, which is uniformly BaO-terminated over the whole sample.

In addition to the termination change of BaTiOs3, also the lattice constants could be
determined by STEM in Figure 2.13(h), using the peak finding algorithm. Averaged over
five unit cells respectively, the lattice constants could be determined. The results are listed
in Figure 2.3. For perfectly cubic SrTiOs, the Sr cations are connected with a diagonal
red arrow. The procedure is repeated for BaTiOsz (yellow arrow, Ba) and SrRuOs (green
arrow, Sr). The small angles between the arrows indicate the tetragonal lattice distortion
of the originally cubic BaTiOs unit cell, which are quantified in Figure 2.3.

The close-up of the STEM image in Figure 2.14 shows a detail to visualize the tetragonal
distortion of BaTiO3. Additionally, the displacement of the Ti cation is depicted. This
displacement, causing the ferroelectric polarization, is measured with the peak finding
algorithm and depicted in Figure 2.15(a) for a linescan through the whole stack. No
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significant displacement is visible for Ti in SrTiO3 and Ru in SrRuQs3, but the Tiin BaTiO3
is displaced from its central position by almost 0.3 A, proving the ferroelectricity of the
BaTiO3 thin film.
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Figure 2.15: Indications for a tetragonal distortion in BaTiO3: (a) Measured displacement for the
B-site cations. In BaTiO3 the Ti is displaced from its central position by almost 0.3 A. (b) EELS
spectra for the BTO thin film and a bulk reference.

Electron energy loss spectroscopy (EELS) was performed on the ultra-thin film using the
StripeSTEM technique. In the Ti Los spectrum in Figure 2.15(b) the crystal field splitting
is slightly reduced compared to the BTO bulk reference. This observation corresponds to
an additional reduction of symmetry from the already tetragonal structure of BTO, which
is caused by the enhancement of the tetragonal distortion by epitaxial strain.
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2.2.3 Growth of mixed-valence manganites
2.2.3.1 Growth of Prg45Cag5oMnQOs3 in various layer stacks

For the deposition of Prg4gCagsaMnO3 (PCMO) the PLD process optimization was
performed for the growth on SrTiO3 substrates. The lattice mismatch in the pseudo-cubic
picture is about —2.39 % [50] resulting in tensile strain. Starting with a parameter set from
literature [22] the adjustable parameters oxygen partial pressure p in the chamber, substrate
temperature T, laser energy E (and thus the energy density on the target), laser repetition
rate f and target-to-substrate distance d were varied successively and independently. To
determine the quality of each grown PCMO film, three different methods were used: The
growth mode and quality by the RHEED intensity development, the surface topography
measured by AFM and the crystallinity gained by XRD. After identifying the best film from
a variation series of one parameter, the next parameter was altered systematically. The
optimal parameter set has been proven to be p = 0.133mbar O,, T = 700°C, £ =50mJ,
f =5Hz and d = 59 mm. The characterization results of a 20 nm thick film grown under

these conditions are shown in Figure 2.16.

20 nm PCMO was grown on a SrTiO3 substrate (Figure 2.16(d)). The substrate surface
is depicted in Figure 2.16(a) and shows a step-terrace structure due to the miscut angle
with a natural roughness of p = 1.8 A. During the deposition, the RHEED pattern was
recorded and the intensity of the specular spot is plotted in Figure 2.16(c). The more
than 50 pronounced oscillations show, that under the previously mentioned conditions,
PCMO is growing mainly in the so-called layer-by-layer growth mode, in which one ucl is
finished before the next is started, as described in Section 2.1.2.2. After the deposition,
the PCMO-surface is scanned by AFM (Figure 2.16(b)) and the step-terrace structure
of the substrate is nicely reproduced in the thin film, which is still atomically flat with a
roughness of p = 2.4 A. Figure 2.16(e) shows a 26-w-overview scan along the c-axis of
the system. Only the STO (001), (002) and (003) reflexes appear with additional PCMO
peaks, shifted to slightly higher 26-values than the substrate peaks caused by a smaller
out-of-plane lattice constant. As there are no peaks visible in-between, the PCMO-film
seems to consist of a single phase. Zooming in the STO (002) region (Figure 2.16(f)),
the out-of-plain lattice constant of PCMO could be determined to be ¢* = 3.730 A which
is about 2.20 % smaller than the bulk value. The rocking curve at the PCMO-peak is very
sharp with a width of Aw = 0.055°.
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Figure 2.16: Growth of SrTiO3 substrate / 20nm Prg45Cags52MnO3: (a) AFM image of the
STO substrate surface, p = 1.8A. (b) AFM image of the PCMO surface, p = 2.4A. (c) RHEED
oscillations for PCMO, growing in layer-by-layer mode. (d) Layer stack: STO-PCMO. (e) Complete
XRD spectrum in Bragg-Brentano geometry. (f) XRD spectrum around the STO (002) reflex.

For electrical measurements, the PCMO active layer has to be deposited on a conducting
material, acting as a bottom electrode (BE). Because a p-n junction forms at the interface
to Nb:SrTiOs in the case of p-type half-metallic PCMO, the metallic oxide SrRuO3; (SRO)
is used. The results of PCMO growth on 30 nm SrRuOj3 are shown in Figure 2.17. For the
growth procedure itself, SrTiO3z and Nb:SrTiO3 can be regarded as equal, as the Nb-doping
seems to have a neglectable impact on the crystal structure.

Starting with the terminated Nb:SrTiO3 substrate (Figure 2.17(b)), SrRuO3 grows mainly
in step-flow growth mode, visible from the inset in Figure 2.17(e). After the deposition
of 30 nm SrRuOs3 the straightness of the step edges has gone, but the roughness has not
changed significantly compared to the substrate (Figure 2.17(c)). The deposition of 20 nm
PCMO again proceeds in layer-by-layer mode, as it can be observed from the RHEED
oscillations (Figure 2.17(e)). In the AFM picture of the surface (Figure 2.17(d)) the steps
are even better visible than for PCMO grown directly on SrTiO5 (Figure 2.16(b)), but the
roughness is comparable. From the XRD spectrum (Figure 2.17(f)) one can extract, that
SrRuO3 as well as PCMO was grown epitaxially on Nb:SrTiO3. The very sharp peaks in
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Figure 2.17: Growth of Nb:SrTiO3 substrate / 30 nm SrRuOs / 20 nm Prg45Cag.50MnO3: (a)
Layer stack: STO-SRO-PCMO. (b) AFM image of the terminated Nb:STO substrate surface,
0 =24A (c) AFM image of the SRO surface, p = 1.7A. (d) AFM image of the PCMO surface,
o=23A._ (e) RHEED intensity for SRO (inset, blue) and PCMO (red), growing in step-flow
mode and layer-by-layer mode, respectively. (f) XRD spectrum around the STO (002) reflex of the

complete stack.

the rocking curves of less than 0.035° widths indicate very good crystal qualities of both
thin films. For the PCMO film on top of SrRuQO3;, the surface reproduces the substrate
structure more pronounced and the crystal quality is even better compared to the PCMO
film grown directly on SrTiO3 (Figure 2.16). Thus, PCMO grown on a SrRuOs-buffered
SrTiOs shows a better crystal quality than PCMO grown directly on SrTiOs.

Up to a thickness of 20 nm PCMO grows epitaxially on SrTiO3 without any crystal quality
deterioration due to relaxation effects. The situation changes slightly for the growth of a
50 nm thick layer (Figure 2.18). The surface of such a thin film is depicted in Figure 2.18(d)
and still shows a reproduced step-structure of the substrate, but it becomes a bit blurred.
In addition, the Bragg peak is well pronounced, but the rocking curve is relatively broad
with a value of Aw = 0.143° (Figure 2.18(h), red curve). A detailed investigation of the
influence of film thickness will be discussed in Section 4.1.3.
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To further improve the growth quality of thicker PCMO films, substrates with a smaller
lattice mismatch to PCMO are used. NdGaOs and LSAT, which both form a pseudo-cubic
mismatch of around —1.36 % [50], are used (Figure 2.18). NdGaOj3 has the big advantage,
that the single crystal substrates in general have a better quality than SrTiOs. LSAT is used,
because '’ o o ' U ' r a wide oxygen

tion 4.2.4). But

edure does not

(a) (b) (c)
Pr Pr,,Ca, MnO; Pr,,Ca, MnO;
NGO LSAT
nm 2 (e) stnm2 : nm (f) 5 = 2
1
0 0 0
7
(9) eok : : : : (h)10 ' '
sTO:
10° Aw=0.029°
. S0k a PCMO:
=} O 10°k Aw=0.143" 4
A ° A= 0.045°
> 40k = \ Aw=0.047°
D = 10
c c
o} 3
= 30k o 10°
20k ; ; ; ; 107
0 200 400 600 800 1000 45 46 47 48 49 50
Time /s 20/°

Figure 2.18: Growth of 50 nm Prg 45Cag.52MnO3 on SrTiO3, NdGaO3 and LSAT: (a) Layer stack:
STO-PCMO. (b) Layer stack: NGO-PCMO. (c) Layer stack: LSAT-PCMO. (d) AFM image of the
PCMO surface on STO, p = 2.8A. (e) AFM image of the PCMO surface on NGO, p =2.5A. (f)
AFM image of the PCMO surface on LSAT, p = 3.3A. (g) RHEED oscillations of PCMO on NGO
growth. (h) XRD spectra for 50 nm Prg7Cag.3MnOs3 on different substrates: SrTiOs, NdGaOs and
LSAT (red, blue and green curve, respectively).
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For the growth of 50 nm PCMO on NdGaOj3, the surface topography (Figure 2.18(e)) shows
well established steps and the rocking curve is quite sharp (Figure 2.18(h), blue curve),
both similar to the growth of 20nm on SrTiO3 (Figure 2.16). The RHEED oscillations
from this deposition are presented in Figure 2.18(g) and show distinct layer-by-layer growth
during the whole deposition process.

After the growth on LSAT, the surface of PCMO still shows a step structure (Figure 2.18(f)),
but it is superimposed by an island structure on the terraces. In the XRD spectrum in
Figure 2.18(h) the PCMO reflex lies in-between the ones for growth on SrTiO3 and NdGaOs.
Due to the similar lattice mismatch to NdGaO3, the PCMO should also be localized at a
similar position, but in this case, the material appears to be not completely strained. The
reason might be, that the surface quality of LSAT is not as optimal as for NdGaOs or
SrTiOgz. In addition, it has been shown in [78], that the surface roughness can have an
effect on strain relaxation for SrTiOs grown on NdGaOs, which could also be the case for
the Prg4gCags5oMnOs growth on the relatively rough LSAT substrate. Still, the rocking
curve is similar to the one for growth on NdGaOs.

2.2.3.2 Chemical analysis of Prg4gCags:MnO3

X-ray photoelectron spectroscopy (XPS) was performed on an as-deposited 50 nm thick
PCMO sample. Due to the small mean free path of the electrons it is a surface-sensitive
technique, for which a larger detector angle reduces the mean free path further and thus
enhances the surface sensitivity. The X-ray beam was generated with an Al-K,, tube, having
an excitation energy of hv = 1486.6 eV, and was vertically directed onto the sample, while
the photoelectron detector was located under an angle of 45° with respect to the sample
surface. A conducting Nb:SrTiO3 substrate was used and connected to ground to avoid
charging effects. The spectra were aligned to the C 1s peak at 284.8eV. For the survey
scan, shown in Figure 2.19(a), the relevant core level peaks from elemental components of
PCMO are labeled, while the other appearing peaks can be assigned to satellites and Auger
peaks, so that large impurity contents can be excluded.

The spectra around O 1s, Ca 2p, Mn 2p and Pr 4d were scanned more precisely. In addition,
the sample was tilted by —10° and +30° to obtain different surface sensitivities according
to the detector angles 35°, 45° and 75°. For the O 1s and the Ca 2p spectra significant
changes upon the sample tilting were observed (Figure 2.19(b) and 2.19(c)), while the
normalized spectra did not alter for Mn 2p and Pr 4d (not shown).
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Figure 2.19: XPS measurements on PCMO: (a) Survey scan for the pristine PCMO sample with
stack Nb:SrTiO3z / 50 nm PCMO. (b) Normalized O 1s core level. (c) Normalized Ca 2p core level
with raw data fits for (d) 75°, (e) 45° and (f) 35°. The higher energetic component increased
with surface sensitivity and could be explained by a CaO surface compound.
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The stoichiometry of the thin film was determined by using the integrated intensities of
these peaks for a detector angle of 75° to achieve maximal bulk sensitivity. As no PCMO
single crystal is available as reliable reference, the nominal atomic percentages are used and
the relative error on the data has to be accounted with 10 %. The atomic percentages were
determined to Pr 10.9% (9.6 %), Ca 11.3% (10.4 %), Mn 11.8% (20 %) and O 66.0%
(60%), where the values in brackets denote the nominal percentages. The value for oxygen
is much higher than the nominal value, which can be explained by surface contamination
due to adsorbates. For a ceramic sample this O-enrichment was removed after sputtering
of the surface. The Ca/Pr ratio is nicely reproduced with a value of 1.04 (1.08). Only the
Mn content is much lower than expected. With 11.8% it is only slightly higher than for
Pr and Ca, but should nominally be double the value. Here, a possible explanation would
be a large Mn gradient within the film, as the content decreases with decreasing detector
angle to 11.0% for 45° and 9.2 % for 35°. In addition, the background subtraction is not
unambiguous. Another reason could be a not perfectly stoichiometric transfer from the
target to the thin film during the deposition or even a Mn lack already within the target
material.

Having a closer look at the changes upon detector angle variation, the O 1s spectra in
Figure 2.19(b) show a second peak at higher binding energies, which becomes more intense
for smaller angles and thus higher surface sensitivity. For the Ca 2p doublet a second doublet
develops analogously at higher binding energies. A part of the additional O 1s peak can be
referred to the adsorbates on the surface. But in combination with the Ca 2p doublet, a
CaO compound seems to be formed at the surface [79]. In Figure 2.19(d)-2.19(f) the Ca
2p doublet is fitted for decreasing detector angle using two components. The percentage
of the integrated intensity of the surface component is increased from 40 % to 60 % upon
increased surface sensitivity. But not only a pure weight transfer is observed, but also the
Ca percentage is increased from 11.3% for 75° over 12.3% to 12.5% for 35°. A similar
CaO surface layer is reported in literature [80].

In conclusion, immediately after the deposition the PCMO thin films show an enrichment
of Ca at the surface, which is mainly oxidized.
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2.2.3.3 Growth of different manganite stoichiometries

Using the deposition parameter set for Prg4sCags,MnO3 determined in Section 2.2.3.1,
three additional stoichiometries of Pr;_,Ca,MnO3 were grown with a thickness of 50 nm:
30%, 40% and 70% Ca-doping. As well, Lag7Srg3MnO3 was grown, for which the
parameter set, confirmed in [81], was used.
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Figure 2.20: Growth of 50nm manganite on SrTiOs: Four different stoichiometries of
Pri—xCaxMnO3 (30%, 40%, 52% and 70%) (a-d) and Lag7Srp3MnOs3 (e): (a) AFM image
of the Prg7CagsMnOs surface, p = 2.8A. (b) AFM image of the PrgCap4MnO3 surface,
p=25A. (c) AFM image of the Prg45Cag5:MnO3 surface, p =2.8A. (d) AFM image of the
Pro.3Cag.7MnQOs surface, p=6.0A. (e) AFM image of the Lag7Srg3sMnOs surface, p = 1.4A.
(f) Layer stack: Ri_xAxMnO3 on SrTiO3. (g) XRD spectra around the STO (002) reflex for
five different manganites. The manganite film peak is shifted due to the mismatch with the STO

substrate.

Figure 2.20 shows the stoichiometry series of Pr;_,Ca,MnOs. For the stoichiometries
Pro7Cap3sMnOs3, PrgsCagsMnOs and Prg4sCagsoMnO3 the step terrace structure of the
substrate is reproduced (Figure 2.20(a), 2.20(b) and 2.20(c)). For Prg3Cag7MnQO3 the
film is too rough for the steps to be visible (Figure 2.20(d)). After the deposition of
50 nm Lag 7Srg3MnQs3, the surface is still atomically flat as shown in Figure 2.20(e). In the
XRD spectra for all five samples (Figure 2.20(g)) the manganite reflex shifts away from
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the SrTiO3 peak with increasing Ca-concentration and thus smaller lattice constant. A

complete overview about the film properties is given in Table 2.4.

Material Mismatch to SrTiOs [50] AFM: p XRD: ¢* XRD: Aw
Lag.7SrosMnO3 —0.59% 1.4A  3863A  0.040°
Pro.7CagsMnO3 ~1.40% 28A  3822A  0.059°
Pro.sCaosMnOs -1.85% 25A  3772A  0.067°
Pro.4sCao.soMnOs5 -2.39% 28A  3741A 0.143°
Pro3Cao7MnOs —2.90% 6.0A 3.744A  0.059°

Table 2.4: Stoichiometry dependence of strain in Lag7Srg.3MnQO3 and Pry_,Ca,MnO3. Bulk lattice
constants were taken from [50].

Lag 7Sro.3MnO3 with the smallest lattice mismatch to SrTiO3 forms an epitaxial film with an
atomically flat surface and a very sharp rocking curve of Aw = 0.040°. For Pr;_,Ca,MnQOs,
with increasing mismatch, the topography becomes rougher, the XRD peak shifts to higher
angles and the rocking curve is broadened. The case is different for Prg3Cag7MnQOs, as for
this very high mismatch of —2.90 % the system is expected to have started to relax at a
thickness of 50 nm. Thus, the Bragg reflex is shifted towards the bulk value, the surface
became very rough, while the rocking curve width is reduced. The thin film seems to relax
differently from the other materials which introduce defects for strain relaxation. It might
have decoupled from the substrate and thus the strain is reduced.

So far, SrRuO3 was only used as BE and therefore directly grown on TiO,-terminated
SrTiOs (Section 2.2.3.1). For another project, described in [82, 83], SrRuO3 was grown
on top of a 100 nm-thick Lag7Srg3MnQO3 layer on a NdGaOs substrate. Lag7SrgsMnO3
was chosen, because this material can be easily etched by hydrochloride acid and SrRuQO;
is still supposed to act as BE for a SrTiO3 thin film, but independent of a bulk single
crystal. NdGaO3z was chosen as substrate, as the mismatch between the two materials is
only +0.41 % and thus Lag 7Sro3sMnQO3 can be grown very thick without any relaxation
effects. In this configuration, SrRuOj3 has to be grown on top of a non-terminated thin
film (Section 2.2.1). The results are shown in Figure 2.21.

The Lag 7SrosMnQOs3 film grows nicely on top of the NdGaOj3 substrate (Figure 2.21(b))
in layer-by-layer growth mode, as it can be seen from the inset in Figure 2.21(d). In-
situ, SrRuOs is grown on top, and the analysis of the RHEED intensity development in
Figure 2.21(d) strongly indicates a step-flow-like growth mode. In addition, after 15nm
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Figure 2.21: Growth of NdGaOs3 substrate / 100 nm Lag 7Srg.3MnO3 / 15nm SrRuO3: (a) Layer
stack: NGO-LSMO-SRO. (b) AFM image of the NGO substrate surface, p = 1.8A. (c) AFM
image of the SRO surface, p=1.6A. (d) RHEED intensity for LSMO (red) and SRO (blue),
growing in layer-by-layer mode and step-flow mode, respectively. (e¢) XRD spectrum of the complete

stack.

SrRuOs the terrace structure is still visible (Figure 2.21(c)). From the XRD spectrum
in Figure 2.21(e) high thin film quality is visible. For the relatively thick Lag+Srg3MnO3
layer, the splitting of the K,-line is visible, as it is usual for the substrate, and for the thin

SrRuOgs-layer thickness fringes are observable.

2.2.3.4 Growth of different manganites on BaTiO3

Pri_xCa,MnO3 was grown in two different stoichiometries on top of BaTiOsz for electrical
characterization. The great challenge in growing this layer stack epitaxially by PLD is the
combination of materials differing crucially in their lattice constants. For Pr;_,Ca,MnQOs,
the lattice mismatch to SrTiO3 is up to —2.39% leading to tensile strain, while the
mismatch between SrTiO3 and BaTiOs is even larger with a value of +2.62 % resulting
in compressive strain. The nominal strain for Prg4sCags5.MnO3 on BaTiO3; would then



56 Chapter 2: Epitaxial growth of perovskite thin film heterostructures

amount to —5.14 %.

A terminated SrTiO3 substrate was used and 30 nm SrRuO3 were grown under the conditions
p=0.133mbar O,, T =650°C, E =27mJ, f = 10Hz and d = 59 mm.

20nm BaTiO3 were deposited in-situ using the parameter set p = 0.05 mbar O,, T = 800°C,
E=42mJ, f =1Hz and d = 57 mm.

Afterwards, each time 20 nm of Prg4gCag5oMnO3 and PrggCag4MnOs were grown with
p=0.133mbar O,, T =700°C, E =65mJ, f =5Hz and d = 59 mm, respectively. The
results of both stacks are depicted in Figure 2.22.

For the Pr;_,Ca,MnO3 compositions 52 %Ca and 40 %Ca, the surface of the stack and the
RHEED signal development during the depositions are depicted in Figure 2.22(a), 2.22(d)
and Figure 2.22(c), 2.22(e), respectively. For both growth processes, the surfaces show
the step-terrace structure, but to some extent also island growth is observable, which leads
to an increased roughness of about p = 4 A. Regarding the RHEED signal of SrRuQs, a
nice step-flow-like growth mode is visible for the Prg48CagsoMnO3z-sample. In both cases,
the specular spot showed several oscillations during the BaTiO3 growth, but its intensity
was too weak after the completion of the BaTiOj3 layer, so that no data is available for the
Pri_xCa,MnQOj3 growth. In Figure 2.22(f) the XRD spectra for both stacks are depicted
for a range around the STO (002) reflex. Although the BaTiO5 reflexes appear as broaden
peaks, they are located at an appropriate 26-value. The rocking curves at each peak
position shown in Figure 2.22(g) trace the still good crystal quality of all layers with a width
of well below 0.1°. The structural data of all different thin films are listed in Table 2.5.

Material a® [50] mismatch to SrTiOs ¢, Awspy,  Cloyy  Awagy
SrTiOs 3.901 A - - 0.027° - 0.027°
SrRuO3 3.923A +0.56 % 3.959A 0.052° 3.974A 0.051°
BaTiOs 4.006 A +2.62% 4.108A 0.069° 4.127A 0.062°
ProasCagsosMnO;  3.814 A —2.39% 3.788A 0.078° - -

ProsCapsMnOs;  3.830A -1.85% - - 3.813A 0.082°

Table 2.5: Growth of Prg45Cag52MnO3 and Prg.6Cag4MnO3 on SrTiO3/SrRuO3/BaTiO3 stack.
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Figure 2.22: Growth of SrTiO3 substrate / 30 nm SrRuO3 / 20 nm BaTiO3 / 20 nm Pr;_,CaxMnQO3
with 52% and 40%: (a) AFM picture of the PrggCagsoMnO3 surface, p = 4.0A. (b) Layer
stack: STO-SRO-BTO-PCMO(x). (c) AFM picture of the Prg gCag4MnOsz surface, p = 3.9A. (d)
RHEED signal of SrRuOs step-flow growth (inset, blue line) and BaTiOs layer-by-layer growth (red
line) for the Prg 45Cag.50MnOs-sample. (e) RHEED oscillations of BaTiO3 for the Prg.sCag.4MnOs3-
sample. (f) XRD spectra around the STO (002) reflex for both stoichiometries. (g) Rocking curves
of all Bragg reflexes for both stoichiometries, respectively.






3 Electrical properties of BaTiO3

BaTiO; (BTO) is one of the most well-known ferroelectric materials. In contrast to
Pb(Zr,Ti;_ )05 (PZT), which is frequently used for application due to its large polariza-
tion, BaTiOj is lead-free and therefore interesting for environment-friendly technology.
After a short introduction into the basics of ferroelectricity, the ferroelectrical character-
ization of BaTiOj3 thin films is reported. In particular, leakage effects, their causes and
possible solutions to distinguish them from ferroelectric switching currents and how to
avoid them are discussed.

3.1 Principle of ferroelectricity

Ferroelectricity (FE) describes a phenomenon, in which materials exhibit a remanent
polarization at zero applied electrical field E. Generally, materials can be non-polar or polar,
implying that dipols are existing within the material. A non-polar material can be polarized
in an external electrical field, known as induced polarization, or, as a special case of it, the
ions in an ionic crystal can be displaced as a result of the electrical field (ionic polarization).
In polar materials, the permanent dipols become aligned in the external field, which is called
orientation polarization. If in a polar material the dipols stay aligned after the external field
is switched off and the polarity can be reversed by an external stimulus, it is ferroelectric.

The measurable remanent polarization P, is a quantity for the strength of the effect.

The origin of ferroelectricity is, that the sublattices of cations and anions are shifted against
one another along a certain preferential direction, resulting in a spontaneously formed
dipole moment. Analog to ferromagnetism, this collective behavior vanishes above the
ferroelectric phase transition temperature, called Curie-temperature T¢, and merges into a

paraelectric phase.

For the wide-band gap insulator BTO with E; = 3.2eV [84], this phase transition is
connected with a structural change. At high temperatures, BTO has a cubic phase and

59
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shows paraelectric behavior. At T¢ ~ 120 °C the system changes into a tetragonal structure,
where the c-axis is elongated and the a = b axes are shortened [85], so that a preferential
direction is created and the system is ferroelectric at room temperature.
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Figure 3.1: Phase transitions in BTO, based on [86]: Dependence of the pseudo-cubic lattice
constants of BTO on the temperature. Dotted lines represent a decreasing temperature, while
solid lines stand for increasing temperature. BTO has three ferroelectric phases and its paraelectric
phase transition is at T¢ ~ 392 K.

As depicted in Figure 3.1, BTO has three different ferroelectric phases for different
temperature regimes. At T; & 7°C [85] the crystal structure is changed again into a
monoclinic phase, for which b = c is valid and the non-rectangular angle only slightly
deviates from 90°. This phase is often named orthorhombic phase, as with only small
approximations the monoclinic unit cell can also be described like this [87]. At T, &~ —84°C
a phase transition into the rhombohedral phase occurs.

For the cubic phase, depicted in Figure 3.2(a), the system is isotropic. The Ti cation is
located in the center of the unit cell and the centers of positive and negative charges within
the crystal structure coincide. Upon the tetragonal distortion of the unit cell during the
ferroelectric transition, the c-axis becomes enlarged and the repositioning of the central Ti
cation along the polar axis becomes energetically favorable. Two equivalent stable positions
form, for which the Ti-lattice gets displaced with respect to the oxygen anion sublattice. In
Figure 3.2(a) the displacement is simplified, but the major contribution to the polarization
is based on the relative shift between the Ti ion towards its oxygen octahedron. A net
polarization arises, which direction depends on the actual position of the Ti ion.
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Figure 3.2: Principle of ferroelectricity in BaTiOs, based on [88]: (a) Cubic and tetragonal unit

cell of BaTiO3. (b) Hysteresis between polarization P and electrical field E.

For a BTO bulk crystal or ceramic the complete material does not necessarily have to be
polarized in the same direction. Regions of same polarization direction are called domains
and especially in an electrically untreated system, the net polarization is normally zero.
Upon the application of an electrical field, depicted in Figure 3.2(b), the domains become
aligned with their polarization parallel to the external field by tilting the polarization of the
entire domain or shifting the domain walls, which have a dimension of a few nanometers.
This process is visible as the initial branch, starting at zero polarization.

For a perfect crystal, the polarization saturates at a certain electric field and is conserved
down to zero field, called saturation polarization Ps, and also beyond into negative electrical
fields, until the negative coercive field —E¢ is reached. For a real system, the measured
polarization at zero field P, is slightly lower, because impurity contents and crystal defects
might relax the polarization. At the coercive field, the external field is high enough to
reverse the overall polarization, which again saturates at a certain negative field. The
shape of the resulting hysteresis loop, defined by P, and Ec, determines the ferroelectric
properties of a material system.

The hysteresis loop, resulting from the ferroelectricity, can be modified by other contributions
to the polarization. The dielectric displacement field D = €E causes a linear contribution
to the polarization according to the permittivity € = gqe, of the material, consisting of
vacuum and relative permittivity, which bends the hysteresis, as shown in Figure 3.2(b). In
addition, leakage currents through the ferroelectric lead to a football-shaped polarization
curve, which distends the polarization especially at zero applied field and thus leads to an
apparently higher remanent polarization.
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For an epitaxially grown ferroelectric thin film, the strain determines an additional distortion
of the system and can enhance or reduce the markedness of ferroelectric properties. For
the special case of BTO grown on STO, a tetragonal distortion with an enlarged c-axis is
induced by the strain. Compared to the tetragonal crystal structure at room temperature,
the polar axis is fixed to the c-direction. Thus, the domains can only be polarized out-of-
plane and no in-plane contribution is expected. In addition, the tetragonal distortion caused
by epitaxial strain is larger than for the relaxed tetragonal phase, which can increase the
ferroelectric properties. Upon cooling, the other two phase transitions might be suppressed
due to the lattice adoption to the STO substrate.

3.2 PFM measurements on BaTiO3

Piezoresponse force microscopy (PFM) was performed on BTO thin films by the group
of Dr. Lucien Pintilie, NIMP, Romania. This technique uses the fact that all ferroelectric
materials are also piezoelectric, meaning that they react on elastic deformation with the
development of an electrical voltage and, reversely, they deform under the application of a
voltage. This effect is widely used for sensors, for actuators in micro- and nano-positioning
systems and for high voltage sources.

PFM is a variation of atomic force microscopy (AFM), that allows imaging and manipulation
of ferroelectric domains and is based on the correlation between the polarization and the
deformation direction. For PFM a conducting BE is needed, which is connected to ground.
A conductive tip is brought into contact with the surface of the sample, an alternating
voltage is applied to the tip and induces an alternating deformation in the sample, which
is detected analog to the AFM. Depending on the polarization direction of the probed
domain, the piezoresponse is in-phase with the driving voltage or out-of-phase. During a
scan, the topography is detected simultaneously to the amplitude and the phase signal of
the piezoresponse. The most interesting signal is the phase, which has a circularly closed
range of 360° and 0° means in-phase with the exciting signal and 180 ° out-of-phase. As
the amplitude is similar for both polarization directions, only the domain walls protrude in

the amplitude image.

For the investigation of BTO with PFM two different thicknesses 7 ucl &~ 3nm and 150 nm
of BTO are grown on 30 nm conducting SrRuO3z on SrTiO3 substrates. The results of
the piezoresponse measurements are shown in Figure 3.3. In Figure 3.3(b) the XRD data
are shown for both thin films. All measured rocking curves were sharp with a width well
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Figure 3.3: PFM measurements on BTO samples with two different BTO thicknesses: 7 ucl and
150 nm: (a) Layer stack: STO-SRO-BTO. (b) XRD spectra of both samples. (c) AFM image of
the 7 ucl thick BTO surface, p = 1.5A. (d) PFM phase image of the 7 ucl thick BTO surface. (e)
Phase signal for a voltage sweep for the 7 ucl thick BTO sample. (f) AFM image of the 150 nm
thick BTO surface, p = 11.5A. (g) PFM phase image of the 150 nm thick BTO surface. (h) Phase
signal for a voltage sweep for the 150 nm thick BTO sample.

below 0.1°. For the 150nm thick film, the Bragg peak is nicely developed, while for
the 7 ucl thick BTO film it is hardly visible. Starting with the 7 ucl sample, the surface
in Figure 3.3(c) shows the step-terrace structure of the substrate with a roughness of

= 1.5A, similar to the substrate itself. In the PFM phase image in Figure 3.3(d) a phase
of 180° is detected for the entire scanning area of 2 x 2um?, implying a homogenous
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distribution of the polarization orientation over the whole thin film. The slight deviations
from this value can be explained by the step edges of the surface, because a signal transfer
between topography and piezoresponse cannot be avoided completely. To elucidate the
switching behavior, the tip was located at one position on the surface and the AC voltage
was superimposed by a DC voltage signal of a voltage sweep between £3V. The DC
voltage was used to eventually switch the polarization direction of the BTO film, while the
AC voltage is still needed to detect the phase signal. The result is depicted in Figure 3.3(e)
and shows a polarization reversal between —1V and —1.5V. The hysteresis opens up only
slightly, so that the coercive field is very small, but it is shifted towards negative values by
1V, called imprint effect. The reason for this imprint is a relatively strong internal field,
which acts as driving force for the system to be completely polarized downwards. A possible
reason might be the asymmetry of the stack due to the bare BTO surface or termination
effects at the interface to SrRuQOs.

For the 150 nm thick BTO sample the case is very similar. The surface in Figure 3.3(f) is
relatively rough with a roughness of p = 11.5A, which is transferred into the PFM signal
in Figure 3.3(g), where larger deviations from 180° are detected. For the voltage sweeps
in Figure 3.3(h) the signal is less noisy than for the 7 ucl sample and the hysteresis opens
up more precisely, because the signal is averaged over a 50 times thicker film.

3000 (c)

180°

Phase /°

80 r T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0

Distance / um

60°

Figure 3.4: PFM writing experiments on a BTO sample: (a) Schematic poling map. (b) PFM
phase image of the 150 nm thick BTO surface after application of the poling map (a). (c) Linescan
through the phase image in (b).

For the 150 nm thick BTO film additional poling experiments have been performed. Due to
the large imprint of the sample, a £10V DC voltage was used, as shown in Figure 3.4(a),
and applied to the scan area. After 15 min the same area was read-out with just the AC
voltage signal. The resulting phase image is shown in Figure 3.4(b). The signal of a
linescan through the phase image is shown in Figure 3.4(c). For the regions, that were
poled with +10V, a phase of 180° is detected, but the deviations visible in Figure 3.3(g)
vanished. For the —10V regions especially the linescan shows large noise, but in average



3.3 Ferroelectric properties of BTO 65

the signal is enlarged up to 360°, what corresponds to 0° and upwards polarization.

With these experiments it has been shown that BTO thin films, grown on a SrRuOs bottom
electrode, are naturally polarized downwards due to strong internal fields and the resulting
imprint. The film was poled and a change in the piezoresponse phase could be observed,
which was conserved for at least 104 min (Section A.4).

3.3 Ferroelectric properties of BaTiO3

3.3.1 Measurement setup

For the determination of the ferroelectric properties of the BTO thin films, an aixACCT TF
Analyzer 2000 was used, which utilizes the virtual ground feedback method [89]. Operated
in the dynamic hysteresis measurement mode (DHM), a voltage sweep is applied to the
sample in capacitor geometry and the current response signal is measured.
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Figure 3.5: Voltage sweeps for FE characterization, based on [89]: (a) Voltage excitation signal: (D
and (3 act as prepolarization pulses, while the sweeps (2) and (@) are measured. The final hysteresis
is calculated from the second half of (2) and @), respectively (red, dashed). (b) Corresponding P-V

curves for a ferroelectric reference device.

For each measurement, four voltage cycles are stringed together, as shown in Figure 3.5(a),
each separated by a 1s relaxation time. For the cycles, the voltage amplitude Vja+ and
the frequency f can be chosen within the ranges 0.1V — 15V and 0.01 Hz — 2kHz. For a
ferroelectric device, the prepolarization pulse () establishes a defined polarization state,
the negative state of relaxed remanent polarization P.. For the followed pulse (2) the
current response is recorded. The next pulse (3) acts as a prepolarization pulse again, but
now creates the positive relaxed remanent polarization Py, and the consecutive pulse &)
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is recorded. To avoid the influence of relaxation effects, the second halfs of sweep (2) and

@ are merged into a closed current signal. The final hysteresis is then calculated from the
measured current response /(V) by

1

_— (V)| dV - C

4AVmaXf56‘ Ll '

where A is the device area and C is an integration constant, which levels the hysteresis in a
way that the boundary condition P(Vinaxt) = —P(Vinax—) is fulfilled. From the hysteresis
loop in Figure 3.5(b), the coercive voltages V1 can be determined as intersection points

with the V-axis, while the remanent polarizations P, are the intersection points with the
P-axis.

P(V) =

The DHM program is designed for ferroelectric materials, but the current response can also
be obtained for other devices. In most cases, the recorded signal consists of a superposition
of different terms. The /-V and P-V curves for three different single circuit elements are
sketched in Figure 3.6.
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Figure 3.6: /-V and P-V curve of different circuit elements: (a) Dielectric. (b) Ohmic resistor. (c)
Ferroelectric.

Figure 3.6(a) shows the characteristics of a capacitance. As each ferroelectric material
has a high dielectric constant, this contribution is always observed for ferroelectrics and is
visible in particular for small voltage sweeps below V1. The current response of an ohmic
resistor is depicted in Figure 3.6(b). Linear or also non-linear leakage currents through the
device can appear in ferroelectric capacitors. The corresponding polarization curve opens
up, especially for small voltages, and should not be mixed up with ferroelectric switching
[90]. In Figure 3.6(c) the characteristics of a pure ferroelectric are sketched, including
domain behavior. Here, the current signal is zero until it peaks for the coercive voltage V.,
at which the ferroelectric polarization is reversed and the switching current is measured.
The corresponding polarization curve is the well-known hysteresis loop.

Adding a dielectric contribution to the "perfect" hysteresis loop in Figure 3.6(c) will bend
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the hysteresis and additional leakage will distend the loop. In general, it is very important
to cross-check both current and polarization signal, because the P-V curve, which contains
the physical information, is only reasonable for a current signal with distinct switching
peaks.

3.3.2 SrRuO3/BaTiO3/Pt devices
3.3.2.1 Separation of ferroelectricity from leakage in BaTiOs devices

For the investigation of the ferroelectric switching of BTO, a 30 nm thick thin film is grown
on a 30 nm thick SrRuO3 bottom electrode on a SrTiOs substrate. 30 nm thick Pt pads
of size 50 x 50 ym? are sputtered on top through a shadow mask and the BTO is etched
down to the BE at one corner of the sample.

High work function metals are used as electrode materials, as they form a rectifying Schottky
contact at the interface to the naturally n-doped BTO. These back-to-back Schottky
contacts help to suppress leakage currents through the device. The consequence of these
blocking interfaces is that the voltage does not drop uniformly across the device, but the
main decline occurs at the interfaces. Thus, the transformation of the applied voltage V
into an electric field E is not trivial and E = % with the BTO film thickness d does not
lead to the effective fields within BTO. Therefore, the applied voltage is plotted instead of
the electric field.

For BTO thin films grown under diverse conditions, different results were obtained for
the ferroelectric characterization. One example for the current response is depicted in
Figure 3.7 for a 100 nm thick film (Figure 2.8(a)-2.8(c)), which shows a measurable FE
switching behavior.

In Figure 3.7(a) the measurement frequency is held constant at f = 2kHz, while the
voltage amplitude V. is increased in steps of 1V from 1V to 14V. For small voltages
Vinax < 4V below the coercive voltage, mainly a dielectric contribution is visible in the current
signal (Figure 3.6(a)). For an increased voltage, two peaks with positive and negative
amplitude appear, which can be identified with the switching currents upon alternation of
the polarization direction (Figure 3.6(c)). Concurrently, large currents are measured for the
negative voltage branch. Parallel to the indirectly flowing switching current, the leakage
through the BTO film is not ohmic in this case, but has a non-linear shape according to
the Schottky contacts at the interfaces (Figure 3.6(b)). In conclusion, the applied voltage
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Figure 3.7: Changes in the current response: (a) Upon voltage variation between Vi, = 1V and
Vinax = 14V for f = 2kHz. (b) Corresponding P-V curves. (c) Upon frequency variation for
Vinax = £10V. (d) Corresponding P-V curves.

has to be larger than the respective coercive voltage to switch the system.

The frequency of the sweeps is varied between f = 1 Hz and f = 2 kHz for a constant voltage
amplitude Vi« = 10V and the resulting current responses are depicted in Figure 3.7(c).
Here, the ferroelectric as well as the dielectric contribution decrease upon decreasing
frequency and finally vanish, while the leakage current does not change significantly. For a
perfect insulator, also small excitation frequencies are sufficient to measure a ferroelectric
signal, as di- and ferroelectric contributions decrease in the same manner. But in a
leaky ferroelectric the electronic charges can compensate the dipole moments. Only
for high frequencies, when the free carriers cannot follow the electrical field as fast as
the ferroelectric switching occurs, the ferroelectricity is measurable. Note that for all
shown current responses the leakage is too high to lead to a sensible hysteresis, which are
nevertheless presented in Figure 3.7(b) and 3.7(d), respectively.
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Figure 3.8: Ferroelectric switching of BTO at 2kHz and Vjhax = £8V: (a) Raw data for the
current and the resulting hysteresis. (b) Measurement with enabled DLCC.

Figure 3.8(a) shows the current response and the related polarization hysteresis of a 30 nm
thick BTO film. Again all three different contributions to the signal, discussed in the
beginning of Section 3.3, are visible. The main part of the current signal comes from the
ferroelectric switching, identified with the two peaks at around +3V. Additionally, the
current signal does not drop to zero apart from the current peaks. Here, the dielectric
contribution is visible, which also widens the /-V/ curve for higher voltages, where the
leakage currents are visible.

A dielectric contribution is not avoidable, because each ferroelectric material has a high
permittivity. But much more affecting than an additional linear contribution to the
polarization is the leakage current, which inflates the hysteresis and leads to misleadingly
increased remanent polarization values.

As it has been seen from Figure 3.7(c), the leakage does not significantly depend on
the sweep velocity, but the FE signal does. That is why the leakage contribution can
be compensated by subtracting two measurements of different frequencies. A detailed
description of this method can be found in [91] and this principle is implemented in the
measuring software as option called dynamic leakage current compensation (DLCC) [89].
The application of this tool is shown in Figure 3.8(b) for the same pad measured in
Figure 3.8(a). Now the leakage tails vanish and only the FE capacitor properties are visible.
For this current response, a calculation of the hysteresis signal is sensible.

The polarization hysteresis gives information about the strength of the ferroelectric effect.
The remanent polarization, as a measure of the displacement of the sublattices against
each other, is calculated to P, = (P, — P,_)/2. A deviation of the two values only appears,
because the integration constant is unknown and the offset of the hysteresis is determined
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according to P(Vinaxs) = —P(Vimax—)- The coercive voltages V¢4 should generally coincide
with the peak positions of the current signal. Their average Ve = (Vey — V_)/2 is a
measure for the stability of the ferroelectric polarization states. In contrast to the remanent
polarization, the shift between the two values V; = (V4 + V¢_)/2 is called imprint and
is a device related phenomenon. For the current example, Vc = 3V and V, = 0.5V are
extractable. The imprint effect is caused by an additional internal electrical field, which
enhances one polarization direction. The reason could be the asymmetric device stack,
termination effects at the interfaces or oxygen vacancies.

The DLCC tool can be applied for all measurements, but only leads to improved results, if
the leakage branch and the switching peak are clearly separated in voltage. If the switching
peak is covered by the leakage current, the application of the DLCC is not sensible. In
addition, the DLCC-corrected data set is usually much more noisy than the raw data. As
for the DLCC two measurements with comparable noise are subtracted, the resulting signal
becomes smaller while the relative error is increased.

Beside the increased noise due to the DLCC, the current range of the measurement, which
can be chosen in steps of one order of magnitude, crucially determines the signal-to-noise
ratio. It is large, if the complete current range is used, while the noise can become
comparable to small signal features, if only a small part of the current range is utilized.
Depending on the purpose of the measurement, it can be useful not to measure the complete
current signal, as done in Figure 3.7(a), but to let the current run into its compliance to
make small features visible, as shown in Figure 3.9(a).
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Figure 3.9: Ferroelectric switching of different BTO samples: (a) FE switching of a sample of
good crystal quality with disabled DLCC and a current range of 100 yA. (b) FE switching of a
sample with worse crystal quality and enabled DLCC.
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In Figure 3.9 the FE switching behavior of two different 30 nm thick BTO films stacked
between SrRuOs; and Pt is presented. The FE properties of a sample with good crystal
quality are shown in Figure 3.9(a). The growth properties have been reported in Figure 2.10
and show nice RHEED oscillations, an atomically flat surface and a distinct Bragg reflex
with a sharp rocking curve. But from the FE characterization it is visible, that the film is
rather leaky. One switching peak at —1.5V is only visible, because the current range has
been reduced manually to 100 pA. For this current response, the application of the DLCC
does not help, because switching and leakage current overlap too much.

In contrary, the nicest switching behavior, depicted in Figure 3.9(b), has been observed for
a BTO thin film, which does not have a good crystal quality, indicated by an XRD spectrum
with no distinct BTO Bragg reflex, comparable to the one shown in Figure 2.8(f). With
enabled DLCC the leakage branches could be reduced to zero and two nicely developed
switching peaks appear. The resulting hysteresis loop does not show any inflation and the
remanent polarization has a value of P, = 30 % which is higher than the value reported
for a single crystal P, = 26 % [92].

For all BTO samples with leakage currents, the negative branch shows more conductance
than the positive branch. As the system consists of two back-to-back Schottky contacts, it
is possible to extract, which interface is responsible for the large leakage. In a serial circuit,
the resistance is dominated by the largest resistance and thus by both blocking directions.
For negative voltages, applied to the TE, the Pt/BTO interface would be blocking, but
here the enlarged leakage is measured. Hence, the interface to Pt causes the main leakage
contribution, although the work function of Pt ®p, = 5.65¢eV is larger than that of SrRuO3
Psro = 5.3eV.

The imprint effect as well as the unilateral leakage branch can be avoided by pad-to-pad
measurements, including two capacitor devices connected by the BE (Section 3.3.2.4). In
this symmetric case, the thickness of the active device is doubled, but the two imprint
shifts are acting against each other and for each polarity the blocking direction of the
SrRuQ3/BTO Schottky contact is dominant. But for some BTO devices, even this
circumvention leads to too large leakage currents through the capacitor structure to obtain

nice FE switching behavior.

In addition to dynamic hysteresis measurements also static hysteresis measurements (SHM)
can be performed. As the frequency has a crucial impact on the measurement, as visible in
Figure 3.7(c), it is interesting to exclude its influence by moving to an infinite slow voltage
sweep, which requires an extremely sensitive current meter. This fact is circumvented by a
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measurement method as shown in Figure 3.10(a). As reference, a complete quasi-static
hysteresis is performed. Then the sweep is repeated until the measurement voltage Vineas is
reached and held constant for a relaxation time t., normally on second-scale. After this
time, the quasi static hysteresis is continued to the next maximum voltage and the current
response of this part is integrated to yield a polarization value. The difference between the
polarization at the saturation voltage and the measured value then refers to the voltage

Vmeas-
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Figure 3.10: Static hysteresis measurement: (a) Measurement program, based on [93]. (b)
Comparison of dynamic and static hysteresis. For the DHM the DLCC was enabled.

Both DHM and SHM have been performed on devices made of the same BTO thin
film. The results are depicted in Figure 3.10(b). In comparison to the DHM, which was
performed at a frequency of 2 kHz with enabled DLCC to avoid leakage influences, the
coercive voltages as well as the remanent polarization values decreased dramatically for the

static measurement.

3.3.2.2 Annealing series

The reason for the large leakage through the BTO thin film is thought to be charged
lattice defects [93]. As BTO is connatural to SrTiO3 [70], also its defect chemistry
is comparable [94]. Thus, for reducing conditions, oxygen is easily removed from the
system and the remaining oxygen vacancies are compensated by electrons, which lead to a
thermally activated conductance through the formal insulator. Most BTO thin films are
grown in a low oxygen partial pressure atmosphere (102 mbar), which could be already a
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reducing condition for the thin films. In [95] post-annealing experiments in an oxygen-rich
atmosphere are reported to improve the FE switching behavior.

AHO073d leaky Referenz fiir AHO74 AHO074c  Ann3

(alm , . : , 2000 (b) 60w , , . . 60
) 41500 K‘g A0uF e 140 {\c‘E
. el ] L. '.- S
tmr 1000 § 200l e S
< {1500 @ < . PO 2
P . — = ~ R IS I e R =
s o - o = £ 0= = e =
E g c [} / 4 . (o]
5 L/ Q = s ~— I =
Lj) s/ 1-500 = 5 -20u}/ // s 120 g
Amp J-1000 8 © T/ 5
/ot L ®© » 2 L 1. =
AN 141500 5 4op/ 40 S

o )
-2m : s : s -2000 -60p : : : : -60
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
Voltage / V Voltage / V

Figure 3.11: Annealing effect on FE switching of BTO: (a) Current response of a BTO device.
(b) Current response of the same device after 15h annealing in air at 400°C.

The current response of a BTO device with a very high leakage current and no visible FE
switching is shown in Figure 3.11(a). Different annealing procedures have been tested and
the best has been found to be annealing in air for at least 15h at 400°C. The current
response of the same device after the post-annealing is shown in Figure 3.11(b). Although
the leakage branch is still dominant for negative voltages, two switching peaks are visible
now, since the leakage current was reduced from mA to the pA regime.

Allowing the BTO thin film to exchange with an oxidizing atmosphere at elevated temper-
atures is concluded to suppress leakage currents, but not completely. A reason for this
observation might be a natural enrichment of electrons at the surface. For SrTiO3 it was
found recently, that the conductivity is increased by reduction of the thin film thickness
[70, 96]. A possible explanation is a natural redistribution of oxygen vacancies from the
bulk to the surface. This oxygen depleted "surface core" generates an electrical potential,
so that electrons are attracted and form a space charge layer, similar to a half-sided grain
boundary. Calculations show that this effect is dominant for thin films with thicknesses
up to 100 nm and for films thinner than 10 nm the depletion layer can be regarded as a
flat-band case. As a result, even completely oxidized films in equilibrium with a high-pressure
oxygen atmosphere show an oxygen depleted surface layer, which leads to an increased
leakage conductance.

Within the framework of this model it can be understood, why the interface to Pt causes
higher leakage than the interface to SrRuOs. The deposition of Pt on top of the oxygen-
depleted BTO layer does not show any impact on the oxidation. In contrast, the deposition
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of an oxide as SrRuQOs will lead to a shift of this space charge layer into the SrRuQO3, where
the effect does not play a crucial role.

3.3.2.3 Low temperature measurements

The leakage currents in BTO originate from oxygen vacancies, which are compensated
by electrons. These electrons can be regarded as defect charges, which can be thermally
activated with an energy of AE = 0.12eV [97]. As reverse conclusion, the leakage currents
can be reduced by a decrease of thermal energy upon cooling.

A BTO sample with weakly pronounced switching currents, superimposed by large leakage
branches, is mounted into a N, continuous-flow cryostat, which sample chamber can be
evacuated down to 1072 mbar.
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Figure 3.12: Current response on FE excitation for different temperatures: (a) Low temperature
measurement at approximately —50°C. (b) Room temperature measurement. (c) High temperature
measurement at 100 °C. (d) Temporal evolution of the current response at low temperatures caused
by warming of the system through the tip. (e) Camera picture of the sample, the connected pad
has the size 50 x 50 pm?.
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Figure 3.12 shows the results of temperature dependent FE measurements on a 30 nm thick
BTO sample, stacked between SrRuO3 and Pt. The room temperature current response
is depicted in Figure 3.12(b), exhibiting large leakage, especially for negative voltages.
Upon heating the sample stage up to 100°C (Figure 3.12(c)) the leakage currents are
enhanced and the FE switching behavior almost vanished. Upon cooling the sample with
liquid nitrogen, the leakage was reduced and nicely shaped switching peaks developed,
as depicted in Figure 3.12(a). Still, the leakage current is visible in the negative branch,
but now clearly distinguishable from the negative switching peak. Note that for all three
measurements the current runs into its compliance for negative voltages.

The measurement, shown in Figure 3.12(a) was performed directly after the tip was brought
in contact with the 50 x 50 pm? Pt-pad. Repeated measurements with the N, flux held
constant are shown in Figure 3.12(d) and exhibit a strong increase of conductance for
negative voltages over time. This time-dependence can be identified with a temperature
effect, because the tip itself is not separately cooled and warms up the sample on top of
the cooled stage, so that 77 K could not be reached for the BTO thin film itself. After
cooling down the system, the residual gas within the chamber condensed at the coldest
part of the setup and created a thin film, which is visible through the microscope due to
interference effects. Figure 3.12(e) shows a camera picture of a measured pad, where the
region of the former tip position has another color due to a thinner condense film, caused
by heating.

As a result, cooling of the BTO thin film devices helps to make the FE switching visible.
Although leakage suppresses the switching signal at room temperature, it can reasonably
be concluded that the BTO thin films are ferroelectric.

3.3.2.4 C-V Measurements

Another possibility to suppress the influence of leakage compared to the switching response
are capacitance measurements. The capacitance also undergoes a maximum at the coercive
voltage, but much higher frequencies can be used in this method to avoid leakage effects. In
contrast to P-V measurements, the frequency w does not refer to the sweep itself for C-V
measurements, but - similarly to PFM - to the AC voltage signal, which is superimposed
on the DC sweep on a second-time scale.

For dielectric materials, the capacitance is supposed to form a maximum at zero applied
voltage, while for ferroelectrics a so-called "butterfly"-curve is measured, which consists
of two different peaks, depending on the history of the device. C-V measurements can
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only be sensibly performed, if the measured capacitor does not show too high leakage. A
measure for this is the dissipation factor tand = wRC, where R is a parallel resistor, which
represents the leakage, and ¢ refers to the phase-shift angle between real and imaginary
part of the impedance. In general, tand has a similar shape as the capacitance and a value
well below 1, if R is small. But for higher leakage, its value can exceed 1, so that also the
C-V measurement in this regime is not reliable.
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Figure 3.13: C-V measurements on BTO: (a) FE current response for pad-bottom measurement.
(b) Corresponding C-V measurement. (c) FE current response for pad-pad measurement. (d)
Corresponding C-V measurement.

In Figure 3.13 P-V and C-V measurements are shown for the same 30 nm thick BTO
sample. Figure 3.13(a) and 3.13(b) refer to P-V and C-V measurements of a single
capacitor device, while 3.13(c) and 3.13(d) show the respective curves for a pad-to-pad
measurement.

The single device current response shows a strong leakage branch for negative voltages
and the switching peaks can only be divined at —1V and 2V. However, the corresponding
C-V measurement presents a nicely shaped butterfly curve with distinct switching peaks
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at —0.4V and 1V, while the tan¢ imitates this shape with values around 0.2 . For this
measurement the excitation frequency was set to 1 MHz with an amplitude of 0.05V,
while the voltage sweep was performed very slowly with 1s per data point. The very high
frequency could successfully suppress the leakage compared to the P-V measurement and
even the tan d does not show any rise for higher voltages. The coercive voltage is decreased,
as the DC sweep can be regarded as quasi-static, so that relaxation processes reduce the
coercive field, analogous to the data shown in Figure 3.10.

For the symmetric back-to-back capacities the leakage in the current response is reduced,
but not avoided, and the coercive voltage is enlarged to +4V. The corresponding C-V
measurement shows capacitance values, which are about half of the ones for a single device,
which is expected according to the serial addition of capacities. The coercive voltage
appears to be around £1.5V.

In conclusion, high frequency C-V measurements can be used to prove ferroelectric behavior,
even if the switching currents are superimposed by large leakage currents in the P-V
measurements. The coercive voltages are not comparable to DHM, but fairly to SHM due
to relaxation processes, and the remanent polarization cannot be determined.

3.3.3 Symmetric SrRuO3/BaTiO3/SrRuO3 devices

To test a symmetric stack with TE and BE consisting of SrRuO3, 100 nm BTO were grown
by PLD on 30 nm SrRuO3 on SrTiO3 and in-situ 30 nm SrRuOs; were deposited on top
of the BTO film. The top SrRuO3; and BTO film were structured by photo-lithography,
as sketched in Figure 3.14(a). For the FE characterization, no DLCC application was
necessary and the results are shown in Figure 3.14(b). As expected, the leakage currents
vanish, as the SrRuO3/BTO interfaces suppress the current much better than Pt, and the
larger thickness of BTO might also impinge positively.

Additionally, for this device structure an imprint of V; &~ 1.5V is visible. A shift of the
hysteresis towards positive voltages has already been noticed for the asymmetric devices.
Taking into account the new information, the asymmetry in electrode material as sole
reason for this shift can be excluded. For the growth of SrRuO3; a strong impact of the
interface termination on the film properties is known (Section 2.2.1). Grown as BE, the
SrTiO3 has been TiO,-terminated, while as TE, SrRuOj is grown on the unterminated
BTO film. As a result, the roughness of the surface is increased to p = 12.7 A and the
crystal quality is assumed to be reduced, although this cannot be made visible due to the
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Figure 3.14: Ferroelectric switching of a symmetric BTO sample: (a) Layer stack: SrTiO3 / 30 nm
SrRuO3 / 100nm BTO / 30nm SrRuOs. (b) Switching behavior of the symmetric device with
disabled DLCC.

high-quality SrRuOs-BE. These items can influence the interface properties and lead to
unequally charged interfaces, which establish an internal electrical field.

3.3.4 Discussion

Generally, it would be best to be able to deposit an epitaxial BTO thin film with high
crystal quality, atomically flat surface, perfect insulating properties and a high remanent
polarization. But a sample with all these properties could not be attained. In addition to
the challenges of growth, discussed in Section 2.2.2.1, nicely established ferroelectricity
seems to appear especially in defect-rich films. In literature, there are studies on growth of
BTO [98], but when the FE properties are discussed, in most cases the structural properties
are not shown, especially not the surface topography [99, 100, 101, 102, 75]. In [103]
both film and FE properties are reported, but here high-pressure sputtering is used for the
deposition of BTO. Thus, the impression obtrudes, that the combination of a perfectly
epitaxial BTO thin film without leakage but high polarization is very challenging to obtain.

Regarding leakage, the measurement frequency has to be chosen as high as possible to
suppress the leakage branch with respect to the FE switching peaks. If these peaks are
separated from the leakage in voltage, a leakage compensation (DLCC) can be applied, so
that a useful hysteresis is obtained. Post-annealing procedures can improve the resistive
properties of the BTO thin films by the incorporation of oxygen from the environment, but
will not lead to a perfect insulating system due to the formation of a space charge region.
Cooling can be used to visualize the FE effect of leaky devices, as the transport through
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BTO is a thermally activated process. C-V measurements appear to be a simple and
functional tool to circumvent leakage, as the excitation frequency can easily be increased
up to the MHz regime.

From the polarity of the leakage branch in SrRuO3/BaTiOz/Pt devices and the observation
of a suppressed leakage in SrRuO3/BaTiO3/SrRuQO3 devices, the usage of an oxide SrRuOs
electrode for the bottom as well as for the top contact is recommended.

Still, a (positive) imprint effect is observed for these symmetric devices, which has been
ascribed to unequal BaTiO3/SrRuQj3 interfaces. The different terminations of SrRuO;
(Section 2.2.2.2) or an accumulation of charged oxygen vacancies at one interface leads
to an internal field, which is directed from bottom to top. For the asymmetric case
SrRuO3/BaTiO3/Pt this imprint effect is enhanced by the asymmetry of the electrodes.
In contrast to these observations, the imprint, which was measured with PFM on a free
BTO surface (Section 3.2) has the opposite polarity, indicating an internal field directed
towards the bottom electrode. Once more it becomes clear, that a free BTO thin film
possesses different properties compared to an integrated layer and the configuration of the
interfaces has a strong impact on the electrical properties of the device.
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3.4 ReRAM switching in BaTiO3

For FE measurements, the leakage currents through a BTO capacitor are unintended, as
they superimpose the switching response current peaks. But the BTO devices can also be
tested for resistive switching properties, where these currents are utilized.

A 30nm thick BTO thin film stacked between SrRuOs; and Pt, as unusually used for
FE characterization (Figure 3.15(a)), is measured in a probe station to look for resistive
switching effects.
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Figure 3.15: Resistive switching of a BTO device: (a) Layer stack STO-SRO-BTO-Pt. (b) Current-
voltage characteristic for switching. (c) Current-voltage characteristic for forming and switching on
a logarithmic scale for absolute current values. (d) Voltage dependence of the resistances.

After an initial forming step at negative voltages, a reversible resistive switching loop
is obtained and plotted on a linear scale in Figure 3.15(b). The switching polarity is
"counter-eight-wise", discussed in Section 1.1, implying a RESET for positive voltages.
In addition, the device is initially in a very high resistive state, although the currents are
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sufficiently high to interfere with the FE switching. This pristine state is formed into the
LRS with a negative voltage sweep, as indicated in Figure 3.15(c), upon a sharp current
increase over 5 orders of magnitude. The forming procedure looks very similar to the
SET process on a linear scale and is therefore not shown. The resistive switching has a
counter-eight-wise polarity and the SET as well as the RESET process appear at sharp
voltage values. The ON/OFF-ratio has a value of more than 10* over a wide voltage range,
which becomes even clearer when regarding the resistances in dependence of the voltage in
Figure 3.15(d).

Note that the device shows ReRAM switching at voltages V(rgyseT =~ £2V, while an
identical device made of the same BTO thin film could be switched ferroelectrically at
Ve &~ +4V (Section 3.3.2.3) without showing any electrical breakdown (corresponding
to the SET-process). The reason for this behavior can be found in the sweep velocity.
While for ReRAM testing a DC voltage sweep is applied, the FE sweep is performed with
2kHz. According to [104], the ultra-nonlinear switching kinetics in oxide-based ReRAM
devices lead to an immense increase of the SET- and RESET-voltage when going to high
frequencies.






4 Transport properties of Prg 48Cag 50MnO3

4.1 Interplay between structural and transport properties

4.1.1 Resistance measurements

In-plane resistance measurements in a four-point geometry can be used to determine the
resistivity of the PCMO thin film material, what will be shown in detail in Section 4.2.1. For
these measurements it is important, that all contacts have comparable contact resistances,
so that the introduction of metallic pads on top of the PCMO films becomes necessary.
Round 50 nm thick Pt-pads with a diameter of 50 pm are sputtered on top of the 50 nm
thick PCMO layer, grown on insulating SrTiOs, through a shadow mask. With the help
of an optical microscope, these pads can be contacted by needles, which are mounted on
probe heads and are thus electrically accessible.

First, all deposited contacts at the four corners of a 5 x 5mm? large sample are tested in
two-point geometry with a read-out /-V sweep of +£1V. A lot of in-plane Pt—PCMO—Pt
measurements showed an ohmic behavior, as expected and depicted in Figure 4.1(a). But
for many pads, a reproducible non-linear and rectifying /-V curve was measured, as shown
in Figure 4.1(b). The linear /-V curve is expected, as PCMO is a half-metallic p-type
conductor, which is known to form an ohmic contact to high work function metals as Pt
and Au [105].
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Figure 4.1: Lateral /-V measurements in PCMO: (a) A Pt—PCMO—Pt measurement, showing
the expected ohmic behavior. (b) A Pt—PCMO—Pt measurement, which is extremely non-linear
and rectifying.

4.1.2 Appearance of a line structure on the surface of Prg4gCags,MnO3

During the growth parameter optimization for Prg45Cag5:MnO3 (PCMO), described in
Section 2.2.3.1, a surface effect was observed. For thin films grown with a thickness of
50nm a line structure appears at the surface, as depicted in Figure 4.2(a) and 4.2(b).
The pattern varies from sample to sample, but in most cases the lines are mostly oriented
parallel or perpendicular to the step edges of the underlying substrate. Moreover, the
lines are approximately 2-4 nm high and about 200 nm thick, as it can be seen from a
linescan through three lines on the surface in Figure 4.2(c). For very thin PCMO films,
the surface topography does not show these features, but even for 20 nm thick films,
sometimes very weak lines appeared, which were not yet oriented in such a checkerboard
pattern (Figure 4.3(b)).

A similar line pattern is also observed for Prg;CagsMnOs3 [106] and LaAlOs [107], where
possible explanations reach from walls between different crystallographic domains up to
crack formation. Furthermore, the formation of these lines from segregated material is
imaginable [63]. In either case, these effects could have a strong impact on the electrical
transport properties of the thin film, especially, if the lines go down through the whole film.
Thus, the investigation of the checkerboard pattern could help to understand the electrical
measurements in Section 4.1.1. Since the observation is a thickness effect, a thickness
variation of PCMO was performed.
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Figure 4.2: Domain structure on 50 nm thick PCMO thin films: (a) AFM image of a 50 nm thick
PCMO film, p = 4.3 A, showing the typical step terrace structure, superimposed by the checkerboard
pattern. (b) AFM image of a 50 nm thick PCMO film, p =9.2 A, showing a more pronounced line
pattern. The red line indicates the line profile shown in (c). (c) Height profile perpendicular to
three lines of the checkerboard pattern on the surface of the 50 nm-thick PCMO film.

4.1.3 Thickness series of PrgssCags5oMnO3 on SrRuO3

PCMO layers of the thicknesses 10 nm, 20 nm, 50 nm and 100 nm were grown on 30 nm
SrRuQj3, which had been deposited on terminated SrTiO3 substrates, presented in Figure 4.3.

Starting with the topography of the thickness series (Figure 4.3(a)-4.3(d)), for 10 nm and
20 nm the step-terrace structure of the substrate is reproduced and for 20 nm disordered,
lines start to evolve. For the 50 nm and 100 nm sample, the surface is mainly flat without
any remarkable structure, although for most 50 nm thick films the step structure is visible,
but superimposed by the line pattern, like in Figure 4.2(a) and 4.2(b).

XRD was performed on these samples and the spectra around STO (002) are shown
in Figure 4.3(k). Beside the strong substrate peak and the well established SrRuO;
peak at approximately 46°, the PCMO peak is visible. For the very thin film of 10nm
the Bragg reflex is relatively broad as a result of the limited c-dimension. It becomes
sharper with increasing thickness towards 50 nm, while the peak position stays constant.
Thickness fringes are visible for all three films. For 100 nm a second peak has developed
at approximately 48° with an enlarged out-of-plane lattice constant. The rocking curve
becomes broaden with increasing film thickness.

The development of the second peak for the thicker PCMO films could be explained by
strain relaxation as described in Chapter 2. To monitor this effect, reciprocal space maps
(RSM) were performed for each sample. The results are depicted in Figure 4.3(e)-4.3(h),
as intensity plotted in dependence of in-plane lattice constant a* and out-of-plane lattice
constant c¢*. The SrRuQj3 peak is represented by the small peak above the strong SrTiO3
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Figure 4.3: Thickness series of Prg4gCag5oMnO3 on SrTiO3: 10nm, 20 nm, 50 nm and 100 nm:
(a) AFM image of the 10 nm-thick PCMO film, p =2.2A. (b) AFM image of the 20 nm-thick
PCMO film, p = 1.7A. (c) AFM image of the 50 nm-thick PCMO film, p = 1.9A. (d) AFM image
of the 100 nm-thick PCMO film, p = 5.2A. (e) RSM of the 10 nm-thick PCMO film. (f) RSM of
the 20 nm-thick PCMO film. (g) RSM of the 50 nm-thick PCMO film. (h) RSM of the 100 nm-thick
PCMO film. (i) RSM of the 100 nm-thick film again, but using another color scale to visualize the
two different film peaks for PCMO. (j) Layer stack: STO-SRO-PCMO. (k) XRD spectra around
the STO (002) reflex for four different PCMO thicknesses. For 100 nm PCMO a clear double peak
is visible. The rocking curves widths for the PCMO peaks for each thickness are listed in the legend.
For the 100 nm thick sample the broader rocking curve was measured for the less intense peak.

substrate peak, for which the K,-splitting is visible. As expected for 10 nm and 20 nm, the
PCMO peak has the same in-plane lattice constant a* as SrTiOsz and SrRuOs, meaning
that the system is completely strained. In addition, the thickness fringes are also visible as
weak peaks between the SrTiOs and PCMO reflex. For 50 nm the PCMO peak is becoming
less circular, but somehow expands. For 100 nm the case is more clear, as beside the
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strained peak a second peak at smaller in-plane, but larger out-of-plane lattice constant
appears. For a more obvious view on this fact, the scale was changed for Figure 4.3(h)
towards smaller countrate values and shown in Figure 4.3(i). The second peak is caused by
a part of the thin film, which is relaxed from strain, as it is located near the bulk lattice
constants of PCMO a* = ¢* = 3.810A.

In addition, an even thicker sample of 120 nm was deposited. But this stack was already
cracked immediately after the deposition, as can be seen from a photo taken of the sample
in Figure 4.4(a). In the central part of the sample the surface is still smooth and glossy,
while at the edges the thin film looks very rough. During the next few days the damage
progress went on, until the whole sample was roughened. Having a closer look at this
damage through an optical microscope (Figure 4.4(b)) the damage can be attributed to a
certain peel-off process of the film. The PCMO film is teared in a checkerboard pattern,
similar to the line structure. The peel-off region is visible in (Figure 4.4(c)), where also the

line-structure can be identified at the left border.

Figure 4.4: Documentation of the peel-off process of the Prg4sCagsoMnO3 thin film due to
increased strain: (a) Photo of a 5 x 5mm? sample, where the peel-off process started from the
edges and the interior surface is still intact. (b) Photo of the peeled-off part of the sample, taken
through a microscope with magnification of 200. (c) Microscope picture of the edge of the peel-off
region with a magnification of 200. At the left border the checkerboard line pattern is still visible.

The reason for this behavior might be the increased stress in the PCMO thin film caused
by the large mismatch and strain inside the material, which thus relaxes by cracking the
predetermined breaking lines instead of introducing more defects. The XRD spectrum of
this sample showed only one nicely shaped Bragg reflex for PCMO with a sharp rocking
curve of Aw = 0.075°, hinting on a totally relaxed film.
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4.1.4 XRD investigation: (hkl)-meshes

In [106] the line pattern is explained as domain walls between different crystallographic twin
domains in PCMO. To examine, if this could also be an explanation for the observed line
structure, the crystallographic orientation of a deposited thin film was investigated. Going
back from the pseudo-cubic picture to a more precise consideration of the unit cell for
PCMO, it has the orthorhombic crystal structure Pbnm (z=4). Due to the close symmetry
relationship between PCMO and cubic SrTiOs of structure Pm3m (z=1), PCMO can grow
on top of SrTiO3 in six different orientations. These orientations are depicted in Figure 4.5.
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Figure 4.5: Six different orientations of the PCMO unit cell, based on [45]: (a) and (b) show two
specific orientations in more detail, while all possibilities are visualized in (c).

For the assumption of completely epitaxial growth on SrTiOs without any strain relaxation,
these six options reduce to three, as the two in-plane lattice constants can be regarded
as equal, i.e. the same as of SrTiO3. The three remaining orientations are those of the
PCMO c-axis aligned along the a-, b- or c-axis of SrTiO3. For each of these orientations
a Bragg reflex should be visible near the SrTiO3 substrate reflexes, as for example (101).
But going back from the pseudo-cubic picture towards the real rhombohedral lattice (or
tetragonal in case of epitaxial growth), the appearing peak would be attributed to three
different (hkl)-values, depending on the relative orientation of the PCMO c-axis with
respect to the SrTiO3 lattice, as sketched in Figure 4.6. Furthermore, an additional weak
reflex should appear, caused by the superstructure of the PCMO lattice with respect to
the SrTiO3 lattice due to the octahedra tilting. In Figure 4.6 these optional reflexes in the
reciprocal lattice are depicted, colored in dependence of the relative PCMO orientation
towards SrTiOs.

To investigate, if there are differently oriented PCMO domains in the PLD-grown thin films,
four different positions in the reciprocal (hk/)-space are chosen, and measured by XRD on a
40 nm thick PCMO film on SrTiOs3, with the assistance of Dr. Karen Friese, JCNS-2. The
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Figure 4.6: Possible reflexes for different orientations of Pri_,CaxMnQO3: Beside the reflexes
near the SrTiOs-spots, Pr;_xCayMnO3 also forms additional peaks caused by the enlarged unit
cell due to the oxygen octahedron tilting. Depending on the relative orientation of the c-axis of
Pri_xCaxMnO3 with respect to SrTiO3, different faint reflexes should visible.

so-called hkl-meshes are comparable to RSMs, but they refer to the (hk/)-values of the
underlying SrTiO3 substrate. The reflex positions STO (0.5(0]1), (1]0[1), (0.5/0]0.5) and
(1]0]0.5) were chosen to verify the reflex for (1|0|1) and permit a reflex for each possible
orientation of PCMO, as deduced from Figure 4.6. The results of these measurements are
shown in Figure 4.7.

As expected, a Bragg reflex of PCMO appears near the SrTiOz (101) peak (Figure 4.7(b)),
having the same h-value as SrTiO3, which verifies the completeness in strain. For (0.5[0[1)
and (0.5]0]0.5), shown in Figure 4.7(a) and 4.7(c), respectively, no peak is visible. For
(0.5]0|1) the data set was slightly modified, as reported in Section A.1. Only for (1]0]0.5)
a very weak, but significant peak appears, which can be attributed to the PCMO (111)
reflex.

Combining this result with the previous considerations, the conclusion is, that only one
type of orientation is existing in the thin films and this is the orientation of PCMO (001)
parallel to SrTiO3z (001). Thus, the explanation of the line pattern as crystallographic
domain walls can be excluded by these measurements.
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Figure 4.7: hkl-maps around four different possible superstructure reflexes of Prg 48Cag.52MnOs3.
The color code reflects the countrate: (a) hkl-mesh around STO (0.5]0]1): There is no reflex visible.
The data set is slightly modified, as result of repeated measurements reported in Section A.1. (b)
hkl-mesh around STO (1|0|1): Beside the STO (101) reflex, the Prg 4gCag 52MnQOj3 reflex is visible,
confirming the completely strained thin film. This peak corresponds to the almost cubic underlying
lattice and is therefore much stronger than the reflexes of the orthorhombic lattice. (c) hkl-mesh
around STO (0.5]0]0.5): There is no reflex visible. (d) hkl-mesh around STO (1]0|0.5): A less
intense, but significant reflex is visible, which can be identified as Pr;_,CayMnOs (111) reflex,
giving a hint on an orientation of the Pr;_,CayMnOs3 c-axis parallel to the SrTiO3 c-axis.



4.1 Interplay between structural and transport properties 91

4.1.5 SEM-assisted micro-probe measurements

The in-plane conductance across a straight line is of crucial interest, as it might have an
influence on macroscopic resistivity measurements. For these investigations a 40 nm thick
PCMO film, grown on an insulating SrTiOs substrate, is used.

A special nanorobotic station [108] at the IAC, RWTH Aachen, is used for these mea-
surements, performed by Dr. Michael Noyong. In the vacuum chamber of a scanning
electron microscopy (SEM, LEO Supra 35VP) the system can be equipped with up to four
nanomanipulators (Klocke Nanotechnik). For the electrical addressing of the structures,
metalized AFM tips are mounted to the piezo driven nanomotors. The positioning precision
is less than 1 nm. The electrical characterization was done by using a parameter analyzer.

For the investigations of the PCMO thin film, only two micro probes are used for two-point
-V measurements. The AFM tips are previously covered with a Pt/Ir (80/20) alloy to
achieve the best possible electrical contact to the surface. To locate the tips at precise
positions, the SEM is used, whereby the electron beam is completely blanked out by a
beam blanker (Raith) to exclude parasitic current. The results are depicted in Figure 4.8.

Figure 4.8(a) shows the SEM image of the surface of the PCMO sample. The checkerboard
structure is clearly visible, so that the tips can be positioned precisely onto certain domains.
After several test measurements, two tips are positioned into two different domains with
a straight line in-between (measurement 20, Figure 4.8(c)). The left tip is fixed at its
position, while the right tip is moved. The subsequent measurement is performed with the
right tip located inside the same domain as the left tip, i.e. without any domain boarder
in-between (measurement 21, Figure 4.8(d)). Afterwards, both measurements are repeated
successively to reproduce the measured results (Figure 4.8(e) and 4.8(f)).

The results of the corresponding /-V sweeps are shown in Figure 4.8(b). A voltage sweep
of up to £1V was applied for the electrical measurements, which are reproducible, as it
can be seen from almost identical measurements, respectively. The small deviations can be
explained by the repositioning of the right tip. In addition, thermal drift of the sample stage
and noise, caused by very small currents, have an influence on the measurement. For the
measurements with the tips located in two different domains, so that the current had to
flow across a border, currents in the range 10-100 pA were measured. For measurements
without any boarder to cross currents up to 1-10 nA were detected. For the approximately
same distances between the two tips and the same applied voltages, the current across a
domain wall is a factor of 100 smaller than for directly connected tips via one domain of
the PCMO thin film.
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Figure 4.8: SEM-assisted micro-probe measurements of the domain structure of PCMO: (a) SEM

image of the PCMO surface, where the line structure is clearly visible. Therefore, the Pt-covered
AFM-tips could be carefully set into the same domain or two neighboring ones. Four successive
measurements (20-23) at different tip positions were performed in an alternating way to verify the
measurements. Measurement 20 and 22 were performed with the tips in two different domains,
while for 21 and 23 the tips were set within one domain. (b) The |-V characteristics at four different
tip positions show a large and reproducible change of two orders of magnitude in current. (c)-(f)
The corresponding SEM images for measurements 20-23 show, that the left tip was left at the
same position, while the right tip was moved. (g) As the lines in the SEM images (c)-(f) are hardly
visible, the sketch shows the tip positions relative to the line structure. The color code refers to (b).
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From this information one can conclude, that the checkerboard structure is not a surface
effect, but the lines, which are visible on the surface, go through the whole film down to
the bottom interface. Thus, the line pattern as a pure surface effect is disproved as well,
so that the formation of cracks is left as a possible explanation.

For further investigation of the line-pattern on top of thicker PCMO thin films, local-
conductivity AFM (LC-AFM) measurements were performed. The addressed question for
experiments using this setup is the out-of-plane conductance, i.e. from the surface to the
bottom. As the results did not contribute to a deeper understanding, they are shown in
the Appendix in Section A.2.
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Figure 4.9: LC-AFM measurements in non-conducting mode: (a) Topography of a 50 nm thick
PCMO layer grown on top of SrRuO3/SrTiO3, measured with LC-AFM using a non-conducting
tip in contact mode. The surface shows one line of the checkerboard pattern. (b) Line-scan of
4.9(a) perpendicular to the line-pattern. In these vacuum conditions, also a gap within the ridge is
observable.

As a first test for LC-AFM, a non-conducting AFM tip was used to scan the topography of
the PCMO film. The result of a 1 x 1 pm? scan is shown in Figure 4.9(a), which covers a
straight line of the checkerboard pattern. Compared to the AFM pictures, taken with the
usually used AFM in air and tapping mode, the lateral resolution is much better, because
the tip is sharper and a vacuum of the order of 10~° mbar prevents the surface of quick
coverage with adsorbates. A linescan perpendicular to this ridge is plotted in Figure 4.9(b).
The lateral and vertical dimensions of the lines, assessed in Section 4.1.2, are verified with
this measurement. In addition, a deep gap within the line is observable with this technique,
although the minimum value might be at a lower value, as the tip might have been too thick
to scan the gap correctly. This measurement points clearly on the formation of cracks.
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4.1.6 TEM investigations of domain walls

To check the assumption of crack formation at the line structure, transmission electron
microscopy (TEM) investigations were performed by Kerry O'Shea, University of Glasgow.
As described in Section 2.2.2.2, the surface of a 40nm thick PCMO film is carefully
covered by evaporated Pt and a thin lamella is cut out by FIB. The results of TEM
and diffraction measurements on this cross-section, as well as high resolution scanning
transmission electron microscopy (HR-STEM) are depicted in Figure 4.10.

Figure 4.10: TEM/HR-STEM investigations on PCMO showing the line pattern: (a) Bright field
TEM image of one crack. (b) Diffraction pattern of the whole stack. Spot splitting due to different

crystallographic orientations on either side of the crack is visible (red cycles). (c) HR-STEM image
of two cracks within the whole stack. (d) HR-STEM zoom-in to one crack within the PCMO,
propagating into the SrTiOs. (e) HR-STEM close-up at the PCMO/SrTiOs3 interface.

An overview TEM bright field image of the cross-section underneath one line on PCMO
is shown in Figure 4.10(a). An obvious crack perpendicular to the PCMO film surface
can be observed. The polycrystalline Pt has a grainy structure, while PCMO and SrRuO;
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are perfectly single crystalline, apart from the crack, which is lying just below the line on
top of PCMO. The crack extends through the full thickness of the PCMO layer and also
proceeds into the SrTiOs substrate. Where the PCMO broke, the gap has been filled
with Pt during the TEM preparation. An electron diffraction pattern was additionally
recorded in the TEM (Figure 4.10(b)). As a result of the slightly different crystallographic
orientations on either side of the crack, the diffraction spots got split. The HR-STEM
images Figure 4.10(c)-4.10(e) show the stack in the surrounding of the line structure on
PCMO a bit more precisely and Figure 4.10(d) reveals the strain field upon crack formation.
In Figure 4.10(e) even the small disorientation of PCMO is visible, which goes together with
the crack formation and causes the spot splitting in the diffraction pattern (Figure 4.10(b)).
The spacing between the cracks is in the pm-scale.

The results gained by TEM and HR-STEM now clearly verify the previous assumption.
Instead of the formation of more and more dislocations and defects within the crystal upon
an increase in stress, caused by the lattice mismatch to SrTiO3, PCMO reacts to this
strain by the formation of microscopic cracks. Thus the lusterless surface of thick PCMO
films shown in Section 4.1.3 can be explained. The material becomes detached from the
substrate at those positions, where the sharp gaps have been for smaller film thickness. In
addition, the cracks can easily explain the two orders of magnitude decrease in conductance
upon integration of a line into the direct current path, reported in Section 4.1.5, and thus
the non-linear current signal, shown in Section 4.1.1. The cracks act as additional serial
resistances. For some pads, a percolation path will be found without crossing any boarder,
so that the resulting characteristic is ohmic. But if, by chance, such a path does not exist,
the current is blocked by one ore more domain walls and thus the /-V curve gets non-linear
or even rectifying.

It has become visible in Section 4.1.3 that not all thicker PCMO films show the line
structure on the surface, which is identified with crack formation. Thus the question arises,
how the strain is reduced in these films. Therefore, a smooth 50 nm thick PCMO film on
SrTiOz has been additionally investigated by (HR-)STEM and the results are shown in
Figure 4.11.

Figure 4.11(a) shows a HR-STEM image of size 12.5 x 12.5nm? at the interface between
SrTiOs and PCMO. By masking relevant frequencies in the Fourier transform of this image,
as depicted in Figure 4.11(b), an edge dislocation within the PCMO layer is identified,
which is located near the SrTiOs interface with a distance of about 1.5nm (red box). A
detailed explanation of this technique can be found in Section A.3. A larger section of
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Figure 4.11: TEM/HR-STEM investigations on PCMO having a smooth surface: (a) HR-STEM
image of size 12.5 x 12.5nm?. (b) Corresponding image after Fourier analysis, uncovering an edge
dislocation. (c) STEM image of size 50 x 50 nm?. (d) Corresponding image after Fourier analysis.

(e),(f) Close-ups of the two visible edge dislocations.

50 x 50 nm? of the cross-section is presented in Figure 4.11(c) and the corresponding
Fourier analyzed image in Figure 4.11(d) with close-ups of both appearing dislocations in
4.11(e) and 4.11(f). Here again the critical thickness for the dislocation formation appears
to be d. =~ 1.5nm.

The density of dislocations, which is necessary to relax the system completely, can be
calculated from geometrical considerations [109]. For the assumption of a very thick PCMO
film with d > d., which is valid in this case, the dislocation density can be calculated
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according to
asTo ~ dpcyo
pd = - -
dsTO * dpcmo
For the PCMO thin film on SrTiO3 a value of py; ~ 0.06% is obtained, leading to
3 dislocations within the window of 50 nm. This value fits to the observed number of

dislocations, as they are not homogeneously distributed over the entire thin film.

4.1.7 Discussion of the line structure

A similar line structure was also observed for La; ,Ca,MnO3z (LCMO) thin films with
x = 0.5 and x = 0.66 [110]. The pattern is identified with cracks as well and attributed to
the thermal expansion mismatch between the substrate SrTiOsz and the LCMO film.
Actually, the thermal expansion coefficients for SrTiO3 and mixed-valence manganites at
room temperature do not vary much. For SrTiOz a volumetric thermal-expansion coefficient
around ay = 3-10*5% is reported [111]. Assuming a cubic lattice structure for SrTiOs, the
system expands isotropically upon heating and thus the linear thermal-expansion coefficient
is approximately a; &~ 1-107° % [112].

For different manganites, linear thermal-expansion coefficients slightly below c; ~ 1-107° %
are reported [113, 114]. Although for orthorhombic manganites a large deviation between
the linear expansion coefficients is known between the c-axis and the a- and b-axes, which
can also exhibit negative coefficients [115], the average volumetric expansion is comparable
to the value for SrTiOs. Besides, manganites show a sharp peak in their thermal-expansion
coefficient for the (anti)ferromagnetic phase transition temperature, which could lead to
an increased stress within the material. But this transition is well below room temperature
and therefore not responsible for the crack formation.

A likely explanation for the crack formation can be found in the elastic deformation of the
epitaxially grown thin film itself [116, 117].

As discussed in Section 2.1.1, tensile strain €, results from the elastic mismatch between
the smaller thin film lattice constant compared to the substrate and arises for the growth
of manganites and LaAlO3 on SrTiOs. The elastic properties of a thin film determine, if
a material is more ductile or brittle, and the elastic biaxial modulus Mg, is the relevant
measure for it. The occurring stress o, = €, - M is the product of the strain and the
elastic modulus. The strain energy per atom Eziom = Mfiim - 6,277 . aﬁlm with the film lattice
parameter asm, Which is stored within the thin film due to the elastic stress, is constant, so
that the total strain energy is increased during the thin film growth. Since the elastic energy
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is the driving force for strain relaxation, crack formation starts as soon as its threshold
energy is reached. Over all, the elastic material properties determine, to which extent the
system is stressed by a certain strain and thus at which thickness the elastic energy exceeds
the energy for crack formation.

Cracks only form for tensile strained materials, as for compressively strained thin films such
as BaTiOs and SrRuOs, grown on SrTiOs, cracks would not release the stress. Thus,
these materials tend to form dislocations and extended defects to relax the built-up stress
(Figure 2.1(b)).

It has been observed that for PCMO film thicknesses above 40 nm the line structure on
the surface can appear (Figure 4.2), but is not necessarily visible (Figure 4.3). After stress
relaxation is found to be the origin for crack formation in tensile strained thin films, also
the case of smooth surfaces has to be considered. The TEM results in Figure 4.11 show
that the regular incorporation of edge dislocations is the origin of strain relaxation in thicker
PCMO films, which do not exhibit the checkerboard pattern.

In addition, for the PCMO thickness series in Figure 4.3 the rocking curve width increased
with increasing thickness, while the damaged sample in Figure 4.4 showed a very sharp
peak in the w-scan. Combining theses results, the rocking curve of the films could provide
a detailed view on the relaxation.
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Figure 4.12: Statistics on 50 nm thick PCMO thin films: For 20 samples the rocking curve widths
are shown in a histogram of 0.05 ° intervals. Previously they were classified by their surface structure
using the AFM images.

Figure 4.12 presents the statistical distribution of rocking curve widths for 50 nm thick
PCMO samples with and without checkerboard pattern. Although the statistics are not
really large with an overall number of 20 samples, a remarkable difference is visible between
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samples showing the line pattern or not. In general, the crystal quality seems to improve,
when the checkerboard pattern appears. For these samples, an almost Gaussian distribution
around Aw = 0.1° is observed, while for the samples with smooth surface structure an
average value of Aw ~ 0.2° is measured.

A broader rocking curve is the fingerprint for the formation of crystal imperfections such as
dislocations. Thus, the broad rocking curves result from the incorporated edge dislocations
near the bottom interface to SrTiOs. For a PCMO film with the line structure, the crack
formation leads to a relaxation of the residual stress, so that no incorporation of defects is
needed and the rocking curves appears sharper. Thus, one has to distinguish between two
different competing relaxation mechanisms in tensile strained manganites: Generation of
crystal defects and crack formation.

The question, which parameter is responsible for the type of strain relaxation, is hard to
address, because the deposition parameters have not been changed. In [117] the oxygen
partial pressure during growth is suggested to have the largest impact on the actual stress
within the thin film. But the pressure can be controlled very precisely during the deposition,
as reported in Section 2.1.2.1. A hidden parameter, which cannot be manually accessed
during growth, seems to determine the kind of relaxation process in PCMO.

From these results, the appearance of the line structure seems to be an alternative to the
formation of edge dislocations of the thin film to relax its residual stress.
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4.2 Bulk transport in Prg4gCag 5oMnO3

4.2.1 Resistivity measurements at room temperature

The sheet resistance Rs can be determined for any closed and homogeneous thin film
of arbitrary shape with the so-called van-der-Pauw method [118]. The big advantage of
this 4-point measurement is that the influence of Pt-contacts and cables on the measured
resistance is avoided, because different pads are used for the application of the current and
the measurement of the voltage drop. With a known film thickness d, the resistivity p is
given by p = Rs - d.

The sheet resistance Rs is determined by the combination of two different measurements,
for which current and voltage measurement are decoupled. A current / is swept between
the contacts 1 and 2, while the voltage drop is measured between contacts 3 and 4 at the
opposite side of the sample, as shown in Figure 4.13. Subsequently, an identical current
sweep is applied between contact 1 and 4 and the voltage is measured between 2 and
3. After the determination of the two resistance values Ri».34 and Ri4.23 as the inverse
values of the slopes of linear regressions to the current-voltage characteristics, the sheet
resistance can be calculated to

iy
Rs = m'F(Q)'(R12:34+R14:23)-
‘@1 4@ &1 40
F(Q) is the symmetry factor, tak-
ing into account the geometric
. . . 92 30 2 3

anisotropy. The quality factor Q is * *
defined as

R
Q= Rﬁzi for  Riazs < Rizas Figure 4.13: Sketch of the two different setups

% for Riaoz > Ri23a. in van-der-Pauw geometry: (12:34) and (14:23).

. - Q-1 2 Q-1 4
For Q < 10, F(Q) can be approximated by F(Q) ~ 1 — 0.34657 (m) —0.009236 (m)
[118]. For the ideal case of a square, homogeneous thin film with punctiform contacts in

the corners, Q = F =1 is valid.

From Section 4.1 the obstacle of cracks within the PCMO thin films and their consequence
on the resistance is known. For the van-der-Pauw method, the two-point resistance
measurements between each of the four pads on one sample need to show ohmic behavior
(Figure 4.1(a)) for the measurement to be appropriate. In other words, if one of the
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two-point measurements has a non-ohmic behavior (Figure 4.1(b)) due to crack formation
discussed in Section 4.1, the van-der-Pauw measurement cannot be performed. Nevertheless,
some samples did show ohmic behavior for all four pads and thus could be used to determine
the resistivity of PCMO.

From reliable resistivity measurements on PCMO with a quality factor of 1.2 — 1.5, a
resistivity of p = 30-40 - 103 pQ2cm was determined in van-der-Pauw geometry. This value
is comparable to the literature value of p ~ 20 - 103 pQcm [119].

For comparison, elementary metals range from 1.6-96.1 p$2cm [120] for the best conducting
metal silver and less good conducting liquid mercury, respectively.

For the used BE SrRuQs, a resistivity of p = 300 uQ2cm was measured, which is a factor
of 100 less then for the active layer, but only factor 3 more than for the metal Hg. This
implies, that SrRuOs is very useful as perovskite (high work function) metal electrode.
For Lag7Srp3MnOs the literature values reach from p = 300-2000 uQ2cm [54, 53]. For the
samples, produced in this work, a resistivity of p = 1000 p2cm was measured, which is

comparable to literature and enables this material for usage as BE as well.

4.2.2 Hall measurements

In addition to the van-der-Pauw measurements, from which the resistivity of the material can
be calculated, Hall measurements were performed by Hajo Molegraaf, MESA+, University
of Twente. With this technique, the carrier type and concentration can be determined.

The same sample geometry as for van-der-Pauw measurements can be used, but the
contacts have to be connected in a different way. A current / is driven through contacts 1
and 3, diagonally through the sample (Figure 4.13). Simultaneously, a constant magnetic
field B is applied, which is directed perpendicular to the surface of the thin film of thickness
d. Between the contacts 2 and 4 the Hall voltage Vj is measured, which results from the
sidetracking of carriers due to the Lorentz force:
Vi =Ry - E with the Hall constant Ry = i
d n-q
The determination of the Hall constant Ry is the aim of the measurement, because n
is the carrier concentration and g = =+Jje is the charge of one carrier of valence /. The

Viy-d

Hall constant can be calculated to Ry = <5, if a constant current is applied, and to

Ry = Ri3.04 - %, if a current sweep is performed (Figure 4.13).

For the Hall measurement, a 50 nm thick PCMO film was grown on SrTiO3; and 50 nm
thick Pt-contacts were sputtered on top through a shadow mask in van-der-Pauw geometry.
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The magnetic field was altered between 9T at room temperature and the corresponding
resistance Ry3.04 perpendicular to the applied voltage was measured. The result is depicted
in Figure 4.14(a).
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Figure 4.14: Hall measurements on PCMO: (a) Resistance perpendicular to the applied current,
measured for an altered magnetic flux. (b) Hall-resistance of PCMO.

In general, the measured resistance is a superposition of the resistance caused by the
Hall-effect Ry, and the magneto-resistance of the material R,.. For most materials,
the Hall effect caused by the magnetic field is much larger than its impact on the sheet
resistance, so that the linear (centrically symmetric) dependence of the hall resistance is
only slightly modulated by the axially symmetric B-field dependence of the sheet resistance.
For PCMO, the situation is the other way around, as the measured resistance Riz.24(B) =
Ry (B)+ R (B) in Figure 4.14(a) has an almost completely axially symmetric shape around
B = 0. Using the different symmetries of both terms, the Hall-term can be obtained by the
subtraction %[R13:24(B) — Riz4(=B)] = %[ny(B) + Rux(B) = Ryy(=B) = Rux(=B)] =
R«y(B), shown in Figure 4.14(b). The large carrier concentration in PCMO, discussed
in Section 1.2, reduces R,,, while the resistivity is relatively high for a highly doped
semiconductor. That is the reason for the large noise on the calculated signal.

The slope of the linear fit m = Réy multiplied with the film thickness d is the Hall constant

Ry=d- Réy = n—lq Assuming an electronic charge transport with g = +1 - e, the carrier
density can be calculated to n = ﬁ The slope of R,y is determined to m = +0.12 %
The positive sign of the slope implies that the charge of the carriers is positive and thus
hole transport is verified as transport mechanism. In addition, the carrier concentration is

determined to n, = p = 1.04 - 10%* ﬁ For a repetition of the measurement a value of

p=1.49-10* ﬁ was obtained, hinting on the large error of this carrier concentration
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caused by the noise on the measured signal, so that the determined value should be regarded
as rough estimation.
0.52

The obtained result is approximately a tenth of p = 255 = 9.4 10%! L5, which results

from the simple calculation of the doping level with respect to the unit cell volume.

4.2.3 Temperature dependence of resistance

Beside the room-temperature resistance measurements, also temperature-dependent trans-
port measurements were performed for three different manganites.

50 nm thick manganite thin films were grown on SrTiOs and Pt contacts were sputtered
on top in van-der-Pauw geometry. The samples were mounted into a He* continuous-flow
cryostat, which sample chamber can be evacuated down to 107° mbar to avoid impairment
of the measurement by water or nitrogen condensation. The Helium flux through the
cryostat can be adjusted, while the sample stage can be heated simultaneously to obtain a
good temperature control. For the measurement, the sample temperature was decreased in
discrete steps and it was waited for the temperature to stabilize. For each temperature, two
read-out /-V sweeps in van-der-Pauw geometry were performed and the sheet resistance
and thus the resistivity was determined.

The results for those temperature-dependent resistivity measurements for Lag7Srg.sMnQOs,
Pro.48Cag5oMnO3z and PrgsCag4MnO3 are depicted in Figure 4.15.

The resistivity of Lag7Srg3sMnQOs at room temperature is about 1000 p2cm and drops
down to 270 pQ2cm upon decreasing the temperature to 30K, as shown in Figure 4.15(b).
Beside the large deviations from a linear dependency for higher temperatures, the resistivity
shows a clear metallic behavior with a linear temperature coefficient of ¢ = 2.7 - 1073 K1,
which is comparable to metals.

For Pri_,Ca,MnQOs the case is different. For both stoichiometries Prg4sCag50MnO3
(Figure 4.15(c)) and PrgCag4MnO3 (Figure 4.15(d)) the resistivity at room temperature
is about 90 - 103 pQ2cm and 800 - 10° uQ2cm, respectively, and increases upon cooling by up
to 4 orders of magnitude. This behavior is typical for semiconductors according to

AE
o(T) =po-eke,

where pg Is a pre-exponential factor, kg is the Boltzmann constant and AE is the specific
activation energy [121]. From the respective Arrhenius plot in the insets, this activation
energy could be extracted by linear regression. For Prg4gCagsoMnQO3, most data points are
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Figure 4.15: Temperature dependence of the resistivity for three different stoichiometries: (a) Layer
stack: STO-RAMO-Pt. (b) Lag.7Srg.3MnQO3: The resistivity drops with decreasing temperature.
This behavior is typical for metallic materials. (c) Prg.4gCaps5oMnO3: The resistivity is dramatically
increased upon temperature decrease down to 133 K. The reliable data set is shown in an Arrhenius

plot in the inset. (d) Prg.sCag4MnQO3: A similar behavior of the resistivity is observed as for PCMO.
The inset shows again the Arrhenius plot.

arranged in one straight line, so that the activation energy was calculated to AE = 0.12¢eV,

comparable to literature [122, 123, 60], while for PrqsCag4MnQO3 two slopes could be
found

green line).

For classical semiconductors, this activation energy can be attributed to half of the band
gap or the distance of the dopant state to the band edge. For manganites, not the carrier
concentration is thermally activated, but the mobility of the charge carriers. Thus the
activation energy has to be identified with the energy barrier for polaron hopping.
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4.2.4 High temperature measurements in miscellaneous oxygen ambience

The resistance of PCMO after equilibration at high temperatures in different oxygen
partial pressures was measured in the high temperature equilibrium conductance (HTEC)
measurement setup. For this experiment, 100 nm thick Pt contacts are deposited by sputter
deposition through a shadow mask in four-point geometry to avoid the influence of contact
resistances. The pads are connected to the sample holder with wrapped Pt wire, which is
mounted into an yttria-stabilized zirconia (YSZ) tube. This tube is used as an oxygen pump,
which allows a continuous adjustment of the oxygen partial pressure between 1000 mbar
and 1072 mbar. The YSZ pump is located in a Al,O; tube furnace, which provides high
temperatures between 550 °C and 1000°C. A detailed description of the HTEC setup and
working principle can be found in [70].

As a first test, a 40 nm thick PCMO film grown on SrTiO3 was used for high temperature
equilibrium measurements. The deposition temperature of 700 °C was applied and the
conductance was monitored. As soon as the signal did not change any more over time, the
equilibrium with the atmosphere was reached and the data were recorded. The results of
these measurements are shown in Figure 4.16(a).

For these measurement, the conductance and not the conductivity or resistivity is depicted,
because the measurement has to be regarded as a parallel circuit between the thin film
and the substrate. The substrates, which are insulating at room temperature and atmo-
spheric pressure, can become conducting at high temperatures upon high or low oxygen
partial pressure, according to their defect chemistry. Therefore, for each measurement, a
reference measurement of an equal substrate is shown as open circles and the overall sheet
conductance is plotted.

For the PCMO film on SrTiOgz, a large deviation from the substrate reference can be
observed for high oxygen partial pressures down to 10~ mbar. Then, both curves lie on
top of each other, so that the conductance of the substrate is larger than the signal from
the thin film, which is of interest but cannot be revealed. Starting at 1 mbar, what is
even more oxidizing than the deposition condition, the conductance of the PCMO film is
almost one order of magnitude larger than the substrate conductance. During the reduction
of ambient oxygen partial pressure, the conductance drops by 1.5 orders of magnitude,
until the SrTiOs conductance is reached. This drop resembles the literature data for
Lag.gSro2MnO3 shown in Figure 1.7(a) and can be explained by the introduction of oxygen
vacancies to the PCMO lattice, which disturb the conducting chains (Section 1.2). In the
range, where only the substrate is visible in the conductance, the PCMO becomes less
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Figure 4.16: High temperature conductance measurements on PCMO: (a) Conductance of 40 nm
PCMO grown on SrTiOs, measured at 700°C. (b) Conductance of 50 nm PCMO grown on LSAT,
measured at 700°C. (c) Measurement protocol for a 50 nm thick PCMO film on LSAT, measured
at different temperatures. (d) Results of the measurements from (c). (e) Conductance of 50 nm
PCMO grown on LSAT, measured according to (c).

conducting and decomposes. After running through the whole oxygen pressure regime, the
PCMO film was completely decomposed. The film is no longer dark, but appears now
transparent with a small yellow tinge, as shown in Figure 4.17(a). XRD measurements
before and after the experiments prove this assumption (Figure 4.17(b)).

To avoid the influence of the substrate on the conductance in further measurements, LSAT
is used as substrate. In comparison to the "U"-shaped conductance of SrTiOsz, LSAT is
less conducting, especially in the low pressure regime. For a 50 nm thick PCMO film, grown
on LSAT, an extensive measurement program was performed, as depicted in Figure 4.16(c).
Different temperatures were approached, while a wide range of oxygen partial pressures
was applied. The measured data are shown in Figure 4.16(d) and 4.16(e). For this sample,
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Figure 4.17: Decomposition of PCMO thin film: (a) Photo of the 5 x 10 mm? PCMO sample after
the HTEC measurements (left side), compared to a pristine 5 x 5 mm? PCMO sample (right side).
(b) XRD spectra of the same sample, before and after the HTEC experiments.

a similar trend as for the PCMO thin film on SrTiOs3 is observed. The relatively high
conductance of PCMO drops upon an oxygen pressure decrease of 8 orders of magnitude
and then adopts the conductance of LSAT, which is very low in reducing atmosphere. As
shown, the effects of pressure and temperature variation interfered and no deconvoluted
conclusion can be obtained. In addition, the sample decomposed as well.

The measurement was repeated with a new sample of the same stack. A constant
equilibrium temperature of 700 °C was applied and the pressure was decreased in smaller
steps. Additionally, the measurement was stopped at higher oxygen pressure in order to
avoid the decomposition. The results are shown in Figure 4.16(b). During this measurement,
the thin film conductance stays right above the substrate conductance. For high oxygen
partial pressures, the conductance of PCMO is decreased slightly upon decreasing pressure.
At 1078 mbar a sharp drop was recorded, similar to LaggSro»,MnOs5. After stopping the
measurement at 107! mbar, the starting value could not be recovered and the thin film
was decomposed.

The noticed decomposition of the PCMO thin films has also been observed for ceramic
Pr;_xCa,MnO3 samples with different stoichiometries [124]. For La;_,Sr,MnO3 the phase
diagram [125] confirms the assumption of decomposition at very reducing conditions.
For Lag7Srp3sMnO5 at 1100°C the composition is stable down to 10~8 mbar and then
decomposes into different components. A similar behavior is expected for Pr;_,Ca,MnQOs,
so that the reliability of the data set is not given for very reducing conditions. From
these measurements it cannot be concluded with absolute certainty, that the sharp drop in
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conductance, which could be observed for all samples, is attributed to the decomposition,
but at least these are strong hints supporting this fact. As soon as the decomposition
starts, the measured conductance does no longer belong to the manganite PCMO, but to

some of its components.



5 Resistive switching of Prg 4gCag 50MnOs3

After the documentation of the growth process in Section 2.2.3 and the electrical investi-
gations of the bulk transport in Chapter 4, PCMO is now examined in a metal - insulator
(oxide) - metal (MIM) structure, stacked between two metal electrodes. The devices
are always biased at the top electrode while the bottom electrode is grounded. After
the consideration of the transport properties through different interfaces of PCMO, the
resistive switching effect at the Ti/PCMO interface is discussed in detail.

5.1 Surface and interface contacts of Prg4sCag 50MnO3

5.1.1 LC-AFM measurements

During the LC-AFM measurements, described in Section 4.1.5 and A.2, a conducting
tip is used to analyze the material. Directly after the scan with the non-conducting tip,
i.e. approximately 2 h after the sample was loaded to the vacuum chamber, an |-V sweep
was measured at one arbitrary point on the surface. The result is shown in Figure 5.1(b)
as a red curve. The non-linearity can be attributed to the p-n junction between the
n-type semiconductor tip and the PCMO layer and to an inhomogeneous field distribution.
The same measurement was repeated approximately 20 h after the sample was loaded to
the chamber and the result is striking (blue curve): Much higher voltages are needed to
get a current through the PCMO thin film. The reason for this behavior is explained in
Section 1.2.1. Although no elevated temperature was applied to the PCMO film to activate
oxygen exchange with the environment, the topmost layer of PCMO has been reduced over
time as a result of oxygen exchange with the vacuum. As the Mn—O—Mn chains got split,
the conductance dropped, as explained in Section 1.2.

109
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Figure 5.1: LC-AFM measurements: (a) Layer stack: STO-SRO-PCMO. (b) /-V sweeps at one
point of the surface, measured at two different time intervals after loading the sample to the vacuum
chamber.

5.1.2 NbZSI’TiO3/PI’o_48C30.52Mn03

Nb:SrTiO3 is a commonly used substrate, which can also act as a bottom electrode (BE).
With a doping level of 0.5at.% on the Ti-site, the material is a doped n-type semiconductor
with a band gap of £, = 3.2eV and an electron affinity of xnp:sTo = 4.0eV [126] and it
forms an ohmic contact to other n-type oxides and low work function metals.

In contact with the p-type semiconductor PCMO, formally a p-n junction is formed. Actually
PCMO is doped by approximately 50 at.% and thus a factor of 100 more than the used
Nb:SrTiO3, so that the depletion layer within the PCMO is a factor of 100 thinner than
within the Nb:SrTiO3 and can be neglected. Thus, the interface can be considered as a
Schottky-contact.

For the measurement of an /-V sweep across this interface, a 20 nm thick PCMO film
is grown on an annealed Nb:SrTiOs substrate. Pt-contacts are ex-situ sputtered on top
through a shadow mask and act as top electrode (TE). Pt with a high work function of
dp = 5.65eV [105] forms an ohmic contact at the interface to PCMO and has already
been used for the electrical in-plane investigations in Section 4.2. For this stack, the
interface PCMO/Nb:SrTiOz will have the largest contribution in the overall measured
resistance and can thus be analyzed. The resulting /-V curve is shown in Figure 5.2.

The current through the PCMO/Nb:SrTiO3 junction will be described by the thermionic
emission-diffusion theory [67, 127, 128], under the assumption that the barrier height &5
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Figure 5.2: Electrical characterization of the p-n junction of PCMO to Nb:STO: (a)
Pro.4sCag.5soMnQOs3: -V characteristic on linear and logarithmic scale. (b) Prg.45Cag.52MnOs:
Linear regression for the linear part of In(/) for the forward direction.

is much larger than kgT:
_ev_
| = JSAenkBT'
with pad area A, ideality factor n, Boltzmann constant kg and temperature 7. The
saturation current density Js is approximated by

ed
— A*T2e et
Js—ATe B!,

where an effective Richardson constant of A* = 120 cm%k@ is applied. At room temperature
T =293 K and with an area of a circular pad of 100 um in diameter, the ideality factor n and
the effective barrier height ®g can be determined by the linear regression in Figure 5.2(b).
With the calculated ideality factor of 1.34, the contact barrier was determined to ®g =
0.60eV. The barrier height can in general be calculated as the difference of the two
electron affinities ®5 = Xpcmo — Xnb:sTo. Using the calculated barrier height, the electron
affinity of PCMO can be determined to 4.60eV.

In literature, the work function of Prg7Cag3sMnOs was determined to Xpcmo = 4.9eV by
Kelvin probe measurements [129]. Here, the barrier would be ®g = 0.9eV, showing a
significant deviation from our measurements. By temperature dependent current density
measurements and investigations of the capacitance in the reverse bias region, a barrier of
®g = 0.7¢eV was obtained [128], which is much closer to our results.

For PrggCagsMnOs; and Lag;Srg3sMnOs similar measurements were performed
(Figure 5.3(a) and 5.3(b)) and the barrier heights were determined analog to PCMO.
For Prg6Cap4MnQOs3 a barrier of ®z = 0.51eV was calculated, leading to Xpcmo(so%) =
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Figure 5.3: Electrical characterization of the p-n junction of PrggCapg4MnOs (a) and
Lao.7Sro.3l\/In03 (b) to Nb:STO.

4.9¢eV, while for Lag7SrosMnOs a barrier of &5 = 0.44eV and an electron affinity of
XLsMo(30%) = 4.44 eV were received.

5.1.3 High and low work function metals

PCMO as a p-type semiconductor with half-metallic transport properties is assumed to
form a Schottky contact at the interface to metals. For high work function metals with
Py > Xpemo = 4.9eV, the Schottky contact should show an ohmic current-voltage
characteristic. For low work function metals with &), < 4.9eV a rectifying interface is
expected due to a formed Schottky barrier &5 [127].

The interface between PCMO and Pt is already known to show an ohmic contact, as used
in Section 4.2 for the investigation of the PCMO bulk transport properties. Within the
class of metals, Pt has one of the largest work functions with a value of ®py = 5.65eV
[105]. SrRuO3 with a work function ®sgo = 5.3 eV [20] slightly smaller than ®p; is also
expected to form an ohmic contact to PCMO. Due to its perovskite lattice structure,
SrRuOs can be used as bottom electrode. For measuring the /-V characteristic, different
metals are used as top electrode. The results for platinum, gold, SRO, tungsten, aluminum
and titanium are shown in Figure 5.4.

For all /-V measurements a stack of SrTiO3/30 nm SrRuOs/20 nm PCMO is used, but the
TE differ in their geometry. Most materials were sputtered with a thickness of 30-50 nm
through a shadow mask, while for Ti and SRO photo-lithography was applied and for W
only a needle was used as contact. The measured curves were normalized to a uniform TE
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Figure 5.4: |-V characteristic for different top electrodes on PCMO: (a) Layer stack: STO-
SRO-PCMO-TE with TE = Pt, Au, SRO, Ti, Al, W. (b) /-V characteristics for different top
electrodes.

pad area with a certain error, but nevertheless the curve shapes are qualitatively correct.

However, one clear trend is visible in Figure 5.4. For Pt, Au and SRO the /-V curves
show a linear behavior, while for the other materials a clear non-linearity is observed.
According to the explanations above, the high work function materials with ®p; = 5.65€eV,
dsro = 5.3eV and ®p, = 5.1eV lead to an ohmic contact. The low work function metals
with @y = 4.55eV, &1 = 4.33eV and ®p = 4.28eV [105] show a non-ohmic interface
contact.

In contradiction to the expectations, the non-linearity of the curves does not show a
rectifying behavior. This observation can be explained by the assumption, that low work
function metals get easily oxidized and a native metal oxide is formed at the interface to
an oxide layer, what changes the transport properties of the stack. This effect will be
discussed in detail in Section 5.2.
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5.2 Forming and switching in PCMO/Ti devices

For the forming as well as for the switching of VCM devices, ions have to be moved within
the device. Hence, large electric fields are indispensable to generate the conditions for
ion motion [130]. For ohmic contacts, the field perpendicular to the device is distributed
constantly, so that a large voltage has to be applied to activate ion movement, but
simultaneously the large current would cause a thermal breakdown. For devices with a
non-linear voltage drop over the entire current path, smaller voltages are sufficient, because
the field is enhanced at the blocking or rectifying interface. Thus, low work function metals
are suitable to observe resistive switching at the PCMO interface, as they form a Schottky
barrier-like contact, as discussed in Section 5.1.3. In this work, Ti is used as active top
electrode.

For resistive switching experiments on Prq45Cag50MnO3, 20 nm PCMO were grown epitax-
ially on 30 nm SrRuOs on a SrTiOs3 substrate, as reported in Section 2.2.3.1. SrRuOs acts
as bottom electrode (BE) and is connected to a Pt pad on the Si "carrier" by aluminum
wire bonding, as sketched in Figure 5.5(a). A 15nm thick polycrystalline Ti film is deposited
by sputter deposition as top electrode (TE) and capped in-situ by a 20 nm thick Pt layer.
The Pt prevents the Ti layer from oxidation at the surface. Either the metal top electrode
or the entire stack down to the bottom electrode is structured by photo-lithography.

The non-destructive read-out /-V sweep for such a stack in its pristine state (PS) has
already been shown in Section 5.1.3. For switching, higher voltages are needed and
the resulting current-answer is depicted in Figure 5.5(b). The current is increased with
increasing voltage, for this particular device up to 3V, then the current signal flattens
and finally even drops by a factor of 5 during a voltage increase (green line), caused by
a suddenly increased resistance. After this electroforming process, the device is in a less
conducting formed state (FS). This curve is not reproducible for this device and activates
the following switching effect.

After the forming, a positive voltage does not affect the device state at all, but with a
negative voltage, the SET process can be observed for approximately —2.5V, as explained
in general in Section 1.1. Here, the current follows a smooth curve and is abruptly increased
by more than one order of magnitude upon switching into the low resistance state (LRS
or ON state). Applying a positive voltage again, the system is gradually reset into a
high resistive state (HRS or OFF state) between 1.5V and 3V. PCMO shows a clear
"counter-eight-wise" switching behavior.
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Figure 5.5: Electroforming and resistive switching of a PCMO/Ti device: (a) Layer stack and
electrical connection: The source is connected to a Pt pad on the surface of PCMO, while SrRuO3
is grounded via an aluminum wire bond to a Pt pad on the Si "carrier". (b) Current-voltage
characteristic of forming and switching. A soft forming step is needed and then "counter-eight-
wise" switching is observed. (c) Current-voltage characteristic on a logarithmic scale for absolute
current values. (d) Resistance-voltage plot. A counter-clockwise switching is visible.

Due to the large difference in resistance, that has to be shown, the low-current regime
is hardly visible, when the high-current regime is nicely scaled. Thus, the data set is
additionally plotted on a logarithmic scale in Figure 5.5(c). Here, the absolute value of the
current is regarded.

The resistance is plotted in dependence of the stimulating voltage (Figure 5.5(d)). A
counter-clockwise resistance switching is observed. The Ron/Rogr ratio of 4 is relatively
small at zero applied field, although the hysteresis opens up by more than a factor of 10
for higher voltages.
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5.3 The forming process of Prg4gCag.5.MnO3/Ti

5.3.1 Impedance spectroscopy

Having a closer look at the forming procedure and its origin, a more detailed electrical
characterization of the device is necessary. Going back to the pristine state of the sample,
before any electrical treatment was applied, impedance spectroscopy was performed, as
depicted in Figure 5.6.

(a) 30k : : : . . (b)
N)
- 20k F 7 L1 Ri R2
:\ ® Measurement c1 C2
N 10k r R11=2817Q, CAl=1.7e-11IF R
—— R2I=51'8911Q,] C2I= 9.5e-11IF
——— Simulation

O 1 1 1 1 1
0 10k 20k 30k 40k 50k 60k
Z'1Q
Figure 5.6: Impedance spectroscopy on a PCMO device: (a) Cole-Cole plot for frequency variation.
(b) Equivalent circuit diagram, which simulates the data set.

In the so-called Cole-Cole plot in Figure 5.6(a) the imaginary part of the impedance Z” is
plotted in dependence of the real part Z’ for angular frequencies w between 10‘2§ and
3-10° % A typical semi-circle shaped curve is measured. The data set is modeled with
equivalent circuits to obtain the suitable configuration, which fits best with the measured
result. The best result was received for two parallel RC-elements in series with a very small
inductance L, depicted in Figure 5.6(b) (gray line). The impedance of a single parallel
RC-element is determined to

R . wR2C
1+ (wRC)? 1+ (wRC)?

Z=7+i7"=

while the impedances are added for different RC- and L-elements in a serial circuit. The
two RC-elements were determined to R1 =2817€; C1 =1.7-107*F and R2 = 51891 Q;
C2=9.5-10""F and can be attributed to the bulk of the PCMO thin film (1) and the
interface to Ti (2). They are also drawn in Figure 5.6(a) as two single circles (green and
blue line). As a result, the interface contribution to the overall resistance is much larger
than the bulk resistance of PCMO and thus is the determining part.
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Figure 5.7: Area dependence of the pristine and formed state with slope m: (a) Resistance of the
two circuit elements bulk and interface for the pristine state. (b) Resistance of the two interfacial
circuit elements for the formed state. (c) Overall resistance for the pristine and the formed state.
(d) Capacitance of the two circuit elements bulk and interface for the pristine state. (e) Capacitance

of the two interfacial circuit elements for the formed state. (f) Overall capacitance for the pristine
state.

Impedance spectroscopy has been performed on the pristine and formed PCMO devices for
different top electrode areas A and was evaluated each time according to the equivalent
circuit in Figure 5.6(b). The results for both resistances and capacities are shown in
Figure 5.7.

The resistances of the pristine state are plotted in Figure 5.7(a). The interface resistance
is one order of magnitude higher than the bulk resistance and both show a clear area
dependence with slope m ~ —1 according to R = p - %. The corresponding capacities are
depicted in Figure 5.7(d) and, as well, show a clear area dependence with slope m =~ 1,
according to C = gq¢, - 3, where €9 and €, are the vacuum and the relative permittivity.
The interface between PCMO and Ti has a 10 times higher resistance and capacitance



118 Chapter 5: Resistive switching of PCMO

than the bulk of PCMO.

The resistances and capacities of the formed devices in dependence of the device area are
depicted in Figure 5.7(b) and 5.7(e). Again, two semi-circles could be identified, but the
resistances are too high to be referred to the bulk resistance and thus they are identified
with two interface components. Resistance and capacitance are strongly area dependent
for one component, whereas the resistance in the other component changes only slightly
with the area.

The overall resistances R of the devices for the pristine and formed samples are shown
in Figure 5.7(c). As already known from the switching experiments in Figure 5.5, the
resistance increases upon forming, in particular by almost one order of magnitude. The
overall capacitance could only be determined for the pristine state (Figure 5.7(f)). In
general, these values are quantified accordingto 7 = 2"+ iZ" =R — ii, so that the
capacities also have an influence on the overall resistance and the resistors on the overall
capacity. The very interesting result is, that the area dependence of m ~ —1 is conserved

upon forming. That implies, that the forming procedure affects the device homogeneously.

5.3.2 TEM investigations

A likely explanation for the forming effect and its homogeneity is the oxidation of the Ti layer
at the interface to PCMO [23]. However, the local effects within the device structure and
especially at the electrode-oxide interface region are not properly understood. To approach
this topic, TEM measurements were performed on layered PCMO heterostructures by
the group of Jo Verbeeck, EMAT, University of Antwerp. Two cross-section electron
transparent lamellas were prepared by FIB out of a pristine and a formed PCMO device with
SrTiO3 / 30nm SrRuO3 / 20nm PCMO / 15nm Ti / 20 nm Pt sample stack. High-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) and electron
energy-loss spectroscopy (EELS) were performed using a JEOL 3000 transmission electron
microscope, operated at 300 kV.

The TEM and HAADF-STEM images of the cross-sections of the two devices are depicted
in Figure 5.8(a) and 5.8(b). As additional information the corresponding EELS data are
shown in Figure 5.8(c) and 5.8(d), respectively. This analysis provides atomic spatial
resolution upon the cross-sectional elemental distributions for Ti, Pr, Ca, Mn and O and
shows that both systems contain an intermixing region of about 8.5nm. The intensities
are normalized to the maximum of each curve.

For the pristine device just after sputter deposition of the top electrode material (Fig-
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Figure 5.8: (a)-(b): Cross-section of PCMO devices: TEM (left side) and HAADF-STEM (right
side), respectively: (a) Pristine state: An amorphous layer is formed at the PCMO/Ti interface.

(b) Formed state: The amorphous layer is only slightly changed during the forming process. (c)-(d):
EELS data of the cross-section: (c) Pristine state: An intermixing region is visible at the PCMO/Ti
interface. (d) Formed state: Almost the complete Ti layer is oxidized.
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ure 5.8(c)), an oxygen signal can be received from the region of the Ti layer. A thin part of
the film remains metallic titanium, but most of it is at least partially oxidized. In addition,
at the interface a very thin layer is formed, which contains mainly Ti, Ca and O, because
the Ca signal does not drop like the Pr and Mn signal, but reaches a bit further into the Ti
layer. This Ca excess at the upper PCMO interface arises already during the deposition of
the PCMO film, as reported in Section 2.2.3.2, and does not coincide with the deposition
of the titanium layer.

The formed device (Figure 5.8(d)) shows no increased Ca content at the interface. But
the oxygen signal is now present over the entire Ti layer, while it is lowered in the upper
part of the PCMO layer.

5.3.3 HAXPES experiments

To get a closer insight into the chemical processes, which take place during electroforming,
hard X-ray photoelectron spectroscopy (HAXPES) was performed by the group of Francesco
Borgatti, University of Bologna, as nondestructive analysis tool for deep regions and buried
interfaces. With this technique, high-energetic X-ray photons knock photoelectrons out
from the core levels of the investigated material, which are analyzed with regard to their
kinetic energy. Because of the large footprint of the synchrotron beam, single devices are
not suitable for investigation. Thus, in this experiment the average signal over a large area
is measured. As many devices are measured simultaneously, the statistical distribution of
the resistances is of great interest. The resistance was read-out for 135 equal pads in
the pristine state. Then a threshold DC forming automated system was used, in which a
constant voltage of 10V was applied to the device and the measurement was terminated as
soon as the threshold resistance of 5 k2 had been reached. The results of this measurement
are depicted in Figure 5.9(a).

The resistance distribution is very sharp for the pristine states, whereas the resistances differ
over more than two orders of magnitude for the formed state. Nevertheless, this accuracy
should be sufficient to see chemical changes upon electroforming, if the process takes
place homogeneously. The sample geometry used for HAXPES investigations is shown
in Figure 5.9(b). The top electrode of the sample was structured by photo-lithography
into several arrays of 100 x 100 um? pads with 10 um spacing. Unlike in Figure 5.5(a),
the PCMO is also structured this time to prevent the signal from the pure PCMO from
interfering, so that the gaps between the pads and arrays show SrRuOj3 on the surface.



e
forming s

E

Current (A)
3

E

- = Formin
107°F e
[ = LRS ]
5.3 The forming process of PCMO/Ti 131
07

4 -3 =2 - 0 1 2 3 4

T T

I Pristine state
m Formed statéb) b

—~
QL
~—
D
o

a
o
T

IN
o

Frequency counts
w
o

2 3 4 5 6 7
log(Resistance / Q)

Figure 5.9: (a) Resistance distribution of the pristine and formed state. (b) Sample geometry for
HAXPES experiments.

HAXPES measurements were performed at the BL15XU beam-line of the Spring-8 syn-
chrotron radiation source in Japan. The X-ray beam was directed onto the sample with
gracing incidence of 2°, leading to a beam footprint on the sample surface of about
3000 x 100 pm?. The photon energy was set to 5950.14 eV and the overall resolution was
0.25eV. With this method the binding energy of core electrons is measured, which alters
for different elements and also with their valence. As Pt possesses a very high absorption
in the X-ray regime, the capping layer thickness was reduced to 4 nm to provide enough
intensity. The electron inelastic mean free path for the hard X-ray excitation regime is
typically 8nm. Thus, the thickness of the Ti top electrode material was set to 7 nm and
10nm for two different samples, so that different depths of the buried region could be
addressed. As reference, a 50 nm thick PCMO film was deposited on SrTiO3 and a region
between two arrays was investigated to obtain a reference for SrRuO3. The survey scans
for the sample with 7nm Ti are shown in Figure 5.10(a).

Beside the large range survey scans, highly resolved measurements were performed around
core levels of high interest. As Ti has already been proven to be involved in the forming
process, its 2p spectra are shown in Figure 5.10(b) and a closeup on the Ti 2ps/, in
Figure 5.10(e). Additionally, the PCMO-related core levels of Pr 3d (Figure 5.10(c)),
Ca 2p (Figure 5.10(d)), Mn 2p (Figure 5.10(f)), and O 1s (Figure 5.10(g)) are shown.

The Ti 2p core level spectra, depicted in Figure 5.10(b), are normalized to the background
intensity. Because of the partial overlap of the Ti 2p;/, with the Ru 3p3/», only the spectral
region of the Ti 2p3/, component is clearly distinguishable and plotted in Figure 5.10(e)
as a close-up. There, two distinct features at 454 eV and 459 eV are visible and can be
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Figure 5.10: HAXPES results on electroforming: Ti and PCMO related core-level spectra of the
pristine (green curves) and formed (red curves) device array: (a) Survey scans for the PCMO sample
with stack SrTiOs / 30nm SrRuO3 / 20nm PCMO / 7nm Ti / 4nm Pt. Core level spectra of
specific elements: (b) Ti 2p level. (c) Pr 3d level. (d) Ca 2c level. (e) Ti 2p3, level. (f) Mn 2p
level. (g) O 1s level.
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associated with metallic Ti® and fully oxidized Ti** cation valence states. In general, the
peak for metallic Ti is much more pronounced for the sample with 10 nm Ti on top, while
more oxidized Ti*t is detected for 7nm Ti, where the photons reach deeper into the
device. For both samples the electroforming procedure changes the spectra clearly with a
redistribution of the Ti towards higher valences.

The core-level spectra of the PCMO-related elements in Figure 5.10(c), 5.10(d) and 5.10(f)
all exhibit a shift of the binding energy with respect to the reference spectrum. For Pr 3d
and Ca 2p the peaks are shifted to higher binding energies by 0.6-0.7 eV, while for Mn 2p
they are shifted to lower binding energies by 0.2 eV. Being very similar for both states, they
denote a stable change of the electronic structure in PCMO upon the integration of the Ti
top electrode. This behavior strongly resembles the binding energy shift in Pr;_,Ca,MnO3
as a function of the Ca doping level and can thus be related to a lowering of the PCMO
chemical potential at the Ti interface [131]. The opposite direction of the Mn 2p shift can
be interpreted as the progressive change of the Mn** species to lower valence states Mn3*
due to a reduction of the material at the interface to Ti. For O 1s shown in Figure 5.10(g),
the spectra clearly differ from the SrRuO3 and the PCMO references. With a broadening
of the peak, at least three well defined features appear. The complexity of the line-shapes
is attributed to the overlap of different contributions from the oxygen atoms belonging to
PCMO, the oxidized Ti top electrode and the surface oxidation of the Pt layer. The stable
shoulder at the left side of the O 1s peak is due to the Pt oxidation, while the other two
features redistribute their intensity upon electroforming, so that the lower energetic peak
can be related to PCMO states and the higher energetic one to TiO, states.

Having a closer look at the Ti top electrode material, all four data sets for 7nm/10nm Ti
thickness and the pristine/formed state, respectively, were fitted using the Ru 3p level and
four different Ti valences for each Ti 2p energy level: Ti° (metallic), Tit™ (Ti,O), Ti*"
(TiO), Ti** (Ti,O3) and Ti** (TiO,). The results of the fits are shown in Figure 5.11.

In conclusion, PCMO undergoes minor changes during the electroforming process, while
the main chemical changes in the device structure occur in the titanium oxide interface
layer. Thus, the electroforming step mainly takes place at the PCMO/Ti interface and the
oxidation of the Ti is strongly involved in the mechanism. The results on the electroforming
procedure of the PCMO/Ti switching devices have been published in [132].
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5.4 The switching process of Prg4gCag.5,MnO3/Ti

From the current knowledge it is clear, that the Ti top electrode material is heavily involved
in the electroforming mechanism [132]. However, up to now there is no chemical insight
into the resistance switching process itself.

To investigate this effect further, HAXPES measurements (Section 5.3) were performed
for each of the four resistive states. A sample stack of TiO,-terminated SrTiO3 / 30 nm
SrRuO3 / 20nm PCMO / 7nm Ti / 3nm Pt was used. The top electrode was structured
by photo-lithography using the array structure in Figure 5.9(b), consisting of 50 x 50 pm?
electrodes with 10 um spacing, arranged in strips of size 7 x 0.8 mm?.
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Figure 5.12: Resistive switching: (a) Forming and switching /-V curves. (b) Read-out sweeps. (c)
Voltage dependence of the resistances. (d) Retention measurements on LRS and HRS.

The electrical treatment of the array pads can be understood with the help of Figure 5.12(a).
For the array with pristine states, the pads were left untreated. For the formed state, a
positive voltage was applied, which exceeds the positive forming threshold voltage. To set
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the devices into the LRS states, the forming sweep was extended by a sweep to negative
voltages to allow the SET process. The HRS was finally achieved by a forming sweep, a
set sweep and an additional reset sweep at positive voltages again. Afterwards, pads of
each array were read-out by a non-destructive low-voltage sweep of 2500 mV to confirm
the alternation of the states, shown in Figure 5.12(b). The corresponding resistances and
their voltage dependencies are shown in Figure 5.12(c). According to their resistances, the
four states can be ordered as PS < LRS < HRS < FS. For a comparable sample, retention
measurements were performed. As depicted in Figure 5.12(d), the resistance values were
stored for at least 300 days, so that the written states were conserved for the HAXPES
investigations.

5.4.1 HAXPES experiments

The HAXPES measurements were performed by the group of Francesco Borgatti, University
of Bologna, at beamline P9, Petra Ill, HASYLAB, Germany. The X-ray beam with a photon
energy of 6 keV was focused on the sample under a gracing angle of 2°. To maximize the
bulk sensitivity, the electron analyzer was set to an angle of 90° with respect to the X-ray
beam. The measurements were performed at room temperature and an overall resolution
of 0.35eV was achieved. As results, the Ti 2p spectra of the TE material as well as the Mn
2p spectra of PCMO and the O 1s spectra consisting of both contributions are depicted in
Figure 5.13.

The Ti 2p spectra in Figure 5.13(a) are of major importance, as they contain information
about the Ti valence states and thus the oxidation state. For the pristine sample the
Ti 2p spectrum exhibits two distinct features at a binding energy of 454 eV and 459¢eV,
which can be identified as the Ti 2p3/, emission lines of metallic Ti° and fully oxidized Ti*".
For a good reproduction of the spectral envelope, a least-squares fitting analysis with one
spin-orbit split doublet pair for each possible oxidation state of Ti was performed. The area
ratio of the doublet peaks was set to 2 : 1 and also the doublet separation was kept fixed.
A minor contribution from the underlying SrRuO3; bottom electrode, arising from the area
between the electrodes, was accounted for by a single peak, corresponding to the Ru 3ps»
line at 463.4eV. With increasing resistance state, a spectral weight transfer from the low
binding energy components to the high binding energy components of Ti 2p is observed.
The area percentages of all Ti oxidation states are shown in Figure 5.13(b). While the
dominant Ti*" component spectral line shows a monotonous increase with resistance, the

part of the metallic Ti° line is decreased gradually. In a similar manner, Figure 5.13(c)
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Figure 5.13: HAXPES spectra for resistively switching devices PCMO/Ti: (a) Ti 2p data sets with
fits. (b) Ti 2p percentages. (c) O 1s data sets with fits. (d) O 1s percentages. (e) Mn 2p data
sets.
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and 5.13(d) depict the O 1s spectra and area percentage of three contributing peaks.
Two peaks can be assigned to PCMO and TiO,, while the third one is a result of surface
contamination. In analogy to the trend observed in the Ti spectra, a spectral weight
transfer is observed from PCMO to TiO, upon increased resistance states. The Mn 2p
emission doublet in Figure 5.13(e) is shifted towards lower binding energies for all resistance
states in comparison to the PCMO reference sample. This indicates a shift of the average
Mn valence towards Mn3* according to

(Prgjscaggz)(M”gjfsM”ggz ng +Ti= (Prgt18cagg2)(Mn338+2angE2f2x)O§:x + TiO,

The photoemission spectra of the Ti 2p, O 1s and Mn 2p lines clearly show that a redox-
reaction is induced through electrical biasing, influencing the resistance of both the Ti
electrode and the PCMO layer. The monotonous increase of electrode oxidation with
stack resistance implies a direct role of the interfacial oxide layer in the resistance change.
The clear involvement of the Ti electrode during electroforming is confirmed by these
measurements. Additionally, a significant difference between LRS and HRS could be shown,
because the switching mechanism does take place distributed over the entire electrode
area. So the chemical evidence for the resistive switching has been found for the system
PCMO/Ti.

5.4.2 Modeling of read-out sweeps

In addition to these chemical analyses, electrical data have been evaluated to investigate, if
the electrode oxidation alone determines the resistance of the multilayer stack. Regarding
the low-voltage characteristics of the four resistive states in Figure 5.12(b), all curves
show a non-linear behavior. However, for the PS and LRS the curves are almost centrically
symmetric, while for the FS and HRS a notable asymmetry is observed. Taking into account
the complex multilayer structure of the system, a qualitative analysis of the dominating

conduction mechanisms during switching was performed.

For the symmetric read-out data for PS and LRS a field-acceleration of the polaron hopping
was assumed as transport mechanism according to [133]

neawA

_aE
Ia(Va) = e kT smh(

ea
R VA
2ksTr A)
where T is the temperature, r the thickness of the hopping region, a the hopping distance,
n the polaron density, w the hopping frequency, A the device area, AE the activation energy
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polaron density n = 0.78 # due to the results of the Hall-measurements in Section 4.2.2.
The attempt rate for hopping was set to w = 10'¥Hz corresponding to the phonon
frequency, so that two independent fitting parameters r and AE are left, as well as the
serial resistance R. With the current model the two symmetric /-V curves could be fitted
reasonably, as shown in Figure 5.14(a) and 5.14(c). For both fits the barrier for hopping
transport was consistently determined to AE = 0.41 eV, which is much higher than the
energy barrier of AE = 0.12eV determined in Section 4.2.3 from temperature dependent
resistance measurements, which is also confirmed in [133] for a completely oxidized thin
film. In addition, a thickness of the hopping region r of below 1 nm was received, so that
the results of the fitting procedure indicate, that only a thin part of the PCMO film near
the Ti layer accounts for the non-linearity of the hopping region. Here, the hopping barrier
is increased, as a reduction of this part leads to interrupted Mn-O-Mn chains, while the
rest of the 20 nm thick PCMO thin film retains the ohmic conductance mechanism and
thus contributes to R.
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Figure 5.14: Read-out-/-V sweeps and fitted curves: (a) Pristine state: Symmetric /-V curve with
high currents. (b) Formed state: Asymmetric /-V curve with low currents. (c) Low resistance state:
Symmetric /-V curve. (d) High resistance state: Asymmetric /-V curve.

For the asymmetric read-out sweeps for FS and HRS, the model needs to be expanded
by an additional asymmetric circuit element. As the HAXPES data show a larger amount
of Ti** for these states, it is conceivable that an interfacial TiO, layer acts as a tunnel
barrier for charge carrier transport at the Ti/TiO,/TiO,/PCMO interface region. For
a trapezoidal tunnel barrier with two different barrier heights ¢; < ¢, and thickness d,
described in [135], asymmetry can only be found for voltages higher than the specific barrier
height ¢4,,. For lower voltages a symmetric function has to be applied:
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m is the effective mass and h the Planck constant. The range of validity for the symmetric
part of the function for intermediate voltages depends on the the specific barrier heights
—p, < eV < ,. For higher voltages applied to the PCMO devices the positive voltage
branch eV > ¢, is correlated with the reverse direction and the negative one eV < —¢;
with the forward direction of the current.

FGBm&ddevices, this tunnel circuit element is added in series to the two symmetric
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suitable parameter sets were found for both FS and HRS, resulting in good fits as shown in
Figure 5.14(b) and 5.14(d), respectively.

From these two different serial circuits necessary to reproduce the experimental data,
charge carrier transport across the multilayer stack is concluded to be not determined by a
single conduction mechanism, but rather by a combination of several mechanisms and their
respective contribution to the total resistance. The fitting parameters for all four different
resistance states are summarized in Table 5.1.

Taking into account the HAXPES results and the parameters obtained by appropriate
fitting of equivalent circuits to each state, the transition between PCMO and TiO, as
the dominating contribution to the stack resistance can now be understood as depicted in
Figure 5.15.




132 Chapter 5: Resistive switching of PCMO

State Pristine  Formed LRS HRS

Hopping region thickness r 0.65nm  1.60nm 0.79nm 0.95nm
Hopping barrier AE 0.41eV (0.41eV) 0.41leV (0.41leV)
Ohmic resistance R 450Q 117000 2'371Q 70092

Tunnel barrier thickness d 2.94nm 2.84nm
Barrier height ¢ 0.080eV 0.100eV
Barrier height ¢, 0.915eV 0.850eV

Table 5.1: Fit parameters for the read-out sweeps for four different resistance states.
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Figure 5.15: Model for resistive switching in a PCMO/Ti device: During the electroforming process
a TiO, tunnel barrier is formed, which is bridged and restored during switching. In the equivalent
circuit diagrams A symbolizes the polaron hopping region, €2 represents the ohmic resistance and ¢
stands for the Simmons tunnel barrier.

Prior to the deposition of the Ti top electrode material, the PCMO is a highly doped p-type
semiconductor with half-metallic behavior. During the deposition of the Ti top layer, the
topmost PCMO layer is reduced, while the Ti is oxidized. The Ti oxidation is visible with
TEM and HAXPES, but the suboxide formation only affects the serial ohmic resistance
R. In contrast, the reduction of the topmost 1 nm PCMO causes an interruption of the
double-exchange chains along the Mn—O—Mn bonds, increases the activation energy for
hopping immensely and thus leads to a field-acceleration of the polaron hopping in this
region before any operation has been applied to the device.

During electroforming, a positive voltage is applied to the top electrode and oxygen anions

migrate from the PCMO towards the Ti and form a closed TiO, layer at the interface.

The almost 3nm thick TiO, acts as an asymmetric tunnel barrier, because it is sandwiched
between two electrodes with different work functions/electron affinities. In addition, the
PCMOs_;s layer is increased in thickness and also the suboxide formation proceeded, which

Ti

¥ TiO,

W TiO,
PCMO_g
PCMO
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results in a huge increase of the serial resistance. The TiO,, having a formal electron
affinity of Xtio, = 4.0eV [136], forms a barrier of almost ¢, = 1€V at the interface to the
reduced PCMO with xpcvo = 4.9eV [129]. At the interface to the Ti suboxides, which
work functions might slightly differ from ®1; = 4.33eV [105], a barrier of p; = 0.1eV is
received. Despite the fact that the oxidation is homogeneous across the entire electrode,
it is conceivable that the oxidation front shows in-plane inhomogeneities on the nanometer
scale, as sketched in Figure 5.15 by bulges. Such inhomogeneities might be a consequence
of the polycrystalline structure of the electrode, or due to the a nanoscale roughness of
the oxygen diffusion front formed during electroforming.

When a negative bias is applied to the formed device for the SET process, the nanoscale
roughness leads to a local reduction of the TiO, layer. As sketched in Figure 5.15, the
tunnel barrier is percolated by reduced conductive TiO,_, channels. On the one hand, the
tunnel barrier is not needed to fit the symmetrical electrical data, on the other hand in the
HAXPES spectra the Ti*" component is still strongly visible. The high serial resistance
can be understood, as most of the device area is still covered with the TiO, and only a
minor part contributes to the ohmic conductance.

For the RESET process by a positive voltage, the tunnel barrier is restored. The switching
effect can then be understood according to chemical redox processes

TiO, + PCMO,_; = TiO,_; + PCMQO,.

The oxygen depleted PCMO region acts as oxygen supply, but does not change its
conductance behavior significantly, whereas the tunnel barrier is formed and bridged
reversibly. The results are submitted for publication [137].
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5.5 Second forming step and switching

The positive voltage sweep for forming in Figure 5.5(b) leads to a gradual decrease in
current upon the forming process. When the voltage is increased further, a sharp increase
in current is detected, as shown in Figure 5.16(a). As this irreversible procedure also
activates a stable resistance switching behavior in the device, depicted in Figure 5.16(b), it
is referred to as "second forming".
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Figure 5.16: Second forming and switching: (a) Forming (first) and second forming sweep. (b)
Resistive switching after the second forming. (c) Direct comparison of both forming and switching
processes. (d) Retention measurements on the second switching in PCMO/Ti.

The activated resistive switching process after the second forming is taking place "counter-
eight-wise" as well and is very stable, as visible in Figure 5.16(b) for 10 cycles. The
hysteresis opens up by a factor of 10 already for small read-out voltages. In comparison to
the first switching (Figure 5.16(c)), the second one is much more symmetric and the SET
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and RESET are passed without any abrupt resistance changes.

The second forming was not possible for all PCMO/Ti devices. Especially for the larger
pad sizes, no second forming appeared, so that no clear statement can be given for the
homogeneity of the switching effect. From the two area sizes, where second switching
was observed, no scaling with the area was measured, hinting on a filamentary switching
mechanism. One possible explanation for these observations is the further oxidation of the
complete Ti electrode. Upon further increase of the voltage, oxygen could be removed from
the TiO, layer, leading to conducting paths through the TiO, layer and a sharp resistance
decrease. In this scenario, the second switching could be the pure filamentary switching of
the TiO, at the interface to Pt, while the rest of the former tunnel barrier is bridged by
these channels. But further experiments are needed to confirm this explanation.
However, retention data are available for the second switching. For the LRS and HRS,
three different pads were set/reset by a voltage pulse of £4V, respectively, and afterward
read-out with a voltage pulse of —0.1V after four different time periods. The corresponding
data are depicted in Figure 5.16(d) and show a gap of a factor of 6 between HRS and LRS.






6 Conclusions

In this work, the topic of interface effects in complex oxides has been addressed within the
framework of novel data storage functionalities according to the "Beyond CMOS" concept.
The modification of interfaces determines the growth behavior of epitaxial heterostructures,
the homogeneous switching of ReRAM materials and the screening of dipols in ferroelectrics.

The epitaxial growth process by non-equilibrium pulsed laser deposition technique was
studied for miscellaneous ruthenate, titanate and manganite compounds in various layer
stack combinations. For all oxides, high quality thin films with atomically flat surfaces and
rocking curve widths of below 0.05° were obtained as a result of differentiated parameter

series.

The growth of ferroelectric BaTiOs was optimized to obtain a stable depolarization field.
For ultra-thin SrRuO3-BaTiOj3 stacks, the interface termination was studied in dependence
of the deposition parameters. A mixed termination of TiO, and BaO was observed,
which could be changed towards an almost complete TiO,-termination by an additional
annealing step. The introduction of one unit cell layer of BaRuOs was proved to change the
termination to a uniform BaO-layer, which enables the step-flow growth mode for SrRuOs.
Embedded between two electrodes in capacitor structure, the BaTiO3 devices exhibit
large leakage currents, which on the one hand suppress the switching currents during the
measurement and on the other hand might screen the dipole moments, which disables the
depolarization field. It could be shown that high work function oxide electrode material is
the best choice to minimize leakage. Anyhow, in stacks with a pure metal top electrode the
leakage could be reduced by post-annealing, while the residual leakage can be avoided by
low-temperature measurements and ultra-fast measurements. If the residual leakage current
is separated from the switching signal, leakage compensating measurement programs can

be applied and a remanent polarization of 30% was observed for BaTiO3, exceeding
the literature value of 26 C‘% due to an increased tetragonal distortion of the unit cell by

compressive strain.

The lattice mismatch between the Prg4sCag50MnO3 thin film and the substrate leads to

137
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mechanical stress and thus strain within the thin film. For Prg4sCags.MnQOs, having a
mismatch to SrTiOs; of —2.39 %, the tensile strain energy is preserved within the material
up to a thickness of 40 nm, where the system starts to relax. Two concurring relaxation
processes could be identified in this work: The incorporation of randomly distributed edge
dislocations near to the interface to SrTiOz and the formation of cracks all-through the thin
film into the substrate. The type of relaxation process determines crucially the structural
properties and furthermore the transport properties of the material.

Completely strained Prg48Cag5o.MnQO5 thin films were investigated with respect to their
transport properties. Polaron hopping of holes with an activation energy of 0.12eV was
proved to be the conduction mechanism in bulk PrgsCagsoMnQO3. In accordance to these
findings, the transport properties are mainly determined by effects of correlated electrons
rather than by defect chemistry considerations. It was found, that under very reducing
conditions, Prg48CagsoMnO3 decomposes into its insulating constituents.

Stacked into a capacitor structure, Prg48Cag50MnO3 shows resistive switching properties
in combination with a low work function metal like titanium as active oxidizable electrode.
After an initial electroforming step using a positive bias, the system can be switched stably
between two states of a resistance ratio of one order of magnitude. Because the achieved
retention time of at least 300 days was rather good, a further stabilization of the states by
a ferroelectric was postponed to future investigations.

As the forming and switching mechanisms are occurring homogeneously over the entire
interface between Prgy4gCags5oMnO3 and Ti, electron microscopic and X-ray spectroscopic
methods could be used to investigate the chemical changes during the different electrical
treatments. Both forming and switching processes could be proved to be based on redox-
reactions involving an oxygen transfer from the Prg4Cag50MnQO3 to the Ti, whereby the
main changes appear in the valence state of the Ti electrode material. The electrical data
could successfully be fitted by combining a polaron hopping contribution, containing an
increased activation energy for the oxygen-depleted Prg45Cags5oMnQOs layer, with a serial
ohmic resistor for the pristine and the low resistive state. For the formed and high resistive
state, the equivalent circuit had to be supplemented by an additional serial tunnel barrier
of trapezoidal shape, which could be proved to represent a thin TiO, layer. Combining the
electrical and chemical information about the forming and switching effects in interface-
type switching Prg4sCags:MnOs-Ti devices, a coherent model for the switching effect
is presented, which mainly bases on the formation and bridging of a TiO, tunnel barrier,
leading to a reversible alternation between tunneling and polaron hopping as dominant
transport mechanism [132, 137].



A Appendix

A.1 Additional information to Section 4.1.4

The raw data set of the (hkl)-mesh around STO (0.5[0|1) (Figure 4.7(a)) is depicted in
Figure A.1(a). Here, four relatively intense spots are visible, which even almost exceed the
countrate of the real Bragg reflex in the STO (1]|0]0.5)-map. As only exactly one data
point has this high value and the surrounding is less intense, respectively, it is very likely,
that the spots are just an effect of the noise background of the signal. Nevertheless, the
measurement in the spotty region of the map was repeated, as shown in Figure A.1(b).
For this measurement, only the usual background noise is visible, so that the presumption
is verified. To avoid confusion when viewing the results, the four data points were deleted

for the presentation in the real document.

1.000 (b) 108
06813 1000
0.4642 1.06 0.6813
0.3162 0.4642
02154 0.3162
oues . 1.04 0.2154
. 01000 O 0.1468
E 5 1.02 0.1000
1.00
0.98 0.98
048 050 0.52 0.54 0.48 050 0.52 0.54
h (STO) h (STO)

Figure A.1: Repetition of the scan around SrTiO3 (0.5|0|1): As the intense spots in the unchanged
map of this reflex (a) are not reproduced in the repeated measurement of the spotty region of the
hik-map (b), they can be regarded as background noise.
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A.2 LC-AFM measurements on Prg 48Cag 50MnO3

For further investigation of the line-pattern on top of thicker PCMO thin films in Section 4.1,
local-conductivity AFM (LC-AFM) measurements were performed. The addressed question
for experiments using this setup is the out-of-plane conductance, i.e. from the surface to
the bottom. For this method, a conducting tip is used, which is brought in contact with the
thin film surface, while a conducting substrate or, in this case, the bottom electrode SrRuQO3
is grounded. An adjustable voltage can be applied to the tip and for the measurement
either the tip is set on a certain potential and scanned over the surface in contact mode,
while the current is measured, or the tip is located at one position and the voltage is
altered. A detailed description of this method can be found in [63]. The results of these
measurements for a 50 nm thick PCMO layer on SrRuO3/SrTiO3 are shown in Figure A.2.
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Figure A.2: LC-AFM measurements: (a) Topography scan of the LC-AFM with a conducting tip
in contact mode. (b) Simultaneous current scan. (c) Overlaying of both topography and current
signal.

The conducting tip is used to scan over the surface to measure the local conductivity of
the PCMO layer. Applying a voltage of 2V to the tip, the topography and flowing current
were measured simultaneously at a part of the PCMO surface, where two lines are visible.
The results are shown in Figure A.2(a) and A.2(b), respectively. The height signal is not
as well resolved as the morphology measured with the non-conducting tip, but still two
distinct lines are observable, which have two additional bumps on top. In the corresponding
current signal, the scan was started from the bottom with an applied voltage of 1.5V
and after a third of the scan increased to 2V, which explains the change in current. The
two lines can be recognized, but not as a very good or bad conducting region compared
to the environment. Only their shadow seems to be reproduced. The reason is not an
actual change in conductance, but an effect of the topography. As the tip is scanning
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perpendicular to the lines, which are bulged out, the tip is pressed with more force onto
the surface at the up-going side, while the force is smaller at the down-going side, which is
reproduced in the current signal. A real effect is visible for the bumps, which have a much
smaller conductivity than the rest of the sample. In addition, in a defined region next to
each bump, the conductivity is clearly increased. The bumps could be insulating segregated
material, but the good conducting parts cannot be explained so far. For a more illustrative
view, the two signals were superimposed in Figure A.2(c), so that the topography covers
the height signal, while the color code represents the current signal. In this combination,
the factual coincidence is monitored.

Overall, the lines do not differ anyhow in their out-of-plane conductivity compared to the

domain areas.

A.3 Additional information to Section 4.1.6

The Fourier analyzed image of Figure 4.11(a) is shown in Figure 4.11(b). To illustrate the
applied technique, the two missing images of the Fourier transform are added in Figure A.3.

(i

Figure A.3: Method of a Fourier analysis for a STEM image, exemplary for Figure 4.11(a): (a)
Original HR-STEM image. (b) Fourier transformed image. (c) Fourier image after application
of a mask to select specific frequencies. (d) STEM image after inverse Fourier transformation,
identifying an edge dislocation.

In Figure A.3(a) the raw data of the HR-STEM image of a 50 nm thick PCMO film on
SrTiOsz is shown. A Fourier transform of this image is created by using the Fast Fourier

o

Transform algorithm available on the TEM software package Digital Micrograph™ an
depicted in Figure A.3(b). To select specific frequencies in the frequency domain, a mask
was applied to the FFT image (Figure A.3(c)). To return to the spatial domain, an inverse
Fourier transform was taken, which enables an easy identification of the edge dislocation
within the PCMO thin film, as shown in Figure A.3(d).
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A.4 Additional information to Section 3.2

After the application of the poling map (Figure 3.4(a)), the same area was read-out with
just the AC voltage signal. The resulting phase image after 14 min is shown in Figure 3.4(b).
In Figure A.4 the same 3 x 3pum? read-out phase image is presented for different time
periods after the poling procedure. The phase scale is not shown, as a drift in phase has

been observed.

Figure A.4: Temporal evolution of written FE states: (a) 14min. (b) 23min. (c) 32min. (d)
40 min. (e) 49min. (f) 69min. (g) 78 min. (h) 86 min. (i) 95 min. (j) 104 min.

A.5 Electrical properties of Pr;_,Ca,MnO3/BaTiO3 stack

Two different manganite stoichiometries of Pr;_,Ca,MnOs have been grown on BaTiOs/
SrRuQ3/SrTiOs, as reported in Section 2.2.3.4. Additional Pt top electrodes were deposited
by sputter deposition through a shadow mask (Figure A.5(a)) and the devices have been
tested for ferroelectricity.

Figure A.5 shows the results of P-V and C-V measurements of 20 nm Prq45Cag5:MnO3
and PrgsCag4MnO3 grown on 20 nm BaTiOs, respectively. A ferroelectric hysteresis could
not be measured, as for both samples no switching peaks have been observed in the current
response. As depicted in Figure A.5(b) for Prg4gCagsoMnOs exemplarily, the current
response at f = 2kHz did consist of the leakage current and an additional dielectric
contribution. In the C-V measurement with an excitation signal frequency of 1 MHz, the
pad-to-pad measurements are shown for both samples. Although the tané has a very high
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Figure A.5: Ferroelectric characterization on BTO-PCMO stacks: (a) Layer stack SrTiOs /
30nm SrRuO3 / 20nm BaTiO3z / 20nm Pri_,Ca,MnQO3. (b) P-V measurement on stack with
Pro.asCag.soMnO3. (c) C-V measurement on stack with Prg45Cag 5oMnOs3. (d) C-V measurement
on stack with PrgCag4MnO3.

value > 1, at least for small voltages the capacitance seems to be measurable. For both
samples a double peak is observed, which does not depend on the history of the device as
for ferroelectrics. The origin of this curve shape has not been illuminated yet.
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