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Abstract

An increasingly interconnected world creates a high demand for high-density and low-
cost data storage. Redox-based memristive devices, which allow switching between
high and low electrical resistances through the application of voltages, are highly at-
tractive candidates for next-generation non-volatile memory. But their control and
rational design is complicated by poorly understood switching and failure mechanisms.
The complex nanoscale redox processes that are suspected to drive so-called resistive
switching in these devices remain inadequately characterized. Especially, quantitative
information about these processes, which is essential for further advances in the edu-
cated design, has been experimentally inaccessible so far.

Therefore, spectroscopic tools with high spatial resolution are employed in this work
to elucidate both switching and failure mechanism of memristive devices based on
the model material SrTiO3. After thorough electrical characterization, two alternative
photoelectron emission microscopy approaches are used. As photoemission is a surface
sensitive process, the top electrodes of the devices are removed before investigation
in the �rst approach. In the second step, thin graphene electrodes are employed,
enabling in operando characterization. In combination with cross sectional, in operando

transmission electron microscopy and spectroscopy, a clear evidence of a reversible,
localized redox reaction is identi�ed. In the low resistance state, a nanoscale �lament
in the SrTiO3 is oxygen-de�cient, while it is nearly stoichiometric in the high resistance
state, resulting in a valence change between Ti3+ and Ti4+. The carrier concentration
modulation resulting from this valence change is quanti�ed through comparison with
calibration spectra. A carrier concentration change by a factor of two causes two orders
of magnitude change in device resistance through a modulation of the e�ective Schottky
barrier at the electrode/oxide interface.

The microscopic origin of the polarity of the resistance hysteresis in these devices has
long been debated, as it cannot be explained by the typically involved purely internal
redistribution of oxygen vacancies. The spectroscopic results of this work reveal that
instead, oxygen evolution and reincorporation reactions at the electrode/oxide interface
are responsible for the valence change in the SrTiO3.

Regarding the failure mechanism, it is found that fast reoxidation frequently results in
retention failure in SrTiO3 devices, which can be inhibited by incidental, local phase
separations. Mimicking this phase separation by intentionally introducing retention-
stabilization layers with slow oxygen transport is therefore derived as a design rule for
retention-failure-resistant devices.
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Kurzfassung

Eine zunehmend vernetzte Welt bedingt eine immer stärkere Nachfrage nach hochin-
tegrierter und kostengünstiger Datenspeicherung. Redox-basierte memristive Bauteile,
die das Schalten zwischen hohem und niedrigem elektrischen Widerstand durch das
Anlegen einer Spannung ermöglichen, sind hochattraktive Kandidaten für nicht-
�üchtigen Speicher der nächsten Generation. Die Herstellung von Bauelementen
mit maÿgeschneiderten Eigenschaften wird dadurch erschwert, dass die Schalt- und
Ausfallmechanismen nur unzulänglich verstanden sind. Es wird vermutet, dass
komplexe, nanoskalige Redoxprozesse das sogenannte resistive Schalten in diesen
Bauteilen ermöglicht. Doch diese Prozesse sind bisher unzureichend charakterisiert
worden. Insbesondere waren quantitative Informationen experimentell bis dato noch
unzugänglich, obwohl diese für ein auf physikalischem Verständnis beruhenden Design
essentiell sind.

Deshalb werden in dieser Arbeit spektroskopische Messungen mit hoher Ortsau�ösung
durchgeführt um sowohl den Schaltmechanismus als auch den Ausfallmechanismus in
Zellen aus dem Modellmaterial SrTiO3 aufzuklären. Nach eingehender elektrischer
Charakterisierung werden zwei alternative Herangehensweisen mittels Photoemission-
selektronenmikroskopie genutzt. Weil die Photoemission ober�ächensensitiv ist, wer-
den im ersten Ansatz die Topelektroden entfernt. Im zweiten Schritt werden dünne
Graphenelektroden genutzt, um die Zellen in operando untersuchen zu können. In Kom-
bination mit in operando Transmissionselektronenmikroskopie und -spektroskopie des
Probenquerschnitts wird eine lokale, reversible Redoxreaktion eindeutig nachgewiesen.
Im niederohmigen Zustand ist ein nanoskaliges Filament innerhalb des SrTiO3 sauer-
sto�de�zitär, während es im hochohmigen Zustand annähernd stöchiometrisch ist.
Das führt zu einem Valenzwechsel zwischen Ti3+ und Ti4+. Die daraus resultierende
Ladungsträgerkonzentrationsänderung wird durch den Vergleich mit Kalibrationsspek-
tren quanti�ziert. Eine Änderung um einen Faktor zwei verursacht durch Veränderung
der e�ektiven Schottkybarriere an der Elektroden-Oxid-Grenz�äche eine Widerstand-
sänderung um zwei Gröÿenordnungen.

Der mikroskopische Ursprung der Polarität der Widerstandshysterese dieser Zellen
wird seit langem kontrovers diskutiert, weil sie nicht mit dem üblichen Modell der
rein internen Sauersto�eerstellenumverteilung erklärt werden kann. Die spektroskopis-
chen Ergebnisse dieser Arbeit zeigen, dass stattdessen Ausbau und Wiedereinbau von
Sauersto� an der Elektroden-Oxid-Grenz�äche den Valenzwechsel im SrTiO3 verur-
sachen.

Bezüglich des Ausfallmechanismus wird festgestellt, dass Reoxidation häu�g zu
einem Verlust der Langzeitstabilität führt. Diese kann durch zufällig auftretende
lokale Phasenseparation verhindert werden. Darauf basierend wird die Design-Regel
entwickelt, dass durch bewusste Einführung einer Stabilisierungsschicht mit langsamen
Sauersto�transporteigenschaften die beobachtete Phasenseparation nachgeahmt
werden kann, was zu ausfallsichereren Bauteilen führt.
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1 Introduction

In order to meet the high demand for the high-density and low-cost future data storage

and logic circuits that are required for an ever increasingly interconnected world, novel

devices and new modalities of operation are required. These devices and modalities

will ultimately be enabled by the nanoscale design of materials and inventive means

of manipulating them [1]. So-called "resistive switching" or "memristive phenomena"

are intensively investigated due to the potential use in future non-volatile memory or

as novel neuromorphic circuits, even allowing for a local synergy of logic and mem-

ory [2�7]. In these devices the application of voltages allows switching between a

low resistance state (LRS) and a high resistance state (HRS), or even intermediate

states.

Excellent device performance that combines fast switching, long retention (the time

for which information can be stored in memory devices) and high-density stacking

has already been demonstrated for devices based on transition metal oxide �lms sand-

wiched between two metal electrodes � one of the most promising candidate systems

for memristive devices. But research and development are still mainly based on purely

empirical strategies, rather than on predictive concepts [6], hampering the technolog-

ical exploitation. At the heart of this roadblock lies an inadequate understanding of

the nanoscale operation mechanisms. It is generally agreed upon in the scienti�c com-

munity that resistive switching can be attributed to the motion of mobile donor-type

defects, such as oxygen vacancies, and a corresponding valence change in the transition

metal cation [2, 4, 6]. Simulations have shown that even small modulations of the oxy-

gen vacancy concentration can induce signi�cant changes of the charge-carrier transport

and can therefore account for the resistance change [8�12].

The exact mechanism and especially the quantitative details of the related nanoscale

redox-processes, however, are still inadequately characterized experimentally due to the

absence of analysis methods that can be used to provide information about electronic
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structure and chemical composition with su�cient spatial resolution and sensitivity to

detect small variations. This roadblock can in principle be overcome using spectromi-

croscopic tools or transmission electron microscopy (TEM) techniques. For TEM, it is

very challenging to place the active region of a device within the thickness of a TEM

specimen (typically 100 nm or less). Therefore, direct evidence of the suspected redox

processes is di�cult to obtain using TEM. On the other hand, a variety of spectromicro-

scopic studies have identi�ed the formation of an oxygen vacancy rich �lament during

the �rst biasing step, which is a �rst indication of the suspected mechanism [13�17].

But in many cases, these studies have been limited to non-functioning, post-mortem

devices (for example after top electrode removal [17]). This approach, of course, makes

the examination of the same device in both resistance states inaccessible. For the de-

sired elucidation and quantitative description of the switching process between LRS

and HRS, however, it is mandatory to image and characterize the active region in the

same device in both resistance states.

Non-destructive, in operando spectroscopy techniques using hard X-rays [18] or trans-

mission X-ray microscopy [19,20] have provided insightful information about the role of

Joule heating and failure mechanisms. But they have failed to supply spatially resolved,

quantitative spectroscopic di�erences between di�erent resistance states. Therefore, a

combination of the successful but previously destructive photoemission electron mi-

croscopy (PEEM) studies, which allow for spectroscopic evaluation with high spatial

resolution and interface- or surface sensitivity, with a non-destructive in operando ap-

proach is highly desirable. Similarly, in operando TEM, a sophisticated technique

under development, which allows application of biases to a TEM specimen, may en-

able the desired high-resolution mapping of chemical and electronic changes during

switching.

Accordingly, the goal of this thesis is the development and utilization of in operando

approaches using PEEM and TEM to identify and quantify the mechanisms underlying

resistive switching. The main challenge in the implementation of in operando PEEM

characterization is to overcome the high surface sensitivity of photoemission, which lim-

its the probing depth to few nanometers and practically prevents access to the active

region covered by top electrodes. Graphene as a highly conductive and photoelectron-

transparent material of atomic thickness may circumvent this limitation, when used as

top electrode. Graphene electrodes have already been integrated successfully in mem-

2



ristive devices [21�23] and will be used here for the spectromicroscopic investigation of

SrTiO3-based memristive devices. SrTiO3 constitutes a resistive switching model mate-

rial because of its well understood defect chemistry and feasible fabrication as an epitax-

ial thin �lm, i.e., a grain boundary-free platform with a low defect density. Moreover,

SrTiO3 exhibits well-characterized spectroscopic �ngerprints, facilitating the interpre-

tation of the spectroscopic changes during switching.

After reviewing the fundamentals of the model material SrTiO3 and the existing knowl-

edge about resistive switching in SrTiO3 in chapter 2, the sample preparation and

analysis techniques will be brie�y introduced in chapter 3. Chapter 4 presents an eval-

uation and calibration of the available spectroscopic signatures of SrTiO3, resulting in

a calibration curve for the determination of carrier densities in SrTiO3 based on the

O K X-ray absorption edge. In addition, a detailed spectroscopic characterization of

as-grown SrTiO3 is performed as a foundation for the following analysis of resistive

switching in these �lms.

Resistive switching in SrTiO3-based devices of di�erent architectures will be presented

in chapter 5. The e�ect of electrode material, �lm thickness, the surrounding

atmosphere and temperature was investigated. A special focus lies on the re-

tention time of the devices � one of the most important parameters for memory

devices.

Chapter 6 will show how the previously developed PEEM analysis of post-mortem

devices can be applied to derive a �rst spectromicroscopic �ngerprint of the ex-

pected changes. It was found that in addition to oxygen-migration induced valence

changes, cation-migration can lead to structural changes during memristive operation.

The occurrence of such structural changes is closely connected with the retention

time.

Chapter 7 contains the central experimental achievement of this thesis, the in operando

characterization of memristive devices using PEEM with graphene electrodes and cross-

sectional TEM analysis of functioning devices. The combination of both approaches

o�ers a three-dimensional perspective. It was found that a localized valence change is

indeed the origin of the switching e�ects and the amount of the valence-change-induced

carrier density modulations was quanti�ed. These results show that in operando charac-

terization is indeed a powerful tool to characterize nanoscale redox phenomena, yielding

an understanding of the switching e�ect.
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Based on these insights, the mechanism driving resistive switching in SrTiO3-based

devices will be derived in chapter 8. Using the information from chapters 5 and

7, it will be deduced that the resistance change in these devices is not based on a

purely internal redistribution of oxygen vacancies in the SrTiO3 �lm, which is the

typically-invoked scenario. Instead, oxygen species are removed from the SrTiO3 lat-

tice when switching to the LRS and reincorporated into the SrTiO3 when switching to

the HRS.

This understanding helps to explain the connection between the structural changes and

the retention times described in chapter 6. It will be shown that the observed structural

changes inhibit the reincorporation of oxygen into the SrTiO3 layer, resulting in longer

retention of the LRS state. A design rule for the development of retention-failure-

resistant devices will also be derived in chapter 8.

The thesis will be completed by concluding remarks about resistive switching and

data retention in SrTiO3-based devices, a brief consideration of the impact of these

insights for resistive switching in transition metal oxides in general and an outlook in

chapter 9.
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2 Background

2.1 Fundamentals of SrTiO3

Crystal structure

At room temperature, undoped SrTiO3 is an ionic crystal with a perovskite structure

with a lattice constant of 3.905Å and a cubic crystallographic point group Pm	3m

consisting of layers of SrO and TiO2 stacked in the [001] direction [24]. Cornersharing

TiO6 octahedra form a framework with anticuboctahedrally coordinated Sr ions at the

interstices.

Electronic structure

Undoped SrTiO3 is an insulator with an experimentally determined band-gap of 3.2 eV

[25]. In a strictly ionic picture, the valence electrons of the Ti 3d, Ti 4s and Sr 5s

orbitals are fully transferred into the O 2p orbital and the nominal oxidation states

of the ions are Ti4+, Sr2+ and O2−. Accordingly, O 2p states form the valence band

and the conduction band is formed by empty Ti 3d and Sr 5s states. However, espe-

cially the Ti-O bond reveals a signi�cantly covalent contribution. Thus the electronic

structure should rather be described by hybridized bands with mixed character [26].

The site projected density of states is shown in Fig. 2.1. While it can be seen that

the main contribution to the valence band stems from O states and the bottom of the

conduction band is mainly formed by Ti states, a signi�cant admixture of metal states

in the valence band and especially of O states at the bottom of the conduction band is

apparent.
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The generation of a V′′Sr-VO pair is thus accompanied by the formation of a (SrO)SP
secondary phase either at the surface of the SrTiO3 crystal [30,31], or in a Ruddelsden-

Popper-like phase within the crystal lattice [32].

While this phase separation is only active at very high temperatures, the creation

of oxygen vacancies via exchange of the bare SrTiO3 surface with the surrounding

atmosphere is already activated at temperatures above 700K and can even be ac-

tivated at signi�cantly lower temperatures in the presence of catalytic metals like

Pt [28]:

O×O
1
2
O2 + VO + 2 e′. (2.2)

From left to right, equation 2.2 can be understood as an oxygen evolution reaction.

From right to left, it represents an oxygen incorporation reaction. According to equation

2.2, oxygen vacancies act as donors in SrTiO3. The electrons which are generated

through the generation of oxygen vacancies are transferred to the conduction band.

Upon doping with oxygen vacancies, the Fermi energy is shifted from a position within

the band gap closer to or even into the conduction band as shown in Fig. 2.2. As

the conduction band edge is mainly composed of Ti 3d states as discussed above, the

doping e�ect may be understood in an ionic picture as a valence change between Ti4+

and Ti3+:

2Ti4+ + O×O
1
2
O2 + 2Ti3+ + VO . (2.3)

The same doping e�ect can be obtained using Nb doping (NbTi). Nb-doping with

concentrations exceeding 1018 cm−3 leads to metallic conductivity [24] making Nb-doped

SrTiO3 crystals an ideal candidate for a bottom electrode with an ohmic contact to

SrTiO3 thin �lms. Both VO and NbTi are shallow donors, meaning that the donor

levels lie close to the conduction band with a di�erence of less than 0.1 eV. These

donor states are easily ionized at room temperature.

While defect chemistry can be used very successfully to describe many experimental

�ndings for bulk SrTiO3 under equilibrium conditions [28], one needs to recognize its

limitations. In particular all defect chemical derivations are based on the assumption

of a homogeneous crystal with low defect and dopant concentrations as no interaction

7
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Figure 2.2: Calculated total density of states. (a) Undoped SrTiO3. (b) SrTiO3 with
≈ 4%VO . Modi�ed from ref. 33.

between the defects is included in the defect chemical models. These requirements are

not necessarily ful�lled by the pulsed laser deposition (PLD) grown thin �lms investi-

gated in this work. The strongly kinetically limited growth conditions and the plasma

plume chemistry can result in situations far from equilibrium with signi�cant amounts

of cation vacancies and even extended defects like Ruddlesden-Popper type faults (as

will be shown in chapter 4.2). Therefore, the characteristics of PLD grown thin �lms

can deviate signi�cantly from the behavior predicted by defect chemistry. Neverthe-

less, the considerations described above are a useful tool to describe the nanoscale

chemical processes taking place during resistive switching, as this thesis will demon-

strate.

2.2 Electronic transport

The electronic transport properties across noble metal/SrTiO3 interfaces can generally

be considered as transport across a Schottky barrier due to the band alignment of

a high work function metal with SrTiO3, which can be regarded as a semiconductor

with an electron a�nity of 4.1 eV (Fig. 2.3a) [34�37]. The electronic transport across

a Schottky junction is described in detail in ref. 38. Here, only a brief account of
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Figure 2.3: Transport across Schottky barriers. (a) Schematic of a Schottky barrier with
the Fermi level EF, the oxide conduction band edge EC and valence band edge EV and
the resulting Schottky barrier height ΦB. Di�erent transport characteristics across the
barrier are indicated as thermionic emission (TE), thermionic �eld emission (TFE) and
�eld emission (FE). (b) Speci�c contact resistance as a function of doping concentration.
Modi�ed from ref. 38.

the most relevant transport mechanisms will be provided based on the description in

ref. 38.

Thermionic emission

Thermionic or Schottky emission describes the possibility that electrons gain enough

energy through thermal activation to overcome the barrier at the metal-semiconductor

interface. The resulting current density JTE is given by

JTE = A∗T 2 exp

[
−q (φB − (∆φ+ V ))

kT

]
(2.4)

with the temperatureT , elemental charge q, barrier lowering due to image-

force∆φ, supplied biasV , Boltzmann constant k, and the e�ective Richardson

constant

A∗ =
4πqm∗k2

h3
= 120

m∗

m0

· A

cm2 K2 (2.5)

with the Planck constant h, the electron rest massm0 and the e�ective massm∗.
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Field emission

Electrons with energies lower than the barrier height cannot overcome the energy barrier

through thermionic emission. Instead, they may be able to tunnel through the barrier,

especially under high electric �elds which deform the barrier. This phenomenon is

called �eld emission and is di�erentiated from direct tunneling where electrons tunnel

through the complete barrier width [39]. The �eld emission current density JFE in

the forward and reverse direction (positive or negative bias applied to the high work

function (top) electrode, respectively) is given by

JFE ≈
A∗Tπ exp [−q (φB − V ) /E00]

c1k sin (πc1kT )
(forward) (2.6)

JFE = A∗
(
E00

k

)2(
φB + V

φB

)
exp

(
− 2qφ

3/2
B

3E00

√
φB + V

)
(reverse) (2.7)

with

E00 ≡
q~
2

√
N

m∗εs
(2.8)

and

c1 =
1

2E00

log

[
−4 (φB − V )

−φB

]
(2.9)

with the donor concentration N (or acceptor concentration in the case of p-type semi-

conductors), the reduced Planck constant ~ and the dielectric permittivity εs of the

semiconductor.

While the shape of an I-V curve may be similar for di�erent conduction mechanisms,

the much weaker temperature dependence of �eld emission compared to thermionic

emission has to be noted, i.e., the absence of exponential dependence on tempera-

ture.

Equations 2.4 and 2.6/2.7 describe two extreme cases, where thermionic emission (equa-

tion 2.4) dominates the transport at high temperatures and low dopant concentrations,

i.e., for kT � E00, while tunneling currents (�eld emission, equations 2.6/2.7) dominate

for kT � E00. For intermediate temperatures and dopant concentrations (kT ≈ E00),
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so-called thermionic-�eld emission can describe the electronic transport. Thermionic-

�eld emission can be understood as a combination of �eld emission and thermionic

emission. Thermally excited electrons with energies lower than the barrier height can

tunnel through the thinner part of the barrier at energies between the conduction band

edge of the semiconductor and the Fermi level of the metal.

Therefore, di�erent transport mechanisms dominate the transport for di�erent doping

concentrations at a given temperature (Fig. 2.3b). The transport in the extreme case

of an ohmic contact between a metal and a degenerately doped semiconductor can in

this sense be de�ned as a tunneling current.

Bulk electronic transport in SrTiO3

For nominally undoped SrTiO3 �lms, only small carrier concentrations can exist at

room temperature due to the rather large band gap, thus limiting the bulk conduc-

tivity. Based on the analysis in SrTiO3 capacitors, however, one �nds experimentally

that signi�cant leakage currents always occur due to residual carriers, for example

from oxygen vacancies [40]. In two extreme cases, the resulting bulk conductivity can

be described either by band conduction or through so-called Poole-Frenkel emission,

which describes transport phenomenologically as thermionic �eld emission of electrons

between isolated trap states.

From a more fundamental perspective, the characteristics of excess electrons in SrTiO3

results from interaction with the lattice through electron-phonon coupling (or electron-

electron interaction in the very high carrier regime [41]), as comprehensively reviewed

recently by Hao et al. [42]. Electron-phonon coupling results in the formation of a

polaron, a quasiparticle formed by the excess electron and a polarization cloud of the

crystal lattice that follows the electron as it propagates through the crystal [43]. De-

pending on the spatial extent of the polaronic wave function and associated structural

distortions two types of polarons are distinguished, both of which have been reported

for SrTiO3 [43�45]: in the small-polaron model the range of the distortion is about one

lattice constant, whereas in the large polaron model the wave function spreads over

several unit cells. Small polarons form highly localized in-gap states, which might be

responsible for the phenomenological Poole-Frenkel emission. Large polarons, on the

other hand, preserve band-like transport, but lead to an increased e�ective electron
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mass. Using density functional theory, it was suggested that the spatial extent of the

polaron may be the result of the carrier density [42].

In summary, the bulk conduction in SrTiO3, which is still an active research area,

certainly depends on the details of the defect structure and carrier density. For the

purpose of this thesis, it is su�cient to note that the transport of Schottky junctions

between high work function metals and SrTiO3 typically appears to be limited by the

interface, i.e., the Schottky barrier described above. The transport across this bar-

rier will therefore be used for the qualitative interpretation of SrTiO3-based devices.

This is certainly valid for very high carrier concentrations, but the bulk conductivity

may play a role at lower concentrations. Quantitative description of current trans-

port in SrTiO3 should therefore take into account both contributions, as shown in

ref. 8.

2.3 Resistive switching in SrTiO3

In general, the term resistive switching refers to a reversible change of resistance in

metal-insulator-metal (MIM)-structures upon electrical stimulus. The LRS can be

interpreted as a logical "1" and the HRS represents the "0" in a binary memory or

logic applications.

While many di�erent nanoscale mechanisms can lead to resistive switching in di�erent

classes of materials, this thesis focuses on the so-called valence change mechanism,

which is the predominant process in transition metal oxides. This mechanism is widely

accepted to be a nanoscale redox reaction, induced by oxygen-ion migration [2,4,6,13].

So-called "electroforming" or "forming" steps, which describe the �rst application of

a high bias to the system, enable the following resistive switching. It is suspected

that after this treatment, a local accumulation of oxygen vacancies forms a so-called

switching �lament. The resulting local dopant distribution is suspected to modify

the Schottky barrier at the interface with the top electrode and to lead to the LRS.

Reset operations with opposite bias recover the HRS by disrupting or re-oxidizing

the switching �lament. The LRS can be re-obtained through the Set process, the

application of the opposite bias compared to the Reset. If the voltages necessary for

12



the forming and Set operation have a similar value, one typically speaks of "soft-

forming".

While CMOS-compatible oxides like HfO2 and Ta2O5 are of highest technological rel-

evance for the implementation of memristive devices for logic or memory applications,

the prototypical model material for the study of valence-change-driven resistive switch-

ing is single-crystalline SrTiO3. Typically, epitaxial SrTiO3 thin �lms are contacted

with a noble metal top electrode, forming a Schottky barrier. Degenerately doped Nb-

doped SrTiO3 (Nb:SrTiO3) substrates, which form an ohmic contact, serve as bottom

electrodes. SrTiO3 is chosen because of its availability in form of homogeneous, epitax-

ial thin �lms without grain boundaries as well as the extensive existing knowledge about

defect chemistry, oxygen di�usion and cation di�usion available in literature [46�52].

Another prominent example for such resistive switching materials is the interface be-

tween noble metal top electrodes and Nb:SrTiO3 single crystals. In this case, the

fundamental mechanism giving rise to the resistance change is under strong debate. In

the following, the existing knowledge and suspected mechanisms will be introduced for

both model materials.

SrTiO3 thin �lms

In Fe:SrTiO3 thin �lm devices, it has been observed that the switching polarity can

vary between a so-called eightwise switching, where positive voltages applied to the

top electrode enable the Set process, and counter-eightwise switching, where negative

voltages applied to the top electrode induce the Set process [53�55]. Both switching

polarities can be achieved in the same device through the appropriate selection of

switching parameters like the applied voltages and the time these are applied to the

device, suggesting that competing mechanisms are at play.

Systematic conductive atomic force microscopy (C-AFM) analysis revealed that even

the location of the resistance change varies between the two polarities (Fig. 2.4) [53].

For the counter-eightwise switching, the �lament appears to be more spatially localized

compared to the eightwise polarity, which gave rise to the terms "�lamentary" and

"homogeneous" resistive switching, suggesting that eightwise switching would be an

area-dependent e�ect. While this may be true for some materials under some circum-

stances (such as Pt/Nb:SrTiO3 junctions operated at low current limits, as discussed in
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Figure 2.4: Competing switching polarities in Fe:SrTiO3 thin �lm devices.
(a) I-V -characteristic for one device operated at di�erent voltages, resulting in counter-
eightwise resistive switching for lower voltages (green curve) and eightwise resistive switch-
ing for higher voltages (orange curve), respectively. (b) Conductive AFM topography and
current image of a junction after electroforming and top electrode removal. A well con-
ducting crater (green) as well as a medium conducting region around the crater (orange)
can be seen. Modi�ed from ref. 53.

chapter 5), eightwise switching is not necessarily area-dependent. Using the terms "�la-

mentary" and "homogeneous" must therefore be avoided.

Interestingly, while counter-eightwise switching in SrTiO3 can be well described qual-

itatively through the textbook resistive switching model based on the internal redis-

tribution of oxygen vacancies within a switching �lament at the Schottky-type noble

metal/SrTiO3 interface [2,4,8,9,56�58], the spatial extent and the redox process itself

which could give rise to eightwise switching are still beyond comprehension. While

both switching polarities may be observed in the same device, eightwise switching is

generally dominating the switching behavior observed in devices with low defect den-

sity and small �lm thickness [54, 59]. All devices in this thesis exhibit only eightwise

switching.

For the internal redistribution of oxygen vacancies within a switching �lament (counter-

eightwise switching), the suspected microscopic mechanism is described as the voltage-

and temperature-driven modi�cation of a switching �lament as depicted in Fig. 2.5.

In the HRS (Fig. 2.5A), the �lament consists of a so-called plug, which is a highly

n-conductive region of the oxide �lm and a potential barrier (called disc) between the

top electrode and the plug. Upon application of a negative VSet, oxygen vacancies

14



Figure 2.5: Schematic of the proposed switching mechanism for counter-eightwise switch-
ing. The I-V -curve can be understood in terms of VO drift and di�usion within a switch-
ing �lament. VO are depicted in green. Neighboring transition metal ions undergo a va-
lence change and are depicted in violet in a fully oxidized matrix (yellow). The schematic
is drawn for a Pt/ZrO/Zr MIM-structure, but it is representative for all valence change
resistive switching systems, including SrTiO3. Reproduced from ref. 56.

from the plug part of the �lament are attracted into the barrier (Fig. 2.5B), which

results in a signi�cant decrease of the barrier height and width due to a local reduction

process (compare Fig. 2.3), which turns the cell into the LRS (Fig. 2.5C). For the

Reset, a positive voltage VReset is applied to the active interface which repels the oxygen

vacancies (Fig. 2.5D), leading to a local reoxidation, and turns the cell into the HRS

again. Going beyond this graphical representation, this type of resistive switching

can be accurately modeled using a numerical drift-di�usion model of electronic-ionic

transport combined with a Schottky contact barrier [8]. Calculating the electronic

transport across the Schottky barrier as well as the drift-di�usion of oxygen under the

applied electric �eld and due to concentration gradients, the model correctly describes

the I-V -switching characteristics and reveals that the resistance change is induced by

temperature-accelerated ion migration. The necessary temperature is induced through

Joule heating within the switching �lament [8, 57].

With direct experimental evidence of the redox reactions being inaccessible so

far, several phenomenological models have been suggested to explain the eightwise
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Figure 2.6: Indication for an additional barrier at the SrTiO3/Nb:SrTiO3 interface.
(a) Dopant distributions used to �t the experimental data; acceptor doping at the in-
terface must be used to reproduce the experimental data in (b). (b) Comparison between
the simulated and the experimentally measured energy-band pro�le. Modi�ed from ref. 37.

switching phenomenon as described below. For instance, it was shown that the

Nb:SrTiO3/SrTiO3 interface is not free from space charges (Fig. 2.6) [37], which may

result in a signi�cant potential barrier rather than an ohmic contact at the bottom

electrode interface. A possible scenario of eightwise switching could therefore be

that resistive switching takes place at the bottom electrode interface instead of at

the top Pt interface because of an increased potential barrier, which is modulated

by the near-interface VO concentration. Such a change of the active interface has

been suggested for multiple resistive switching systems exhibiting coexisting switching

polarities [36,60,61].

Another proposed mechanism considers that when VO are attracted to the top electrode

and are highly concentrated near the interface, the region below may become VO -

de�cient (Fig. 2.7) [10, 53, 62]. The increased resistance of this region then causes the

HRS.

As chapter 8 will demonstrate, these proposed mechanisms do not agree with the

experimental �ndings presented in chapter 7. Accordingly, an alternative switching

mechanism for eightwise switching must be introduced.

Noble metal/Nb:SrTiO3 interfaces

Similar to eightwise resistive switching in SrTiO3 thin �lms, typical noble

metal/Nb:SrTiO3 interfaces can be Set to the LRS by applying a positive voltage to the
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Figure 2.7: Proposed mechanism for switching far from the top electrode interface to
explain eightwise switching. Modi�ed from ref. 53.

top electrode, while a negative voltage Resets the device to the HRS [10,34,35,63�68].

Again, the underlying resistive switching mechanism of these junctions is not under-

stood in detail and contradicting interpretations prevail.

Many reports have connected resistive switching in Pt/Nb:SrTiO3 with changes in the

oxygen stoichiometry within a thin interfacial dead layer, corresponding to an electron

depletion layer caused by the formation of a Schottky barrier [64�66,69]. Some reports

suggested that this interfacial dead layer may be caused by a deviation from the nominal

cation stoichiometry in the near-surface region of Nb:SrTiO3 [70], potentially modifying

the Schottky-type interfacial space charge region [37].

Regarding the spatial extent of eightwise resistive switching, it has been inferred

based on capacitive measurements that the resistance change in Pt/Nb:SrTiO3 de-

vices occurs in a homogeneous manner for small current limits, while higher voltages

have been suggested to cause a �lamentary change of the resistance [65]. In the lat-

ter case, the switching process is commonly interpreted as a locally con�ned change

in the Schottky barrier height [63], while the majority of the interface remains un-

changed.

Indeed, there exists both theoretical [71] and experimental evidence [72] that

oxygen vacancies in the surface layer of Nb:SrTiO3 lead to a reversible reduction

of the e�ective Schottky barrier height, which can again be understood as a de-
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crease of the contact resistance due to increased carrier concentrations as shown in

Fig. 2.3b.

It was observed that resistive switching in Pt/Nb:SrTiO3 devices strongly depends

on the oxygen partial pressure of the surrounding atmosphere [64]. The creation of

additional oxygen vacancies at the interface yields improved memory characteristics [67]

while removal of oxygen vacancies can prevent resistive switching entirely [68]. These

observations support the interpretation of the oxygen-ion migration being responsible

for resistive switching in this system as well.

Despite the abundant evidence for a dependence on the oxygen partial pressure and the

corresponding interpretation of the resistance change in transition metal oxides as an

e�ect caused by the movement of oxygen-ions, however, direct proof of oxygen migra-

tion and the associated valence change is rare, resulting in competing interpretations.

While some reports try to describe the resistance change in a purely electronic pic-

ture [73�76] comparative studies show that both electronic e�ects such as trapping and

detrapping of defect states as well as oxygen-ion migration can explain the electrical

data [74,77]. Accordingly, direct evidence for one or the other mechanism is indispens-

able. Chapter 6 therefore attempts to experimentally shed light on the microscopic

mechanism.

Retention

The ultimate aim regarding memristive device performance is high uniformity for all de-

vices on a single chip, an endurance (write cyclability) of at least 107 cycles, scalability

down to the nanometer regime and the potential for multibit operation [4, 6]. Most of

all, the ultra-nonlinear switching kinetics (also called voltage-time dilemma) between

extremely fast switching times (≤ 10−100 ns) and long so-called retention times ex-

ceeding 10 years has to be met for non-volatile memory applications [4]. Retention

refers to the time in which the devices remains in a resistance state which is clearly

distinguishable from the opposite resistance state.

While excellent retention has been demonstrated for many binary and ternary oxides

in conjunction with fast switching, Noman et al. showed that in the absence of internal

electric �elds, SrTiO3 cannot exhibit both properties simultaneously [78]. In fact,

retention failure after short times was reported for the LRS in single crystalline SrTiO3
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thin �lms and Nb:SrTiO3 [65,79,80]. Polycrystalline and single crystalline SrTiO3 �lms

with considerable amounts of extended defects, on the other hand, exhibit much better

retention behavior [80,81].

Based on simulations of the I-V -characteristics and retention times, one �nds that

the retention failure mechanism for the LRS is based on the rupture of conducting

�laments caused by reoxidation due to oxygen di�usion from the side [82,83] or along the

vertical direction [84]. Recent studies on the technologically most relevant systems of

HfO2−x [85�89] and Ta2O5−x [82,83,90,91] however, reveal that extremely high retention

times can be achieved with oxidizable electrodes or interlayers (the so-called oxygen

scavenging layer). Phenomenologically, this �nding was attributed to the stability of

certain oxygen distributions in the layer stack and �laments with su�cient oxygen

vacancy concentrations to be stable against reoxidation due to oxygen di�usion in the

lateral direction. Some qualitative conclusions from these simulation-based studies [82,

83,92] such as the importance of the �lament size and the oxygen vacancy concentration

within the �lament and the adjacent layers certainly hold true. Experimental evidence

for the role of local redox reactions for both the device function (resistance change

between LRS and HRS) and for the retention failure, however, remains elusive so

far.
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3 Experimental methods

In this thesis, SrTiO3 thin �lms and SrTiO3/LaAlO3, SrTiO3/SrO, SrTiO3/Y:ZrO2

and SrTiO3/Al2O3 heterostructures were fabricated and characterized. In a next step,

MIM structures based on these oxide �lms were fabricated and applied as memristive

devices. In general, the oxide �lms were fabricated via PLD on single crystalline SrTiO3

substrates, which were Nb doped in the case of MIM structures to serve as conductive

bottom electrode. For all PLD-grown oxide �lms, the morphology was characterized by

atomic force microscopy (AFM). Most �lms were characterized ex situ using a Surface

Analysis Systems Picostation AFM in tapping mode. For in situ characterization,

ultra-high vacuum (UHV) AFM was performed using an Omicron VT SPM operated

in contact mode with a single crystalline diamond tip with a nominal tip radius of

10 nm (Advanced Diamond Technologies)1. (C-)AFM measurements on memristive

devices were performed using a Asylum Research Cypher AFM with platinum silicide

tips or conductive diamond coated tips (Nanosensors PtSi-FM tips and CDT-FMR tips,

respectively, Nanoworld, Neuchâtel, Switzerland) in contact mode or tapping mode. In

this chapter, the deposition processes of the di�erent �lms, the device fabrication and

the spectroscopic characterization tools will be introduced.

3.1 Pulsed laser deposition

All PLD-grown �lms were fabricated on 0.5wt%-Nb:SrTiO3 or SrTiO3 substrates (Crys-

Tec GmbH, Germany). The targets were ablated using a KrF excimer laser (λ =

248nm) with a repetition rate of 1 or 5Hz at a speci�ed laser �uence2. The �lm

1UHV AFM analysis was performed by Dr. Chencheng Xu, Peter Grünberg Institute, Forschungszen-
trum Jülich GmbH, Jülich, Germany.

2The �uences listed in this thesis are measured outside the PLD chamber. The transmission of the
laser window of the chamber is around 67%.
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growth at high temperatures was always monitored using re�ection high energy elec-

tron di�raction (RHEED, akSA400 system).

Pulsed laser deposition of SrTiO3 thin �lms

Single-crystalline, nominally undoped SrTiO3 thin �lms were fabricated using a single

crystalline SrTiO3 target and a laser �uence of 1.05-2.25 J·cm−2 in an atmosphere of

0.1mbar O2. The spot-size was 2mm2 at a target-to-substrate distance of 44mm. The

substrate temperature was 800 °C. The �lm growth is described in detail refs. 54, 93

and 94. Through the choice of the laser �uence, the �lm stoichiometry can be tuned,

as will be discussed in more detail in chapter 4.2.

SrO growth on SrTiO3 single crytalline substrates and thin �lms

To achieve SrTiO3 single crystals with di�erent amounts of TiO2- or SrO-termination

(which will be used for the calibration of the angle dependence of the X-ray photoelec-

tron intensities in chapter 4.2), SrO was deposited via PLD on substrates obtained from

one SrTiO3 single crystal, which was HF-etched for complete TiO2-termination [96]. A

polycrystalline SrO2 target was ablated with a repetition rate of 1Hz and a laser �uence

of 1.3 J·cm−2 (spot size 2mm2) at a target-substrate distance of 44mm in an atmosphere

of 10−7mbar O2; the substrate temperature was 800 °C.

The �lm growth was monitored using RHEED along <110> direction, as shown for

an exemplary deposition of 14 pulses of SrO in Fig. 3.1a. While the intensity of the

specular spot continuously decreases with the amount of SrO deposited on the surface,

the intensities of the (10) and (-10) 1st order di�racted electrons have a maximum

once the coverage of approximately one complete layer of SrO on the SrTiO3 crystal

is reached after nine pulses. This relative change of RHEED intensity between the

specular point (00) and the (10) and (-10) points has also been observed in MBE-

growth of SrO monolayers [97]. For more than one monolayer of SrO one expects the

additional appearance of half-integer RHEED streaks. Therefore, the absence of such

streaks is an additional indication that none of the SrO �lms with up to nine pulses

exceeded the thickness of one monolayer.
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Figure 3.1: Systematic surface termination variation in SrTiO3 single crystals. (a) Rep-
resentative RHEED intensity during SrO deposition. Inset: Exemplary RHEED pattern
after SrO growth (14 pulses). (b)-(g) AFM morphology after deposition of 2, 4, 6, 8, 10,
and 12 pulses of SrO, respectively. Step terraces are of unit cell height (≈ 4Å). Insets:
Representative line pro�les from the AFM scans along sections like the one depicted in
(g). Modi�ed from ref. 95.
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The morphology evolution after the deposition of increasing amounts of SrO on single

crystalline substrates was monitored with a UHV AFM after in situ UHV transfer

from the PLD system. Each image was taken at room temperature after quenching the

sample directly after the PLD process. The surface morphology for di�erent amounts of

SrO termination is depicted in Figs. 3.1b-g. The deposition of less than one monolayer

of SrO results in the creation of small islands. The SrTiO3 step terraces remain sharp

and no islands of one SrTiO3 unit cell height or more can be observed, con�rming that

only the surface termination of the crystal changes. Only when ten or more pulses of

SrO are deposited, higher islands begin to form at the step edges as can be seen from

the line pro�les in the insets of Fig. 3.1f and g; it can be assumed that SrO starts

to nucleate as a separate phase. These AFM scans support the conclusion from the

RHEED analysis that the deposition of nine pulses of SrO results in the deposition

of a nearly complete SrO terminating layer on previously perfectly TiO2-terminated

SrTiO3.

SrTiO3/SrO thin �lm heterostructures were obtained by subsequent in situ PLD of

2 nm undoped, slightly Sr-de�cient SrTiO3 thin �lms (laser �uence 1.75 J·cm−2, oxygen
atmosphere of 0.1 mbar) and 36 pulses of SrO deposition as described above, result-

ing in a ≈ 1 nm SrO �lm of polycrystalline morphology (as con�rmed by the RHEED

pattern and AFM). 0.5 wt%-Nb:SrTiO3 substrates were used (Crystec GmbH, Ger-

many).

Pulsed laser deposition of SrTiO3/Y:ZrO2 and SrTiO3/Al2O3 heterostructures

SrTiO3/Y:ZrO2 and SrTiO3/Al2O3 heterostructures were obtained in a similar way

as SrTiO3/SrO heterostructures. After SrTiO3 deposition as described above, the

samples were cooled down to room temperature prior to ex situ pulsed laser de-

position of Y:ZrO2 (8 at.% doping level) or Al2O3 at room temperature. For both

cases, the laser �uence was 2.1 J·cm−2, with a repetition rate of 5Hz and a spot-size

of 1.5mm2 at a target-to-substrate distance of 60mm in an oxygen atmosphere of

10−4mbar3.

3Y:ZrO2 and Al2O3 deposition was partially performed by Benedikt Arndt, Peter Grünberg Institute,
Forschungszentrum Jülich GmbH, Jülich, Germany.
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3.2 Device fabrication and electrical characterization

Noble metal top electrodes for electrical characterization

For regular top electrodes, a 30 nm Pt or Au layer was electron-beam evaporated

or sputter deposited, respectively, onto the as-prepared �lms and structured into

10 × 10 µm2 electrode pads by optical lithography and dry etching in a Reac-

tive Ion Beam Etching tool (Ionfab 300plus, Oxford Instruments). Details of

the available top electrode materials and individual fabrication steps are listed in

appendix A.

Sample architecture for in situ biasing

For in situ biasing experiments where no contact with a probe is possible or for ex-

tremely thin electrodes, which would not withstand the mechanical contacting with

a probe, lithographically de�ned metallic leads were fabricated through a series of

lithography and deposition steps (Fig. 3.2). After fabrication of the top electrodes as

described above, the electrode is partially covered by a 100 nm insulating layer (optical

lithography). This insulating layer allows for contacting the electrode with Pt/Au leads,

which are separated from the continuous bottom electrode. The leads connect to the

electrode in one speci�c position. The leads were prepared via optical lithography and

electron beam evaporation of 10 nm Pt followed by 130 nm Au. Details of the di�erent

fabrication steps are also listed in the appendix A.

Graphene top electrodes for in operando spectroscopy

Graphene layers were used to achieve ultimately thin top electrodes as shown in Fig. 3.3.

The graphene was grown via chemical vapor deposition on Cu foil4 and subsequently

transferred to the SrTiO3 samples as described elsewhere [98]. For the structuring of

top electrodes, the graphene layer was patterned through optical lithography and oxy-

gen plasma etching. Before photoresist lift-o�, a thin insulating layer was deposited

via pulsed laser deposition at room temperature. This layer allows for lithographical

4The graphene growth was performed by Steven Rogers, University of Illinois at Urbana-Champaign,
USA, as part of a collaboration
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of the desired top electrode material (e.g. Pt) is deposited. (c) The desired top electrode
area is protected during dry etching using photo resist. (d) The MIM device consisting
of a continuous bottom electrode, the SrTiO3 �lm and the structured top electrode is
�nished after photo resist lift-o�. (e) An insulating layer, such as Y:ZrO2 is deposited.
The central part of the device is protected by photo resist. (f) After lift-o�, the edges of
the device and the exposed SrTiO3 surface are covered by the insulator. (g) Metallic leads
are deposited while most of the sample surface is protected with photo resist, allowing
contact between top electrode and metallic lead only in a de�ned spot. (h) The device is
ready for in situ biasing.

alignment in the following step. This is necessary as graphene on SrTiO3 is invisi-

ble in an optical microscope. Afterwards, the graphene electrode was partially cov-

ered by an additional insulating layer and contacted with a metallic lead as described

above.

Electrical characterization

For electrical characterization, the Pt or Au electrodes leads were contacted with

W whisker probes for regular top electrodes. Pt/Au leads were contacted with W

whisker probes for ex situ and atmosphere-dependent characterization and through

Al wire bonding or silver paste for in situ switching within PEEM instruments. The

Nb:SrTiO3 substrate served as an electrically grounded bottom electrode and was con-

tacted through Al wire bonding or silver paste. I-V sweeps were performed with a

Keithley 2611A SourceMeter. The di�erent sweeps were performed using the follow-

ing voltage cycles: 0V to positive voltages (maximum +5V) for forming and Set, 0V

to negative voltages (maximum -5V) for Reset and +0.2V to -0.2V (in some cases
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Figure 3.3: Sample fabrication for graphene electrodes. (a) SrTiO3 �lm after graphene
transfer. (b) The desired top electrode area is protected during oxygen plasma etching
using photo resist. (c) Before lift-o�, a thin insulating layer is deposited. (d) The MIM
device consisting of a continuous bottom electrode, the SrTiO3 �lm and the structured
graphene top electrode is �nished after photo resist lift-o�. (e) Another, thicker insulating
layer is deposited. The central part of the device is protected by photo resist. (f) After lift-
o�, the edges of the device and the exposed SrTiO3 surface are covered by the insulator.
(g) Metallic leads are deposited while most of the sample surface is protected with photo
resist, allowing contact between top electrode and metallic lead only in a de�ned spot.
(h) the device is ready for in situ biasing.

+0.5V to -0.5V) for read-out. The device resistance was obtained from the slope

of a linear �t of the read-out sweeps between -0.1V and +0.1V. The step size was

20mV and the holding time before measurement was 5ms; the current compliance for

the forming step and the Set process is speci�ed for each device under consideration.

During the Reset sweeps no current compliance was necessary. Current compliance,

maximum positive and maximum negative voltage compose the so-called switching

parameters.

Impedance spectroscopy was performed on virgin cells and representative cells in the

HRS and LRS using an HP 4291B RF Impedance/Material Analyzer with a sampling

voltage of 300mV and a frequency range from 20 to 106Hz. The impedance data were

�tted with the commercially available software Zplot/Zview (Scibner Associates Inc.).

An equivalent circuit consisting of a parallel circuit of a capacitor and a resistor was

used to �t the data over the entire frequency range.
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3.3 X-ray absorption spectroscopy

X-ray absorption describes the interaction of a solid with electromagnetic irradiation.

In this process, an electron can be promoted to an unoccupied, excited state while

abiding the dipole selection rules, i.e., the spin quantum number must not change

and the change in angular momentum (∆L) must equal ±1 [26]. If the photon en-

ergy becomes su�cient to excite electrons from a speci�c core level into the lowest-

lying unoccupied electronic states allowed by the selection rules the absorption is

strongly increased giving rise to a so-called absorption edge (for energies below this

edge the absorption probability is low, above this edge the absorption probability is

high).

According to Fermi's golden rule, the transition probability per unit time Pi 7→f from the

initial state |i〉 to the �nal state |f〉 can be described as

Pi 7→f =
∑
f

2π

~
| 〈f |H ′ | i〉 |2 δ(hν + Ei − Ef ) (3.1)

with the interaction Hamiltonian H ′ between the electrons and the electromag-

netic �eld of the photon and the energies of the initial and �nal states Ei and

Ef [99�101]. The delta function ensures energy conservation in the excitation

process.

The �nal state |f〉 consists of the excited electron and a core hole and can be regarded as
a delocalized scattering state. The propagation of the excited electron can be described

using the multiple scattering formalism [99]. Through interference between the outgoing

photoelectron wave and the re�ected waves from the surrounding atoms, this scattering

process modi�es the matrix element 〈f |H ′ | i〉 of the absorption probability. 〈f |H ′ | i〉
depends on the local electronic structure and arrangement of the atoms and results in

an additional modulation of the absorption coe�cient which depends on the energy

hν of the electromagnetic irradiation, giving rise to a �ne structure of the absorption

edge. X-ray absorption spectroscopy (XAS) refers to the measurement of this energy

dependent absorption. In a �rst approximation, the resulting edges can be thought of

as an image of the electronic structure of the sample, i.e., the binding energy of the

core levels (the initial state |i〉) and the density of states of the unoccupied level (the
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�nal state |f〉). These edges are therefore element selective and sensitive to the valence

state of each involved species.

The absorption edges are labeled according to the initial core level of the electron (K,

L, M,...) with a numerical index indicating the subshell. Accordingly, the absorption

edges studied in this thesis � the O K-edge and the Ti L2,3-edge � indicate an exci-

tation from the O 1s level (angular momentum L = 0) to the O 2p level (L = 1)

or from the Ti 2p 1
2
or Ti 2p 3

2
level (L = 1) to the Ti 3d level (L = 2), respec-

tively.

Generally, the features of the absorption edges can be interpreted in the near-edge

region (≤50 eV above the edge), which is referred to as X-ray absorption near edge

spectroscopy (XANES), or the extended structure (≥50 eV above the edge), which is

called extended X-ray absorption �ne structure (EXAFS). In this thesis, only XANES

will be employed. For reasons of simplicity, the resulting measurements will be only

referred to as XAS.

Traditionally, XAS was measured from the transmission intensity of X-rays penetrating

a thin specimen. Due to di�culties in preparing thin specimen [54], indirect measure-

ments by photoyield or electron yield have become dominant. These measurement

techniques rely on the processes occurring after the actual absorption. The �nal state

|f〉 has a limited lifetime and decays to the the ground state |i〉 through radiative de-

cay (yielding �uoresence radiation, which is used for the detection in photoyield) or

non-radiative decay. This decay path is typically described through the Auger process,

where the core hole is �lled by an electron from an outer shell. The energy released in

this process is transferred to another electron (the Auger electron), which is emitted

from the atom. The Auger electrons (as well as the photons created during radiative

decay) further interact with the sample through a series of elastic and inelastic scat-

tering events, which creates a secondary electron cascade [102]. This cascade contains

a large number of low energy secondary electrons. Under the condition that the mean

absorption length is large compared to the inelastic mean free path of the secondary

electrons (which is the typical case), the number of these electrons is proportional to

the absorption probability [99], which is the basis for XAS based on electron yield.

In practice, this can be measured through the sample current or the detection of the

electrons that leave the sample. For this thesis, the low-energy secondary electron yield

will be detected in a photoemission electron microscope.
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3.4 Photoemission electron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a versatile tool for the determination of the

valence state and stoichiometry of solids. A detailed description XPS can be found

in ref. 103. Similar to XAS, it is based on the absorption of photons, which excite

electrons. If the energy above the Fermi level of the photo-excited electrons is higher

than the work function of the solid, the electrons leave the surface with a speci�c kinetic

energy and can be detected. The electron kinetic energy Ekin is related to the binding

energy of the initial core level Ebin according to

Ekin = hν − Ebin − Φ (3.2)

with the photon energy hν and the work function Φ. As Φ is frequently unknown,

equation 3.2 can also be expressed as

Ebin = hν − (E − EF) (3.3)

where E−EF indicates the electron energy above the Fermi level.

As the binding energy of the core level electrons is characteristic for each element,

XPS is an element-sensitive technique. The exact energy position of each core level

depends on the local chemical environment. Changes in the binding to the neigh-

boring atoms lead to so-called chemical shifts, allowing for valence-sensitive measure-

ments.

After leaving the sample, photoelectrons are energy-analyzed using a semi-spherical

energy analyzer. For this purpose, they are retarded to the analyzer pass energy.

Scanning the retarding �eld in the input lens of the analyzer and detecting the electrons

using a micro-channel plate allows for the collection of a spectrum, which plots the

photoelectron intensity as a function of the binding energy.

The integrated intensities of the characteristic peaks are a measure of the relative

atomic concentrations. Due to di�erences in the cross sections for the photoelectric

e�ect for di�erent elements and core levels, so-called relative sensitivity factors are

necessary to calculate the relative atomic concentration from the integrated peak area.

These sensitivity factors can be found in literature, but they may vary by 10-20%
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for the same element in di�erent chemical environments, making careful calibration

indispensable.

X-rays can penetrate the sample and excite photoelectrons from a depth of several hun-

dred nanometers. However, as the generated photoelectrons move through the sample,

they scatter elastically and inelastically. Therefore, electrons which are created near the

surface have a higher probability of leaving the sample with their characteristic energy.

If electrons scatter inelastically, they can only contribute to the background of the spec-

trum (and generate secondary electrons). Accordingly, XPS is a surface sensitive tech-

nique and the information depth t is typically described as

t = 3λ cos θ (3.4)

with the inelastic mean free path λ (the average distance an electron travels before

undergoing inelastic scattering) and the photoemission angle θ, which indicates the

angle between the surface normal and the energy analyzer. t is typically on the

order of very few nanometers, depending on the electron kinetic energy and the

material through which it is traveling. Using the kinetic energy and the electronic

structure of the material as an input, λ values can be calculated according to

ref. 104.

The XPS measurements described in chapter 4.2 were performed with a PHI 5000

Versa Probe (Physical Electronics Inc., USA) with monochromatic Al Kα X-ray illu-

mination, a pass energy of 29.35 eV and at various photoemission angles using elec-

tron neutralization. All spectra in this thesis were evaluated using CasaXPS Ver-

sion 2.3.16 and a Shirley background was subtracted prior to quantitative analy-

sis.

3.5 Photoemission electron microscopy

Photoemission electron microscopy (PEEM, also XPEEM if the electrons are excited

using X-ray sources) images electrons which leave the sample using a set of lenses,

which allows for imaging of the sample surface.
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For the PEEM studies presented in this thesis, three di�erent PEEM instruments

are used: The NanoEsca from Scienta Omicron GmbH, Taunusstein, Germany (de-

scribed in detail in ref. 105 and 106), the P90 AC LEEMPEEM from SPECS Sur-

face Nano Analysis GmbH, Berlin, Germany (described in detail in refs. 107) and

SPELEEM from Elmitec GmbH, Clausthal-Zellerfeld, Germany (described in detail in

ref. 108).

PEEM allows for work function-selective and element-speci�c, direct imaging of surfaces

and interfaces as well as imaging of the k-space. For the purpose of this thesis, chemical

sensitivity was achieved operating PEEM in XAS mode and through energy-�ltered

imaging, which contains spatially resolved XPS and so-called work function scans, as

described below.

Photoemission electron microscopy in absorption mode

The operation of a photoemission microscope is depicted exemplarily in Fig. 3.4. Here,

the NanoESCA is shown, but the fundamental imaging unit in the other microscopes

is similar. A high electric �eld is applied between the objective immersion lens and

the sample, accelerating the emitted photoelectrons into the imaging column, where a

�rst image is formed in the plane of the iris aperture. This image is further magni�ed

through a set of electrostatic or magnetic lenses. An image of the sample surface can

thus be obtained using a detection unit composed of micro-channel plate, a scintillator

screen and a CCD camera.

The majority of the electrons that leave the sample that are imaged in this manner

are secondary electrons. As the intensity of the secondary electrons is proportional

to the number of absorbed photons, tuning the photon energy to the characteristic

absorption edges of the material under investigation allows spatially resolved XAS

characterization.

For this purpose, various series of images are taken at increasing photon energies with

a step size of 0.1 eV for the Ti L-edge and 0.2 eV for the O K-edge. These image

stacks are analyzed using the IGOR Pro software. Before spectra can be extracted

from regions of interest in the images, some data treatment is necessary. First, the

background-camera-noise is removed through subtraction of a reference image obtained

without emitted electrons. Secondly, inhomogeneities in the detection unit (especially
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Figure 3.4: Schematic layout of the NanoEsca from Omicron NanoTechnology GmbH,
one of the PEEM instruments used in this thesis. Modi�ed from ref. 54. Photoelectrons,
which are excited using a UV lamp or synchrotron light, are imaged using a set of electron
lenses. The image plane is either the entrance slit of an energy analyzer or a micro-channel
plate. The green-framed inset is a representative energy �ltered image.

the micro-channel plate) can be corrected by the normalization with a featureless "�at-

�eld" image. In order to highlight the variations of the secondary electron intensity

due to an absorption edge in XAS mode, it is important to remove the photon energy

independent contrast due to a variation of the local work function. For this purpose,

several images at photon energies far from the absorption edge are averaged to get a

high statistics image of the work function contrast. Afterwards, the entire image stack

is divided by this reference image. The remaining contrast is then only due to di�erent

absorption characteristics.

In the next step, absorption spectra can be extracted from regions of interest by plot-

ting the average intensity of the selected region as a function of photon energy. The
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in�uence of unavoidable variations of the photon intensity I0(E) are removed through

normalization to the drain current from a gold grid in the beam path measured at the

same time as the PEEM measurement.

For easier comparison, the resulting spectra can be background corrected by a linear

�t of the pre-edge and subsequent normalization by �tting a third-order polynomial

to the post-edge using the Athena software [109]. To avoid artifacts from normaliza-

tion, only relative peak intensity changes and shifts will be discussed. The relative

peak ratio trends described in the following chapters are the same before and after

normalization.

Energy-�ltered photoemission electron microscopy

If the image of the sample surface is formed in the entrance slit of an energy analyzer

(e.g. the double hemispherical energy analyzer of the NanoESCA shown in Fig. 3.4),

the photoelectrons can be distinguished based on their kinetic energy. Using a sin-

gle channeltron detector, regular photoelectron spectra can be obtained, as described

in section 3.4. Using a second set of lenses and a two-dimensional detector as de-

scribed for PEEM in absorption mode, energy-�ltered imaging of core level, valence

and secondary electrons is possible. Again, series of images are obtained, which now

correspond to increasing electron kinetic energies. Core level photoemission spectra can

be extracted from the resulting image stack in di�erent regions of interest as described

above. The �tting of these spectra was performed after principal component analysis

with CasaXPS Version 2.3.16, which is a common tool for noise reduction in large data

sets. The components were constrained to have the same peak position and width for

each �t.

For core level imaging, the photon energy was 200 eV. The total energy resolution

determined from both the spectrometer broadening (pass energy 50 eV and entrance

slit 1mm) and the photon bandwidth is 200meV. For work function spectra, a UV

lamp with hν = 4.9 eV is used, which allows for imaging of low energy electrons close

to the photoemission threshold only. The work function is de�ned as the lowest energy

electrons need to leave the sample. On the energy scale E − EF = Ekin + Φ, which

is typically used for these measurements, the low energy side of the threshold spectra
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(Ekin = 0) can be �tted using a convolution of Gauss and Heaviside functions to

determine the work function [110].

The calculated theoretical resolution of the aberration corrected instruments in the

PEEM mode using secondary electrons is on the order of 10-50 nm, for core levels

it is ≈ 150 nm [106�108]. But the actual resolution can be negatively in�uenced by

imperfect alignment of the microscope and by space charge e�ects [111]. An estimate

of the actual resolution will be provided in section 7.2.
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4 Spectroscopic signatures of

SrTiO3: the in�uence of doping

and non-stoichiometry

Since small changes in the electronic and chemical structure are expected to have a large

impact on the resistivity of complex oxides (compare chapter 2), the spectroscopic sig-

natures of SrTiO3 have to be analyzed carefully for their suitability to characterize the

as-prepared thin �lms on the one hand and to resolve the changes during switching on

the other hand. Accordingly, characteristic XPS and XAS signatures of SrTiO3 will be

introduced and the e�ect of both anion and cation non-stoichiometry will be analyzed

in this chapter. As the suspected valence changes during switching are spatially con-

�ned to switching �laments, the e�ect of anion non-stoichiometry (i.e., donor doping)

will be considered for XAS only, because the lateral resolution of PEEM in absorption

mode is much better than in XPS mode. Moreover, XAS in principle contains the same

information as electron energy loss spectroscopy (EELS), a highly attractive tool for

spectroscopic characterization with atomic resolution in a transmission electron micro-

scope, which will also be utilized as part of this thesis. The XPS analysis will focus

on the impact of cation non-stoichiometry for the surface and the bulk of SrTiO3 thin

�lms.

4.1 X-ray absorption signature of SrTiO3

The accessible X-ray absorption edges will be carefully evaluated below to examine their

suitability to resolve small changes of the electronic structure during resistive switching.
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Figure 4.1: Characteristic X-ray absorption edges in SrTiO3. (a) Ti L-edge and (b) O K-
edge absorption spectra from a SrTiO3 �lm.

For EELS, the same spectroscopic signatures are expected. The results presented in

this section have been published in part in ref. 112.

4.1.1 Titanium L-edge

For stoichiometric SrTiO3, the Ti L-edge which is described in more detail in refs. 54

and 113 consists of four characteristic peaks (Fig. 4.1a). The origin of these peaks

lies in the spin orbit splitting of the Ti 2p level, which splits the spectrum into the

L2 and L3 edge, and the additional crystal �eld splitting of the Ti 3d level. In the

octahedral coordination in SrTiO3, dyz, dxz and dxy orbitals, which point between the

ligands, exhibit t2g symmetry. On the other hand, dx2−y2 and dz2 orbitals point to-

wards the oxygen ligands and possess eg symmetry, with stronger interaction with the

ligands. Consequently, the antibonding eg orbitals have a higher energy compared to

the antibonding t2g orbitals.

It is well-known that oxygen vacancies in SrTiO3 (which are suspected to drive the

resistance change as described above) lead to Ti3+ states, i.e., partial �lling of the

conduction band, which is mainly composed of Ti 3d states (compare Fig. 2.2). Due

to its nature, the Ti L-edge is sensitive for the �lling of the Ti 3d band and Ti3+

concentrations can be derived from the shape of the Ti L-edge spectrum for concen-

trations exceeding 10-20% [54, 114, 115]. Here, PEEM operated in XAS mode was

used to reproduce this observation (Fig. 4.2a). The Ti3+ concentration indicated in

Fig. 4.2 is derived from the following procedure. An area exhibiting di�erent amounts
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Figure 4.2: Ti L-edge for increasing Ti3+ concentrations. (a) High Ti3+ concentrations
(0-60%). (b) Low Ti3+ concentrations (0-12%). Insets: Zoom to the L3 t2g edge and to
the photon energy of the Ti3+ L3 eg edge, respectively. Modi�ed from ref. 112.

of Ti3+ was identi�ed and the Ti L-edge spectra were extracted from each point (2×2
pixels) of the image stack and numerically described through a linear combination of

two reference spectra, i.e., the spectrum with the highest Ti3+ concentration observed

here and the 0% Ti3+ spectrum. By comparison with the work of Abbate et al. it

was determined that the reference spectrum with the highest Ti3+ concentration cor-

responds to ≈ 60% Ti3+ [114]. The relative intensity of both reference spectra in the

linear combination therefore yields the Ti3+ concentration for each point. Points with

the same amount of Ti3+ were grouped as region of interests (ROIs) and used to ex-

tract the spectra displayed in Fig. 4.2. As described in literature, there are signi�cant

changes in the Ti L-edge spectrum for di�erent Ti3+ concentrations. The L3 eg and

L2 eg peaks are broadened and shifted to lower photon energies for increasing amounts

of Ti3+. At the same time, the relative intensity of the L3 t2g peak decreases (Fig. 4.2a,

Inset).

In comparison, the spectral changes for small Ti3+ concentrations (. 10%, Fig. 4.2b)),

are only very subtle in the Ti L-edge spectra, which can only be identi�ed through nu-

merical least-square �tting of each spectrum as a linear combination of reference spectra

as described in refs. 54 and 112. But the trend of the spectral changes is the same as for

high concentrations. A shoulder at the low energy side of the L3 eg and L2 eg peaks oc-

curs and the relative intensity of the L3 t2g peak decreases.

39



0.00 0.05 0.10

0.8

1.0

N
o
rm

a
liz

e
d
 A

/B
2
 r

a
ti
o

Ti3+ fraction

530 535 540 545

A B1 B2 C

Photon energy hν (eV)

N
o
rm

a
liz

e
d
 i
n
te

n
s
it
y
 (

a
.u

.)

 0 %

Ti3+

 12 %

Ti3+

O K-edge 

a b

Figure 4.3: Calibrating X-ray absorption spectroscopy for the detection of subtle changes
in oxygen vacancy concentration. (a) O K-edge for the same Ti3+ concentrations as for the
Ti L-edge in Fig. 4.2b. (b) Normalized A/B2 peak ratio for di�erent Ti3+ concentrations.
Peak intensities are obtained from the maximum absolute intensities for each peak. Grey
line is a linear �t to the data and serves as a calibration curve. Modi�ed from ref. 112.

4.1.2 Oxygen K-edge

In general, the O K-edge stems from the excitation of O 1s core level electrons into

unoccupied states of O 2p character [26,116] and therefore represents a measure for the

O 2p projected unoccupied density of states. In a strictly ionic picture, accordingly,

the O K-edge cannot exist as the O 2p states should be occupied. However, the partial

densities of states for SrTiO3 show that the electronic structure should rather be de-

scribed by hybridized bands with mixed character as described before (Fig. 2.1). While

the conduction band is mainly formed by empty Ti and Sr states, there is also a con-

tribution from O 2p states, especially the Ti-O bond possesses a signi�cantly covalent

contribution.

The O K-edge of stoichiometric SrTiO3 (Fig. 4.1b) can therefore be regarded as a probe

for the interaction of oxygen states with metal bands and each characteristic peak has

been assigned to a speci�c interaction [116]. As is obvious from Fig. 2.1, the �rst O K-

edge peak (peak A) corresponds to a transition from the O 1s level to a hybrid level

between O 2p and Ti t2g states. In contrast to peak A, which is interpreted unambigu-

ously in the literature, the following peaks B1, B2 and C have been assigned to di�erent

interactions of Ti, Sr, and even antibonding O-O character [116, 117]. As the bottom

of the conduction band is most relevant for electronic transport, the interpretation of
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Figure 4.4: O K-edge for a SrTiO3 vacuum annealing series. (a) O K-edge after vacuum
annealing at di�erent temperatures. (b) Normalized A/B2 peak ratio for each tempera-
ture. Modi�ed from ref. 112.

the O K-edge in this thesis will focus on peak A (which will be normalized to peak B2

to avoid artifacts from scan-to-scan variation).

Fig. 4.3 shows the O K-edge spectra for the same small Ti3+ concentrations shown

for the Ti L-edge in Fig. 4.2b. While there were hardly any changes observable in

the Ti L-edge for these concentrations, the O K-edge exhibits much more pronounced

spectral changes. The most obvious trend with increasing Ti3+ concentration is the

decrease of the peak A and an increase in the intensity of the valley between peaks B2

and C.

As described above, Peak A corresponds to a transition from the O 1s level to a hy-

brid level between O 2p and Ti t2g states. The observed decrease of peak A can,

therefore, be understood as a decrease in the number of unoccupied hybridized O 2p-

Ti t2g states available for the transition from the O 1s level, i.e., decreased X-ray

absorption probability at this photon energy. In the �rst approximation, therefore,

the peak A intensity should decrease linearly with increasing number of electrons in

the conduction band [26]. Qualitatively similar trends have previously observed for

a series of di�erent transition metal oxides [26] and in aliovalent substitution series

of LaxSr1−xTiO3 [118] and Nd1−xO3 [119]. In SrTiO3 thin �lms with oxygen vacan-

cies induced by fabrication [120, 121] or via electroforming in resistive switching de-

vices [122, 123] a decrease in peak A intensity was also observed qualitatively. Here, a

nearly linear trend of the A/B2 peak intensity ratio for Ti3+ concentrations below 10 %
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Figure 4.5: X-ray absorption edges in non-stoichiometric SrTiO3. (a) Ti L-edge and
(b) O K-edge absorption spectra from a stoichiometric and a Ti-rich SrTiO3 �lm (blue
and green line, respectively). Using angle-dependent XPS, the Ti-excess was determined
to be roughly 2%.

(Fig. 4.3b) is observed, which yields a distinct, quantitative calibration for the purpose

of this work.

With the decrease of peak A, the valley between peaks B2 and C becomes shallower

and peak B2 increases slightly with increasing oxygen vacancy concentration. Com-

pared to the absorption edge around peak A, this change in intensity cannot be easily

understood in a simple band-structure model and remains an open question for fu-

ture investigation. The experimental calibration of the A/B2 ratio with increasing

Ti3+ concentration, on the other hand, supplies a valid measure for the charge carrier

density.

Comparing the spectral changes in the Ti L-edge and O K-edge for small concentrations

of Ti3+, it is obvious that the O K-edge is more sensitive to the anticipated changes

of the electronic structure upon resistive switching than the commonly used Ti L-

edge. Consequently, the O K-edge will be used for the detection of small changes and

quantitative measurements of the electronic structure.

It is worth noting that the same trend in the A/B2 ratio can be reproduced through

annealing of SrTiO3 thin �lms in vacuum (Fig. 4.4). As a result of defect equilibria,

an increased concentration of donor-type oxygen vacancies is expected for increasing

annealing temperature [124].
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Figure 4.6: O K-edge in di�erent oxides. (a) O K-edge of SrO. Modi�ed from ref. 125.
(b) O K-edge of SrCO3 measured using EELS. Measurement performed by Dr. Hongchu
Du, Peter Grünberg Institut and Ernst Ruska-Centre, Forschungszentrum Jülich GmbH,
Jülich, Germany. (c) O K-edge of an α-Al2O3 single crystal measured using PEEM. (d)
O K-edge of a 100 nm 8 at.%-Y:ZrO2 thin �lm measured using PEEM.

A change in the A/B2 ratio was also observed in SrTiO3 �lms of di�erent cation stoi-

chiometry (Fig. 4.5). Comparing a �lm with roughly 2% Ti excess (determined through

angle-dependent XPS as described in the following section) with a rather stoichio-

metric �lm �rst of all shows di�erences in the overall intensity of the Ti L-edge for

both the characteristic peaks and the edge jump (di�erence in intensity of pre- and

postedge). This is expected from the di�erent total Ti content of the sample. In ad-

dition, the peak A intensity of the O K-edge varies between both samples. For the

Ti-rich sample, one �nds a higher peak A intensity. This may be indicative of a de-

creased electron concentration in the conduction band, which is expected from defect

chemistry. In Ti-rich �lms, the major defects are acceptor-type Sr vacancies. As the

electron density decreases with increasing acceptor concentration, this trend would be

43



expected. It cannot be ruled out, however, that the change in the O K-edge is also

directly caused by the Ti-excess, as peak A is caused by the hybridization of Ti and O

states.

As oxide heterostructures will be analyzed in addition to SrTiO3 thin �lm devices,

Fig. 4.6 shows the O K-edge of several oxides of interest as a reference for further

discussions. The O K-edge of SrO exhibits several broad features between 530 and

540 eV. SrCO3, which commonly forms on the surface of SrO in ambient atmospheres,

shows a sharp feature around 532 eV and two broad features at 540 and 545 eV, making

it clearly distinguishable from SrO. In this case, the O K-edge was measured using

EELS, which in principle contains the same information as XAS even though subtle

di�erences may occur due to excitation by electrons or photons, respectively [126].

The Al2O3 spectrum possesses only one broad peak between 538 and 545 eV, similar to

literature references [127]. The spectrum obtained from an Y:ZrO2 thin �lm exhibits

two sharp features at 532 and 535 eV and a broad peak at 542 eV, again similar to

literature references [128, 129]. All of these spectra can easily be di�erentiated from

the SrTiO3 spectrum.

4.2 X-ray photoelectron spectroscopy of SrTiO3

single crystals and thin �lms

As was demonstrated recently, the cation stoichiometry of complex oxide thin �lms

for memristive devices has a large impact on the switching and retention proper-

ties [80, 130, 131]. At the same time, non-stoichiometric surface (termination) layers

can have a similar impact, as will be discussed in chapters 6 and8. During growth

of complex oxide thin �lms, unintentional change of surface termination was observed

[97], and the accomodation of non-stoichiometries and possibly resulting defect for-

mation during growth are still under debate [132�134]. It is therefore imperative to

precisely determine and control both stoichiometry and surface termination of com-

plex oxide thin �lms and their substrates to tailor their properties and their inter-

play.

To date, both quantities are typically determined separately using established non-

destructive techniques such as X-ray photoelectron di�raction [135,136], ion scattering
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spectroscopy [137], coaxial impact collision ion scattering spectroscopy [138], scanning

transmission electron microscopy [139, 140], and scanning probe microscopy [96, 141�

143] for the termination and Rutherford backscattering spectrometry as well as XPS

for the stoichiometry [144�146]. While XPS presents the most accessible tool for the

determination of thin �lm stoichiometry, the impact of the termination layer is usually

not taken into account when the �lms are compared to reference data, although Zhang

et al. pointed out that di�erent terminations of single crystals lead to di�erences in

the intensity ratios by as much as 17 %, which can lead to dramatic errors in the

stoichiometry estimate [147].

At the same time, as this section will demonstrate, analysis of the angle dependence

inherent to this termination-dependent X-ray photoelectron intensity renormalization

provides a unique tool to directly determine the substrate or thin �lm termination and

stoichiometry simultaneously. A simple analytical model is presented, which accurately

describes the angle dependent cation X-ray photoelectron intensity ratio of SrTiO3

single crystals with di�erent terminations. In a second step, this model is applied

to demonstrate that during homoepitaxial SrTiO3 growth, excess cations are indeed

consumed in a self-organized surface termination conversion before cation defects are

incorporated into the �lm. The results presented in this section have been published

in part in ref. 95.

4.2.1 Analytical consideration

In order to quantitatively describe the cation photoelectron intensities, a SrTiO3 single

crystal composed of equally spaced layers of TiO2 and SrO under X-ray illumination

is considered as shown in Fig. 4.7. For regions of perfect TiO2-termination, Ti 2p

photoelectrons excited in the �rst monolayer can leave the crystal unattenuated with

intensity ITi2p
0 , while Ti 2p photoelectrons from deeper layers are attenuated by each

SrTiO3 unit cell they have to penetrate. The intensity contribution ITi2p
k from each

layer k (k = 0, 1, 2, ...) can then be expressed as

ITi2p
k = ITi2p

0 exp(− ak

cosθλTi2p
) =: ITi2p

0 exp(−ξTi2p
k ) (4.1)

with the lattice parameter a = 3.905Å, the inelastic mean free path (IMFP) λTi2p

for photoelectrons at the characteristic kinetic energy and the photoemission angle θ.
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Figure 4.7: Schematic illustration of the photoemission process from SrTiO3 single crys-
tals. Black and grey arrows represent electrons emitted at Ti and Sr ions, respectively.
Modi�ed from ref. 95.

Sr 3d electrons, however, are even attenuated if they are excited within the �rst unit

cell, since they have to penetrate the terminating TiO2-monolayer. Consequently, Sr 3d

photoelectrons from layer k are attenuated by k+ 0.5 unit cells and their intensity can

be expressed as

ISr3dk = ISr3d0 exp(− a/2

cosθλSr3d
)exp(−ξSr3dk ). (4.2)

Following the same considerations for regions of perfect SrO-termination, one arrives

at the following expressions for the total intensities:

ITi2p
tot,TiO2−term = ITi2p

0

∞∑
k=0

exp(−ξTi2p
k ) (4.3)

ISr3dtot,TiO2−term = ISr3d0 exp(− a/2

cosθλSr3d
)
∞∑
k=0

exp(−ξSr3dk ) (4.4)

ITi2p
tot,SrO−term = ITi2p

0 exp(− a/2

cosθλTi2p
)
∞∑
k=0

exp(−ξTi2p
k ) (4.5)

ISr3dtot,SrO−term = ISr3d0

∞∑
k=0

exp(−ξSr3dk ) (4.6)

Equations 4.3 and 4.4 represent the total intensity of Ti 2p and Sr 3d photo-

electrons for perfect TiO2-termination, respectively, while equations 4.5 and 4.6

represent the total intensity of Ti 2p and Sr 3d photoelectrons for perfect SrO-

termination.
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For a mixed termination, which can be imagined as a perfectly TiO2-terminated SrTiO3

single crystal with an areal coverage A of a SrO monolayer, as depicted in Fig. 4.7, one
arrives at

ISr3dtotal

ISr3dtotal + ITi2p
total

=
(A+B exp(− a/2

cosθλSr3d
))NSr

0 σ
Sr

(A+B exp(− a/2
cosθλSr3d

))NSr
0 σ

Sr + (A exp(− a/2
cosθλTi2p ) +B)NTi

0 σTi
(4.7)

with the total atomic concentrations Nx
0 and the sensitivity factor σx for cation x and

the areal coverage of TiO2-termination B = 1− A.

Equation 4.7 describes the cation photoelectron intensity ratio as a function of only the

photoemission angle θ for a given surface termination and stoichiometry. While this

model does not include the positions of scattering atoms within the crystal, which are

the essential part of the complex photoelectron di�raction models, it treats the crystal

semi-continuously. This leads to much easier �tting of the model to experimental

data and does not require a high angular resolution, as will be shown in the following

sections.

The stoichiometry of the crystal is represented through the total atomic concentrations

NTi
0 and NSr

0 in equation 4.7. This expression is valid as long as the approximate posi-

tion of each species (i.e., the depth k, at which the photoelectron is excited) remains the

same as in the stoichiometric crystal. It is therefore evident that this model accurately

represents crystals with homogeneously distributed point defects, while quantitative er-

rors may occur in the descriptions of highly non-stoichiometric SrTiO3 crystals, which

have been shown to possess extended defects like Ruddlesden-Popper phases [148]. This

is discussed in detail in section 4.2.4.

The transmission e�ciencies of the XPS lens system may vary with photoelectron en-

ergy (i.e., between Ti 2p photoelectrons and Sr 3d photoelectrons). Resulting energy

dependences of
∑∞

k=1 exp(−ξk), however, are included in the calibration of the sensi-

tivity factors, which is performed using SrTiO3 single crystals of known termination

and stoichiometry, as shown below.

4.2.2 Termination determination in SrTiO3 single crystals

After fabrication and in situ AFM analysis, SrTiO3 single crystals with increasing

amounts of SrO-termination (i.e., samples with 0, 2, 4, 6, and 8 pulses of SrO deposition,
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Figure 4.8: XPS analysis and termination determination of SrTiO3 single crystals. (a)
Representative XPS spectra for SrTiO3 crystals with increasing amounts of SrO coverage
normalized to the O 1s peak intensity. The Ti 2p and Sr 3d peaks have the same shape
and binding energy for each sample, indicating the absence of a second phase. Insets:
Zoom-in on the peaks for �lms with 0, 4 and 8 pulses of SrO. (b) Measured cation ratios
(data points) as a function of the photoemission angle and �ts (solid lines) according to
equation 4.7. (c) SrO coverage extracted from the �ts in (b). Modi�ed from ref. 95.
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compare section 3.1) were characterized by XPS at various photoemission angles. The

samples were transferred from one analysis tool to the next in ultra-high vacuum.

For each angle, the O 1s, Ti 2p and Sr 3d peaks were measured, indicating relative

intensity changes between Ti 2p and Sr 3d but no second phases, as is apparent from

the identical peak shapes (Fig. 4.8a). The apparent atomic concentration was extracted

for each angle based on the intensity ratios as shown in Fig. 4.8b. As expected, TiO2

terminated samples show a measured Sr/(Sr+Ti) ratio of less than 0.5 with a further

decrease towards more surface sensitive measurements. Mixed termination leads to a

rather constant cation ratio, while SrO termination leads to the opposite trend observed

for the TiO2 termination.

For quantitative analysis, this angle dependence was �tted according to equation 4.7.

The cation ratio of each sample was constrained to ideal stoichiometry (i.e., NSr
0 = NTi

0 )

and the sensitivity factors were calibrated during the �tting routine. The IMFPss were

constrained to literature values of λTi2p=21Å and λSr3d=26Å [104] and the surface

termination A � the only physical variation between the samples � was allowed to vary

under the constraint of linear increase of SrO termination with the number of pulses.

The measured, angle dependent cation ratios and the �ts are shown in Fig. 4.8(b),

indicating an excellent agreement of the analytical model with the measurement. The

generality of the model is underlined by the fact that opening the constraint on IMFP

and the linear increase in SrO coverage resulted in very similar IMFP and A values. The

results of the �ts are summarized in Fig. 4.8c, where a linear increase of SrO termination

from 0% to nearly complete coverage is apparent, which agrees very well with the

re�ection high energy electron di�raction (RHEED) and AFM results (compare section

3.1).

Accordingly, the model described in equation 4.7 can accurately describe the

termination-induced angle dependence of the photoelectron intensity ratios. Therefore,

this straightforward measurement (total measurement time of only 3 hours for each

sample) can determine the fraction of each terminating layer with high accuracy.

It is furthermore obvious that although all of these samples have an ideal cation

stoichiometry of 50 % Sr and 50 % Ti, the di�erences in surface termination would

lead to a measurement error of several percent points even for close-to-normal

photoemission angles if the termination e�ects were not included in the analysis of

XPS data.
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4.2.3 Termination conversion during SrTiO3 thin �lm deposition

In the next step, four homoepitaxial SrTiO3 thin �lms were deposited with varying laser

�uence, which presents a well-known tool for the fabrication of thin �lms with di�erent

cation ratios [144�146]. After ultra-high vacuum transfer the �lms were analyzed via

AFM and XPS. 20 nm �lms were obtained as described in section 3.1 on multiple pieces

of one TiO2-terminated SrTiO3 single crystal.

The surface morphology for each �lm is shown in Fig. 4.9a-d. For the �lms with lower

�uences, the vicinal step surface structure of the substrate is well preserved. For �lms

with higher �uences, the step edges are not as apparent, but the surfaces are equally

smooth with a root-mean-square roughness below 0.25 nm. RHEED intensity pro�les

were obtained through line-by-line integration of the RHEED intensity perpendicular

to the di�raction streaks of (-10), (00) and (10). These pro�les qualitatively indi-

cate an increase of SrO-termination fraction with decreasing laser �uence (insets of

Fig. 4.9a-d), which is apparent from the increasing intensity of the 1st order di�racted

electrons compared to the specular spot (compare RHEED intensity plot in Fig. 4.7a

and ref. 97).

This qualitative observation is further supported by angle dependent XPS measure-

ments for �lms deposited with low laser �uences (Fig. 4.9e), which show cation ratio

trends indicative of SrO termination (increase of the measured Sr/(Sr+Ti) ratio for in-

creasingly surface sensitive measurements). The opposite trend is observed for higher

�uences. Quantitative values for the termination and stoichiometry can be extracted

by �tting the angle dependent XPS-measurements according to equation 4.7. For these

�ts, which are also shown in Fig. 4.9e, the IMFPss and sensitivity factors were �xed

to the values determined for single crystals and the amount of SrO-termination and

the atomic concentration of Sr, NSr
0 , were allowed to vary. The IMFP values are typ-

ically calculated for stoichiometric samples; given the weak dependence of the IMFPs

on the stoichiometry or possible defects, however, utilizing these literature values for

slightly non-stoichiometric samples is justi�ed. The �t parameters for the thin �lm

stoichiometry and termination are shown in Table 4.1.

From the values for the SrTiO3 thin �lm stoichiometry and termination extracted

simultaneously through these �ts, it is obvious that despite appreciable error bars

the previously reported qualitative trends of Ti-rich �lms for high �uences, close to
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Figure 4.9: Termination and stoichiometry determination for SrTiO3 thin �lms. (a)-(d)
AFM morphology of 20 nm homoepitaxial SrTiO3 thin �lms grown with a laser �uence
of 1.05, 1.44, 1.62 and 2.25 J·cm−2, respectively. Step terraces are of unit cell height
(≈ 4Å). Inset: Line pro�les extracted from the RHEED pattern after growth. For each
case, only the specular spot and 1st order di�racted electrons are detected (each peak is
labeled exemplary in (d)). (e) Measured cation ratios (data points) as a function of the
photoemission angle and �ts (solid lines) according to equation 4.7. Modi�ed from ref. 95.
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Table 4.1: Thin �lm surface termination and stoichiometry.
Fluence (J·cm−2) SrO-term, A NSr

0 /(NSr
0 +NTi

0 )
1.05 100 % 54.0± 2.0 %
1.44 76 % 49.8± 1.6 %
1.62 0 % 48.5± 1.6 %
2.25 0 % 47.7± 1.6 %

stoichiometric �lms for medium �uences and Sr-rich �lms for low �uences holds [144,

146]. It is obvious that the cation ratio di�erence of �lms with a similar stoichiometry

but di�erent termination layers can be heavily underestimated or overestimated if the

termination e�ect is not considered. This is most apparent for the samples grown at

1.44 J·cm−2 and 1.62 J·cm−2. They exhibit a cation ratio di�erence of just roughly one

percent point, but they could be misinterpreted to possess a di�erence of 5 percent

points even for normal emission.

Even more importantly, these results add the additional information of preferential

SrO-termination for �lms grown at lower �uences, for Sr-rich but also for close-to-

stoichiometric �lms. Since the substrates were perfectly TiO2-terminated, this means

that during the growth process, excess Sr ions are consumed in a self-organized surface

termination conversion from TiO2-termination to SrO-termination on a nearly stoichio-

metric �lm rather than through incorporation of substantial amounts of defects into

the �lm. This is most apparent for the sample grown at 1.44 J·cm−2, which is stoichio-

metric but possesses predominant SrO termination. Only upon further decrease of the

laser �uence (1.05 J·cm−2) does one observe signi�cant incorporation of this Sr excess

into the �lm. It can therefore be inferred that this incorporation of large amounts of

defects starts after the surface termination conversion is completed or if rather large

amounts of excess Sr are present.

The evolution of the Sr-excess accommodation during �lm growth is investigated in

more detail using TEM (Fig. 4.10). In line with the assumption based on the XPS mea-

surements, most of the SrTiO3 �lm (the lower 15 nm) does not exhibit high amounts of

defects despite the severe Sr excess during deposition. Instead, only the topmost few

nanometers have an increased defect density. This upper layer appears to be separated

from the �lm underneath through the appearance of antiphase boundaries, which are

double layers of SrO in a matrix of regular TiO2-SrO-TiO2 stacking. These boundaries

might nucleate once the surface termination conversion described above is completed
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LaAlO3

SrTiO3 “upper layer“

SrTiO3 “lower layer”

Figure 4.10: High-angle annular dark-�eld TEM image of the Sr-rich SrTiO3 �lm. The
�lm was covered by a LaAlO3 protective layer. The bright region at the top of the image
is LaAlO3. For the SrTiO3 thin �lm, two regions can be distinguished: A surface region
with a high concentration of defects, and a "bulk" region with a smaller number of defects.
The arrows indicate antiphase boundaries separating these regions and penetrating the
surface region1.

and additional SrO needs to be incorporated through another mechanism. One may

surmise that they are created through the growth of islands of SrO monolayers on a

SrO-terminated SrTiO3 �lm and subsequent growth of SrTiO3 as described in detail

in ref. 93. These additional SrO layers may play an important role in the di�erent

resistive switching properties between stoichiometric and Sr-rich devices described be-

low.

4.2.4 Deviations from the point defect model

As extended defects are not taken into account in the analytical consideration presented

above, quantitative errors may occur if equation 4.7 is used to describe highly non-

stoichiometric SrTiO3 thin �lms. This section will present two worst case scenarios for

this misrepresentation. First, a SrO double layer is incorporated close to the surface

of the crystal. In a second step, the entire crystal possesses a Ruddlesden-Popper-type

layered structure.

For this purpose, the expected measured cation intensity ratios of the crystals contain-

ing these extended defects were analytically calculated and the resulting data points

1Image courtesy of Dr. Hongchu Du, Peter Grünberg Institut and Ernst Ruska-Centre,
Forschungszentrum Jülich GmbH, Jülich, Germany.
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Figure 4.11: Termination and stoichiometry determination for SrTiO3 thin �lms with
severe Sr excess. (a) Schematic illustration of a SrTiO3 single crystals with SrO termina-
tion. (b) Schematic illustration of a Sr14Ti13O40 single crystals with SrO termination and
a double SrO layer burried one unit cell underneath the surface. (c) Schematic illustra-
tion of a Sr2TiO4 single crystals with a two-layer-SrO termination. (d) calculated cation
intensity ratio (data points) as a function of the photoemission angle and �ts (solid lines)
according to equation 4.7. Modi�ed from ref. 95.
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were �tted with the model for the perfect crystal. As shown in Fig. 4.11a, a stoichio-

metric SrTiO3 crystal with SrO termination, which can be described accurately using

equation 4.7 is used as a point of comparison for the defective structures. For the �rst

case of extended defects which might be induced by non-stoichiometric growth, one

additional layer of SrO is inserted below the �rst unit cell (Fig. 4.11b). This could cor-

respond to a 5 nm SrTiO3 �lm with 2%Sr-excess, if the entire Sr-excess was consumed

in the formation of this Ruddelsden-Popper-type defect. Alternatively, this can be re-

garded as a Ruddelsden-Popper-phase �lm with the stoichiometry Sr14Ti13O40. This

defect is intentionally incorporated as close to the surface as possible to demonstrate

the most severe e�ect such extended defects my have on the measured �lm stoichiome-

try. Note that a SrO double layer at the surface of the SrTiO3 crystal is an unrealistic

scenario, as it is energetically unfavorable [149].

In a second step, further SrO layers were inserted into the crystal, yielding a

Ruddelsden-Popper-phase �lm with the stoichiometry Sr2TiO4 (Fig. 4.11c). This �lm

can hardly be regarded as a non-stoichiometric SrTiO3 �lm, but it is included in this

analysis to demonstrate the maximum e�ect extended defects like Ruddelsden-Popper-

phases can have. For both cases described above, the relative cation photoemission

intensities were calculated layer by layer, in a similar way as described in section 4.2.1.

For the Sr14Ti13O40 �lm one obtains

ISr3d0 = ISr3d0 (4.8)

ITi2p
1 = ITi2p

0 exp(− a

2cosθλTi2p
) (4.9)

ISr3d2 = ISr3d0 exp(− a

cosθλSr3d
) (4.10)

ISr3d3 = ISr3d0 exp(− 3a

2cosθλSr3d
) (4.11)

ITi2p
4 = ITi2p

0 exp(− 2a

cosθλTi2p
) (4.12)

ISr3d5 = ISr3d0 exp(− 5a

2cosθλSr3d
) (4.13)

... (4.14)

for the intensity ISr3dk or ITi2p
k from layer k. Summing over all layers of a 5 nm �lm, one

arrives at the angle-dependent intensities indicated in Fig. 4.11d.
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For Sr2TiO4 one obtains

ISr3d,layer 1k = ISr3d0 (− ξ′Sr3dk ) (4.15)

ISr3d,layer 2k = ISr3d0 exp(− a′/3

cosθλSr3d
)exp(−ξ′Sr3dk ) (4.16)

ITi2p,layer 3
k = ITi2p

0 exp(− 2a′/3

cosθλTi2p
)exp(−ξ′Ti2p

k ) (4.17)

for the intensity ISr3d,layer 1k , ISr3d,layer 2k or ITi2p,layer 3
k from the �rst and second

SrO layer and the TiO2 layer from unit cell k, respectively, with the Sr2TiO4

out-of-plane lattice parameter a′ ≈ 6Å and ξ′Ti2p
k = a′k

cosθλTi2p . Summing over all

layers of a 5 nm �lm, the angle-dependent intensities indicated in Fig. 4.11d are

obtained.

These analytically determined cation intensity ratios for the defective SrTiO3 �lms

were now treated like the measured XPS data analyzed in section 4.2.3 and �tted us-

ing equation 4.7. For these �ts, which are also shown in Fig. 4.11d, the fraction of

SrO-termination and the atomic concentration of Sr, NSr
0 , were allowed to vary. For

each case, the best �t is obtained with 100% Sr-termination. The stoichiometry is

summarized in Table 4.2 along with the nominal stoichiometry for each �lm. For both

highly-nonstoichiometric �lms with extended defects, a reasonable �t with a relative

error of below 3.5% is obtained. This indicates that extended defects can in fact lead

to an overestimation or underestimation of the true cation ratio of a given �lm. At the

same time, these worst case scenarios yield a comparably small relative error, especially

when compared to the experimental uncertainty or the enormous e�ect pure termina-

tion e�ects can have (up to 17%, compare ref. 147 and Fig. 4.9). This analytical model

therefore presents a very useful tool for the simultaneous determination of termination

and stoichiometry.

Given the appearance of extended defects in the Sr rich �lm presented in Fig. 4.9a

and e and Fig. 4.10, it is imperative to consider the impact these extended defects

have on the �t with equation 4.7. As was discussed above, even for the worst case

scenarios of extended defects, this �tting routine will result in a relative error below

3.5%. Careful inspection of the inaccurate �ts in Fig 4.11 reveals that the neglect

of extended defects in the analytical description results in a misrepresentation of the

slope of the measured Sr/(Sr+Ti) ratio, which is compensated by an overestimation

of NSr
0 /(NSr

0 + NTi
0 ) (compare Table 4.1). For thin �lms free of extended defects, on
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Table 4.2: Nominal �lm stoichiometry and best �t obtained with equation 4.7.
Chemical Formula True NSr

0 /(NSr
0 +NTi

0 ) NSr
0 /(NSr

0 +NTi
0 ) from the �t

SrTiO3 50.0 % 50.0 %
Sr14Ti13O40 51.9 % 53.6 %
Sr2TiO4 66.7 % 68.6 %

the other hand, the �t perfectly matches the experimental slope. The accuracy of the

�t with respect to the slope in the measured cation ratio may therefore be considered

as a qualitative hint at the presence or absence of considerable amounts of extended

defects.

Coming back to Fig. 4.9e, one can therefore assess the types of defects expected from

the XPS analysis. For all �lms grown with Ti excess or slight Sr excess, the slope of the

�tted curve matches the experimental results fairly well. For the Sr-rich �lm (grown

with a laser �uence of 1.05 J·cm−2), however, an appreciable deviation between data

points and �ts is apparent. Based on the XPS analysis one would therefore expect Sr-

rich extended defects to be present in the near-surface region of the �lm, which is exactly

what was observed in TEM (Fig. 4.10). In conclusion, the XPS analysis presented in

this section - while providing important and fairly accurate information about the �lm

stoichiometry and surface termination - also contains qualitative indications about the

defect structure of the near-surface region.

4.3 Summary

In this chapter, the spectroscopic signatures of SrTiO3 were analyzed for both cation

non-stoichiometry and anion non-stoichiometry (donor doping). In the �rst section it

was demonstrated that small doping-induced changes in the electronic structure can

be determined using XAS or EELS, spectroscopic tools available with high lateral

resolution in PEEM or TEM, respectively. While the Ti L-edge is commonly used in

literature to determine the carrier density in SrTiO3, it was found here that the O K-

edge is much more sensitive for small changes. Based on a comparison with literature,

a calibration curve for the A/B2 peak ratio was obtained as a function of the carrier

concentration in the conduction band (i.e., the Ti3+ concentration). This calibration
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curve will be used in section 7.2 to quantify the valence change during resistive switching

in SrTiO3.

In the second section, an analytical model for the analysis of angle-dependent cation

photoelectron intensity ratios was introduced. The model takes into account both the

in�uence of termination layers and the stoichiometry of the thin �lm or single crys-

tal. Fitting angle-dependent XPS data with this model allows the extraction of both

quantities simultaneously. This was used for the characterization of the as-prepared

SrTiO3 thin �lms grown with di�erent laser �uences. A self-organized surface termi-

nation conversion from TiO2-termination to SrO-termination was observed for �lms

grown at lower laser �uences. Once this termination conversion is completed, addi-

tional signi�cant Sr excess appears to be incorporated as Sr-rich extended defects like

Ruddlesden-Popper-type antiphase boundaries. Such extended defects are not included

in the analytical model and therefore lead to small but noticeable deviations between

true angle-dependent cation photoelectron intensity ratios and the �t using the model.

Nevertheless, as the relative errors between true cation ratio and the cation ratios de-

termined from the model remain small even for the worst case scenarios considered

here, this analytical description presents a novel and straightforward tool for the char-

acterization of oxide thin �lms and surfaces.
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5 Resistive switching and retention

in SrTiO3 thin �lm devices

In this chapter, the resistive switching properties of SrTiO3 thin �lm devices and noble

metal/Nb:SrTiO3 devices will be studied in detail before further spectromicroscopic

characterization in the following chapters.

5.1 General switching characteristics and

dependence on current compliance

Figs. 5.1a and b show exemplary I-V -curves of memristive devices consisting of a 20 nm

SrTiO3 thin �lm sandwiched between a Nb:SrTiO3 bottom electrode and a square Pt

top electrode of 10× 10 µm2 with 30 nm thickness as discussed in detail in ref. 80. The

stoichiometry of the �lm was determined through variation of the laser �uence as de-

scribed in section 4.2.3, resulting in a nearly stoichiometric �lm with Sr/(Sr+Ti)≈0.50
and a Sr-rich �lm with with Sr/(Sr+Ti)≈0.52, respectively. As these are prototypical
I-V -curves for eightwise switching in SrTiO3-based devices, several common features

will be brie�y introduced.

Before applying high biases, the device exhibits a very high resistance (≥ 108 Ω). Upon

application of positive biases on the order of 2-3V to the top electrode, the device

undergoes a soft-forming step (blue lines in Fig. 5.1). At a certain positive bias, the

resistance of the device dramatically decreases. To prevent damage to the device, a

current limit of several tens of mA is used in the measurement setup. This can be seen

by the sudden kink in the forming curve in panel b. After forming, the device is in the

LRS with typical resistances of 103-105 Ω.
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Figure 5.1: Exemplary I-V -curves. (a) Pt/SrTiO3/Nb:SrTiO3 device with
Sr/(Sr+Ti)≈0.50. (b) Pt/SrTiO3/Nb:SrTiO3 device with Sr/(Sr+Ti)≈0.52. The forming
step is indicated in blue for each case1.

The device can then be reversibly switched between the HRS (108-1010 Ω) and the LRS

through so-called Reset and Set operations, that means through the application of

negative voltages on the order of 3-5V and positive voltages on the order of 1.5-2.5V,

respectively (green line in Fig. 5.1). The Set voltages are typically close to or smaller

than the voltage needed for forming.

The in�uence of the SrTiO3 stoichiometry is discussed at length in ref. 80. The most

important di�erences lie in the lower initial resistance of the stoichiometric devices,

which result in a less pronounced forming step. Additionally, the retention times for

Sr-rich devices are generally higher than for stoichiometric devices [80]. For the pur-

pose of this work, both stoichiometric and Sr-rich devices were used to study di�erent

phenomena. In the following, the SrTiO3 stoichiometry will therefore be indicated for

each device under consideration.

As Joule heating plays a signi�cant role in the operation of memristive devices, the

current limit plays a crucial role for the switching characteristics. If no current limit

is used or the limit is chosen too high, a breakdown due to excessive heat may occur.

Inappropriately low current limits, on the other hand, may suppress resistive switching

entirely. For intermediate values, the extent of the observed I-V -hysteresis varies. For

example, the hysteresis of Au/SrTiO3/Nb:SrTiO3 devices is rather small for 10 mA,

while 30 mA already leads to a much larger hysteresis (Fig. 5.2a and b). In particular,

1Samples fabricated and measurement performed by Nicolas Raab, Peter Grünberg Institute,
Forschungszentrum Jülich GmbH, Jülich, Germany.
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Figure 5.2: Dependence of the switching characteristics on the current limit for
Au/SrTiO3/Nb:SrTiO3 devices with Sr/(Sr+Ti)≈0.50. Top electrode size was 10×10 µm2

with a thickness of 30 nm. (a) Representative I-V -curve for a current limit of 10mA.
(b) Representative I-V -curve for a current limit of 30mA. (c) Average resistance for the
LRS and HRS as function of current limit. For each data point, 5 devices were averaged.
Error bars indicate the standard deviation.

the value of the LRS is much lower for higher current compliances, while the HRS

remains rather constant, leading to an increased Ro�
Ron

-ratio or so-called memory window.

This is most obvious when plotting both LRS and HRS as a function of current limit

(Fig. 5.2c). In the following, the current limit will therefore be indicated for each device

under consideration.

5.2 I-V -characteristics for di�erent top electrode

materials

As the Schottky barrier between top electrode and the SrTiO3 dominates the trans-

port mechanism in the device (compare sections 2.2 and 2.3), the choice of top elec-

trode material may have a large impact on the virgin resistance as well as on LRS

and HRS values. Throughout this thesis, di�erent top electrode materials will be

used for speci�c purposes, making a top electrode comparison imperative. Specif-

ically, Pt top electrodes are the standard choice for SrTiO3-based devices, Au top

electrodes were used to enable spectromicroscopic analysis after electrode removal (see

chapter 6), and ultrathin Rh and graphene electrodes were used for in operando spec-

tromicroscopy.
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Figure 5.3: Comparison between Au and Pt top electrodes for devices with
Sr/(Sr+Ti)≈0.50 with a current limit of 30mA. (a) Au top electrode. (b) Pt top elec-
trode. Top electrode size was 10× 10 µm2 with thickness of 30 nm.

Representative I-V -curves for Pt and Au top electrodes are shown in Fig. 5.3. Similar

eightwise switching is observed and similar resistance values can be obtained using the

same switching parameters. Only subtle di�erences can be seen in the shape of the

I-V -characteristics and the absolute resistance values, mainly for the LRS. This might

be due to sample-to-sample variations, e.g. because of subtle di�erences in the SrTiO3

stoichiometry, or due to di�erences in the microstructure of the electrode, which is very

important for the switching mechanism, as will be discussed in chapter 8. Di�erences in

the Schottky barrier, which might be expected given the slightly di�erent work functions

of 5.0-5.5 eV for Au and 5.1-5.9 eV for Pt [150] are apparently not as important as the

HRS appears to be less a�ected.

Typically, the top electrodes of these devices are contacted using a W whisker probe,

allowing easy access without the need for complex fabrication steps. For in operando

measurements or operation in di�erent atmospheres, however, this is not suitable and

a more sophisticated architecture using metal leads for the contacting of the top elec-

trodes was used as described in section 3.2. Fig. 5.4 shows that this results in similar

switching characteristics, validating this approach. Again, small variations in the sam-

ple stoichiometry might be responsible for the di�erently shaped LRS curve. Due to

small but detectable leakage currents between metal lead and bottom electrode, the

minimum currents measured in the HRS using the metal leads are slightly higher than

for the devices contacted directly (compare the minimum currents of the forming steps

in Fig. 5.4a and b). But these leakage currents do not appear to impact the resistive

switching.
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Figure 5.4: Comparison between Pt top electrodes contacted with a tungsten probe (a)
or a Pt/Au lead (b) for devices with Sr/(Sr+Ti)≈0.52 and a current limit of 30mA. Top
electrode size was 10 × 10 µm2 with thickness of 30 nm for (a) and 16 × 19 µm2 with
thickness of 10 nm for (b).2

As discussed in the introduction, in operando PEEM characterization is a highly desir-

able approach for the investigation of memristive devices. The main challenge in the

implementation is to overcome the high surface sensitivity of photoemission. Therefore,

two ultra-thin top electrode materials are investigated. Due to the small thickness, con-

tacting with whisker probes was not possible and metal leads were used as described

above. In a �rst step, a thin layer of Rh was used. Rh has the bene�t of weaker pho-

toelectron absorption compared to Pt or Au [123] while it is chemically similar with

a work function around 5.0-5.2 eV [150]. A thin layer of just 2 nm Rh was su�cient

to achieve complete coverage of the SrTiO3 thin �lm, as con�rmed by AFM. Again,

eightwise switching was observed, but the shape of the I-V -curve exhibits some dif-

ferences compared to Pt or Au electrodes (Fig. 5.5a). In particular, higher positive

voltages were needed for the Set operation and the HRS is not quite as insulating

as before. The higher voltages necessary for the Set may be connected with the ob-

servation that no forming or Set was possible for thicker Rh top electrodes with a

thickness of 30 nm. Notwithstanding these di�erences, operation with Rh electrodes

allows typical resistive switching and is therefore suitable for in operando measure-

ments.

To achieve even thinner electrodes, graphene monolayers were used. Graphene - though

strictly speaking not a metal - is highly conductive and has a work function comparable

2The impact of electrode size will be described in detail in the PhD thesis of Nicolas Raab, Peter
Grünberg Institute, Forschungszentrum Jülich GmbH, Jülich, Germany.
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Figure 5.5: Comparison between Rh (a) and graphene (b) top electrodes for devices with
Sr/(Sr+Ti)≈0.52. The current limit was set to 35mA and 40mA, respectively. Top
electrode size was 16× 19 µm2. Modi�ed from ref. 112.

to noble metals (4-5 eV depending on production method and chemical and electro-

static doping) [151], making it an attractive electrode candidate. Resistive switching

in SrTiO3-based devices with graphene top electrodes yields astonishingly similar I-V -

curves compared to Au or Pt (Fig. 5.5b). Combined with the atomic thickness, this

makes graphene the ideal candidate to study buried layers using spectromicroscopy as

will be veri�ed in chapter 7.

5.3 Thickness dependence

As di�erent �lm thicknesses can lead to the observation of opposite switching polari-

ties [54,59], SrTiO3 thin �lm based devices of di�erent �lm thickness were characterized

and compared with noble metal/Nb:SrTiO3 junctions3. Interestingly, qualitatively sim-

ilar eightwise switching with only subtle di�erences in the switching parameters was

observed for Nb:SrTiO3 and all SrTiO3 thicknesses up to 40 nm, which is in contrast

to the observations for Sr2TiO4 [59] and Fe:SrTiO3 [54].

3A part of the I-V -measurements presented in this section was performed by Philipp Michael Müller,
Peter Grünberg Institute, Forschungszentrum Jülich GmbH, Jülich, Germany, as part of his mas-
ter's thesis.
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Nb:SrTiO3

In a �rst step, the low-current switching regime (≤ 100 µA) of Pt/Nb:SrTiO3 devices

with di�erent electrode size was characterized. All devices show qualitatively simi-

lar I-V -hystereses, which superpose each other when normalized to the junction area

(Fig. 5.6a). Both HRS and LRS accordingly show linear scaling of the resistance with

the junction area. Thus, one can conclude that the current distribution below the Pt

electrode exhibits a laterally homogeneous, non-�lamentary character with eightwise

switching polarity. A similar behavior was observed before for Pt/Nb:SrTiO3 junctions

operated with such small currents limits [65].

Upon application of signi�cantly higher current limits, however, the normalized I-V -

hystereses do not superpose each other. Instead, smaller devices show a higher LRS

current density and a higher HRS current density than larger devices (Fig. 5.6b). This

behavior is due to a more pronounced forming step. The homogeneous switching for

low current compliances observed above is forming free, the HRS current is equal to

the virgin current and the �rst Set sweep and subsequent sweeps superpose each other.

Higher currents in the mA range, on the other hand, lead to a soft-forming step, the

�rst Set sweep and subsequent Set sweeps do not superpose each other (Fig. 5.6c).

The di�erence between the �rst and the second Set increases with decreasing junction

area for a given current limit, i.e., with increasing current density. In line with the

vanishing of the area scaling of both LRS and HRS observed here, forming steps in

such junctions have been proposed to yield �lamentary switching [65]. However, the

switching polarity as well as the shape of the I-V curves do not change upon forming,

indicating a similar underlying mechanism.

To verify the �lamentary switching and to visualize switching-induced local changes of

the electronic and chemical structure, memristive Au/Nb:SrTiO3 devices were charac-

terized using XPEEM as shown in section 6.3.

SrTiO3 thin �lms

As described above, eightwise switching can also be obtained in SrTiO3 thin �lm de-

vices. In a �rst step, 20 nm SrTiO3 devices with di�erent electrode size were char-

acterized for a comparison of the low-current switching regime (≤ 100 µA) with the
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Figure 5.6: Resistive switching in Nb:SrTiO3 with dependence on electrode size and
current limit. (a) I-V -characteristic of Pt/Nb:SrTiO3 junctions with di�erent electrode
size, normalized to the junction area. In each case, the current limit was set to 10 µA.
(b) I-V -characteristic of Pt/Nb:SrTiO3 junctions with di�erent electrode size, normalized
to the junction area. In each case, the current limit was set to 30mA. (c) Forming process
(dashed line) and subsequent Set (solid line) for the devices presented in b. The current
limit was set to 30mA for forming and switching.

homogeneous switching observed for Pt/Nb:SrTiO3. All devices show eightwise I-V -

hystereses, but the curves do not superpose each other when normalized to the junc-

tion area (Fig. 5.7a and b), indicating that no spatially homogeneous switching can

be obtained in SrTiO3 thin �lm devices even for the small currents used here. This

is connected with the appearance of a pronounced forming step for much lower cur-

rent densities than for Nb:SrTiO3 devices (compare Fig. 5.6). As an example, Fig. 5.7c

shows the forming step observed for small SrTiO3 thin �lm devices operated with a cur-

rent limit of 100µm. For this current limit, no forming was observed for the Nb:SrTiO3

devices.
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Figure 5.7: Resistive switching in 20 nm SrTiO3 (Sr/(Sr+Ti)≈0.52) with dependence
on electrode size and current limit. (a) I-V -characteristic for di�erent electrode sizes,
normalized to the junction area. In each case, the current limit was set to 10 µA. (b) I-
V -characteristic for di�erent electrode sizes, normalized to the junction area. In each case,
the current limit was set to 100 µA. (c) Forming process (dashed line) and subsequent
Set (solid line) for the devices presented in (b). The current limit was set to 100 µA for
forming and switching.

For higher current limits in the mA range, eightwise switching with a pronounced form-

ing step can be observed for Pt/SrTiO3/Nb:SrTiO3 devices of varying SrTiO3 thickness

up to 40 nm4. Fig 5.8 shows representative I-V -curves for Nb:SrTiO3 and SrTiO3 thin

�lms of increasing thickness and table 5.1 summarizes the switching parameters. While

the general shape of the curves is similar, subtle changes occur. With increasing �lm

thickness, both forming voltage V form and Set voltage V Set increase, which are de�ned

as the voltage at which the current limit is reached. V form increases from 1.78V to

3.29V from Nb:SrTiO3 to 40 nm SrTiO3 devices, V Set from 1.74V to 2.68V. Interest-

4For even thicker SrTiO3 thin �lms, counter-eightwise switching can also be observed, as will be de-
scribed in detail in the master's thesis of Thomas Heisig, Peter Grünberg Institute, Forschungszen-
trum Jülich GmbH, Jülich, Germany.
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Pt top electrodes with a size of 16× 19 µm2 were used which were contacted using litho-
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Table 5.1: Switching parameters for di�erent �lm thicknesses
Nb:SrTiO3 10 nm SrTiO3 20 nm SrTiO3 40 nm SrTiO3

Rinitial 5.1× 107 Ω 3.8× 108 Ω 3.5× 108 Ω 3.3× 108 Ω
RLRS 1.5× 104 Ω 3.2× 103 Ω 1.2× 104 Ω 6.5× 103 Ω
RHRS 1.3× 107 Ω 1.2× 108 Ω 1.7× 107 Ω 2.6× 108 Ω
V form 1.78V 1.84V 2.74V 3.29V
V Set 1.74V 1.81V 2.30V 2.68V
V Reset -3V -3V -5V -5V
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Figure 5.9: Retention as a function of current compliance. Average resistance of the
devices plotted in Fig. 5.2c after 3 days. Au top electrodes and 20 nm SrTiO3 thin �lms
with Sr/(Sr+Ti)≈0.50 were used. For each data point, 5 devices were averaged. Error
bars indicate the standard deviation.

ingly, it can be observed that the forming step for Nb:SrTiO3 devices and rather thin

SrTiO3 �lms is less pronounced than the forming step for 20 or 40 nm thick devices,

i.e., the di�erence between V form and V Set increases with the �lm thickness. This goes

along with an increase of the initial resistance and HRS resistance with increasing �lm

thickness. For the initial resistance, this trend cannot be observed for the devices pre-

sented here due to the aforementioned leakage current from the metal leads, but it was

con�rmed using top electrodes contacted directly with W probes (data not shown). For

the LRS resistance, no clear trend can be observed.

Similar to V Set, the Reset voltage V Reset increases with the �lm thickness as well. As

the Reset is a gradual process [8], the Reset voltage is de�ned here as the lowest voltage

which yields the highest obtainable resistance.

5.4 Data retention and the in�uence of the

surrounding atmosphere

As discussed in the section 2.3, long retention times are mandatory for nonvolatile

memory application, but are not necessarily observed in all memristive devices. In this

section, the typical room-temperature retention behavior of the devices investigated in

this thesis will be brie�y summarized.
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for each resistance state. (b) Retention behavior for Nb:SrTiO3 devices. Modi�ed from
refs. 152 and 153.

In transition metal oxide memristive devices, it is generally observed that higher current

limits yield improved LRS retention times [83]. The same trend can also be observed

for the SrTiO3 thin �lm devices investigated here (Fig. 5.9). For comparably small

current limits of 5-10 mA, the LRS is indistinguishable from the HRS after 3 days,

while an average memory window of two orders of magnitude can be maintained for

current limits on the order of 35 mA. The rather large error bars indicate a signi�cant

device-to-device variation of the retention behavior.

This device-to-device variation becomes even more pronounced for higher current lim-

its (Fig. 5.10a). While the HRS was stable for each device investigated here, two

classes of retention characteristics of the LRS were observed, which is the reason for

the large error bars observed above. For most devices in the LRS, the resistance in-

creased by several orders of magnitude, indicative of a retention failure, while some

devices (≈ 20 %) retained a resistance below 105 Ω. A qualitatively similar observation

can be made for Nb:SrTiO3 devices (Fig. 5.10b). In the following, these devices will

be referred to as devices with a retention failure and devices with stable retention,

respectively.
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In the following chapters, these devices will be studied spectromicroscopically to shed

light on the switching process itself as well as on the potential retention failure mecha-

nisms. For the investigation of the failure mechanism, devices with di�erent retention

times will be compared. For the study of the switching process, devices with stable

retention were selected. As di�erent electrode materials will be used for this purpose,

the in�uence of the top electrode on the retention behavior will be brie�y reviewed

below.

Compared to the devices with Au electrodes discussed above, devices with Pt top elec-

trodes exhibit strongly improved retention times (Fig. 5.11a). From the smaller error

bars it can be inferred that they also exhibit a smaller device-to-device variation. For

the ultra-thin electrodes, a similarly stable LRS retention can be obtained (Fig. 5.11b

and c). Here, it is worth noting that the device-to-device variation is smaller for the

Rh top electrodes compared to graphene electrodes, which also exhibit higher LRS re-

sistance in general. The increased variation may be a result of di�erences in the quality

of the graphene-SrTiO3 interface, which are inherent to the fabrication method with a

wet transfer of the graphene sheets.

As discussed in section 2.3, reoxidation of the switching �lament is believed to be

responsible for the retention failure of the LRS and previous studies reported some

dependence of the switching characteristics and retention times on the oxygen partial

pressure of the surrounding atmosphere [154]. Accordingly, it was investigated if the

surrounding atmosphere has an impact on the switching properties and the retention

times.
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Table 5.2: Switching parameters in vacuum for di�erent �lm thicknesses.
Nb:SrTiO3 10 nm SrTiO3 20 nm SrTiO3 40 nm SrTiO3

RLRS 1.0× 104 Ω 2.7× 103 Ω 5.3× 103 Ω 6.4× 103 Ω
RHRS 5.0× 107 Ω 8.2× 107 Ω 1.6× 107 Ω -
V form 1.62V 1.78V 2.68V 3.80V
V Set 1.53V 1.64V 2.14V 2.48V
V Reset -3V -3V -5V -
f 0/3 0/4 2/4 4/4
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In a �rst step, all samples from the thickness series were stored in a vacuum of

≈ 10−6mbar for 3 days and several devices for each sample were electrically switched in

the vacuum environment. Representative I-V -curves are shown in Fig. 5.12 and typical

switching parameters are given in Table 5.2. Again, the same trend of increased form-

ing, Set and Reset voltage with increasing �lm thickness can be seen, but the required

voltages are lower than in air for each thickness. At the same time, the HRS values

decreased compared to operation in air. Interestingly, some of the devices on the 20 nm

sample could not be reset into the HRS at all. The same is true for all devices on the

40 nm sample (compare Fig. 5.12d). Therefore the failure rate f of devices which could

not be reset into the HRS in vacuum is listed in table 5.2.

In order to investigate the retention times in vacuum and in ambient atmosphere, sev-

eral devices of each thickness were set into the LRS and HRS and the resistance of

each device was monitored over a period of several days while the devices were ex-

posed to ambient atmosphere or stored in vacuum (ptot ≈ 10−6mbar, Fig. 5.13). One

can observe dramatic di�erences of the retention behavior. For Nb:SrTiO3 devices,

the LRS resistance under ambient conditions increases by three orders of magnitude

within one day and consequently becomes indistinguishable from the HRS. Under vac-

uum conditions, however, the LRS resistance remains two orders of magnitude lower

(Fig. 5.13a). This indicates that the retention failure of the LRS is caused by a reoxi-

dation through an exchange with the surrounding atmosphere, which can be inhibited

through storage in vacuum. In fact, the LRS resistance in vacuum does not change

over time after an initial increase. To understand this, it has to be noted that these

devices were set to the LRS in air, before the chamber was evacuated. As the resis-

tance increase over time is strongest directly after switching [153], it is reasonable to

assume that the Pt/Nb:SrTiO3 devices were partially reoxidized before the chamber

was evacuated. Once a vacuum is obtained, the resistance does not appear to change

over time. As is evident from the small error bars, all of the devices stored in the same

atmosphere exhibited almost identical retention behavior, rendering this a general phe-

nomenon.

Interestingly, the retention behavior of 10 nm SrTiO3 is rather di�erent compared to

Nb:SrTiO3. Even in ambient atmosphere, LRS and HRS remain well distinguishable

after few days; storage in vacuum only yields a small improvement (Fig. 5.13b). For

20 nm SrTiO3, the LRS is again more stable under vacuum conditions, indicating a
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similar behavior compared to Nb:SrTiO3 (Fig. 5.13c). For 40 nm SrTiO3 �lms, the

retention in air is already stable for all devices in the HRS and LRS investigated here.

Storage and read-out in vacuum, however, results in a strong decrease of both resis-

tance states with each read-out. Although read-out voltages (here: read-out sweeps of

±0.5V) are typically not su�cient to alter the resistance state of a device, there ap-

pears to be a so-called read disturb [87] for the 40 nm �lm in vacuum. This indicates a

rather unstable LRS and HRS; for both states oxygen appears to be removed from the

SrTiO3 �lm during read-out sweeps in vacuum. Possibly, this is connected to the occur-

rence of more severe changes of the top electrode metal with increasing �lm thickness

(Fig. 5.14). For thin �lms, only slight contrast changes of the electrode appear after

switching, which are possibly connected to recrystallization of the Pt due to Joule heat-
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Figure 5.14: SEM images after resistive switching for di�erent �lm thicknesses. (a) 10 nm.
(b) 20 nm. (c) 40 nm SrTiO3. Scale bar, 2µm. Current limit was set to 50mA in each
case.

ing [54, 155]. For thicker �lms, bubbles can be observed, which indicate a pronounced

release of oxygen from the SrTiO3 �lm during forming [156]. The signi�cantly modi�ed

top electrode structure resulting from bubble formation and potential bursting of the

bubbles, in turn, may be responsible for increased interaction with the surrounding

atmosphere, it appears to be more permeable to oxygen.

Given the obvious dependence of the switching behavior on the surrounding atmo-

sphere, devices on each sample were also switched in gas atmospheres with di�erent

oxygen partial pressures to further elucidate the cause of the di�erence observed in air

and in vacuum. Representative I-V -curves for switching of Nb:SrTiO3 and SrTiO3 de-

vices of di�erent thickness in O2, N2 and Ar/H2 (4% H2 in Ar) environments are shown

in Fig. 5.15. An O2 atmosphere represents highly oxidizing conditions, N2 is less oxidiz-

ing but nominally not reducing due to some O2 contamination (99.999% N2). Ar/H2

is a completely reducing atmosphere. While some di�erences between the di�erent

thicknesses are apparent, certain general trends of the switching behavior in di�erent

atmospheres can be observed, which can be most easily recognized for the 40 nm �lm

(Fig. 5.15l). The individual resistances (initial, LRS and HRS) are di�erent for each

atmosphere, which gives rise to di�erences in the forming steps and I-V -hysteresis. For

all samples, there is a trend to lower resistances with increasingly reducing conditions,

indicating an interaction of the active layer (which is burried underneath a Pt electrode)

in the virgin state (!), the HRS and the LRS. As panels (a, d, g, j) compare multiple de-
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vices on the same sample, device-to-device variation gives rise to some data scattering.

This is reduced through the comparison of the same device in di�erent atmospheres

(panels (b, e, h, k)). Since the oxygen partial pressure of the N2 atmosphere is given

by impurities, some scatter may also be expected for these resistances. Despite these

di�culties, the observed trends are certainly indicative of device interaction with the

atmosphere during switching as well as without applied biases, which is in line with the

observations for operation in vacuum. The reason for the altered switching character-

istics and for the stabilized retention in vacuum therefore is con�rmed to be connected

to oxygen partial pressure of the surrounding atmosphere. This interaction with the

surrounding appears to be most pronounced for the 40 nm �lm. In general, operation

in vacuum and in reducing atmosphere is possible for the majority of the devices. This

means that the Reset operation requires oxygen from the surrounding atmosphere to

achieve the highest possible HRS, but even without oxygen from the surrounding a

Reset of about two orders of magnitude remains possible.

It can be concluded that SrTiO3-based memristive devices interact with the surrounding

atmosphere - in particular the oxygen partial pressure or chemical potential - before,

during and after operation. The implications of this observation will be discussed in

detail in chapter 8.

5.5 Oxygen detection experiments

Because of this dependence on oxygen partial pressure, one may surmise that the re-

sistance change involves oxygen evolution during Set and reincorporation during Reset

rather than internal oxygen vacancy redistribution during resistive switching as has

been suggested for other material systems such as TiO2 [157] and Si rich SiOx [158,159].

To test this hypothesis, oxygen evolution during device operation was monitored as de-

scribed in ref. 159 (Fig. 5.16).5

A Pt/Nb:SrTiO3 device and a Pt/20 nm SrTiO3/Nb:SrTiO3 device were switched multi-

ple times in a vacuum chamber using piezo-controlled tungsten probes for electrical con-

5These measurements were performed in collaboration with Mark Buckwell, Luca Montesi and Prof.
Anthony J. Kenyon, Department of Electronic and Electrical Engineering, University College Lon-
don, London, UK, with the generous help of Dr. Richard J. Chater, Department of Materials,
Imperial College London, London, UK.
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Figure 5.16: Oxygen detection experiments. (a) Secondary electron image of a
Pt/Nb:SrTiO3 device after operation and breakdown in vacuum. Scale bar, 2 µm. (b)
LRS and HRS resistance of the Pt/Nb:SrTiO3 device as a function of time during cy-
cling with positive and negative voltage pulses. (c) LRS and HRS resistance of the
Pt/20 nm SrTiO3/Nb:SrTiO3 device (Sr/(Sr+Ti)≈0.50) as a function of time during cy-
cling with positive and negative voltage pulses. In both cases, the current limit was set
to 20mA. (d) O−2 ion count as a function of time without applied bias. (e) O−2 ion count
as a function of time during and after the device operation and breakdown in panel (b).
(f) O−2 ion count as a function of time during and after the device operation in panel (c).

tact. The chamber is equipped for secondary electron and secondary ion imaging (using

a Ga primary ion beam), a secondary-ion mass spectrometer detector and a residual

gas analyzer (RGA). Fig. 5.16a shows a secondary electron image of the Pt/Nb:SrTiO3

device after switching and breakdown exhibiting many small bubbles and one large bub-

ble. The device was switched several tens of times with LRS and HRS values similar to

typical operation in air, before the HRS became increasingly low resistive and the de-

vice was stuck in the LRS (Fig. 5.16b). The Pt/20 nm SrTiO3/Nb:SrTiO3 device could

be switched several hundreds of times without signi�cant changes to the LRS or HRS

values (Fig. 5.16c). During the operation of both devices, O−2 ions could be detected

(Fig. 5.16e-f). These O−2 ions are suspected to be created during oxygen evolution from

solid oxides and may therefore be connected to the switching events [159]. The detection

events � though not directly related to single switching events � appear to be connected

with the operation of the devices as no such events (or at least dramatically fewer in

number) can be detected without applied bias (Fig. 5.16d).
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The apparently random distribution of the switching events in time and the occurrence

of some events even minutes after the application of biases might be connected to

the bubble-burst-mechanism described in ref. 159. This would mean that oxygen-

containing bubbles are created during the Set operation and that these bubbles burst

at some point in time, releasing the O−2 ions. Gaseous oxygen would then also be

expected to be released, however, measurements with an RGA for similar devices did

not detect any increase in O2 partial pressure. This might be related to the relatively

high background count rate during experiments and smaller amounts of oxygen being

released for each Set operation of these devices as compared to the electroforming step

in SiOx-devices with brittle TiN top electrodes, where such oxygen release could be

detected during forming [159].

In order to con�rm that the O−2 ions are emitted from the SrTiO3 thin �lm rather than

from extrinsic sources such as surface adsorbates, which might be released due to Joule

heating, the ion detection experiment was repeated with Pt/20 nm SrTiO3/Nb:SrTiO3

devices where the SrTiO3 thin �lm had been enriched with oxygen atoms of molecular
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mass 18 (18O) through isotope exchange at 800 °C for one hour before top electrode

deposition. The results are shown in Fig. 5.17, indicating that the detected ions are in

fact emitted from the �lm itself. Unfortunately, no clear connection between individual

switching events and ion detection events could be obtained for the reason explained

above.

These measurements therefore indicate that oxygen release during each Set operation

is a possible mechanism for the resistance change, but do not yield reliable proof of this

mechanism, which will rather be presented in chapter 7.

5.6 Temperature dependence

As discussed in section 2.2, the exact transport mechanism in noble metal/SrTiO3

and Nb:SrTiO3 junctions, while potentially containing valuable information about the

switching process, cannot be easily inferred from the bare I-V -curve as many di�erent

transport mechanisms exhibit a similar I-V dependence at a given temperature (e.g.

an exponential dependece). More information may be gained from the temperature

dependent transport behavior as the di�erent mechanisms have signi�cantly di�erent

dependences on temperature. Therefore, temperature-dependent I-V -hystereses were

obtained from several devices operational in vacuum. In addition, the LRS resistance of

devices which were switched in air and at room temperature was read-out as a function

of temperature for each sample from the thickness series investigated in sections 5.3

and 5.46.

Fig. 5.18 shows the temperature-dependent I-V -curves for Nb:SrTiO3 devices and

10 nm SrTiO3 �lms. While the room temperature measurements for both types of de-

vices are qualitatively similar as discussed above, their temperature-dependence shows

noticeable di�erences. But some general trends can be found in both types of devices

which will be discussed �rst.

The resistance of both devices generally increases with decreasing temperature. This

is most easily seen in the right shift of the I-V -curve for both LRS and HRS under

positive bias (refer to the upper and lower branches of the I-V -curves in Fig. 5.18 for

6These measurements were performed by Philipp Michael Müller, Peter Grünberg Institute,
Forschungszentrum Jülich GmbH, Jülich, Germany as part of his master's thesis.
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the LRS and HRS, respectively). This shift is most pronounced for the HRS and less

so for the LRS.

For negative biases, the LRS exhibits a less temperature-dependent behavior. This

results in a higher absolute current for negative biases of the same absolute values

compared to positive voltages of the same value (e.g., the absolute current at -0.1V

is higher than at +0.1V). This is very untypical for regular Schottky barriers where

thermionic emission or thermionic-�eld emission usually dominate. It is indicative

of very pronounced �eld emission contributions, which in turn indicate very high n-

doping levels [38]. This unusual behavior may also be the reason for the cross-over of

the temperature-dependent I-V -curves in the HRS at negative biases (around −1 to

−2V). At high voltages, the high carrier concentrations play a strong role, resulting in

a decreased resistance with decreasing temperature (a metallic behavior, as was also

observed for Fe-doped SrTiO3 devices [123]), while at low biases these processes are not

as dominant, resulting in the opposite trend. In general, the temperature dependence

of the I-V -data at high currents or voltages need to be interpreted carefully as Joule

heating may play a signi�cant role. But the trends described here for the HRS and

LRS are evident for voltages close to zero, where the impact of Joule heating may still

be small.

While these trends can be observed for both Nb:SrTiO3 and SrTiO3 devices, the shape

of the I-V -curves at low temperatures are very di�erent. For Nb:SrTiO3 devices, there
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Figure 5.19: Temperature dependence of the LRS (green triangles) and the HRS (blue
triangles) for di�erent thicknesses. (a) Nb:SrTiO3. (b) 10 nm SrTiO3. (c) 20 nm SrTiO3.
(d) 40 nm SrTiO3.

is an increasingly pronounced threshold voltage VT for decreasing temperatures, i.e., a

transition from an insulating behavior at low voltages to a highly conductive behavior

at high positive voltages. Similar to the curves at room temperature, the Set process is

rather gradual; there is no sudden jump into the current limit. For 10 nm SrTiO3 de-

vices, VT is much less pronounced. Instead, a gradual transition to higher conductivity

is observed before the Set process occurs. In contrast, the Set process itself becomes

increasingly sharp with decreasing temperature, leading to a sudden jump into the

current compliance at low temperatures.

As the I-V -behavior at higher voltages is a more complex situation and the switch-

ing in vacuum may not be the same as under usual operating conditions, the low-

voltage ("read-out") response of devices pre-switched in air will be presented next.

Fig. 5.19a shows the LRS and HRS dependence on temperature for Nb:SrTiO3 de-

vices. The same resistance trend with decreasing temperature is obvious as observed

in Fig. 5.18. For both LRS and HRS, the resistance increases with decreasing temper-
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ature. In fact, the data can be �tted in �rst approximation with the simple depen-

dency

RTE ∝
1

JTE
∝ c′

T 2
exp

[
c′′

T

]
(5.1)

derived from equation 2.4 with the �tting parameters c′ and c′′. The �ts for both

LRS and HRS are shown in Fig. 5.19a, suggesting a di�erent barrier height but the

same dominating transport mechanism for both resistance states. Of course, this is an

oversimpli�cation as the current over the barrier is certainly more complex, as described

in section 2.2, but the agreement between data and simple �t does indicate a thermionic

emission-like transport for both resistance states.

An increase with decreasing temperature is again observed for the 10 nm SrTiO3 �lm

(Fig. 5.19b), but a kink in the slope of the linear trend occurs for both LRS and HRS

at low temperatures. For the 20 nm SrTiO3 �lm (Fig. 5.19c), the HRS still exhibits this

thermionic emission-like behavior, but the LRS exhibits only very week temperature

dependence, which is indicative of �eld emission currents dominating the transport [38].

The LRS temperature dependence even shows a decrease with decreasing temperature

for the 40 nm SrTiO3 �lm, a 'curvature' from a positive to a negative slope can be ob-

served (Fig. 5.19d). This indicates an almost ohmic contact due to extremely high car-

rier density. In general, an increased 'curvature' of the LRS resistance can be observed

for increasing �lm thicknesses. For Nb:SrTiO3, only one slope is observed, while the

slope decreases for lower temperatures for thicker �lms.

Based on these observations, the HRS transport mechanism appears to be rather in-

dependent of the �lm thickness and re�ects emission over a Schottky-like barrier, as

observed for many memristive devices [160]. But the thickness dependence of the ab-

solute values (compare also table 5.1) indicates that the resistance is not completely

governed by the interface, but possesses an additional contribution from the SrTiO3

�lm itself, e.g. through Poole-Frenkel emission or polaron hopping. For the LRS, the

transport mechanism is also dominated by emission over the barrier for both Nb:SrTiO3

and thin SrTiO3 �lms, but the �eld emission contribution increases with �lm thickness.

This is unexpected on �rst sight and will be considered in detail during the discussion

of the switching mechanism (cf. chapter 8).

As was indicated before, the processes dominating the transport across the barrier

may vary with the applied voltage. Therefore, Fig. 5.20 shows a comparison of the
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Figure 5.20: Temperature dependence of the LRS (green triangles) and the HRS (blue
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resistance of a single device evaluated at di�erent positive voltages (the slope was

�tted linearly in a ±0.1V interval around the speci�ed voltage). For this particu-

lar device, the HRS was rather close to the measurement limit, which gives rise to a

nearly constant value in Fig. 5.20a. Apart from this, the same trends of thermionic

emission over the barrier dominating for the HRS and a �eld emission-dominated

LRS hold for all voltages, justifying why the resistance close to zero was plotted in

Fig. 5.19.

5.7 Summary

In summary, resistive switching properties of Nb:SrTiO3 and SrTiO3 thin �lm devices

were investigated comparing di�erent stoichiometries, top electrode materials and �lm

thicknesses. On �rst sight, all devices exhibit similar eightwise switching, but di�er-

ences in retention times and switching parameters can be observed. A general trend was

observed where thicker SrTiO3 �lms exhibit a more pronounced forming step and higher

HRS values while requiring higher switching voltages.

Regarding the choice of the top electrode material, di�erences in the I-V -characteristics

between di�erent top electrode materials are small, which can be expected based on a

similar work function of the electrode materials investigated here. Au top electrodes

yield generally bad LRS retention times compared to devices with the regular Pt top

electrodes; only few devices show a stable retention. Because of this, they present an

attractive platform to investigate the origin of stable retention and retention failure us-

ing spectromicroscopy, as presented in chapter 6. Ultra-thin Rh and graphene top elec-
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trodes show suitable switching characteristics and su�cient retention for in operando

characterization as presented in chapter 7.

Importantly, a dependence of both I-V -characteristics and retention times on the oxy-

gen partial pressure of the external atmosphere was found. Reducing atmospheres

lead to improved LRS retention and a less pronounced Reset, which leads to a lower

HRS value and therefore a decrease of the memory window. This indicates a certain

interaction with the surrounding both during and after operation. Oxygen species

appear to be necessary for a complete Reset. But for most thicknesses, operation in

reducing atmospheres proved to be possible (with the drawback of a lower memory

window).

Temperature dependent measurements indicate that the charge carrier transport in

Nb:SrTiO3 and SrTiO3 thin �lm devices is dominated by the Schottky barrier between

the high work function top electrode and the SrTiO3. The dominating transport mech-

anism to overcome the Schottky barrier appears to be thermionic emission in the HRS

and the LRS for Nb:SrTiO3 and thin SrTiO3 �lm (up to ≈10 nm) and shifts towards

�eld emission for the LRS in thicker SrTiO3 �lms.
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6 Photoelectron emission

microscopy after top electrode

delamination

As discussed in chapter 2, the ultimate aim regarding device performance for non-

volatile memory applications includes long retention times exceeding 10 years. Excel-

lent retention has been demonstrated for individual devices composed of many di�erent

binary and ternary oxides. But for each case, at least a fraction of the devices exhibits

very poor retention. The failure mechanism giving rise to this poor retention as well

as the switching mechanism itself are not well understood, both have just been loosely

connected to oxygen-migration. The details of the switching and and failure mechanism

may therefore be elucidated using spectromicroscopy.

In this chapter, spectromicroscopy after top electrode delamination is applied to in-

vestigate the local valence state of SrTiO3 devices after device operation and retention

failure. For this purpose, memristive devices with Au electrodes were examined. On

the one hand, these devices allow for mechanical removal of the top electrodes, which

allows for studying the active layer with a surface-sensitive technique such as PEEM.

On the other hand, the retention in these devices is typically very poor, but some

devices exhibit strongly improved retention, which makes them an intriguing platform

for the study of retention failure and stabilization mechanisms. In the �rst part of this

chapter, the method for mechanical removal of the top electrodes will be introduced.

Afterwards, the spectromicroscopic signature of the switching and failure mechanisms

will be presented for SrTiO3 thin �lm devices and Nb:SrTiO3/metal junctions. These

signatures reveal that both regular device operation and failure are caused by spatially

con�ned redox reactions. The results presented in this chapter have been published in

part in refs. 152 and 153.
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6.1 In situ delamination of the top electrodes

The main challenge in the PEEM characterization of MIM structures is to overcome the

high surface sensitivity of photoemission, which limits the probing depth to few nanome-

ters and practically prevents access to the active region covered by top electrodes. For

the spectromicroscopic analysis presented in this chapter, the top electrodes were me-

chanically removed (delaminated) under UHV conditions with an adhesive copper tape

after sputter deposition of a homogeneous 30 nm Au layer onto the entire sample. The

delaminated sample was transferred into the XPEEM chamber under UHV conditions.

Details of the mechanical removal can be found in ref. 54. The complete removal of the

Au top electrode is checked by recording the spatially resolved Au 4f XPS spectrum

on the former device area and for all presented devices the absence of any gold signal

has been veri�ed (with the exception of a small amount of Au residue for the device

in the HRS). All XPEEM experiments have been performed at the NanoESCA beam-

line at Elettra synchrotron laboratory (Trieste, Italy) using the endstation described

elsewhere [106].

6.2 SrTiO3 thin �lm devices

6.2.1 Titanium L-edge

In order to visualize switching-induced local changes of the electronic and chemical

structures of SrTiO3, memristive Au/SrTiO3 (2 nm)/Nb:SrTiO3 devices as described

in chapter 5 were investigated using XPEEM. As discussed in section 5.4, individ-

ual devices on the same sample exhibit retention failure or stable retention, respec-

tively.

Devices with stable retention

In a �rst step, the devices with stable retention were used to examine the valence

change mechanism which is expected to be responsible for the memristive operation

of SrTiO3-based cells. After delamination of the top electrode, XPEEM imaging of a

representative device with stable retention revealed a switching �lament with enhanced
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Figure 6.1: XPEEM comparison between LRS and HRS. (a) XPEEM image of a device
with a stable retention in the LRS recorded with a photon energy of 458.5 eV. Filament
indicated by a red arrow. Scale bar, 2 µm. (b) Ti L-edge spectra extracted from the
XPEEM image stack for a region inside the bright �lament discernible in (a) (red line) and
for the surrounding device area (blue line). (c) False color map of the Ti3+ contribution
for the device in (a). (d) XPEEM image of a device in the HRS recorded with a photon
energy of 458.5 eV. Filament indicated by a red arrow. Scale bar, 2µm. (e) Ti L-edge
spectra extracted from the XPEEM image stack for a region inside the bright �lament
discernable in (d) (red line) and for the surrounding device area (blue line). (f) False
color map of the Ti3+ contribution for the device in (d). Modi�ed from ref. 152.

contrast (Fig. 6.1a). As the photon energy hν = 458.5 eV used in this case corresponds

to the Ti3+ L3 eg absorption edge, one may surmise that the contrast arises because of a

reduced Ti valence state inside this �lament, which has been expected to be the origin

of the low resistance [4, 15�17, 53]. In fact, extracting Ti L-edge absorption spectra

for a ROI within this �lament and for a reference area from the surrounding reveals a

strong contribution of Ti3+ within the �lament1, indicated by the dashed line, while the

surrounding device area only shows Ti4+ contributions, as is expected for stoichiometric

SrTiO3 (Fig. 6.1b) [15,114].

In order to analyze the spatial extent of the Ti3+ contribution, false color maps

were created by �tting the spectra at each pixel using model absorption spectra

for Ti3+ and Ti4+ in SrTiO3. A color image is created, where the color scale

1As will be shown below, the 50mA current limit used here leads to a phase separation. Therefore
- in contrast to most devices presented in chapter 7 - the O K-edge cannot be used here for the
determination of the carrier density and the Ti L-edge is used instead.
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represents the spectral contribution of the Ti3+ signal. Before such treatments, the

linear, vertical energy dispersion of the beamline exit slit and the parabolic, vertical

energy dispersion of the NanoESCA energy �lter were corrected as described in

ref. 161.

The local con�nement of the observed valence change is directly evident from the false

color map of the Ti3+ contribution for the entire device area as shown in Fig. 6.1c: only

for the �lament area does one �nd a signi�cant contribution. Since Ti3+ states in SrTiO3

correspond to electrons in the conduction band [4], this region can in fact be regarded as

the switching �lament. The enhanced contrast surrounding the active device is caused

by the dry etching involved in the electrode structuring and is not associated with the

device conductance. One may therefore conclude that the resistive switching occurs

within this �lament due to a local reduction of the Ti.

The di�erence between LRS and HRS is investigated next. For a device which was

switched back to the HRS, no Ti3+ spectral contributions could be detected (Fig. 6.1d-

f) although XPEEM images indicate the presence of a locally modi�ed area, which

can be ascribed to the reoxidized switching �lament. This means that during Reset,

the switching �lament has been reoxidized, as was speculated in chapter 5. This re-

oxidation occurred in such a way that no Ti3+ can be detected using the Ti L-edge,

i.e., at least the top few nanometers of the �lament have been reoxidized. As a very

thin �lm (2 nm) was investigated here, this indicates reoxidation of the entire �la-

ment.

It is interesting to note that in the PEEM image at this photon energy, the HRS

�lament has a dark contrast compared to the surrounding, which is in contrast to

the LRS �lament. This indicates that (i) there does not appear to be a strong Ti3+

component (which is con�rmed by the Ti L-edge spectrum and the false color map)

and (ii) that there is a decreased overall Ti intensity in this region, as was also the

case for the LRS. The reason for the decrease in intensity will be discussed in sec-

tion 6.2.2.

Based on the remarkable di�erence between the spectra extracted for the switching

�laments in the LRS and the HRS and the corresponding false color maps in Fig. 6.1,

it is directly obvious that there is indeed a pronounced valence change between the

di�erent resistance states. In other words, these results demonstrate explicitly that
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Figure 6.2: Ti L-edge of a device with retention failure. (a) XPEEM image of a device with
an LRS retention failure recorded with a photon energy of 459.5 eV. Filament indicated
by a red arrow. Scale bar, 2 µm. (b) Ti L-edge spectra extracted from the XPEEM
image stack for a region inside the bright �lament discernible in (a) (red line) and for the
surrounding device area (blue line). (c) False color map of the Ti3+ contribution for the
device in (a). Modi�ed from ref. 152.

local reduction and reoxidation indeed constitute the fundamental mechanism behind

resistive switching in this model system.

Devices with retention failure

As discussed in section 5.4, reoxidation of the switching �lament is believed to be

responsible for the retention failure of the LRS. Therefore, the local electronic structure

of devices with retention failure was analyzed in a next step, as shown for an exemplary

device in Fig. 6.2. While the XPEEM images show a small area with a darker contrast,

which might be the remainder of a switching �lament, the Ti L-edge absorption spectra

for this region and the surroundings, and in particular the false color map of Ti3+, reveal

that no signi�cant Ti3+ contribution is present in the entire device area. Similar to the

case of the device in the HRS, this means that the initially reduced switching �lament

is reoxidized during retention failure.

The role of oxygen migration for the retention of SrTiO3-based devices has already

been discussed based on the comparison of the retention characteristics in di�erent

atmospheres (cf. section 5.4). The retention times are improved in the absence of

oxygen, because reoxidation of the switching �lament from the environment appears

to be inhibited. Consequently, these results experimentally verify the hypotheses of

previous simulation-based models [84], which propose the retention failure of the LRS

to be due to oxygen di�usion along the vertical direction.
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6.2.2 Oxygen K-edge

The question arises why some devices on the same chip show stable retention, while

most devices exhibit retention failure. In order to elucidate the microscopic mechanism

for retention stabilization, the local chemical con�guration of the switching �laments

of the devices shown in section 6.2.1 are investigated in more detail. O K-edge absorp-

tion spectra for the �lament and the surroundings of the device with stable retention

reveal a strong modi�cation of the local environment of the O ions within the �lament

(Fig. 6.3a). From comparison with literature, it can be assumed that this modi�cation

stems from a signi�cant SrO contribution, as the individual peaks A, A', B1 and B2 are

smeared out into one broad feature and peak C is strongly reduced in intensity [125].

Considering the role of Joule heating during resistive switching (cf. chapter 2), the

formation of SrO on the surface of SrTiO3 is plausible as such SrO islands have been

previously observed after high temperature treatments exceeding 1000 ◦C [162�164].

In fact, it has already been shown that Joule heating during electrical treatment is

su�cient to promote this phase separation [15,17,165].

Performing similar false color mapping as described above (using O K-edge reference

spectra for SrO and SrTiO3), Fig. 6.3b,d,f) reveals that this modi�ed O environment

is only present within the switching �lament for the LRS device with stable retention

and the device in the HRS, while it is absent for the device with retention failure. The

phase separation is also the reason for the observed decrease in the overall intensity

of the Ti L-edge for the devices in Fig. 6.1. On the one hand, this con�rms that the

di�erence in the Ti valence rather than the existence or absence of a phase separation

is responsible for the resistance change. The di�erent spatial extent of the SrO contri-

bution is suspected to be caused by device-to-device variation. On the other hand, the

absence of any SrO signal for the LRS device with retention failure (Fig. 6.3e,f) sug-

gests a connection between the occurrence of the phase separation with the retention

behavior. A comparison of all measured devices reveals that this is a reliable trend.

Four LRS devices with retention failure and four devices with stable LRS retention were

investigated as described above for the representative devices. For all of these devices,

no Ti3+ or SrO spectral contribution was observed for the devices with retention failure,

while all devices with stable retention exhibited a �lament with a Ti3+ contribution

and an SrO interface component. Therefore, the role of this SrO layer for the device

retention will be discussed in detail in chapter 8.
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Figure 6.3: Spectromicroscopic �ngerprint of the �lament chemistry. (a) O K-edge spectra
extracted from the XPEEM image stack for the switching �lament (red line) and for the
surrounding device area (blue line) for the device with stable retention (the same device as
in Fig. 6.1(a)-(c)). (b) False color map of the SrO contribution for the same device. The
apparent vertical stripe in the center of the device is an artifact from the uncorrected but
small horizontal energy dispersion of the NanoESCA energy �lter. (c) O K-edge spectra
extracted from the XPEEM image stack for a region within the switching �lament (red
line) and for the surrounding device area (blue line) for the device in the HRS (the same
device as in Fig. 6.1(d)-(f)). (d) False color map of the SrO contribution for the same
device. (e) O K-edge spectra extracted from the XPEEM image stack for a region within
the switching �lament (red line) and for the surrounding device area (blue line) for the
device with retention failure (the same device as in Fig. 6.2). (f) False color map of the
SrO contribution for the same device. Modi�ed from ref. 152.
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Figure 6.4: XPS analysis of the �lament chemistry. (a) Sr 3d spectrum for the switch-
ing �lament (black data points) for the device with stable retention with a �t (red line)
consisting of a bulk component (blue doublet) and a SrO-like surface component (red
doublet). (b) Sr 3d spectrum extracted from a region surrounding the switching �lament
(black data points) for the same device with a similar �t (blue line). The SrO-like surface
component is suppressed in comparison with (a). (c) False color map of the SrO con-
tribution for the same device. (d) Sr 3d spectrum for the suspected switching �lament
(black data points) for the device with retention failure with a similar �t (red line). (e)
Sr 3d spectrum extracted from a region surrounding the switching �lament (black data
points) for the same device and a similar �t (blue line). (f) False color map of the SrO
contribution for the same device. Modi�ed from ref. [152].

6.2.3 Sr 3d XPS

As SrO surface components have been detected using XPS before [30, 165], energy-

resolved XPEEM was performed for the Sr 3d level to verify the observed phase sep-

aration independently. As typically observed for SrTiO3 thin �lms, the Sr 3d spectra

extracted from these scans can be �tted well with a doublet for the bulk contribution

and an additional doublet found at 0.8 eV higher binding energy, which corresponds

to SrO-type surface components (Fig. 6.4a,b) [30, 165]. As was observed using the

O K-edge, the amount of this SrO-type component is signi�cantly higher within the �l-

ament of the device with stable retention, as is evident from the representative spectra
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for the �lament and the surrounding and the false color map of the SrO contribution

shown in Fig. 6.4a-c. In this case the false color maps were created by �tting the

spectra at each pixel using the peak model shown in Fig. 6.4a. For the device with

retention failure, there is no indication of this local phase separation in the XPS anal-

ysis (Fig. 6.4d-f). The components for the SrO surface component are almost equal

in height for the �lament and the surrounding. This is con�rmed by the false color

map, which reveals no signi�cant additional contribution of SrO for the entire device

area.

The electron kinetic energy used here was around 60-70 eV, corresponding to the

minimum of the kinetic-energy-dependent inelastic mean free path of just 0.5 nm [166].

The surface sensitivity of the XPS analysis thus con�rms that the observed phase

separation for devices with stable retention yields a Sr-de�cient �lament with a

SrO layer in the surface region (i.e., the electrode-oxide interface before electrode

removal).

6.3 Nb:SrTiO3 devices

After the characterization of SrTiO3 thin �lm devices, Au/Nb:SrTiO3 junctions as

described in detail in section 5.3 are investigated spectromicroscopically. As dis-

cussed before, large currents in the mA range lead to a pronounced forming step

and the suspicion of �lamentary switching in these devices, which will now be veri-

�ed.

After delamination of the top electrode, XPEEM imaging of a representative device

in the LRS reveals an area with darker contrast (Fig 6.5a) at a photon energy of

459.5 eV, which corresponds to the Ti4+ L3 eg absorption edge. A direct comparison

of the XPEEM image with a C-AFM image of the same device reveals that this area

is the only area with increased conductivity (Fig. 6.5d), yielding direct evidence for

the �lamentary change of the resistance. If the valence change mechanism is responsi-

ble for this change of resistance, one would consequently expect this area to exhibit a

spectroscopic signature of reduced SrTiO3. Similar to the case of thin �lm devices, a

comparison of the Ti L absorption edge reveals that this switching �lament in fact con-

sists of a mixture of Ti4+ and Ti3+ states [15,114], while the insulating surrounding only
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Figure 6.5: Fingerprint of the localized valence change in Nb:SrTiO3 devices. (a) XPEEM
image of a device in the LRS recorded with a photon energy of 459.5 eV. (b) Ti L-edge
spectra extracted from the XPEEM image stack for a region within the �lament (red line)
and for the surrounding device area (blue line) as indicated with the arrows in a. (c) False
color map of the Ti3+ contribution for the device in (a). (d) C-AFM current image of the
device shown in (a). (e) Ti L-edge spectra extracted from the XPEEM image stack for
a device in the HRS from a region within the suspected �lament (red line) and for the
surrounding device area (blue line) as indicated with the arrows in (d). (f) False color
map of the Ti3+ contribution for the device in (e). No Ti3+ contribution is discernible
for the entire device area. The apparent vertical gradient in the false color maps is an
artifact from the uncorrected but small energy dispersion. The resulting contrast is much
lower, however, than the real contrast detected for the �lament. Modi�ed from ref. 153.

exhibits Ti4+ states (Fig. 6.5b). The local con�nement of this valence change is again

evident from the false color map of the Ti3+ contribution (Fig. 6.5c): only within the

�lament area does one �nd a signi�cant Ti3+ contribution.

For comparison, a device that was reset to the HRS was also analyzed (Fig. 6.5e-

f). XPEEM images indicate the presence of a locally modi�ed area, which can be

ascribed to the switching �lament in the HRS (i.e., a reoxidized switching �lament,

data not shown). Again, no Ti3+ spectral contributions could be detected in this re-

gion (Fig. 6.5e). False color mapping does not show any signi�cant Ti3+ contribution

for the entire device area. In consequence, these results demonstrate explicitly that

a change of the Ti valence in a locally con�ned �lament is indeed also responsible

for the resistive switching in Au/Nb:SrTiO3 junctions operated at high current lim-

its.
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Figure 6.6: Fine-structure of a switching �lament in Nb:SrTiO3. (a) High-magni�cation
C-AFM image of the switching �lament for the LRS device in Fig. 6.5. Representative
regions of high conductivity (red) and mediocre conductivity (blue) were chosen for spec-
troscopic evaluation. (b) Ti L-edge spectra extracted from the XPEEM image stack for
two regions inside the �lament outlined in (a) (red and blue lines) and for the surrounding
device area (black line). (c) Schematic illustration of the phase separation in the switching
�lament. Nb:SrTiO3 single crystal in blue with an insulating surface layer (light blue)
underneath the Au top electrode. The switching �lament consists of a well-conducting,
Nb:Sr1−xTiO3−y region (dark blue) which penetrates the insulating surface layer. This
�lament is covered by a SrO layer (green) of non-uniform thickness. The thickness de-
pendent series resistance of this SrO layer leads to non-uniform conductance, as depicted
by the current density lines (red lines). The lines are drawn such that the density of
lines indicates the current density. (d) Sr 3d XPS spectra for the same regions as in (b).
Modi�ed from ref. 153.
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While Fig. 6.5 already validates the valence change mechanism, closer inspection of the

switching �lament is essential to shed light onto the details of the switching process

itself and on possible implications of the �lament chemistry on the retention times as

described above. In order to analyze the link between conductivity and the valence

state in more detail, regions with di�erent conductivity were selected based on the

C-AFM data and used as reference for the analysis of the spectromicroscopic data

(Fig. 6.6a). For each of these regions, Ti L-edge absorption spectra were extracted

(Fig. 6.6b). Comparison of the two representative spectra extracted within the switch-

ing �lament indicates an inhomogeneous distribution of Ti3+ states within the �lament.

Upon �rst sight, one may expect that areas with a high Ti3+ concentration should cor-

respond to the areas of highest conductivity inside this switching �lament. The C-AFM

data, however, indicate the opposite behavior: areas of high conductivity correspond

to mediocre Ti3+ concentrations, while areas of mediocre conductivity correspond to

high Ti3+ concentrations.

This apparent contradiction can be explained through the consideration of the spa-

tially resolved Sr 3d spectra extracted from the same regions as the Ti L-edge spectra

(Fig. 6.6d). As described above for SrTiO3 thin �lm devices, one �nds a local phase

separation into Sr-de�cient SrTiO3 with a SrO coverage of the switching �lament. This

SrO coverage is apparent from the high binding energy shoulder of the Sr 3d spectra.

Comparison of the Sr 3d spectra and the C-AFM data reveals that the SrO layer is

responsible for the non-uniform conductivity of the switching �lament: Regions with

high conductivity show only a slight shoulder, indicative of a thin SrO layer. Regions

with lower conductivity, on the other hand, exhibit a more pronounced shoulder, in-

dicative of a thicker SrO layer. This correlation is directly understandable in terms

of the electronic structure of SrO: The �lament region underneath is well conducting

even for small Ti3+ contribution. SrO, however, is an insulator and therefore presents

an additional tunneling barrier for electronic transport into the �lament. Thin SrO

layers therefore do not impede electronic transport drastically, while thicker layers

lead to a non-negligible series resistance. This scenario is schematically depicted in

Fig. 6.6c.

As discussed in chapter 5.4, the LRS of these devices can undergo a retention failure,

which appears to be connected to exchange with the ambient atmosphere. As for the

SrTiO3 thin �lm devices, devices with a retention failure and devices with stable re-
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tention can be distinguished for the �lamentary switching in Nb:SrTiO3 devices. For

the XPEEM investigation of the �lamentary switching mechanism described above, a

representative device with stable retention was selected to allow for the characteriza-

tion of the LRS state even after the unavoidable delay between switching and XPEEM

investigation. Similar to the observations for SrTiO3 tin �lm devices, all devices with

stable retention investigated here exhibit a SrO layer on top of the reduced switching

�lament. In contrast, no SrO signature was found for devices with a retention fail-

ure, indicating a close connection between the appearance of the SrO layer and the

LRS retention, similar to the case described in section 6.2.3. The role of this SrO

layer for the LRS retention for both types of devices will be therefore discussed in

chapter 8.

6.4 Summary

In this chapter, it was demonstrated that spatially con�ned valence changes between

Ti3+ and Ti4+ within a switching �lament are responsible for the resistance change

in SrTiO3 thin �lm devices as well as noble metal/Nb:SrTiO3 junctions operated at

high current limits. The same valence change also leads to the LRS retention failure.

While reoxidation of previously oxygen-de�cient areas causes the frequently observed

retention failure of the LRS, Joule-heating-induced local phase separation within the

switching �lament can stabilize the retention due to the formation of a SrTiO3/SrO

interface.
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7 In operando spectroscopy and

microscopy of switching-induced

structural and electrical changes

As demonstrated in the previous chapter, resistive switching in transition metal oxides

can be attributed to the motion of mobile donor-type defects and the corresponding

valence change in the transition metal cation. The exact mechanism and especially the

quantitative details of the related nanoscale redox-processes, however, remained elusive

due as spectromicroscopic characterization of the same switching �lament in each re-

sistance state is mandatory for a quantitative description of the switching e�ects. The

PEEM analysis described in the previous chapter was limited to post-mortem devices

as the metallic top electrodes had to be removed due to the surface sensitivity of pho-

toelectrons. This approach, of course, makes the examination of the same device in

both resistance states inaccessible. Therefore, a development of the previously destruc-

tive PEEM studies towards a non-destructive in operando characterization is highly

desirable.

In this chapter, uncovered single layer graphene is used as the top electrode for

SrTiO3-based memristive devices, allowing simultaneous electrical biasing and imag-

ing inside PEEM instruments, enabling in operando, quantitative analysis of the

redox processes. In the second part of this chapter, this characterization will be

complemented with a cross-sectional, in operando TEM analysis, providing atomically

resolved spectroscopic information in both the lateral and the vertical direction of

the device. The results presented in this chapters have been published in part in

ref. 112.
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Figure 7.1: Filamentary work function changes. (a) Energy-�ltered PEEM image of the
same device presented in Fig. 6.5 at an electron energy E − EF = 3.45 eV with a photon
energy of 200 eV. (b) Threshold photoelectron spectra extracted from the �lament (red
line) and the surrounding (blue line).

7.1 Filament identi�cation via photoelectron

threshold spectromicroscopy

As the local work function may contain additional information about the electronic

structure resulting from memristive operations [54,167], the SrTiO3 device in the LRS

from the previous chapter was also characterized through work function scans as de-

scribed in section 3.5. This is shown in Fig. 7.1. Similar to the observations in refs. 54

and 167, a left shift of the rising edge of the threshold photoelectron spectrum, i.e.,

a decreased work function, is apparent for the �lament compared to the surrounding

(Fig. 7.1b). This decrease can correspond to a Fermi level shift towards the con-

duction band, which is in line with the observed Ti3+ contribution. However, the

observed phase separation may introduce a similar shift of the work function due to

the formation of SrO on the surface as well as topographic e�ects. Therefore, the

local work function will has to be considered in detail based on in operando measure-

ments.

To achieve the desired in operando PEEM characterization of the resistive switching

process, SrTiO3-based memristive devices with graphene top electrodes as introduced in

section 5.2 were employed (Fig. 7.2). These devices are �rst characterized through work

function scans using the NanoESCA at Forschungszentrum Jülich with UV irradiation
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Figure 7.2: Device and measurement setup schematic. An epitaxial SrTiO3 layer (blue)
is sandwiched between a Nb:SrTiO3 bottom electrode (violet) and graphene top electrode
(grey honeycomb lattice). The graphene electrode is contacted through a metal lead,
which is electrically separated from the continuous bottom electrode, allowing for biasing
inside PEEM instruments. At the same time, photoelectrons from the SrTiO3 layer can
easily escape through the graphene electrode, allowing simultaneous imaging, as depicted
with the PEEM lens system. Modi�ed from ref. 112.
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from a Hg lamp1. This allows a �rst characterization of several devices with graphene

top electrodes in a manageable time and serves as a basis to select devices for further

XPEEM analysis (see section 7.2). For the purpose of these measurements, devices

were switched in air and mounted into the NanoESCA for each separate switching step

as no biasing is possible within the instrument.

An exemplary device is shown in Fig. 7.3. The graphene device is surrounded by an

insulating layer and contacted with a metal lead. Using the energy �lter unit of the

NanoESCA, single images are recorded for di�erent electron energies. As described

in section 3.5 this allows the extraction of threshold photoelectron spectra. Fitting

the secondary electron cut-o� at the rising edge of the spectra with a convolution of

Gauss and Heaviside functions, in turn, allows the determination of the work function

[110].

In the following, local variations of the work function of graphene/1 nmAl2O3/SrTiO3

devices will be analyzed after each switching event2. For this purpose, PEEM im-

ages with an energy corresponding to the rising edge of the threshold spectrum for

the graphene/Al2O3/SrTiO3 stack are compared. Contrasts in these images can corre-

spond to work functions variations, which can be caused by changes in the electronic

structure or residues and dirt on the graphene surface. If the variation of the work

function is caused by switching-induced changes of the electronic structure, one would

expect a reproducible change after each switching event. If the contrasts are caused

by residues, on the other hand, no reversible change would be expected. Therefore,

threshold photoelectron spectra were extracted for each area exhibiting contrast in the

respective PEEM images and only those areas exhibiting change upon switching are

considered in the following. To avoid artifacts from contamination-induced changes of

the work function due to the exposure to air after each step, a reference spectrum from

the unmodi�ed device area was taken for each step (not shown in the following for

reasons of clarity). The work function of this reference area served for the calibration

of the energy scale such that only changes between the reference and the �lament work

function are considered.

1NanoESCA characterization was performed as part of the master's thesis of Richard Valenta, Peter
Grünberg Institute, Forschungszentrum Jülich GmbH, Jülich, Germany [168].

2The in�uence of a thin Al2O3 layer will be discussed in great detail in chapter 8.
Graphene/1 nmAl2O3/SrTiO3 devices exhibit very similar switching compared to devices with-
out the Al2O3 layer.
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Figure 7.3: Exemplary graphene/SrTiO3 device investigated with energy �ltered PEEM.
(a) Integrated PEEM image of an exemplary device. The graphene/SrTiO3 device is con-
tacted with a Au lead, which is electrically separated from the bottom electrode through
an insulating layer. Scale bar, 5µm. (b) False color image of the same device created from
energy �ltered images (panels d-f). The images from panels d-f are overlaid in di�erent
color scales. (c) Threshold photoelectron spectra extracted from the di�erent regions of
the device. (d) Energy-�ltered PEEM image of the same device at an electron energy of
3.1 eV. Only the insulator appears bright. (e) Energy-�ltered PEEM image of the same
device at an electron energy of 3.6 eV. The graphene/SrTiO3 sandwhich area appears
brightest. (f) Energy-�ltered PEEM image of the same device at an electron energy of
4.1 eV. Only the Au appears bright.

First, the forming step will be analyzed. In Fig. 7.4, a virgin device is shown, which

exhibits some areas of local contrast variations. As this is a virgin device, these fea-

tures must stem from non-switching related e�ects such as photo resist residues on the

graphene surface, as discussed above, which is con�rmed through comparison with the

AFM topography (data not shown). After the forming step, an additional contrast

appears, which is connected to a decrease in work function (Fig. 7.4b and c). This fea-

ture will be referred to as �lament in the following. A decrease in work function after

forming has been observed previously for post-mortem devices and could be connected

to an increase in the oxygen vacancy doping concentration [54,167]. The fact that this

�lament is truly connected to a switching event and not an artifact (possibly resulting
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Figure 7.4: PEEM analysis of the forming step. (a) PEEM image of a virgin device at
an electron energy of 3.75 eV. Some contrasts are visible within the device area, which
must correspond to residues and dirt on the graphene layer, as no electrical treatment
was performed yet. Scale bar, 5 µm. (b) PEEM image of the same device after form-
ing. An additional contrast appeared, which was previously absent (compare insets). (c)
Threshold photoelectron spectra extracted for the �lament area before forming and after
Set and Reset operations.

from additional dirt on the sample surface) is veri�ed through an additional switching

operation followed by PEEM analysis. After Reset, the work function of the �lament

is increased again, which indicates a (partially) reversible e�ect. It can therefore be

concluded that during switching, changes in the local work function occur within the

switching �lament.

In a next step, the reversible change of the �lament work function was veri�ed using

a second device (Fig. 7.5). This device was formed and reset before the �rst PEEM

image was taken, where no contrasts are visible within the device area (Fig. 7.5a). After

setting this device to the LRS, a new contrast appears, which is connected to a strongly

decreased work function (Fig. 7.5b). Again, this change in work function is partially

reversible, as the following Reset, Set and Reset operations lead to less pronounced,

more pronounced and less pronounced contrast, respectively, which is caused by change

in work function (Fig. 7.5c-f).

After �tting of the spectra, the work function ΦF of the �lament can then

be compared to the unaltered surrounding ΦR for each resistance state, yield-

ing

∆Φ = ΦF − ΦR. (7.1)
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Figure 7.5: Reversible change of the �lament work function. (a) PEEM image of another
graphene/Al2O3/SrTiO3 device in the HRS at an electron energy of 3.4 eV. Scale bar,
5 µm. (b) PEEM image of the same device after Set. (c) PEEM image after Reset. (d)
and (e) PEEM images after additional Set and Reset operations, respectively. Insets:
magni�cation of the area around the switching �lament, which appeared after the Set op-
eration. A di�erent color scale is used for improved contrast. (f) Threshold photoelectron
spectra extracted from the �lament.

Fig. 7.6a shows that for the rather reproducible LRS, ∆Φ ≈ −0.2 eV, while ∆Φ ≈
−0.1 to −0.15 eV for the HRS. A comparison between ∆Φ and the device resistance

measured directly after each switching event (i.e., before the sample is mounted into the

instrument) shows that the resistance value for HRS I and HRS II is almost identical

(Fig. 7.6a), so one would expect a similar ∆Φ as well. Measuring the device resistance

again after each PEEM measurement reveals that the resistance is rather stable for

HRS II and just increased slightly during the measurement. This is the typical behavior

one would expect from a device kept in air after the switching. For HRS I, on the other

hand, the device resistance decreases by approximately two orders of magnitude during

the course of the PEEM experiment. This dramatic change in resistance is usually

not observed in air for the HRS (see section 5.4) and might be a result of the vacuum
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Figure 7.6: Quanti�cation of the �lament work function. (a) Work function di�erence
between �lament and reference area as a function of device resistance measured before and
after PEEM measurement. (b) Evolution of device resistance after PEEM measurement
(upper panel) and work function di�erence between �lament and reference area (lower
panel) during the switching cycle. As the resistance changes during the course of the
experiment, the average value of the resistances measured before and after the PEEM
characterization is plotted in panel (b).

surrounding and the irradiation with high intensity UV light [169]. This change in

resistance, in turn, may explain the ∆Φ value for HRS I.

For the LRS, an increase of the device resistance by 1-2 orders of magnitude is ob-

served before and after the measurement, but this is the typical, fast increase in device

resistance after the Set operation (see section 5.4), i.e., the typical short-time retention

behavior of the LRS.

Comparing the average value of the resistances measured before and after the PEEM

with the measured work function di�erence, it can be concluded that the change in

work function tracks the actual device resistance satisfactorily (Fig. 7.6b), while prob-

lems with device retention may be more severe under UV irradiation, complicating the

comparison between spectromicroscopic values and the device resistance if the device

cannot be operated in the PEEM instrument itself.

The question remains why the �lament investigated in Figs. 7.5 and 7.6 does not exhibit

any contrast during the �rst HRS measurement (Fig. 7.5a). One may surmise that

the Reset operation leading to this HRS I resulted in a higher resistance than for the

following HRS states, which might make the contrast of the �lament less apparent.

But comparison of the resistance values disproves this suspicion, all HRS values are
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Figure 7.7: Change of the active �lament position. (a) PEEM image of another
graphene/Al2O3/SrTiO3 device in the LRS at an electron energy of 3.45 eV. Scale bar,
5 µm. (b) PEEM image of the same device after Reset. (c) Filament threshold photoe-
mission spectra. (d) PEEM image of the same device after another Set. A new �lament
was created (see inset) (e) PEEM image of the same device after another Reset. The
new �lament underwent a change in work function. (f) Filament threshold photoemission
spectra.

very similar. Alternatively, the active �lament investigated in Figs. 7.5 and 7.6 may be

di�erent from the active �lament of the �rst switching cycle leading to the �rst HRS

("HRS0" in Fig. 7.5). The active �lament for the �rst switching cycle might then have

been located underneath the Au lead, making it impossible to detect with PEEM. As

discussed in section 8.1, this is actually a rather likely scenario and agrees well with the

fact that in contrast to the devices discussed so far, no evidence of an active �lament

could be detected via work function scans for many other devices investigated here

(data not shown).

As demonstrated in Fig. 7.7, a variation of the �lament position is indeed possible for

these devices. In Fig. 7.7a and b images of the LRS I and HRS I of another device

show a small active �lament, which again exhibits an increase of the work function
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upon switching to the HRS (Fig. 7.7c). After switching back into the LRS II, the

work function of this �lament does not change, but a new �lament appears, which

now exhibits a lower work function than the surrounding (Fig. 7.7d-f). The �rst �l-

ament, accordingly, is still visible, but inactive. This observation con�rms that the

active �lament in these devices might change during repeated switching cycles. Un-

fortunately, further switching could not be performed using this device as the memory

window declined and even the switching direction changed after the next Set and Reset

operations.

Such a change in the position of the switching �lament during repeated cycling has

been observed before for so-called electrochemical metalization cells [170,171] where it

is assumed that this phenomenon is one of the reasons for cycle-to-cycle variability of

the LRS and the HRS, one of the major obstacles that have to be overcome for practical

application of resistive switching devices.

It can be concluded that switching �laments in graphene/Al2O3/SrTiO3 devices can

be identi�ed using threshold photoelectron spectromicroscopy. During forming, a �la-

ment with a lower work function compared to the surrounding is created. The active

�lament might change during the operation of a single device, but under some cir-

cumstances the same �lament is reproducibly created and reoxidized, which goes along

with a reproducible change of the work function. This �lament work function ap-

pears to have a direct correlation with the device resistance. In the next section, only

�laments which occur in the same location for each switching cycle will be consid-

ered.

7.2 In operando spectromicroscopy: O K-edge as a

probe of local, switching-induced carrier density

modulations

After the con�rmation that switching �laments in devices with graphene electrodes

can in principle be identi�ed using PEEM, graphene/SrTiO3 devices are now analyzed

using XPEEM, focusing on the O K-edge. The O K-edge was chosen as it is more

sensitive to small changes in the electronic structure (see section 4.1). If not speci�ed
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Figure 7.8: Top electrode comparison for su�cient XPEEM signal from the active layer.
SrTiO3 Ti L-absorption edge detected from SrTiO3 with a 1 nm Al2O3 capping layer
without electrode, from underneath a graphene electrode, and from underneath a 2 nm
Rh electrode. Inset: Zoom to the prepeak-area after normalization con�rming better
spectral resolution with graphene electrodes compared to Rh electrodes. Normalized
spectra from underneath graphene and from the surface without electrode are practically
identical. Modi�ed from ref. 112.

di�erently, the XPEEM experiments presented in this section have been performed at

the beamline UE56/1-SGM at BESSY II (Berlin, Germany) using secondary electrons

as detection method.

In a �rst step, in order to con�rm that a su�cient photoelectron signal from the SrTiO3

thin �lm can be obtained through graphene layers, the absolute electron yield at the

Ti L-edge for an SrTiO3 thin �lm without electrode was compared with a SrTiO3

thin �lm covered by a graphene electrode and a �lm covered by a 2 nm Rh electrode

as described in section 5.2 at comparable experimental conditions. Compared to the

SrTiO3 without electrode, the photoelectron signal underneath the Rh electrode is

diminished by a factor of 7 (Fig. 7.8). Thus, the investigation of buried layers un-

derneath ultra-thin metal is in principle possible but very di�cult due to low signals.

Utilizing graphene electrodes, on the other hand, allows for a much stronger signal,

which is only reduced by a factor of 1.6. In contrast to the spectrum from the �lm

covered by Rh, even the small prepeaks on the low-energy side of the L3 edge are

well reproduced, con�rming that spectromicroscopy using graphene electrodes is sen-

sitive even for subtle spectroscopic changes of the buried layer (Fig. 7.8, Inset). This

electron-transparency is the reason why secondary electron microscopy and X-ray pho-
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Figure 7.9: O K-edge signature of a switching �lament. (a) XPEEM image of the device
shown in Fig. 7.5 at a photon energy of 531.6 eV (peak A). Scale bar, 2µm. The pre-
viously observed �lament can be identi�ed again as a dark contrast (red contrast in the
magni�ed inset). (b) OK-edge for the switching �lament in panel (a) (green line) and the
surrounding device area (black line).

toelectron spectroscopy through graphene membranes are possible [172�174]. Based

on these �ndings, it can be concluded that graphene electrodes with their unparalleled

conductance-to-thickness ratio [23] are the ideal electrode material to study buried

layers using spectromicroscopy3.

O K-edge

Functioning devices are analyzed in a �rst step by imaging using a photon energy of

531.6 eV (peak A energy), as the peak A intensity of the O K-edge is the most obvious

indication for reduced SrTiO3. For the device shown in Fig. 7.5, the position of the

active �lament is already known from the threshold photoemission analysis. The same

feature is also visible as an area of reduced peak A intensity in Fig. 7.9a. Extracting

the entire O K-edge spectrum for this feature and the surrounding area reveals the

�ngerprint of reduced SrTiO3 for the �lament (reduced peak A intensity, increased

intensity between peaks B2 and C, Fig. 7.9b).

In Fig. 7.9a, there also appear other areas with similarly reduced intensity at peak A,

which can either be an e�ect from dirt on the sample surface (reduced intensity for the

3Therefore, Rh electrodes will be neglected in the remainder of this thesis. In operando spectromi-
croscopy using Rh electrodes was demonstrated in the master's thesis of Richard Valenta, Peter
Grünberg Institute, Forschungszentrum Jülich GmbH, Jülich, Germany [168].
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Figure 7.10: Spectromicroscopic �ngerprint of a resistive switching �lament in the LRS
and HRS. (a, c, e, g) PEEM images of the switching �lament in the LRS, HRS, LRS II
and HRS II, respectively (indicated by the black arrow) for a photon energy of 531.6 eV
(peak A). Scale bars, 1 µm. (b, d, f, h) O K-edge for the switching �lament in panels (a,
c, e, g) (green and blue lines for the LRS and HRS, respectively) and the surrounding
device area (black lines). Modi�ed from ref. 112.

entire spectrum), or the indication of partial �laments, i.e., other reduced areas in the

SrTiO3 layer. For clari�cation, each of these features needs to be analyzed after each

switching event. Unfortunately, this device (and all other devices on this sample) were

destroyed during the next step of the analysis because of a discharge in the PEEM

instrument4.

Therefore, this experiment was repeated several times with new samples. A represen-

tative device is shown in Fig. 7.10. The device was analyzed after each switching event

during a switching cycle LRS 7→ HRS 7→ LRS 7→ HRS by acquiring O K-edge image

stacks after each switching event. Upon close examination of the entire device area, a

feature exhibiting reduced intensity in the LRS at peak A was found, which is suspected

to be the switching �lament (red spot in Fig. 7.10a). Extracting the entire O K-edge

spectrum for this feature and the surrounding area again reveals the �ngerprint of

reduced SrTiO3 for the �lament (Fig. 7.10b). The same feature shows much weaker

4While this appeared to be a random event during the middle of a measurement, such discharges
were found to occur with increased probability for samples exhibiting signi�cant outgassing due
to improper mounting, or if the stage was very close to the extractor, or if the stage was moved
in rather large steps while the synchrotron beam was illuminating the samples. Mounting samples
with as little silver paste and plastics components as possible, leaving the sample in the main
chamber without imaging for a su�cient amount of time to ensure proper UHV and only moving
the stage with small steps (e.g. ≤ 2µm), preferably while using only low energy electron or UV light
irradiation from a mercury lamp were found to decrease the likelihood of destructive discharges.
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Figure 7.11: Spectromicroscopic quanti�cation of a resistive switching �lament. (a) Device
resistance and (b) normalized A/B2 ratio as a function of the device state. Modi�ed from
ref. 112.

contrast at peak A in the HRS (Fig. 7.10c). For quanti�cation, the O K-edge spectra

for this �lament were extracted for each resistance state (Fig. 7.10a-g), which show a

reproducible change in the normalized intensity of peak A.

Similar to the correlation between device resistance and �lament work function

(Fig. 7.6), this change in peak A intensity exhibits a direct correlation with the

device resistance (Fig. 7.11). To verify that this region is in fact the active switching

�lament, all other regions of interest in the entire device area which show contrasts

in the O K-edge were also analyzed, but no signi�cant changes during electrical

stimulus were found. This reproducible change in the O K-edge can therefore be

regarded as the �ngerprint of a single active switching �lament. Bearing in mind

the interpretation of the peak A intensity discussed in section 4.1, the change in the

O K-edge is indicative of a high concentration of carriers at the conduction-band

edge in the LRS, and a lower concentration in the HRS. Comparison to the reference

established in Fig. 4.3 yields approximate values of 9 ± 2% Ti3+ in the LRS and

4 ± 1% Ti3+ in the HRS. As XPEEM is a highly surface sensitive technique, the

resulting charge-carrier densities of 1.5×1021 electrons per cm3 (LRS) and 6.7×1020

electrons per cm3 (HRS) can be considered as an average value of the top 2-3 nm of

the �lament. In the lateral direction, the diameter of this �lament has an upper limit

of 500 nm (this was found to be the necessary size of the ROI used to extract the

spectra).
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Although experimental uncertainties limit the accuracy of assigning absolute values

(compare the relatively large error bars given above), these results provide valuable

quantitative information on the charge-carrier density di�erences between di�erent

resistance states. Going beyond the analysis of post-mortem devices presented in

chapter 6, these results obtained from reversible changes �nally yield unambiguous

and quantitative evidence that resistive switching in transition metal oxides is driven

by a nanoscale redox reaction: An oxygen vacancy-driven valence change in the Ti

leads to a charge carrier density modi�cation by a factor of 2-3. This information

can complement existing device simulation models, enabling unprecedented predictive

modeling approaches for future memory or logic devices, as will be presented in chap-

ter 8.

As described above, the entire device area was examined in each resistance state for the

device shown in Figs. 7.10 and 7.11 to ensure that the active �lament is in the �eld of

view in each case. Of course, this approach limits the spatial resolution of the XPEEM

characterization. Fitting a sharp edge within the PEEM image with a Gaussian pro�le

convoluted with a step function as described in ref. 175 yields a resolution of 140 nm.

Even more importantly, many devices did not exhibit an identi�able switching �la-

ment, which may be located underneath the Au lead, as discussed above. To overcome

these limitations, the experiment was repeated with a pre-de�ned switching �lament

as described below.

Before the graphene electrode was deposited, the W probe was placed directly on the

SrTiO3 thin �lm to form a conductive �lament, similar to the process described in

ref. 176 (Fig. 7.12a-d)5. Applying positive voltages to the W probe then leads to a

forming step very similar to the forming step described for MIM devices in chapter 5

(Fig. 7.12h). To avoid structural damage to the SrTiO3 and the phase separation

observed in chapter 6, the current was limited to 1 or 2 mA. The structural integrity

was con�rmed by AFM and spatially resolved XPS measurements during XPEEM

analysis. Using C-AFM, the location of the conductive �lament could be identi�ed

(Fig. 7.12e-g) and it was found that the conductivity increased most signi�cantly in

the proximity a small elevation, which indicates small structural alterations. Only

5For alignment purposes, a 30 nm insulating layer was deposited outside the areas designated to
be contacted by graphene top electrodes. This procedure yields "windows" where the SrTiO3 is
directly accessible for contacting with the probe tip and for subsequent contacting with graphene
electrodes.
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Figure 7.12: Pre-de�ning a switching �lament. (a) Schematic of a window in the insulator,
where the W probe can contact the SrTiO3 layer directly. (b) Side view of the same
schematic. (c) Schematic of the next step in the fabrication process: graphene is deposited
onto the entire surface. (d) Schematic of the device after fabrication. (e) AFM-topography
of a representative device after forming with a current limit of 2mA. The violet area
represents the SrTiO3 surface, the insulator appears yellow. Scale bar, 5 µm. (f) Zoom-
in of the AFM-topography to the area of contact between W probe and SrTiO3 layer.
Scale bar, 50 nm. (g) C-AFM conductivity map of the same area. Scale bar, 50 nm. (h)
Forming step of another device (the device that will be used for PEEM analysis). The
current limit was 1mA. (i) First biasing step (blue line) and subsequent I-V -curve after
device fabrication.
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for larger currents on the order of 10 mA alterations similar to the forming induced

phase-separation shown in chapter 6 were found.

After top electrode fabrication, the device exhibited typical eightwise resistive switch-

ing, with a very indistinct forming step compared to devices without pre-de�ned �la-

ment (Fig. 7.12i). This could indicate that the pre-de�ned �lament needs some "activa-

tion" which can be achieved with a smaller voltage than forming in an undisturbed �lm.

In the following in operando XPEEM characterization, O K-edge measurements of the

entire device area, as shown exemplarily in Fig. 7.13a, con�rmed that the pre-formed

area exhibits the signature of reduced SrTiO3. Subsequently, this area was analyzed in

both LRS and HRS using a higher magni�cation (Fig. 7.13b), achieving higher spatial

resolution. The resolution was determined to be 20-50 nm depending on which feature

was chosen for the �tting routine, indicating operation with almost ideal microscope

settings [108]. The switching �lament exhibits a complex �ne structure, which resem-

bles the �ne structure observed in C-AFM but is slightly larger, and which changes

during switching from the LRS to the HRS (Fig. 7.13c-f). Extracting the O K-edge

spectra for a rather large area including the �lament � similar to the procedure used in

Fig. 7.10 � results in the same trend as observed before, i.e., an increase of the peak A

intensity when going from the LRS to the HRS.

The high spatial resolution achieved here allows to even extract spectra from di�erent

regions within the �lament. Fig. 7.13g shows the spectrum obtained from the bright-

est spot in Fig. 7.13d. This spectrum appears to have changed dramatically from the

reference spectrum, as peak A is strongly suppressed and a new peak at the original

peak B2 energy occurs. But close comparison to the available reference spectra con-

�rms that this feature cannot be caused by SrO or SrCO3 (compare Fig. 4.6). Instead,

it is very similar to the reference spectrum obtained for ≈ 24 % Ti3+, which is shown

in Fig. 7.13h. On �rst sight, both spectra shown in Fig. 7.13h have a very di�erent

shape than the spectra in Fig. 7.13g. The reason for this lies in the machines used to

obtain the spectra: The in operando experiments in Fig. 7.13a-g were performed at

Elettra, while the references were taken at Bessy II. Due to unavoidable, O containing

contamination of the X-ray optics within the beamlines, a non-negligible renormal-

ization of the X-ray intensities occurs at these photon energies, which may not be

completely correctable through the typical normalization procedures. Therefore, only

trends like peak ratio changes between a reference and the ROI or di�erence spectra
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Figure 7.13: O K-edge of a pre-de�ned switching �lament. (a) PEEM image of the device
under consideration with a photon energy of 538.2 eV. The diagonal brighter stripe is
caused by the synchrotron beam pro�le. The stripe is the area of the footprint with
highest brilliance. (b) PEEM image of the same device with a higher spatial resolution
(photon energy of 538.2 eV). The green arrow indicates the pre-formed switching �lament.
(c) O K-edge for the switching �lament (averaged over ≈ 400 × 400 nm2) in the LRS
(green line) and the surrounding device area (black line). (d) Zoom to the switching
�lament in the LRS (photon energy of 538.2 eV) using a di�erent color scale for easier
contrast visualization. (e) Zoom to the switching �lament in the HRS (photon energy
of 538.2 eV). (f) O K-edge for the switching �lament in the HRS (blue line) and the
surrounding device area (black line) extracted from the same ROI as in (c). (g) O K-edge
for the switching �lament (extracted from the brightest feature in (d) (green line) and the
surrounding device area (black lines). (h) O K reference spectra for ≈ 24% Ti3+ (red line)
and ≈ 0% Ti3+ (black line) extracted from the same reference measurement presented in
Fig. 4.2b. (i) Di�erence spectra between �lament and surrounding from (g) (green line)
and≈ 24% Ti3+ and≈ 0% Ti3+ from h (red line). The in operando experiments have been
performed at the Nanospectroscopy beamline at Elettra synchrotron laboratory (Trieste,
Italy) using secondary electrons as detection method.
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are directly comparable. Comparing the di�erence spectra between the �lament and

the surrounding and the spectra for ≈ 24 % Ti3+ and ≈ 0 % Ti3+, respectively, con�rms

that the central part of the �lament indeed corresponds to an area with ≈ 24 % Ti3+

(Fig. 7.13i). This indicates that switching �laments are not necessarily homogeneous

in their oxygen vacancy concentration, but rather posses a �ne structure with higher

and lower concentrations. It must be assumed that the �ne structure is even more

complex than recognizable in Fig. 7.13 and even higher resolution would be necessary

to resolve it. Nevertheless, the area-integrated values derived from the full switching

cycle presented in Fig. 7.10 provide a valuable starting point for device simulation, as

will be shown in chapter 8.

Ti L-edge

As discussed in detail in section 4.1, the O K-edge is more sensitive for small changes in

the Ti3+ concentration than the Ti L-edge. Nevertheless, subtle trends can also occur in

the Ti L-edge even for small Ti3+ concentrations. For completeness, the device shown

in Fig. 7.13 is therefore also analyzed using the Ti L-edge. As was pointed out in

section 4.1, the Ti L3 t2g peak decreases with increasing Ti3+ concentration. Fig. 7.14

shows that the L3 t2g peak intensity of the �lament observed in Fig. 7.13 varies when

switching from LRS to HRS. Like peak A of the O K-edge, the Ti L3 t2g peak is smaller

in the LRS, indicating an increased Ti3+ concentration. Analysis of the Ti L-edge �

while more challenging to use for quanti�cation of the switching induced carrier density

variations � therefore supports the conclusions drawn from the O K-edge. It should

be noted that reversible changes in the Ti L-edge were found to be easier recognizable

using higher magni�cation XPEEM experiments with high lateral resolution as the

small e�ects tend to be unobservable if additional averaging with neighboring regions

occurs due to limited resolution.
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Figure 7.14: Ti L-edge of the same pre-de�ned resistive switching �lament. (a) Ti L-edge
for the switching �lament shown in Fig. 7.13 in the LRS (green line) and the surrounding
device area (black line). (b) Ti L-edge for the switching �lament shown in Fig. 7.13 HRS
(blue line) and the surrounding device area (black line). The experiments have been
performed at the Nanospectroscopy beamline at Elettra synchrotron laboratory (Trieste,
Italy) using secondary electrons as detection method.

7.3 In operando transmission electron microscopy:

vertical and horizontal mapping of

switching-induced carrier density modulations

To detect small variations in the electronic and chemical structure within a memristive

device at the atomic scale, one has to turn to TEM. The use of modern aberration

corrected TEMs allows a range of complimentary characterisation techniques to be

performed during one experiment on the same specimen. TEM is ideally suited to

study valence change memristive devices because these techniques can include atomic

resolution imaging, energy dispersive X-ray spectroscopy (EDX) for composition map-

ping, and EELS for composition mapping and for characterization of the electronic

structure. An additional advantage of its complimentary use in addition to PEEM is

that TEM specimen are typically prepared through focused ion beam (FIB) cutting of

cross-sectional lamellae, which allows investigation of both top and bottom electrode

interfaces simultaneously.

For TEM specimens that have been switched ex situ, i.e., before FIB cutting, it is

not certain that the active region of a device is contained within the ≈ 100 nm thin

TEM specimen and problems with volatility over time [92] or during specimen prepa-
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Figure 7.15: In operando memristive operation of a SrTiO3 device in a TEM. (a)
Schematic of specimen examined. (b) Very low magni�cation STEM image of specimen
and electrical contact (left) and higher magni�cation of specimen and electrical contact
(right). The electrical contact touches the Au lead rather than the actual top electrode
to prevent heating e�ects and mechanical stress to the actual device. (c) Higher magni�-
cation HAADF STEM image showing the geometry of the device. (d) I-V -characteristics
of the device as examined in the electron microscope.

ration can result in substantial information loss [177]. Additionally, small changes in

specimen preparation and experimental procedure will lead to di�culty in accurately

interpretating the analytical data. Most importantly and similar to the motivation

for in operando spectromicroscopy, characterization of the same switching �lament in

each resistance state is mandatory for a comprehensive analysis of the switching ef-

fects. Therefore, TEM characterization must also be employed using an in operando

approach6.

Because of its potential for atomic-scale imaging of physical and chemical processes,

there have been great e�orts towards the development of in operando TEM with piezo-

controlled electrical probes in the last few years and considerable interest in its appli-

6The development and application of this in operando approach was conducted in cooperation with
Dr. David Cooper, CEA LETI, Grenoble, France, who performed all TEM experiments presented
in this section.
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cation to memristive devices [178�183]. Most reports in the literature are based on

either bright �eld TEM or scanning transmission electron microscopy (STEM) imag-

ing and although they can provide evidence of changes that occur during switching,

quantitative physicochemical information about exact valence change switching mech-

anisms are rare due to an absence of results that use analytical TEM, such as EELS,

to show changes in either the atomic concentrations or the changes in electronic states

during switching. In addition, the piezo-controlled electrical contact point, which is

commonly used in in operando TEM experiments, is frequently applied directly to the

ROI which will cause destructive local heating e�ects and mechanical stress [178]. As

such extrinsic e�ects need to be prevented to study fundamental resistive switching

processes [179], the key to successful imaging of the memristive operation in a TEM is

the careful positioning of the electrical contact.

For these reasons, FIB lamellae were cut from the Pt/20 nm SrTiO3/Nb:SrTiO3 devices

(Sr/(Sr+Ti)≈0.52) with lithographically de�ned electric leads, which were described

in sections 3.2 and 5.3 (Fig. 7.15a-c). The device area of the lamellae had a specimen

thickness of ≈ 100 nm and a piezo controlled W tip was landed onto the metal lead

far away from the actual device area on a thicker part of the TEM specimen. The

specimen was mounted in a Nanofactory biasing holder using conducting epoxy such

that the substrate was electrically connected to the holder. The top of the specimen was

protected with marker pen ink before specimen preparation which was then removed

by oxygen plasma cleaning just before the in operando experiments such that the top

Au contact was exposed for electrical probing. The SrTiO3 layer did not appear to

change because of the plasma cleaning step.

High-angle annular dark-�eld (HAADF) STEM images were obtained (Fig. 7.15c)

and EELS spectra were acquired before the switching experiment to measure the

device in the unformed state. Voltage sweeps were then applied to switch the

device between HRS and LRS during which further STEM and EELS measurements

were performed. The device was switched multiple times between LRS and HRS

in eightwise polarity by sweeping to positive or negative voltages, respectively

(Fig. 7.15d).

Before and after each switching event, the entire active device area was mapped using

EELS. The oxidation state for each region of the device can then be obtained from

the intensities and positions of the di�erent characteristic peaks of the EEL spectra as
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Figure 7.16: TEM-comparison of the same device in the LRS and the HRS. (a) STEM
image showing the region examined during the switching experiment. The di�erent ROIs
are labeled. (b) Ti L-edge EEL spectra for the regions indicated in a, acquired before and
during the switching with the device in LRS and HRS. (c) O K-edge EEL spectra for the
same regions as in (c).

these contain the same information as the X-ray absorption spectra introduced in sec-

tion 4.1. Fig. 7.16a shows a HAADF STEM image of the ROI with the substrate, �lm

and Pt/SrTiO3 interface regions indicated. A representative Ti L-edge EEL spectrum

acquired in the pristine state, i.e., before the switching experiments, shows homoge-

neous, fully oxidized SrTiO3, mainly Ti4+ states are present (Fig. 7.16b). This con�rms

that the specimen preparation procedure did not introduce artifacts. The Ti L-edge

after switching to the LRS and the HRS is also shown in Fig. 7.16b. For the device

in the HRS it is clear that there are only small changes in the Ti spectra compared

to the pristine state for the entire device. However, for the LRS there are reductions

in intensity and shifts of the characteristic peaks corresponding to a reduction in Ti4+

states and an increase in Ti3+ states as is apparent from the decrease of the L3 t2g peak

and the slight shift and broadening of the other peaks.

This trend is con�rmed by the trend in the O K-edge spectra for the same regions

(Fig. 7.16c). Although the O spectra are noisy compared to the Ti spectra, a reduction

in the peak A intensity can be observed in the LRS state. In line with the XPEEM

observations from section 7.2, this indicates an increased number of electrons in the

conduction band, i.e., an increased amount of Ti3+. In contrast to the XPEEM ex-

periments, however, the O K-edge measured using EELS was too noisy for reliable

information about small changes. Therefore, the Ti L-edge will be used for further

investigation in the following. First of all, in order to verify that the observed va-

lence changes are reproducible and not due to irreversible heating e�ects, the device

was switched between LRS and HRS several times and further spectra were acquired,

resulting in the same observation (Fig. 7.17).

123



a b

−10 −5 0 5

10−8

10−7

10−6

10−5

10−4
C

u
rr

e
n
t 
I 
(A

) 

Voltage V (V) Energy loss (eV)

455 460 465 470 475

LRS

HRS

 I
n
te

n
s
it
y
 (

a
.u

.)

Ti L-edge

 

Figure 7.17: Reproducibility of switching e�ects in the TEM. (a) A second switching
cycle for the same device as in Figs. 7.15 and 7.16. (b) Ti L-edge EEL spectra for the
interface region indicated in Fig. 7.16a, acquired after the devices was switched again to
the LRS and HRS.

In a next step, the oxidation states of the device was mapped with very high spatial

resolution. Fig. 7.18a shows an annular dark �eld STEM image of the ROI in the LRS,

Fig. 7.18b and c show series of EEL spectra that have been collected from the ≈ 20 nm

SrTiO3 thin �lm from the substrate towards the Pt interface with a step of 1.2 nm

between each acquisition for the LRS and the HRS. A gradual change in the Ti3+

Ti4+
ratio

is apparent for the LRS (compare Ti L3 eg peak position in Fig. 7.18b), which becomes

more obvious when plotting the normalized intensity of the L3 t2g edge (Fig. 7.18d),

which gives a direct measure of the oxidation state of the device as discussed in sec-

tion 4.1. From these spectra it can be seen that the oxidation states are most strongly

modi�ed near the Pt electrode, where a shift in the Ti L3 eg peak position of −0.3 eV

can be observed, which is indicative of a low oxygen vacancy concentration of less than

4 at.%, based on a comparison with ref. 115. A map of the L3 eg peak width indicates

the changes in Ti3+ concentration in a two-dimensional manner (Fig. 7.18e). For the

LRS, the Ti3+ concentration appears only in the SrTiO3 �lm and it increases linearly

from bottom to top while it seems to be laterally rather homogeneous. Comparison of

this trend in Ti3+

Ti4+
ratio for the LRS with the same measurement in the HRS reveals

that in the HRS, the entire �lm shows only Ti4+ states (Fig. 7.18c and f). In line

with the observations from the XPEEM experiments, the TEM analysis validates a

valence change at the Pt/SrTiO3 interface as the origin of eightwise resistive switch-

ing.
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(e) Map of the �tted Ti L3 eg peak width in the LRS. (f) Map of the �tted Ti L3 eg peak
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Interestingly, not only the concentration gradient changes between LRS and HRS, but

also the total oxygen vacancy concentration in the entire SrTiO3 �lm varies reversibly.

This is obvious from the di�erence of the total Ti3+ concentration (several at.% Ti3+

in the LRS, no Ti3+ in the HRS) and can be further con�rmed through mapping

of the total oxygen concentration obtained using standard EELS signal integration

techniques (Fig. 7.19). In the LRS, there is less oxygen in the SrTiO3 �lm than in the

HRS. As expected based on the high formation energy of oxygen vacancies in Nb:STO,

the concentration in the substrate remains constant for both HRS and LRS. While

background removal can lead to large errors in the quantitative measurements based on

this signal integration, the general trend of a di�erent total oxygen concentration in the

SrTiO3 �lm between LRS and HRS certainly holds true.
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integrating the O K EELS edge and the average oxygen concentration is plotted as a
function of depth.

A larger �eld of view was examined to determine the size and position of the redox-

active region of the device. EELS maps were acquired across a several µm-wide region

to assess the changes in oxidation states. The spectra shown in Figs. 7.16, 7.17 and

7.18 were recorded in the region underneath the contact between the metal lead and the

top electrode and closest to the W probe and will be referred to as point A from now

on. Fig. 7.20a shows Ti L-edge spectra for di�erent points underneath the contact area

between metal lead and top electrode. Here, it can be seen that the SrTiO3 underwent

a valence change from Ti4+ to Ti3+ at point A and point B, which indicates the region

underneath the contact between metal lead and top electrode farthest away from the

W probe. The same valence change was also found for each point in between points

A and B. As was shown in Figs. 7.18 and 7.20, the SrTiO3/Nb:SrTiO3 interface does

not exhibit a valence change (points C and D). The Pt/SrTiO3 interface farther away

from the contact area between metal lead and top electrode do not exhibit any sign of

a valence change (points E and F, Fig. 7.20b), as schematically depicted in Fig. 7.20c.

These observations show on the one hand that the redox reaction has a rather large

spatial extent of ≈ 3 µm in the lateral direction, which corresponds well to previous

observations [53]. On the other hand, it is clear that the redox reaction does not

occur underneath the entire electrode area but rather in a preferred position closest to

the metal lead. These observations suggest a rather spatially extended process where

localization may be induced by the boundary conditions. As will be discussed in detail

in the next chapter, the most obvious reason why the redox reaction could be located
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in a speci�c contact-area-de�ned region is the role of Joule heating, which is typically

necessary to enable the valence change [57].

7.4 Summary

In summary, this chapter presented two complimentary in operando approaches to

characterize the memristive operation in SrTiO3-based devices. Using graphene elec-

trodes, PEEM characterization focusing on work function scans revealed the creation

and reproducible work function change of spatially con�ned switching �laments. In

some cases, the location of the active �lament may even change from cycle to cy-

cle.

XPEEM analysis based on the O K-edge demonstrates that the resistance change is

connected with a valence change of the Ti within the active �lament. During Set

and Reset operations, the peak A intensity decreases or increases, respectively, which

shows an increase or decrease of the carrier concentration at the conduction band

edge, which is caused by reversible doping with oxygen vacancies. High resolution

XPEEM measurements show that the �laments exhibit an intricate �ne structure with

an inhomogeneous Ti3+ distribution.
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Careful comparison of the �lament spectra to the references established in section 4.1

even allowed a quantitative assessment of the carrier density change between LRS and

HRS � a quantity that has previously been elusive but long-awaited in the resistive

switching community for the educated modeling and development of memristive de-

vices.

Using in operando TEM of a cross-sectional device, the di�erences between LRS and

HRS could be mapped at the atomic scale in the remaining, third dimension. The

valence change occurred through a change in the total oxygen concentration of the

�lm, which is in line with the dependence of the switching and retention characteristics

on the external oxygen partial pressure observed in chapter 5. In the LRS, a decrease

of the total oxygen concentration leads to a linear Ti3+ pro�le, where high amounts

(several at.%) of Ti3+ can be observed at the Pt/SrTiO3 interface, which decays towards

≈ 0 at.% at the SrTiO3/Nb:SrTiO3 interface. Lateral mapping revealed that the valence

change has a rather large spatial extent, but occurs in a preferred position due to the

external boundary conditions.

128



8 Discussion

After the characterization of the SrTiO3-based devices using atmosphere and temper-

ature dependent electrical characterization, post mortem and in operando PEEM and

in operando TEM analysis, the results will now be discussed to derive the qualitative

switching mechanism and to discuss the redox reaction quantitatively (section 8.1).

Afterwards, the retention failure mechanism will be deduced and a rational design

of retention-failure-resistive devices based on the intentional fabrication of oxide het-

erostructures will be introduced (section 8.2). In a last step, the switching mechanism

in these heterostructures will be discussed (section 8.3). The results and consider-

ations presented in this chapter have been published in part in refs. 112, 152 and

153.

8.1 The switching mechanism of eightwise resitive

switching in SrTiO3

As discussed in the introduction, the underlying physicochemical mechanism of so-

called eightwise resistive switching is still under controversial debate. With direct ex-

perimental evidence of the redox reactions being inaccessible so far, several phenomeno-

logical models have been suggested to explain the eightwise switching phenomenon as

described below. The atomic-scale insights about the redox reaction derived from the

in operando TEM and PEEM characterization described in the previous chapter allow

for an evaluation of each of the proposed mechanisms.
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8.1.1 Clarifying the switching mechanism

Mechanism 1: Opposite interface. Competing switching polarities have been ob-

served in many memristive systems, and this competition was mostly attributed

to the change of the active electrode [36, 60, 61]. Since it was shown that the

SrTiO3/Nb:SrTiO3 interface is not free from space charges [37], a possible sce-

nario of eightwise switching could therefore be that resistive switching takes place

at the bottom electrode interface instead of at the top Pt interface because of an

increased potential barrier, which may be modulated by the near-interface oxy-

gen vacancy concentration [VO ] (Fig. 8.1a and b). Here, the potential barrier

at the bottom electrode interface would have to be larger than the one at the

top electrode interface and therefore the carrier density at the bottom interface

would govern the I-V characteristics of the device. For this scenario to be true,

however, one would expect high [VO ] near the SrTiO3/Nb:SrTiO3 interface in

the LRS. But the XPEEM and TEM results indicate exactly the opposite, i.e.,

oxygen vacancy accumulation at the Pt interface in the LRS and low [VO ] near

the SrTiO3/Nb:SrTiO3 interface.
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Figure 8.2: Limitations of the drift-di�usion model with ion-blocking electrodes.
(a) Oxygen-vacancy pro�le of the HRS derived from the in operando TEM experiments.
(b) Simulated I-V -curves for a triangular signal of positive voltages using the vacancy
pro�les from (a) as initial donor concentration pro�les. (c) Vacancy pro�les before and
after the application of the positive voltage signal (blue line and red line, respectively).
(d) Oxygen-vacancy pro�le of the LRS derived from the experiments. (e) Simulated I-V -
curves for a triangular signal of negative voltages using the vacancy pro�les from (d) as
initial donor concentration pro�les. (f) Vacancy pro�les before and after the application
of the negative voltage signal (green line and red line, respectively). The simulation was
performed by Astrid Marchewka.

Mechanism 2: Far from interface. When oxygen vacancies are attracted to the top

electrode and are highly concentrated near the interface, the region below may

become oxygen vacancy-de�cient (Fig. 8.1c). The increased resistance of this

region then causes the HRS [10,53,62]. However, [VO ] in this case would need to

be highest near the top electrode interface for the HRS, which is clearly opposite

to the �at [VO ] distribution in the HRS and the [VO ] increase in the vicinity of

the top electrode in the LRS observed using both XPEEM and TEM. Mechanism

2 can therefore not account for eightwise resistive switching in these samples.

Given that these two suggested mechanisms do not agree with the experimental

Ti3+ �ngerprints for the LRS and the HRS, the evolution of the corresponding

oxygen vacancy distributions upon electrical bias was investigated using a numerical
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drift-di�usion model of coupled electronic-ionic transport inside the oxide layer1 [8].

In the simulations, both electrodes are considered as oxygen blocking, enabling

a mere redistribution of the donor-type oxygen vacancies inside the oxide layer.

This redistribution is the commonly excepted driving force of resistive switch-

ing in redox-based systems, which can describe the counter-eightwise switching

convincingly [8].

Starting with the homogeneous oxygen vacancy distribution of the HRS (Fig. 8.2a),

a positive triangular voltage signal is applied, resulting in the (intuitively expected)

retraction of oxygen vacancies from the Pt interface. Such a distribution causes an

increased Schottky barrier, and therefore even increased device resistance (Fig. 8.2b-c).

This behavior, which actually corresponds to the regular counter-eightwise switching

mechanism, is in stark contrast to the devices investigated here, where the SrTiO3

devices are switched to the LRS using a positive bias resulting in an increased con-

centration of Ti3+ at the Pt electrode interface, corresponding to an increased [VO ].

Similarly, the evolution of the oxygen vacancy pro�le of the LRS upon application of

a negative triangular voltage signal is simulated (Fig. 8.2d-f), correctly resulting in

an increased resistance. But a further increase in [VO ] is observed near the Pt elec-

trode interface, while the concentration at the Nb:SrTiO3 electrode decreases. The

resulting distribution does not resemble the �at distribution of the HRS that can be

derived from the experimental data. In conclusion, redistribution of oxygen vacancies

inside the oxide � one of the basic assumptions of many resistive switching models �

solely leads to the normal (counter-eightwise) resistive switching. It completely fails to

explain eightwise resistive switching as the observed donor pro�les for LRS and HRS

cannot be transformed into each other.

Based on these shortcomings of existing models, the following model for eightwise

switching � which has been phenomenologically proposed for other oxides before � has

to be considered for SrTiO3-based memristive devices.

Mechanism 3: Oxygen exchange. As the total oxygen vacancy concentration in the

entire SrTiO3 �lm (not just at one interface) varies reversibly between a high con-

centration after applying positive voltages (Set to LRS) and a low concentration

1The simulation was performed by Astrid Marchewka, Institute of Materials in Electrical Engineering
and Information Technology II, RWTH Aachen University, Aachen, Germany.
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after applying negative voltages (Reset to HRS), oxygen must inevitably be re-

moved from the SrTiO3 lattice during the Set process and reincorporated during

the Reset as schematically depicted in Fig. 8.3. In other words, a positive bias

on the Pt electrode would result in anodic oxidation of lattice oxygen resulting in

the formation of oxygen vacancies in the vicinity of the Pt/SrTiO3 interface and

the evolution of oxygen gas (oxygen evolution reaction, equation 2.2). This leaves

behind two electrons, which is observed experimentally as a valence change be-

tween Ti4+ and Ti3+ according to equation 2.3. In the same sense, a negative bias

results in a reduction reaction at the Pt/SrTiO3 interface (oxygen incorporation

reaction, equation 2.2). From an electrochemical perspective, these processes can

be regarded as oxygen evolution and oxygen reduction reactions [184].

The mechanisms that are commonly invoked to explain eightwise resistive switching in

SrTiO3 (mechanisms 1 and 2) fail to account for the observed Ti3+ pro�les, and the

TEM results explicitly verify a total oxygen concentration di�erence of the SrTiO3 �lm

between LRS and HRS (Fig. 7.19), which is also consistent with the valence changes ob-

served using XPEEM. Therefore, oxygen evolution and reincorporation (mechanism 3)

have been validated as the only mechanism which can account for eightwise switching

in SrTiO3.

SrTiO3 thickness dependence and the role of the Pt top electrode

While potentially intermediate steps of the oxygen evolution and reincorporation reac-

tions as well as the in�uence of extrinsic contributions such as water [177, 185] and

carbon-containing species have to remain subject of further research, the question

arises where the gaseous oxygen necessary for the Reset operation comes from. It

was shown many years ago that oxygen can migrate through Pt [186, 187] and SIMS

measurements have shown that it can in fact be stored within Pt electrodes of memris-

tive devices [188], most probably through physisorption or chemisorption within grain

boundaries. One may therefore surmise that after Set, O2 is stored within the Pt

grain boundaries and reincorporated into the SrTiO3 during Reset as illustrated in

Fig. 8.3.

Coming back to the results from the thickness series presented in chapter 5, a gen-

eral trend was observed where thicker SrTiO3 �lms require higher switching voltages
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(Fig. 8.4). In terms of the switching mechanism based on oxygen evolution and rein-

corporation, this can be understood in the following ways. On �rst sight, an increased

�lm thickness t may require a higher voltage VC to achieve the critical �eld EC for the

oxygen evolution and reincorporation reactions, if one assumes that the electric �eld

mostly drops across the �lm itself, as EC = −∇VC would yield EC = −VC
t
. Based

on this crude approximation, one would expect a proportional dependence of V form

and V Set on t [189]. But this is not the case. While the dependence of V form on t

appears to be rather linear, it clearly does not cross the origin. Instead, one �nds

V form(t = 0) ≈ 1.5 − 1.8V, indicating that more complex factors must be at play
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(Fig. 8.4). This is easily understandable as the electric �eld must mostly drop in the

depletion region of the Schottky barrier, so the critical voltage would depend on t in a

more complex way.

In addition to this complex dependence, one has to consider the total amount of oxygen

which is removed from the SrTiO3 and reincorporated. One may assume that the

observed linear trend of the oxygen vacancy pro�le between a high [VO ] at the Pt

interface and a small [VO ] at the Nb:SrTiO3 interface needs to be established for the

LRS of all �lm thicknesses. For thicker �lms, therefore, the total amount of oxygen

which must be removed from the lattice is higher. This may be the reason for higher

Set voltages, or longer Set times for a given voltage. Similarly, more oxygen needs to

be reincorporated to achieve the �at [VO ] observed for the HRS, leading to an increase

in V Reset. But again, one would expect a proportional dependence of these voltages

on t.

An indication that di�erent total amounts are involved in the operation of devices with

di�erent �lm thicknesses can be derived from the SEM images presented in Fig. 5.14.

Based on mechanism 3 as described above, one may assume that the oxygen is stored

in the grain boundaries of the top electrode. These grain boundaries will have a certain

capacity for O2-storage. For example, the oxygen removed during the operation of

a 10 nm SrTiO3 device can be stored in the Pt electrode without any deformations

(Fig. 5.14a). For thicker �lms, increasing amounts of bubbles are observed (Fig. 5.14b-

c), indicating that more oxygen is removed from the SrTiO3 than can be stored in
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the grain boundaries. This is similar to the development of O2 gas during forming as

described in ref. 156, where the number of bubbles in the Pt electrode was found to

depend on the volume of the oxide layer of the device.

The in�uence of the surrounding atmosphere

These di�erent amounts of oxygen gas which are involved in the Set and Reset opera-

tions are also responsible for the di�erently pronounced dependence on the surrounding

atmosphere for di�erent thicknesses observed in section 5.4. As more oxygen is neces-

sary for the Reset of thick �lms, it is rather straightforward that the Reset operation

cannot be completed for these �lms in oxygen-de�cient atmospheres. On the micro-

scopic scale, this may have several reasons. For example, oxygen-species stored in the

grain boundaries, which � one may speculate � are su�cient for the Reset of thin �lms,

may be stable in vacuum so that the switching in air and in vacuum is very similar

(compare the similar forming and switching voltages in Fig. 8.4). For thicker �lms,

the oxygen-species for the Reset may be supplied either from the bubbles underneath

the electrode, or from the surrounding atmosphere itself, as proposed in ref. 154. In

the �rst case, O2 stored underneath mechanically deformed Pt may escape more easily

than O2 stored in Pt grain boundaries, leading to insu�cient oxygen supply in reduc-

ing atmospheres. In the second case, if the surrounding atmosphere itself supplies the

oxygen necessary for Reset, it is clear that low oxygen partial pressures impede the

Reset (in fact, one would expect that Reset in vacuum or reducing atmospheres might

not be possible at all). For these reasons, a partial Rreset is observed in 20 nm �lms,

while no Reset is possible in 40 nm �lms.

Other top electrode materials

If the oxygen is indeed removed from the SrTiO3 at the top electrode interface, the elec-

trode material should be suspected to have a large impact on the microscopic details of

the switching. For Pt, solubility of O2 in the grain boundaries has been reported many

times, but for Au, this is not commonly observed. This may be the reason why Au

top electrodes on SrTiO3 �lms tend to exhibit numerous holes after memristive opera-

tion [54]. Rather than storage in grain boundaries, oxygen-species may create bubbles

underneath the Au at an earlier stage than observed for the Pt. Given the low ductility
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and low melting point of Au compared to Pt [190], these bubbles will burst more easily,

leaving behind the observed holes, which may play a signi�cant role in the switching

and retention behavior due to the enhanced reaction rates for oxygen evolution and

reincorporation at triple-phase-boundaries [15].

Considering the ultra-thin electrodes for in operando spectromicroscopy, the high Set

voltage for 2 nm Rh is suprising. As noted in section 5.2, no forming or Set was possible

for thicker Rh layers. It can therefore be speculated that oxygen evolution is impeded by

low solubility in Rh. Because of its high tensile strength and high melting point [190],

bubble formation may not be possible to overcome the solubility limit. Therefore,

thin Rh layers require higher voltages to drive the oxygen evolution, oxygen-species

might be able to penetrate such a thin layer. Thick Rh layers then inhibit oxygen

evolution entirely. Another possible reason for the impeded oxygen evolution may be

the formation of a thin layer of Rh oxide at the electrode/oxide interface as Rh is a

less noble metal than Pt or Au. But this oxide layer cannot account for the observed

thickness dependence in a straightforward manner. For graphene electrodes, it has been

shown using Raman spectroscopy that oxygen-species may escape from the oxide layer

during Set and that they may be stored through chemical bonding to the graphene layer

until reincorporation into the oxide during Reset [21].

Nb:SrTiO3

The LRS retention times in noble metal/Nb:SrTiO3 also depend on the availability of

oxygen species for the reoxidation of a previously oxygen-de�cient Nb:SrTiO3 surface

[153]. In combination with the direct spectromicroscopic observation of the valence

change mechanism from section 6.3, this indicates that oxygen-ion migration rather

than the frequently discussed trapping and detrapping of defect states is responsible

for the resistive switching observed here. The retention failure rate in devices switched

with low current limits does not scale with the electrode-size [153]. Since these devices

exhibit a homogenous current distribution, the whole area of the Pt electrode must

also be involved during the reoxidation e�ect. Therefore, it appears likely that the

reoxidation occurs via oxygen transport through the top electrode (most likely along

Pt grain boundaries) rather than at the electrode edge.
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For these reasons, one may assume that mechanism 3 is also responsible for the re-

sistive switching in noble metal/Nb:SrTiO3 devices, as was suggested before [64, 65].

For example, Buzio et al. presented oxygen evolution and incorporation as the only

reasonable explanation for the observed pO2-dependent switching characteristics [64].

This switching mechanism appears to be responsible for both spatially homogeneous

switching and �lamentary switching, as they exhibit the same switching polarity in line

with oxygen evolution leading to the LRS. While switching polarity and the shape of

the I-V -curves remains similar, a substantial di�erence observed for these two cases

is that the Ro�
Ron

-ratio for devices operated under the �lamentary switching mechanism

is orders of magnitude larger. This can be understood as the �lamentary switching

mechanism leads to considerable Joule heating (higher currents con�ned to a much

smaller area), enabling thermally assisted ion migration. This process can lead to the

observed drastic change in resistance due to the evolution of a large amount of oxygen,

as is obvious from the Ti3+ �lament presented in section 6.3. The di�erence between

spatially homogeneous switching and �lamentary switching, accordingly, does not lie

in the fundamental switching mechanism but in the presence or absence of Joule heat-

ing, which can assist in the �eld-driven ion migration and therefore lead to a more

pronounced resistance change.

8.1.2 Location of switching induced redox reactions

From the TEM analysis, it was clear that the redox reaction occurred underneath the

overlap between the metal lead and the top electrode, and this was repeatedly observed

for all measured devices in the TEM. On �rst sight, it is surprising that the metallic

contact (Pt lead and Pt electrode) should de�ne the location of the switching event,

as the electric �eld distribution has to be homogeneous below the entire top electrode

with potential �eld enhancements at the electrode edges. One would therefore expect

the switching to occur preferentially at defects within the �lm or at the electrode

edges [123].

The most obvious reason why the redox reaction could be located instead in a speci�c

contact-area-de�ned region is the role of Joule heating, which is typically necessary to

enable the valence change [57]. This suspicion is veri�ed through thermal imaging of a

representative 20 nm SrTiO3 device with metal lead during the Set process (Fig. 8.5a).
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Overlaying the thermal image with an optical micrograph reveals that the local hot-

spot is located in the contact area between metal lead and top electrode. The absolute

temperatures given in Fig. 8.5a cannot represent the true, local temperatures as the

limited resolution of infrared imaging (about 8 µm in this case) inevitably smears out

the information from the di�erent regions of the sample. Moreover, only the surface

temperature is measured rather than the temperature of the buried active layer. Nev-

ertheless, the qualitative localization of the hottest region may explain the preferred

switching underneath the contact.

An electro-thermal simulation (Fig. 8.5b) sheds light on the reason for the preferential

heating of the contact area2. The simulation solves the stationary current continuity

and heat equation for the temperature and electric potential in the whole TEM speci-

men. Assuming metallic contact between the metal lead and the top electrode always

resulted in the hottest region of the device exactly in the center of the top electrode.

Including a contact resistance above and underneath the Pt top electrode � represen-

tative of carbon-containing species resulting from ex situ fabrication and photo resist

residues � shifts the hot-spot to the part of the top electrode that is in contact with the

lead. The occurrence of such residues may be the reason for the dark shadow observ-

able between the metal lead and the top electrode in the STEM image in Fig. 7.16a.

The introduction of the contact resistance creates a voltage divider between the ox-

ide and the contact resistances such that more heat is dissipated in the contact area.

In conclusion, the thermal and electrical boundary conditions of the entire device in-

cluding the electrical contacts dictate the location of the resistive switching in these

samples.

This may also be the reason why the switching �laments of the devices studied here,

which were identi�ed by post-mortem spectromicroscopy and conductive AFM (cf.

chapter 6) always occurred at the contact point between the W probe used for electrical

contacting and the top electrode. This observation is di�erent from Fe:SrTiO3 devices

investigated previously, where defects in the �lm or the electrode edge were found to be

preferential switching locations [123]. One can only speculate that the di�erent defect

structure of the Fe:SrTiO3 �lms and the nominally undoped �lms is responsible for

these di�erences. In addition, the di�erent resistivity between these �lms may play

a role. For 20 nm Fe:SrTiO3 devices, the device resistance during forming or Set is

2The simulation was performed by Camilla La Torre, Institute of Materials in Electrical Engineering
and Information Technology II, RWTH Aachen University, Aachen, Germany.
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Figure 8.5: Origin of the �lament location. (a) Thermal image of a 20 nm SrTiO3 device
with metal lead overlaid with an optical micrograph during the Set process. The device
possesses the same layer stack and metal lead as the TEM specimen. The top electrode
area is indicated with the black, dashed line, the metal lead is indicated with the yellow,
dashed line. The hottest temperatures are measured in the overlap area of electrode and
metal lead. Scale bar, 30 µm3. (b) Excerpt of a 2D electro-thermal simulation. The
simulated temperature in the SrTiO3 and Nb:SrTiO3 layers is depicted as color code.
The top layers are magni�ed with respect to their height but not their width to enable
the identi�cation of the hot-spot. Clearly, the highest temperature is reached beneath the
part of the Pt top electrode that is capped with the Pt/Au lead. Scale bar, 3 µm. The
simulation was performed by Camilla La Torre.

typically 3-10 × 103 Ω [54, 123], still dominated by the device resistance itself. For

nominally undoped 20 nm SrTiO3 devices used here, it is only the order of 102 Ω, where

it is much more likely that contact resistances play a role.

Regarding the graphene/SrTiO3 devices, no evidence of switching could be found for

many devices under investigation. For these devices, it is very likely that the switching

occurred underneath the metal lead, similar to the case of Pt electrode contacted with

the metal leads described above. Given the inhomogeneous contact between graphene

and an underlying substrate [191], however, it is reasonable that the switching �lament

can be created in a di�erent location as well. This is obvious from the reproducible

changes of the switching �lament carrier density observed in Figs. 7.5 and 7.10. The

location of the switching �lament can be also be pre-de�ned through forming of a

�lament using a W probe before electrode deposition (Fig. 7.13). If the active layer

(i.e., the SrTiO3) already exhibits a reduced �lament even before the electrode and

metal lead fabrication, it appears that the boundary conditions given by the contact

3Thermal imaging was performed with Dr. Christian Rodenbücher, Peter Grünberg Institute,
Forschungszentrum Jülich GmbH, Jülich, Germany.
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resistance play a smaller role as resistive switching will preferentially occur in the pre-

de�ned region.

If oxygen is removed from the SrTiO3 lattice during forming and Set, it is conceivable

that the quality of the contact between graphene and SrTiO3 will su�er. This may be

the reason why the location of the �lament was changing for some devices (Fig. 7.7).

Alternatively, it can be imagined that once the �lament has been completely reoxidized,

other regions where pre-�laments were previously created [16, 192] might become the

most likely location for the creation of a new �lament.

8.1.3 Quantitative analysis of the switching process

In section 5.6 it was shown that during switching, the e�ective Schottky barrier ap-

pears to change. For the LRS, the e�ective barrier appears narrower and smaller

than for the HRS, giving rise to increased tunneling currents, especially for 20 nm

and 40 nm �lms. As the current in the LRS will mostly �ow through the reduced

�lament rather than the entire device area, one may expect a local variation of the

barrier.

Along the same line, spatially resolved work function scans during PEEM experiments

indicated that the local work function of the active layer may change because of the

resistive switching [54, 167]. If the work function of the active layer is reduced, the

conduction band edge will be closer to the Fermi energy, resulting in more mobile

carriers (Fig. 8.6a). In other words, the doping e�ect of oxygen vacancies discussed in

section 2.1 reduces the oxide work function, which in turn reduces the Schottky barrier

(cf. Fig. 2.3).

During the in operando PEEM experiments with graphene top electrodes, the same

e�ect was observed. For the LRS, the �lament work function was reduced. The inter-

pretation of these results, however, requires more careful consideration. As the work

function determined by PEEM experiments typically indicates the work function of the

topmost layer, one may question if the changes in the local work function are not related

to changes in the graphene layer rather than the SrTiO3. Using Raman spectroscopy,

Tian et al. have shown that in fact a graphene top electrode may be chemically doped

by oxygen species during memristive operation [21]. During Set, oxygen-species leave

the SrTiO3 and lead to heavy p-doping in the graphene layer, which is reduced to slight
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p-doping after Reset. The implications this doping e�ect will have on the graphene work

function is depicted in Fig. 8.6b. In the LRS, the graphene work function would be

larger than in the HRS.

This opposite trend compared to the SrTiO3 work function makes it possible to dis-

tinguish between the two e�ects. As the experimental observation is in line with the

reduced �lament work function expected for the SrTiO3 and contradicting to the ex-

pected shift of the graphene work function, it appears that the SrTiO3 rather than the

graphene layer dominate the signal. This interpretation is also in line with the obser-

vation that the XPEEM analysis of the SrTiO3 layer is possible through the graphene

electrode, indicating theat the secondary electrons used to acquire the PEEM image

tunnel through the graphene.

As described in section 2.2 and in more detail in ref. 38, the current �owing through

a device depends on the barrier height in an exponential manner for most typically

considered conduction mechanisms, as can be seen, for example, from equation 2.4.

The observed exponential trend between device resistance and �lament work function

(Fig. 7.6) � while not completely reliable due to the limited number of data points � is

therefore also in agreement with the interpretation of the SrTiO3 work function being

responsible for the observed shift of the threshold photoemission spectra. The work

function of the LRS is ≈ 0.1 eV lower than for the HRS.
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Because of this ambiguous interpretation of the work function scans, which contain only

indirect evidence of the valence change mechanism, a quantitative description of the

switching process itself should be performed using the valence-sensitive, quantitative

chemical information derived from the XPEEM measurements. In section 7.2, the

switching induced carrier density variation was determined to be 9 ± 2% Ti3+ in the

LRS and 4±1% Ti3+ in the HRS averaged over a �lamentary region of roughly 500 nm

in diameter.

These �lament dimensions and carrier densities can serve as input into an existing de-

vice simulation model to verify that the observed carrier density variations can account
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for the resistance change of approximately two orders of magnitude for this particular

device. Using the model described in ref. 8, which was also used in section 8.1, the I-V

characteristic of the device under investigation was calculated in both resistance states4.

The simulated I-V curves were compared with experimental read-out sweeps at low bi-

ases. Focusing on the low voltages typical of the read-out sweeps avoids larger currents

and voltages which might lead to unwanted resistance changes and which would ne-

cessitate complex temperature treatments in the simulation. Because of the derivation

of the switching mechanism described in section 8.1, it was assumed that oxygen is

removed from the SrTiO3 lattice during Set and reincorporated during Reset. The low-

voltage I-V characteristics of the LRS and HRS are calculated accordingly using static

distributions of doubly ionizable donor-type oxygen vacancies in the SrTiO3 thin �lm

(Fig. 8.7a-c). The donor concentrations of both states are derived from the electron

densities determined in the XPEEM experiments, i.e., the experimentally quanti�ed

values serve as an input parameter for the simulations and are not allowed to vary. All

other parameters are identical in the simulations of the LRS and the HRS and their

values were checked to be physically meaningful. As a �rst step, a uniform oxygen

vacancy pro�le throughout the thin �lm was used for this simulation for the reasons of

simplicity.

The results show that spatially con�ned changes in the oxygen vacancy concentration

by a factor of 2-3 at the electrode-oxide interface indeed lead to changes of more than

two orders of magnitude in the device resistance (Fig. 8.7c). Fig. 8.7d demonstrates that

this resistance change is induced by the modulation of the e�ective Schottky barrier

height and width, as was expected based on the arguments listed above. Considering

the experimental uncertainties and simplicity of the model, the simulation yields a

remarkable agreement with the experimental data, validating that the observed redox

reaction is indeed responsible for the resistance change.

Coming back to the work function scans discussed above, the Schottky barrier height

of the �lament does change during resistive switching as expected. The Schottky

barriers shown in Fig. 8.7d show a di�erence in the barrier height of 0.07 eV in

addition to a signi�cant barrier narrowing for the LRS. Together, these e�ects are

in good agreement with the experimentally observed work function di�erences of

≈ 0.1 eV.

4The simulation was performed by Astrid Marchewka, Institute of Materials in Electrical Engineering
and Information Technology II, RWTH Aachen University, Aachen, Germany.
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Because of the observed gradient of the oxygen vacancy pro�le in the LRS (cf. sec-

tions 7.3 and 8.1), the assumed �at distribution used for the calculation presented above

is an oversimpli�cation. Therefore, the same simulation was repeated using a decaying

oxygen vacancy pro�le in the LRS (Fig. 8.8). The oxygen vacancy concentration in the

near-interface region, which is determined through the XPEEM experiments in this

case, is kept constant between both simulations. The conduction band pro�les and

simulated I-V -characteristics resulting from both simulations with a �at distribution

and a gradual decay of the oxygen vacancy concentration are almost identical (com-

pare Figs. 8.7 and 8.8). Therefore, the Schottky barrier appears to be dictated by the

interfacial carrier density and not to depend on the carrier density father away from

the Schottky-type interface.
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8.1.4 Implications for applications of memristive devices

Going beyond the model system SrTiO3, there have already been indications and

considerations that oxygen evolution and reincorporation might also drive the resis-

tance change in other valence change memristive systems such as TiO2 [157], Si rich

SiOx [158,193], CeO2 [183], SrRuO3 [194], La0.8Sr0.2MnO3 [195], Pr0.67Ca0.33MnO3 [196]

and the technologically most relevant HfO2 [154] and TaOx [194]. However, these

reports were mainly phenomenological and (therefore) oxygen evolution and reincor-

poration remained largely ignored for the comprehension and modelling of memristive

devices, and accordingly their development towards application. Hence, the experimen-

tal veri�cation of this switching mechanism demonstrates a fundamentally important

insight into redox-based memristive device in general.

On �rst sight, a switching mechanism based on oxygen evolution and reincorporation

is technologically challenging due to exchange with the environment and internal re-

distribution (i.e., counter-eightwise switching) might be favorable to improve device

stability. Accordingly, the recognition of the origin of eightwise resistive switching

can help to design memristive devices through educated means of suppression of the

eightwise switching. This could be achieved, for example, through engineering of de-

fect density, �lm thickness and operation conditions to allow intentional architectures

which enhance internal redistribution and suppress oxygen exchange. For example, it

was observed that eightwise switching typically requires higher operation voltages than

counter-eightwise switching. Operation at low voltages � which can now be understood

as operation below the critical voltage for oxygen evolution and reincorporation � can

therefore suppress the eightwise switching.

Nevertheless, the devices presented in sections 7.3 and 5.4 are operational in a vacuum

and in reducing gas atmospheres as well, which may lessen the apparent technolog-

ical inapplicability. The Ro�
Ron

-ratio is largest in oxidizing atmospheres (compare sec-

tion 5.4), indicating exchange with the surrounding and therefore verifying the mech-

anism derived from the TEM results. But the oxygen is evidently (partially) stored

within the electrode, making oxygen-exchange-driven resistive switching not entirely

atmosphere-dependent. In fact, it has been proposed that the deliberate design of

memristive devices with oxygen-exchange active oxides can be bene�cial for higher
Ro�
Ron

-ratios due to a deeper Reset [197], which can help for fast and easy access in an

integrated circuit. In other words, reoxidation of the entire switching �lament yields
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a higher HRS value compared to pure redistribution of vacancies, which is also ap-

parent from the increased Ro�
Ron

-ratio [76]. The use of such electrochemical mechanisms

therefore comprises opportunities as well as challenges for technological implementa-

tion.

8.2 The retention failure mechanism and rational

design of failure-resistant memristive devices

In the previous section, the role of oxygen evolution and reincorporation during resis-

tive switching operations was discussed. During Reset, oxygen-species stored in the

top electrode or supplied from the surrounding reoxidize the switching �lament due

to reincorporation of oxygen. In section 5.4, the retention characteristics in vacuum

were compared to the behavior in ambient atmosphere. The LRS retention times were

generally signi�cantly improved when the devices were stored in vacuum. It appears

that the retention times are improved because no oxygen is available for reoxidation

of the switching �lament from the environment. Consequently, these results experi-

mentally verify the hypotheses of previous simulation-based models [84] which propose

the retention failure of the LRS to be due to oxygen di�usion along the vertical di-

rection. Given that the reoxidation is inhibited in vacuum, oxygen species necessary

for retention failure are evidently not supplied from the lateral direction. Instead � as

is the case for the Reset operation � the oxygen species are apparently supplied from

the interface between the top electrode and the SrTiO3 �lm, inside the top electrode

(e.g. within grain boundaries), or even supplied from the surrounding atmosphere.

One can thus conclude that incorporation and vertical di�usion of oxygen from the

top electrode or surrounding into SrTiO3 plays a dominant role in the retention failure

mechanism.

This interpretation is further corroborated by the observed di�erences in retention

times between di�erent �lm thicknesses and top electrode materials. For thicker �lms,

the retention behavior was generally found to be more stable than for thin devices.

One may attribute this observation to the fact that more oxygen is necessary to re-

oxidize a �lament in a thick �lm (which was also the explanation for higher Set and

Reset voltages for thicker �lms). Regarding the frequent retention failure using Au top
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electrodes compared to Pt electrodes, one may surmise that the triple-phase-boundary

at the observed holes in the Au electrodes leads to enhanced reaction rates for oxygen

reincorporation [15]. Another possible reason could be a di�erence in the catalytic

activity for oxygen incorporation for the di�erent metals.

As discussed in chapter 6, it appears that in the presence of oxidizing atmospheres

(e.g. ambient air), a phase separation into a Sr-de�cient SrTiO3 and a SrO surface

layer is mandatory for stable retention in SrTiO3 thin �lm devices. Bearing in mind

the conclusions from the measurements in vacuum, this phase separation could be

presumed to be responsible for strongly suppressed reoxidation of the switching �la-

ment from the vertical direction due to impeded oxygen di�usion within and through

the SrO layer. Reoxidation from the side is unlikely to contribute signi�cantly due

to the �lament dimensions, which would require µm di�usion lengths from the side

in contrast to only 2 nm in the vertical direction for the device discussed in sec-

tion 6.2.2.

In contrast to the model material SrTiO3, the oxygen di�usion in SrO, however, is

not well understood. A theoretical description of oxygen migration in this system

will therefore be provided in section 8.2.1. Beforehand, it is necessary to consider the

question of whether the observed phase separation is a side e�ect of the process leading

to stable retention, or indeed its origin. To demonstrate and make use of the in�uence

of the SrTiO3/SrO interface for the device performance, the retention characteristic

of devices based on an intentionally created interface between Sr-de�cient SrTiO3 and

SrO is investigated in the following section.

8.2.1 Retention and oxygen migration in SrTiO3/SrO

heterostructures

To mimic the phase separation evidenced in chapter 6, arti�cial SrTiO3/SrO het-

erostructures were created by successive pulsed laser deposition of 2 nm ≈ 1%Sr-

de�cient SrTiO3 and 1 nm SrO as described in chapter 3.1. For the quantitative

comparison of the retention behavior of SrTiO3 thin �lm devices with SrTiO3/SrO

heterostructures, multiple devices were switched between the HRS and LRS con�gura-

tions for both samples and the resistance values were monitored over several days. To

reveal the retention behavior of the as-prepared �lms rather than the characteristics
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Figure 8.9: Retention behavior of SrTiO3 thin �lm devices and SrTiO3/SrO heterostruc-
tures. (a) Average resistance of SrTiO3 thin �lm devices in the LRS (dashed line) and the
HRS (solid line) as a function of time after switching for a Set current limit of 10mA (blue
lines) and 30mA (green lines). The device schematic is shown in the inset. (b) Average
resistance of SrTiO3/SrO heterostructure devices in the LRS (dashed line) and the HRS
(solid line) as a function of time after switching for a Set current limit of 10mA (blue
lines) and 30mA (red lines). Error bars indicate the minimum and maximum values ob-
tained for each resistance state. The device schematic is shown in the inset. Modi�ed
from ref. 152.

of local phase separations as described above, the current limits were chosen as low as

possible such that the memory window was still larger than 2 orders of magnitude. The

I-V -hysteresis for both samples remained similar in shape, indicating that the same

fundamental switching mechanism was responsible for the resistance change, as will be

discussed in section 8.3. The average resistance as a function of current limit and time

is shown in Fig. 8.9. While the retention of the HRS was rather stable for each case, the

LRS showed strong di�erences between both samples, depending on the current limit.

For 10mA, the average LRS increased to a value barely distinguishable from the HRS

within a short time for both SrTiO3 thin �lm devices and SrTiO3/SrO heterostruc-

tures. For 30mA, on the other hand, LRS and HRS are also very close to each other

for SrTiO3 thin �lm devices after 105 s (or even earlier), but SrTiO3/SrO heterostruc-

tures exhibit a large memory window of roughly 3 orders of magnitude even after 106 s

(note the di�erent time scales in Fig. 8.9a and b).

While the data shown in Fig. 8.9 is averaged over multiple devices, it is worth noting

that in contrast to the SrTiO3 thin �lm devices, no device with a complete retention

failure (HRS and LRS indistinguishable) was observed for the SrTiO3/SrO heterostruc-

tures after switching with 30mA. This improved retention behavior is caused by a rather
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stable LRS value after an initial relaxation combined with a stable HRS on the order

of 108Ω. It was achieved with less power than was necessary for the observation of

single SrTiO3 devices with stable retention (cf. Fig. 5.10a), making it less likely that an

additional phase separation is responsible for the stable retention. The dispensability

of phase separations for good retention times also results in a more uniform behavior

of di�erent devices on the same chip: While the devices shown in Figs. 6.1 and 6.2 are

vastly di�erent in their retention behavior (as shown in Fig. 5.10a), all devices con-

taining the intentional SrTiO3/SrO interfaces exhibit a similar resistance for all times

investigated here.

Given the signi�cant retention improvement through the insertion of a SrO layer, one

can conclude that the Joule-heating enabled phase separation is not a side e�ect of high

temperatures during forming, but rather the origin of the observed stable retention for

the devices shown in Figs. 6.1a-c 6.5a-c. It can be understood as the separation of the

pristine SrTiO3 into a switching element (the oxygen de�cient SrTiO3) and an arti�cial

retention-stabilization-layer, the SrO.

Oxygen di�usion in SrO/SrTiO3 heterostructures

Therefore, it needs to be investigated how this phase separation can assist in

prolongating the retention times. As discussed above, a retention failure is caused

by the reoxidation of the switching �lament from the vertical direction. For the

SrTiO3/SrO heterostructure, three di�erent scenarios can prevent this reoxida-

tion:

Mechanism i: Oxygen storage capability. Similar to the oxygen exchange between

di�erent oxide layers in oxide dual-layer memory elements under applied electric

�elds [198], oxygen from the SrTiO3 could be incorporated into SrO (as inter-

stitials or into existing vacancies) during the Set operation. The SrO layer can

be regarded as an oxygen reservoir. This may lead to a new, (meta-)stable oxy-

gen distribution between the two adjacent oxides eliminating the driving force

for reoxidation of the SrTiO3 without applied electric �elds and therefore lead to

improved retention times.

Mechanism ii: Surface reaction rate of oxygen incorporation. If the storage of

additional oxygen in the retention-stabilization-layer is impeded due to a lack of

150



available lattice sites (no vacancies available and unfavorable energy of formation

for oxygen interstitials), oxygen evolution at the SrO/eletrode interface must

occur during the Set operation, similar to the Set operation and reoxidation

in SrTiO3 thin �lm devices described above. In this case, reoxidation of the

SrTiO3 during Reset or retention failure inevitably requires the incorporation

and di�usion of additional oxygen into the heterostructure from the top electrode

or the surrounding atmosphere. Since conduction band electrons contribute

to the rate determining step in the incorporation of oxygen into the oxide

lattice [28, 199], this step might be impeded in SrO due to the comparably large

band gap (between 5.0 and 6.5 eV). The inhibited oxygen incorporation may

therefore be responsible for the enhanced retention times of the heterostructures.

Mechanism iii: Di�usion rate. At the same time, the oxygen needs to migrate from

the top surface into the conductive �lament within the SrTiO3 after the incor-

poration into the retention-stabilization-layer. Given the fast di�usion rates in

SrTiO3, the improved retention of the heterostructures may be caused by slower

ambipolar di�usion rates within the SrO. If the incorporation rate of the retention-

stabilization-layer was as fast as in SrTiO3, slow di�usion through the retention-

stabilization-layer may become the rate determining step and thus retard the

reoxidation of the switching �lament.

In order to clarify which of the e�ects (mechanisms i-iii) are responsible for the improved

retention times, the oxygen migration in the heterostructure is investigated through

static lattice simulations5. Given that both pulsed laser deposition and phase separation

during electrical treatments result in oxide layers with considerable amounts of point

defects such as anion and cation vacancies, the simulation focuses on the migration of

oxygen vacancies within SrTiO3/SrO heterostructures. Fig. 8.10 shows the site and

saddle-point energies corresponding to the migration of an oxygen vacancy through the

heterostructure. One notices a considerable di�erence in the migration barriers in the

two materials, with the barriers in SrO (≈ 1.2 eV) being twice as high as those in SrTiO3

(≈ 0.6 eV). This suggests that, once oxygen ions are incorporated into SrO1−x under an

electric �eld (which lowers the barrier for migration), their return is hindered. There are

also small di�erences in the site energies within SrTiO3 (this is due to the biaxial strain

5The simulation was performed by Amr H. H. Ramadan, Institute of Physical Chemistry, RWTH
Aachen University, Aachen, Germany.
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arising from lattice mismatch) and between SrTiO3 and SrO (suggesting a small amount

of vacancy redistribution from SrO to SrTiO3) [199].

Based on these calculations, one may conclude that impeded oxygen transport within

the SrTiO3/SrO heterostructure (mechanism iii) could in fact lead to improved reten-

tion times. At the same time, it cannot be excluded that mechanisms i and ii play a

similar role in SrO, as oxygen incorporation reactions and the defect structure in SrO

are not well understood. Therefore, additional model oxide materials are investigated

in a next step to clarify whether the oxygen storage capability or the impeded oxygen

transport are the dominating factor of retention improvement through the intentional

insertion of retention-stabilization-layers.
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8.2.2 Rational design of retention-failure resistant memristive

devices

The broad variety of physical properties exhibited by oxides allows the selection of

prototypical materials for the retention-stabilization-layer. For this purpose, yttria-

stabilized zirconia (Y:ZrO2) and Al2O3 are selected. These oxides di�er most severely

in two speci�c properties: Electronically, both Y:ZrO2 and Al2O3 are rather inactive

insulators with a large band gap, but they are prototypical representatives for fast

oxygen transport combined with high oxygen vacancy concentration and slow oxygen

transport combined with very low oxygen vacancy concentration, respectively. While

Y:ZrO2 is the prototypical oxygen-ion conducting electrolyte, with a measured oxygen

di�usion coe�cient of DY:ZrO2(500 K) ≈ 10−13 cm2 s−1 and an activation enthalpy of

just 1 eV [200], Al2O3 exhibits low di�usion coe�cients, even close to its melting point;

the extrapolated value with an activation energy of 6.5±0.5 eV [201] is DAl2O3(500 K) ≈
10−65 cm2 s−1. Due to the high concentration of oxygen vacancies, Y:ZrO2 also exhibits

a large amount of available lattice sites for oxygen storage, while Al2O3 exhibits very

small deviations from nominal stoichiometry.

As described in chapter 3, SrTiO3 (2 nm)/Y:ZrO2 (1 nm) and SrTiO3 (2 nm)/Al2O3

(1 nm) heterostructures were fabricated by successive pulsed laser deposition. Multiple

devices on each chip were switched between the HRS and the LRS. Similar switching

characteristics compared to SrTiO3 thin �lm devices suggest the same underlying mech-

anism (cf. section 8.3). For SrTiO3/Y:ZrO2 heterostructures, a large initial memory

window is observed for a current limit of 1 mA (Fig. 8.11a). For a 10 mA current limit,

the HRS is comparably low with just 107Ω. Nevertheless, the initial memory window

after switching with 10 mA current limit is three orders of magnitude, which is similar

to the memory windows obtained for the SrTiO3 thin �lm devices. For even higher cur-

rent limits, the devices break down to a low resistance. SrTiO3/Al2O3 heterostructures

can be switched reliably with 10 mA or 30 mA current limit, resulting in similar initial

memory windows of 103 and 104, respectively (Fig. 8.11b).

As these model oxides are good representatives for fast and slow oxygen transport cou-

pled with high and low oxygen storage capabilities, a comparison of the retention char-

acteristics of these heterostructures, may allow the distinction between mechanisms i

and ii-iii In fact, compelling di�erences are observed: HRS and LRS values were sim-
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Figure 8.11: Retention behavior of SrTiO3/YSZ heterostructures and SrTiO3/Al2O3

heterostructures. (a) Average resistance of SrTiO3/Y:ZrO2 heterostructure devices in the
LRS (dashed line) and the HRS (solid line) as a function of time after switching for a SET
current compliance of 1mA (red lines) and 10mA (blue lines). The device schematic is
shown in the inset. (b) Average resistance of SrTiO3/Al2O3 heterostructure devices in the
LRS (dashed line) and the HRS (solid line) as a function of time after switching for a SET
current compliance of 10mA (blue lines) and 30mA (green lines). Error bars indicate the
minimum and maximum values obtained for each resistance state. The device schematic
is shown in the inset. Note the di�erent resistance scales in panels (a) and (b). Modi�ed
from ref. 152.

ilar to each other after short times (< 105 s) for the case of the oxygen-conducting

SrTiO3/Y:ZrO2 heterostructure for all current limits (Fig. 8.11a). For the oxygen-

di�usion-suppressing Al2O3, on the other hand, stable retention of both HRS and LRS

was obtained for both 10 mA and 30 mA, with a large memory window of several or-

ders of magnitude even after more than 106 s (as shown for the average resistance in

Fig. 8.11b). As was the case for the SrTiO3/SrO heterostructures, no complete retention

failure could be observed in any SrTiO3/Al2O3 device.

This is a dramatic improvement compared to devices fabricated without retention-

stabilization-layers or retention-stabilization-layers with fast oxygen di�usion. Since

these heterostructures exhibit an initial memory window of 103 for switching with

10 mA, which is nearly identical to the memory windows for SrTiO3/Y:ZrO2 het-

erostructure or SrTiO3 thin �lm devices, one can conclude that the observed stable

retention cannot be explained by initially higher memory windows. Accordingly,

inhibiting the back transport of oxygen (at room temperature and without ap-

plied electric �elds) presents the most e�ective method to stabilize retention in

SrTiO3-based memristive devices (which is in line with the observations from the

154



atmosphere-dependent measurements). The oxygen storage capability (mechanism i)

of the retention-stabilization-layer does not appear to play an important role, as the

introduction of Y:ZrO2 layers does not improve the retention. Instead, reoxidation of

the switching �lament can be prevented if no oxygen can enter the SrTiO3 (mechanisms

ii and iii).

As is evident from the improved retention with SrO and Al2O3 retention-stabilization-

layers, slow oxygen migration within the layer (mechanism iii) can protect the switching

�lament from fast reoxidation. Incorporation of such layers with slow oxygen di�usion

for the protection of the switching �laments may therefore be regarded as a design rule

for failure-resistant memristive devices. Since both SrO and Al2O3 are also wide band

gap insulators, one cannot exclude that impeded incorporation of oxygen at the surface

(mechanism ii) may have a similar or additional e�ect. However, in this case one may

also expect a similar e�ect from Y:ZrO2, as the high initial resistance of SrTiO3/Y:ZrO2

heterostructures (cf. section 8.3) indicates that only an extremely small concentration

of conduction band electrons is present in the Y:ZrO2 layer. Therefore, mechanism iii is

the most apparent explanation for the improved retention.

Implications of stable retention times achieved in lower-power operation

It is worth emphasizing that only with Al2O3, the retention-stabilization-layer with the

highest oxygen migration enthalpy used here, stable retention could be obtained with

a 10 mA current limit. This current is still extremely high regarding the application in

integrated circuits. However, the current limits necessary to achieve resistive switching

in µm-sized single crystalline SrTiO3 devices are always on this order of magnitude (see

chapter 5) and might be attributed to the inherently low defect density. To achieve

stable retention in the SrTiO3-based devices shown in Figs. 6.1a-c and 6.5a-c., a much

higher current limit of 50 mA was applied, but the majority of devices still showed

retention failure after short times. The intentional introduction of suitable retention-

stabilization-layer apparently reduces the current necessary for the desired retention

performance dramatically.

This power reduction has very bene�cial e�ects: Major structural changes such as phase

separations or severe lattice distortions are commonly observed for SrTiO3 thin �lm

devices (compare chapter 6 and refs. 17 and 165). These structural changes apparently
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Figure 8.12: TEM imaging of SrTiO3/Al2O3 heterostructures. (a) HAADF STEM im-
age of the epitaxial SrTiO3/Al2O3 interface (denoised by a nonlinear �lter [202]) (b)
Magni�ed one dimensional averaged image better revealing the structure of the epitaxial
interfaces. The TiO/AlO interfaces are more evidently seen from the one-dimensional
averaged HAADF STEM image. TEM imaging performed by Dr. Hongchu Du. Modi�ed
from ref. 152.

did not occur for the SrTiO3/Al2O3 heterostructures. For closer inspection, HAADF

STEM imaging of an electrically treated device was performed6. Fig. 8.12 shows cross

sectional HAADF STEM images of the SrTiO3 (2 nm)/Al2O3 (1 nm) heterostructures

from a switching �lament, which was identi�ed by C-AFM prior to the preparation of

the TEM lamella.

The STEM images reveal epitaxial growth of the aluminum oxide on top of TiO2-

terminated SrTiO3. The observed atomic structure for the as-grown aluminum oxide

is identical for the entire lamella (within the switching �lament as well as few µm

away from it) and appears to be similar to the reported SrTiO3/γ-Al2O3 in literature

[203]. Within the switching �lament shown in Fig. 8.12, the structure in both the

SrTiO3 and the Al2O3 shows no evident di�erence compared to the surrounding of

the �lament, con�rming the suspicion that no structural damage occurred during the

switching. The absence of structural changes of the active layers during switching is

desirable for future memory and logic devices, yielding more uniform and reproducible

devices. This is also apparent from the much more uniform retention behavior of

SrTiO3/Al2O3 heterostructures (Fig. 8.11) compared to the SrTiO3 thin �lm devices

in Fig. 5.10.

6TEM imaging performed by Dr. Hongchu Du, Peter Grünberg Institut and Ernst Ruska-Centre,
Forschungszentrum Jülich GmbH, Jülich, Germany.
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Figure 8.13: Initial resistance of SrTiO3 thin �lms and heterostructures with Au top
electrodes.

By purely empirical studies and without paying special attention to oxygen trans-

port properties of the materials under consideration, several groups already observed

improved device performance in memristive devices with inserted Al2O3 layers, such

as improved uniformity of HfOx- and TaOx-based devices [204, 205], improved mem-

ory windows in TiOx-based devices [206] and improved retention in GdOx-based de-

vices [207]. Based on these observations, it can be assumed that the concept of the

rationally designed retention-stabilization-layer can be extrapolated from the SrTiO3

model system to technologically more relevant systems.

8.3 The switching mechanism of eightwise resitive

switching in oxide heterostructures

Because of the di�erences in the retention times described above, one may question

whether the SrO, Y:ZrO2 or Al2O3 retention-stabilization-layers might also be actively

involved in the resistive switching processes in these heterostructures. For exam-

ple, the initial resistance of the heterostructures is higher than for the bare SrTiO3

�lms (Fig. 8.13). But this increased series resistance does not appear to be closely

connected to the improved retention times as the highest resistance is observed for

Y:ZrO2/SrTiO3-heterostructures followed by SrO/SrTiO3 and Al2O3/SrTiO3, which

exhibit dramatically di�erent retention behavior.
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Figure 8.14: Switching characteristics of SrTiO3 thin �lms and heterostructures. Form-
ing step and representative switching cycle are shown as blue and green lines, respec-
tively. (a) Representative SrTiO3 thin �lm device. (b) SrO/SrTiO3 heterostructure. (c)
Al2O3/SrTiO3 heterostructure. (d) Y:ZrO2/SrTiO3 heterostructure.

In a next step, the I-V characteristic of the heterostructures was compared to SrTiO3

thin �lm devices (Fig. 8.14). If the resistive switching in the heterostructures was

dominated by the inserted retention-stabilization-layer rather than by the SrTiO3 �lm

itself, one would expect a di�erent shape or even the opposite switching polarity, as was

demonstrated before for resistive switching in Al2O3 [206]. Instead, it can be observed

that the shape and polarity of the I-V -characteristics as well as the absolute voltages

and currents which are typically observed in these heterostructures were still the in the

same range as for SrTiO3 thin �lm devices. For stoichiometric SrTiO3, the forming

step can hardly be distinguished, while it is increasingly pronounced for SrO/SrTiO3,

Al2O3/SrTiO3 and Y:ZrO2/SrTiO3 (Fig. 8.14). In other words, the forming step is more

pronounced for higher initial resistances, which is a situation similar to the observations

for the SrTiO3 thickness series and stoichiometry comparisons described in chapter 5.

As for the initial resistance, one can conclude that the occurrence of the forming step is

not responsible for the prolongated retention times. Subsequent Set voltages are around

2 V for each sample (Fig. 8.14). Assigning a speci�c Reset voltage is unsubstantial

because of the gradual Reset. However, all devices can be switched to an HRS with

−4 to −5 V.

The LRS state of the SrTiO3 thin �lm devices and heterostructures is on the order of

104 to 105Ω for all devices (compare Figs. 8.9 and 8.11), orders of magnitude smaller
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Figure 8.15: Impedance spectroscopy of oxide heterostructure devices. (a) Cole-
Cole plot of an exemplary impedance spectroscopy measurement for a 10 × 10 µm
Au/SrO/SrTiO3/Nb:SrTiO3 device (black line) and �t using an equivalent circuit con-
sisting of a parallel circuit of capacitor and resistor, representing the device, with a small
series resistance, which represents the lead resistances. The �tting was performed using
the software Zplot, similar to what was described in ref. 208 (b) Capacitance and resis-
tance determined for the virgin state. (c) Capacitance and resistance determined for the
LRS and HRS after switching with 30mA current limit. The capacitance for each het-
erostructure does not change between virgin state, HRS and LRS, indicating �lamentary
switching.

than the initial resistance or the HRS from the SrTiO3 thin �lm devices. One can

therefore conclude that the resistance change in the heterostructures must occur at

least partially in the SrTiO3 layer itself, although it cannot ruled out that additional

processes take place in the Y:ZrO2 or Al2O3 layers.

Fig. 8.15 shows an exemplary impedance spectroscopy measurement and the resistance

and capacitance values extracted for virgin cells and cells in the LRS and HRS for each

heterostructure. It is obvious that the capacitance and resistance for HRS and virgin

state are fairly similar, as expected. For the LRS, one �nds that the capacitance is

again almost identical to the HRS, while only the resistance changes between LRS and

HRS. Note that for the Y:ZrO2/SrTiO3 device, the retention time was not su�cient to

distinguish between LRS and HRS in these measurements, which were performed on the

same devices that were used for Figs. 8.9 and 8.11. These measurements were performed

on single devices and do not accurately describe the average resistance as discussed

above. Because the capacitance does not change between LRS and HRS, these results

con�rm that the resistive switching in the heterostructures also occurs within a con�ned

�lament [209], similar to the SrTiO3 �lms themselves.

For �lamentary switching, the �laments should be identi�able using spectromicroscopy,

as demonstrated for the SrTiO3 thin �lm devices in chapters 6 and 7. Focusing on the
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Figure 8.16: Spectromicroscopic �ngerprint of the �lamentary switching
in grapheneAl2O3/SrTiO3 heterostructures. (a) I-V -characteristic of of a
graphene/Al2O3/SrTiO3/Nb:SrTiO3 device with the �rst Set operation (green line),
�rst Reset operation (blue line) and second Set operation (red line) during the PEEM
investigation. Inset: Device schematic (b) O K-edge spectra for the suspected switching
�lament and a reference area in the LRS (green and black lines, respectively). (c)
O K-edge spectra for the suspected switching �lament and a reference area in the HRS
(blue and black lines, respectively).

heterostructures with the best retention, Al2O3/SrTiO3/Nb:SrTiO3 devices were in-

vestigated both in operando and after top electrode removal. For the in operando

characterization, graphene electrodes were employed. Fig. 8.16a shows that graphene

electrodes also result in similar switching characteristics for these heterostructures, as

also demonstrated in ref. 168. The O K-edge extracted from this devices is shown in

Fig. 8.16b and c. On �rst sight, one may think that the O K-edge from such a het-

erostructure should contain information from both the Al2O3 and the SrTiO3 layer,

as the probing depth of 3-5 nm contains both �lms. But the spectra of a suspected

�lament and the surrounding are, interestingly, very similar in shape to the spectra

collected from bare SrTiO3 surfaces and do not contain any sign of Al2O3. The reason

for this observation lies in the nature of the O K-edge. As described in section 4.1,

the O K-edge can only exist due to covalent overlap between oxygen and metal or-

bitals. The rather ionic nature of Al2O3 compared to SrTiO3 can therefore account

for a very weak intensity of the Al2O3 O K-edge, which is why the spectra obtained

from heterostructures with very thin Al2O3 layers are almost identical to SrTiO3 spec-

tra.

In the LRS, the �lamentary region shows the signature of reduced SrTiO3 (Fig. 8.16b),

which is partially reoxidized when switching to the HRS (smaller A
B2
-ratio compared to
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Figure 8.17: Spectromicroscopic �ngerprint of the �lamentary switching in
Al2O3/SrTiO3 heterostructures with Au top electrodes. (a) XPEEM image of a
Au/Al2O3/SrTiO3/Nb:SrTiO3 device for a photon energy of 537 eV after top electrode
removal. Scale bar, 2 µm. The suspected �lament is the red spot in the center of the
device. (b) O K-edge spectra for the suspected switching �lament and a reference area
(green and black lines, respectively). (c) Ti L-edge spectra for the suspected switching
�lament and a reference area (green and black lines, respectively). Inset: Zoom to the L3

t2g edge.

the reference, Fig. 8.16c). This con�rms that similar to the SrTiO3 thin �lm devices,

the �lamentary switching in Al2O3/SrTiO3 heterostructures involves a localized valence

change in the SrTiO3 �lm, as is expected from the reasoning above. Unfortunately, no

complete switching cycle LRS 7→ HRS 7→ LRS 7→ HRS was possible for this device to

derive reliable quantitative information. During the second Set operation (red curve

in Fig. 8.16a), the current limit was not reached, an additional series resistance ap-

peared to be present. After further switching attempts, XPEEM investigation did not

show any change in the �lament (data not shown). The reason for this may be that

the active �lament changed or that the entire device su�ered from the synchrotron

irradiation.

To con�rm that the observation of the �lamentary valence change in Al2O3/SrTiO3

heterostructures in Fig. 8.16 is no artifact, XPEEM analysis was also performed for

a device with Au top electrode (the same sample that was used for Fig. 8.11) after

top electrode delamination (Fig. 8.17). XPEEM imaging at a photon energy of 537 eV

reveals increased intensity in the area where the probe tip contacted the top electrode

during switching. Extracting the O K-edge for this region and the surrounding again

shows the signature of reduced SrTiO3 for the �lament (Fig. 8.17b). Similar to the

observations from Fig. 7.14, this valence change in the SrTiO3 can be con�rmed using

the Ti L-edge (Fig. 8.17c). The observation of the change in the Ti L-edge also provides
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Figure 8.18: TEM image of Au/Al2O3/SrTiO3/Nb:SrTiO3 device, switched with 10mA.
In the region of the contact point, the Au top electrode is slightly detached from the �lm7.

�nal evidence that the resistance change in the heterostructures must occur in the

SrTiO3 itself. Unfortunately, no clear evidence about the valence state of the Al can

be obtained using XPEEM to clarify if additional changes might occur in the Al2O3

layer.

After the clari�cation that a valence change in the Ti is also responsible for resistive

switching in Al2O3/SrTiO3 heterostructures, one may question the exact switching

mechanism. In the absence of in operando TEM data for these devices, ex situ anal-

ysis may shed light on the switching mechanism. Fig. 8.18 shows a low-magni�cation

TEM image of a Au/Al2O3/SrTiO3/Nb:SrTiO3 device. The lamella was prepared such

that a bubble which emerged during operation was contained in the image. The cav-

ity between electrode and �lm suggests that the same mechanism as was derived for

SrTiO3 thin �lm devices in section 8.1 can also be responsible for the switching in the

heterostructures. Oxygen-species may be released from the active layer towards the

Au electrode during Set and reincorporated during Reset. This would also con�rm the

reason for the retention stabilization using layers with slow oxygen migration, as the

oxygen needs to migrate through the thin Al2O3 layer during operation and retention

failure. High resolution EELS analysis of the �lamentary region shown in Fig. 8.12

corroborates the suspected mechanism as a similar Ti3+ gradient as described in sec-

tion 7.3 was identi�ed for the �lament (data not shown). However, the extremely small

thicknesses of these samples made reliable interpretation of the EELS results impossible

due to interface-proximity e�ects.

7Image courtesy of Maximilian Kruth, Peter Grünberg Institut and Ernst Ruska-Centre,
Forschungszentrum Jülich GmbH, Jülich, Germany.
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Because of this suspected mechanism, one might question whether the incorporation

of such layers for retention stabilization through slow oxygen migration might not

lead to very slow switching times simultaneously. The extreme nonlinearity of oxy-

gen migration with respect to the applied electric �eld and temperature, however,

can yield su�ciently fast switching times even for large oxygen migration activation

energies due to Joule heating [57]. Regarding the voltage-time dilemma, the incor-

poration of such layers may therefore yield the desired fast switching and long reten-

tion at the same time, but further experiments are necessary to con�rm this expecta-

tion.
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9 Conclusions and Outlook

The scope of this thesis was the investigation of the microscopic changes of the elec-

tronic and chemical structure during resistive switching in SrTiO3 thin �lms. Spatially

resolved spectroscopy and TEM were used both ex situ and in operando to identify

and interpret these changes. Based on the experimental observations, the switching

and retention failure mechanisms in SrTiO3 were clari�ed and a design rule for failure

resistant devices was derived.

Devices with di�erent stoichiometries, top electrode materials and �lm thicknesses were

fabricated and the resistive switching behavior was analyzed. All devices investigated

here exhibit eightwise resistive switching, but di�erences in retention times and switch-

ing parameters can be observed. A general trend was observed where thicker SrTiO3

�lms exhibit a more pronounced forming step and higher HRS values while requiring

higher switching voltages. Regarding the choice of the top electrode material, di�er-

ences in the I-V -characteristics between di�erent top electrode materials are small,

which can be expected based on a similar work function of the electrode materials

investigated here.

Importantly, a dependence of both I-V -characteristics and retention times on the oxy-

gen partial pressure of the external atmosphere was found. Reducing atmospheres lead

to improved LRS retention and a less pronounced Reset, which leads to a lower HRS

value. This indicates a certain interaction with the surrounding both during and after

operation.

This atmosphere-dependence and the observations from in operando XPEEM and TEM

analysis enable the deduction of a microscopic switching mechanism for the long-

debated eightwise switching direction. Electrochemical oxygen evolution and oxygen

reduction reactions rather than the typically invoked purely internal redistribution of

oxygen vacancies give rise to this switching direction in SrTiO3. During Set (and
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during forming), oxygen is removed from the SrTiO3 lattice, leaving behind an oxygen-

de�cient, highly conductive �lament, which is visible from the oxygen concentration

maps from the TEM analysis. The oxygen species may be stored within the electrode,

at the electrode-oxide interface or released as gaseous oxygen to the surrounding atmo-

sphere, depending on the top electrode material and the switching conditions. Driven

by this oxygen evolution, the Ti undergoes a valence change from Ti4+ to Ti3+, leading

to occupied states in the conduction band. These result in a characteristic spectro-

scopic �ngerprint in the Ti L absorption edge and the O K absorption edge, which was

detected by EELS as well as XPEEM.

During Reset, oxygen species are reincorporated into the SrTiO3 lattice, oxidizing the

�lament and causing a valence change from Ti3+ to Ti4+. For this incorporation reaction

to be completed, oxygen-supply from the ambient appears to be necessary. In reducing

atmospheres, only partial Reset was observed.

It can be argued that resistive switching based on oxygen evolution and reincorpora-

tion � while potentially causing challenges in the technological implementation � may

present a viable route towards a deep Reset which is desirable for technological im-

plementation. At the same time, understanding the origin of eightwise switching will

enable the educated design of memristive devices suppressing its complicated contribu-

tions during device operation.

Based on the in operando XPEEM analysis with graphene electrodes, the carrier den-

sity modulation in the conduction band was quanti�ed. The �lament was found to

contain 9± 2% Ti3+ in the LRS and 4± 1% Ti3+ in the HRS. These values were used

as an input for nanoionic device simulation and were found to fully explain the resis-

tance change by more than two orders of magnitude. The device simulation revealed

that the e�ective Schottky barrier was strongly modi�ed through this carrier density

modulation. Overall, such high carrier concentrations lead to signi�cant tunneling

contributions to the current across the barrier, which is also in line with temperature

dependent I-V -measurements.

The unprecedented, quantitative agreement between experimental quanti�cation of lo-

calized redox reactions and nanoionic device simulation not only contributes to the

clari�cation of the microscopic origin of the resistance change, but also paves the way

for educated design and rational implementation of memristive devices for future mem-

ory and logic applications, as simulations based on the physical understanding of the
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switching process are mandatory for the large scale development of devices and inte-

grated circuits.

Ex situ XPEEM analysis of the �lament chemistry in SrTiO3 devices with di�erent

retention characteristics was used to derive a design rule for failure-resistant mem-

ory, elucidating the impact of rationally designed retention-stabilization-layers. It was

demonstrated that spatially con�ned valence changes between Ti3+ and Ti4+ within

the switching �lament are also responsible for the resistance change during retention

failure. While the low oxygen migration enthalpy of SrTiO3 causes the frequently

observed retention failure of the LRS, Joule-heating induced local phase separation

within the switching �lament can stabilize the retention due to the formation of a

SrTiO3/SrO interface, as observed in spatially resolved Sr 3d XPS and O K-edge ab-

sorption spectra. This layer inhibits fast reoxidation due to retarded oxygen transport

through the SrO layer. This insight serves as a basis for the design rule for failure-

resistant memristive devices: Incorporation of oxide materials with slow oxygen di�u-

sion as retention-stabilization-layer protects the switching �laments from reoxidation

and leads to signi�cantly prolongated retention times. This was veri�ed through the

fabrication and characterization of devices with intentional SrO and Al2O3 layers be-

tween SrTiO3 and top electrode. Utilizing good oxygen conductors like Y:ZrO2 as

the retention-stabilization-layer, on the other hand, yields frequent retention failure.

In addition to improved retention, more uniform device performance can be achieved

with Al2O3 retention-stabilization-layers due to reduced heat generation compared to

devices without intentional retention-stabilization-layers, which is also highly desirable

for practical applications.

Based on additional electrical measurements and XPEEM and TEM analysis, the

switching mechanism in these oxide heterostructures was found to be the same as

in regular SrTiO3 thin �lm devices: oxygen evolution during Set and reincorporation

during Reset cause the resistance change due to a carrier density modulation in the

SrTiO3 layer.

Overall, these �ndings present fundamentally new insights about resistive switching in

SrTiO3-based devices, as important switching and failure mechanisms could be clari-

�ed. Based on this understanding, the design of future devices is facilitated through a

physical understanding, the availability of increasingly predictive simulations and the

introduction of retention-stabilization-layers.

167



Outlook

Going beyond a static characterization of each resistance state, the direct in operando

observation of valence changes during device operation presented in this thesis con-

stitutes an attractive �rst step and a necessary prerequisite for time-resolved spectro-

microscopic characterization of the switching process. This may yield further insights

into potential intermediate steps of the mechanisms and the reaction kinetics. In order

to achieve time resolution below the minimum integration time of a single PEEM im-

age, which is on the order of seconds and therefore unsuited to study fast phenomena,

pump-probe techniques have to be employed. In such experiments the device is electri-

cally excited by a "pump" pulse and measured with a single photon "probe" pulse after

a speci�c delay time, e.g. a single bunch of synchrotron irradiation. Varying the delay

time between pump and probe allows the reconstruction of the temporal evolution of

the switching.

As a very short probe pulse has to be used, the measurement has to be repeated numer-

ous times for each delay time to achieve a su�cient signal-to-noise ratio. Therefore, the

prerequisite for such time-resolved measurement is that the switching can be performed

at least 106 times, and the location of the switching �lament as well as the magnitude

of the redox reaction must not vary during these cycles. In principle, this may be

possible as very high endurance has been reported, but switching under synchrotron

irradiation with devices designed for in operando spectromicroscopy rather than ul-

timate endurance performance complicate such approaches1. Alternative in operando

approaches, which were unsuccessful in the identi�cation of switching �laments, indicate

that such performance may be achievable, as was shown for hard X-ray photoelectron

spectroscopy [210] and transmission X-ray microscopy [19,20], where millions of switch-

ing cycles under synchrotron irradiation have been performed. One way to achieve such

stability against beam damage might be the introduction of oxygen into the measure-

ment chamber, as described brie�y in section 7.2.

While the in operando XPEEM and TEM results presented in this thesis already

demonstrate that oxygen must be removed from and reincorporated into the SrTiO3

1The way towards time-resolved spectromicroscopic characterization of the switching process and the
obstacles that will have to be overcome will be described in detail in the PhD thesis of Christoph
Schmitz, Peter Grünberg Institute, Forschungszentrum Jülich GmbH, Jülich, Germany.
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layer during device operation, the exact mechanism of the corresponding electrochemi-

cal reactions have to remain subject of future research. For example, the intermediate

steps of oxygen removal and reincorporation are unknown and it needs to be clari�ed

where the oxygen species are stored after removal from the SrTiO3 lattice. It may be

very instructive to examine the in�uence of di�erent chemical species which are likely to

be present at the SrTiO3/electrode interface or in the external atmosphere. For exam-

ple, carbon contaminants at the interface may play a role2.

Regarding the external atmosphere, it was shown that the presence of water is essential

for oxygen evolution and reincorporation [211, 212], i.e., oxygen incorporation rates

can be strongly enhanced using water vapor compared to dry oxygen. Switching in

atmospheres of varying water partial pressure may be a useful way to determine if

this dependence also plays a role for resistive switching in SrTiO3. As demonstrated

in ref. 211, oxygen isotope pro�les obtained from secondary ion mass spectrometry

after exchange with speci�c atmospheres (e.g. H18
2 O) can shed light on the exchange

rates.

After the mechanistic description of eightwise resistive switching in SrTiO3, its kinetics

should be investigated in detail. For this purpose, pulsed measurements similar to

those performed for counter-eightwise switching in SrTiO3 [213,214] can be performed

in addition to the pump-probe experiments mentioned above. Such experiments may

yield insightful information about mechanisms based on oxygen exchange in comparison

with purely internal redistribution of vacancies. While counter-eightwise switching can

be explained by the oxygen vacancy migration due to ionic hopping as described by the

Mott-Gurney lay [213, 215], the surface exchange could possibly be the rate limiting

step for the eightwise switching, i.e., one would expect the kinetics to follow the Butler-

Volmer equation, which describes charge transfer at electrode/electrolyte interfaces

[4]. Investigation of the switching kinetics may be particularly useful to evaluate if

the introduction of retention-stabilization-layers with slow oxygen migration properties

impedes fast switching. Based on the extreme nonlinearity of oxygen migration with

respect to the applied electric �eld and temperature, a negative in�uence of these

layers on the switching speed would not be expected, but this assumption requires

experimental veri�cation.

2First hints for the role of carbon species will be presented in the PhD thesis of Nicolas Raab, Peter
Grünberg Institute, Forschungszentrum Jülich GmbH, Jülich, Germany.
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Regarding the position of the �lament, it was observed that while preferred positions

exist in the devices investigated here, the �lament location may vary from cycle to cy-

cle under certain circumstances (such as the use of graphene electrodes). This �lament

location variation may be the reason for the observed cycle-to-cycle variability of the

LRS and HRS resistances. It may therefore be worthwhile to investigate if pre-de�ned

�laments present a possibility to reduce this variability, similar to the precise and delib-

erate positioning of the �lament by Hayakawa et al. [216].
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A Appendix: Fabrication details

The following �owchart indicates the necessary steps for sample preparation with metal

leads for in situ measurements. Follow until step 8 for devices to be contacted by W

probes directly.

1. Fabricate SrTiO3 thin �lm by PLD.

2. Deposit the top electrode onto the SrTiO3 �lm (ex situ). See table A.1 for the

di�erent top electrodes tested in this thesis.

Lithography 1

3. Clean the sample using a ultrasonication in acetone followed by 2-propanol for

1min each. Blow-dry with N2. Heat to 180 ◦C for 3min (dehydration). Cool

down to room temperature.

4. Coat the sample with a positive photo resist (AZ5204 for metal electrodes, AZ5214

for graphene). Heat to 90 ◦C for 3min. Cool down to room temperature.

5. With the photo mask concealing the future device areas, the rest of the sample

is exposed to 500 nm UV light for 15 s (25 s for graphene).

6. Develop the exposed photo resist using the developer MIF 326 for roughly 35 s

(45 s for graphene).
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7. The exposed metal is dry-etched us-

ing argon bombardment in the Reactive

Ion Beam Etching tool (Clean room

PGI 7). Use recipe ar0lbeam.rec for ap-

proximately 3 min (Ar bombardment

at an angle of 0° with 70mA beam cur-

rent). It is important to use such com-

parably low currents (compared to the

standard settings of this instrument)

to avoid excessive heating of the sam-

ple. Such heating results in irremovable

photo resist.

7. Graphene is dry-etched using oxygen

plasma (Clean room PGI 7) with 300W

for 30 s. A 30 nm insulating layer is de-

posited around the remaining graphene

before photo resist lift-o�. This step

ensures that the next alignment steps

are possible (graphene on SrTiO3 is in-

visible in the light microscope). This

way the graphene electrodes and align-

ment markers can be identi�ed as holes

in the insulating layer.

8. To remove the photo resist from the device areas, the sample is heated to 80 ◦C

in dimethyl sulfoxide (DMSO) for roughly 2 hours. Metal electrodes: Ultrasonic

cleaning (lowest power available) with hot DMSO for 10 s. Avoid any ultrasonic

bath for graphene-containing samples! Place sample in acetone (room tempera-

ture) and gently swipe over the sample surface using a "clean room swap". Clean

in 2-propanol. Blow-dry with N2.

Lithography 2

9. Heat to 180 ◦C for 3min (dehydration). Cool down to room temperature. Coat

the sample with a positive photo resist (AZ5214). Heat to 90 ◦C for 3min. Cool

down to room temperature.

10. With the photo mask concealing the inner area of the device areas, the rest of

the sample is exposed to 500 nm UV light for 25 s.

11. Develop the exposed photo resist using the developer MIF 326 for roughly 45 s.

12. Deposit an insulating layer. Metal electrodes: 100 nm. Graphene: 80 nm. See

table A.1 for the di�erent choices for the insulating layer.
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13. To remove the photo resist, the sample is heated to 80 ◦C in dimethyl sulfox-

ide (DMSO) for roughly 2 hours. Metal electrodes: Ultrasonic cleaning (lowest

power available) with hot DMSO for 10 s. Avoid any ultrasonic bath for graphene-

containing samples! Place sample in acetone (room temperature) and gently

swipe over the sample surface using a "clean room swap". Clean in 2-propanol.

Blow-dry with N2.

Lithography 3

14. Heat to 180 ◦C for 3min (dehydration). Cool down to room temperature. Coat

the sample with a negative photo resist (AZnLoF). Heat to 90 ◦C for 3min. Cool

down to room temperature.

15. With the photo mask concealing the areas where metal leads will be deposited in

the next step, the rest of the sample is exposed to 500 nm UV light for 10 s.

16. AZnLoF photo resist needs to be baked at 110 ◦C for 1min after exposure.

17. Develop the exposed photo resist using the developer MIF 726 for roughly 45 s.

Special care has to be taken during alignment and development to later ensure

contact between device area and metal lead.

18. Deposit the metal lead. For all devices studied here, 10 nm Pt followed by 130 nm

Au were deposited by electron beam evaporation.

19. To remove the photo resist, the sample is heated to 80 ◦C in TechniStrip Ni555

(MicroChemicals GmbH, Ulm, Germany) for roughly 2 hours. Place sample in

acetone (room temperature) and gently swipe over the sample surface using a

"clean room swap". Clean in 2-propanol. Blow-dry with N2.
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Table A.1: Materials tested for SrTiO3-based memristive devices with metal leads as
described in section 3.2. Top electrode materials which are likely to work in this geometry
but which have only been tested without metal leads are included. The phrase "Wire
bonding not possible" indicates that the metal lead could not be contacted by wire bonding
because each attempt resulted in a short circuit between metal lead and bottom electrode.
This can be circumvented by contacting with an Al wire and fast-drying silver paint.
However, this results in a non-negligible contact resistant of 100-300Ω, making wire
bonding preferable.

Purpose Material Thickness Source Outcome

Top

electrode

Pt 10 nm Electron beam

evaporator (Clean

room PGI 7)

√

Top

electrode

Rh 2 nm Electron beam

evaporator

(Electronic oxide

cluster tool PGI 7)

√

Top

electrode

Rh 2 nm Electron beam

evaporator (HNF)

√

Top

electrode

graphene 1 monolayer University of

Illinois.

√

Top

electrode

Au 30 nm Sputter-gun in

PLD setup (PGI 7)

(
√
) only tested

without metal leads.

Top

electrode

Au 80 nm Electron beam

evaporator (Clean

room PGI 7)

(
√
) only tested

without metal leads.

Top

electrode

Pt 30 nm Electron beam

evaporator (Clean

room PGI 7)

(
√
) only tested

without metal leads.

Top

electrode

Rh 30 nm Electron beam

evaporator

(Electronic oxide

cluster tool PGI 7)

No forming possible.

Insulating

layer

Y:ZrO2 100 nm PLD (TSST,

PGI 7)

√
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Insulating

layer

MgO2 40 nm PLD (TSST,

PGI 7)

(
√
) Wire bonding not

possible.

Insulating

layer

HfO2 80 nm Sputter-tool, PGI 7 (
√
) Wire bonding not

possible.

Insulating

layer

Al2O3 80 nm PLD (TSST,

PGI 7)

Al2O3 loses insulating

properties in

developer (basic

solution).

Insulating

layer

Al2O3

covered

by

MgO2

80 nmAl2O3;

20 nmMgO2

PLD (TSST,

PGI 7)

(
√
) Not tested

su�ciently.

Insulating

layer

SiO2 100 nm Spin-on glass

"MSQ"

(
√
) Not tested

su�ciently.

Previously shown to

degrade under

synchrotron

irradiation [123].

Metal

lead

Pt 130 nm Electron beam

evaporator (Clean

room PGI 7)

Peal-o� during

development.

Metal

lead

Pt

covered

by Au

10 nmPt;

130 nmAu

Electron beam

evaporator (Clean

room PGI 7)

√

Metal

lead

Pt

covered

by Au

10 nmPt;

130 nmAu

Electron beam

evaporator (HNF)

√

Metal

lead

Pt 50 nm Sputter-tool, PGI 7 Principally ok, but

larger series resistance

(≈100Ω). Results in

higher LRS values.
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List of Abbreviations

AFM Atomic force microscopy

C-AFM Conductive atomic force microscopy

EDX Energy dispersive X-ray spectroscopy

EEL Electron energy loss

EELS Electron energy loss spectroscopy

EXAFS Extended X-ray absorption �ne structure

FIB Focused ion beam

HAADF High-angle annular dark-�eld

HRS High resistance state

IMFP Inelastic mean free path

LRS Low resistance state

MIM Metal-insulator-metal

PEEM Photoemission electron microscopy

PLD Pulsed laser deposition

RGA Residual gas analyzer

RHEED Re�ection high energy electron di�raction

ROI Region of interest

STEM Scanning transmission electron microscopy
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TEM Transmission electron microscopy

UHV Ultra-high vacuum

XANES X-ray absorption near edge spectroscopy

XAS X-ray absorption spectroscopy

XPEEM Photoemission electron microscopy with X-ray excitation

XPS X-ray photoelectron spectroscopy
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