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Abstract

Information technology is approaching the era of arti�cial intelligence. New computing
architectures are required to cope with the huge amount of data that has to be processed
in all types of cognitive applications. This requires dedicated energy e�cient solutions
on the level of the computing hardware. The new concepts of neuromorphic comput-
ing (NC), like arti�cial neural networks (ANNs) and computation in memory (CIM),
aim to overcome the limitations of classical computers based on von Neumann archi-
tecture. Redox-type resistive random access memory (ReRAM) devices are intensively
investigated for NC applications due to their non-volatility and energy e�ciency, process
compatibility with standard complementary metal oxide semiconductor (CMOS) tech-
nology, and the ability for device scaling and three-dimensional (3D) integration. The
variety of applications requests for di�erent desired properties of the ReRAM devices
ranging from an analog-type programmable multilevel behavior to a binary-type switch-
ing at high resistance ratio and with linear resistance states.

ReRAM research today focuses on devices built of metal oxide layers with nano-
meter thickness sandwiched between a chemically inert electrode like Pt or TiN and a
chemically reactive electrode. The precise thickness control is achieved by vapor phase
deposition techniques, in particular, atomic layer deposition (ALD). However, some ba-
sic issues like switching stability and resistance variability are still obstacles on the way
towards massive integration. One of the e�orts to improve the device performance is
the use of combinations of two metal oxides layers, so called bilayer oxide stacks. The
two di�erent metal oxide layers are selected regarding their insulation resistance and
oxidation enthalpy. Here, especially the bilayer ReRAM stack of TiO2 and Al2O3 has
drawn attention of researches worldwide. TiO2 belongs to the materials integrated into
ReRAM devices since the early start in the beginning of this millennium. However, most
of the single-layer TiO2 devices lack stability in the standard valence change mechanism
(VCM)-type �lamentary switching behavior and su�er from a too high residual leakage
current. One approach for improvement is the addition of an Al2O3 barrier layer into the
TiO2 ReRAM device. So far, in the scienti�c literature, there is no clear consensus if this
type of Al2O3/TiO2 bilayer cells reveal a standard VCM-type �lamentary switching or an
area-dependent switching behavior.

The present study aims at a clari�cation of di�erent phenomena associated with the
bipolar resistive switching in bilayer ReRAM devices built from Al2O3 and TiO2 layers.
In order to cope with device sizes, which are close to the industrial scale, nano-crossbar
ReRAM cells were fabricated with an electrode area of (60 nm)2 to (100 nm)2 and oxide
layer thickness below 10 nm. Nanometer-thin, dense oxide layers of reproducible quality
were grown by means of ALD. Here a Pt bottom electrode was used as the Schottky
electrode. In contrast, for the Pt/oxide/metal structures the metal top electrode was
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varied between Ti and TiN. A systematic study was performed regarding the e�ect of
the resistive switching oxide comparing single-layers of Al2O3 and TiO2 and bilayers with
di�erent stack sequence, this means, Al2O3/TiO2 and TiO2/Al2O3. Study of the elec-
troforming behavior in the various device stacks Pt/Al2O3/Pt cells reveals the identical
breakdown strength as observed for other reported Al2O3 single-layer devices. In contrast,
Pt/Al2O3/Ti devices show a linear dependence of the electroforming voltage for the Al2O3

thickness of 2 to 5 nm. Pt/TiO2/Ti devices are conductive in their initial state for TiO2

thickness below 10 nm. In bilayer stacks the electroforming voltage is dominated by the
thickness of the Al2O3 layer, but the additional TiO2 layer is not negligible. According to
the di�erent oxidation enthalpies, the use of a Ti electrode results in a more reproducible
and stable switching compared to TiN.

Pt/metal oxide/Ti nano-crossbar devices with a thin Al2O3 layer show �lamentary
VCM-type counter-eightwise (c8w) bipolar resistive switching after successful electro-
forming and �rst RESET step. The resistance ratio is controlled by choosing values
of current compliance and RESET stop voltage between high and low resistance state,
respectively. Deep RESET behavior is obtained for the Al2O3 �lm thicker than 4 nm.
However, e�ects appear which are attributed to a �lling of trap states in the Al2O3 layer
adjacent to the Pt Schottky electrode. The charge transport behavior of the di�erent
cells was systematically analyzed considering the voltage and temperature dependence of
the initial state, the high (HRS) and low resistance state (LRS). The current transport in
the insulating devices, i.e. Al2O3 and the bilayers with Al2O3, was successfully simulated
by the Simmons' equation for tunneling through a trapezoidal barrier. This also holds
for the HRS state with di�erences in tunneling barrier and tunneling area. The area of
100 nm2 attributed to the HRS �ts well to the physical diameter of the �lament of about
10 nm that was determined from the crystallized regime appearing in the cross-section of
a switched device via transmission electron microscopy. For all devices the LRS exhibits
an almost metallic-type conduction characteristic. Pulse switching analysis leads to a
SET kinetic, which is well described by the ion hopping model utilizing Mott-Gurney law
for oxygen vacancy drift.

Pt/TiO2/Ti nano-crossbar devices show an extraordinary behavior of the coexistence
of standard �lamentary counter-eightwise (c8w) and stable eightwise (8w) switching at
signi�cantly reduced currents. The two switching modes with opposite polarity share a
common state, this is, the c8w HRS equals the 8w LRS∗. A model is proposed which de-
scribes this coexistence as a competition between oxygen vacancy drift/di�usion and oxy-
gen incorporation/extraction at the Pt/TiO2-x interface. The reduced/increased amount
of oxygen vacancies in the regime of the conductive �lament's disc leads to a band bend-
ing and a change of the parabolic shaped tunneling barrier at the switching interface.
In the Pt/TiO2/Ti nano-devices the 8w-switching process occurs at switching voltages
of about 2 V, but at a signi�cantly reduced current level with resistance values of about
Mega- and Giga-Ohm in LRS∗ and HRS∗, respectively.

The deeper understanding of switching phenomena and conduction behavior in the
various Al2O3 and TiO2 single-layer and bilayer nano-crossbar devices can be utilized for
improvement of existing switching models and for future cell design addressing particular
applications.

ii



Kurzfassung

Die Informationstechnologie nähert sich dem Zeitalter der künstlichen Intelligenz. Neue
Rechnerarchitekturen sind erforderlich, um die groÿen Datenmengen zu bewältigen, die
für die vielfältigen kognitiven Anwendungen verarbeitet werden müssen. Dies verlangt
nach neuen Hardware-Lösungen mit deutlich höherer Energiee�zienz. Die neuen Konzepte
des neuromorphen Rechnens, wie z.B. künstliche neuronale Netzwerke und logikfähige
Speicher, zielen auf die Überwindung der Beschränkungen klassischer von Neumann-
Rechner. Redox-basierte resistive Speicherzellen (redox-based resistive random access
memory, ReRAM) werden aufgrund ihrer Nicht�üchtigkeit und Energiee�zienz, sowie der
Kompatibilität zu komplementären Metall-Oxid-Halbleiter-Strukturen, der Skalierungs-
möglichkeit und der dreidimensionalen Integration intensiv untersucht. Die erforder-
lichen Eigenschaften von ReRAM-Bauelementen reichen von analog programmierbaren
Widerstands-änderungen bis zu binärem Schalten mit einem hohen Widerstandsverhält-
nis und linearen Zuständen, um die Vielfalt der Anwendungen adressieren zu können.

Die heutige ReRAM-Forschung konzentriert sich auf Bauelemente aus nanometer-
dünnen Metalloxidschichten, die eingebettet sind zwischen einer chemisch inerten Elek-
trode wie Pt oder TiN und einer chemisch-reaktiven Elektrode. Die Kontrolle der Schicht-
dicke wird durch die Gasphasenabscheidungen gewährleistet, z.B. die Atomlagenabschei-
dung (ALD). Allerdings verhindern noch einige grundlegende Probleme wie Schaltsta-
bilität und Widerstandsverteilung die massive Integration neuartiger ReRAMs. Eine
Möglichkeit zur Verbesserung der Bauelemente ist die Kombination von zwei aufeinander
folgenden Metalloxidschichten (sog. �Doppeloxid-Stapel�). Die zwei unterschiedlichen
Oxidschichten werden gemäÿ ihrer elektrischen Widerstände sowie ihrer Oxidationsen-
thalpie gewählt. Hier �ndet vor allem eine Struktur aus TiO2 und Al2O3 weitreichende
Beachtung. Aktuell besteht jedoch noch kein Einvernehmen in der einschlägigen wis-
senschaftlichen Fachliteratur, ob solche Al2O3/TiO2-Doppelschicht-Bauelemente ein typ-
isches VCM �lamentäres Schalten oder ein �ächenabhängiges Schalten zeigen.

Ziel der vorliegenden Arbeit ist eine Klärung der unterschiedlichen Phänome, die
mit dem bipolaren resistiven Schalten in ReRAM-Bauelementen mit einer Doppelschicht
aus Al2O3 und TiO2 verbunden sind. Um mit einer industrienahen Bauelementgröÿe
zu arbeiten, wurden Nano-Kreuzpunkt ReRAM-Zellen mit einer Fläche von (60 nm)2

bis (100 nm)2 hergestellt, wobei die gesamte Oxidschichtdicke unter 10 nm bleibt. Es
wurden dichte Oxidschichten im Nanometer-Bereich mit reproduzierbarer Qualität per
ALD abgeschieden. Die untere Elektrode aus Pt wurde als Schottky-Elektrode eingesetzt.
Demgegenüber wurde bei der metallischen Deckschicht der Pt/Oxid/Metall-Strukturen
die obere Elektrode zwischen Ti und TiN variiert. Es wurde eine systematische Studie
hinsichtlich des Vergleiches zwischen Einzelschichten (TiO2 und Al2O3) und verschiedenen
Doppelschichten, nämlich Al2O3/TiO2 und TiO2/Al2O3, durchgeführt. Die Untersuchung

iii



des Elektroformierens zeigt eine mit der Literatur übereinstimmende Durchbruchspan-
nung in Pt/Al2O3/Pt Zellen. Im Gegensatz dazu zeigen die Pt/Al2O3/Ti-Bauelemente
eine lineare Abhängigkeit der Elektroformierungsspannung von der Al2O3 Dicke von 2
bis 5 nm. Pt/TiO2/Ti-Bauelemente besitzen eine hohe Leitfähigkeit im Anfangszustand
bei einer Dicke der TiO2-Schicht unter 10 nm. In den Doppelschichten wird die Elektro-
formierungsspannung von der Dicke der Al2O3-Schicht bestimmt, wobei die TiO2-Schicht
dennoch nicht vernachlässigbar ist. Gemäÿ ihrer jeweiligen Oxidationsenthalpien führt
die Ti-Elektrode zu einem reproduzierbareren und stabileren Schalten im Vergleich zu
TiN.

Nach Elektroformieren und RESET zeigen Pt/Metalloxid/Ti-Nano-Kreuzpunkt-Bau-
elemente mit einer dünnen Al2O3-Schicht ein �lamentäres VCM-artiges bipolares resis-
tives Schalten, dargestellt durch das entgegengesetzte Schreiben der Zi�er �8� (eng.:
counter-eightwise, c8w). Das Widerstandsverhältnis wird durch die Wahl der Strombe-
grenzung im SET-Prozess sowie durch den eingestellten Spannungswert im RESET-
Prozess geregelt. Für tiefes RESET-Verhalten, wie es für Al2O3 dicker als 4 nm gefunden
wurde, tauchen E�ekte auf, die auf eine Besetzung von Defektzuständen an der Grenz-
�äche zwischen Al2O3 und der Pt Schottky-Elektrode hinweisen. Der Ladungstransport
in verschiedenen Zellen wurde systematisch hinsichtlich der Spannungs- sowie Temperat-
urabhängigkeit der hochohmigen (HRS) und niederohmigen (LRS) Widerstands-zustände
analysiert. Der Stromtransport in den isolierenden Bauelementen, Al2O3 und den Dop-
pelschichten mit Al2O3, konnte mit Hilfe der Simmons' Gleichung für das Tunneln durch
eine trapezförmige Barriere erfolgreich simuliert werden. Das Modell gilt auch für die
HRS-Zustände mit Unterschieden in Tunnelbarriere sowie Tunnel�äche. Die Fläche von
100 nm2 für eine Zelle im HRS passt gut zu den Ergebnissen aus Transmissionselektronen-
mikroskopie-Untersuchungen, die einen kristallinen Bereich mit einer Breite von 10 nm in
dem Bauelement zeigen. Für alle Bauelemente zeigt der LRS metallisches Leitfähigkeits-
verhalten. Eine Analyse des Schaltverhaltens im Pulsbetrieb führt zu einer SET-Kinetik,
die durch Ionenbewegung über das Mott-Gurney-Gesetz erklärt werden kann, wobei nur
die Drift der Sauersto�-leerstellen berücksichtigt wurde.

Pt/TiO2/Ti-Nano-kreuzpunkt-Bauelemente zeigen eine auÿergewöhnliche Koexistenz
von standardmäÿigem �lamentärem c8w Schalten und einem stabilen 8w Schalten bei
deutlich reduziertem Strom. Die zwei Schaltmoden mit entgegengesetzter Polarität teilen
einen gemeinsamen Zustand: der c8w HRS ist gleich dem 8w LRS∗. Es wird ein Mod-
ell aufgestellt, um diese Koexistenz als eine Konkurrenz zwischen Drift/Di�usion von
Sauersto�eerstellen und dem Ein-/Ausbau von Sauersto�atomen über die Pt/TiO2-x-
Grenz�äche zu beschreiben. Die Erhöhung bzw. Verminderung der Dichte von Sauerstof-
�eerstellen führt zu einer Bandverbiegung und einer Änderung der parabolischen Tunnel-
barriere an der schaltenden Grenz�äche. In den Pt/TiO2/Ti-Nano-Bauelementen werden
die 8w Zyklen bei einer Schaltspannung nahe 2 V beobachtet, jedoch mit einem signi�kant
reduzierten Stromniveau und Widerstandswerten von im Mega- und Giga-Ohm-Bereich
für LRS∗ bzw. HRS∗.

Ein tieferes Verständnis der Schaltphänomene und des Stromtransports in verschieden-
den Al2O3- und TiO2-Einzelschicht- und Doppelschicht-Bauelementen hilft bei der Opti-
mierung eines generellen Schaltmodells und bei der Auslegung zukünftiger anwendungs-
spezi�scher Zellkonzepte.
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Chapter 1

Introduction

Resistive switching in metal oxide is not a new phenomenon, since it was �rstly discovered

about 50 years ago and various materials showing resistive switching have been reported

in the 1970s' and 1980s' [1�3]. Due to the technological success of dynamic random access

memory (DRAM), the need to explore metal oxide-based resistive switching devices has

been suppressed [4]. Around the year 2000, di�erent groups started again to explore this

class of materials as a possible candidate for memory devices. Thanks to the high-k metal

gate technology introduced into the complementary metal-oxide-semiconductor (CMOS)

technology, nowadays, �ne structured metal oxides with dimensions down to several tens

of nanometers can be fabricated. Transferring the technology, metal oxides showing

resistive switching behavior can be integrated into nanometer range metal-insulator-metal

(MIM) structures and might in the near furture be introduced into semiconductor memory

production lines. Therefore, a new type of memory named resistive switching random

access memory (ReRAM) based on the redox processes in oxides can be further explored.

Simple sandwiching a thin �lm oxide between two metal electrodes, oxide-based ReRAM

units are proven to have high switching speed (< 5 ns) [5], low power consumption [6] and

high scalability [7]. Among other recently developed memory types, oxide-based ReRAM

is treated as a prominent candidate for the emerging �eld of machine learning [8], logic-

in-memory concepts [9�11] and neuromorphic computation [12, 13]. Aiming at these

applications, the major semiconductor manufacturers are launching their productions of

ReRAM. For example, the world's largest semiconductor foundry Taiwan Semiconductor

Manufacturing Company announced in 2017 the plan for supplying embedded ReRAM

with 22 nm process in the year 2019 [13].

Despite the large number of merits, oxide-based ReRAMs still have several challenges

to encounter. Some issues need to be solved by speci�c cell design. For example the sneak

current can be lowered either by addition of a selector (1T1R or 1S1R design) [9,14�16] or

anti-serially arranged ReRAM cells (CRS design) [17]. As pointed out by the international

technology roadmap for semiconductors in 2013 [18], due to the fundamental limits of the

two-dimensional (2D) scaling, exploration of three-dimensional (3D) vertical architectures
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is a necessary issue to increase the package density. Recent studies report on ReRAM

cells in the 3D structures showing promising switching behavior [19�21]. Beside the

technological issues, the performance of the ReRAM cell itself can also be in�uenced by

choosing di�erent electrode materials [22] and by oxygen vacancy engineering [23]. Still

challenges for the material engineering have to be encountered.

1.1 State of the art

Novel bilayer structures are suggested to increase the switching stability and reliability

of oxide-based ReRAM devices compared to single-layer structures. Mainly two types of

bilayer structures are suggested by di�erent groups. The �rst type of bilayer structure

utilizes metal oxides (MOs) of the same metal element but with the MOs staying in dif-

ferent crystalline phases or with the metal ions exhibiting various oxidation states. For

example, Lee et al. [23] found that the system Pt/TaO2-x/Ta2O5-x/Pt reveals increased

endurance and switching stability compared to a Pt/TaO2-x/Pt structure [24]. The sec-

ond type of bilayer structure is built from metal oxide layers of two di�erent metal ions.

One example is the TiO2/Al2O3 bilayer structure that shows a good potential of mul-

tilevel states [25]. Furthermore, as reported by the group at IMEC research center, a

lower current density (6 5 nA/nm2) and lower power operation (± 4 V/10 ns) have been

achieved for TiN/Al2O3/TiO2/TiN cells of 40 nm size [6] compared to other TiO2 single-

layer devices. Recently, the di�erent bilayer stacks containing TiO2 and Al2O3-based

bilayer devices are applied in a multibit memory operation [26], which are proved to have

a high potential in neuromorphic computing.

However, to obtain a memory product with robust performance that meets industrial

standards, a deeper understanding of the resistive switching mechanism is desirable. To

this state, di�erent research groups worked on di�erent aspects of bilayer structures and

various models for the switching mechanism are under discussion. Taking TiO2/Al2O3

as one example, a consistent understanding of the resistive switching mechanism in this

bilayer structure has not yet been established. Kim et al. argue that the switching in

TiO2/Al2O3 bilayer structures occurs due to the tunnel barrier height change of Al2O3,

which is considered as a defective tunnel barrier in�uenced by the oxygen vacancies via ion

movement [27]. Govoreanu et al., however, consider that the oxygen vacancy movement

in the TiO2 layer changes the e�ective barrier width in the TiO2/Al2O3 bilayer structure

and thus in�uences the resistance state [6]. The role of the Al2O3 during the resistive

switching is still not clearly proved and a further design based on the functionality of

Al2O3 is needed. Moreover, the SET and RESET kinetics, which determines the switching

speed and retention time, have not been systematically studied in TiO2/Al2O3 bilayer

structures. Last, the role of electrodes in TiO2 and Al2O3-based bilayer devices requires

further investigation.
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1.2 Scope of this work

This work aims at an analysis and understanding of the resistive switching behavior in

nano-crossbar ReRAM devices based on nanometer-thin layers of amorphous Al2O3, TiO2,

and combinations of the two components. For this study ultra-thin metal oxide layers

are grown by atomic layer deposition (ALD) to enable conformal, pinhole-free coverage of

the structured Pt bottom electrodes. The ReRAM devices are built from nano-crossbars

of 60 to 100 nm wide electrode lines sandwiching the switching oxide layer in the cross-

ing junctions. The �rst part focuses on the topic, how as-deposited amorphous Al2O3

layers of ultra-low thickness between 2 and 5 nm can be utilized for certain oxide-based

ReRAM device applications by means of the interfacial engineering. For this purpose,

Pt/Al2O3/Pt, Pt/Al2O3/Ti/Pt and Pt/Al2O3/TiO2/Ti/Pt cells are fabricated and char-

acterized. Special view is the e�ect of the TiO2 layer, by comparing devices with and

without such an arti�cial �lm regarding the switching voltage stability as well as of the re-

sistance variability. The second part concentrates on the aim to understand the two types

of switching polarities, namely counter-eightwise (c8w) and eightwise (8w), in nanosized

oxide-based ReRAM cells based on modi�ed Pt/TiO2/Ti/Pt structures. In particular,

TiO2 single-layer devices are compared with Pt/Al2O3/TiO2/Ti/Pt cells. To elucidate

these points systematically, this thesis is organized into the following chapters:

Chapter 2 shows the application of VCM-type non-volatile memristive devices in

emerging energy-e�cient concepts for computing (2.1) as well as integration issues of

high-density functional arrays (2.2). Section 2.3 introduces basics about two di�erent

types of bipolar resistive switching in VCM-type ReRAM devices. The fundamentals are

completed by an overview about electronic transport mechanisms controlling the current-

voltage characteristics in metal/oxide(s)/metal structures (2.4) and by a summary of the

basic material properties of TiO2 and Al2O3 (2.5).

Chapter 3 focuses on the experimental part of this work. Starting with the basics of

thermal atomic layer deposition, which has been used to enable conformal growth of a

few nanometer-thick oxide �lms onto the structured bottom electrodes (3.1). The most

important �lm and structure characterization techniques, X-ray re�ectivity (XRR) for

thickness determination and scanning electron microscopy (SEM) for device inspection

are brie�y introduced (3.2). The nano-crossbar device fabrication is described through

a process �ow in section 3.3. To the end, the performed electrical measurements are

described together with the utilized setups.

Chapter 4 addresses the characterization of the counter-eightwise bipolar resistive

switching (c8w BRS) behavior in various single-layers of TiO2 or Al2O3 and their combi-

natorial bilayers. The stacks fabricated for this thesis are described and the purpose of

the particular variations, like top electrode variation, are presented in section 4.1. The

electrical I(V ) characteristics of single-layers (4.2) and their combinatorial bilayers (4.3)

3



Chapter 1. Introduction

with di�erent electrodes and varied layer thicknesses are compared via the sensitivity of

high and low resistance values to the switching parameters like current compliance and

RESET stop voltage. Section 4.4 compares the resistive switching performance between

Al2O3-based devices with and without arti�cial ALD grown 3 nm TiO2 layer with respect

to the resistance states, operation voltages and endurance.

Chapter 5 is about the SET and RESET kinetics in single-layer and bilayer devices

through transient pulse measurements. For this purpose, two di�erent stacks, a Pt/5 nm

Al2O3/Ti/Pt single-layer stack and a Pt/3 nm Al2O3/3 nm TiO2/Ti/Pt bilayer stack with

stable c8w BRS behavior are studied. The ion hopping model is applied to explain the

relation between SET time and SET pulse voltage with physically meaningful parameters.

Chapter 6 shows a direct structural information of a switched (100 nm)2 Pt/3 nm

Al2O3/3 nm TiO2/Ti/Pt nanosized crossbar cell gained from transmission electron mi-

croscopy (TEM) analysis combined with the energy-dispersive X-ray spectroscopy (EDX).

Chapter 7 focuses on the understanding of the electronic transport for di�erent resis-

tance states in the single-layer or bilayer nano-crossbar devices showing c8w BRS. For

the initial state and two switching relevant resistance states, namely the high resistance

state (HRS) and the low resistance state (LRS), the analysis is carried out through the

read-out current-voltage curves obtained in DC mode under varied temperatures. In sec-

tion 7.1 the impact of the Ti oxygen exchange layer (OEL) on Al2O3-based single-layer

and bilayer devices is evaluated and the origin for multiple HRS is discussed (7.2). In ad-

dition, the low resistance states are characterized by means of the temperature coe�cient

of the resistance (7.3).

In chapter 8 the phenomena of the coexistence and the transition between the two

non-volatile resistive switching modes in TiO2-based ReRAM devices is analyzed (8.1).

Moreover, the characteristics of 8w resistance states and the interface e�ect by insertion

of Al2O3 between TiO2 and two electrodes are studied in this section as well. Section 8.2

discusses the di�erent non-volatile 8w states by means of their temperature and voltage

dependence. The analysis is performed by using the Simmons' tunneling model and

continuum model simulation. The results are combined and discussed based on mixed

electronic-ionic conduction and switching mechanism (8.3).

In chapter 9 the results obtained from this work are summarized and an outlook for

the direction of potential investigation is suggested.
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Chapter 2

Fundamentals

2.1 Emerging memories

Today's computers are based on the von Neumann concept, which contains three main

sub-systems [28]: (1) Input and output interfaces (I/O), (2) central processing unit (CPU)

and (3) memory. The memory stores the data and instructions, while CPU processes data

and instructions. Since the speed of the processing unit or the processor increases several

orders of magnitude higher than of the memory [29], whose improvement in recent years

was mainly on the density, the processor needs to wait an amount of time for fetching

the data and instructions from memory. This feature of the restricted transfer rate

is called "von Neumann bottleneck". To overcome this problem, one of the potential

approaches is data processing within the memory, i.e. integration of a computation

inside the memory [11]. Such integration requires novel emerging nonvolatile memory

technologies [29]. In the following, an overview of the memory types, especially the

emerging candidates for this concept are presented.

A categorization of RAM chips is illustrated in Fig. 2.1. Regarding the data retention

two classes are distinguished, namely volatile and non-volatile memories. The main two

volatile RAM types are static random access memory (SRAM) and dynamic random

access memory (DRAM), which are already mature products in the market. Another class

of RAM chips that conserve stored data even without voltage supply is non-volatile RAM.

Non-volatile RAM can be applied in portable devices, where the energy consumption

is a great issue and thus the information has to be stored mostly without applying a

voltage. The most widely accepted type of non-volatile RAM is Flash memory, which

can be electrically erased and reprogrammed. However, it has several disadvantages:

(1) high operation voltage and slow write/erase operation. The voltage amplitude is

normally over 6 V in SiO2-based devices and for a fast writing operation the voltage

amplitude can be even over 10 V [30]. The write/erase time is over the microsecond

range [31]. (2) High supply voltage (3.3 V or 5 V) during erase/write/read [32, 33] and
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row- and column decoder, the states by each cross point can be either read or written

through a read/write circuit. To increase the density for the 2D structure, the horizontal

miniaturization of cells has been investigated for a long time. However, as the modern

lithography technology approaches its limit due to the high developing costs and the

resolution limits, 3D stacking of the memory cells is taking the lead. A representative

3D concept is shown in Fig. 2.2 (b). The dark blue pillar is the vertical bit line, while

the horizontal blue bars are the word lines. Between the bit line and the word line is the

memory cell highlighted by a white frame. With the 3D structure, the device pro volume

density should be improved to a great extent in contrast to the traditional 2D designs.

However, for the steep vertical structures in 3D matrix, to grow layers with high structural

uniformity is a challenge for most of the established deposition techniques. Among others,

atomic layer deposition (ALD) is the most suitable method for the growth of thin �lms

on steep structures (the principle will be introduced in section 3.1).

Figure 2.2: (a) General structure of a RAM chip in 2D concept. (b) One concept of a
3D vertical ReRAM design. The images are taken from [43], and [44], respectively.

Material research concepts for the VCM-type ReRAM

To obtain the high performance and the low power consumption at the same time, the

ReRAM cell has to be optimized through material engineering and device structure de-

signing as well. Di�erent materials are utilized in ReRAM. Among others, three com-

monly used materials are TiO2, HfO2 and TaOx. The material engineering includes oxide

stoichiometry engineering, doping concentration control, crystallography engineering and

electrode/oxide interface engineering. Although plenty of papers for each material cover

almost every engineering aspect, the following discussion focuses on industrial easily ac-

cessible methods. Fitting to the topic in this work, the material engineering in TiO2-based
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ReRAM is illustrated at �rst, where the oxide chemistry engineering, oxide crystal struc-

ture engineering and oxide/electrode interface engineering are introduced separately.

The oxide chemistry engineering comprises stoichiometry engineering and doping with

de�ned impurity elements. The stoichiometry refers to the ratio "x" of oxygen to metal

element. Tuning the O/Ti ratio between 1.39 and 1.9 with di�erent oxygen partial

pressure during sputtering can signi�cantly in�uence both SET, RESET voltages and

high and low resistance states [45]. Furthermore, the oxide stoichiometry engineering

can further extend to the combination of multiple TiOx layers with di�erent oxygen

contents, thereby the switching type can be changed [45] or the switching stability can be

improved [46]. Comparing to the non-doped TiO2 devices, doped cells with impurities,

like Co [47, 48], Al, Cu and Cr [49], show an improvement of the general switching

performance.

The engineering of the crystal structure is another possible approach to change the

switching behavior. However, as reported by [50] and [51], the phases of TiO2 �lms show

no clear in�uence of the switching performance. Several groups suggest that an improved

switching performance is related to the Magnéli phase (Ti4O7) formation in TiO2-based

ReRAM [52,53]. However, engineering of the crystal structure at local scale in the TiO2

�lm is still not fully under control [51].

The engineering of the metal/oxide interface in a TiO2-based ReRAM can be achieved

either by electrode material variation or by inserting another oxide at one metal/oxide

interface. The most straightforward method is variation of metal electrode material that

is in contact with TiO2, since the work function of these metals can in�uence the Schottky

barrier height at the oxide/electrode interface and thus in�uence the switching perfor-

mance [54]. To reduce the high operation current in TiO2 single-layer ReRAM cells, which

limits its RS applications, a thin insulating layer (e.g. Al2O3) that serves as a tunneling

barrier [27] is inserted into the active switching interface, i.e. between metal electrode

(TiN or Pt) and TiO2. Al2O3 �lms with the optimal thickness can stabilize the bipo-

lar resistive switching and enhance the switching properties signi�cantly, like resistance

ratio between the two states, endurance [25] and operation consumption [6] properties.

Oh et al. have proved the oxidation reaction between di�erent metal electrodes and the

underlying TiO2 �lm during the resistive switching [55]. Furthermore, Bousoulas et al.

have reported [56] that the increase of the active Ti electrode thickness can improve the

bipolar resistive switching performance via increasing oxygen vacancies in the TiO2 layer.

Therefore, the TiO2-based ReRAM cell is designed to have one inert metal electrode (like

Pt or TiN) and another metal electrode (like Ti) that can react via oxygen exchange with

the TiO2 �lm.

For HfO2, one of the focuses lies on the doping and oxide/electrode interface engineer-

ing. Compared to the undoped HfO2-based devices, doped HfO2 by Al, Si, Gd can improve

the retention performance [57�59], provide a faster switching speed [59] and increase the
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uniformity with reduced operation voltages and distribution of resistance states [58, 60].

Generally, TiN or Pt is often applied as inert electrode in HfO2-based ReRAM cells, while

the counter reactive electrode like Ti [61�63], Hf [64, 65] or Ta [66], are used to supply

a su�cient quantity of oxygen vacancies to support the bipolar resistive switching. By

adding highly insulating materials like ZrO2 [67,68] and Al2O3 �lms [69] at the interface

between inert electrode and HfO2, the resistance uniformity or endurance can also be

enhanced.

For TaOx-based devices, the similar stoichiometry engineering and oxide/electrode

interface engineering are also studied. Ta2O5 and TaO2-x are often combined, utilizing

their di�erent electronic and ionic conductions to realize high performance devices [23],

where the insertion of insulating Al2O3 at the interface between inert electrode and TaOx

has been tried as well [70]. Through optimizing the OEL electrodes, TaOx-based cells with

Ta and W show an enhanced switching stability compared to Ti and Hf electodes [22].

Energy e�ciency and performance

Both the energy e�ciency and the switching performance are important for the applica-

tion of ReRAM as emerging memory, such as for the Internet of Things (IoT). Mobile

applications require low energy consumption due to the limited battery capacity, mean-

while the switching performance like switching speed should be su�ciently enhanced to

accomplish requested tasks in time. Resistive switching devices enable low power con-

sumption due to inherent non-volatility and small energy cost for writing bit. As reported

by Lee et al. [71], the ReRAM cells can switch as fast as 10 ns within 2 V and prvoide lower

power consumption based on 25 µA SET current and ≈ 1 V operation voltage amplitude.

Besides, many other VCM-type ReRAM cells also show low power consumption [27,72].

The time for switching, namely SET or RESET time, is de�ned as the value required

for successful changes between the two states during the operation process (Fig. 2.3).

Taking the SET time in a VCM-type cell as one example, the reduction of the SET voltage

amplitude increases the SET time and thus decreases the switching speed. This general

feature is de�ned as the SET kinetic in VCM-type cells and plays an important role for

the optimization of speed and power consumption. Therefore, various studies on the SET

and RESET kinetics have been carried out. Several groups report that VCM-type cells,

like HfOx [73, 74] and TaOx [22, 75], can set within 100 ns. However, the reduction of

the switching time is accompanied by the raise of operation voltages. As summarized

by Menzel et al. [39], the particular voltage dependence of SET time for VCM-type cells

exhibits strong correlation to the oxide materials, whereas other parameters like �lament

geometry and pre-de�ned high resistance state could also play important roles.

To increase the energy e�ciency, not only switching parameters but also the comput-

ing algorithm can be modi�ed. Due to the similar working principle between a synapse
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Figure 2.3: Schematic illustration of SET and RESET process in the pulse measurement.
The image is redrawn from [76].

and a ReRAM cell, the characteristics of the resistance change in VCM-type ReRAM

are integrated into the simulation of speci�c electronic circuits and achieved synapse like

behavior [77], which veri�es the potential of VCM-type ReRAM for beyond von Neumann

computation architectures like neuromorphic computing. In the human brain as shown

in Fig. 2.4, the signal transfer between the two neurons is realized through a synapse. By

imitating the function principle of a synapse through the VCM-type cells, the propaga-

tion of signals in a neuron-based matrix can be reproduced by a VCM-type cell based

crossbar matrix [78].

Figure 2.4: The function of synapses connecting two neurons can be imitated by an oxide-
based resistive switching cell in a crossbar structure. The image is taken from [78].
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Besides the pioneering scienti�c research in this area, �rst technological approaches

aiming to increase the capacity of neuromorphic computing matrices have already been

established. Among others, IBM have reported a prototype brain-like chip named as

TrueNorth-based PCM devices [79] to emulate the function of the human brain, which

could drive 256 Million synapses by < 0.1 W energy cost in year 2014.

2.3 Principle of the VCM-type ReRAM

To introduce the VCM-type ReRAM into the speci�c hardware requires each cell to meet

the de�ned speci�cation, like switching voltages, resistance values, switching speed, cy-

cling endurance and data retention, within the allowed range of variability. Therefore,

the optimization of properties of VCM-type devices is very important. As the dimen-

sion of an individual cell is reduced to the tens of nano-meter range, this optimization

requires a deep understanding of the switching mechanism focusing on the rearrange-

ment and creation or annihilation of mobile ions. The well accepted understanding of

the switching mechanism of VCM-type ReRAM is based on drift/di�usion of oxygen va-

cancies upon applied electrical �eld, where a local reduction/oxidation (shortly as redox)

process occurs in the typical transition metal oxides [4, 7, 80]. VCM-type cells can be

operated in both unipolar and bipolar resistive switching (BRS) modes, referring to the

SET and RESET operations accomplished either with one polarity of voltage bias or

with two opposite polarities, respectively. The initiation of the two modes is dependent

on the switching parameters and the cell stacks. For the unipolar resistive switching the

thermal energy plays the most important role, whereas for the bipolar resistive switching

the ionic movement is driven by the electrical �eld and assisted by the thermal energy.

Due to the lower demand on the thermal energy, bipolar resistive switching often exhibits

relative low operation power [71, 81, 82]. Moreover, the cycling endurance with bipolar

operation mode is higher compared to the unipolar mode within the same device [83].

In addition, the VCM-type switching can be divided into �lamentary and interface

switching, where the resistance values or the corresponding read-out current levels are

irrelated [72, 84] or related [6, 85] to the contact area, respectively. The �lamentary-

type switching happens mainly via one or several conduction paths, while the interface

switching involves the whole interface area sandwiched between the electrode and the

metal oxide. In this work, the cells switch according to the �lamentary-type BRS showing

operation ability of two opposite switching polarites. Therefore, the notation introduced

by Waser [4], so-called "counter-eightwise (c8w)" and "eightwise (8w)" hysteresis are

applied. The c8w BRS is de�ned by the switching polarity of resistance follows an opposite

drawing direction of the handwriting 8, if the the voltage signal is always referred to the

electrode that forms the higher barrier (Schottky) contact. In contrast, with the direction

along the handwriting 8, it is called 8w BRS. Here the simpli�ed model for c8w switching
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mechanism in the �lamentary-type VCM cells is discussed and depicted in Fig. 2.5.

A standard VCM-type ReRAM cell consists of an inert high work function metal

electrode (e.g. Pt), a metal oxide switching layer (e.g. Ta2O5 [87, 88], TiO2 [89, 90],

HfO2 [91�93]) and an oxygen exchange layer (OEL) (e.g. Hf [94], Ta [22, 95], Ti [61, 63])

as the low work function counter electrode. The extended VCM switching model intro-

duced by Menzel in [96] is used to explain the c8w switching behavior. Prior to the resis-

tive switching behavior, the insulating devices require a "soft breakdown" event, called

electroforming. During this step, a conductive �lament is formed under the application

of electric �eld and temperature due to Joule heating induced by the current. To take

the Pt/Ta2O5/Ta stack as one example (see Fig. 2.5), an oxygen vacancy-rich conducting

�lament forms after electroforming process. The current (I) - voltage (V ) hysteresis is

started with the cell being in its high resistance state (HRS, " A "). The application of

a negative voltage to the Pt electrode causes the migration of oxygen vacancies from the

Ta2O5-x/Ta interface towards the Pt/Ta2O5-x interface. Since the concentration of oxygen

vacancies in the �lamentary region is higher than in the surrounding oxide �lm, the elec-

trical conductance of the �lamentary region is increased with respect to the surrounding

area. Once the conductive part of the �lament electrically connects the two electrodes

at a su�cient negative voltage bias, the process is de�ned as SET process (" B "). As a

consequence, the resistance of the whole cell changes to the low resistance state (LRS, "

C "). By applying a su�cient positive voltage to the Pt electrode, the positively charged

oxygen vacancies (especially the doubly charged oxygen vacancies, i.e. V��

o ) close to the

Figure 2.5: Schematic illustration of the �lamentary-type VCM switching model. The
switching hysteresis follows the c8w orientation by starting from (a) HRS, undergoing (b)
a SET process into (c) LRS and a closing of the loop by (d) a RESET process. The Image
is redrawn from [86].
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Pt/Ta2O5-x interface are repelled from the Pt and migrate towards the Ta electrode. Oxy-

gen vacancies arriving at the Ta2O5-x/Ta interface can be partly annihilated by oxygen

ions that are restored in the Ta electrode [22]. This process is de�ned as RESET process

(" D "). As a result, the number of V��

o close to the Pt/Ta2O5-x interface are reduced and

the conductive �lament is ruptured, resulting in an increased total resistance (" A ").

The ruptured �lament can be reconnected by applying the opposite bias. Thereby, the

two resistance states can be written and erased by the reversible migration of V��

o during

BRS.

The 8w BRS mode with opposite polarity in contrast to c8w BRS has been obtained

in di�erent transition metal oxide-based devices. To take one earliest observation in

the Nb:SrTiO3/500 nm SrTiO3(Fe)/Pt structure as one example, the 8w switching was

obtained parallel to c8w switching. By means of the local conductivity atomic force mi-

croscopy (LC-AFM) technique, c8w and 8w switching events were addressed to the core

and the periphery of the �lamentary region, respectively [97]. Reviewing the literature,

non-volatile 8w-switching polarity is dominantly reported for SrTiO3-based cells [41, 98]

and devices made from TiO2 [99, 100]. Furthermore, X-ray photoemission spectroscopy

(XPS) [101] and electron energy-loss spectroscopy (EELS) studies [41] performed on Sr-

TiO3-based devices provide a strong indication that an interfacial oxygen exchange pro-

cess should be responsible for the non-volatile 8w switching polarity, which shows persis-

tent LRS by being read out several days later. On the contrary, some switching loops with

8w-polarity were found to be metastable and partially volatile in TiN/Ta2O5/Pt [102] and

in Pt/ZrOx/Ta devices [103]. The model for the volatile 8w-switching given by Schönhals

et al. [102] is also based on an oxygen exchange reaction at the Pt/Ta2O5−x interface (see

Fig. 2.6). However, this reaction is considered to be volatile and is compensated by the

annihilation, due to the slow decay from 8w low to high resistance state within one hour.

Figure 2.6: Model of metastable 8w swicthing behavior obtained in Pt/Ta2O5/TiN devices.
(a,c) Oxygen vacancy pro�le in the Ta2O5-x �lament. (b,d) Oxygen exchange reaction
during 8w SET and RESET process, respectively. Images are adapted from [102].
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As a matter of fact, even in the same material like TiO2, di�erent VCM-type resistive

switching mechanisms can appear in various stacks. After more than ten years of research,

TiO2-based ReRAM devices show their ability of unipolar and bipolar-type of resistive

switching (BRS), including standard �lamentary-type c8w BRS and 8w BRS [99], the

ability of forming-free switching [104] and the potential ability of area-type switching

[6, 105]. All these �ndings make a systematic study on nano-sized TiO2 ReRAM cells

with and without an Al2O3 barrier layer very interesting.

2.4 Electronic transport mechanisms

The current transport in a typical ReRAM cell, i.e. a metal1-oxide-metal2 (M1OM2)

structure, is often complex and comprises multiple mechanisms. However, for de�ned

temperature- and voltage ranges, mostly one transport mechanism can be identi�ed as

dominating. Therefore, the determination of the main current conduction mechanism

with respect to the character of an M1OM2 structure is important. The main trans-

port mechanism in M1OM2 structures of almost defect-free oxide layers are considered

as the tunneling process (2.4.1) or the thermionic emission (2.4.2). If defects have to

be considered as electron traps, the relevant conduction mechanisms that include the

in�uence of defect energy level and defect concentration, such as Poole-Frenkel emission

(2.4.3), hopping conduction (2.4.4) and ohmic conduction (2.4.5), should be taken into

consideration.

2.4.1 Tunneling

Tunneling without temperature consideration

Figures 2.7 (a-c) represent the schematic band diagrams for electron transport through

an M1OM2 stack with asymmetric barriers under di�erent applied bias voltages (V ). The

barrier heights at the two metal oxide interfaces are de�ned as Φ1 and Φ2 with Φ1 < Φ2.

The total tunneling length is L.

A generalized formula for the tunneling current through a system with asymmetric

barriers was developed by Simmons [106]. According to this theory the current transport

in the M1OM2 stack is given as:

I = A · J0
[
Φ̄ · exp(−α · Φ̄

1
2 )− (Φ̄ + qV ) · exp

(
−α · (Φ̄ + qV )

1
2

)]
, (2.1)

with J0 =
q

2πh
·

1

l2
and α is =

4πl

h
· (2m∗)

1
2 , A is the tunneling current �ux area, m∗ is

the e�ective electron mass in the oxide �lm, h = 4.13566·10-15 eV·s is the Planck constant
and the elementary charge q. The e�ective tunneling length l and the e�ective tunneling
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2.4. Electronic transport mechanisms

barrier Φ̄ are voltage dependent.

Figure 2.7: The typical band diagram for an M1OM2 structure with asymmetric barriers
(Φ1 < Φ2) for: (a) the low voltage range, (b) the intermediate voltage range and (c)
the high voltage range. The positive voltage signals are applied to the electrode with low
barrier height. The e�ective tunneling barrier height Φ̄ is listed in each graph. L de�nes
the total tunneling length and l is the e�ective tunneling length.

Di�erent expressions for l and Φ̄ can be derived for the three voltage ranges: (a) for

the voltage V close to zero (Fig. 2.7 (a)), electrons have to tunnel through the full barrier

length (l = L) and the tunneling barrier height Φ̄ roughly equals to the average value

of the barrier heights from both interfaces. (b) By applying an intermediate positive

voltage V (|qV | < Φ1) to the left electrode (Fig. 2.7 (b)), the direct tunneling process is

still through the full barrier length (l = L) but with a reduced tunneling barrier height

Φ̄ =
Φ2 + Φ1 − qV

2
. (c) Increasing the positive voltage over the left barrier (|qV | > Φ1),

the e�ective tunneling length is reduced to l, which can be calculated with L, Φ1, Φ2 and

qV by the similar triangles as: l = L ·
Φ2

Φ2 − Φ1 + qV
, and the tunneling barrier height

Φ̄ equals Φ2/2. Summarizing the voltage dependent values of l and Φ̄ for the case of a

positive voltage applied to the electrode with the lower barrier interface (Φ2) results in:

l =


L, for qV ≈ 0

L, for Φ1 > qV > 0

L ·
Φ2

Φ2 − Φ1 + qV
, for qV > Φ1

(2.2)

Φ̄ =



Φ2 + Φ1

2
, for qV ≈ 0

Φ2 + Φ1 − qV
2

, for Φ1 > qV > 0

Φ2

2
, for qV > Φ1

(2.3)
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In contrast, for a negative voltage applied to the left electrode an equivalent set of

equations can be derived (for details see [106]). The Simmons' equation is used in chapter

7 and 8 for the discussion of the tunneling current.

Tunneling with temperature consideration

The Simmons' model for the tunneling current through a trapezoidal barrier shown in

Fig. 2.7 is derived for a temperature of zero Kelvin (0 K). This means that electrons from

the Fermi level can tunnel through a trapezoidal barrier. Regarding the the Fermi-Dirac

distribution at 0 K the contribution of thermally activated electrons on the tunneling

current is neglected due to the rapid decay of the electron number.

However, the situation changes for a Schottky interface between a metal and an oxide

with space charges where the barrier has a nearly parabolic, concave curvature. For this

barrier form, the contribution from the thermally activated electrons in the tunneling

process becomes non-negligible. The tunneling process through a Schottky-type barrier

is schematically shown in Fig. 2.8. According to the ab-initio and continuum simulation

[107] the transmission probability of thermally activated electrons through the Schottky

barrier is signi�cantly raised in comparison of the electrons tunneling at the Fermi level

(WF) in the low voltage region. Generally, the tunneling current through the Schottky

interface is referred to as Schottky tunneling [108].

Figure 2.8: The tunneling of electrons through a Schottky interface in the M1OM2 struc-
ture (a) with �nite temperature and (b) with higher temperature. The number of success-
fully tunneling electrons is increased due to the wider spread of Fermi-Dirac distribution
function f(W,T).

2.4.2 Thermionic emission

Thermionic emission describes the process of the injection of thermally activated elec-

trons from metal into oxide dielectric (including semiconductor and insulator) by means

of overcoming the interface barrier due to their thermal energy. In an M1OM2 stack

under a high temperature, signi�cant amount of electrons in the metal is activated and

can overcome the barrier (ΦB = qφB) at the metal/dielectric interface (Fig. 2.9 (a)). This
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e�ective interface barrier ΦB is lower than the interface barrier ΦB0, which is the dif-

ference between the metal work function (ΦM) and the oxide electron a�nity (χ). This

lowering is due to the image potential generated by the escaping electrons. By applying a

negative bias to the right electrode M2, electrons can be injected into the dielectric with

a reduced barrier height (qφ
′

B
) and then move to the counter electrode further through

the conduction band (Fig. 2.9 (b)).

Figure 2.9: The barrier at a metal/oxide interface for the thermionic emission with the
bias to the left electrode for: (a) V = 0 V and (b) V > 0 V. The dashed blue line rep-
resents the image potential energy due to escaping electrons, while the dashed green line
represents the potential without image potential in the oxide �lm (a) without and (b) with
external voltage. The black line represents the total potential resulting from blue and green
potentials for each situation. d is the thickness of the dielectric.

The form of this barrier lowering is determined by the combination e�ect of the total

electrical �eld (the dashed green line in Fig. 2.9) and the image force (the dotted blue

line in Fig. 2.9) [109]. The mathematical description fomulated by Schottky [109] of this

lowering is expressed as a modi�ed barrier φ
B
= φB0 -

√
qE/4πεrε0 inserted in the current

density (J) - �eld (E) relation for the thermionic emission [110]:

JS = A∗ T 2 exp

(
−
q(φB0 −

√
qE/4πεrε0)

kBT

)
, (2.4)

where the e�ective Richardson constant A∗ =
4πqkB

2m∗

h3
= 1.2·106 A/(m2·K2) form* = m0

[109], the e�ective electron mass in dielectric m*, m0 is the electron rest mass, h is the

Planck constant, kB is the Boltzmann constant, q is the elementary charge, qφB0 = ΦB0

is the interface barrier height, εr is the optical permittivity of dielectric and ε0 is the

vacuum permittivity. From the intercept of ln(J/T 2) as the function of
√
E the interface

barrier height qφB can be obtained.
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2.4.3 Poole-Frenkel emission

Poole-Frenkel emission describes the internal thermal emission of trapped electrons into

the conduction band of an oxide (Fig. 2.10 (a)). In an imperfect oxide �lm, the positive

charged defects, e.g. oxygen vacancies, are combined with trapped electrons to keep

the charge-neutrality of the �lm. Without applying any electrical �eld, the escape rate

of electrons from traps is equal to the capture rate of electrons. In this case the net

�ux in one direction is statistically zero. Applying an electrical �eld, the probability

of releasing electrons from these traps against the �eld direction is increased, while in

the other direction it is not enhanced. This e�ect is only obvious for a su�ciently deep

defect level, i.e. the trap levels of the defects should be deep in the band gap. After

being released from a trap, the electrons should move freely in the conduction band.

The re-trapping by neighboring traps is not considered for the Poole-Frenkel emission.

To ful�l this condition, the defects should be highly separated from each other and the

corresponding defect density should be low.

Figure 2.10: Schematic band diagram of (a) Poole-Frenkel emission, (b) hopping conduc-
tion and (c) ohmic conduction in an M1OM2 stack.

The corresponding J vs. E relation is given [110]:

JPF = q µ E NC exp

(
−
q(φT −

√
qE/πεrε0)

kBT

)
, (2.5)

where µ is the electron mobility, NC is the e�ective density of states in conduction band,

qφT is the trap energy level. The slope of ln(J/E) as the function of 1/T gives the �eld

dependent transport barrier Wa = q(φT−
√
qE/πεrε0). The intercept of Wa vs.

√
E plot

de�nes the intrinsic Poole-Frenkel barrier qφT under zero bias, which is also the energy

distance from the defect trap level to the bottom edge of conduction band WC.
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2.4. Electronic transport mechanisms

2.4.4 Hopping conduction

In contrast to Poole-Frenkel emission, Hopping conduction describes the release/re-trap

process of electrons from/into the neighboring defect levels, which is mostly observed in

amorphous solids [111] (Fig. 2.10 (b)). The electron release process that contributes to

the current �ow is mainly activated by the electrical �eld instead of the thermal energy.

Without external electrical �eld the barrier (qφT) for electrons to be overcome is identical

for both directions. By applying the electrical �eld this barrier can be modi�ed so that

the release of electrons in one direction is favored (the red arrows in Fig. 2.10 (b)). To

activate the release and re-trap processes, the distance between the neighboring defects

has to be short, i.e. the defect density has to be high. Moreover, the defect energy level

has to be deep enough in the band gap to hinder the possibility of pure thermal activation

of electrons.

The relation of J -E for hopping conduction transport is [112]:

Jhopping = q n a υ exp

−qφT −
1

2
qaE

kBT

, (2.6)

where a is the hopping distance, n is the charge carrier concentration, υ is the frequency

of the thermal vibration of electrons at trap sites. qφT is the barrier height for hopping

conduction, which is not necessarily as high as the distance between the conduction band

and the trap energy level, but could also be the di�erence between unoccupied energy

states and occupied states (the black broken line in Fig. 2.10 (b)). Through the analytical

method the absolute value of the slope from the lnI vs. 1/T plot gives the �eld dependent

transport barrier qφ = q(φT −
1

2
aE). By plotting qφ against the applied voltage V with

E = V/d, the hopping distance a can be calculated from the slope and �lm thickness

d, i.e. slope =
a

2d
, while the value of the intercept is the activation energy (qφT) for

�eld-free case.

Generally, the hopping distance is within several atom spacings. If the hopping dis-

tance is too large, the electrons tend to transport in the conduction band and the Poole-

Frenkel emission process dominates. If the hopping distance is too small, the electrons

tend to tunnel between di�erent trap states. Therefore, the comparison of the hopping

distance to the interatomic distance can be used as a signature of the validity of the hop-

ping model. Several studies related to binary oxides in an M1OM2 structure applied the

electron hopping models, e.g. for LRS in the TaN/SiOx/n++Si device with a ≈ 1.3 nm

and in the TiW/SiOx/TiW device with a ≈ 1.6 nm [112].
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2.4.5 Ohmic conduction

Ohmic conduction in an M1OM2 structure describes the thermal activation process of

electrons from defect levels into the oxide conduction band and the migration of these

electrons under the electrical �eld (Fig. 2.10 (c)).

The relation between the current density J and the electrical �eld E is [110]:

Johmic = σE = q n µ E, n = NC exp

(
−
WC −WF

kBT

)
, (2.7)

where µ is the electron mobility, (WC −WF) is the energy di�erence between the bottom

of conduction band and the Fermi-level. Plotting the temperature related I(V ) relation

as ln(I/V ) against 1/T , the averaged slope provides the value of (WC −WF). The plot

procedure is illustrated in [110].

2.4.6 Summary for the transport mechanisms

Besides the interface transport, namely thermionic emission (Fig. 2.11 (1)) and tunneling

(Fig. 2.11 (2)), other transport mechanisms are all closely related to the traps present in

the bulk. In other words, the validity of Poole-Frenkel emission (Fig. 2.11 (3)), hopping

conduction (Fig. 2.11 (4)) and ohmic conduction (Fig. 2.11 (5)) depends on the trap

density and trap energy level.

Figure 2.11: The illustration of possible transport mechanisms in an M1OM2 structure:
(1) thermionic emission, (2) tunneling process, (3) Poole-Frenkel emission, (4) hopping
conduction and (5) ohmic conduction.

For the ohmic conduction the localized trap energy level should be close to the con-

duction band. The di�erence between Poole-Frenkel emission and hopping conduction is

mainly de�ned by the density of traps. For Poole-Frenkel emission, it is assumed that

the electrons are emitted from localized traps and mainly move into the delocalized con-

duction band. To ensure this process, the trap density has to be low. For the hopping

conduction, on the contrary, electrons can be emitted and trapped again by the neighbor-
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ing localized traps with only a short distance between each other. Therefore, the distance

between two localized trap states has to be low, this is, the trap density has to be high.

To analyze the electronic transport mechanism in a given M1OM2 structure, three

important material parameters of oxide �lms should be taken into consideration:

1. The e�ective mass (m∗) of electrons in the oxide, which in�uences the tunneling

current.

2. The electron a�nity (χ), which determines the interface barrier height (ΦB0) be-

tween the oxide and the metal as: ΦB0 = ΦM - χ. This interface barrier height ΦB0

(= qφB0) is important for both tunneling and thermionic emission analysis.

3. The defect level in the oxide �lm, which is important for separating Poole-Frenkel

emission, electron hopping and ohmic conduction from each other.

All the parameters are material speci�c and are also crystal structure dependent. In

the following section, these three parameters are discussed for the materials applied in

this thesis.

2.5 Properties of the Materials

2.5.1 Titanium dioxide

As one of the most important valence change materials TiO2 is extensively studied. Nat-

ural TiO2 minerals exist in three most frequent crystal structures (Fig. 2.12): (a) rutile,

(b) anatase and (c) brookite.

Dense and homogeneous TiO2 thin �lms with a few nanometers in thickness can be

deposited by various techniques, for example sputtering [116, 117], pulsed laser deposi-

tion (PLD) [118] and plasma-enhanced atomic layer deposition (PE-ALD) [119]. The

crystalline structure of the deposited TiO2 thin �lm, however, depends on multiple de-

position parameters. For oxide �lms obtained by thermal liquid injection ALD, which is

the technique used in this study, the structure of as-grown TiO2 thin �lms is sensitive

to the growth temperature and the �lm thickness [114, 115], even if the deposition tem-

perature for these �lms was still within the ALD window of the precursors (details see

3.1.1). Figures 2.13 (a) and (c) point out that the as-deposited 3 nm TiO2 �lms grown

at 200◦C or 300◦C are still amorphous. Kim et al. [114] found that at 260◦C deposition

temperature the oxide �lms for thickness of about 6 nm and 50 nm are amorphous and

crystalline, respectively.

The e�ective mass of electrons in the di�erent TiO2 phases is summarized in Table 2.1

with the unit of rest electron mass in vacuum (m0). For the anatase phase most experi-

mental studies suggest the value of around 1·m0, while for the rutile phase the reported
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Figure 2.12: The crystal structures of TiO2: (a) rutile, (b) anatase and (c) brookite.
The left and right columns show the coordination of the Ti4+ ions and the O2− ions,
respectively. The image is taken from [113].

values vary to a great extend. The experimental values are above 10·m0 compared to the

value < 1·m0 applied in the simulation works. For amorphous related TiO2 �lms, only

one experimental result has been reported with m∗ = 0.25·m0.

Besides, the values of the band gap (WG) and the electron a�nity (χ) show the

di�erence between anatase and rutile crystals as well. In anatase phase WG is around

3.2 eV [120,127,128] from experimental results and WG in rutile phase is slightly reduced

to 3.0 eV [120, 129]. Based on the the XPS measurement and theoretical calculations,
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Crystalline structure Determination method m∗ (·m0)
α-Al2O3 DFT calculation 0.4 [146]
γ-Al2O3 DFT calculation 0.4 [146]

Amorphous
I(V ) �tting 0.28 + 0.04 [147]
I(V ) �tting 0.17 - 1.14 [148]
I(V ) �tting (FN tunneling) 0.22, 0.42 [149]

Unknown

Assumption for FN �tting 0.5 [150]
FN �tting 0.35 [151]
FN �tting 0.16 [152]
I(V ) �tting (direct tunneling) 0.35 [153]
Assumption for FN �tting 0.23 [154]
I(V ) simulation 0.2 [155]

Table 2.2: The electron e�ective mass in di�erent Al2O3 crystal structures. The unit is
the rest electron mass (m0) in vacuum.

to be mentioned that most e�ective mass values were obtained from I(V ) �tting in the

M1OM2 or MOS structure based on either direct tunneling or Fowler-Nordheim (FN)

tunneling model. Besides the di�erence from crystalline phases, the deposition methods

for the metal electrodes [148] and the voltage polarity [149] can play an important role

as well.

As pointed out by di�erent simulation works, the defect levels in Al2O3 �lms could

di�er greatly with their charge states [156, 157]. Through the comparison between ex-

perimental methods and simulation methods, the most acceptable defect energy levels

are summarized in Tab. 2.3). Most trap levels in Al2O3 �lm are considered to be deep in

the band gap with activation energies larger than 1 eV. In contrast, only one work [158]

discussed about shallow trap levels around 0.15 eV in a defect-rich Al2O3 �lm.

Crystalline structure Determination method trap level for V xo (eV)
α-Al2O3 DFT calculation 1.4 [156]
γ-Al2O3 XPS 2 - 3 [159]

θ-Al2O3
DFT simulation 1.6 - 2.0 [156]
DFT calculation 2.98 to 3.48 [157]

Amorphous Thermally stimulated current 0.15 - 1.28 [158]

Table 2.3: The defect levels in di�erent Al2O3 crystal structures. XPS = X-ray photo-
electron spectroscopy

The band gap and electron a�nity of di�erent Al2O3 crystal phases can be obtained

from di�erent analytical methods (see Tab. 2.4), like VUV (vacuum ultraviolet), XES

(X-ray emission spectroscopy), UPS (ultraviolet photoemission), IPS (inverse photoemis-

sion), REELS (re�ection electron energy loss spectroscopy). The band gap for α- and

γ-Al2O3 are determined as around 8.8 eV, while most amorphous Al2O3 �lms show the

values below 7 eV.
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Crystalline structure Determination method χ (eV) WG (eV)
α-Al2O3 VUV transimission 8.8 [160]
γ-Al2O3 XPS 8.7 [161]

Amorphous

I(V ) Fitting and XPS 2.58 + 0.09 6.65 + 0.11 [147]
UPS and IPS 2.5 7 [162]
XES 6.5 [146]
REELS 6.77 + 0.05 [163]
photoconductivity 6.2 [164]
XPS 6.7 + 0.2 [165]

Bulk estimation from band o�set 1 8.8 [166]

Table 2.4: The electron a�nity (χ) and band gaps (WG) in di�erent Al2O3 crystal struc-
tures

Values for the electron a�nity su�er from a big variation. The value of electron

a�nity is reported as around 2.5 eV for amorphous Al2O3 from the experimental methods

[147,162], while a theoretical work estimates the χ value at 1 eV [166]. Among others, the

electron a�nity of 2.58 eV obtained at the chAl2O3/InGaAs interface from the Fowler-

Nordheim tunneling �tting [147] is applied in this work, since this determination method

is the most closest one for discussion of electron a�nity of Al2O3 between Al2O3 and an

electrode material.
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Chapter 3

Experimental methods

Chapter 3 starts with the principle and experimental details of the atomic layer deposition

of metal oxide thin �lms in section 3.1, since the oxide deposition method is the core of the

device fabrication. The applied methods of structural characterizations are introduced in

section 3.2, followed by the fabrication procedure for nano-crossbar structures illustrated

in section 3.3. The electrical characterization methods used in this work are described in

section 3.4.

3.1 Thermal atomic layer deposition (ALD)

3.1.1 Overview and principle of ALD

Atomic layer deposition (ALD) is applied for growing high-quality thin �lms based on

self-limiting surface chemical reactions between the reactant in the gas phase and reactive

surface sites. This deposition technique can yield �lms with thicknesses from Ångstrom

to several µm at growth rates, e.g. for Al2O3, from normally about 0.01 to 0.1 nm/s

[167, 168] with possible extension to 1.2 nm/s as reported by SoLayTec® in 2010 [169].

The deposition temperature can be tuned in a wide range from room temperature to

around 600◦C [170] depending on the thermal stability of the precursor [171].

The most known advantages of ALD are a high uniformity of the �lm quality over

large area substrate, Ångstrom-precise thickness control, conformal growth on three-

dimensional (3D) structures with high aspect ratio (1:3000 for Al2O3 [172]), low impurity

content in the �lms [173,174], etc. Due to a high potential of a wide variety of thin �lm

materials and good compatibility with semiconductor and photovoltaic materials, ALD

has been rapidly accepted not only in microelectronics since the early 2000s [171], but

also in many other research and industrial areas depicted in Fig. 3.1.

As aforementioned, the principle of ALD is based on the surface chemical reaction.

The reaction sequence of an ALD process is introduced using the example of Al2O3.

In this work the deposition of Al2O3 �lms was performed via a thermal ALD process
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3.1. Thermal atomic layer deposition (ALD)

residual oxidant. The reaction cycles are repeated until the desired �lm thickness is

achieved.

Figure 3.2: Four steps of one typical ALD period with dimethylaluminum isopropoxide
(DMAI) and H2O vapor as Al and oxygen source, respectively. (a) The supply of metal-
organic precursor DMAI and surface reaction. (b) Purge process for residual reaction
products from (a). (c) Injection of H2O as the oxygen source and surface reaction. (d)
Purge process for residual reaction products from (c).

The unique feature of ALD is an alternately surface-controlled, self-limiting chemi-

cal reaction during the growth of thin �lms, which makes the �lm thickness precisely

controlled. Except some processing parameters as investigated in other studies, like ab-

sorption e�ect [177], process pressure [178] and precursor type [179] [171], the signi�cant

features of ALD that principally in�uence the self-limiting chemical reaction, namely (1)

the ALD window, (2) the saturation behavior, and (3) the thickness-cycle linearity, will

be introduced in the following:

(1) Since the growth rate is correlated with the chance of surface adsorption of pre-

cursor molecules and with the possibility of chemical reactions between surface ligands

and precursors, which are both temperature relevant, a suitable deposition temperature

has to be found out for a stable growth. Aiming at this, the relation between the growth

rate and the deposition temperature is summarized in Fig. 3.3. The growth per cycle

(GPC) is applied as a measure of growth rate and is de�ned as the thickness increment

divided by cycle number.

If the surface absorption plays a more important role, at low deposition temperatures

the precursor condensation on the surface should be taken into consideration. Increasing

the temperature will weaken the condensation and thus lead to a decreased GPC (light

grey line in the upper-left corner of Fig. 3.3). In contrast, if the temperature is too high,

the precursor molecules may desorb from the surface and GPC is reduced as the light

grey line in the lower-right corner shown in Fig. 3.3. Alternatively, if the dominating

step is the surface reaction, the lower heater temperature can not e�ectively activate the

chemical reaction, and thus GPC decreases with decreasing temperature (dark grey line in

the lower-left corner of Fig. 3.3). In contrast, due to the overheating the decomposition of

the molecules in the gas phase results in a chemical vapor deposition (CVD)-type process,
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Figure 3.3: Schematic description of the growth rate as a function of the deposition
temperature. This image is redrawn from [180].

where the increase of temperature makes GPC increase (dark grey line in the upper-right

corner shown in Fig. 3.3). Only in a certain temperature regime, which is called the

"ALD window", GPC remains stable and independent of the deposition temperature.

Therefore, the thickness increment can be precisely controlled.

(2) Another important parameter is the dosage of precursor. To guarantee an e�ective

and saturated growth rate of ALD, a su�cient precursor dose should be supplied (Fig. 3.4

(a)). However, an overdose of precursor will ine�ciently increase the precursor consump-

tion and will increase the purge time required for purge saturation, and thus will increase

the costs. To achieve a constant growth rate, the purge time has to be long enough to

reduce the probability of unwanted CVD reactions arising from residual molecules in the

chamber, which can increase the �lm thickness (Fig. 3.4 (b)).

(3) At the initial ALD cycles the substrate reaction sites can a�ect the growth type

Figure 3.4: Schematic description of typical characteristics for ALD growth: (a) precursor
dosage saturation, (b) purge time saturation for both metal and non-metal precursors, (c)
dependency of the GPC on di�erent types of substrates. The dashed lines in red and green
are the backward extrapolated ones from the corresponding linear regions.
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3.1. Thermal atomic layer deposition (ALD)

(Fig. 3.4 (c)) as reported by Puurunen [177] and by Perros et al. [180]. For type 1,

if the substrate adsorbs precursors worse than the oxide itself, the layer growth will be

inhibited at the �rst several cycles and after this initial stage of growth the stable increase

of thickness can happen (red curve in Fig. 3.4 (c)). Type 2 shows a better adsorption of

precursors on the substrate than it on the oxide, which enhances the initial growth (green

curve in Fig. 3.4 (c)). For type 3, the substrate adsorption of precursors is similar to the

oxide adsorption and thus makes the growth rate the same both in initial cycles and later

cycles (black curve in Fig. 3.4 (c)). The substrate e�ect on the initial growth behavior can

result in a high uncertainty of the �lm thickness for ultra-thin ALD �lms. Therefore, the

�lm growth on the selected substrate material has to be carefully controlled, particularly

in the very thin thickness regime of about 3 nm and below [181].

3.1.2 Typical precursors for ALD of Al2O3 and TiO2

The choice of metal-organic precursors in ALD processes is of utmost importance, since

the optimization process and the optimized ALD parameters are dependent on the proper-

ties of the metal-organic precursors, especially their reactivity towards the oxygen source

(a detailed overview refers to [171]). Di�erent precursors for deposition of the same oxide

can even lead to a great variation of the �lm quality [182]. An improper choice can result

in a low performance of the �nal �lms. For the in-situ bilayer or multilayer ALD process,

the choice of metal-organic precursors is more complicated, since a suitable parameter

range for both precursors, like an overlapped ALD window, has to be found to reduce

the process operation complexity and to keep the �lm quality high.

In this work the precursor DMAI is chosen for growing the Al2O3 �lms because of

its relative stability, safety and non-pyrophoricity compared to other common Al alkyl

precursors like trimethylaluminium (TMA) [168, 171]. Moreover, the successful Al2O3

growth with DMAI has been reported in other studies [176, 183]. For growing TiO2

�lms the tetrakis(dimethylamino)titanium precursor [TDMAT, Ti(N(CH3)2)4] is utilized.

TDMAT does not give rise to any corrosive by-product like HCl formed by TiCl4 precursor

[184] and the precursor itself and the corresponding decomposition products are non-

toxic [174] as well. In addition, the metal dialkylamide group of TDMAT enables a very

low temperature deposition [171], which can be applied for some temperature sensitive

processes, like for patterning with photoresist layer that requires the correlated process

temperatures below 300◦C [185].

3.1.3 Technical parameters of liquid injection thermal ALD

A home-built liquid injection thermal atomic layer deposition system based on an AIXTRON®

FE200 reactor is used in this work (Fig. 3.5). The system is equipped with a pulsed liquid

injection vaporizer of Jipelec company. Detailed descriptions about this equipment are
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reported by Reiners [115]. In this setup the substrates can be heated up to a maximum

temperature of 700◦C with a resistive heater underneath the sample holder. The precur-

sors are dissolved in a proper solvent. Here, TDMAT (99.99% purity, Strem Chemicals

Inc.) dissolved in toluene with a concentration of 0.1 mol/l is used as the Ti source, and

DMAI (99.99%-Al, Strem Chemicals Inc.) dissolved in toluene with a concentration of

0.1 mol/l is used as the Al source. Both liquid precursor solutions stored in the steel

bubbler cylinder are kept at room temperature. For both processes, ultra-pure deionized

water (from ZEA-3 in FZ-Jülich) is used as the oxidant, which is kept in a water bath at

5◦C. The high purity argon gas (99.9999%) with a �ow rate of 200 sccm (standard cubic

centimeters per minute) and of 500 sccm is used as the carrier and purge gas, respec-

tively. With the carrier gas, the liquid precursor is delivered from the bubbler cylinder

to a pulsed injection vaporizer. The vaporizer temperature is kept at 150◦C and the

substrate heater temperature, i.e. the deposition temperature, was set to 250◦C, which is

within the overlapped ALD window of both metal-organic precursors. The background-

and working pressures in the reactor always maintain below 10-2 mbar and 10-1 mbar,

respectively.

As aforementioned in the principle part of ALD, one typical ALD cycle comprises four

pulse steps (see Fig. 3.6). With the time pulse train the duration of each step can be

described as: (1) the metal-organic precursor "A" (DMAI or TDMAT) supply, (2) the

inert gas purge for the 1st step, (3) the second non-metal precursor "B" (H2O) supply,

and (4) the inert gas purge for the 3rd step. For Al2O3 growth, the typical step duration

for one ALD cycle DMAI/Ar purge/H2O/Ar purge is 6/7/1/15 s. For the TiO2 process,

namely TDMAT/Ar purge/H2O/Ar purge, the each step duration is 4.25/7/0.95/20 s.

In Fig. 3.7 the thickness of as-grown thin �lms is plotted as a function of the number

Figure 3.5: Schematic diagram of the liquid injection thermal atomic layer deposition
system in PGI-7, FZ-Jülich. The �gure is taken from [115].
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3.1. Thermal atomic layer deposition (ALD)

Figure 3.6: Schematic diagram of a typical pulse train for one ALD cycle

of ALD cycles. The slope of the plot is the growth rate expressed as GPC. The GPC

values for Al2O3 and TiO2 are 0.128 nm/cycle (Fig. 3.7 (a)) and 0.044 nm/cycle (Fig. 3.7

(b)), respectively. Both are accordant with reported values [115, 183]. From the linear

�tting of the plots, the back extrapolated dash lines in Fig. 3.7 show negligible intercepts

for both oxides. This indicates a negligible inhibition or enhancement of the initial growth

of Al2O3 and TiO2 on the Si(100) substrate.

Figure 3.7: Layer thickness from XRR �ts as a function of the ALD cycles for (a) Al2O3

deposition with DMAI as Al source and for (b) TiO2 deposition with TDMAT as Ti source
grown at 250◦C. From this, the growth per cycle (GPC) was determined by the slope of
the linear �tting (red line). The dashed line is backward extrapolated from the red line.

In this work �lms were deposited on Si(100) substrates to optimize the ALD process

parameters. Besides, it was also applied as the reference sample grown with the nano-

crossbar devices in the same batch to estimate the �lm thickness for the nano-crossbar

devices. Pt coated Si substrates (Si/Pt) exhibit a surface roughness of about 2 nm,

which does not allow to determine the thickness of nm thin oxide layer by means of X-ray

re�ectivity (XRR). For this reason, the mass layer densities of Al2O3 �lms grown on two

substrates, namely Si(100) substrate and Si/Pt substrate are compared. The mass layer
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density of Al2O3 �lms is calculated from the mass layer density of Al element by X-ray

�uorescence spectroscopy (XRF) with assumption of the Al to O ratio in the �lms close to

2:3. The values for both substrates are plotted in Fig. 3.8 (a). A good matching for both

data especially for cycles below 150, i.e. layer thickness of Al2O3 6 20 nm, indicates that

the �lm thickness obtained from oxide layers grown on Si(100) and on Si/Pt substrate can

be considered as the same. Therefore, in the latter chapters the �lm thickness given for

the nano-crossbar devices is determined from the �lms grown on the Si reference sample

in the same ALD batch.

Figure 3.8: (a) XRF results of as-grown Al2O3 layers on planer Si/Pt (circle) and on
Si(100) substrates (triangle). The values of mass layer density are derived from XRF
(done by ZEA-3 in FZ-Jülich). (b) The mass layer density of Al2O3 grown on Si(100)
as a function of layer thickness determined by the XRR �tting. The �lms in (a) and (b)
were deposited at 250◦C. Figures are taken from the former work [186].

For a homogeneous �lm, the mass layer density of the material measured for a de�ned

area on the substrate should be proportional to the layer thickness by a linear relationship

as shown in Fig. 3.8 (b). From the slope of the linear �t, an average density of 2.88 g/cm3

was calculated for the as-grown Al2O3 �lms, which is in good agreement with the layer

density estimated from the XRR �tting results of (2.85 ± 0.25) g/cm3 listed in Tab. 3.1

in the next section.

3.2 Structural characterization methods

3.2.1 X-ray re�ectivity

X-ray re�ectivity (XRR) can analyze the �lm thickness from 0.1 nm to 1000 nm [187]

with Ångstrom accuracy for single- or multi-layer systems. It uses the interference of

the X-rays re�ected from the surface and interface(s) near the total re�ection angle, i.e.

critical angle (θc). Due to the total re�ection the intensity is very high at the beginning

with incident angle lower than the critical angle (≈ 0.5◦ in Fig. 3.9).
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For incident angles slightly higher than the critical angle, the incoming X-ray can

penetrate into the �lm and the intensity of the re�ected beam is reduced compared to

the incident beam due to absorption events inside the �lm. From this interaction between

the X-rays and the �lm the critical angle is determined as the �rst reduction of re�ected

intensity. The critical angle can be directly linked to the laterally averaged electron

density based on θc ∝
√
ρ [188] and thus con�rm the material density of the underlying

thin �lm. The re�ection intensity oscillations can be observed due to wave interference.

Based on (θm2 - θc2) = m2 (λ/2d)2 [188], where θm is the angle at the maximum of the

mth oscillation and λ is the wavelength, the �lm thickness d can be estimated. Finally,

this characterization method can give accurate informations about layer thickness and

density [189].

The thickness of metal electrodes (Fig. 3.9) and ALD as-grown oxide �lms (Fig. 3.10)

utilized for nano-crossbar devices were measured via an X'Pert MRD Pro system from

Figure 3.9: A measured XRR curve (in bold black) and its �tting result (in red) of (a) an
expected 30 nm evaporated Pt �lm and of (b) an expected evaporated 10 nm Ti and 20 nm
Pt on Si(100) substrates. The simulation results are listed in the upper-right corner of
the graph.

Figure 3.10: Measured XRR curves and simulation results of (a) two types of bilayers
and of (b) TiO2 single-layers deposited on Si(100) substrates.
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Panalytical® company. The layer thickness was determined via the open source software

GenX 2.0 [190]. The experimental data as bold and their best �ts as slim lines are

illustrated in Fig. 3.9 for two types of top electrodes and in Fig. 3.10 for di�erent oxide

layers. The �tting results are listed in the upper-right corner of each graph. Besides

these representative curves, the simulation results for other devices used in this work are

summarized in Tab. 3.1.

Sample-Nr. Layer(s) Density ALD cycles Mean thickness RMS roughness
(g/cm3) (#) by XRR (nm) by AFM (nm)

No.1 5AO 2.8 41 4.8 0.265
No.2 2AO 2.8 23 2.3
No.3 1AO/3TO 3.1 13 1

3.8 66 3.7
No.4 2AO/3TO 3.1 23 2.3

3.8 66 3.0
No.5 3AO/3TO 2.7 24 2.7

3.3 74 3.4
No.6 3AO/3TO 24 2.7

74 3.3 0.248
No.7 3TO/3AO 3.7 74 3

2.6 24 3.2 0.256
No.8 3TO 4.15 75 3.2
No.9 3TO 3.8 66 3.2
No.10 6TO 3.94 150 6.05

Table 3.1: Details for AIXTRON® ALD as-grown oxide layers on Si(100) substrates as
the reference sample for the nano-crossbar devices in later chapters. "TO" and "AO" is
the abbreviation for TiO2 and Al2O3, respectively. The number in front of "TO" or "AO"
is the expected layer thickness in nano-meter (nm).

Additionally, the layer roughness RMS (Root Mean Square) from atomic force mi-

croscopy (AFM) are also listed in Tab. 3.1. The RMS values for 2.6 nm and 5.2 nm thick

TiO2 �lms deposited on Si(100) substrates are 0.219 nm and 0.232 nm, respectively. Re-

garding the closed thickness values, the TiO2 single-layers listed in Tab. 3.1 should have

the similar range of roughness as well. Moreover, the RMS value of Si(100) substrate is

around 0.2 nm, which supports the homogeneity of the as-grown TiO2 layers by ALD.
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3.2.2 Scanning electron microscopy

The scanning electron microscopy (SEM) can give both morphological contrast and chem-

ical information based on the interaction between the incident electrons and specimen.

For this purpose, a typical SEM system is composed of an electron gun, lens systems and

detectors. The working principle of SEM is depicted in Fig. 3.11.

Figure 3.11: Schematic of (a) section view of Hitachi SU8000 setup and (b) its detection
systems. The �gures are redrawn from [191,192].

The electron gun utilizes commonly an ultra-sharp tungsten tip and a high voltage

for emission of electrons. Then electrons with high energy enter into the lens system and

start to get focused. The two condenser lenses converge the diverging electron beams

by bending their trajectory through the Lorentz force. The spread width of electron

beams can be further adjusted by means of the aperture behind the condenser lens. The

objective lens focuses the electron beam �nally on the sample and thus determines the

�nal resolution. The de�ector coils control the electron beam to scan across the specimen

surface [193]. During rastering the excited signals are collected by suitable detectors.

As Fig. 3.11 (b) shows, the top detector records the high angle backscatter electrons,

which comprise mainly chemical contrast. The upper detector (SE(U)) takes both low

angle backscatter electrons (LA-BSE) and secondary electrons (SE) signals, whereas the

lower detector (SE(L)) takes only SE signals [192]. LA-BSE o�er both topographical

information and compositional contrast, while the SE signal shows the surface topography

[192]. Theoretically the SE(L) supplies the pure topographical image. However, the SE(L)

is often operated with long working distance in high magni�cation mode [194]. Since

the long working distance often results in decreased resolution [193�196], the highest

topographical resolution achieved is through SE(U) instead of SE(L). Therefore, the

SE(U) image obtained from Hitachi SU8200 tool is widely used in this work for the clear

surface topography of devices.
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special photo resist (see Fig. 3.13 (a)). To achieve the smaller device size, this resist

AZ® nLof 2020 (diluted with AZ® EBR as 1:2 in volume) was spin coated on the sample

surface with spin speed of 3000 rps for 1 min. Then the sample was baked at 110◦C for

1 min.

Figure 3.13: Process �ow for the crossbar patterning

Then, a focused electron beam (Fig. 3.13 (b)) is applied to transfer the top electrode

patterns onto the resist coated samples with standard e-beam dose of 23 µC/cm2 (done

by S. Trellenkamp in HNF). After cross-linking the resist by post exposure bake (Fig. 3.13

(c)), the negative resist without e-beam exposure can be dissolved in the developer AZ®

726 MIF (Fig. 3.13 (d)). Since the patterned resist protects the layers underneath includ-

ing the top electrode and the underlying oxides, during the subsequent etching step, the

layers without resist are etched down to the bottom electrode or the substrate (Fig. 3.13

(e)). The RIBE parameters for all devices processed in this work are listed in Tab. 3.2.

After dissolving the protective resist in the stripper TechniStrip® NI555 at 80◦C for

at least one hour, the residual resist can be removed by swabbing (Fig. 3.13 (f)) or placing

in an ultrasonic bath (results see Fig. 3.14 (b)). The �nal pattern of the top electrode

and the cross point are thereby fabricated and inspected by SEM (see Fig. 3.14 (c)).

An overview of the nano-crossbar layout is shown in Fig. 3.15. There are 6 rows (from

Y01 to Y06) and 12 columns (from X01 to X12) of blocks for each sample. Every block,

e.g. X01Y01, comprises of 25 cells. In the same block, for each column the �ve cells

are with the same cell size, while for each row the cell size varies from 100 nm to 20 nm
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3.4. Electrical characterization

3.4 Electrical characterization

3.4.1 Continuous I(V ) hysteresis curves

In this work, the I(V ) characterizations were performed on a B1500A Semiconductor

Parameter Analyzer from Agilent Technologies Inc. combined with a Semi-automatic

probe station SÜSS MicroTec PA-200. Agilent B1500A supports di�erent measurement

modules [198]. In this work, the staircase voltage sweep is chosen as the input and the

current response for each sweep step is recorded, i.e. the data is in I(V ) illustration.

For this purpose, one source/monitor unit (SMU) that can supply and measure the DC

voltage or current and one ground unit (GNDU) as the reference of measurement ground

are utilized [198]. During the I(V ) sweep measurements, several sweep parameters can

be selected, like the sweep direction as single or double, the start- and stop value of the

sweep, and the compliance current value of the source. In the following chapters, the

variations of these parameters are performed to characterize the cell's electrical features.

In addition, to obtain a high resolution of the current, the high resolution SMU is equipped

with 73CT-APTA replaceable coaxial probe (American Probe & Technologies, Inc.) and

thus provides the current resolution of 5 fA [198].

Temperature measurement

DC I(V ) characteristics can also be carried out at a certain temperature in the same

SÜSS MicroTec equipment. By means of an integrated heating unit from ATT (Advanced

Temperature Test Systems GmbH) that is equipped under the substrate holder, the holder

can be heated up or cooled down between 10◦C and 205◦C.

The low temperature measurement is carried out in a home-built system, which com-

prises a Lake Shore's cryogenic probe station with model 332 temperature controller,

an HP34401A multimeter, a pump system combining a scroll SC 5D and turbomolecular

pump (TURBOVAC SL 80) [199,200]. The TTP4 mode of the cryogenic probe station can

o�er a temperature range from 4.2 K to 475 K with a helium or nitrogen cylinder [201].

3.4.2 Voltage pulse measurements

The pulse measurements were carried out on two di�erent setup systems, namely 4200

SCS (semiconductor characterization system) from Keithley Instruments and Agilent

B1110A in home-made Mark II system. With the �rst one, the response of transient

currents, i.e. the time-varying currents, are measured by utilizing a single voltage pulse

performed by 4225-PMU pulse/measurement units. By equipped with model 4225-RPM

(remote ampli�er/switch) [202] the attainable current level can be ranging from 100 nA

to 200 mA at a minimal pulse length varying from 134 µs to 70 ns [203]. In this system

the current resolution is strictly dependent on the pulse width. To take the current lower
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3.4. Electrical characterization

switching cycles. Once the read-out value was within the de�ned range, SET or RESET

cycle initiates. The parameters during SET or RESET cycling, like timing and the voltage

amplitude, can be varied and be tested with several repetitions for the statistical analysis.

For the SET kinetic study (see Fig. 3.17 (a)), for instance, the read-out resistance

for HRS is Rpre,OFF = 200 kΩ − 500 kΩ after the precycling. Once the required Rpre,OFF

is reached, the SET cycle starts. The read-out pulse is always kept constant as 0.3 V

applied to the Pt bottom electrode with the pulse length of 0.1 ms. Then the read-

out resistance after SET pulse, i.e. Rread at 0.3 V, will be recorded. This kind of data

recording procedure is de�ned as pulse/read mode, where the read-out resistance values

were recorded after the SET or RESET pulse and plotted as the matrix of the operation

voltages and pulse lengths.

Figure 3.17: Schematic illustration of (a) the SET pulse and (b) the RESET pulse mea-
surement via Keithley 4200 SCS system. The precycling is emphasized by circles.

The RESET pulse measurement was carried out in two di�erent ways via the same

setup systems. One is the pulse/read mode, where the de�ned read-out resistance of LRS

after precycling is Rpre,ON = 10-12 kΩ (Fig. 3.17 (b)) and the read-out resistance after

RESET pulse is recorded. The similar "heat graphs" can be obtained. Another is the

transient pulse measurement of RESET events. By decreasing the RESET pulse length,

once the cell shows no RESET, i.e. the read-out resistance after RESET is less than

50 kΩ, the RESET pulse length, namely the RESET time (tRESET) can be con�rmed.

In this way, the relation between tRESET and the applied RESET voltage pulse can be

studied.

Pulse pattern generator Agilent B1110A

The abrupt SET event is observed in many VCM-type c8w BRS devices. In order to

understand the SET kinetic study with the physical model, like ion hopping model, the

SET time (tSET) for a given SET pulse voltage (V SET,pulse) should be con�rmed and

their relation should be explained. Therefore, this measurement of the transient current

response upon fast pulse was performed via an Agilent B1110A pulse pattern generator in
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setup "Mark II". The pulse train and the recorded transient current response are shown

in Fig. 3.18 (a) and (b), respectively.

Figure 3.18: (a) Schematic illustration of the SET pulse �ow for the SET kinetic study
performed by Agilent B1110A in Mark II. The precycling is emphasized by circles. (b) The
transient current responses upon the pulse driven SET events for a (100 nm)2 Pt/5 nm
Al2O3/Ti cell. The SET pulse signal V (t) is drawn in black and the current responses
I(t) are given in red. The experimental data is gathered from F. Cüppers.

A similar "precycling" step was performed to guarantee the device stayed in a de�ned

high resistance state (HRS) prior to the application of the SET pulse operation, i.e.

Rread 6 10 kΩ. Upon the application of the constant voltage signal (see Fig. 3.18), the

device shows �rstly a low pre-SET current amplitude (|Ipre-SET|), which represents the

current through the cell in HRS at the corresponding voltage (V SET,pulse = -1.1 V). Within

a certain delay time (here 350 ns as an example) the current abruptly increases directly

to the level of low resistance state. To quantitatively describe the abrupt SET events, the

tSET is de�ned as the time di�erence between 90% of the abrupt drop of voltage signal

and 90% of the medium saturation current. In addition, for the statistical analysis, a

large amount of SET operations for each pulse group were carried out by F. Cüppers.
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Chapter 4

Counter-eightwise resistive switching in

the nano-structures

In this chapter the counter-eightwise (c8w) type current-voltage (I(V )) characteristics of

Pt/oxide(s)/metal/Pt (capping layer) nano-crossbar devices are investigated. The layer

sequence written from left to right always corresponds to the layer stack sequence from

the bottom electrode (BE) to the top electrode (TE). In order to focus on the "active"

M1OM2 cells the topmost Pt capping layer and the layers below the Pt bottom electrode

are not mentioned as a part of the stack in the following chapters. The oxides comprise

TiO2 and Al2O3 single-layers as well as bilayers, which are either built from Al2O3/TiO2

or from the reversed stacking order TiO2/Al2O3. Beside a pure Pt top electrode, two

di�erent top electrodes containing Ti element are used: (a) a reactive 10 nm Ti electrode

deposited by evaporation or sputtering; (b) a moderate reactive 10 nm sputtered TiN

electrode. For consistency with the switching model (cf. [4]), the voltage polarity is

always referred to the high work function Pt BE with the top electrode set to ground.

All cells to be discussed in sections 4.1 to 4.3 were structured to (100 nm)2.

In section 4.1, the fabricated stacks are described and the purpose of the particular

variations is explained. In 4.2, the I(V ) characteristics of single-layers, TiO2 and Al2O3,

with varied thicknesses and di�erent electrodes are discussed. The I(V ) characteristics of

bilayers in di�erent modi�cations are investigated in 4.3. In the last section 4.4 the per-

formance of Al2O3-based devices with and without 3 nm TiO2 is compared with (100 nm)2

and (80 nm)2 cell size.

4.1 Overview of the nano-crossbar devices

4.1.1 Single-layer oxide cells

The single-layer stacks discussed in this chapter are summarized in Fig. 4.1. The top elec-

trodes were obtained from evaporated 10 nm Ti, sputtered 10 nm Ti*, 10 nm TiN, and
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evaporated 30 nm Pt. The ALD oxide layers were grown in two di�erent systems. The

standard process (see section 3.1.3) utilized pulsed liquid injection in an AIXTRON® re-

actor feeding the metal-organic precursors, DMAI and TDMAT, as solutions with toluene

as solvent. Alternatively, TiO2 �lms were grown by thermal ALD from TDMAT and H2O,

feeding the TDMAT in bubbler-type mode, into Oxford Instruments FlexAL ALD reac-

tor [206]. The thickness of TiO2 and Al2O3 single-layers was varied from 3 nm to 11 nm

and from 2 nm to 5 nm, respectively. Details about oxide layers are listed in Tab. 3.1 and

in "Appendix C".

Figure 4.1: Stacks of oxide single-layers with varied layer thickness in nano-crossbar struc-
tures: (a) Pt/3 nm to 11 nm TiO2/evaporated Ti, (b) Pt/2 nm or 5 nm Al2O3/evaporated
Ti or sputtered Ti*, (c) Pt/5 nm Al2O3/sputtered TiN, (d) Pt/5 nm Al2O3/10 nm evap-
orated Pt. The bottom electrode for all stacks was 30 nm sputtered Pt and all 10 nm
top electrodes linked with 20 nm Pt capping layer that was deposited by the same system
without breaking the vacuum.

The VCM-type devices are built in an asymmetric structure, where the high work

function Pt BE forms the Schottky contact, the ALD oxide is the switching layer and

the low work function TE metal forms the ohmic contact and the oxygen exchange layer

(OEL). The oxygen scavenging abilities of di�erent electrodes are studied for the Al2O3-

based single-layer devices (Fig. 4.1 (b-d)). Here, in particular, the Al2O3 single-layer

sandwiched in two inert Pt electrodes are tested as reference. Two types of titanium

electrodes obtained from evaporation and sputtering are di�erentiated to account for a

possible surface damage e�ect included by the high energetic particles from the sputtering

process.

4.1.2 Bilayer oxide cells

The stack variations for Al2O3-TiO2-based bilayer cells are summarized in Fig. 4.2. The

layer thickness of Al2O3 is chosen as 1 nm, 2 nm and 3 nm in Pt/Al2O3/TiO2/Ti stack,

while the TiO2 layer in this stack remains 3 nm (see Fig. 4.2 (a)). In other bilayer stacks

the thickness for both TiO2 and Al2O3 �lms is kept constant at 3 nm (Fig. 4.2 (b-d).

It has to be mentioned that (1) the oxide bilayers are processed in-situ by subsequent

ALD processes; (2) the top electrodes with 20 nm Pt capping layer are di�erentiated

into: 10 nm evaporated Ti, 10 nm sputtered Ti* (Fig. 4.2 (a,c)) and 10 nm sputtered TiN

(Fig. 4.2 (b,d)). (3) To make the TE comparison most reliable, the respective stacks for
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the same oxide order were processed in the same batch.

Figure 4.2: Bilayer stacks in Pt/bilayer/TE nano-crossbar structures: (a) Al2O3/TiO2

with 10 nm evaporated Ti or sputtered Ti* as TE. For evaporated Ti the Al2O3 layer thick-
ness was 1 nm, 2 nm and 3 nm with 3 nm TiO2. (b) Pt/3 nm Al2O3/3 nm TiO2/10 nm
TiN. Structures in (c) and (d) correspond to (a) and (b), respectively, with the bilayer
being 3 nm TiO2/3 nm Al2O3.

4.2 I(V ) characteristics of the single-layer devices

For a typical c8w bipolar resistive switching (BRS) cycle, the negative voltage is �rst ap-

plied on Pt BE with stepwise (10-20 mV with a delay time of 10 ms) increasing amplitude

from 0 V to the stop voltage (V -,max) that exceeds the threshold voltage. Through this

operation cells are electroformed or SET from an initial state or a high resistance state

(HRS) to a low resistance state (LRS) with a proper current compliance that protects the

device from a permanent breakdown. The positive voltage sweep initiates the RESET

process at a certain RESET voltage where the cell's state starts changing from LRS to

HRS. A full RESET loop starts from 0 V to the maximal positive stop voltage (V +,max)

and ends by sweeping back to 0 V. The in�uence of two switching parameters during

the voltage sweep are investigated, namely the current compliance (ICC) during the SET

process and the RESET stop voltage (V +,max) during the RESET process. The I(V )

characteristics between di�erent stacks are analyzed with respect to the de�ned switch-

ing parameters. The statistical results on the SET, RESET voltages and the read-out

resistance values for HRS and LRS, are summarized in the form of cumulative distribution

function (CDF) plots or box plots to address the variability in respect of cycle-to-cycle

(C2C) and device-to-device (D2D) feature.

4.2.1 TiO2

The Pt/TiO2/Ti devices are initially conductive for layer thickness from 3 nm* to 6 nm

resulting in read-out resistance for the initial state (Rinitial) increasing from about 1 to

5 kΩ by 50% CDF (see Fig. 4.3). The CDF plots are gathered from about 25 to 40 devices

each. The "*" symbols make samples which were grown in the FlexAL reactor, while the

others are prepared in the AIXTRON® system. The deviations are in an acceptable
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range. By applying 2 V the cells can be reset to the Megaohm (MΩ) range, and thus the

initially existing conductive paths are closed or annihilated. However, for a thicker TiO2

layer of 11 nm, Rinitial normally exceeds 100 kΩ (pink triangle in Fig. 4.3).

Figure 4.3: CDF plots of the read-out initial resistance (Rinitial) in Pt/TiO2/Ti cells
with XRR �tting thickness ranging from 3 nm* to 11 nm*. The star ("*") marks the
TiO2 layers deposited in the FlexAL ALD system (see "Appendix C"), while others were
fabricated by the standard ALD process with AIXTRON® reactor (see Tab. 3.1). The
statistics are gathered from 23, 38, 26, 31, 36 cells (from left to right), respectively.

Applying V +,max = 2 V and |ICC| ≈ 50 µA to 150 µA for the RESET and the SET,

respectively, the three TiO2 cells exhibit the similar asymmetric c8w switching behavior,

i.e. the required c8w SET voltage amplitude (|V c8w,SET|) is higher than the c8w RESET

voltage (V c8w,RESET) that is the required voltage starting to rupture the conducting �l-

ament (see Fig. 4.4). To repeat the c8w switching, the applied stop voltage amplitude

|V -,max| has to exceed the required |V c8w,SET| for each cycle. Otherwise, in the case of

|V -,max| < |V c8w,SET|, the cells will reverse the switching polarity, and the 8w BRS will

appear. This is the topic of chapter 8.

Figure 4.4: Overview of I(V ) characteristics during c8w BRS cycles of Pt/TiO2/Ti stacks
for (a) 3 nm TiO2, (b) 6 nm TiO2 and (c) 11 nm* TiO2. The I(V ) curves are given for
(a) 20 cycles, (b) 20 cycles and (c) 42 cycles.

Comparing devices from 6 nm and 11 nm* TiO2 layers as examples, the CDF plots in

Fig. 4.5 (a) indicate that the median values of V c8w,SET and V c8w,RESET are not a�ected

by the TiO2 layer thickness. Additionally, cells of both stacks show a similar read-out
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Figure 4.5: (a) CDF plots of V c8w,SET and V c8w,RESET in two Pt/TiO2/Ti stacks with
6 nm oxide layer (blue square) and 11 nm* oxide layer (pink triangle). The statistical
ensembles comprise 11 cells and 220 cycles (6 nm) and 3 cells and 89 cycles (11 nm*).
(b) The corresponding CDF plots of read-out resistance of HRS (open dots) and of LRS
(solid dots).

resistance of the HRS, i.e. Rc8w,OFF = 2-3 MΩ at 0.3 V (see Fig. 4.5 (b)). However, for

the sample with 11 nm* TiO2 out of 30 devices only 3 cells reveal over 20 BRS cyles with

c8w polarity, while other 27 cells rather show stable 8w BRS. This indicates that the

thicker TiO2 layers can not improve the reproducibility and stability of c8w BRS.

4.2.2 Al2O3

Unlike for typical binary transition metal oxides like TiO2 [207, 208], HfO2 [209] and

VOx [44], no successful resistive switching phenomena have been reported for Al2O3 single-

layers integrated in the symmetric Pt/Al2O3/Pt structures. One possible reason is the

di�culty for incorporation of a certain amount of oxygen vacancies into the as-grown

Al2O3 layer su�cient for enabling resistive switching. However, the deposition of an

oxygen exchange layer (OEL), i.e. an electrode with high oxygen scavenging ability like

Ti, enhances the tendency for formation of an oxygen-vacancy-rich layer through interface

reactions [22,94,210]. This layer serving as a bu�er layer can take up and release oxygen

ions from the memristive oxide layer during the switching cycle. Therefore, a qualitative

classi�cation can be made for the Pt/Al2O3/TE devices in this work: (1) Al2O3 with an

OEL, i.e. the TE is from evaporated Ti or sputtered Ti∗. (2) Al2O3 without an OEL, i.e.

the TE is from TiN or Pt.

Electroforming in Al2O3 single-layer devices

I(V ) characteristics of the electroforming process in Al2O3-based devices are shown in

Fig. 4.6. Due to the di�erent conduction of the initial state, the |ICC| was set to 5 µA

for the highly insulating Pt/5AO/TE devices and to 500 µA for the relative conductive

Pt/2AO/TE devices. The colored curves represent one typical electroforming and subse-

quent RESET loop for each stack. The pink arrows in Fig. 4.6 (b) indicate the switching
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direction of the c8w electroforming and 1st RESET step valid for all four stacks shown.

Since the current increases suddenly over several orders of magnitude, the absolute voltage

value, where the current reaches 80% of the |ICC| value, is de�ned as the electroforming

voltage amplitude (|V Fr|). The mean value of |V Fr| and the number of the tested cells

are listed in each graph and caption, respectively.

Figure 4.6: Electroforming process in Pt/Al2O3/TE devices: (a) 2AO/Ti (from 69 cells),
(b) 5AO/Ti (from 83 cells), (c) 5AO/Ti* (from 48 cells), (d) 5AO/TiN (from 9 cells).
"AO" is the abbreviation for Al2O3. The number in front of "AO" is the nearest positive
integer of the layer thickness in nanometer (nm).

As shown in Fig. 4.6 (a), the absolute value of initial current in Pt/2AO/Ti cells reads

between 10-7 A and 10-5 A at -0.3 V. These devices show instantaneous resistive switching,

and the electroforming votlage value is very comparable to the SET voltage. The current

level in 5AO-based devices at -0.3 V is still below the measurement resolution of 10-13 A

(see Fig. 4.6 (b-d)). From the statistical results of the electroforming process, the yield of

electroforming events in cells obtained from the same 5 nm Al2O3 is dependent on the TE

materials. In cells with Ti or Ti* as TE a highly reproducible and successful electroforming

process is obtained, which is featured through the well-behaved RESET process after

electroforming and the following switching cycles. However, most Pt/5AO/TiN cells

show "stuck-LRS" failure as de�ned in [209], i.e. no successful RESET operation after
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the electroforming process due to the permanent conductive state. The further RESET

operation leads to only electrical breakdown. Therefore, the yield in these cells is only 5%

(= 9 cells/180 tested cells) as shown in Fig. 4.6 (d). The rare switchable Pt/5AO/TiN

cells can be explained by a chemically modi�ed TiN TE as TiNxOy due to the reaction

with the oxide in contact [159, 211]. In addition, electroforming the Pt/5AO/TiN cells

with the opposite polarity, i.e. the negative voltage applied on TiN TE, brings the same

electrical breakdown events. As a symmetric structure, the Pt/5AO/Pt cells show no

possible switching but only electrical breakdown. The breakdown phenomena in both

Pt/5AO/Pt and in Pt/5AO/TiN devices are accompanied with the disrupture of the

electrode lines, which was veri�ed by SEM.

To compare the electroforming and breakdown events more statistically, the cumula-

tive distribution function (CDF) plots of the electroforming voltage amplitude (|V Fr|) for

di�erent single-layer stacks are summarized in Fig. 4.7 (a). The y-axis of the CDF plot

shows the probability of a variable that takes the value smaller than or equal to a certain

number on x-axis. In Fig. 4.7 (a) the 50% CDF value stands for the median value of |V Fr|

and the spread of CDF plot represents the cell to cell variability. In case of the hard

breakdown of Pt/5AO/Pt cells the electroforming voltage is de�ned as the value at an

absolute current of 0.1 µA nearby the breakdown point. The data for the CDF plot of the

Pt/5AO/TiN cells are collected from both successfully electroformed cells, and cells with

the hard breakdown. The small tail of the CDF plot in Pt/5AO/TiN cells (solid black

diamond) in Fig. 4.7 (a) coincides with the cells with regular RESET process. To com-

pare the material speci�c dielectric character of Al2O3 �lms, the breakdown �eld (EBR)

is introduced, which can be described as the ratio of the electrical breakdown voltage

divided by the total dielectric �lm thickness. This is done for "hard" breakdown events

and for "soft" breakdown (= electroforming) [213]. EBR is calculated as EBR =
|V Fr|
dAO

,

where dAO is the as-deposited Al2O3 layer thickness obtained from the XRR �tting (see

Figure 4.7: (a) CDF plots of |VFr| in Al2O3-based devices. (b) The corresponding mean
value of EBR as a function of Al2O3 layer thickness. The grey dots are redrawn from [154]
(open dots) and from [212] (solid dot). Other colored dots are from this work.
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Tab. 3.1). The mean values of EBR with available error bars are displayed as a function

of Al2O3 thickness in Fig. 4.7 (b). The color de�nes the di�erent stacks. It has to be

mentioned that for a simpli�ed description in the later sections and chapters the Al2O3

thickness will be given as a positive integer except in Fig. 4.7.

For Al2O3 single-layers sandwiched between Pt and TiN or Pt and Pt, the median

electroforming voltage amplitudes are of around 3.9 V for 3 nm Al2O3 (open black dia-

mond), of around 4.8 V for 4.8 nm Al2O3 (solid black diamond) and of around 5.1 V for

4.9 nm Al2O3 (solid green triangle) in Fig. 4.7 (a). The corresponding EBR values of cells

without OEL in Fig. 4.7 (b) is accordant with the reported data from comparably thick

Al2O3 �lms that are deposited on the GaAs substrate [154]. However, the devices with an

OEL, namely Pt/Al2O3/Ti (pink square) and Pt/Al2O3/Ti* (red circle), show lower val-

ues of |V Fr|. This reveals a di�erent in�uence of dAO on EBR for the two types of devices.

For those without an OEL (triangle and diamonds in Fig. 4.7 (b)), EBR increases with the

decreasing Al2O3 thickness, while in cells with an OEL (square and circle in Fig. 4.7 (b))

EBR remains almost constant at around 7 MV/cm, which is consistent with the reported

EBR in cells with same OEL, like Au/Ti/59 nm ALD Al2O3/Ti/Au stack [214].

The di�erence of |V Fr| and EBR between Al2O3-based devices with an Ti(*) OEL and

with metals like TiN or Pt electrodes can be explained from the di�erent oxygen chem-

ical potential of these metals. In VCM cells the functional oxide is reduced during the

electroforming process and the �lament is formed thus making the MOM stack conduct-

ing [215]. Since the electroforming or soft breakdown requires incorporation of oxygen

vacancies into the thin �lm [216,217], the oxygen chemical potential of the metal electrode

is correlated with the formation energy of oxygen vacancies in the oxide thin �lm [22].

For the metal with higher, i.e. less negative, oxygen chemical potential, the metal is hard

to be oxidized and thus the introduction of oxygen vacancies into the pristine oxide thin

�lm needs a high energy for formation of oxygen vacancies [218].

Cells with more negative oxygen chemical potential electrodes like Ti(*) show the re-

duced |V Fr| and show a frequently successful RESET process. On the contrary, cells with

high oxygen chemical potential electrodes like TiN or Pt exhibit mostly hard breakdown,

which leads to rarely stable c8w BRS. A more detailed and quantitative comparison is

placed in 4.3.3.

c8w BRS in 5 nm Al2O3 single-layer devices

Comparing the typical I(V ) curves in Fig. 4.8, the c8w BRS behavior in two Pt/5AO/Ti(*)

samples are remarkably similar. The cells switch to a linear LRS, and then during RE-

SET a clear reduction of current level by over one order of magnitude is observed (Fig. 4.8

(a,b)). In contrast, Pt/5AO/TiN cells show a more unstable LRS and small resistance

ratio (see Fig. 4.8 (c)). HRS can be around 10 times higher in Pt/5AO/Ti(*) cells than
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in Pt/5AO/TiN cells.

Figure 4.8: I(V ) characteristics of c8w BRS in Pt/5AO/TE cells with di�erent top elec-
trodes: (a) evaporated Ti, (b) sputtered Ti* and (c) sputtered TiN. The most typical
curves of each stack are drawn in pink, red, and black, while the grey curves given in
the background represent statistical ensembles of 70, 48, and 5 cells, respectively. The
sweeping parameters |ICC | and V +,max are given in the upper-left corner of each graph.

Fig. 4.9 shows a statistical comparison of the SET (V c8w,SET) and RESET voltages

(V c8w,RESET), and the read-out resistance values for LRS and HRS obtained for the three

samples. The black CDF plots are obtained from all tested cells of one sample, which

represent device-to-device (D2D) variations in comparison to the cycle-to-cycle (C2C)

variation given in color. The cells with Ti and Ti* TE share the similarly median SET

Figure 4.9: CDF plots of V c8w,SET and of V c8w,RESET in a Pt/5AO/TE stack with (a)
evaporated Ti for 70 cells, (b) sputtered Ti* for 48 cells, (c) sputtered TiN for 5 cells.
The corresponding CDF plots of read-out resistance for HRS and LRS are shown in (d)
to (f). The black lines are the statistics in all tested cells, colored lines represent the 20
cycles in the representative cell from Fig. 4.8.
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voltage value of around -1 V (see Fig. 4.9 (a,b). Comparing to this, cells with TiN TE

have a more negative median SET voltage of about -1.5 V (see Fig. 4.9 (c)). The RESET

voltage, however, remains at almost 1 V for all the cells independent of the TE. In Fig. 4.9

(d,e) a higher spread of Rc8w,OFF for cells with Ti and Ti* TE indicates an increased cell

to cell variability. In addition, the ratio between median Rc8w,OFF and Rc8w,ON can reach

3-4 orders of magnitude in Pt/5AO/Ti(*) cells. The colored CDF plots reveal the C2C

variability in the typical cell for twenty cycles. From Fig. 4.9 (d,e) the most striking

di�erence between the distributions of D2D and C2C is found for the Rc8w,OFF values.

Furthermore, the spread between the devices (D2D, black curves) is larger for the sample

with sputtered Ti* TE compared to the evaporated Ti TE. Due to the low yield of

switchable Pt/5AO/TiN cells, the narrow spread of CDF plots in Fig. 4.9 (f) can not

suggest the higher uniformity between cells. In addition, the median resistance ratio in

CDF of around 2 orders of magnitude in Pt/5AO/TiN cells is lower than in cells with

Ti(∗) OEL.

RESET stop voltage in�uence on c8w BRS

As shown in Fig. 4.10 the 5AO-based devices reveal the common VCM-type BRS be-

havior, this is, the current level in HRS decreases for increasing RESET stop voltage

V +,max [22]. The V +,max dependent SET voltages are a consequence of the increased

HRS values. In addition, no major di�erence is found between cells with two types of

titanium electrodes obtained from evaporation or sputtering. Therefore, the curves for

Ti* electrode are not explicitly shown here.

Figure 4.10: V +,max in�uence on the c8w BRS in Pt/5AO/TE cells with di�erent top
electrodes: (a) evaporated Ti and (b) sputtered TiN. |ICC | is kept as 50 µA.

The change of characteristic switching properties of the 5AO-based memristive de-

vices, namely, V c8w,SET, V c8w,RESET, Rc8w,ON and Rc8w,OFF, under RESET stop voltage

variation are summarized in Fig. 4.11. The box plot displays the median value (horizontal

line in the box), which represents the 50% probability value, while the lower and upper

boundaries of the box correspond to 25% to 75% probability, respectively. Similarly, the
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error bars cover the 10% and 90% probability. With this de�nition, the median value in

the box plot becomes the same as the 50% value in the CDF plot. The length of the

quadratic box is de�ned as interquartile range (IQR) and represents the variability of a

quantity, which is similar to the spread in CDF plot.

Fig. 4.11 (a-b) show a weak change of median V c8w,RESET and a slight increment of

median V c8w,SET of around 0.4 V with ∆V +,max > 0.6 V in both samples. In Fig. 4.11 (c-

d) the median value of Rc8w,ON stays almost unchanged within several kΩ for both devices,

while the Rc8w,OFF values increase by several orders of magnitude with increasing V +,max.

Pt/5AO/TiN cells show a limitation in their RESET capability through a less sensitive

change in median Rc8w,OFF values towards the RESET stop voltage. As a result, the

increase of resistance ratio induced by the same voltage increment is only around 10 in

Pt/5AO/TiN, while in Pt/5AO/Ti cells it can achieve over 102.

As reported by Kim et al. [22], the metal electrode with a less negative oxygen chemical

potential should induce a larger change in Rc8w,OFF upon RESET stop voltage variation.

The possible explanation is that the less negative oxygen chemical potential of metallic

electrode should release the oxygen ions back into the oxide layers easier and thus partially

Figure 4.11: Dependency of the characteristic switching parameters from V +,max in the
form of box plots for V c8w,SET, V c8w,RESET and for Rc8w,ON, Rc8w,OFF in Pt/5AO/TE cells
with Ti (a,c) and TiN (b,d) electrode, respectively. The data for each varied parameter
is taken from Fig. 4.10 for 20 cycles.
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annihilate the conductive oxygen vacancy �lament [22]. As a consequence the cells with

an electrode having a less negative oxygen chemical potential should reach more insulating

HRS under the same V +,max.

The oxygen chemical potential of TiN per oxygen atom is tabulated as -2.91 eV [219],

which is higher than the value of Ti of about -5 eV [218]. Therefore, the cells with TiN

TE should reveal stable and more insulating HRS. However, the experimental results

contradict the prediction for Pt/5AO/Ti and Pt/5AO/TiN stacks. Due to the low yield

of successfully electroformed and then still switchable Pt/5AO/TiN cells, the cells showing

c8w BRS should have chemically modi�ed electrode part in form of TiNxOy during the

deposition process [159]. Accompanying with Joule heating during the electroforming, it

is reasonable to postulate that TiNxOy tends to stay unstable and reacts further with

oxygen ions. The oxygen chemical potential for TiNxOy may be even lower than the Ti

electrode. In this way, the TiNxOy can release oxygen ions less e�ciently than Ti OEL.

Current compliance in�uence on c8w BRS

The current compliance is generally used to control the electroforming or SET process

in order to prevent current overshoot and to protect the cell from hard breakdown. In

addition, it could de�ne the achieved LRS resistance and thus the required RESET voltage

[80]. As was experimentally observed, the I(V ) characteristic by increasing |ICC| reveals

an increase of the current level in LRS, or in another words, a decrease of Rc8w,ON. In the

meanwhile, a larger RESET voltage is required. This trend is observed in the Pt/5AO/Ti

cell for a large |ICC| range shown in Fig. 4.12 (a) and is also observed in the HfOx-based

devices reported by Hardtdegen [220]. Oppositely, the Pt/5AO/TiN cell exhibits a weaker

|ICC| dependent V c8w,RESET and an opposite |ICC| dependence of the LRS (see Fig. 4.12

(b)).

Figure 4.12: Current compliance in�uence on the c8w BRS in Pt/5AO/TE cells with (a)
evaporated Ti and with (b) sputtered TiN. The tested |ICC | values are listed on the right
and the applied V +,max are given in the lower-left corner of each graph.
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Fig. 4.13 shows the constant median value of the SET voltage for both devices ac-

companied with the almost unchanged Rc8w,OFF values during the |ICC| variation. A

prominent |ICC| dependent Rc8w,ON and V c8w,RESET behavior is seen in the Pt/5AO/Ti

cell, while it is absent in the Pt/5AO/TiN cell. Therefore, the increase of resistance

ratio is more e�ective in the Pt/5AO/Ti cell through the higher and stable Rc8w,OFF

and through the decreasing Rc8w,ON before this saturates at around 2-3 kΩ. The maxi-

mum achieved resistance ratio exceeds 102. The resistance ratio in the Pt/5AO/TiN cell,

however, is limited to about 10.

Besides the phenomenological description, the current compliance, LRS and V c8w,RESET,

could also be related in a mathematical way. Due to the nanometer scale metallic inter-

connects (60 nm to 100 nm width) applied in this work, the resistance arising from the

interconnects can reach over 800 Ω to about 1.3 kΩ [197]. This is comparable to the read-

out values for LRS from the switching layer. Therefore, the total measured resistance for

LRS should include both resistance contributions from the switching layer and the series

resistance.

As reported by Hardtdegen et al. [220], for a same asymmetric Pt/oxide(s)/Ti stack

Figure 4.13: Dependency of the characteristic switching parameters from the |ICC | vari-
ation in the form of box plots for Vc8w,SET , V c8w,RESET and for Rc8w,ON , Rc8w,OFF in
Pt/5AO/TE cells with Ti (a,c) and TiN (b,d) electrode, respectively. The data for each
varied parameter is taken from Fig. 4.12 for 20 cycles.
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the total resistance for LRS (Rc8w,ON) in the VCM-type ReRAM cell can be described as:

Rc8w,ON = RON,cell +RS, (4.1)

where RON,cell is the resistance of the switching layer in LRS and RS is the series resistance.

As suggested by Ielmini et al. [80], during the SET process the resistance for LRS

in the cell (RON,cell) should be controlled by the current compliance. Once the cell is

switched to the LRS, the voltage across the cell is reduced and limited by the current

compliance. During the DC voltage sweep with the duration of each sweeping step in

second region, a stable LRS in the cell should be reached with a constant voltage on the

cell (V ON, cell) and constant current �ux (≈ ICC). Therefore, the resistance in the cell for

LRS can be described by the division of V ON, cell through the given current compliance

value:

RON,cell = |V ON,cell

ICC
|, (4.2)

then the total resistance can be expressed as:

Rc8w,ON = |V ON,cell

ICC
|+RS. (4.3)

If a cell shows linear dependence of Rc8w,ON against the reciprocal of |ICC|, the series

resistance as well as the |V ON,cell| can be determined through a linear �tting. However,

to verify the validity of this model, two restrictions for the measured data should be

discussed prior to the �tting. After SET the current maintains the given value of current

compliance until the applied voltage amplitude is reduced to a certain voltage (|V0|) (see

colored circles in Fig. 4.12 (a)). Since for voltage amplitude lower than this value, the

response current amplitude is smaller than |ICC|, it should show a relation in a serial

circuit as:

|V 0| = |V ON,cell|+ |ICC| ·RS
(4.4)

The �rst restriction is: the amplitude of the de�ned voltage should be smaller than

the SET voltage. i.e. |V 0| < |V SET|. The second con�nement is that the maximum

current (IRESET) in the RESET process should be similar to |ICC|, since the SET and

RESET processes in the cell should be initiated symmetrically, i.e. the current level for

two processes should be similar. In practise, it is necessary to take the measurement

noise of around 10% into consideration, i.e. IRESET - |ICC| < 0.1·|ICC|.

By ful�lling the two restrictions, Fig. 4.14 (a) not only veri�es the linear dependence

but also gives a hint to the actual values of the series resistance RS ≈ 1.5 kΩ and |V ON,cell|

≈ 0.30 V. From the best �tting line in Fig. 4.14 (b) the values of RS and |V ON,cell| can be

varied with a tiny increase of RS in the Rc8w,ON - |ICC| relation. It has to be mentioned

that the V ON,cell value should be a characteristic constant in the cell, which represents the
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Figure 4.14: (a) The �ltered value of |V0| extracted from the I(V ) curves as the function
of |ICC | for a Pt/5AO/Ti cell from Fig. 4.12 (a). The data point for |ICC | = 50 µA is
excluded from the linear �tting. (b) The �ltered value of Rc8w,ON as the function of |ICC |
from Fig. 4.13 (a). (c) The �ltered value of V c8w,RESET as the function of Rc8w,ON. The
Rc8w,ON value is read out at 0.3 V.

stable voltage on the cell during DC voltage sweeping at current compliance. A similar

idea is suggested by Ielmini et al. [221]. The reason is the following: in the normal DC

mode the switching time stays in the second range. From the SET kinetics based on

the pulse measurement with ns to 100 µs pulse length, the required SET voltage for DC

switching mode in second range can be estimated [215, 222]. For example, a constant

SET voltage required for operation within one second can be thus extrapolated. A SET

voltage amplitude of 0.4 V for HfOx-based cells is reported for DC mode with one second

operation time in [221]. It has to be mentioned that in DC mode, the applied voltage

ramps up and down with triangular form [223], which is di�erent from the constant

voltage amplitude during pulse measurement. However, in DC mode after ICC is reached,

the voltage really applied on the cell (V ON,cell) is reduced to be exactly lower than the

voltage required for oxygen vacancy migration. Therefore, the voltage amplitude on the

cell e�ectively stays at |V ON,cell| shortly after the moment when ICC is reached, until the

start of current reduction (see colored circles in Fig. 4.12 (a)). Based on the �ttings from

Fig. 4.14 (a-b), |V ON,cell| is 0.3 V for the 5AO cell.

As suggested by Larentis [224] and observed by other experiments [80,220], the RESET

transition requires both Joule heating and electrical �eld to make oxygen vacancies move

away from the electrode. As the LRS has been de�ned by |ICC| and the voltage on the

cell |V ON,cell| during the SET, the linearity of the I(V ) relation sustains even by reversion

of voltage polarity. The LRS can remain by the symmetric voltage amplitude, and thus

the turning point, namely |V RESET,cell|, leads to the start of RESET process. Therefore,

|V RESET,cell| ≈ |V ON,cell|. Taking a series resistance RS into consideration, the required

RESET voltage V c8w,RESET from the I(V ) curves should follow the rule as:

|V c8w,RESET| = |V RESET,cell|+RS · |IRESET|, (4.5)
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where the maximal RESET current value |IRESET| can be calculated as:

|IRESET| =
|V RESET,cell|
RON,cell

=
|V ON,cell|
RON,cell

, (4.6)

Combining equations (4.3), (4.5) and (4.6), the relation between RESET voltage and the

LRS resistance can be expressed as:

|V c8w,RESET| = |V RESET,cell| · (1 +
RS

RON,cell
) = |V ON,cell| ·

Rc8w,ON

Rc8w,ON −RS
. (4.7)

Based on equation (4.7), the plot of the median RESET voltage as a function of the

total LRS resistance is given in Fig. 4.14 (c). An inverse proportionality is observed. This

is similar to the relation between RESET voltage and LRS resistance observed by Ielmini

et al. [80]. From the best calculated curve for the Pt/5AO/Ti cell, |V RESET,cell| = 0.44 V

and RS = 1.2 kΩ are determined, suggesting a higher |V ON,cell| and a lower RS than the

values acquired from Fig. 4.14 (b). Regarding the signi�cant data variation in Fig. 4.14

(c), the relation |V RESET,cell| ≈ |V ON,cell| should hold. The same plots of Rc8w,ON as the

function of |ICC| and of |V c8w,RESET| in the Pt/5AO/TiN cell show no dependence that

�ts equation (4.3) and equation (4.7).

Endurance in Pt/5 nm Al2O3/Ti cells

To verify the potential of the devices for the industrial application, a stable cycling

endurance is of pivotal importance. By repeating the pulse cycles (for details see section

3.4.2), the endurance test for a typical Pt/5AO/Ti cell is shown in Fig. 4.15. The SET

and RESET pulse values, i.e. V RESET,pulse and V SET,pulse, are given in each graph. The

pulse length (tpulse) is kept as 1 µs. Rc8w,ON and Rc8w,OFF were read at -0.3 V applied to

Pt BE.

In pulsed mode, the Pt/5AO/Ti nano-crossbar device reveals a reasonable stable

Figure 4.15: (a) The I(V ) sweep test before endurance test for a Pt/5AO/Ti cell. (b,c)
Two endurance tests performed with di�erent voltage pulse amplitudes. The pulse length
is kept as 1 µs.
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switching behavior up to 104 cycles. For the applied switching parameters, the total

resistance in LRS turns out to be a�ected by the line resistance of the nano-crossbars.

This explains the almost saturated Rc8w,ON values of about 2 kΩ obtained for SET pulses

of -1.25 V and -1.35 V. The larger voltage amplitude yields a more reliable Rc8w,OFF to

Rc8w,ON window of about a factor of 10.

4.2.3 Summary for single-layer devices

Unlike the rarely stable c8w BRS in TiO2-based single-layer devices, Al2O3-based single-

layer devices show a successful electroforming process and reproducible c8w BRS behav-

ior. The systematic study has been performed in cells sandwiched between chemically

modi�ed electrodes (like Ti or TiN) and the active switching electrode like Pt. Distinct

features of I(V ) characteristics obtained in both single-layer devices can be summarized

as follows:

1. Comparing the cells with the same Ti TE but with di�erent oxide layers, TiO2

single-layer devices show an initially conductive nature for layer thickness 6 6 nm.

On the contrary, the Al2O3-based cells showing highly insulating initial states re-

quire electroforming voltages.

2. Comparing the initial states and electroforming processes, the di�erence between

Al2O3 single-layer devices with Ti and TiN electrode is obvious: a high level of

the initial current and a reduced electroforming voltage amplitude is found in

Pt/Al2O3/Ti cells. This can be explained by the lower (or more negative) oxygen

chemical potential of Ti of -5 eV [218] compared to this of TiN of -2.91 eV [219]. As

the oxygen vacancies should be induced in the oxide layer during the electroforming

process, the Ti electrode with the lower formation energy of oxygen vacancies can

introduce more oxygen vacancies in the Al2O3 layer compared to the TiN. Therefore,

the Al2O3 layers in the Pt/Al2O3/Ti structure reveal a less insulating character and

1 V lower electroforming voltage amplitude compared to the Pt/Al2O3/TiN devices.

3. An increment in the RESET stop voltage of around 0.6 V can increase the read-out

resistance from LRS to HRS by a factor of 103 in the Pt/5AO/Ti cell and by 102

in the Pt/5AO/TiN cell. Additionally, at the same V +,max the read-out value of

HRS in cells with TiN TE does not reach comparable high resistance states as it

does in cells with Ti TE. This phenomenon indicates a formation of TiNxOy at the

Al2O3/TiN interface, which should have more negative oxygen chemical potential

than the Ti OEL.

4. The increase of |ICC| during the SET process decreases Rc8w,ON from several 10 kΩ

to stable 2-3 kΩ in cells with Ti TE. However, the further decrease of Rc8w,ON is
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not possible due to the limitation caused by resistive elements in series with the

switchable �lament resistance. Moreover, the relation between |ICC| and Rc8w,ON

as well as the relation between Rc8w,ON and |V c8w,RESET| similar to the observation

made by Larentis and Ielmini et al. [80, 224] is also observed for the Pt/5AO/Ti

cell. However, Pt/5AO/TiN cells do not reveal any comparable relation.

4.3 I(V ) characteristics of the bilayer devices

4.3.1 E�ect of the layer sequence and the redox active electrode

Electroforming

Figure 4.16 shows the electroforming behavior of two bilayer stacks of reverse order with

Ti or TiN TE: namely, Pt/Al2O3/TiO2/TE and Pt/TiO2/Al2O3/TE. The grey curves in

this �gure show the electroforming and the subsequent successful RESET process from

Figure 4.16: Electroforming behavior in four stacks: (a) Pt/3AO/3TO/Ti, (b)
Pt/3TO/3AO/Ti, (c) Pt/3AO/3TO/TiN and (d) Pt/3TO/3AO/TiN. The most typi-
cal curves of each stack are drawn in color, while the grey curves given in the background
represent statistical ensembles of 46 successfully electroformed of all tested 63 cells, 51
(of 245), 37 (of 119) and 27 (of 166) cells, respectively. "TO" and "AO" are the abbre-
viations for TiO2 and Al2O3, respectively. The numbers in front of "TO" and "AO" are
the integer value of the layer thickness in nanometer (nm).
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multiple cells, from which the mean value of electroforming voltage with error bar and

the yield of the successful switched cells are obtained and are given in each graph and

caption, respectively. The colored curves show the representative behavior.

The main di�erences between the four stacks can be summarized as follows:

(1) For di�erent top electrodes, Pt/bilayer/Ti cells reveal an electroforming voltage

amplitude, which is by about 1 V lower than in Pt/bilayer/TiN cells.

(2) For the same type of oxygen exchange electrode, the di�erent bilayer stacks reveal

almost identical |V Fr| values independent of the oxide stack: Pt/3AO/3TO/TiN and

Pt/3TO/3AO/TiN samples show the same mean |V Fr| of about 4 V (see Fig. 4.16| (c,d)).

Interestingly, the TiN/3AO/Pt cells in Fig. 4.7 (a) also have the same value of |V Fr|. It

could be concluded that the electroforming process in cells with TiN electrode is controlled

by a soft breakdown in the Al2O3 layer.

(3) Both the oxide stack and the electrode material have a strong impact on the yield of

the switchable cells. In contrast to a high yield of 73% in Pt/3AO/3TO/Ti cells, less than

21% Pt/3TO/3AO/Ti cells show successful RESET process after electroforming. Most

Pt/3TO/3AO/Ti cells show hard breakdown. This di�erence repeats also for bilayer cells

with TiN as TE. Comparing the same bilayer stack, cells with Ti TE supply higher yield

than cells with TiN TE.

c8w BRS in TiO2 and Al2O3-based bilayer devices

Reproducible c8w BRS behavior in the four bilayer stacks performed with similar control

parameters is shown in Fig. 4.17. The colored lines show 20 representative cycles in one

device, while the D2D variability is represented by the I(V ) curves plotted in grey. The

discussion on the I(V ) characteristics is focused on the colored lines.

Generally, cells with the same electrode materials show more similar switching behav-

ior than the cells with the same oxide stack. Cells with Ti as TE show a linear behavior

in LRS and moderate SET voltages of around -1 V, whereas most of the TiN-based cells

reveal a signi�cant non-linear LRS and a more negative SET voltage of around -1.5 V.

Although the RESET voltage in four stacks remains around 0.8 V to 1.0 V, the same

oxide stack with di�erent top electrodes shows the di�erent RESET behavior varying

from abrupt to gradual (Fig. 4.17 (a) vs. (c) and (b) vs. (d)).

The CDF plots in Fig. 4.18 and in Fig. 4.19 are acquired from 220 to 920 measured

I(V ) loops. Several features show up from the statistical analysis:

(1) for bilayer cells with Ti TE the median values of SET and RESET voltages share

the same absolute value of around 0.8 V (blue triangle and red circle in Fig. 4.18) and thus

reveals a symmetric c8w BRS. On the contrary, a signi�cant asymmetry of the median

SET and RESET voltage values can be observed in the Pt/bilayer/TiN stacks (green

square, black diamond in Fig. 4.18).
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Figure 4.17: (a-d) I(V ) characteristics of c8w BRS in bilayer Pt/oxides/TE stacks. The
represented curves are drawn in color. The grey curves in the background from (a) to (d)
represent statistical ensembles of 26, 41, 15 and 11 cells, respectively. V +,max and |ICC |
are given in the lower-right corner of each graph.

Figure 4.18: CDF plots of V c8w,SET and of V c8w,RESET determined from Fig. 4.17:
(a) Pt/3AO/3TO/Ti (blue triangle) and Pt/3AO/3TO/TiN (green square), (b)
Pt/3TO/3AO/Ti (red circle) and Pt/3TO/3AO/TiN (black diamond).

(2) Additionally, the Pt/bilayer/Ti cells show a RESET from a moderately low median

Rc8w,ON of ≈ 4 kΩ to a median Rc8w,OFF value of about 500 kΩ, which leads to a resistance

ratio of around 102 (see Fig. 4.19 (a,b)). However, the bilayer cells with TiN TE in

Fig. 4.19 (c,d) show a resistance ratio of only about 10. Although the Rc8w,ON values

of Pt/bilayer/Ti cells show a good uniformity, the large spread of Rc8w,OFF in CDF of

around two orders of magnitude reveals a high D2D variability in all stacks. In cells

with TiN as TE, the larger spread of Rc8w,ON in CDF (see Fig. 4.19 (c,d)) indicates a

non-negligible part of the non-linear I(V ) characteristics of the LRS.
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Figure 4.19: CDF plots of read-out resistance for HRS and LRS extracted from the I(V )
curves in Fig. 4.17: (a) Pt/3AO/3TO/Ti, (b) Pt/3TO/3AO/Ti, (c) Pt/3AO/3TO/TiN
and (d) Pt/3TO/3AO/TiN. The resistance ratio at 50% CDF is marked with grey ellipse.

RESET stop voltage in�uence on c8w BRS

The in�uence of the RESET stop voltage (V +,max) on c8w BRS derived from the I(V )

characteristics of the four stacks are shown in Fig. 4.20. Representative I(V ) character-

istics in 20 cycles show common trends: (1) by increasing V +,max, the current level for

HRS decreases in all bilayer stacks; (2) due to the di�erent RESET behavior between

cells with the same oxide sequence but di�erent TE, the impacts of V +,max variation on

HRS enhancement are obviously di�erent. These features can be statistically described

by the box plot in Fig. 4.21.

Comparing the Pt/bilayer/Ti cells in Fig. 4.21 (a), the median values (black square

in the box) of the SET voltage amplitude increase slightly with increasing the V +,max

values. This trend can be observed in two Pt/bilayer/TiN cells in Fig. 4.21 (b) as well.

For the four stacks the RESET voltages stay unchanged during the V +,max variation.

As Fig. 4.21 (c) shows, the V +,max dependence on Rc8w,ON and Rc8w,OFF for the two

Pt/bilayer/Ti samples is similar. Comparing the median value of read-out resistance

for LRS and HRS, Rc8w,ON remains almost unchanged, while Rc8w,OFF increases around

one order of magnitude with V +,max increased from 1.8 V to 2.4 V. In Fig. 4.21 (c,d) by

keeping the switching parameters the same, Pt/3TO/3AO/TE cells with Ti (red box) or

TiN (black box) show almost the same trend, but a larger variability of Rc8w,ON is observed
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Figure 4.20: V +,max in�uence on the c8w BRS in (a) Pt/3AO/3TO/Ti, (b)
Pt/3TO/3AO/Ti, (c) Pt/3AO/3TO/TiN, (d) Pt/3TO/3AO/TiN stacks. The applied
|ICC | are given under the stack and the V +,max variation are listed in the lower-right
corner of each graph.

in the Pt/3TO/3AO/TiN cell. Although the Pt/3AO/3TO/TiN cell was switched with

a slightly higher |ICC| of 150 µA (green box in Fig. 4.21 (d)), it reveals a similar trend

like others: an almost constant Rc8w,ON and an increase of Rc8w,OFF within one order of

magnitude from 1.8 V to 2.4 V.

The median value of |V c8w,SET| as a function of the median value of Rc8w,OFF is plot-

ted in Fig. 4.22. All the bilayer devices show almost a linear dependence of |V c8w,SET|

on log(Rc8w,OFF). As suggested by Larentis, such a correlation between |V c8w,SET| and

log(Rc8w,OFF) can be modeled by a �eld driven ion hopping model [224]. That means

the increase of V +,max leads to an increased insulating gap length, which results in an

enhancement of Rc8w,OFF and |V c8w,SET|. As Fig. 4.21 (c,d) shows, the same V +,max can

lead to similar values of Rc8w,OFF in cells with Ti or TiN TE. This indicates that the

insulating gap length that dominates the electronic transport should be similar. In addi-

tion, for the same Rc8w,OFF value shown in Fig. 4.22, the cells with TiN TE (green square

and black diamond) require more |V c8w,SET| than cells with Ti TE (blue triangle and red

circle). This could originate from the di�erent SET mechanisms between the two types.
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Figure 4.21: Dependency of the characteristic switching parameters from V +,max in
the form of box plots for (a,b) V c8w,SET, V c8w,RESET and (c,d) Rc8w,ON, Rc8w,OFF in
Pt/3AO/3TO/Ti (blue) and Pt/3TO/3AO/Ti (red), Pt/3TO/3AO/TiN (black) and
Pt/3AO/3TO/TiN (green) stacks, respectively. The data for each varied parameter is
taken from Fig. 4.20 for 20 cycles.

Figure 4.22: |Vc8w,SET | as a function of of log(Rc8w,OFF ) obtained from the median values
in Fig. 4.21.
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Current compliance in�uence on c8w BRS

To describe the in�uence of current compliance amplitude (|ICC|) on c8w BRS, the rep-

resentative I(V ) curves of the two bilayer stacks with Ti or TiN TE are summarized in

Fig. 4.23.

Figure 4.23: The in�uence of |ICC | on I(V ) behavior in (a) Pt/3AO/3TO/Ti, (b)
Pt/3TO/3AO/Ti, (c) Pt/3AO/3TO/TiN, (d) Pt/3TO/3AO/TiN stacks. The applied
V +,max are given under the stack and the |ICC | variation is listed in the lower-right cor-
ner of each graph.

Bilayer cells with Ti top electrode show a similar |ICC| dependence. As |ICC| increases,

the current level for LRS increases and the required RESET voltage increases as well (see

Fig. 4.23 (a-b)). On the contrary, the in�uence of |ICC| di�ers in Pt/bilayer/TiN cells. In

Fig. 4.23 (c) the Pt/3AO/3TO/TiN cell shows an |ICC| independent LRS, and no visible

changes on the RESET curves. The Pt/3TO/3AO/TiN cell in Fig. 4.23 (d), however, has

an opposite e�ect, i.e. the higher the |ICC| values, the lower the current level for LRS.

The box plots in Fig. 4.24 (a,b) describe the statistical in�uence of the current compli-

ance on SET and RESET voltages in the four stacks. Regarding the |ICC| dependence of

SET and RESET voltages, the variation of the oxide stack from 3AO/3TO to 3TO/3AO

results in minor changes of the trend for both bilayer cells with Ti TE (red and blue in

Fig. 4.24 (a)) and TiN TE (green and black in Fig. 4.24 (b)). However, the in�uence of

|ICC| on the read-out resistance for LRS and HRS di�ers between two di�erent electrodes.
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Figure 4.24: (a,b) Box plots of V c8w,SET and of V c8w,RESET from Fig. 4.23
in Pt/3AO/3TO/Ti (blue), Pt/3TO/3AO/Ti (red), Pt/3AO/3TO/TiN (green),
Pt/3TO/3AO/TiN (black) stacks. (c,d) The corresponding box plots of Rc8w,OFF and
of Rc8w,ON for these four stacks.

As the increase of |ICC| mainly reduces the LRS in bilayers with Ti electrode, the devices

with TiN electrodes show either |ICC| independence on LRS (green box in Fig. 4.24 (d))

or no stable in�uence on both HRS and LRS (black box in Fig. 4.24 (d)).

Similar to Fig. 4.14, the |V ON,cell| and RS values in the Pt/3TO/3AO/Ti cell can be

estimated from �tting based on equations (4.3), (4.4) and (4.7). The plots of |ICC| against

|V0|, |ICC| against Rc8w,ON and V c8w,RESET against Rc8w,ON are illustrated in Fig. 4.25 (a)

to (c), respectively. Firstly, a linear dependence in Fig. 4.25 (a) is observed and indicates

the validity of equation (4.3), considering the series resistance and current compliance

e�ect on the switching behavior. Furthermore, these �ttings in Fig. 4.25 (a) to (c) suggest

consistently that both |V ON,cell| and |V c8w,RESET| are around 0.5 V and RS is around

1.3 kΩ, since the variation from the three �ts are in the range of error. However, for other

bilayer cells with either Ti or TiN as TE, the trend does not �t the model. The validity

of the model shown in Pt/3TO/3AO/Ti and Pt/5AO/Ti cells indicates a symmetric c8w

BRS process in these cells.
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Figure 4.25: (a) The �ltered value of |V0| as the function of |ICC | for a Pt/3TO/3AO/Ti
cell from Fig. 4.23 (b). (b) The �ltered value of Rc8w,ON as the function of |ICC | from
Fig. 4.23 (a). (c) The �ltered value of V c8w,RESET as the function of Rc8w,ON.

Endurance in bilayer cells

Endurance tests for c8w BRS in two Pt/bilayer/Ti cells reveal the in�uence of oxide orders

on the switching stability. Fig. 4.26 (a) shows the representative endurance result for one

Pt/3AO/3TO/Ti cell, while the endurance results with similar voltage pulse amplitudes

but di�erent pulse lengths in one Pt/3TO/3AO/Ti cell are summarized in Fig. 4.26 (b,c).

The black and red dots represent the Rc8w,ON and Rc8w,OFF values at a read pulse of -0.3 V

with cycle numbers on logarithmic scale, respectively. The grey lines in Fig. 4.26 (b,c)

illustrate the read-out values during each pulse cycle. The black- and red dots are chosen

from grey curves within a certain interval to make the trends clear.

As Fig. 4.26 (a) shows, switching the Pt/3AO/3TO/Ti cell at SET pulse of -1.3 V

and at RESET pulse of 1.75 V enables stable c8w BRS cycles up to at least 105. The

resistance ratio can be sustained at around ten. In Fig. 4.26 (b,c) the Pt/3TO/3AO/Ti

cell shows an in�uence of both V SET,pulse and pulse length (tpulse) on the resistance ratio.

However, neither of these control parameters can enhance its endurance over 104 cycles.

Figure 4.26: The endurance test was applied (a) in a Pt/3AO/3TO/Ti cell with pulse
length tpulse = 1 µs. (b) and (c) represent the endurance test in a Pt/3TO/3AO/Ti cell
with tpulse = 100 µs and tpulse = 1 µs, respectively. The applied SET and RESET pulses
are listed in each graph.
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Compared to the cells with 104 endurance cycles, like Pt/5AO/Ti and Pt/3TO/3AO/Ti,

Pt/3AO/3TO/Ti shows a 10 times higher endurance. As the �rst two stacks have nat-

urally formed interfacial TiOx layer at the Al2O3/Ti interface, the Pt/3AO/3TO/Ti cell

has an arti�cial ALD grown 3 nm TiOx layer between Al2O3 and Ti electrode. The higher

endurance in cells with arti�cial TiOx layer might indicate the stabilizing e�ect of TiOx

for the performance optimization.

4.3.2 E�ect of Al2O3 thickness

Besides the order of the oxide layers and the electrode material, the thickness of each

oxide layer should also play an important role for the c8w BRS behavior. In this section

the initial state and the I(V ) characteristics of c8w BRS in the Pt/Al2O3/3 nm TiO2/Ti

stack with di�erent Al2O3 layer thicknesses is studied and compared (see Fig. 4.27).

The red curves in Fig. 4.27 (a-c) represent the 1st cycle. In detail, the 1st nega-

tive branch describes the initial leakage and a possible electroforming behavior. The

Pt/1AO/3TO/Ti cells show a relatively high conductivity at the initial state (Fig. 4.27

(a)). Therefore, this structure does not require an extra electroforming step. In contrast,

Figure 4.27: Characteristic I(V ) curves of the in Pt/AO/3TO/Ti structures with (a)
1 nm Al2O3, (b) 2 nm Al2O3 and (c) 3 nm Al2O3 layer. The red curves in (a-c) represent
the 1st cycle including the initial state, a possible electroforming and the subsequent RE-
SET process. The grey curves show the next c8w BRS. The electrical parameters are given
in each graph. (d) The dependence of |VFr| and |Vc8w,SET | as a function of the Al2O3 layer
thickness. The median values of |VFr|/|Vc8w,SET | in (d) are gathered from 10/9, 39/10,
46/26 cells for 1 nm, 2 nm, 3 nm Al2O3 respectively. The data from SET-free process are
excluded.
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the insulating initial state in Pt/2AO/3TO/Ti and Pt/3AO/3TO/Ti cells requires an

electroforming step at a voltage that exceeds the SET voltage of c8w BRS (Fig. 4.27

(b,c)). The corresponding electroforming and SET voltage amplitudes are summarized

in Fig. 4.27 (d) as red dots and black circles, respectively. Comparing the two red dots,

the |V Fr| is enhanced from 1 V to 3 V by increasing the thickness of the Al2O3 layer from

2 nm to 3 nm. On the contrary, the |V c8w,SET| shows an opposite dependence on the

Al2O3 layer thickness. Without the Al2O3 layer, the |V c8w,SET| value in Pt/TiO2/Ti cells

is more than 2 V. For 1AO3TO stack, this value is reduced to 1.5 V, whereas for 2AO3TO

and 3AO3TO the |V c8w,SET| saturates around 1 V. This clear di�erence of Al2O3 thickness

dependence between |V Fr| and |V c8w,SET| indicates di�erent mechanisms of electroforming

and c8w SET process in these stacks.

4.3.3 Dicussion of redox reactions

In summary, the former sections discussed both electroforming and c8w BRS character-

istics investigated in the bilayer devices to clarify the in�uence of the electrode variation

and oxide stack variation. Focusing on the yield of successfully electroformed devices, the

required voltage for the c8w SET and RESET operation as well as the resistance ratio be-

tween HRS and LRS, the cells with Ti electrode show a better performance than the cells

with TiN electrode, and the oxide stack variation shows a slight in�uence. Additionally,

all the bilayer devices show an increased HRS by increasing V +,max. Among them, cells

with Ti electrode show a more stable multilevel type resistive switching, which show a

good potential to produce electronic neurons and synapses for neuromorphic computing

applications [225,226]. Moreover, regarding the |ICC| dependence, bilayer devices with Ti

electrode reveal a clear LRS reduction by arising |ICC|, while the devices with TiN show

neither clear nor stable |ICC| dependence. These observations indicate that the electrode

plays a more dominant role in the switching behavior.

The e�ect of the two top electrodes can be explained considering the oxygen vacancy

formation energy in various material systems. For an asymmetric Pt/oxide/TE system,

the oxygen vacancy can be generated by the following reaction [22] between the chemical

active metal electrode (M∗) and the switching metal oxide (MO) layer:

2O X
O(MO) + 4M X

M(MO) + M∗XM∗(M∗) ↔ 2V••O(MO) + 4M
′

M(MO) + M∗O2 + V
′′′′

M∗(M∗) + 4h•, (4.8)

where MM(MO) means an M atom on an M-metal site in the MO metal oxide given by

a Kröger-Vink notation, "X" stands for the neutral state, " ′ " and " ′′′′ " stand for one

and four negative charges, respectively. h• is the hole with one positive charge.

Hence, the oxygen vacancies are formed in the metal oxide (MO) layer, which could

contribute to the �lament formation process. Since the formation process of oxygen

vacancies in the oxide is accompanied by the simultaneous oxidation of the employed
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electrode, the oxygen vacancy formation energy EVo(µ(O)) in an arbitrary oxide can

be correlated with the oxygen chemical potential (µ(O)) in the metal electrode by the

following equation [218]:

EVo(µ(O)) = EVo(0) + µ(O), (4.9)

where EVo(0) is the reference value for µ(O) = 0 eV, that is equivalent to the oxygen-rich

limit, i.e. contacting with oxygen molecules [156,227].

The oxygen vacancy formation energy in the oxygen-rich limit (EVo(0)) for TiO2 is

around 6 eV [227], and for Al2O3 this value is around 7 eV [156]. The chemical potential of

oxygen (µ(O)) in Ti is around -5 eV, which is also described as the oxide heat of formation

per O atom in Ti. Based on equation (4.9), the oxygen vacancy formation energy at the

Al2O3/Ti or TiO2/Ti interface can be estimated as ≈ 2 eV and ≈ 1 eV, respectively [218].

However, this di�erence can not directly explain the di�erence of electroforming voltage

between the two Pt/Al2O3/Ti and Pt/TiO2/Ti single-layer stack, since the oxides might

be not completely stoichiometric in their initial states. Moreover, as Fig. 4.28 shows, the

oxygen vacancy formation energy in Al2O3 contacted with TiN electrode is higher than in

Al2O3 contacted with Ti electrode. This explains well the lower |V Fr| in Pt/3TO/3AO/Ti

cells than in Pt/3TO/3AO/TiN cells.

Figure 4.28: Oxygen vacancy formation energy in Al2O3 and TiO2 layers connecting with
di�erent metals. The data used to calculate the relation of oxygen vacancy formation
energy and O chemical potential are gathered from [218,219].

By considering the oxygen vacancy formation energy during c8w BRS processes, the

endurance behavior can be understood. Since the OEL has been oxidized particially

through the electroforming process and previous c8w cycles, the reaction between oxidized

OEL and underlying oxide reads [22]:

OX
O(MO) + 2MX

M(MO) +V••O(M∗O) + 2M∗
′

M∗(M∗O) ↔ V••O(MO) + 2M
′

M(MO) + 2M∗XM∗(M∗O) +OX
O(M∗O)

(4.10)
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Here the oxygen vacancies in the partially oxidized OEL could migrate into the ad-

jacent metal oxide, which only results in the metal ion valence change. For the OEL in

contact with its own oxide, i.e. TiO2/Ti contact, the oxygen vacancy formation energy

on two sides are equal, which renders an unexpected migration of oxygen vacancies (V��

o ).

However, for cells with an Al2O3/Ti interface, the oxygen vacancy formation energy in

Al2O3 (MO) is higher than in the interfacial TiOx layer (M∗O) at the Al2O3/Ti inter-

face, which means the oxygen vacancy is preferred to form in the TiOx and the Al2O3

layer is simultaneously reoxidized. This oxygen vacancy exchange leads to an unexpected

breaking of oxygen vacancy �lament in the Al2O3 layer, which could be the origin of low

endurance cycles in cells with Al2O3/Ti interface, namely Pt/3TO/3AO/Ti, Pt/2AO/Ti

and Pt/5AO/Ti in comparison to Pt/3AO/3TO/Ti cells, which have a thicker arti�cial

TiO2 layer deposited by ALD to avoid direct oxygen vacancy exchange between Al2O3

and Ti.

For the Al2O3 thickness dependence of electroforming voltage in Pt/2AO/3TO/Ti

and Pt/3AO/3TO/Ti devices, both the interface of TiO2/Ti and Pt/Al2O3 are impor-

tant. Since the oxygen vacancy formation energy at the Pt/Al2O3 interface (≈ 7 eV) is

higher than at the Pt/TiO2 interface (≈ 6 eV) [218], the thicker Al2O3 would inhibit the

introduction of oxygen vacancies from the Pt interface. Therefore the increased Al2O3

thickness raises the required amount of oxygen vacancies for constructing the conduc-

tive path from the TiO2/Ti interface, which requires a electroforming step and a higher

electroforming voltage amplitude.

4.4 Comparison of the BRS performance in single-layer

and bilayer devices

As revealed in the previous sections, the interface between OEL electrode and oxide plays

a notable role for c8w BRS in single-layer and bilayer devices. With a more detailed

comparison between single-layer and bilayer devices in the following, the understanding

of the impact from the interfacial layer could be improved. As discussed in section 4.2.2

a metal with a low oxidation enthalpy like Ti, Hf or Ta enables the switching in the oxide

layer by the exchange of oxygen ions. Several works reveal the importance of engineering

the metal OEL by variation of the material [22] or the thickness [228]. By means of

the interfacial engineering, a thin interfacial TiOx layer can be formed due to an oxygen

exchange reaction between Al2O3 and Ti. In this way, the Pt/Al2O3/Ti stacks are de�ned

as the devices without (w/o) 3 nm TiO2 arti�cial layer. Otherwise, if a 3 nm TiO2 layer

is intentionally added, namely the Pt/Al2O3/3 nm TiO2/Ti stacks, devices are de�ned as

the ones with an arti�cial ALD TiO2 layer. Here, the integer value is used as the layer

thickness.
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2 nm Al2O3 with and without arti�cial TiO2 layer

The cumulative distribution functions of the initial state and the electroforming voltage

(V Fr) for 2 nm Al2O3-based devices are listed in Fig. 4.29 to provide an overview on

the functionality of an arti�cial TiO2 layer between the Al2O3 and Ti top electrode. As

Fig. 4.7 shows, the CDF of |V Fr| and the resulting EBR of Al2O3 �lms sandwiched between

a Pt and a Ti electrode or between symmetric Pt electrodes show distinct features. The

reduced median value of |V Fr| provides an evidence of a local reduction of the Al2O3

layer by means of an oxidation of the Ti OEL. By intentionally adding a 3 nm arti�cial

TiO2 layer between 2 nm Al2O3 layer and Ti OEL, the initial resistance (Rinitial) of the

pristine cells increases by a factor of 10 and reduces the spread of the CDF (see claret-red

solid circles in Fig. 4.29 (a)). Although the Pt/2AO/3TO/Ti cells are more insulating,

the median value of V Fr is only slightly lower than the value for the cells without the

arti�cial layer (Fig. 4.29 (b)). Since the Pt/3 nm TiO2/Ti cells show a highly conductive

nature, this increase of |V Fr| in the Pt/2AO/3TO/Ti devices is attributed to a suppression

of the oxygen exchange reaction between Ti OEL and Al2O3 by insertion of the arti�cial

layer. Additionally, for the same stack no signi�cant area dependence of |V Fr| between

(100 nm)2 and (80 nm)2 is observed (Fig. 4.29 (b,c)), which indicates a �lamentary-type

switching.

Al2O3-based devices with or w/o arti�cial TiO2 layer show stable c8w BRS behavior

with minor variations. Switching at the same electrical parameters, namely RESET

stop voltage of 2.0 V and current compliance amplitude of 50 µA, the two stacks show

Figure 4.29: Comparison of the three Pt/oxide(s)/Ti stacks: 3 nm TiO2 (blue open
square), 2 nm Al2O3 with (claret-red solid circle) and without (pink open circle) an ad-
ditional 3 nm TiO2 arti�cial layer. (a) The read-out initial resistance (Rinitial) of the
pristine cells measured at -/+0.3 V, (b) VFr of cells from (a). The CDF plots comprise
measurements of 38, 45 and 88 cells with (100 nm)2 cells, respectively. (c) CDF plots of
VFr for about 50 cells with (80 nm)2 size for each stack. Solid and open pentagon stand
for 2 nm Al2O3-based cells with and without 3 nm TiO2 arti�cial layer, respectively.
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similar statistics of SET and RESET voltages with median values of -1.0 V and +1.0 V,

respectively (Fig. 4.30 (a)) as well as the two read-out resistance states with median values

of ≈ 6 kΩ and ≈ 250 kΩ, respectively (Fig. 4.30 (b)). Especially, the spread of CDF plots

for the LRS is reduced in devices with the arti�cial layer. Based on these statistical results,

the e�ect of the arti�cial TiO2 at the interface between the thin insulating Al2O3 layer

and Ti OEL can be summarized as follows: �rst, the initial resistance and electroforming

voltage are increased due to an inhibited oxygen ion exchange between Al2O3 and Ti OEL.

Second, once the device is electroformed, the arti�cial TiO2 layer will not disturb the c8w

BRS behavior, but can enhance the switching stability to a certain extend. However,

the 2 nm Al2O3-based devices even with arti�cial layer show no RESET stop voltage

in�uence on the HRS. Keeping ICC = 150 µA, V -,max = -1.5 V and repeating 20 cycles

for each RESET stop voltage, the Pt/2AO/3TO cell with (100 nm)2 cell size show an

almost unchanged median value of read-out resistance for LRS of ≈ 6 kΩ and for HRS

of ≈ 70 kΩ, although the V +,max varies from 1.4 V to 2.6 V with 0.2 V increment. The

endurance test for the ultra-thin 2 nm Al2O3 layer is shown in Fig. 4.30 (c). The memory

window is limited to about several tens, and the endurance is limited to about 104 cycles.

Figure 4.30: Comparison of the switching characteristics of (80 nm)2 Pt/2 nm Al2O3/Ti
cells without (pink open pentagon) and with a 3 nm TiO2 arti�cial layer (claret-red solid
pentagon). (a) SET and RESET voltage distributions, (b) the read-out resistance for
LRS and HRS. The CDF plots comprise measurements of 32 and 21 cells, respectively.
(c) Endurance test for a (80 nm)2 Pt/2 nm Al2O3/Ti cell. The operation pulses are listed
in the graph.

5 nm Al2O3 compared to 3 nm Al2O3/3 nm TiO2

To enlarge the memory window a Pt/oxide(s)/Ti stack including a thicker Al2O3 layer

with and without the same 3 nm TiO2 arti�cial layer is compared and discussed here.

The Pt/5 nm Al2O3/Ti stack can be considered as the cells without an arti�cial layer

and Pt/3 nm Al2O3/3 nm TiO2/Ti as the cells with an arti�cial layer.
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For a similar total layer thickness, Pt/5AO/Ti cells require a higher electroforming

voltage amplitude in comparison to the Pt/3AO/3TO/Ti devices (see Fig. 4.31 (a)). This

increase of |V Fr| should originate from the thicker insulating Al2O3 layer in Pt/5AO/Ti

cells. Reproducible c8w BRS loops are observed in both stacks (Fig. 4.31 (b,c)), showing

not only the similar operation voltages (Fig. 4.31 (d)), but also the same stable read-out

resistance ratio over 102 (Fig. 4.31 (e)). Due to the larger spread of CDF for LRS in

cells without an arti�cial layer, Pt/3AO/3TO/Ti cells show a more stable LRS. This

trend is in good agreement with the thinner 2 nm Al2O3-based cells. Although for the

same switching parameters, a higher read-out resistance value for HRS can be seen in

Pt/5AO/Ti devices than in Pt/3AO/3TO/Ti devices (Fig. 4.31 (d)), but also the same

stable read-out resistance ratio over 102 (Fig. 4.31 (e)), the endurance characteristics

for 1 µs pulses with relative low pulse amplitudes, namely |V SET,pulse| = 1.25 V to 1.3 V,

|V RESET,pulse| = 1.75 V, reveals a 10 times higher cycling stability for the cells with arti-

�cial layer than cells without arti�cial layer (Fig. 4.31 (f)).

As a conclusion, the arti�cial TiO2 layer can strongly improve the endurance through

suppressed interfacial reaction between Al2O3 and Ti OEL. Therefore an arti�cial TiO2

layer is recommended for a stable c8w BRS in Al2O3-based devices.

Figure 4.31: Comparison of the statistics of Pt/5 nm Al2O3/Ti (magenta square) and
Pt/3 nm Al2O3/3 nm TiO2/Ti (blue triangle) with (100 nm)2 cell size: (a) CDF plots of
VFr, (b,c) I(V ) characteristics with the same electrical parameters, (d) SET voltage and
RESET voltage, (e) read-out resistance for HRS and LRS and (f) endurance performed
under 1 µs pulse. Figures are collected from the former sections.
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Chapter 5

Counter-eightwise switching

characteristics in pulse mode

To approach the industrial application, how fast the memory cell can switch is an impor-

tant criterion. In general, the write speed for VCM-type ReRAM devices can be reduced

several orders of magnitude from second to nanosecond accomplished by a slightly in-

creased operation voltage amplitude within one order of magnitude [39]. This strongly

non-linear voltage-time behavior of the SET kinetics originates from the ReRAM switch-

ing mechanism, which is related to the electric �eld and temperature dependent oxygen

vacancy motion. In this chapter, the SET (5.2 to 5.3) and RESET kinetics (5.4) was

studied in Pt/5 nm Al2O3/Ti single-layer cells and Pt/3 nm Al2O3/3 nm TiO2/Ti bilayer

cells showing stable c8w BRS behavior. The pulse measurements were performed through

pulse/read and transient pulse modes.

5.1 Overview of measurement schemes

For SET and RESET kinetic studies two di�erent pulse measurements were carried out.

One is the pulse/read mode via Keithley 4200 SCS setup. The general pulse train for SET

and RESET pulse measurements with the corresponding initiation conditions is drawn

in Fig. 5.1 (a) and (b), respectively. Details of the setup and the schematic description

of the pulse train are introduced in chapter 3 section 3.4.2.

The read-out resistance values (Rread) were recorded after the SET (V SET,pulse) or

RESET pulse (V RESET,pulse) was applied. The switching behavior in this pulse/read mode

was analyzed from the matrix of Rread as a function of operation pulse amplitudes and

the corresponding pulse length (tpulse), i.e. "heat graphs" (see sections 5.2.1 and 5.4).

For the SET kinetic study the transient current response upon fast voltage pulses was

performed by Agilent B1110A setup. The transient current was monitored continuously

during SET pulse. The SET time determined by the abrupt increase of the voltage signal
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Figure 5.1: Schematic illustration of (a) the SET pulse and (b) the RESET pulse mea-
surements with Keithley 4200 SCS system. The precycling is emphasized by circles.

and current signal was read out as well (for details see section 3.4.2). If no increase

of the current amplitude is observed during the SET pulse, this process is de�ned as

non-SET. The relation between tSET and the applied SET pulse amplitudes (|V SET,pulse|)

are investigated in section 5.2.2 and will be compared with the "heat graph" from the

pulse/read mode.

5.2 SET pulse variation

5.2.1 Pulse/read measurement

Two cells of single-layer and bilayer stacks showing typical I(V ) characteristics are chosen.

Based on the former voltage sweep measurements in section 4.4 the Pt/5 nm Al2O3/Ti

cells can generally reset to a more insulating HRS than the Pt/3 nm Al2O3/3 nm TiO2/Ti

cells by applying the same RESET stop voltage. For the two pulsed cells with the

same electrical parameters, namely V -,max = -1.75 V, V +,max = 2.3 V, |ICC| = 300 µA,

Rread = 33 MΩ and 3 MΩ were obtained for the single-layer and bilayer devices, respec-

tively. Therefore, the pre-conditions for a comparable SET process study of both cells

were adjusted to achieve Rpre,OFF values between 300 kΩ and 600 kΩ for the Pt/5 nm

Al2O3/Ti cell and between 240 kΩ and 490 kΩ for the Pt/3 nm Al2O3/3 nm TiO2/Ti cell

(see Fig. 5.1 (a)). For the SET process study, two parameters, i.e. the amplitude of

the SET pulse voltage (|V SET,pulse|) and the pulse length (tpulse) of the SET pulse were

changed in turn. In order to get a rough statistic, each variation was repeated for �ve

times.

Fig. 5.2 shows the change of Rread values obtained after application of increased pulse

voltage amplitude. Starting from the same HRS, the single-layer cell shows a gradual

increase of the read-out resistance for LRS starting at |V SET,pulse| = 0.95 V. The LRS

value stagnates at around 7-8 kΩ for |V SET,pulse| > 1.05 V (Fig. 5.2 (a)). In contrast, the

bilayer device shows a more abrupt onset of the SET event (Fig. 5.2 (b)). In addition,
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for |V SET,pulse| > 0.95 V the read-out values for LRS stay the same at 3-4 kΩ.

Figure 5.2: The SET behavior obtained for SET pulses length of 1 µs of (a) a Pt/5 nm
Al2O3/Ti cell with (80 nm)2 cell size and (b) a Pt/3 nm Al2O3/3 nm TiO2/Ti cell with
(100 nm)2 cell size. The values for HRS (solid dots) and for LRS (open dots) are read
out before and after SET pulse, respectively. The colored dash lines represent the almost
constant HRS of ≈ 400 kΩ. The black dash lines link the median value of LRS.

To give a better illustration, the read-out resistance values after the SET pulses are

shown in the form of "heat-graphs" in Fig. 5.3. The color codes the read-out resistance

values. The maps con�rm the observation of Fig. 5.2 that the SET process is more abrupt

in the bilayer cell than in the single-layer cell. Take Rread 6 10 kΩ as the criterion for a

successful SET process, the events with such resistances in the Pt/5 nm Al2O3/Ti cell lie

on a line with the slope of roughly 1 dec/0.075 V (Fig. 5.3 (a)). The corresponding slope

for the Pt/3 nm Al2O3/3 nm TiO2/Ti cell is approximated as 1 dec/0.05 V (see Fig. 5.3

(b)). These slope values describe the required voltage increment for a reduction of SET

Figure 5.3: Illustration of the read-out resistance against pulse length and SET pulse
voltage in (a) one Pt/5 nm Al2O3/Ti cell with (80 nm)2 cell size and (b) one Pt/3 nm
Al2O3/3 nm TiO2/Ti cell with (100 nm)2 cell size. The white dash lines mark the bound-
ary for the read-out resistance of ≈ 10 kΩ.
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pulse length by one decade and reveal quantitatively that the Pt/5 nm Al2O3/Ti cell

requires a higher increment of |V SET,pulse| than the Pt/3 nm Al2O3/3 nm TiO2/Ti device

for the same acceleration of the SET event.

5.2.2 Transient pulse measurement

To further investigate the SET kinetics, the relation between SET time and the voltage

amplitude of SET pulse should be discussed. Two Pt/5 nm Al2O3/Ti cells were tested

and the results are plotted in Fig. 5.4. Regarding a considerable overlap between the

data points from the two cells, to distinguish them, the plots are drawn in two graphs.

The SET time expands from 20 ns to 0.1 s with voltage amplitude ranging from 1.1 V to

0.8 V. In addition, to compare the results between pulse/read mode and transient pulse

mode, a black line being equal to the white dash line in Fig. 5.3 (a) is added to Fig. 5.4

(a), which marks the boundary between the successful SET and the failed SET events.

Figure 5.4: (a) and (b) SET time as a function of the applied SET pulse amplitude in
two (100 nm)2 Pt/5 nm Al2O3/Ti cells. The black line in (a) with the estimated slope
1 dec/0.075 V is taken from Fig. 5.3 (a).

Although the data for tSET - |V SET,pulse| relation in Fig. 5.4 (a) can match the black

line in a certain range, it has to be mentioned that the SET pulse length (tpulse) and SET

time (tSET) are still di�erent from each other and this limited correspondence can only

indicate a qualitative consistent SET kinetics between di�erent Pt/5 nm Al2O3/Ti cells.

As revealed by simulation studies [39], the SET process in VCM cells is a �eld accelerated

and Joule heating-assisted drift/di�usion process of oxygen vacancies. To exactly describe

and undestand the non-linearity of the switching kinetics, an analytical method, namely

ion hopping model that shows an s-shaped log(tSET) - V SET,pulse relation [229], prevails

more over the straight line. Therefore, for a more exact interpretation of the SET kinetics,

the ion hopping model is applied and the results are presented in the next section.
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5.3 SET kinetic modelling

Before applying the ion hopping model to the experimental data shown in Fig. 5.4, some

constant parameters used in the model can be �rstly extracted from the non-SET pulses.

Since the two Pt/5 nm Al2O3/Ti cells have the similar read-out resistance values for

HRS under the same voltage pulse, to re�ne the resistance range, the read-out value of

(500 ± 100) kΩ are chosen. The applied pulse voltages and the corresponding read-out

current values, namely the cyan dots, reveal in good accordance with the black I(V )

curves from DC voltage sweep experiments (see Fig. 5.5). It has to be mentioned that

the cyan dots with higher voltage amplitudes showing non-SET event, like -1 V in cell

1 (Fig. 5.5 (a)), always have a shorter pulse length, e.g. 10−6 s. On the contrary, the

I(V ) curves from DC voltage sweep operated by a stepwise increment of 20 mV after

a 10 ms delay time show a lower required SET voltage amplitude in second time scale

(black curves in Fig. 5.5 (a)). The behavior corresponds with the non-linearity of the

SET kinetics.

Assuming a diode-like character of the disc region and a serially connected resistance

for the plug [230], the voltage (V disc) applied on the disc region controls the current

(Ipre-SET) before SET. To describe the current-voltage relation of the HRS and considering

the possible contribution of the series resistance (RS), the equation suggested by Ortiz-

Conde [231] is applied:

Ipre-SET = I0 ·
[
exp

(
q · V SET,pulse − Ipre-SET ·RS

ηkBT 0

)
− 1

]
, (5.1)

where V disc = V SET,pulse - Ipre-SET·RS, I0 is the saturation current, η is the ideality factor,

kB the Boltzmann constant, q is the elementary charge, T 0 the temperature in the cell,

Figure 5.5: I(V ) curves measured at di�erent modes: black lines represent the DC voltage
sweep cycles, cyan dots are the plots of read-out current as a function of applied SET
pulses obtained from non-SET process. The red lines are �ts. Curves in (a) and (b) were
performed in two Pt/5 nm Al2O3/Ti cells with (100 nm)2 cell size. The resistance range
for cyan dots and the simulation parameters by MATLAB are listed in Tab. 5.1.
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which should be constant at about 300 K guaranteeing the absence of ionic mobility. As

suggested by Sze, η close to unity indicates thermionic emission, while η > 1 hints on a

tunneling process [109].

However, to solve such a transcendental equation (5.1), numerical solutions are given

based on Lambert's function W (x), which satis�es W (x)· exp(W (x))= x [232]. The

calculation of this function is supplied by the commercial MATLAB® software (academic

license from RWTH Aachen). The solution of the equation (5.1) is described as:

Ipre-SET = −I0 +
ηkBT 0

qRS
·W

(
qI0RS

ηkBT 0
· exp

(
q · V SET,pulse + I0RS

ηkBT 0

))
. (5.2)

By applying η = 6, I0 = 0.2 µA and RS = 1 kΩ, the extended cyan dots for HRS in

Fig. 5.5 can be �tted well with red lines. These three parameters obtained from �tting

will be set as constant and be applied in the following ion hopping model.

In the ion hopping model, the SET process is described as the drift of oxygen vacancies

through an oxygen depleted region under the voltage (V disc) applied on this region. The

drift velocity (vdrift) is described by the Mott-Gurney law:

νdrift = af · exp

(
− WA

kBT disc

)
· sinh

(
2q · a

2kBT disc
· V disc

ldisc

)
, (5.3)

where a is the hopping distance, f is the ion hopping attempt frequency, WA is ion

hopping barrier for oxygen vacancies at zero �eld, 2q is the charge of the hopping ions

and ldisc is the depletion region length. Since the sinh(x) can be expanded as sinh(x) =

exp(x)− exp(−x)

2
, the term "exp(x)" describes the lowering e�ect of the hopping barrier

along the direction of the electric �eld and the term "exp(−x)" is dedicated to the barrier

increase e�ect against the electrical �eld. In consequence, the term "sinh(x)" describes

the resultant e�ect induced by the applied �eld.

Assuming a homogeneous and steady drift process of oxygen vacancies and the hop-

ping barrier lowering e�ect is mainly considered across the disc region, the time needed

for the SET process is described as [230]:

tSET =
ldisc
νdrift

=
ldisc
af
· exp

(
WA

kBT disc

)
·
[
sinh

(
2q · a

2kBT disc
· V disc

ldisc

)]−1
(5.4)

The local temperature T disc is approximated as follows [233]:

T disc = T 0 +Rth · V disc · Ipre-SET, (5.5)

where T 0 is the ambient temperature assumed as 300 K afore the SET process, Rth is

the e�ective thermal resistance, which is dependent on both the thermal property and

the geometry of the �lament [39]. The term "Rth·V SET,pulse·Ipre-SET" accounts for the

temperature increase regarding the Joule heating [39].
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Although the estimated RS of 1 kΩ is much lower than the total resistance for HRS

(Rread > 100 kΩ), the voltage drop on RS was still taken into consideration. Combining

equations (5.4), (5.5) and V disc = V SET,pulse - Ipre-SET·RS, the SET time can be expressed

as:

tSET =
ldisc
af
· exp

(
WA

kB (T 0 +Rth · V SET,pulse · Ipre-SET)

)
·
[
sinh

(
2q · a

2kB (T 0 +Rth · V SET,pulse · Ipre-SET)
· V SET,pulse − Ipre-SET ·RS

ldisc

)]−1
,

(5.6)

Beside the prede�ned values for I0, RS and η, several other constants and restrictions

should be discussed as well. The hopping frequency in the range of 1012 Hz is assumed

to be constant and takes the value of 6.67·1012 Hz as suggested by other SET kinetic

studies [230]. As suggested by Menzel [39], the a/ldisc ratio should be 6 1/5, regarding

the physically reasonable values of a and ldisc. The remaining parameters are obtained

by applying equation (5.6) to simulate the tSET - |V SET,pulse| relation. The best matching

simulation result and the optimized parameter values are summarized in Fig. 5.6 and

Tab. 5.1.

Although the simulation parameters are optimal for the matching to the experimental

data, their validity in the sense of physics should be discussed as well. As WA and Rth

can strengtheningly in�uence the �nal form of simulated curves, the in�uence of each

parameter will be discussed separately. The e�ect on the curve shift of changing these

parameters can be found in [203] or in "Appendix B" in this work.

The simulated valueWA of 1.1 eV for both Pt/5 nm Al2O3/Ti cells is close to the acti-

Figure 5.6: SET time as a function of the applied SET pulse amplitude in two Pt/5 nm
Al2O3/Ti cells from Fig. 5.5. The experimental data are depicted as dots and the model
calculation as the red line. The resistance range for dots and the best simulation param-
eters are summarized in Tab. 5.1.
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Parameters Values
Rread for HRS (kW) 400 - 600
Rread for LRS (kW) 6 10
Rs (kΩ) 1
I0 (µA) 0.2
η (-) 6
WA (eV) 1.1
Rth (K/W) 6·106
f (Hz) 6.67·1012 [233]
T0 (K) 300
ldisc/a 5

Table 5.1: The resistance range for dots and the simulation parameters applied for the
red line in Fig. 5.6.

vation energy of V��

o di�usion of 1.26 eV in the 2 nm Al2O3 �lm suggested by a simulation

work [234].

For the e�ective thermal resistance Rth, the best suitable value is 6·106 K/W obtained

from the simulation. As suggested by Russo et al. [235], for a homogeneous thermal

conductive �lament with two electrodes as thermal sinks, the e�ective thermal resistance

can be described as:

Rth =
1

8κ
· l�lament
A�lament

, (5.7)

where l�lament is the length of the whole �lament, which is equivalent to the oxide layer

thickness, A�lament is the cross-sectional area of �lament and κ is the thermal conductiv-

ity of the �lament. For Pt/5 nm Al2O3/Ti cells, l�lament = 5 nm, Rth = 6·106 K/W and

A�lament is assumed to be 100 nm2 regarding the high-resolution TEM result in chap-

ter 6, κ is calculated to be 1.04 W/(K·m). This value is close to the reported value of

1.4 W/(K·m) for room temperature [236]. Generally, a higher Rth value can lead to an

enhancement of the Joule heating e�ect and strengthen the temperature increase by a

slight voltage increment. This contributes to a drastic change of the SET time.

5.4 RESET pulse variation

The RESET behavior of the cells was performed in a pulse/read mode (see Fig. 5.1 (b)).

Details for the pulse train and conditions to initiate the RESET pulse are given in section

3.4.2.

Figures 5.7 (a) and (c) show the typical I(V ) characteristics for Pt/5 nm Al2O3/Ti

and Pt/3 nm Al2O3/3 nm TiO2/Ti cells, respectively. To minimize the probable voltage

divider e�ect, Rpre,ON should be ≈ 10 kΩ. For the single-layer device the Rpre,ON value

can be well de�ned as 10-17 kΩ, however, due to the abrupt SET process for the bilayer

device, Rpre,ON value is always ranging from 3 to 12 kΩ.
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5.4. RESET pulse variation

Figure 5.7: Typical I(V ) curves obtained from V +,max = 2.3 V and |ICC | = 300 µA for
(a) one Pt/5 nm Al2O3/Ti cell with (80 nm)2 cell size and (c) one Pt/3 nm Al2O3/3 nm
TiO2/Ti cell with (100 nm)2 cell size. (b) and (d) show the V RESET,pulse dependent Rread

for HRS (solid dots) and LRS (open dots) in two (80 nm)2 single-layer and bilayer cells,
respectively. The RESET pulse length is kept as 1 µs.

After reaching the de�ned Rpre,ON value the RESET pulse is applied. The read-out

resistance values (Rread) are recorded after the RESET operation and are plotted as the

function of RESET pulse voltage (V RESET,pulse) for a pulse length of 1 µs (see Fig. 5.7

(b,d)). The read-out resistance values before and after RESET pulse shows a higher

statistical variance in the bilayer cell (Fig. 5.7 (d)) than in the single-layer cell (Fig. 5.7

(b)). To reset the cell to at least 100 kΩ, the RESET pulse should exceed 1.4 V for the

single-layer cell and 1.6 V for the bilayer cell.

To give a better illustration, the "heat-graphs" are applied (see Fig. 5.8). Taking the

resistance of 100 kΩ as a criterion for a successful RESET event (cyan box in Fig. 5.8 (a)

and green box in Fig. 5.8 (b)), the white guide line separate the cells with and without the

de�ned RESET event. The slope of around 1 dec/0.1 V for both Pt/5 nm Al2O3/Ti and

Pt/3 nm Al2O3/3 nm TiO2/Ti cells indicates a similar RESET non-linearity. However,

the required V RESET,pulse value to obtain the same read-out HRS value di�ers signi�cantly.

Taking 100 kΩ by a pulse length of 1 µs as one example, the V RESET,pulse value should

exceed 1.5 V for the single-layer cell compared to about 1.75 V for the bilayer cell.

As reported by Lentz, the line resistance of 5 Ti/15 nm Pt in (100 nm)2 sized nano-
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Chapter 5. Counter-eightwise switching characteristics in pulse mode

Figure 5.8: Illustration of the read-out resistance against pulse length and RESET pulse
voltage in (a) one Pt/5 nm Al2O3/Ti cell and in (b) one Pt/3 nm Al2O3/3 nm TiO2/Ti
cell with the same (80 nm)2 cell size. The white dash lines mark the boundary for the
read-out resistance of ≈ 100 kΩ.

structure is around 1.3 kΩ measured at room temperature [197]. Therefore, it is rea-

sonable to considered the series resistance RS to be within the range of 1.3 kΩ. For an

abrupt and successful SET event in the bilayer cells, the LRS can reduce to ≈ 2 kΩ that

is closed to the series resistance. This leads to a non-negligible partial voltages due to

the series resistance RS. The applied voltage (V RESET,pulse) should be divided into two

parts: the voltage (V RESET,cell) across the switching oxide layer and the voltage on the

series resistance. This voltage divider-e�ect can cause a larger required V RESET,pulse in

the bilayer cell.

To further support the voltage divider-e�ect, here, a Pt/5 nm Al2O3/Ti cell is taken

as one example, whose RESET transient current behavior was obtained from Rpre,ON of

about 2 kΩ. Fig. 5.9 (a) shows that for the same V RESET,pulse value the applied RESET

pulse length (tpulse) can approach the required RESET time (tRESET). The read-out

resistance values support the determination of the approached value. Plotting the tRESET
(black square) as a function of applied V RESET,pulse in Fig. 5.9 (b), the linear �t gives a

slope of 1 dec/0.16 V. Comparing the RESET behavior from cells with Rpre,ON of ≈ 2 kΩ

(cyan dash line) and >10 kΩ (black dash line), a clear shift to higher voltage amplitudes

accompanying with a di�erence in the slope can be seen in this plot.

An interpretation of the RESET behavior can be more meaningful, if a complete

simulation of the actual cell can be applied with proper identi�cation of di�erent elements.

However, for a analytical method, starting the RESET study from a higher resistance

state, like for example 10 kΩ for the nano-crossbar cells in this work, can help to make

the voltage divider e�ect marginal.
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Figure 5.9: (a) The transient current response with the applied V RESET,pulse of 1.8 V
in one (100 nm)2 Pt/5 nm Al2O3/Ti cell with Rpre,ON ≈ 2 kΩ for LRS. The tested pulse
lengths were listed as legend. (b) The plot of tRESET against V RESET,pulse for two Pt/5 nm
Al2O3/Ti cells. The black dash line is taken from cell with Rpre,ON = 10-17 kΩ. The cyan
dash line is the slope of the black square obtained from cells with Rpre,ON of around 2 kΩ.

5.5 Summary and discussion

In this chapter the SET and RESET kinetics are compared in two di�erent stacks, namely

the single-layer Pt/5 nm Al2O3/Ti and the bilayer Pt/3 nm Al2O3/3 nm TiO2/Ti stacks.

A direct overview of the SET and RESET behavior in pulse mode was performed by the

pulse/read measurements expressed as "heat-graphs" in Fig. 5.3 and Fig. 5.8, respectively.

A more abrupt SET event was observed in the bilayer cell and comparable RESET events

in both single-layer and bilayer cells. Comparing the SET and RESET events, the non-

linearity of kinetics in both single-layer (1 dec/0.075 V vs. 1 dec/0.1 V) and bilayer cells

(1 dec/0.05 V vs. 1 dec/0.1 V) are slightly asymmetric.

A deeper understanding of the SET kinetics for Pt/5 nm Al2O3/Ti cells is obtained

through a detailed analysis via transient pulse measurement. The ion hopping model

based on Mott-Gurney law for ionic drift of oxygen vacancies is applied to explain the

correlation between log(tSET) and |V SET,pulse|. Physically meaningful parameters �t the

experimental data well. As the characteristic material parameters, both the ion hop-

ping barrier (WA) of oxygen vacancies of 1.1 eV and the thermal conductivity (κ) of

1.04 W/(K·m) are in a range suggested by the literature. Other geometrical parame-

ters like the disc length (ldisc) of around 1.5 nm and �lament area (A�lament) assumed as

100 nm2 are supported by the tunneling �tting and high-resolution TEM in the next two

chapters. Moreover, the read-out I(V ) relation for HRS can also in�uence the kinetics

through the energy dissipation.

Under the frame of the ion hopping model, the involved parameters related to the

switching material, cell structure and electrical behavior could give a hint for device

engineering:
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Chapter 5. Counter-eightwise switching characteristics in pulse mode

1. Obtained either from experimental studies or from simulations, material related

parameters, like WA and κ can in�uence SET kinetics and thus could impact the

choice of oxide material for a ReRAM cell. According to the literature, κ of TiO2 and

Al2O3 �lms is reported as 7.5 W/(K·m) [237] and 1.5-3 W/(K·m) [236], respectively.
Concerning the cells with similar �lamentary geometry and showing similar I(V )

characteristics, this di�erence of κ can lead to a larger Rth value in Al2O3 single-

layer cells than in the cells comprising Al2O3 and TiO2. The impact of Rth on the

non-linearity of SET kinetics is listed in "Appendix B (a)". Similarly, WA can

supply the positive impact on the non-linearity of SET kinetic, i.e. the higher WA

leads to a higher non-linearity of SET kinetic.

2. The device structure could partially restrict the �lament geometry, like A�lament <

Acell and the �lament length (l�lament = ldisc + lplug) that limits the disc region. In

addition, the e�ective thermal resistance Rth is determined by A�lament, l�lament and

κ, which strongly in�uences the ion hopping process through T disc.

3. The device structure and behavior could also partially restrict the power input

during the SET process, which has signi�cant in�uence on the non-linearity of SET

kinetic. Therefore, a good description of the relation between the response current

Ipre-SET and applied voltage V SET,pulse is simulated through optimization of series

resistance (RS) from �lament plug and interconnects, saturation current (I0) and

ideality factor (η).
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Chapter 6

Nanostructural analysis of a switched

nano-crossbar cell

Nanostructural analysis of a ReRAM device is of the utmost importance. First of all,

as revealed by many studies, the switching mechanism can be identi�ed by the high-

resolution transmission electron microscopy (HRTEM). Take TiO2-based devices as one

example, a �lament found in such a switched cell should be related to the �lamentary

type switching mechanism [136]. Second, the geometry of the switching area can help

verifying the �lament area [238]. In addition, direct structural informations can be used

to check the reasonability of electronic transport analysis and switching models. More-

over, the chemical information from the energy-dispersive X-ray spectroscopy (EDX) can

contribute to further re�ne the proposed microscopic models. In this chapter a systematic

study on a switched 30 nm Pt (BE)/3 nm Al2O3/3 nm TiO2/10 nm Ti (TE)/20 nm Pt

(capping) ReRAM cell with a (100 nm)2 cross-point area is analyzed by HRTEM. The

TEM sample was prepared by means of focused ion beam (FIB) cutting parallel to the

direction of the top electrode. The preparation and TEM analysis were done by S. Yoo

from Seoul National University in a project collaboration. The fabrication details are

comparable to the description in [239].

A typical nano-crossbar structure shows a well-de�ned lateral metal interconnect

(Fig. 6.1 (a)). As the vertical cut for the cross-section is illustrated by a black dash

window in Fig. 6.1 (b), the investigated area via TEM method is circled by the red dash

line as shown in Fig. 6.1 (c). The Pt capping layer and Pt bottom electrode appear dark,

while Al2O3, TiO2 oxide layers and Ti top electrode appear bright. For clarity a 3D

drawing picture in Fig. 6.1 (d) describes the stack order from Fig. 6.1 (c).

Prior to the TEM analysis the Pt/3 nm Al2O3/3 nm TiO2/Ti/Pt cell was electro-

formed and switched at room temperature for several c8w cycles with V +,max = 2.35 V

and |ICC| = 200 µA. To evaluate a possibility of intermixing of Al2O3 and TiO2 layers

during the c8w BRS cycles, a chemical analysis across the cross-section in a vertical
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Chapter 6. Nanostructural analysis of a switched nano-crossbar cell

Figure 6.1: (a) Top view of a (100 nm)2 cross-point ReRAM cell obtained by SEM and its
(b) 3D illustration image with vertically cutting window marked as black dash line. The
vertical cross-sectional structure marked as red dash line is illustrated by both (c) a TEM
image of the BE/oxide(s)/TE/Pt (capping) layer stack and (d) a sectional 3D drawing
picture. Image in (b,d) are redrawn from [115].

direction was performed and the result is shown in Fig. 6.2.

From the overview scan of its zoomed region, a large amorphous matrix of TiO2 and

Al2O3 sandwiched between two metal electrodes can be seen (Fig. 6.2 (a)). The white

guild lines mark the interface between di�erent layers. In addition, an energy dispersive

X-ray spectroscopy (EDX) line performed in scanning TEM mode scans perpendicularly

to the layer stack. This nano-chemical analysis with EDX line pro�les (colored signals

in Fig. 6.2 (b)) shows the averaged distribution signal from the four di�erent elements,

namely O, Ti, Al and Pt. A clear drop of Al signal and a clear increase of Ti signal by

around 3 nm from Pt electrode con�rm that the bilayer structure retained after switching.

Fig. 6.3 shows the edge region of the same cell in TEM and HRTEM, respectively.

The bright part reveals a dominating amorphous layer of roughly 6 nm thickness and a

crystalline layer of about 10 nm on top, which are identi�ed as the metal oxide bilayer

(3 nm Al2O3 and 3 nm TiO2) and the Ti top electrode, respectively. A careful investiga-

tion of the full cross-section was performed tilting HRTEM pictures every 25 nm along

the full cross-section region. Among the amorphous matrix of the Al2O3 and TiO2 layers

only one small region close to the edge of the cross-point structure reveals a crystalline

structure with around 10 nm width as shown in Fig. 6.3 (b). Regarding the local Joule

heating [39], the large amorphous matrix can be considered as the non-switched region

that sustains the pristine state, while the crystallized structure should be the �lament
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Figure 6.2: Nano-chemical analysis for the cross-section in a switched 30 nm Pt
(BE)/3 nm Al2O3/3 nm TiO2/10 nm Ti (TE)/20 nm Pt (capping) device: (a) an
overview TEM scan and (b) the corresponding element distributions vertical to the two
electrodes from EDX line pro�les. The element distribution pro�les are O (cyan), Ti
(green), Al (red) and Pt (blue). The vertical axis is the distance from the Pt/Al2O3 inter-
face in the unit of nanometer, while the horizontal axis is the normalized atomic fraction
of each species in the unit of At%, meaning atom percentage.

involved in the switching process. This result is in good agreement with the VCM-type

�lamentary model of the switching process. Therefore, it is reasonable to assume that

the current �ux is mainly through the switching area of the �lament (A�lament), which can

be roughly estimated as 100 nm2 based on the width of crystallized region of ≈ 10 nm.

Through further zooming in the crystalline region (Fig. 6.3 (c)) and a careful inves-

tigation of the lattice planes with fast Fourier transform (FFT) analysis, a clear rutile

pattern in the upper marked TiO2 region can be recognized (Fig. 6.3 (d)). The lower

marked crystalline region shows a cubic structure with a lattice parameter of 0.193 nm

(Fig. 6.3 (c)), which hints towards γ-Al2O3. However, the FFT in this region (not shown

here) could not suggest a concrete conclusion about the crystal phase of Al2O3.

In summary, the nano-structure of a Pt/3 nm Al2O3/3 nm TiO2/Ti/Pt device reveals

a crystalline �lament region surrounded by the amorphous matrix. The cross-section

TEM image at the cross-point reveals homogeneous thicknesses for metal electrodes and

metal oxide layers. The nano-chemical analysis for the lateral structure (Fig. 6.2) and

the atomic structure related to the switching event (Fig. 6.3) are summarized to supply a

detailed structural analysis for a switched bilayer cell. The element distribution pro�les

exclude the intermixing between Al2O3 and TiO2 layers regarding the resolution limit

of EDX analysis. In addition, a nano-scaled �lament containing crystalline Al2O3 and

TiO2 with a diameter of around 10 nm is observed after c8w switching, which veri�es the

�lamentary-type switching mechanism for c8w BRS and supplies a concrete �lament area
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Chapter 7

Electronic transport in

counter-eightwise BRS states

Electronic transport properties of VCM-type ReRAM devices strongly a�ect the switch-

ing characteristics due to the non-linearity of the current-voltage behavior and the cor-

responding local heating of the �lament. In the nano-crossbar cells of this study, the

total current through the devices is controlled by the electronic contribution. The ionic

motion is detected as a change of the conduction paths or space charge con�guration

rather than being measurable as a signi�cant contribution to the net current. Therefore,

this chapter focuses on the characterization and description of the electronic transport in

the (100 nm)2 Pt/oxide(s)/Ti crossbar devices for the di�erent resistance states.

For the analysis of the initial state in single-layer and bilayer stacks comprised of TiO2

and Al2O3 with evaporated Ti electrode, the impact of the Ti oxygen exchange layer

(OEL) on di�erent oxide layer thicknesses (see 7.1.1 and 7.1.2) and on di�erent oxide

orders (sections 7.1.3 and 7.1.4) are investigated. The study for the initial state includes

the �eld and temperature dependent analysis and discussions on tunneling phenomena

by using Simmons' tunneling model.

The I(V ) characteristics of c8w BRS behavior has been studied in chapter 4 through

a statistical approach for single-layer and bilayer stacks. The high resistance state (HRS)

showing a signi�cant dependence of RESET stop voltage (V +,max) is analyzed in the same

way as for the initial state. Especially, the interpretation of the HRS based on Simmons'

tunneling model is described in section 7.2.

The linearity of current-voltage relation of the low resistance state (LRS) indicates a

metallic conductive character of the devices with Ti electrode. This metallic-like state is

characterized by the temperature coe�cient of resistance in section 7.3.

Finally, section 7.4 discusses and concludes the aforementioned points for the di�erent

resistance switches between initial, HRS and LRS during c8w BRS.
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Chapter 7. Electronic transport in counter-eightwise BRS states

7.1 Conduction behavior in the initial state

Based on the characteristics of the initial state for TiO2 and Al2O3 single-layers in chapter

4, the following assumptions are made and applied in this section:

� as-grown Al2O3 �lms are insulators with high band-gap of ≈ 6.5-8.8 eV.

� as-grown TiO2 �lms are described as n-type semiconductor with band-gap of≈ 3.2 eV

and oxygen vacancies as shallow donors.

� interface charges as well as space charges are not negligible.

Four di�erent stacks are discussed for their initial states, namely 4.8 nm Al2O3 (abbre-

viated as 5AO), 2.3 nm Al2O3 (abbreviated to 2AO), 3 nm Al2O3/3 nm TiO2 (3AO/3TO)

and 3 nm TiO2/3 nm Al2O3 (3TO/3AO) sandwiched between Pt bottom electrode and

Ti top electrode.

7.1.1 Initial current in the Pt/4.8 nm Al2O3/Ti device

Regarding the high band-gap, Al2O3 is always applied as tunneling barrier and the main

current contribution in Al2O3-based cells is considered and proofed as tunneling in many

papers [6, 154]. Therefore, an analytical method, the Simmons' tunneling model with a

trapezoidal barrier [106], is �rst used to describe the electronic transport of the highly

insulating initial state in Pt/4.8 nm Al2O3/Ti devices (Pt/5AO/Ti for short).

To interpret this state, a band diagram with reported material values is suggested.

The barrier at the Pt/Al2O3 interface can be calculated by the di�erence between the work

function of Pt and electron a�nity of Al2O3 as Φ2 = 5.65 eV - 2.58 eV = 3.07 eV [147,240].

Similarly, the barrier for the Al2O3/Ti interface is Φ1 = 4.33 eV - 2.58 eV = 1.75 eV [241].

The band diagram derived from these values is shown in Fig. 7.1 (a). Besides, the electron

e�ective mass m∗ is assumed as 0.23·m0 in the Al2O3 �lm (see Tab. 2.2 in chapter 2).

For the highly insulating initial state of Pt/5AO/Ti single-layer cells, the current �ux

is assumed to be homogeneously �owing through the nano-crossbar cell with cross-point

area. Therefore, the tunneling area A is assumed as 104 nm2. By applying the Simmons'

equation with these parameters and by calibrating the layer thickness around 5 nm, the

tunneling current can be calculated and the best �tting curve is illustrated in Fig. 7.1

(b).

The initial current before electroforming in the Pt/5AO/Ti cell can be �tted well in the

voltage range from -1.7 V to -2.3 V (Fig. 7.1 (b)). Above -1.7 V the current signal is just

noise caused by the limitation of the measurement setup. Below -2.4 V the amplitude

of current response starts to increase abruptly, which indicates a change of the local

structure due to ion movement and the beginning of the electroforming process. From the
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7.1. Conduction behavior in the initial state

Figure 7.1: (a) The description of simulation parameters in a band diagram for
Pt/Al2O3/Ti stack. (b) The best simulation result (red line) for the I(V ) characteris-
tics (black dots) in a Pt/4.8 nm Al2O3/Ti cell from the initial state to the electroformed
state. The data plotted in grey is limited by the equipment resolution. The calculated pa-
rameters applied in the red line are Φ1 = 1.75 eV, Φ2 = 3.07 eV, m∗ = 0.23·m0, tunneling
current area A = (100 nm)2, tunneling length L = 4.5 nm.

calculation result, the tunneling length of 4.5 nm is slightly smaller than the XRR �tting

thickness of 4.8 nm. The di�erence of about 0.3 nm could be attributed to experimental

uncertainty caused by surface and interface roughness e�ects for example. In addition,

due to Φ1 of 1.75 eV, the clear bend on the red line gives a hint that at around -1.9 V the

electronic transport should turn from direct tunneling to Fowler-Nordheim tunneling, as

the insets show in Fig. 7.1 (b). Additionally, as the current �ux area A is equal to the

cross-point area of (100 nm)2, the whole cell should be involved in the tunneling process.

Therefore, the high insulating nature of the initial state in the 5AO cell supports the �rst

assumption at the beginning of this section.

7.1.2 Initial current in the Pt/2.3 nm Al2O3/Ti device

In contrast to the Pt/5AO/Ti device, applying the same theoretical barrier heights and

XRR �tting Al2O3 thickness of 2.3 nm for the Pt/2AO/Ti device results in no suitable

calculated tunneling current that �ts the experimental data (see the light green curve in

Fig. 7.2 (a)). Since the calculated current is 103 times lower than the measured initial

current (black dots), the electronic transport for this state should not originate from

tunneling through a homogeneous, highly insulating 2.3 nm Al2O3 �lm.

However, the best simulation result is shown as pink line in Fig. 7.2 (b) with lower

tunneling barrier heights (Φ2 and Φ1), a smaller tunneling area of 100 nm2 and a signif-

icant reduced tunneling length L 6 1.4 nm. Regarding the good overlap between I(V )

curves of the initial state and the c8w HRS during BRS cycling, it implies that some

�laments might already exist in the oxide layer even in its pristine state. In this case, the
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e�ective tunneling area A in equation (2.1) in chapter 2 corresponds to the "disc" area,

while itself is de�ned by the spot size of the conductive �lament "plug". A 3D image

depicted for initial state is drawn in Fig. 7.2 (c). This indicates the 10 nm Ti OEL e�ect

on the thin 2.3 nm Al2O3 layer. Another support is the tunneling area value, which is

staying compatible with both the HRTEM result from this work and other studies [94].

A �lament area (A�lament) of ≈ 100 nm2 is observed in a (100 nm)2 Pt/3AO/3TO/Ti

cell (see section 7.2.3). As a direct determination of the disc diameter with structural

analysis is not accessible for each electrically tested cells, a reasonable value of tunnel-

ing current area A can be assumed based on the HRTEM for other (100 nm)2 crossbar

cells and veri�ed through the optimization of the �tting results. Other typical values

reported for the �lament's spot size in VCM-type switching devices range from 10 nm2

to 500 nm2 [136, 242, 243]. Recently, Du et al. [238] reported a very careful study on

the nature of conductive �laments in Nb:SrTiO3/Fe:SrTiO3/(Au)Pt epitaxial devices.

The authors identi�ed a multi-�lamentary switching process with the maximal �lament

Figure 7.2: (a) Experimental I(V ) characteristic for the initial state measured at 60◦C
(black dots) in a (100 nm)2 Pt/2.3 nm Al2O3/Ti cell. The light green curve is the cal-
culation result based on the theoretical value applied in Fig. 7.1. (b) The best simulation
result (pink line). The corresponding simulation parameters are listed in the lower-right
corner of each graph. (c) Proposed initial state based on the best calculation parameters
for this cell. (d) Suggested equivalent circuit with proposed existed conduction �lament
with a tunneling area of 100 nm2.
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diameter around 10 nm at the front of a conical �lament.

Based on the results from Fig. 7.2 (a-c), an equivalent circuit is suggested for initial

state in Pt/2AO/Ti cell (see Fig. 7.2 (d)): a parallel connection of resistors represent-

ing the conductive �lament region (R�lament) and the surrounding non-conductive region

(Rarea). In the conductive region the structure of the �lament can be divided further

into two serial resistance contributions: a highly conductive part ("plug") and a current

restricting part ("disc") that forms a tunneling barrier with a length of about 1.4 nm.

The current contribution from the surrounding area and the �lament region correspond

to the green curve in Fig. 7.2 (a) and pink curve in Fig. 7.2 (c), respectively. As the

current contribution from the surrounding area plays a minor role in the absolute value,

the sum of the green and pink curve will not lead to a strong deviation from the pink

curve and the current transport should be mainly through the �lament.

To check the validity of the tunneling model, the I(V ) behavior of initial state was

investigated for di�erent temperatures (Fig. 7.3 (a)). By setting the substrate tempera-

ture from 30◦C to 160◦C, the consecutive I(V ) curves were measured at each prede�ned

temperature. The I(V ) characteristics of the initial state show an almost negligible tem-

Figure 7.3: (a) The I(V ) characteristics of initial state in a Pt/2AO/Ti cell measured
at di�erent temperatures. The data from (a) plotted in the form of (b) ln(I/V ) vs. 1/T
and (c) ln|I| vs. ln|V | for the negative voltage branch with the temperature ranging from
30◦C to 160◦C. (d) The plots of ln(|I|/V 2) vs. |V |−1 for the negative branch from (a) as
dots and from the simulation result from Fig. 7.2 (b) as the pink line.
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perature dependence based on the data analysis in Fig. 7.3 (b). This weak temperature

dependence is reproducible in 7 of 9 tested cells. From the plot of ln|I| vs. ln|V | for low

voltage amplitudes (Fig. 7.3 (c)), a good linearity and overlap of the curves are observed.

The slope of 1 supports the assumption of direct tunneling transport. Fig. 7.3 (d) further

supports a high tunneling possibility with the characteristic plot of ln(|I|/V 2) vs. |V |-1.

The measured data (colored dots) and the simulated pink line show the characteristic

minimum, the so-called reciprocal value of transition voltage (V T), which describes a su-

perposition of temperature assisted tunneling (or direct tunneling) dominating at the low

voltage amplitudes and �eld-assisted tunneling (or Fowler-Nordheim tunneling) showing

up for the higher voltage amplitudes.

In this subsection, the temperature related I(V ) characteristics for the initial state

in Pt/2.3 nm Al2O3/Ti and Pt/4.8 nm Al2O3/Ti devices are studied. For cells with

a thinner Al2O3 �lm, the initial state shows higher current level than the calculated

tunneling current for 2.3 nm insulating �lm. Regarding the 10 nm thick Ti OEL e�ect

and the probably existing �lament based on the tunneling simulation results, the oxygen

vacancies introduced in the thinner Al2O3 layer can be reasonably proposed and the

conductive paths of 1.4 nm length in maximum can consequently form in the initial state

as well. In contrast, the OEL e�ect in the thicker 4.8 nm Al2O3 layer shows just up in a

slightly lowered tunneling barrier length of 4.5 nm.

7.1.3 Initial current in the Pt/3 nm Al2O3/3 nm TiO2/Ti device

The I(V, T ) characterization of the initial state is also performed in several bilayer cells

and the experimental results of one typical cell are summarized in Fig. 7.4. Di�erent from

the single-layer devices, the I(V ) curves in the Pt/3 nm Al2O3/3 nm TiO2/Ti bilayer cell

show a signi�cant temperature dependence.

Figure 7.4: The temperature dependent I(V ) characteristics of the initial state in a
Pt/3AO/3TO/Ti cell.
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In the same way, the Pt/Al2O3 barrier height Φ2 in this bilayer cell is postulated as

3.07 eV. According to the assumptions in section 7.1, the Pt/3AO/3TO can be treated

as a metal/insulator/semiconductor junction. Due to a tiny di�erence between the work

function of Ti (4.33 eV) and the electron a�nity of TiO2 (4.2-4.8 eV) [130, 244, 245], the

contact between TiO2-y layer and the Ti electrode is considered as an ohmic contact,

where "2-y" represents the sub-stoichiometric titanium dioxide caused by the Ti OEL

e�ect. As a starting approach, the possible space charge region formed between Al2O3

and TiO2 layers will �rstly not be taken into account, but will be discussed later. As a

result, the barrier height between the Al2O3 and the TiO2 layer can be assumed as around

1.75 eV. Due to the highly insulating nature of the initial state in this bilayer cell, the

current transport is considered homogeneous across the cross-section area of the cell, i.e.

A = Acell of 104 nm2.

By applyingm∗ = 0.23·m0, tunneling area A = (100 nm)2, Φ2 = 3.07 eV, Φ1 = 1.75 eV

in Simmons' tunneling equation and adjusting the tunneling length, the calculated current-

voltage curve (open dots) can �t each experimental I(V ) curve measured at a de�ned

temperature quite well (see Fig. 7.5). The increased current levels by increasing the sub-

strate temperature from 45◦C to 145◦C can be well explained with a reduction of the

tunneling length (L) from 3.2 nm to 2.85 nm, respectively.

Regarding the XRR �tted Al2O3 layer thickness of 2.7 nm in the bilayer cells, the

smallest values of the calculated barrier length of 2.85 nm and 2.93 nm show a small

Figure 7.5: (a) to (f) The best calculation result (dots) on the I(V ) characteristics (colored
lines) of the initial state in a Pt/3AO/3TO/Ti cell measured from 45◦C to 145◦C. Some
parameters are kept constant: Φ1 = 1.75 eV, Φ2 = 3.07 eV, m∗ = 0.23·m0, tunneling area
A = (100 nm)2. The substrate temperature and the optimized tunneling length are listed
in the lower-right corner of each graph.
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deviation, which is still in the range of the �lm's and substrate's roughness of around

0.3 nm (for details see Tab. 3.1). However, L > 3.0 nm is out of the deviation range. The

larger tunneling lengths observed for the low temperature range can only originate from a

very thin layer of TiO2 involved in the tunneling process. As suggested by the continuum

model described in chapter 8 section 8.2.2, the interfacial TiO2 close to Al2O3/TiO2

interface can form a space charge region or a depletion region, which enables the thermally

activated electrons to contribute to the total tunneling current. This proposal is depicted

in Fig. 7.6 (b). The band bending in the space charge region of TiO2-y layer increases the

contribution of thermally activated electrons to total tunneling current, which leads to a

slightly temperature dependent tunneling length. The details of the tunneling through

the Schottky barrier is reported in [107].

Figure 7.6: The suggested band diagram for initial state in the Pt/3AO/3TO/Ti cell based
on (a) the Simmons' tunneling model with trapezoidal barrier and (b) Schottky tunneling
through an extra TiO2 depletion region and insulating Al2O3 layer.

Other electronic transport possibilities like Poole-Frenkel emission, ohmic conduction

and hopping conduction were also discussed. Some analytical results are listed in "Ap-

pendix A". However, the low barrier heights obtained from these transport mechanisms

are not compatible with the low current level of the highly insulating initial state in the

Pt/3AO/3TO/Ti device.

7.1.4 Initial current in the Pt/3 nm TiO2/3 nm Al2O3/Ti device

A similar temperature dependence of the I(V ) characteristics of the initial state is also

observed in one typical Pt/3 nm TiO2/3 nm Al2O3/Ti device as well (see Fig. 7.7 (a)).

For this "reverse stack", three di�erent interfaces should be taken into considera-

tion: (1) the possible Schottky barrier at the Pt/TiO2 interface, the theoretical interface

barrier should be 5.65 eV - 4.3 eV = 1.25 eV. (2) The TiO2/Al2O3 interface. The di�er-

ence between the two electron a�nities is 4.2 eV - 2.58 eV = 1.62 eV. (3) The barrier at
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Al2O3/Ti interface, which show the theoretical value of 1.75 eV. Although the character of

pure TiO2 in this reverse stack is not clear, regarding the similar electroforming voltage in

both Pt/3TO/3AO/Ti and of Pt/3AO/3TO/Ti devices, the dominating insulating layer

should be still the Al2O3 layer, where the tunneling transport mainly happens. Taking

values for the barrier heights around the theoretical values and keeping the tunneling

length in the range of (3.3 ± 0.3) nm obtained from the XRR �tted Al2O3 layer thickness

and AFM measured RMS roughness, the comparison of the best simulation dots with the

experimental curves are shown in Fig. 7.7 (b-f).

A consistent, well matching simulation result can be obtained for a barrier height

Figure 7.7: (a) The temperature dependent I(V ) characteristics of initial state in a
Pt/3TO/3AO/Ti cell. (b) to (f) are experimental curves (colored lines) and the corre-
sponding best simulation result (dots). Some parameters are kept constant: Φ1 = 1.9 eV,
Φ2 = 2.4 eV, m∗ = 0.24·m0, tunneling area A = (100 nm)2, the tunneling length L and
the substrate temperature are listed in the lower-right corner of (b-f).
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Φ1 at Al2O3/Ti interface of 1.9 eV, which is close to the value of 1.75 eV used for the

Pt/5AO/Ti devices. The second barrier Φ2 of 2.4 eV should be most possibly placed at

the TiO2/Al2O3 interface. Although the a�nity di�erence between two oxides should be

theoretical around 1.62 eV, the larger barrier height obtained from the simulations might

originate from a band bending in the TiO2 layer. The slightly varied electron e�ective

mass of 0.24·m0 is still acceptable for the Al2O3 layer [147,246].

The increase of initial current from 35◦C to 105◦C in the reverse bilayer stack can be

explained by the reduction of tunneling length from 3.42 nm to 3.05 nm. The changed

barrier heights indicates an existence of depletion region and resulted band bending. In

contrast to the relative simple metal/oxide/semiconductor band diagram assumed for

Pt/3AO/3TO/Ti in Fig. 7.6, the band diagram in Pt/3TO/3AO/Ti is hard to determine

due to the two possible depletion regions.

7.1.5 Summary for the initial state

The I(V ) characteristics for the initial state show almost no temperature dependence in

Pt/2.3 nm Al2O3/Ti single-layer devices. Based on this observation, tunneling of electrons

should be the most probable transport mechanism among others in Al2O3-based cells.

Regarding the asymmetric electrodes with respect to their work functions, a trapezoidal

tunneling barrier is assumed. For thicker Al2O3-based devices showing low initial current,

the initial state can be well explained by the Simmons' tunneling model with comparable

barrier heights to the theoretical values and a slightly reduced tunneling thickness. In

contrast, for thinner Al2O3-based cells, the conductive paths have to be taken into the

tunneling model. This result indicates that an interface reaction between Ti OEL and

the adjacent Al2O3 can be more signi�cant for thinner Al2O3 layer.

Applying the simple trapezoidal barrier to the bilayer stacks faces di�culties. The

�rst obstacle is the temperature dependent I(V ) behavior for initial state. Regarding the

ohmic contact between TiO2 and Ti electrode, the barrier heights of trapezoidal barrier

in Pt/3AO/3TO/Ti stack can sustain the same value as assumed for the Pt/5AO/Ti

stack. Based on the Simmons' equation, although the increased current level upon the

increase of substrate temperature can be well depicted by the tunneling length shrink, a

more reasonable explanation for this temperature dependent e�ect should be postulated

as a depletion region between Al2O3 and TiO2 layer.

For the reverse stack, Pt/3TO/3AO/Ti, however, the situation is more complex. First,

the barrier Φ1 at Al2O3/Ti is 1.9 eV, which is slightly higher compared to 1.75 eV at the

same interface in the Pt/5AO/Ti cell. Second, the barrier Φ2 for this trapezoidal barrier

model is possibly placed at TiO2/Al2O3 interface. However, the good matching value

of 2.4 eV is much higher than the a�nity di�erence between two oxides. Due to the

unknown quality of TiO2 without the OEL in�uence, the barrier between TiO2 and Pt
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bottom electrode is di�erent from the Pt/TiO2/Ti device and thus not clear. Both make

the physical meaning of barrier Φ2 ambiguous. Third, the temperature dependent I(V )

curves can be well explained phenomenally by a similar tunneling length reduction based

on the Simmons' model. All three features indicate an existence of depletion region(s)

in the Pt/3TO/3AO/Ti cell, which makes it improper to describe I(V ) with a simple

tunneling through the trapezoidal barrier.

Other transport mechanisms related to either bulk, e.g. Poole-Frenkel emission, or

interface properties, e.g. Schottky emission, are also possible candidates but show less

signi�cance since they can not supply suitable physical parameters to explain observed

currents. Therefore, the e�orts with analysing the data under these mechanisms are listed

in the "Appendix A".

7.2 Conduction behavior in the high resistance state

The current response of a de�ned resistance state in the nano-sized devices is strongly

dominated by the electronic contribution. To discuss the charge transport behavior in

the single-layer or bilayer devices, continuous I(V ) hysteresis loops executed at room

temperature are applied to program the cells into HRS or LRS. Subsequently, the de�ned

resistance states are analyzed with respect to the voltage- and temperature related current

response, i.e. I(V, T ).

7.2.1 HRS in the Pt/2.3 nm Al2O3/Ti device

After 20 stable c8w BRS cycles (grey curves in Fig. 7.8 (a)) the high resistance state (HRS)

was de�ned by 2.0 V in the last half loop. Subsequently, the read-out I(V ) curves for

this written state were performed between -0.8 V and 0.8 V at each setting temperature.

The temperature range of the sample stage is from room temperature to 140◦C. No

clear temperature dependence from these I(V, T ) curves coded by di�erent colors can be

observed, even in a higher magni�cation in Fig. 7.8 (b). This is further con�rmed by the

temperature related plot shown in Fig. 7.8 (c). Instead, the linear behavior with a slope

of 1 in the ln|I| vs. ln|V | plot supports a direct tunneling process in the low voltage range

(Fig. 7.8 (d)).

A simulation on the I(V, T ) characteristics is performed assuming a trapezoidal shaped

barrier according to the Simmons' model. In Fig. 7.9 the best simulation result matching

both the voltage dependence and the temperature independence is shown for the semi-

logarithmic I(V ) curve (Fig. 7.9 (a)) and for the characteristic tunneling plot (Fig. 7.9

(b)), respectively. The tunneling current area (A) is taken as the �lament area A�lament

of 100 nm2, which is supported by the former simulation results and the HRTEM study

(see section 7.2.3). Regarding the almost same I(V ) behavior for both initial state and
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Figure 7.8: (a) The I(V ) characteristics of a Pt/2AO/Ti cell in 20 cycles (grey curves)
measured at room temperature with V +,max = 2.0 V and |ICC | = 150 µA. The read-out
I(V ) loops for HRS were measured from 20◦C to 140◦C as rainbow lines. (b) The zoomed
I(V, T ) curves. (c) The plots of ln(I/V ) vs. 1/T and (d) of ln|I| vs. ln|V | from (b) for
the negative voltage branch.

the written HRS in the 2.3 nm Al2O3 single-layer cells, the barrier heights and tunneling

length can be assumed to be the same. In addition, the barrier height Φ1 is limited to

0.3 eV due to the small transition voltage (V T) obtained from Fig. 7.9 (b).

Figure 7.9: (a) Temperature related read-out I(V ) loops (grey lines) and (b) its cor-
responding plots in form of ln(|I|/V 2) vs. |V |−1 for the negative voltage branch from
Fig. 7.8 (b). The best simulation lines in (a) and (b) are drawn in black. The calculated
parameters are Φ1 = 0.3 eV, Φ2 = 1.1 eV, m∗ = 0.23·m0, A = 100 nm2, L = 1.4 nm.
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In standard VCM-type c8w �lamentary switching, the reversible switching state de-

pends on both the highly conductive �lament part, so-called plug, that is described by an

oxide area with high oxygen vacancy concentration, and the relative insulating �lament

part, disc with the average oxygen vacancy concentration. Based on the former simula-

tion results of the Pt/2AO/Ti devices, the �lament should consist of plug region near to

Ti electrode and the disc close to the Pt bottom electrode (see Fig. 7.2 (c)). Similar to

the situation in Pt/TiO2/Ti (see chapter 8), the space charge region, which is caused by

the oxygen vacancies in the disc and placed close to the Pt/Al2O3 interface, can lead to

the strongly reduced interface barrier height Φ2, i.e. from the expected value of 3.07 eV

for Pt/stoichiometric Al2O3 to 1.1 eV. At the interface between conductive plug and the

disc region a barrier of around 0.3 eV arises due to the di�erence in defect concentration,

here predominately oxygen vacancy concentration, in the oxide layer.

7.2.2 HRS in the Pt/4.8 nm Al2O3/Ti device

The multiple high resistance states upon RESET stop voltage (V +,max) can be obtained

in single-layer and bilayer cells (see 4). Firstly, for the Pt/5AO/Ti cell, the di�erent HRS

written by di�erent V +,max during 20 cycles are discussed. One typical I(V ) curve for

the same HRS is extracted and curves for each V +,max value are compared in Fig. 7.10

(a). The enhancement of the read-out resistance for HRS is around 1 dec/0.6 V as shown

in Fig. 7.10 (b).

Figure 7.10: (a) Comparison of typical I(V ) curves with di�erent V +,max values in a
Pt/5AO/Ti cell. (b) The corresponding read-out resistance value for HRS as a function
of RESET stop voltage.

Applying the similar simulation parameters used for HRS in the Pt/2AO/Ti cell,

the simulation curves shown in black in Fig. 7.11 (a-d) �t the experimental I(V ) curves

for negative bias branch quite well. The reduction of the current level for HRS can be

explained by the increase of the tunneling barrier length. However, the simulation curves

do not �t precisely the experimental data in the higher positive voltage range, like V +,max
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> 2.4 V (see Fig. 7.11 (c,d)).

Figure 7.11: The best simulation results on I(V ) characteristics from Fig. 7.10 with
V +,max of: (a) 2.0 V, (b) 2.2 V, (c) 2.4 V, (d) 2.6 V. The barrier heights and lengths
are listed in the lower-right corner of each graph. m∗ = 0.23·m0 and A = 100 nm2 are
kept constant.

To explain this phenomenon, 9 cells were switched for 21 cycles with the same V +,max

of 2.6 V and the same |ICC| of 50 µA. Two typical cells were chosen to show their �rst

20 cycles (grey lines) and the last RESET cycle (blue loop) (Fig. 7.12). Then the read-

out loops were �rst performed within 1.5 V (green line) and subsequently stopped at the

negative branch within -0.5 V (red line).

As Fig. 7.12 (a) and (b) show, the read-out green and red curves for both polarities

can be well simulated with one set of parameters (black line). However, the more frequent

RESET behavior (blue curve in Fig. 7.12 (b)) shows a volatile relaxation phenomenon

compared to the green read-out line and a large deviation from the black simulated

I(V ) line. Volatile switching phenomena have been observed for Ta2O5 and ZrOx-based

devices as well [103]. A proposed theorem considers interface defects of the Pt/oxide

interface with a continuously distributed energy range. Positively charged traps residing

at the interface after application of high positive RESET voltage cause an increase of

conductance by modifying the barrier height. Structural relaxation may lead to an energy

level shift when the defects change the charge state. Localized defect states in ALD Al2O3

�lms have been characterized by synchrotron based spectroscopic technique, especially
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Figure 7.12: (a) and (b) represent two typical I(V ) characteristics for V +,max = 2.6 V in
two Pt/5AO/Ti cells. 20 c8w BRS cycles are drawn in grey. The blue curve is the last
RESET loop and subsequently, the green and red read-out loops are measured one after
the other. The best simulation results are in pink. The adjusted parameters are listed in
lower-right corner of each graph, whereas m∗ = 0.23·m0, A = 100 nm2 and Φ1 = 0.3 eV
are kept constant.

resonant photoemission spectroscopy. From the results a band scheme has been derived,

which is replotted in Fig.11 in [247]. In ALD Al2O3 �lms the charge transfer band has a

width of about 3 eV and is located ≈ 3.5 eV above Fermi level.

7.2.3 HRS in the Pt/3 nm Al2O3/3 nm TiO2/Ti device

For the Pt/3AO/3TO/Ti cell, the high resistance state was de�ned by 2.2 V RESET

stop voltage and stabilized by 20 c8w BRS cycles at room temperature (grey curves in

Fig. 7.13 (a)). Then the read-out I(V ) loops for HRS are measured at a certain setting

temperature ranging from 25◦C to 200◦C (colored curves in Fig. 7.13 (a)). These read-

out curves show almost no temperature dependence even in the zoomed magni�cation

in Fig. 7.13 (b). Moreover, the lack of valid analytical results from Fig. 7.13 (c) and

(d) can further con�rm this temperature independence and exclude any signi�cance of

temperature activated mechanisms like Poole-Frenkel, ohmic conduction mechanisms and

hopping conduction. The plots for both polarities share the same trend, therefore, the

data for the positive voltage branch are not explicitly shown.

Closer analysis of the HRS in the Pt/3AO/3TO/Ti cell, which is programmed by a

RESET voltage sweep up to 2.2 V, is performed by means of the introduced tunneling

model into the �lament area with a conductive plug and an insulating disc as the tun-

neling barrier. The slope of ln|I| vs. ln|V | plots is 1 for the low voltage amplitude, which

indicates a direct tunneling transport (Fig. 7.14 (a)). By adjusting the barrier heights Φ2

at the Pt/Al2O3 interface and Φ1 between plug and disc, the simulation curve can �t the

read-out I(V ) curves for HRS well, here take the curve measured at 45◦C as one example
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Figure 7.13: (a) The I(V ) characteristics in 20 c8w BRS cycles (grey curves)
of a Pt/3AO/3TO/Ti cell measured at room temperature with V+,max = 2.2 V and
|ICC | = 150 µA. The read-out I(V ) curves for HRS measured from 25◦C to 200◦C as
rainbow lines. (b) The zoomed I(V, T ) curves. The data from (b) in the negative voltage
branch are plotted as (c) ln(I/V ) vs. 1/T and as (d) ln|I| vs. 1/T .

(see Fig. 7.14 (b)). The simulation parameters, namely Φ1 = 0.3 eV, Φ2 = 1.1 eV and

L = 1.25 nm, are very comparable to the HRS value with the same RESET stop voltage

in other cells. Plotting the simulated data into the ln(|I|/V 2) vs. 1/V relation, a good

agreement between simulation (black line) and experimental data can be demonstrated

for the whole voltage range (Fig. 7.14 (c)).

The ability of writing multiple HRS in a Pt/3AO/3TO/Ti cell through changing

the V +,max values is summarized in Fig. 7.15 (a). For each V +,max value, 20 c8w BRS

cycles are carried out and one typical I(V ) curve is shown. Simulations are performed by

keeping m∗ = 0.23·m0, A = 100 nm2 and Φ2 = 1.1 eV as optimized from Fig. 7.14 (b) and

by allowing a variation of Φ1 and the tunneling barrier length. The I(V ) characteristics

for multiple HRS are clearly correlated with an increasing barrier length from 1.3 nm to

1.95 nm (see Fig. 7.15 (b-d)). For a higher V +,max value of 2.6 V, a slight deviation of the

simulation curve from the experimental data for V > 0.5 V is observed as well. This can

be attributed to a volatile switching region (0.5 V to 1 V) discussed for deep RESET in

the Pt/5AO/Ti device.
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Figure 7.14: (a) The plots of ln|I| vs. ln|V | from Fig. 7.13 (b) for negative bias. (b)
The read-out I(V ) curve (blue line) for HRS measured at 45◦C from Fig. 7.13 (b). The
best simulation result is drawn in black with m∗ = 0.23·m0 and A = 100 nm2, whereas
the changeable parameters are listed in the lower-right corner. (c) The read-out I(V, T )
curves from Fig. 7.13 (b) and the simulation result from (b) are plotted into ln(|I|/V 2)
vs. |V |−1 as color dots and as black line, respectively.

Figure 7.15: (a) Comparison of one typical I(V ) curve with di�erent V +,max values in
a Pt/3AO/3TO/Ti cell. The best simulation result on I(V ) characteristics with V +,max

of (b) 2.0 V, (c) 2.4 V, (d) 2.6 V. The simulation parameters are listed in each graph,
whereas m∗ = 0.23·m0, A = 100 nm2 and Φ2 = 1.1 eV are kept constant.

7.2.4 HRS in the Pt/3 nm TiO2/3 nm Al2O3/Ti device

Similarly, the temperature related I(V ) characteristics for HRS were also performed in

the reverse stack (see Fig. 7.16 (a)). The read-out I(V ) curves for HRS show a slight

temperature dependence (Fig. 7.16 (b)). The plot of ln(I/V ) vs. 1/T for a certain voltage
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value reveals a negative slope (Fig. 7.16 (c)). From these slopes the derived values show

no voltage dependence and the corresponding barrier height is only about 0.1 eV. This

analytical result indicates that neither Poole-Frenkel nor ohmic conduction transport is

the dominating mechanism for this high resistance state. The similar analytical result

obtained from positive bias is not repeated here.

Figure 7.16: (a) The I(V ) characteristics of a Pt/3TO/3AO/Ti cell in 20 cycles (grey
curves) measured at room temperature with V+,max = 2.3 V and |ICC | = 150 µA. The read-
out I(V ) loops for HRS measured from 25◦C to 105◦C as rainbow lines. (b) The zoomed
I(V, T ) curves. (c) The plots of ln(I/V ) vs. 1/T from (b) for the negative voltage branch.

Plotting the current against voltage in the semi-logarithmic scale (Fig. 7.17 (a)), the

slope of ≈ 1 for the low voltage range indicates a direct tunneling process. Applying the

afore optimized tunneling parameters a good matching between simulation and the I(V )

curves is observed (Fig. 7.17 (b)).

For the Pt/3TO/3AO/Ti device the similar comparison of multiple HRS written by

varied V +,max values is shown in Fig. 7.18 (a). By applying the barrier values from

Fig. 7.17 (b) and slightly tuning the tunneling barrier length L, the di�erent HRS written

by increasing V +,max values can be well explained by the corresponding tunneling length

Figure 7.17: (a) The plots of ln|I| vs. ln|V | from Fig. 7.16 (b) for the negative voltage
branch. (b) Comparison of the read-out loop (blue line) measured at 35◦C from Fig. 7.16
(b) and the best simulation curve (black line) with m∗ = 0.23·m0 and A = 100 nm2.
Other optimized parameters are listed in the lower-right corner. (c) Comparison between
the read-out loops (color dots) and simulation result (black line) in form of ln(|I|/V 2) vs.
|V |−1.
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change from 1.35 nm to 1.85 nm in Fig. 7.18 (b) to (d).

Figure 7.18: (a) Comparison of one typical I(V ) curve with di�erent V +,max values in a
Pt/3TO/3AO/Ti cell. The best simulation result on I(V ) characteristics with V +,max of
(b) 2.0 V, (c) 2.4 V, (d) 2.6 V. The optimized tunneling length is listed in each graph,
whereas m∗ = 0.23·m0, A = 100 nm2, Φ1 = 0.3 eV and Φ2 = 1.2 eV are kept constant.

7.2.5 Summary for HRS

In this section, the electronic transport in HRS is investigated for di�erent single-layer

and bilayer devices, namely Pt/2 nm Al2O3/Ti, Pt/5 nm Al2O3/Ti, Pt/3 nm Al2O3/3 nm

TiO2/Ti and Pt/3 nm TiO2/3 nm Al2O3/Ti. As the �lamentary-type BRS switching

is con�rmed by HRTEM in the Pt/3 nm Al2O3/3 nm TiO2/Ti cell (see chapter 6), the

other stacks like Pt/2 nm Al2O3/Ti, Pt/2 nm Al2O3/3 nm TiO2/Ti showing no signi�cant

area-dependence in chapter 4, can be considered as �lamentary-type BRS switching as

well. Therefore, the electronic transport through a �lament placed in an amorphous and

insulating matrix is assumed. Based on this and aforementioned results, several points

can be summarized as follows:

(1) Firstly, the analysis on the temperature related read-out I(V ) loops for HRS

point out that the dominating process should be determined as tunneling among the

other transport mechanisms. Especially, both read-out I(V, T ) loops for HRS and the

represented I(V ) curves caused by RESET stop voltage variation can be well matched by

the calculated tunneling current obtained from the Simmons' equation with trapezoidal
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barrier. Interestingly, the area of tunneling current �ux A for HRS analysis can be kept

as 100 nm2 for all the stacks. This supports the �lamentary-type c8w BRS occurring in

these stacks and the �lament area equals to the tunneling area.

(2) For all the di�erent stacks, HRS written by the same RESET stop voltage, take

2.0 V as one example, can be well explained by the same tunneling barrier heights, i.e.

Φ1 = 0.3 eV and Φ2 ≈ (1.15 ± 0.05) eV. The lower barrier values could originate from

the high oxygen vacancy density in the �lament and a formed depletion region, respec-

tively. The optimized barrier length is limited in the range of (1.3 ± 0.1) nm. Combining

with the unchanged e�ective mass of 0.23·m0 for all stacks, the tunneling process should

happen rather in the Al2O3 layer.

(3) The multiple HRS that show RESET stop voltage dependence in cells like Pt/5AO/Ti

and Pt/3AO/3TO/Ti can be well explained by the change of the tunneling barrier length.

As the tunneling barrier length is still within the range of the Al2O3 �lm thickness, the

depletion region or "disc" is most probably close to the Pt/Al2O3 interface and this part

of Al2O3 should be resistively tunable and be responsible for the multiple HRS.

(4) For thicker Al2O3-based cells, a volatile RESET loop is observed at RESET stop

voltage > 2.4 V. This leads to a contradiction between the non-volatile read-out loop for

HRS and the RESET loop back to 0 V. The volatile phenomenon can be explained by

the positive charged immobile defects at the Pt/Al2O3 interface, which are discharged by

positive voltage on Pt and shift the Fermi level in Al2O3 upwards. This shift leads to a

decrease of interface barrier and the corresponding increase of current.
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7.3 Conduction behavior in the low resistance state

For a �lamentary-type c8w SET process, the accompanying Joule heating enhances the

ion mobility in the switching regime and thus enables the switching time as short as 10 ns

[229, 248�250]. In order to accurately understand the c8w BRS process, the conduction

behavior in LRS is of considerable importance. For this purpose, after programming the

cells into LRS at the room temperature, the continuous I(V ) hysteresis loops are applied

as read-out curves for LRS and measured from room temperature to around 200◦C. In

this work, the c8w LRS in di�erent stacks reveal an almost linear I(V ) behavior with

minor temperature dependence. In the following discussion the I(V ) characteristics are

plotted in the linear scale and magni�ed within the voltage range from 0.18 V to 0.3 V.

7.3.1 LRS in single-layer devices

For 2 nm Al2O3 and 3 nm TiO2 single-layer devices, the current response of LRS decreases

monotonically with increased temperature (see Fig. 7.19). Regarding the good linear

I(V ) relation for both single-layer devices, the LRS can be characterized by means of the

temperature coe�cient of the resistance (TCR) determined at V read = 0.3 V applied to

the Pt bottom electrode.

Figure 7.19: The temperature dependent I(V ) behavior in LRS for two single-layer de-
vices, namely, (a) Pt/2 nm Al2O3/Ti, (b) Pt/3 nm TiO2/Ti.

The temperature dependence of a linear resistance element can be expressed as follows:

R = R0[1 + α0(T − T0)], (7.1)

where R0 is the resistance measured at the reference temperature (T0), for example T0
≈ 300 K, and α0 is the temperature coe�cient of resistance (TCR, in K-1) de�ned from

the following relationship [124]:
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Chapter 7. Electronic transport in counter-eightwise BRS states

α0 = TCR =

(
1

R0

)(
∂R

∂T

)
|T=T0 (7.2)

Since the total resistance comprises not only the oxide material but also the electrode

materials including Ti and Pt, only comparative conclusions on the TCR values can be

drawn. Fig. 7.20 shows the normalized resistance change, (R − R0)/R0, as a function of

the change in temperature, (T − T 0). The reference value R0 = R(T0) is the read-out

resistance in LRS at 298 K. The linear �tting in Fig. 7.20 (a) and (b) provides a TCR

value of (0.76 ± 0.02)·10-3K-1 for the Pt/2AO/Ti cell and of (1.18 ± 0.01)·10-3K-1 for the

Pt/3TO/Ti device.

For pure Al metal, the TCR value is (3.8 - 4.3)·10-3K-1 [251,252]. The reported TCR

values of 50 - 200 nm Ti and 50 nm Pt thin �lms are (1.74 - 2.07)·10-3K-1 and 1.04·10-3K-1,

respectively [253]. The TCR value of metall �lms is dependent on the �lm thickness, ex-

pecially when the �lm thickness is reduced to the nanometer range [254]. Therefore, the

precise contribution of the Ti top electrode of 10 nm with 20 nm Pt capping layer and Pt

bottom electrode of 30 nm used in this work to the total TCR value is hard to estimate.

From the comparison of the TCR values between the metal-oxide �lms and metal elec-

trodes, it's di�cult to exclude the possibility of the metal �lament. Still such positive

values obtained from the two stacks can give a hint that the �lament can be described as

almost metallic. Regarding the �ndings of Magnéli-type phases forming conductive �la-

ments in VCM-type switching TiO2 devices [136,255,256] that leads to a metallic �lament

and as con�rmed by high-resolution TEM, only the crystallized metal-oxide �lament was

observed in a switched Pt/3AO/3TO/Ti cell. Moreover, highly conductive Al2O3 with

high density of defects has been experimentaly observed as well [158]. It could be con-

cluded that the positive TCR values obtained in the both single-layer devices should

originate from the metal-oxide phase showing high conductivity.

Figure 7.20: Temperature dependency of the resistance of (a) one Pt/2AO/Ti cell and
of (b) one Pt/3TO/Ti cell set into the c8w LRS normalized to the resistance value R0

at T0 = 298 K. The TCR values of (0.76 ± 0.02)·10−3K−1 and of (1.18 ± 0.01)·10−3K−1
are obtained from the linear �tting in (a) and (b), respectively.
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7.3.2 LRS in bilayer devices

The similar temperature dependency of LRS in bilayer devices is observed within a certain

range: for the Pt/3AO/3TO/Ti cell a gradually reduced current level of LRS by increasing

temperature is observed within 175◦C in Fig. 7.21 (a) and for the Pt/3TO/3AO/Ti cell

the decrease of current level by LRS is more signi�cant with temperature lower than

125◦C (Fig. 7.21 (b)).

Figure 7.21: The temperature dependent I(V ) behavior in LRS for two bilayer devices,
namely, (a) Pt/3 nm Al2O3/3 nm TiO2/Ti, (b) Pt/3 nm TiO2/3 nm Al2O3/Ti.

Due to the high noise in the I(V, T ) curves as shown in Fig. 7.21 (b), the resis-

tance values for TCR are not directly read out at 0.3 V, but are the reverse slope val-

ues of I against V in the linear scale within voltage rang from -0.3 V to 0.3 V. In this

way, the statistical noise is minimized. From the �tting in the two bilayer stacks, the

TCR value is (0.54 ± 0.06)·10-3K-1 for Pt/3AO/3TO/Ti device (Fig. 7.22 (a)) and is

(2.54 ± 0.26)·10-3K-1 for Pt/3TO/3AO/Ti device (Fig. 7.22 (b)).

Figure 7.22: Temperature dependency of the resistance of (a) one Pt/3AO/3TO/Ti and
of (b) one Pt/3TO/3AO/Ti cell in the c8w LRS normalized to the resistance value R0 at
T0 = 318 K. The TCR value of (0.54 ± 0.06)·10−3K−1 and of (2.54 ± 0.26)·10−3K−1 are
obtained from the linear �tting from (a) and from (b), respectively.
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Chapter 7. Electronic transport in counter-eightwise BRS states

Similar to the discussion in single-layer cells, solely the positive values of TCR in

bilayer stacks can not determine the contribution from the oxide layers to the LRS.

However, related to the HRTEM �ndings in Pt/3AO/3TO/Ti, a highly conductive oxide

part should be existed in both bilayer devices.

To sum up the transport mechanism of LRS, two conclusions can be made for single-

layer and bilayer stacks. Firstly, due to the low resistance of the LRS (≈ 2 kΩ) and high

linearity, the conductive �lament should connect the top and bottom electrodes in all

cells. Secondly, in the conductive �lament for LRS, su�cient defects should exist in the

highly conductive oxide.

7.4 Summary and discussion

With Simmons' model for an asymmetric trapezoidal tunneling barrier, the electronic

charge transport in the initial state and in the high resistance state (HRS) of Al2O3-

based single-layers and Al2O3-TiO2-based bilayer stacks sandwiched between a Pt bottom

electrode and a Ti top electrode can be well described. The major tunneling parameters,

like tunneling barrier heights (Φ1 and Φ2), tunneling barrier length (L), electron e�ective

mass (m∗) and tunneling area (A) are summarized in Tab. 7.1.

Pt/oxide(s)/Ti States Φ1 (eV) Φ2 (eV) L (nm) m∗(·m0) A (·102 nm)

2AO
initial 0.3 1.1 1.4 0.23 1
HRS 0.3 1.1 1.4 0.23 1

5AO
initial 1.75 3.07 4.5 0.23 100
HRS 0.3 1.2 1.22 0.23 1

3AO/3TO
initial 1.75 3.07 3.2 0.23 100
HRS 0.3 1.1 1.3 0.23 1

3TO/3AO
initial 1.9 2.4 3.45 0.24 100
HRS 0.3 1.2 1.35 0.23 1

Table 7.1: The simulation parameters for resistance states in di�erent stacks: initial
states measured at room temperature and HRS written by 2.0 V are chosen to be compared
with each other.

Several statements can be concluded from the analysis:

1. The tunneling current �ux area (A) is varied from the cell cross-point area Acell

= 104 nm2 to an assumed �lament front area A�lament = 102 nm2 in di�erent cases.

For understanding of the highly insulating initial state in thicker single-layer and

bilayer cells, like, Pt/5AO/Ti, Pt/3AO/3TO/Ti and Pt/3TO/3AO/Ti, the current

�ux should go through the whole area of the electrode crossing due to the absence

of the conductive path. However, for the thinner 2 nm Al2O3 �lm investigated

into a Pt/2AO/Ti stack, the formation of a conductive path has already happened
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7.4. Summary and discussion

after the fabrication due to the Ti OEL impact. Correspondingly, the A should be

reduced to A�lament of 100 nm2. For the HRS, a �lamentary-type VCM switching

with the same area for these cells can be concluded regarding the best simulation

results and the HRTEM results in this work.

2. The electron e�ective mass (m∗) of about 0.23·m0 can be used for all stacks to get

the best simulation results. This value lies in the range of (0.16 - 0.4)·m0 reported

for Al2O3 �lms [147�149, 152]. In contrast, trying to apply the frequently reported

e�ective electron mass in TiO2 �lms, i.e. 1·m0 for anatase phase [120] and several

ten m0 for rutile phase [126], no good matching can be obtained for a physically

reasonable tunneling barrier length. Therefore, it can be concluded that tunnel-

ing process should be mainly controlled by the Al2O3 layer and the corresponding

interfaces.

3. The tunneling length (L) optimized for simulation of the I(V ) curve varies in the

di�erent cases. For the initial state in the thicker devices, L is almost consistent

with the physical thickness of the Al2O3 layer determined from XRR �tting. Only

for the thinner Al2O3 devices, i.e. Pt/2AO/Ti, L is much smaller than the physical

thickness of the Al2O3 layer of 2.3 nm, which can be explained by the impact of Ti

OEL in direct contact to Al2O3 layer during the fabrication process.

For the switched cells, the �lament is created during the electroforming process and

consists of conductive plug and insulting dics parts. As only the disc region should

be responsible for the reversible switching phenomenon, the tunneling length should

represent this region. Here take HRS written by 2.0 V as one example (see Tab. 7.1),

compared to the initial state, the values of L are reduced to around 1.3 nm, which

indicates that the disc region is still a part of the Al2O3 layer. The possibility of

high conductivity in Al2O3 �lms was proved by Nigo et al. [158] experimentally and

the reason was assumed to be the delocalized electronic states close to conduction

band formed by su�cient oxygen vacancies in the �lms.

4. For the initial states, the tunneling barrier heights are in good accordance with

values derived from comparison of the theoretical band o�set for the oxide-metal

interfaces in Pt/5AO/Ti and Pt/3AO/3TO/Ti stacks.

For the HRS, the simulation results indicate that an asymmetric barrier with similar

barrier heights of Φ1 ≈ (0.35 ± 0.05) eV and Φ2 ≈ (1.15 ± 0.05) eV can be valid for

all single-layer and bilayer cells. Speci�c for Pt/5AO/Ti and Pt/3AO/3TO/Ti, the

disc region should be in the Al2O3 layer close to Pt/Al2O3 interface. The lower

barrier Φ1 describes the contact between insulating disc and conductive layer and

can be roughly limited by the transition voltage, while the higher barrier Φ2 denotes
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Chapter 7. Electronic transport in counter-eightwise BRS states

the barrier at the Pt/Al2O3 interface. Compared to the initial states, this barrier

height in HRS is reduced from 3.07 eV to around 1.3 V.

Two possible physical mechanisms could be responsible for this e�ect. First, the

high oxygen vacancy density in the �lament region leads to the formation of de-

pletion region, which results in band bending close to Pt/Al2O3 interface as for

Pt/TiO2 interface (for details see chapter 8). Therefore the interface barrier is

reduced. Second, the defect states at the interface between Al2O3 and Pt from

switching processes could results in pinning of the Fermi-level in Al2O3. As the

interface defect states could be �lled and emptied by the charging process, volatile

states could be observed as well. As evidenced in Fig. 7.12, in Pt/5AO/Ti, volatile

RESET loop suggests the e�ect of immobile charges at the Pt/Al2O3 interface.

5. The LRS in single-layer and bilayer stacks show a good linearity of I(V ) relation.

From the plots of (R-R0)/R0 against T -T0 the positive TCR values for all single-

layer and bilayer stacks are obtained and indicate a metallic conducting character

of the oxide-based �lament. Regarding the low value for the LRS that is closed to

the metal line resistance, the �lament should be connecting the top and bottom

electrode after the c8w SET process.

Summing up the di�erent resistances in the single-layer and bilayer stacks, the c8w

BRS in the tested stacks can be undestood as follows, which is compatible with the well-

known understanding for the resistive switching behavior reported in [4]: During the SET

process by negative bias to Pt electrode a conductive �lament bridging the two electrodes

of the cell can be built and switch the cell to LRS, while the RESET process breaks the

conductive �lament and leaves a certain insulating disc region close to the Pt electrode,

which converts the total resistance state of the whole cell to HRS.
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Chapter 8

Eightwise resistive switching in

TiO2-based nano-structures

In this chapter, the coexistence of two opposite bipolar resistive switching polarities,

namely, the �lamentary VCM-type counter eightwise (c8w) switching and the opposite

eightwise (8w) switching, as it was mainly observed in 30 nm Pt (BE)/3 nm to 11 nm

TiO2/10 nm Ti (TE)/20 nm Pt (capping layer) nano-crossbar devices of (60 nm)2 to

(100 nm)2 size, is discussed. In order to focus on the asymmetry of the VCM devices the

topmost Pt capping layer is not mentioned in this chapter.

The phenomenon of the coexistence and the transition between the two switching

modes is �rstly depicted in sections 8.1.1 and 8.1.2. The characteristics of 8w resistance

states are studied by the hysteresis curves obtained from DC voltage sweep and pulse

voltage operation in sections 8.1.3 and 8.1.4. In addition, the interface e�ect by insertion

of Al2O3 between TiO2 and two electrodes are investigated in section 8.1.5 and 8.1.6,

respectively.

Section 8.2 discusses the di�erent non-volatile 8w states by means of its temperature

and voltage dependence. The analysis using the Simmons' tunneling model [106] provides

�rst results on the electrical characteristics of the states in the switching regime. In order

to further understand the switching mechanims, the two resistance states are linked to

the ion con�guration via a recently established continuum model simulation [107].

Combining all the results, a switching mechanism based on the mixed electronic-

ionic conduction nature in TiO2 proposed in section 8.3, which properly describes the

coexistence of c8w BRS and 8w BRS sharing a common state. The model mainly describes

the competition between the migration of oxygen vacancies in the oxide and oxygen

exchange across the Pt/TiO2-x interface at the local position of the �lament end.
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8.1. Characteristic phenomena in 8w BRS devices

their initial states (state "A" in Fig. 8.1 (b)), a positive voltage signal to the Pt BE

is required to reset the cell via a c8w RESET process (line "B") to a high resistance

state (state "C" = c8w HRS). Following the black curve to the negative voltage regime,

if the voltage amplitude exceeds the threshold value for a c8w SET process (line "D"),

an abrupt SET event into the c8w LRS = "A" is observed. The current in the c8w SET

has to be limited by setting a current compliance (here, |ICC| = 150 µA) to avoid an

irreversible destruction of the device. Summing up, the black cycle "A � B � C � D � A"

de�nes the c8w BRS mode, characterized by an abrupt c8w SET from HRS to LRS at

negative polarity, and a gradual c8w RESET at positive polarity.

Starting from the c8w HRS = "C" state and applying a negative voltage, which is

insu�cient to initiate a c8w SET process, this is |V | < |V c8w,SET|, the device can reset to

an even higher insulating state (state "E") named 8w HRS*. If a positive voltage with

su�cient amplitude is subsequently applied, a moderately abrupt change to a higher

current level is observed (line "F"). The current increase is intrinsically limited by the

c8w RESET occurring in the same voltage range. Therefore, the 8w LRS* = "C" obtained

from the 8w SET process is identical to the HRS. Following the red loop for a full cycle, the

sequence "C � D � E � F � C" de�nes an 8w BRS mode, with opposite polarity compared

to the black loop. For clarity, the inset gives the red loop in linear scale together with

the orientation as to show how the handwriting "8" is drawn.

8.1.2 Transition from di�erent 8w states to c8w BRS

Besides the transition from c8w to 8w BRS that can be controlled by the reduction of the

negative voltage amplitude, the transition from di�erent 8w states to c8w BRS is also

observed (see Fig. 8.2). Starting from 8w LRS*, the cell sets to c8w LRS at the negative

polarity with |V | > |V c8w,SET| (black curve in Fig. 8.2 (a)) and follows the standard c8w

Figure 8.2: Transition to c8w BRS in two (100 nm)2 Pt/6 nm TiO2/Ti cells: (a) from 8w
LRS* = c8w HRS to c8w LRS (black loop equals standard c8w BRS), (b) from 8w HRS*

to c8w LRS (blue loop), (c) from HRS* via LRS* to an irreversible conductive state (cyan
loop) at the positive polarity.
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Chapter 8. Eightwise resistive switching in TiO2-based nano-structures

RESET loops by applying the opposite polarity. Starting from 8w HRS* at the negative

polarity (blue loop in Fig. 8.2 (b)) the same transition can be seen. That means, the

c8w LRS can be obtained from either 8w LRS* or 8w HRS* at the negative polarity.

In contrast, the cell can not switch from 8w to c8w BRS at the positive polarity. The

higher positive voltage leads to the switching towards an irreversible conductive state

(cyan curve in Fig. 8.2 (c)).

8.1.3 Stability of 8w resistance states in Pt/TiO2/Ti devices

Retention test

In order to verify the long-term stability of 8w states, the retention tests of LRS* and

HRS* are carried out in two Pt/3 nm TiO2/Ti cells. In contrast to the volatile e�ects

found in the Ta2O5-based systems [102,103], the 8w BRS states of the TiO2-based nano-

crossbar cells are non-volatile, which are exemplarily demonstrated in Fig. 8.3. The LRS*

written by 2.0 V at room temperature reveals a stable retention for 3.5 hours at 125◦C.

This is a characteristic value also reported for regular switched states in standard Ta2O5

devices [70]. In addition, 8w HRS* written by -2.0 V at room temperature are still robust

one year later (black line in Fig. 8.3 (b)).

Figure 8.3: The stability of 8w resistance states in di�erent Pt/3 nm TiO2/ Ti cells:
(a) retention test for 8w LRS* performed at 125◦C in a (100 nm)2 cell; (b) 8w BRS in
red performed in a (80 nm)2 cell at room temperature in October 2016. The 8w HRS*

was written by -2.0 V in the last red RESET loop. The black lines are the read-out loop
measured at room temperature after more than one year storage under nitrogen condition.

Sweeping stability

Furthermore, the short-term stability of the HRS* and the LRS* in Pt/TiO2/Ti devices

can be supported by the repeated application of consecutive voltage sweeps with the same

voltage polarity to the devices being in a certain state.

Starting from the 8w HRS* written by -2 V, the sequential single 8w loops are per-

formed from 0 V→ V +,max → 0 V, where V +,max increases from 1.0 V to 2.2 V with 0.2 V
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increment by each cycling. As the black loops show in Fig. 8.4, no changes of HRS* can

be seen. The similar test is carried out for the LRS* written by 2.0 V. The consecutive

loops with applied positive voltage ranging from 0.5 V to 1.7 V with 0.2 V increment are

performed. The 8w LRS* in red is not changed during the cycling. The sweeping stability

of both resistance states is proved.

Figure 8.4: Sweeping stability of 8w resistance states in di�erent Pt/3 nm TiO2/Ti cells:
the reproducibility of the states tested for non-switching read-out loops for HRS* in a
(60 nm)2 cell (black lines) and for LRS* in a (100 nm)2 cell (red lines).

Endurance test

In order to provide a qualitative comparison on the switching stability between the two

switching modes, the endurance tests have been performed in di�erent Pt/3 nm TiO2/Ti

cells (Fig. 8.5).

By applying standard switching parameters obtained from DC voltage sweep without

taking any further optimization, the 8w switching in pulse operation mode shows around

Figure 8.5: The endurance test of (a) 8w and (b) c8w switching resistance states in pulse
mode performed in two Pt/3 nm TiO2/Ti cells with (80 nm)2 cell size. The parameters
for pulse are listed in each graph.
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103 cycles, whereas the stability of the c8w mode is only up to several ten cycles.

In conclusion, it is cleat that the 8w resistance states in Pt/3 nm TiO2/Ti devices

show not only a short-term stability during the DC voltage sweep, but also a long-term

stability represented by the long retention time. A higher endurance cycle number can

be obtained from 8w BRS compared to c8w BRS.

8.1.4 Multilevel states in 8w BRS

RESET voltage- and cell size in�uence in DC sweep mode

8w BRS curves show the characteristic self-limiting behavior with respect to the maximum

current �owing during the 8w SET and RESET events (Fig. 8.1 (b)). This feature makes

the 8w BRS more interesting over the c8w BRS behavior, which often su�ers from the

current overshoot phenomenon (see [4, 221, 258]). The self-limiting feature of 8w BRS

hints on the possibility of multiple resistance states either by 8w SET or RESET process.

However, the increase of the positive voltage has no in�uence on the LRS* value and even

brings the cell to a permanent conductive state (see Fig. 8.2 (c)). In contrast, the increase

of RESET voltage amplitude leads to higher resistance states (Fig. 8.6 (a)). Besides, the

cell size dependence is also discussed.

Due to the gradual nature of 8w RESET process, the 8w RESET voltage is equal to

the applied negative stop voltage, that is, V 8w,RESET = V -,max. In the following, V 8w,RESET

is utilized in Fig. 8.6. By keeping the voltage amplitude still in the 8w RESET range,

i.e. |V 8w,RESET| < |V c8w,SET|, the raise of the read-out resistance for HRS* (R8w,OFF) by

means of |V 8w,RESET| increase can be seen. The LRS* de�ned by the applied positive stop

voltage, however, remains the same. In addition, the I(V ) behavior shows a signi�cant

asymmetry with respect to the voltage polarity, especially for higher |V 8w,RESET|. Similar

Figure 8.6: (a) The I(V ) characteristics for increased |V8w,RESET | obtained in a (60 nm)2

Pt/3 nm TiO2/Ti cell. (b) The readouts for HRS
* (solid) and LRS* (open) as a function

of |V8w,RESET | for the cell size of (60 nm)2 (triangle) and (100 nm)2 (square).
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RESET voltage dependent HRS* are also observed in the Pt/6 nm TiO2/Ti device, which

are not shown repeatedly.

To quantitatively compare the readouts obtained from two di�erent device sizes,

(60 nm)2 and (100 nm)2 in the same Pt/3 nm TiO2/Ti sample, the values are plotted

as the function of |V 8w,RESET| in Fig. 8.6 (b). It turns out that the read-out resistance

values for LRS*, R8w,ON (open symbols), are almost constant and independent on the

RESET voltage and the device size. As the LRS* is identical to the c8w HRS, this

size-independence implies a �lamentary-type switching in both 8w BRS and c8w BRS.

In contrast to LRS*, HRS* show increased read-out values, R8w,OFF (solid symbols), by

increasing the |V 8w,RESET|. The increment of R8w,OFF by a factor of ten is achieved by

∆|V 8w,RESET| of about 0.83 V and 1.58 V for devices of (60 nm)2 and (100 nm)2 size,

respectively. In addition, R8w,OFF show a certain size-dependence but the values are not

proportional to the cell size. This size-dependence could be explained by an additional

current contribution from the non-switching regime. The in�uence of this current contri-

bution that is described as current path parallel to the �lamentary current path [259], will

be discussed in the following with the help of an equivalent electrical circuit (Fig. 8.7).

As the �lament current and the contribution from the non-switching regime are de�ned

as I1 and I2, respectively, the measured total current (I) is considered as the sum of I1
and I2. Since the �lament current is not cell area dependent [260], it can be kept the

same for the di�erent cell sizes. The leakage current in the non-switching regime I2 can

be described as J2 ·Acell, where J2 is the current density, Acell is the cell size. For a larger

cell, the cell size can be Acell + ∆A. The current change for two 8w state in di�erent cell

size is summarized in Tab. 8.1.

The total current for HRS* and LRS* , namely IHRS* and ILRS*, and the resistance

ratio between R8w,OFF and R8w,ON can be described as follows:

Figure 8.7: Equivalent circuit of the Pt/TiO2/Ti structure
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cell size Acell cell size Acell + ∆A

State Filament Non-switching regime Filament Non-switching regime
HRS* I1 I2 = J2 · Acell I1 I2 + ∆I2 = J2 · (Acell + ∆A)
LRS* I1 + ∆I1 I2 I1 + ∆I1 I2 + ∆I2

Table 8.1: Parameters from the equivalent circuit diagram in Fig. 8.7 for two resistance
states, namely LRS* and HRS*, and two cell sizes, namely Acell and Acell + ∆A.

I
HRS*

(smaller device) = I1 + I2

ILRS*(smaller device) = I1 + ∆I1 + I2

IHRS*(bigger device) = I1 + (I2 + ∆I2)

ILRS*(bigger device) = I1 + ∆I1 + (I2 + ∆I2)

(8.1)

The read− out resistance : R8w = |V read

I
=
−0.3 V

I
|

for smaller device : R8w,OFF = | V read

I
HRS*

| = |−0.3 V

I1 + I2
|

for bigger device : R8w,OFF = | V read

IHRS*
| = | −0.3 V

I1 + (I2 + ∆I2)
|

(8.2)

As the read-out values for LRS* are constant and almost the same for both cell sizes

(Fig. 8.6 (b)), the increase of the current originating from the non-�lament area can be

considered as negligible. On the contrary, for the HRS* if the current density in the non-

�lament region can be assumed as constant and non-negligible, the additional current ∆I2

through the extra non-�lament region for larger device size should provide a comparable

contribution to the total current and thus the total resistance in the larger device is lower

than in the smaller device. This phenomenon can be clear to be described based on the

mathematical equations grouped under (8.1) and (8.2). Therefore, a more signi�cant

resistance increase in cells with smaller cell size, like (60 nm)2 should be larger than in

the bigger cell size, like (100 nm)2.

RESET voltage in�uence in pulse mode

Besides the 8w switching in the voltage sweep mode, it can be pulsed by means of con-

secutive voltage pulses with 100 ns pulse length as well. Fig. 8.8 (a) describes the pulse

sequence in a Pt/3 nm TiO2/Ti cell and Fig. 8.8 (b) shows the corresponding readouts af-

ter the write pulse signal. All resistance values are read out at -0.4 V pulse and 1 ms pulse

length, among which the reference state LRS* = HRS is marked with the broken red line.

The corresponding read-out resistance after an 8w SET sweep, i.e. R8w,ON ≈ 700 kΩ, is
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Chapter 8. Eightwise resistive switching in TiO2-based nano-structures

8.1.5 Interface e�ect in Pt/(Al2O3)/TiO2/Ti devices

Based on the phenomenological discussion in chapter 4, the initial state and the c8w SET

voltage (V c8w,SET) in 3 nm TiO2-based devices can be tuned by adding 1 -3 nm arti�cial

Al2O3 layer between the Pt electrode and the TiO2 layer (see Fig. 4.27). As the transition

between 8w and c8w BRS is sensitive to the applied negative voltage amplitudes, this

insertion of Al2O3 can change the possibility of the two BRS modes through the change

of c8w SET voltage. The discussion is as follows.

For adding 1 nm Al2O3 at the Pt/TiO2 interface, the exemplary I(V )-switching loops

for both switching modes can still be observed (Fig. 8.9 (a)) and the amplitude of V SET,c8w

is signi�cantly shifted to > 1 V (Fig. 8.9 (b)). However, for dAl2O3 > 2 nm the 8w BRS

disappears and only c8w BRS can be seen. The dependence of the "threshold" voltage

for the c8w SET process on the Al2O3 layer thickness in the Pt/Al2O3/3 nm TiO2/Ti

stack is summarized in Fig. 8.9 (b).

The limited coexistence of 8w and c8w BRS in one cell by the Al2O3 �lm thickness

might originate from the active switching layer including the TiO2-x layer. The reasons

could be: (1) the pinholes in the ultra-thin Al2O3 layer. To grow 1 nm Al2O3, only eight

ALD cycles are required. It is reasonable to assume that the area density of pinholes

might become signi�cant compared to the device size of about 104 nm2. The area with

pinhole in Al2O3 layer could involve TiO2-x in the switching process. (2) The di�erent

oxygen di�usivity in ultra-thin 1 nm Al2O3 layer compared to the thicker one. Therefore,

such a thin Al2O3 layer cannot con�ne the ionic motion of oxygen or oxygen vacancies

in itself during c8w cycling. This assumption is partially supported by the high oxygen

di�usivity from oxygen di�usion experiments in amorphous Al2O3 thin �lms [267, 268].

Since both the amorphous and 1 nm ultra-thin Al2O3 �lm should have strong deviation

Figure 8.9: (a) Representative I(V ) characteristics in a (100 nm)2 Pt/1 nm Al2O3/3 nm
TiO2/Ti cell. Black curves show c8w BRS and red curves represent 8w BRS. (b) The
dependence of the mean value of V c8w,SET in the four stacks with (100 nm)2 cell size as a
function of the thickness of the Al2O3 layer inserted at the Pt/TiO2 interface.
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from the crystalline Al2O3 structure, the enhancement of the oxygen di�usivity in both

�lms could be expected.

As a conclusion, the properties of interface of Pt/TiO2-x can be modi�ed by inserting

Al2O3 and thus leads to the reduction of both V c8w,SET amplitudes and the chance of 8w

BRS appearing. The disappearance of the 8w BRS mode via dAl2O3 > 2 nm emphasizes

the distinctiveness of this interface.

8.1.6 Interface e�ect in Pt/TiO2/Al2O3/TE device

On the contrary, the insertion of thicker Al2O3 at the TiO2/Ti interface does not elimi-

nate the 8w BRS. In addition to the typical c8w BRS with |ICC| = 150 µA in Pt/3 nm

TiO2/3 nm Al2O3/TE cells with Ti or TiN electrode (see chapter 4), some cells of them

reveal 8w BRS, if a higher |ICC| (Fig. 8.10 and Fig. 8.11 (b)) or an increase of V+,max was

applied (Fig. 8.11 (c-d)).

Figure 8.10: The coexistence of c8w and 8w BRS observed in two (100 nm)2 Pt/3 nm
TiO2/3 nm Al2O3/TE cells with: (a) TE = Ti, (b) TE = TiN. The operation parameters
were |ICC | = 300 µA and V+,max = 2.3 V and V−,max = -1.5 V.

A Pt/3 nm TiO2/3 nm Al2O3/Ti cell shows �rstly the stable c8w BRS behavior

in 20 cycles with ICC from 50 µA (Fig. 8.11 (a)) to 300 µA (not shown). For higher

|ICC| = 600 µA, the cell can �rstly switch stable for several cycles (red curves in Fig. 8.11

(a)) and then after the 15th c8w BRS cycle the switching direction is changed from c8w

(red arrows in Fig. 8.11 (b)) to the 8w BRS (green arrows in Fig. 8.11 (b)), when a slim

8w RESET loop takes place in the negative polarity.

This 8w loops are stable but still slim for the negative voltage branch with V +,max

increasing to 2.4 V and keeping V -,max = -1.0 V (blue curves in Fig. 8.11 (c)). And the

sweeping stability of the corresponding 8w HRS* is veri�ed by the several single cyan

loops in one polarity. To further increase the operation voltage amplitudes, the stability

of the 8w BRS loops and the HRS* value are enhanced (Fig. 8.11 (d)). These phenomena

indicate that the insertion of Al2O3 between TiO2 layer and Ti electrode cannot avoid

the 8w switching.
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Figure 8.11: (a-b) Transition from c8w to 8w BRS is observed in a (100 nm)2 Pt/3 nm
TiO2/3 nm Al2O3/Ti cell by |ICC | increased to 600 µA. (c-d) Stable 8w BRS with switch-
ing parameters listed in the lower-right corner of each graph. The switching direction is
depicted by arrows. For each parameter variation at least 20 cycles were performed.

8.2 Electronic transport in 8w BRS devices

8.2.1 Temperature realted I(V ) behavior in 8w states

The current response in the nano-sized transition metal oxide-based devices is strongly

dominated by the electronic contribution. Therefore, the understanding of the charge

transport behavior in various switching states is of utmost importance. For this pur-

pose, the charge transport behavior of the two 8w states in Pt/3 nm TiO2/Ti devices is

discussed. To make the discussion in di�erent cells comparable, the two (80 nm)2 cells

showing similar and stable 8w BRS cycles are investigated with respect to the tempera-

ture related I(V ) characteristics.

After 20 cycles (grey curves in Fig. 8.12 (a) and Fig. 8.13 (a)), the stabilized 8w LRS*

and HRS* were written by 2.0 V and -2.0 V, respectively. Then they were analyzed with

respect to the voltage and temperature dependent current response, i.e., I(V, T ). The

read-out voltage is ranging between -0.8 V and 0.8 V. In order to �nd out the possible

transport mechanisms, the read-out I(V ) loops for both 8w LRS* and 8w HRS* are

plotted as ln(I/V ) against T−1 and ln(|I|/V 2) against V −1 for environment temperatures

between 20◦C and 70◦C in Fig. 8.12 (b-d) and in Fig. 8.13 (b-d), respectively. Due to the
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8.2. Electronic transport in 8w BRS devices

Figure 8.12: (a) Stable I(V ) characteristics of 8w BRS (grey) and the read-out LRS* in
a (80 nm)2 Pt/3 nm TiO2/Ti cell. The 8w BRS curves in grey are measured at room
temperature and the corresponding rainbow colored I(V ) for LRS* are measured for the
surrounding temperature ranging from 20◦C to 70◦C. (b) The ln(I/V ) vs. T−1 plot for
LRS* at the positive voltage branch. (c) The ln(|I|/V 2) vs. V −1 plot at the negative
voltage branch. (d) The zoom-in region for FN tunneling in (c).

similar analytical results obtained from both positive and negative voltage branches, the

plots for one voltage branch are shown.

Three main features are summarized in the following:

(1) A weak temperature dependence is observed for both 8w states (colored lines in

Fig. 8.12 (a-b) and in Fig. 8.13 (a-b);

(2) As indicated from the ln(I/V ) vs. T−1 plots in Fig. 8.12 (b) and Fig. 8.13 (b), nei-

ther Poole-Frenkel nor ohmic conduction nor Schottky emission could be the dominating

transport mechanism for 8w LRS* and HRS∗, because of the rather weak temperature

dependence and no physically meaningful barrier upon applying these models can be

obtained (details for these models in sections 2.4.2, 2.4.3 and 2.4.5);

(3) In the plot of ln(|I|/V 2) vs. V −1, the curves show a more signi�cant temperature

dependence in the lower voltage than in the higher voltage (Fig. 8.12 (c-d) and Fig. 8.13

(c-d));

(4) The transition voltage (V T ≈ (0.15 ± 0.05) V) that separates the two voltage

ranges can be found in both Fig. 8.12 (c) and Fig. 8.13 (c). For the higher voltage

amplitude, i.e. |V |-1 < |V T|-1, this linear region is further zoomed in Fig. 8.12 (d) and
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Figure 8.13: (a) Stable I(V ) characteristics of 8w BRS (grey) and the read-out HRS* in
a (80 nm)2 Pt/3 nm TiO2/Ti cell. The 8w BRS curves in grey are measured at room
temperature and the corresponding rainbow colored I(V ) for HRS* are measured for the
surrounding temperature ranging from 20◦C to 70◦C. (b) The ln(I/V ) vs. T−1 plot for
HRS* at the positive voltage branch. (c) The ln(|I|/V 2) vs. V −1 plot at the negative
voltage branch. (d) The zoom-in region for FN tunneling in (c).

Fig. 8.13 (d) and can be conventionally attributed to Fowler-Nordheim (FN) tunneling. In

contrast, the non-linear region within the low voltage amplitude region (|V |-1 > |V T|-1)

is considered to be dominated by the direct tunneling through a trapezoidal barrier

[154,269].

Summing up, an exponential-type voltage dependence combined with a weak temper-

ature dependent read-out (V ) loops for LRS* and HRS* hints on a higher probability of

a tunneling transport mechanism. The voltage in�ection point, V T, indicates a smaller

tunneling barrier height at the TiO2-y/Ti interface (see for example [270]).

8.2.2 Electronic conduction behavior in the 8w BRS states

8w states described by Simmons' model

From the former section the total current in the LRS* and HRS∗ can be described by a su-

perposition of temperature-assisted direct tunneling dominating at low voltage amplitudes

up to V T ≈ (0.15 ± 0.05) V and �eld-assisted tunneling showing up for higher applied

voltage amplitudes. To focuse on the transition between two voltage ranges and to neglect
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8.2. Electronic transport in 8w BRS devices

the weak temperature dependence below around 0.15 V, the current response can be de-

scribed by the elelctron tunneling process through an asymmetric (trapezoidal) barrier. A

one-dimensional schematic energy diagram is drawn in Fig. 8.14 (a). The z-axis is perpen-

dicular to the electrodes and along the center of the switching �lament. The �gure shows

the situation of a negative voltage applied to the Pt BE with an amplitude that enables

�eld-assisted (or Fowler-Nordheim) tunneling. As the ideal TiO2-y/Ti interface should

provide an ohmic contact considering the work function of Ti metal (≈ 4.33 eV [271]) and

the electron a�nity of 4.2-4.8 eV in stoichiometric TiO2 [130, 244, 245], Φ1 denotes the

barrier height possibly placed between the strongly oxygen de�cient TiO2-y (conductive

plug) and the minor reduced TiO2-x (insulating disc) region in the oxide layer. Φ2 denotes

the barrier height at the Pt/TiO2-x interface. L is de�ned as the length of the �lament's

disc region [205] and should equal the length of the tunneling barrier for the �eld-free

case. The quantum mechanical tunneling through a trapezoidal barrier is calculated by

means of the generalized formula of Simmons [272] (for details see chapter 2 section 2.4.1).

Based on this model the total current I is related to the following important factors: the

tunneling area A, the e�ective tunneling mass of electrons m∗ [273], the barrier heights

Φ1, Φ2 and tunneling barrier length L, where electrons transfer mainly from the Fermi-

level in the Pt electrode to the next achievable empty states of the conduction band

in the titanium dioxide �lm. l is the e�ective tunnel barrier, which can be calculated

from Φ2, L, Φ1 and the temporally applied voltage amplitude during the voltage sweep

Figure 8.14: (a) A schematic energy band diagram for the negative voltage applied to
Pt. The barrier region, TiO2-x, denotes the insulating gap ("disc") between Pt and the
conductive "plug" region, TiO2-y. (b) The read-out I(V ) loops for the LRS* and the
HRS* (colored lines) characterized at di�erent temperatures extracted from Fig. 8.12 and
Fig. 8.13, respectively. The best calculated I(V ) curves obtained from the Simmons' equa-
tion are marked by symbols. The optimized parameters are listed in Tab. 8.2.
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(for details see section 2.4.1). In Simmons' model electrons in both metal electrodes are

assumed to follow the Fermi-Dirac statistics at zero temperature, which diminishes the

weak temperature dependence of current and restricts the barrier form to be trapezoidal.

As the I(V ) loops for 8w LRS* and HRS* show temperature dependence from 293 K to

343 K for a certain voltage range, it makes the application of Simmons' model to the

two states reasonable (Fig. 8.14 (b)). In order to minimize the possible in�uence from

the derivation between metallic TiO2-y layer and real metal electrode, only the negative

voltage range is discussed based on this model.

As the geometry of �lament plug and disc as well as the interfacial barriers are critical

for the current calculation, these parameters are discussed in the following.

The form of the switching �lament in c8w VCM-type devices di�erentiates into conical

and hourglass-like shapes [52,205,242,274�276]. However, nanoscale analytical studies on

the �lament's shape of 8w BRS nanosized devices are rare. Recently, Du et al. [238] re-

ported a very careful study on the nature of the �laments in an electroformed Nb:SrTiO3/

Fe:SrTiO3/(Au)Pt epitaxial device, which shows 8w switching as reported in [277]. The

authors identi�ed an existence of cone-shaped multi-�lament after the switching process

via scanning transmission electron microscopy. Based on the mentioned reports and the

coexsistence of c8w and 8w BRS in one cell, the model for the 8w BRS in the nanoscale

Pt/TiO2/Ti devices is assumed to involve conical-shaped �lament(s) and a disc-like tun-

neling barrier at the Pt/TiO2 interface.

The tunneling area A is de�ned by the spot size of the plug, which can be ranging

from 1.66 nm2 [243] to 500 nm2 [136, 242] in VCM-type switching devices. Moreover, by

means of a "scalpel SPM" technique Celano et al. [94] reported the spot area of about

102-104 nm2 close to the OEL. This supports a cone-shaped �lament with a thicker end

at the OEL and a smaller front close to the Pt electrode. From the optimized simulation

result, A is determined to be ≈ 50 nm2. This value is very reasonable, as it is still kept

in the range given by the literature. It has to be mentioned that, the lateral con�nement

e�ects are not considered in this case and therefore, there should be no lateral mesoscopic

transport in contrast to other smaller devices [278]. In addtion, the e�ective mass of

electrons (m*) in TiO2 �lms is assumed to equal the free electron mass (m0) [120,121].

The best simulation results for the two 8w states are shown in Fig. 8.14 (b). The main

di�erence between LRS* and HRS* is the varied dominating barrier, i.e. Φ2 ≈ 1.0 eV and

L ≈ 1.25 nm for the LRS*, and Φ2 ≈ 1.25 eV and L ≈ 1.65 nm for the HRS*. All the

optimized parameters are summarized in Tab. 8.2.

Summing up all the analytical results for the 8w and c8w states, several conclusions

about the current conduction behavior in Pt/3 nm TiO2/Ti nano-crossbar devices can be

drawn in the following:

1. Stable and reproducible resistance states of 8w BRS can be explained by electron
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States Tunneling area A (nm2) Φ1 (eV) Φ2 (eV) Tunneling length L (nm)

HRS* 50 0.1 1.25 1.65
LRS* 50 0.1 1.0 1.25

Table 8.2: The simulation parameters used in Fig. 8.14 (b). The e�ective mass m∗ = m0.

tunneling through an asymmetric barrier that includes the direct tunneling in the

low voltage amplitude regime and the Fowler-Nordheim tunneling at higher voltage

amplitude.

2. The change from LRS* to HRS* involves an increase in the length L, which de�nes a

rough position of the plug/disc interface for each written state, and the dominating

barrier height Φ2 associated with the Pt/TiO2-x interface.

3. The c8w and 8w BRS events in the TiO2-based nano-crossbar devices refer to the

same Pt/TiO2-x Schottky interface and the dominating process is selected by the

amplitude of the negative voltage applied to the Pt bottom electrode.

A further application of the Simmons' tunneling model for the low temperature I(V )

characteristics as well as for the multiple resistance states are performed in the latter

subsections. More than that, to link the resistance state change to ionic con�guration

variation, a continuum model based on assumed oxygen vacancy pro�les is presented in

the following sections.

LRS* for the low temperature measurement

To better understand the role of the thermal energy on the tunneling process, the I(V )

characteristics for LRS* in the same cell used in Fig. 8.12 were also measured from 80 K

to 277 K under the vacuum level of around 10−4 mbar. The cell remains in the same

LRS* before cooling down to 80 K with liquid N2. For the temperature range from

293 K to 343 K (Fig.8.14 (b)) the increase of thermal energy is only around 1.2 times

and the read-out I(V ) loops for LRS* show barely temperature dependent. On the

contrary, for the temperature variation from 80 K to 277 K, that means the thermal

energy changes over 3 times, a clear temperature dependence of the read-out I(V ) curves

is observed in Fig. 8.15 (a) and the current level increases around one order of magnitude.

This signi�cant temperature dependence might originate from the temperature-assisted

tunneling.

For clarity, the read-out I(V ) loops for LRS*, measured under 85 K, 185 K and 277 K,

respectively, are chosen. Although the experimental data show a slight shift at the positive

bias (blue line in Fig. 8.15 (b)) caused by a limited resolution of the Keithley system

and inevitable charging e�ect, the comparison between the experimental data and the
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Figure 8.15: (a) I(V, T ) characteristics for LRS* in a Pt/3 nm TiO2/Ti cell with (80 nm)
2

cell size. The surrounding temperature is increased from 80 K to 277 K under vacuum.
(b)The best simulation results on three curves measured at 85 K, 185 K, 277 K represent
as dash lines. The simulated parameters are listed in Tab. 8.3.

Simmons' calculation for negative bias is not that signi�cantly in�uenced. All the three

read-out loops can be well matched by the simulation curves (Fig. 8.15 (b)). As Tab. 8.3

shows, by applying the same tunneling barrier Φ2 of 1.0 eV, the positively temperature

dependent response current level is only related to the decreased tunneling length from

1.62 nm at 85 K to 1.3 nm at 277 K. This result indicates that the thermal activation

energy decreases the e�ective barrier length without any impact on the barrier heights.

T (K) Tunneling area A (nm2) Φ1 (eV) Φ2 (eV) Tunneling length L (nm)

85 50 0.1 1.0 1.62
185 50 0.1 1.0 1.42
277 50 0.1 1.0 1.30

Table 8.3: The simulation parameters used for the dash lines shown in Fig. 8.15 (b). The
e�ective mass m∗ is kept as 1·m0.

As such temperatures are low enough to suppress any ion movement and the LRS*

is proofed to be non-volatile, this change of "barrier length" should not be related to

any ionic processes. Therefore, the most probable explanation is that the tunneling

barrier deviates from the idealized trapezoidal form. As suggested by various references

[109,279], the tunneling through a Schottky barrier, which is approximated as a parabolic

form, leads to a thermally activated tunneling process with the obvious temperature

dependence. For raised temperatures the thermally activated electrons can pass a smaller

tunneling length due to a parabolic-shaped barrier and thus contribute to a dramatical

increase of the current level (for details see section 2.4.1).
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Multiple HRS* described by Simmons' model

As the multiple resistance states are prominent for dealing with the increase of data

density [262�264, 266], it is worth studying the multilevel HRS* observed in the TiO2-

based devices. These multilevel states can be obtained by increasing the |V 8w,RESET|

either in the full I(V ) cycles (Fig. 8.6 (a)) or in consecutive voltage sweeps with one

voltage polarity (Fig. 8.16 (a)).

Before doing the continuous RESET cycles with increased RESET stop voltage am-

plitudes, the Pt/3 nm TiO2/Ti cell was �rstly set to the LRS* by 2 V (not shown). It has

to be mentioned that during the consecutive voltage sweeps with one voltage polarity no

any additional 8w SET process is performed inbetween. The resistance state written by

the last RESET loop keeps at least the sweeping stability during the next RESET loop

before a new state is written by a higher RESET voltage amplitude. By keepingm∗ = m0,

A ≈ 50 nm2 and Φ1 = 0.1 eV constant, these multiple 8w HRS* can be well matched by

tuning Φ2 and L based on the Simmons' tunneling model (open dots in Fig. 8.16 (a)).

As summarized in Tab. 8.4, the change of multiple HRS* can be attributed to an

increase of Φ2 and L. Interestingly, these simulation values either from full loops or from

steady RESET cycling are very comparable to each other and to the former simulation

results (see Fig. 8.14) for both LRS* and HRS*. In addition, the values of the barrier

height and the barrier length obtained from simulation are all reasonable, since both are

still within the boundaries de�ned by literature and experimental values.

In summary, the interpretation of the current conduction of di�erent 8w states in

Pt/TiO2/Ti devices by means of electron tunneling through an asymmetric barrier pro-

Figure 8.16: (a) The incremental RESET process (half cycle in color) obtained by in-
creasing the voltage amplitude of negative polarity to Pt BE. After the LRS* written by
2 V, the nth RESET process is always starting from the previous de�ned HRS* in the
(n-1)th cycling. (b) Several 8w BRS full cycles (in red) obtained by the negative voltage of
-1.5 V and the positive voltage of 2 V to Pt BE. (a) and (b) show the experimental curves
(straight lines) that tested in two (60 nm)2 Pt/3 nm TiO2/Ti cells and the simulation
results (open dots). The optimized parameters are listed in Tab. 8.4.
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States V Tunneling area Φ1 Φ2 Tunneling length
(V) A (nm2) (eV) (eV) L (nm)

LRS* Fig. 8.16 (a) 2.0 50 0.1 0.80 1.30
HRS* Fig. 8.16 (a) -1.0 50 0.1 0.85 1.45
HRS* Fig. 8.16 (a) -1.5 50 0.1 0.95 1.55
HRS* Fig. 8.16 (a) -2.0 50 0.1 1.10 1.60
HRS* Fig. 8.16 (a) -2.5 50 0.1 1.30 1.70
LRS* Fig. 8.16 (b) 2.0 50 0.1 0.9 1.20
HRS* (not shown) -1.0 50 0.1 0.9 1.40
HRS* Fig. 8.16 (b) -1.5 50 0.1 0.95 1.55

Table 8.4: Simulation parameters used for the dots in Fig. 8.16. The e�ective mass m∗

is kept as 1·m0.

vides reasonable values for the derived physical parameters. The switch of the multiple

HRS* induced by the |V 8w,RESET| variation and the switch between the HRS* and LRS*

can be interpreted by the change of the barrier height and length in the Simmons' equa-

tion. This change of the barrier properties should originate from the oxygen vacancy

movement towards the Pt/TiO2-x interface. However, a weak, but, non-negligible temper-

ature dependence of the current-voltage curves exists in Fig. 8.12, Fig. 8.13 and Fig. 8.15

cannot be explained by the simple triangular-shaped band assumed in the Simmons'

model. For the temperature region down to around 80 K, the signi�cant temperature

dependent read-out I(V ) loops for LRS* should originate from the change of tunneling

barrier length, which can be further linked to a parabolic band approximation.

8w states described by the continuum model

A more realistic approximation performed by a continuum model considers the formation

of a space charge layer at the Pt/TiO2-x Schottky interface with accompanying band

bending e�ects. Based on the semiclassical single-band transport theory, this model

combines the Fermi-Dirac statistics of electrons and two-fold donor-type oxygen vacancies

with the Poisson equation for the electrostatic potential in a one-dimensional model

geometry [101, 101, 205]. The simulation is performed by C. Funck in analogy to the

procedure described in [107].

The switching between LRS* and HRS* is attributed to a change in the total con-

centration of oxygen vacancies, NVO = [Vxo] + [V�

o] + [V��

o ]. In the Kröger-Vink notation

the symbols Vxo, V
�

o, V
��

o stand for neutral, single, and double, positively charged oxygen

vacancies [280]. Two di�erent values of the total oxygen vacancy concentration in the

disc region, namely NVO = 6·1020 cm−3 and NVO = 3·1020 cm−3, are used for the descrip-
tion of the 8w LRS* and the HRS*, respectively. The simulation results for the external

�eld-free case are shown in Fig. 8.17.
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E�ective density of states for electrons NC (T = 303 K) 6.15· 1025 m−3
Temperature T 303 K
Dirichlet Boundary condition at the Schottky barrier interface 1.5 eV
Dirichlet Boundary condition at the ohmic electrode 0 eV
Defect ionization energies for V�

o / V
��

o 50 meV / 100 meV
Dielectric constant of the amorphous oxide layer 20
Optical dielectric constant for the Schottky barrier lowering e�ect 5.8
Total oxide thickness 3 nm

Table 8.5: List of the material parameters used in the continuum simulation in Fig. 8.17

In addition, the simulation result obtained from continuum model also provides an

explanation for the weak temperature e�ect on the tunneling characteristics. The quasi-

parabolic form of the tunneling barrier shows a �at tail close to Ti top electrode (dash

line in Fig. 8.17). For a small negative voltage amplitude, the electrons that are ther-

mally activated above the Pt Fermi level can make a signi�cant contribution to the total

tunneling current. The reason comes from the strong band bending for both LRS* and

HRS*. Therefore, the physical origin of the temperature dependent read-out I(V ) char-

acteristics shown in Fig. 8.14 and Fig. 8.15 can be understood. Furthermore, the model

connects the changes obtained for the two 8w resistance states directly with a change of

the concentration of the total oxygen vacancies NVO in the depletion region. Finally, the

continuum model provides a more accurate description of the space charge e�ect through

a parabolic band bending, and therefore also explains the change of the e�ective tunneling

barrier height and length.

To sum up, the quasi-parabolic form of tunneling barrier with Fermi-Dirac distri-

bution of electrons on the Pt electrode can explain the e�ective reduction of tunneling

length with increased temperature and the di�erence between HRS* and LRS*. As the

aforementioned three main features from the continuum model are consistent with the

Simmons' model results, the validity of both models is con�rmed. It can be deduced

that the resistance change during the 8w BRS can be attributed to the change of oxy-

gen vacancy concentration, through which the tunnel barrier height for the electrons is

modi�ed.
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process (Fig. 8.18 (b)). It has to be mentioned that such an oxygen ion exchange across

the Pt/TiO2-x interface does not consider the in�uence from the region surrounding the

�lament region.

This zoomed cross-section in Fig. 8.18 (b) denotes the switching �lament among other

broken �laments, which also initially exist after the device fabrication (Fig. 8.18 (a)). This

idea can explain the reduced appearance probability of the 8w-type switching with in-

serting a thick Al2O3 layer (> 2 nm) at the Pt/TiO2 interface and support the oxygen ion

exchange across the Pt/TiO2 interface as the main relevant switching process responsible

for the 8w BRS.

Coexistence of two BRS modes with opposite polarities

Based on the results of the extraordinary switching behavior discovered in the Pt/TiO2/Ti

nano-crossbar devices, a switching model merging the two BRS modes can be proposed.

The model ultilizes the competition between the oxygen vacancy drift/di�usion processes

and an oxygen exchange reaction at the high work function Pt electrode. Still several

points that are beyond the scope of this study are not discussed, like (1) the possibility of

the oxygen exchange reaction at the Ti OEL [22], which could give an accurate description

of the switching behavior; (2) the impact of the cation di�usion [282] on the switching

behavior in the nano-crossbar devices.

The scenario of the switching model should clarify several critical points in comparison

with other reported possibilities. Firstly, this model assumes that the as-deposited TiO2

layer in its initial state consists of multiple (moderately) conductive regions of slightly re-

duced TiO2-x inside the otherwise insulating TiO2 matrix (see Fig. 8.18 (a)). Although a

signi�cant number of sub-stoichiometric phases could exist at the low deposition tempera-

ture in the nano-crystalline material, such as Magnéli-type phases TinO2n-1 [53], regarding

the complex theoretical description of TiO2 caused by these additional phases [218], it

is still reasonble to apply the assumption of the conductive �lament surrounded by the

insulating TiO2 matrix in this model. This description is consistent with the experimen-

tal �ndings reported by Du et al. [238], who visualized multiple nanosized conducting

�laments in Fe-doped SrTiO3 thin-�lm memories by scanning transmission electron mi-

croscopy and core level electron energy loss spectroscopy (EELS).

Secondly, despite the similar 8w switching behavior observed both in Pt/TiO2/Ti

devices and in the Nb:SrTiO3/SrTiO3/Pt cells studied by Bäumer et al. [101], two main

di�erences make the two switching models individual. For the Nb:SrTiO3/SrTiO3/Pt

cells, the high work function Pt electrode forms as the top contact, where a considerable

amount of oxygen exchange with the surrounding atmosphere can be involved in this 8w

switching mechanism [41]. In contrast, for the nano-crossbar cells studied in this work the

switching Schottky interface, i.e., Pt/TiO2-x, is located at the bottom of the device stack.
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Due to this geometrical arrangement the oxygen exchange with the atmosphere cannot

be simply transfered into our case. Therefore, the proposed switching model assumes

that the oxygen atoms , which are extracted from the TiO2-x layer, reside either at the

interface or in the Pt layer located in close proximity to the interface. Oxygen atoms can,

for example, be segregated to the Pt grain boundaries [283].

Figure 8.19 presents a graphical illustration of the proposed model for the two BRS

modes sharing a common state obtained in Pt/TiO2/Ti/Pt nano-crossbar devices. The

changes on the atomic scale level are indicated by the colored spheres. In this two-

dimensional illustration that cuts through the device at the position of the switching

�lament, the Pt BE and the Ti TE are given in grey and dark violet color, respectively.

The TiO2 matrix is shown in yellow, and the constituting ions are drawn in bright violet

for Ti3+ and in green for doubly ionized oxygen vacancies, V��

o . Oxygen atoms residing

at the interface and at the Pt grain boundaries are drawn as blue spheres. The conical-

shaped �lament is seen as the regime with an increased density of oxygen vacancies.

Particularly, the highly conductive �lament part, plug, is described by a high electron

concentration in the TiO2 conduction band formed by the Ti 3d states [53]. In contrast,

the average vacancy concentration in the "disc" region depends on the switching state.

Therefore, the depletion space charge layer adjacent to the Pt BE is identi�ed by a

Figure 8.19: The suggested switching process between c8w and 8w-type BRS. The corre-
sponding ionic states and processes for each point marked in the I(V ) plot are depicted
with the Ti top electrode (violet background), the Pt bottom electrode (grey background),
Ti3+ ion (violet spheres), the non-switching surrounding of the TiO2 �lm (yellow back-
ground), double charged oxygen vacancies (green spheres) and oxygen ions (blue spheres).
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variable concentration of oxygen vacancies.

The standard VCM-type c8w switching behavior is described by the characteristic

states and transitions "A � B � C - D". The 8w-loop is characterized by the sequence

"C � D � E � F". The full switching scenario comprises the coexistence of the c8w and

the 8w switching events, the shared intermediate state and the transition between the

two states that is controlled by the amplitude of the negative voltage applied to the

Pt BE. This complete scenario can be explained in a self-consistent manner. For this, in

addition to the oxygen vacancy drift and di�usion [229], an oxygen transfer reaction at the

interface with the inert Pt electrode is considered, which is to some extent analog to the

switching mechanism reported for epitaxial SrTiO3 �lms [41]. With these assumptions,

the switching steps and resistance states appear as follows: The c8w LRS "A" represents

the situation with the smallest extension of the depletion zone. The c8w RESET "B"

involves the drift of oxygen vacancies towards the cathode (Ti TE) and a possible oxygen

transfer at the high barrier interface towards the Pt BE. For a successful c8w RESET

from the LRS "A" to the c8w HRS "C" the oxygen vacancy drift should dominate over

the oxygen extraction in order to decrease the average oxygen vacancy concentration

in the disc region. Consistent with the continuum model, the reduced oxygen vacancy

concentration NVO results in an enhanced barrier height and tunneling length for electron

injection from the Pt into the oxide. When a negative voltage is applied to the Pt BE,

the process is reversed. In other words, oxygen ions and oxygen vacancies are pushed into

the disc region from the Pt side and from the Ti side, respectively. At position "D" a c8w

SET process is initiated, if the �lament comes very close towards the Pt electrode and

the conduction behavior in the achieved LRS is described by a metal-like �lament. In

contrast, prior to the �lament's contacting of the Pt electrode, the transfer of oxygen from

the "reservoir" at the Pt interface into the disc region results in a decrease of the total

oxygen vacancy concentration NVO, and, consequently, an even higher barrier height and

tunneling length characterize the HRS* (state "E"). The switching from the HRS* to the

LRS* at positive polarity applied to the Pt BE proceeds via step "F" that characterizes

the 8w SET followed by step "B".

To sum up, several important clari�ed results from experiments and simulations are

as follows:

1. the appearance of a shared intermediate state, i.e. c8w HRS = 8w LRS*, show the

area-independence, which supports the �lamentary-type VCM switching;

2. the conduction behavior in LRS* and HRS* indicates the tunneling mechanism via

the weak temperature dependence and the clear transition voltage hints for the

transition between direct tunneling and Fowler-Nordheim tunneling;

3. the multilevel capability of the HRS* in DC voltage sweep and pulse operation

provides a high potential in the neuromorphic applications;
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8.3. Summary and discussion

4. the strong dependence of the 8w-type switching phenomenon on the nature of the

Pt/TiO2-x interface veri�ed by the insertion of Al2O3 blocking layer at the two

interfaces in the M1/O/M2 structure;

5. the correlation of the change in the barrier height and tunneling length to the

oxygen vacancy concentration in the disc regime of the �lament near the Pt BE via

the continuum model.

These �ndings can be consistently described by means of the proposed switching

model, which considers the oxygen transfer at the interface with the Pt bottom electrode,

in addition to the accepted processes of oxygen vacancy drift and di�usion.
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Chapter 9

Final summary and outlook

The scope of this work was the systematic investigation of the role of individual oxide lay-

ers on the resistive switching performance of nanosized ReRAM devices. For this purpose,

nano-crossbar ReRAM devices of the size from (60 nm)2 to (100 nm)2 with nanometer

thick metal oxide �lms were fabricated. These oxide(s) comprising single-layer and bi-

layer stacks of TiO2 and Al2O3 grown by atomic layer deposition (ALD) were sandwiched

between nano-structured Pt and Ti/Pt (or TiN/Pt) electrodes. The analysis is focused on

the resistive switching performance in continuous voltage ramp and voltage pulse opera-

tions and on the detailed current transport studies of various stacks in di�erent resistance

states. The interpretation of the experimental results is focused on the relation between

the ionic drift, electronic conduction and the comparison of switching performance. The

variation of the oxide thickness, the oxide stack order and the electrode materials all

aimed to clarify the role of the oxide layers and the electrode/oxide interfaces on the

switching performance.

The most important results of this study are summarized in the following:

(1) In DC voltage sweep mode the c8w BRS behavior was �rst characterized in cells

with di�erent top electrodes. In agreement with other studies, the high quality ALD

grown Al2O3 �lms with low defect density do not provide any reversible resistance switch-

ing in the symmetric Pt/Al2O3/Pt stack. Other inert electrodes like TiN cannot induce

su�cient oxygen vacancies as well. Therefore, the Pt/oxide(s)/TiN stacks show rarely

successful electroforming and the c8w BRS behavior is also unstable. For the same oxide

layer, the stable c8w BRS can be observed in Pt/Al2O3/Ti, which can have su�cient oxy-

gen vacancies introduced by the Ti oxygen exchange layer (OEL). Moreover, by adding

an 3 nm arti�cial TiO2 grown by ALD, the Pt/3 nm Al2O3/3 nm TiO2/Ti bilayer device

shows especially an improved endurance among other single-layer and bilayer stacks.

In voltage pulse mode, Pt/5 nm Al2O3/Ti cells show more gradual SET. In the SET

kinetic study, this stack shows a strong non-linearity of the SET time vs. pulse amplitude
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relation, that means, the SET time can be reduced from 0.1 s to 20 ns with SET pulse

amplitude from 0.8 V to 1.1 V. This non-linearity can be well explained by the ion hopping

model with physically meaningful parameters. The RESET kinetic studies, however,

reveal a signi�cant impact of the LRS values on the RESET process.

Afore investigating the electronic transport in the c8w BRS cells, the nanostructural

analysis on a switched Pt/3 nm Al2O3/3 nm TiO2/Ti bilayer device was performed by

high-resolution TEM, which provided the evidence for the �lamentary-type c8w BRS

switching with a switching area of around 100 nm2. The crystalline phases of TiO2 and

Al2O3 in the �lament region serve as an evidence for the occurrence of local Joule heating.

In order to understand the stable c8w BRS in Pt/oxide(s)/Ti cells, the electronic

transport between di�erent resistance states was studied. Among other candidates, the

electron tunneling through the trapezoidal barrier based on Simmons' equation can well

explain the I(V ) characteristics in initial state and in various high resistance states (HRS)

with reasonable simulation parameters. The simulation results indicate that the Al2O3

layer is also involved in the c8w BRS and the di�erent resistance states should origi-

nate from the change of tunneling barrier forming in the depletion region closed to the

Pt/Al2O3 interface. The analysis of the low resistance state (LRS) via thermal coe�cient

of resistance (TCR) reveals a metallic conducting �lament in the oxide layer(s) bridging

the two electrodes. Based on these results, the switching mechanism in Al2O3 and TiO2-

based devices is consistent with the �lamentary-type valence change mechanism (VCM),

i.e. the reversible oxygen vacancy migration upon the electrical �eld.

(2) The 3 nm to 11 nm TiO2 single-layer in Pt/TiO2/Ti devices reveal an unstable

c8w BRS but surprisingly, a stable 8w BRS with an opposite switching polarity and the

self-limiting SET and RESET behavior. The non-volatile resistance states and multiple

high resistance states (HRS∗) promise an application in analog signal processing.

From the analysis of the di�erent resistance states through electron tunneling model

based on Simmons' equation and continuous model regarding the ion con�guration, the

transition from HRS∗ to LRS∗ during 8w BRS could be attributed to a reduction of the

interface barrier height and length, which can originate from possible oxygen exchange

across the Pt/TiO2 interface. A further proof for the dominating role of the Pt/TiO2

interface is the disappearance of 8w BRS behavior with su�cient thick Al2O3 layer in-

serted at the Pt/TiO2 interface rather than at the TiO2/Ti interface. Considering the

electronic and ionic transport in the Pt/TiO2/Ti devices, a switching model based on

the competition between oxygen vacancy migration and oxygen exchange is proposed to

explain the coexistence and transition between c8w BRS and 8w BRS modes.

(3) In the metal1-oxide-metal2 (M1OM2) structure, the important factor for resistive

switching behavior is the interface reaction between electrode and oxide. Depending on
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the oxide material, the Pt/oxide interface could either initiate oxygen exchange (Pt/TiO2)

or inhibit oxygen exchange (Pt/Al2O3), which makes the stable switching polarity either

8w or c8w. The counter interface oxide/Ti has the e�ect of delivering oxygen vacancies,

which in�uences the stability of resistance states and the endurance.

Going beyond the results of this work the tuning of the c8w BRS performance of Al2O3

and TiO2-based nano-crossbar devices and the explanation of the competition between

the opposite switching polarities in TiO2-based nanostructural devices bring up additional

research questions.

� Which material properties control the dominance of oxygen vacancy drift/di�usion

vs. oxygen transfer across the Pt/oxide interface?

� Can the understanding of these processes guide to a design concept for area switch-

ing devices?

� Can we create a tool box for nanosized resistive switching cells formed from nanolam-

inate stacked in the right sequence to provide the desired device properties?

To answer the aforementioned questions, the material research in bilayer stacks with

focus on the metal/oxide interface can go further. The candidates replacing Al2O3 may

be oxides showing no valence change like SiO2 or MgO. Other insulating layers like SiN or

AlN may also be good candidates due to their feasibility in chip industry product lines.

For TiO2, the replacing materials could be HfO2, Ta2O5 or ZrO2. The OEL electrode can

be varied to other reactive metals like Cr, Ta or Hf, whereas the inert electrode can be

varied to Pd or TiN.

As applied for Al2O3-based devices with more detailed consideration on the band

structures, the continuum model can further interpret the resistive states in the stud-

ied materials and thus could reveal important information like ionic con�guration and

material properties.
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Appendix A

Temperature related I(V ) analysis for

the initial state

A.1 Pt/3 nm Al2O3/3 nm TiO2/Ti device

Figure A.1: (a) ln(I/V ) vs. 1/T plots from Fig. 7.4 (a) for negative bias and (c) for
positive bias. (b) and (d) are the voltage dependent slopes from (a) and (c), respectively.
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Figure A.2: (a) ln|I| vs. 1/T plots from Fig. 7.4 (a) for negative bias and (c) for positive
bias. The slopes from (a) and (c) is plotted as function of voltage amplitude in (b) and
(d), respectively.

The I(V, T ) analysis in the non-switched Pt/3AO/3TO/Ti cell for both voltage po-

larities are plotted in ln(I/V ) vs. 1/T function (Fig. A.1 (a,c)). The data points show

good linear �ts. The V 0.5 dependence of the slopes gives the o�set barrier height (qφT)

of around 0.63 eV, while a voltage independent barrier indicates an ohmic transport with

barrier WC -WF ≈ 0.27 eV (Fig. A.1 (b,d)).

From the hopping conduction plot in Fig. A.2 (b), the activation energy is obtained

as 0.4 eV and the hopping distance is around 1.08 nm. The hopping distance a can be

assumed as 2·d times the value of slope in Fig. A.2 (b), where d = 3 nm obtained from

the insulating 3 nm Al2O3 �lm (for details see equation (2.6)). Although a is in a range

of the reported value (see section 2.4.4), the value of a that equals to a roughly three

oxygen atom distance in Al2O3, and the hopping conduction that is only observed in one

voltage polarity, are not reasonable.
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A.2. Pt/3 nm TiO2/3 nm Al2O3/Ti device

A.2 Pt/3 nm TiO2/3 nm Al2O3/Ti device

Figure A.3: (a) ln(I/V ) vs. 1/T plots from Fig. 7.7 (a) for negative bias and (c) for
positive bias. (b) and (d) are the voltage dependent slopes from (a) and (c).

The I(V, T ) analysis in the non-switched Pt/3TO/3AO/Ti cell for both polarities are

done for Poole-Frenkel emission and ohmic conduction in Fig. A.3. In the ln(I/V ) plot

a linear dependence on 1/T is shown in Fig. A.3 (a,c), The voltage independent barrier

can be seen in the lower voltage range for both bias of around 0.35 eV (Fig. A.3 (b,c)).

For higher voltage amplitude the Poole-Frenkel barrier around 0.7 eV can be extracted

from Fig. A.3 (d), which is similar as in Pt/3AO/3TO/Ti device.
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Figure A.4: ln|I| vs. 1/T from Fig. 7.7 (a) for negative bias and (c) for positive bias.
The slopes from (a) and (c) are plotted as function of voltage amplitude in (b) and (d),
respectively.

A similar voltage independent barrier is observed in the hopping �tting of around

0.35 eV (Fig. A.4 (b) and (d)), whereas the hopping barrier is estimated as 0.49 eV. The

corresponding hopping distance a is 2·0.3·3 nm = 1.8 nm, whose value equals to around

six oxygen atom distance in Al2O3. However, the hopping �tting in this cell has the same

problem as in Pt/3TO/3AO/Ti device: the transport can only be observed in one polarity.

Therefore, the hopping conduction is not suitable as the main transport mechanism.

156



Appendix B

Rth and WA optimization

Figure B.1: Impact of (a) Rth and (b) WA on the tSET - V SET,pulse relation. The grey dots
are the experimental data obtained from two Pt/5 nm Al2O3/Ti cells, respectively.

The impact of the Rth and WA on the non-linearity of log(tSET) - |V SET,pulse| relation

is illustrated in Fig. B.1, where the in�uence of each factor is shown by keeping other

parameters constant. The increase of both Rth and WA values results in a higher non-

linearity of tSET - |V SET,pulse| relation. However, due to the opposite shift the required

|V SET,pulse| for the same tSET is reduced by increasing Rth (Fig. B.1 (a)), whereas more

|V SET,pulse| is needed for increase of WA (Fig. B.1 (b)).
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Appendix C

Thickness analysis on TiO2 �lms grown

by FlexAL ALD

Sample-Nr. Layer thickness Density ALD cycles RMS roughness by AFM
by XRR �tting (g/cm3) (#) (nm)

No.11 2.9 nm TiO2 4.03 67 0.213
No.12 5.5 nm TiO2 4.15 134 0.242
No.13 10.9 nm TiO2 4.02 268 0.257

Table C.1: Details for as-grown TiO2 single-layers by A. Hardtdegen utilizing FlexAL
ALD system in Nanocluster. The process details are described in [284]. The oxide lay-
ers were deposited at 250◦C on Si(100) substrates as the reference sample for the nano-
crossbar devices in this work.

Figure C.1: (a-c) Measured XRR curves (bold line) and XRR �tting results of TiO2

single-layers deposited on Si(100) substrates listed in Tab. C.1.
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List of Symbols

Symbol Description Unit

a hopping distance m
A tunneling current area m2

Acell cross-section area of cell m2

A�lament cross-section area of �lament m2

A∗ e�ective Richardson constant A/(m2·K2)
d �lm thickness m
E electric �eld V/m
EBR electrical breakdown �eld strength V/m
EVo oxygen vacancy formation energy eV
f ion hopping attempt frequency Hz
h Planck constant eV·s
I measured current A
ICC current compliance A
I1 �lament current for cell size Acell A
I2 non-�lament current for cell size Acell A
Ipre-SET pre-SET current A
IRESET maximal current level A
IHRS* current sum from �lament- and non-�lament region for HRS∗ A
ILRS* current sum from �lament- and non-�lament region for LRS∗ A
∆I increment of the �lament current from HRS∗ to LRS∗ A
∆A increment of the area m2

J current density A/m2

J1 current density for I1 A/m2

J1 current density for I2 A/m2

kB Boltzmann constant J/K
l e�ective tunneling length m
ldisc oxygen depleted region m
l�lament length of the conductive �lament m
L total tunneling length m
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Symbol Description Unit

m∗ e�ective electron mass kg
m0 electron rest mass kg
M∗ chemical active metal electrode
n charge carrier concentration m−3

NC e�ective density of states in conduction band m−3

NVO total concentration of oxygen vacancies m−3

q elementary charge C
R0 resistance measured at T0 Ω
R8w,OFF read-out resistance for HRS* Ω
R8w,ON read-out resistance for LRS* Ω
Rinitial read-out initial resistance Ω
Rc8w,OFF read-out resistance for HRS for c8w BRS Ω
Rc8w,ON read-out resistance for LRS for c8w BRS Ω
RON,cell resistance of the switching layer in LRS Ω
Rpre,OFF read-out resistance for HRS after precycling Ω
Rpre,ON read-out resistance for LRS after precycling Ω
Rread read-out resistance Ω
RS series resistance Ω
Rth e�ective thermal resistance K/W
tSET SET time for transient pulse measurement s
tRESET RESET time for transient pulse measurement s
tpulse pulse length s
T disc local temperature in the disc range K
T 0 ambient temperature afore SET process K
vdrift drift velocity of oxygen vacancies m/s
V applied bias voltage V
V0 voltage for I=ICC V
V 8w,RESET c8w SET voltage V
|V c8w,SET| c8w SET voltage amplitude V
|V c8w,RESET| c8w RESET voltage amplitude V
V disc voltage applied on the disc region V
|V Fr| electroforming voltage amplitude V
V T transition voltage V
V pulse applied pulse voltage V
V SET,pulse voltage for SET pulse V
V RESET,pulse voltage for RESET pulse V
|V ON, cell| voltage amplitude on the cell for LRS after SET V
|V RESET, cell| max. voltage amplitude on the cell for LRS afore RESET V
V -,max maximal negative-/RESET stop voltage V
V +,max maximal positive stop voltage V
V��

o double positively charged oxygen vacancy
[V xo] concentration of neutral oxygen vacancy m−3

[V �

o] concentration of single positively charged oxygen vacancy m−3

[V ��

o ] concentration of double positively charged oxygen vacancy m−3
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Wa activation energy eV
W (x) Lambert's function
WA �eld-free ion hopping barrier for V��

o eV
WF Fermi-level eV
WC the bottom edge of conduction band eV
WG band gap eV
α- Alpha phase-
α0 temperature coe�cient of resistance K-1

γ- Gamma phase-
εr relative optical permittivity
ε0 permittivity in vacuum F/m
η ideality factor
θc critical angle ◦

θm the angle at the maximum of the mth oscillation ◦

κ thermal conductivity W/(K·m)
λ wavelength m
µ electron mobility m2/(V·s)
µ(O) oxygen chemical potential eV
υ frequency of thermal vibration of electrons at trap sites Hz
ρ electron density C/m3

Φ tunneling barrier height at the interface eV
Φ1 the interface barriers at the oxide/ohmic electrode interface eV
Φ2 the interface barriers at the Schottky electrode/oxide interface eV
ΦB, qφB e�ective thermionic emission barrier at the interface eV
ΦB0, qφB0 thermionic emission barrier at the interface eV
ΦM metal work function eV
ΦT, qφT trap energy level eV
Φ̄ e�ective tunneling barrier eV
χ oxide electron a�nity eV
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List of Abbreviation

I(V ) current-voltage

1S1R one selector-one resistor

1T1R one transistor-one resistor

3AO/3TO 3 nm Al2O3/3 nm TiO2

3TO/3AO 3 nm TiO2/3 nm Al2O3

8w BRS eightwise bipolar resistive switching

Abs I absolute current

AFM atomic force microscopy

ALD atomic layer deposition

AO Al2O3

BE bottom electrode

C2C cycle-to-cycle

c8w BRS counter-eightwise bipolar resistive switching

CBRAM conductive bridge random access memory

CDF cumulative distribution function

CMOS complementary metal-oxide-semiconductor

CPU central processing unit

CRS complementary resistive switches

CVD chemical vapor deposition

D2D device-to-device
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DC direct current

DFT density functional theory

DMAI dimethylaluminum isopropoxide

DRAM dynamic random access memory

EBL electron beam lithography

EDX energy-dispersive X-ray spectroscopy

EELS electron energy-loss spectroscopy

FeRAM ferroelectric random access memory

FFT fast Fourier transform

FN Fowler-Nordheim

FTJ ferroelectric tunnel junction

GNDU ground unit

GPC growth per cycle

HRS high resistance state for c8w BRS

HRS* high resistance state for 8w BRS

HRTEM high-resolution transmission electron microscopy

I/O input and output interfaces

ICSD inorganic crystal structure database

IoT Internet of Things

IPS inverse photoemission

IQR interquartile range

LA-BSE low angle backscatter electrons

LC-AFM local conductivity atomic force microscopy

LRS low resistance state for c8w BRS

LRS* low resistance state for 8w BRS
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M1OM2 metal1-oxide-metal2

MOS metal-oxide-semiconductor

MOs metal oxides

MRAM magnetic random access memory

NIL nanoimprint lithography

OEL oxygen exchange layer

PCM phase change memory

PE-ALD plasma enhanced atomic layer deposition

PLD pulsed laser deposition

PMU pulse/measurement unit

REELS re�ection electron energy loss spectroscopy

ReRAM resistive switching random access memory

RIBE reactive ion beam etching

RMS Root Mean Square

SE secondary electrons

SEM scanning electron microscopy

SMU source/monitor unit

SRAM static random access memory

TCR temperature coe�cients of resistance

TDMAT tetrakis(dimethylamino)titanium

TE top electrode

TEM transmission electron microscopy

TMA trimethylaluminium

TO TiO2

UPS ultraviolet photoemission
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VCM valence change mechanism

VUV vacuum ultraviolet

w/o without

XES X-ray emission spectroscopy

XPS X-ray photoelectron spectroscopy

XPS X-ray photoemission spectroscopy

XRF X-ray �uorescence spectroscopy

XRR X-ray re�ectivity
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