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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

Electronics and Computer Science

Doctor of Philosophy

DOPING CONTROLLED RESISTIVE SWITCHING DYNAMICS IN TRANSITION
METAL OXIDE THIN FILMS

by Maria Trapatseli

Transition metal oxide thin films have attracted increasing attention due to their po-
tential in non-volatile resistive random access memory (RRAM) devices, where such
thin films are used as active layers in metal-insulator-metal (MIM) configurations. Tita-
nium dioxide is one of the most celebrated oxides among the ones that exhibit resistive
switching behaviour due to its wide band gap, high thermal stability, and high dielectric
constant. RRAM devices with various materials as active layers, have demonstrated
very fast switching performance but also huge potential for miniaturisation, which is the
bottleneck of FLASH memory. Nevertheless, these devices very often suffer poor en-
durance, physical degradation, large variability of switching parameters and low yields.
In most cases, the physical degradation stems from high electroforming and switching
voltages. Doping of the active layer has been often employed to enhance the performance
of RRAM devices, like endurance, OFF/ON ratio, forming voltages, etc. In this work,
doping in TiO2.x RRAM devices was used to engineer the electroforming and switching
thresholds so that device degradation and failure can be delayed or prevented. Al and
Nb were selected with basic criteria the ionic radius and the oxidation state. The doped
RRAM devices, showed improved switching performance compared to their undoped
counterparts. Alternative approaches to doping were also investigated, like multilayer
stacks comprising AlpO3_, and TiOg thin films. Furthermore, Al:TiOs.«/Nb:TiOg.«
bilayer RRAM devices were fabricated, to prove whether a diode behaviour of the p-n
interface inside the RRAM was feasible. The latest would be a particularly interesting

finding towards active electronics.
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Chapter

Introduction

1.1 Motivation

Titanium dioxide thin films have been extensively studied for their application in nano-
electronics [1, 2, 3], energy [4, 5, 6], photocatalysis [7], and storage [8, 9, 10]. More re-
cently, TiOg thin films were also employed in resistive random access memory (ReRAM)
cells, serving as active layers sandwiched between two metal electrodes in metal-insulator-
metal (MIM) stacks [8]. Due to their simple structure, ReRAM cells can be easily in-
corporated into single devices or crossbar arrays, of various sizes and shapes. These
devices have shown good performance in power consumption, high density integration
and high speed operation [10]. Although these devices have shown the capacity to be-
come competitive in the field of future nano—electronics, they still encounter low yields
and failure [11, 12].

Common reasons of failure are: poor endurance [13], physical degradation [14, 15], large
variability of switching parameters [16] and low yields. Poor endurance is what makes
the two resistive states no longer possible to be distinguished, even after few tenths of
cycles only. Physical degradation refers to physical changes on the device architecture,
such as bumps, cracks or bubble-like features, usually on the top-electrode. Examples of
such physical degradation are shown in figure 1.1. These can be a result of high power
operation, but often they show up in the beginning of the device operation and they
slowly proliferate until the device is unresponsive to any kind of input. Large variability
is a major obstacle to a mass production of such devices, as often they show significant
variability of switching voltages or switching behaviour. This variability can be also
related to variability in active layer thickness, inhomogeneous oxide/metal deposition
and varying electrode length. Poor yields are often occurring for no obvious reason, but
in many cases are associated with a fabrication step, such as, post-fabrication annealing

which can lead in electrode shorting.
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Blown off

Figure 1.1: Examples of physical deformations on device structures (a), (b) by
Carta et al. and (c) by Kwon et al.

The term soft breakdown (SB) [17], is often used to describe the initiation of the device
operation and it is associated with the formation of conductive filaments (CF's) inside
the device active layer [18]. When a soft breakdown occurs, an abrupt increase of current
is observed and the device can toggle between a high resistive state (HRS) and a low
resistive state (LRS) with the application of an appropriate electrical stimulus. However,
no major physical deformation of the top electrode is observed. The hard breakdown
(HB), is caused by high voltages and is generally responsible for the device failure due

to physical deformations emerging on the device structure [19].

Devices operating in SB regime maintain their last assumed state through subsequent
low-voltage (below switching threshold) sweeps. When applying very high voltage or
when performing a large number of switching cycles the device enters the HB region
and finally fails. In HB, the device may still be able to switch electrically, but this
is accompanied by the formation and proliferation of protrusions on the top electrode,
similar to those in figure 1.1. The protrusions accumulate irreversibly until the device
fails completely, that is, becomes unable to switch electrically. These dramatic events
can cause permanent failure of devices. The identification and control of the SB and
HB voltage thresholds could benefit the device operation in a way so that switching

commences in a ”safe” for the device voltage range.

The switching dynamics and the SB and HB voltage thresholds could be realised as
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TiO,,, Soft Hard
-~ (a) breakdown breakdown
! ' Voltage
(b) Improved cycling endurance
. 1
ALTIO, / : —>
.
(c) Low power operation
<«
No switching Reversible switching Irreversible switching

Figure 1.2: (a) Concept of resistive switching dynamics in TiOg.x-based RRAM
cells and (b), (c) a suggestion of their SB and HB voltage threshold modification
with doping.

in figure 1.2. Three major areas can be identified: a neutral zone (shown in gray)
corresponding to application of very low voltages that are not sufficient to alter the
devices resistance, a ”reversible switching” zone (shown in green) corresponding to a
higher voltage range where the device operates reliably and an irreversible switching zone
at higher voltages where switching causes irreversible changes to devices architecture and
leads to permanent failure. Figures 1.2b, ¢ display the potential improvement in device
performance with doping. The active layer can be engineered to lower the SB voltage
threshold (key for low-power operation) and to increase the HB voltage threshold (key
for enhanced endurance and reliability) [17, 20, 21]. The electroforming that does not
create visible changes in the device topography is considered a soft-breakdown, but a
high-voltage electroforming that creates visible physical deformation of the device is

considered a hard-breakdown.

In this context, this thesis was built around the optimisation of the device switching
parameters, mainly switching thresholds, to prevent failure and increase the device re-

liability and switching repeatability.

1.2 Research Objectives

So far, SB and HB thresholds could only be identified in device level by conventional
switching, fact that made the monitoring of the oxide impossible. Studying the resistive
switching (RS) phenomena in thin film level is often preferred as it makes it easier to
interpret the changes in topography and resistivity. At the beginning, a major part of

this work was invested in identifying the SB and HB regimes without the requirement
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of a finished solid-state RRAM device. This was realised through Conductive Atomic
Force Microscopy (C-AFM) measurements on TiOgy thin films, where the AFM tip
played the role of an active layer. Although electrical stimulation of thin films using
C-AFM can not be considered directly comparable to resistance switching in thin films,
the effect was very similar and useful information was collected concerning the SB and

HB breakdown regimes. This part was successfully published in Journal of Physical
Chemistry C [22].

Following that stage, the focus turned towards TiO2 x ReRAM devices and engineering
their switching thresholds via doping with Al. Al was selected with oxidation state and
ionic size criteria. The objective was, firstly, to develop doped and undoped TiOo.y
ReRAM devices and secondly, to perform back-to-back electrical characterisation and
demonstrate the improvement of the devices’ switching dynamics. Intermediate steps
towards that direction, involved TiO9.« oxide thin films deposition by reactive sputter-
ing and elemental characterisation by X-ray Photoelectron Spectroscopy (XPS). Devices
with desired Al % at. were selected and tested back-to-back with their undoped coun-

terparts, to verify the improvement in switching performance.

In the next stage, an alternative approach to doping was followed and ultra -thin Al,O3_,
buffer layers were incorporated between TiOs thin films. The purpose was to investi-
gate whether Al is incorporated in the TiO9.y thin films and if it is improving the switch-
ing dynamics, by decreasing the electroforming (EF) and switching voltages. Moreover,
the mechanism of switching was studied and a possible explanation on the effect the

ultra-thin Al,O3_, layers have on the device’s switching mechanism.

Finally, the last stage involved an effort in making the ReRAM devices showing a diode-
like behaviour. Such a contribution which is still missing from the literature, would
realise ReRAM cells in more applications, like amplifiers and switches. Based on the
argument that Al would induce a p-type conductivity in TiOo, Nb was selected as a
n-type dopant. TiOo.y thin films individually doped with Al and Nb, were deposited by
reactive sputtering and characterised by XPS. Characterisation of the type of carriers
was not possible by Van der Pauw method, due instrument limitations. Bilayer devices
comprising Al- and Nb-doped thin films were fabricated and tested for their switching
characteristics. The DC electrical tests did not validate a diode-like behaviour but
a typical for ReRAM abrupt electroforming and hysteretic I-V signature. The Nb-
doped and bilayer devices exhibited improved switching with lower electroforming and
switching voltages. Some preliminary retention tests were also carried out to evaluate

their capability of maintaining the resistance states.

Overall, this work was developed around amorphous TiO9. as a model oxide for ReRAM
applications. The aim was to prove that engineering of the active layer using foreign
elements (dopants) and alternative methods, is feasible and can have a positive impact

on the device performance without additional sophisticated processing. Furthermore,
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TiO2.« was an ideal oxide to study stages of the resistive switching mechanism by en-

gineering its chemical composition, as it is easy to deposit under room temperature,

stable when combined with foreign elements and maintains a uniformity when deposited

on other oxides, such as AloO3_, thin films.

1.3

Report Outline

The thesis outline is as follows:

(a)

In chapter 2, the state-of-art in RRAM devices is summarised with respect to the
employed materials as active layers. Additionally, it comprises the most recent
progress in TiO2 RRAM devices doped with foreign elements, methods of fabrica-
tion and performance improvements. Also, the chapter briefly discusses the use of
C-AFM as a method for studying the resistive switching phenomena on oxide thin
films.

In chapter 3, the fabrication and testing of TiOs ReRAM devices doped with
Al, are presented. The effect of Al doping in the devices’ switching dynamics is

discussed.

In chapter 4, AloO3_, thin films are incorporated in TiO2 ReRAM devices as an
alternative aproach to doping. Results from the electrical characterisation of the

devices are presented and insight on the switching mechanism is provided.

In chapter 5, the fabrication and characterisation of bilayer ReRAM devices com-
prising TiOs thin films with Al and Nb dopants, respectively, is presented and
discussed. The aim was to create oxide interfaces that behave like diodes. Typical

ReRAM device characterisation is carried out and discussed.

Finally, chapter 6 summarises all contributions of this work and potential future

research.






Chapter

Resistive Random Access
Memory (RRAM)

This chapter gives a brief introduction about non-volatile RRAM. It also includes a
classification of the state-of-art RRAM devices with respect the active layer material.
Finally, the most recent advances of doping in RRAM devices is presented towards the
end of the chapter, along with a brief report in C-AFM studies for RRAM applications.

2.1 Introduction

Leon Chua reported in 1971 the existence of the memristor, postulated as the fourth
fundamental circuit element after the resistor, the capacitor and the inductor [23]. The
memristor behaves like a memory device as when the electric power is disconnected,
it remembers the most recent resistance until it is connected again. The memristors
attracted again the interest of the scientific community after 2000 when Beck et al. [24]
reported reproducible switching effects in perovskite thin oxide films with notable po-
tential in non-volatile memory applications. A RRAM device can be considered as a
specific type of memristor because it displays memristive behaviour: ie. it can toggle
between two or more resistance states when appropriate electrical stimulus is applied.
The term RRAM first appeared in a paper by Zhuang et al. [25] in 2002 where they re-
ported a 64-bit RRAM array fabricated by a CMOS process. Two key papers regarding
non-volatile RRAM came out in the following years from Baek et al. [26] and Strukov
et al. [27] respectively. The first reported the development of fully CMOS compatible
and highly scalable RRAM devices and it was the first advanced work regarding RRAM
with binary transition metal oxides (TMOs). The second presented a physical model of
a two-terminal electrical device that behaves like a perfect memristor and this was the

first time that memristor concept was applied to RRAM devices.
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(b)

+— Active layer

RRAM cell

Metal electrodes

RRAM cell

Figure 2.1: Three RRAM cell architectures with different densities:(a) a stan-
dalone crossbar (b) a crossbar array and (c) a 3D-stack of crossbar arrays.

The RRAM memory cell has a capacitor-like configuration (Figure 2.1a) with an in-
sulating or semiconducting oxide layer sandwiched between two metal electrodes. The
oxide layer that is initially in a high resistive state (HRS) can switch to a low resistive
state (LRS) under the application of an electric field. More precisely, the oxide layer can
toggle between two or more distinct resistive states when appropriate bias is applied.
The switching from a HRS to a LRS is called SET operation, while the opposite is called
RESET. The switching behaviour can be categorized either as unipolar (non-polar) or
bipolar [28]. When both SET and RESET occur at the same voltage polarity, then the
switching is called unipolar. Alternatively, when SET occurs in reverse voltage polarity
from that of RESET then the switching is called bipolar [29]. The mode of switching

can be influenced by various factors like the electrode and/or the active layer material.

RRAM devices can be developed in different structures in order to increase the density
of the devices. The most frequently used ones, standalone crossbars and crossbar arrays,
are illustrated in Figure 2.1a,b. However, the need for higher density leads to the devel-
opment of 3-D stacked arrays like the one in Figure 2.1c. The electrodes are preferably
made from noble metals like Cu, Ru, Ag, Ir, Pt and Au, due to their non-corrosive,
non-oxidizing and non-reactive nature along with the high diffusivity and solubility of
oxygen in them [30]. However, in many cases electrodes are made from materials like
Al, Ti, Ni, W and TiN depending on the active layer oxide [31] and the RRAM system
that has to be achieved. In some systems, the electrode metal is “active”, as it diffuses
in the active layer and actively becomes part of the resistance switching process, like Al
and Ni. In some other systems the electrode metal is inert and does not diffuse or react,
like Ti, Au and Ru.

Regarding the active layer, there is a wide variety on the elements that are used to form
either complex (perovskite) or binary oxides. The binary oxides that have attracted
much interest in the latest years are transition metal oxides like: TiOy, ZrOy, HfO,
VO, NbOy, TaOy, WOy, NiOy, FeOy, MnOy, ZnOy, CuOy, poor metal oxides like:
AlOy, GaOy, BiOy, SnOy, Metalloid oxides like: SiOy, GeOy and SbOy. Rare earth
metal oxides like: TOy, CeOyx, SmOy, EuOy, GdOy, PrOy, ErOy, DyO, and NdOy

have been also studied lately for their resistive switching behaviour. From perovskite
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oxides, SrTiOs (STO), Prp7CapsMnOgs (PCMO), Bag;Srg3TiO3 (BSTO), SrZrOs,
BiFeO3 and SrRuOs are the most commonly used ones in RRAM devices [9, 32]. The
early transition metals are particularly good candidates for RRAM applications because
they form a variety of oxygen-deficient phases and facilitate the resistance switching
mechanism (such Ti, Ta and Nb). Table 2.1 highlights the oxides with the state-of-art
RRAM performance.

2.2 State-of-art RRAM devices

Non-volatile memories should display features such as low cost and high density, low
switching speed, low operation energy, great endurance and retention characteristics.
The attributes that a competitive RRAM device should have assuming memory applica-
tions, are presented in the following paragraphs. Table 2.1 summarises RRAM devices
comprising transition metal oxides (including some non-TMO oxides) with the most

outstanding performance for future memory applications.
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Table 2.1: Summary of the state-of-art in RRAM devices, classified according
to their endurance, retention, low power, OFF/ON ratio, speed and CMOS
compatibility.

Modality Year Author Material  Attribute
2011 Lee et al.[33] TaOx >10'? switching cycles
2010  Yang et al.[34] TaOx 1.5 x 109 switching cycles
2008  Wei et al.[35] TaOy 102 cycles
2014  Stevens et al.[36]  TaOy 10° cycles
Endurance .
2010 Lai et al.[37] WO 10® cycles
2011  Kim et al.[38] WO 107 cycles
2013  Zhou et al.[39] HfO« >10° cycles
2013  Cheng et al.[40] TiOx 10° cycles
2008 Wei et al.[35] TaOy >10? hours at 150°
_ 2011  Chien et al.[41] WO 10 years at 150°
Retention
2010 Lee et al.[42] HfO, >106 s at 200°
2013 Zhou et al.[39) HfO4 >10% s at 25°
2012 Pickett et al[43]  NbOj 100 £J
Low 2012 Zhang et al.[44] HfOy 50nA/0.18uW1.25nA/1.625uW
power 2010 Lee et al.[42] HfO operation current < 200pA
2011 Chien et al.[41] WO reset/set at 1.8 V/-1'V
OFF/ON 2014  Zhong et al.[45] SiC 10°
ratio 2013 Wu et al.[46] AlOy 10°
2012  Pickett et al.[43] NbOy set/reset at 700 ps/2.3 ns
Switching 2011 Torrezan et al.[47] TaOy set/reset at 105 ps/120 ps
Speed 2011 Lee et al.[33] TaOy <10ns
2010 Lee et al.[42] HfO, <10ns
2012 Zhang et al.[44] HfO PVD deposited active layer
CMOS 2011 Huang et al.[48] SiOx PECVD deposited active layer
.. 2011 Chien et al.[41] WO, RTO of the W plug
Compeatibility .
2011 Hermes et al.[49]  TiO reactive sputtering of TiOy
2008  Wei et al.[35] TaOy RF reactive sputtering of TaO,

A RRAM cell can be switched between HRS and LRS frequently, but each operation
can introduce permanent damage, normally referred to as degradation. Endurance, also
called electric fatigue, is the number of SET/RESET cycles that can be endured before
HRS and LRS are no longer distinguishable. In order for RRAM to compete FLASH
memory that shows a maximum number of write cycles between 10% and 107, it has to
demonstrate at least equal endurance or preferably a better one [31]. A data retention
time of > 10 years is essential for non-volatile memories. This retention time must be

kept at thermal stress up to 85°C and small electrical stress such as a constant stream of
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read pulses [31]. The high current level is directly related to the high energy consumption
for each switching cycle. Hence, lower operation voltages are preferred as this makes the

device more efficient from the perspective of power consumption.

In RRAM devices, a good indication of the data capacity is given by the distinction
between the two resistive states. In other words, the higher the ON/OFF resistance ratio
is, the larger the memory window and the better performance the device will have. High
switching speed can be advantageous for a non-volatile RRAM. CMOS compatibility is
an important issue, especially when it comes to hybrid CMOS/memristor circuits. A
process is considered to be CMOS compatible when the materials involved are already
available in a CMOS process and when the temperatures employed are within the CMOS
thermal budget (typically ~ 400 °C). Concerning RRAM devices, they have to operate
within a bearable range of voltages for CMOS, which is below 3.3 V in order to consider
them as CMOS compatible. As the memory devices become smaller, the oxide thin
film thickness subsequently becomes smaller which makes them more sensitive to the
electrostatic field strength. Therefore, the operation voltage needs to lower even more

to ensure more reliable operation.

2.3 Doping of active layer in RRAM devices

The introduction of controlled amounts of impurity dopants into semiconductors has
been extensively used in nanoelectronics in order to alter the properties of a material
and make it suitable for a specific application. Doping bulk materials like powders
can be straightforward, while doping thin films can be more complicated because of
the difficulty to control thickness and dopant gradient distribution [50]. Many research
groups exploited doping in order to adjust the band gap of metal oxides (particularly
TiOext2) and improve its photocatalytic performance [51, 52, 53]. Other research
groups employed doping as an effective approach to modify the electronic properties of
oxide materials which is crucial in nanoelectronics [54, 55, 56]. It has been demonstrated
that doping can be beneficial for non-volatile memories as it can enhance the endurance
and the switching stability of the devices. One of the causes of the switching instability
in RRAM devices is the random formation of conductive filaments [16, 57]. Doping has
demonstrated the capacity to reduce the variability and switching voltages in HfOy and
ZrO2 RRAM devices [58, 59]. Hence, investigating doping effect on the behaviours of
intrinsic defects is believed to shed light on the mechanism of the doping influence on

resistive switching and provide possible solutions for controlling RRAM performance.

There are two key methods of doping, diffusion and ion implantation [60]. During
diffusion, the dopant atoms are introduced on or near the surface of the film either by
deposition from gas phase of the dopant or from a doped oxide source. As a process,

diffusion is the net movement of a substance (an atom, ion or molecule) from an area
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of high concentration to an area of low concentration. Usually, it is a very slow process
and it can take days or even months for a dopant to distribute evenly in a material.
The dopant atoms must be highly ”soluble” in a particular material to make the doping

process feasible.

Motion of a host or
substitutional atom

‘0" ‘Vacancy“

Position of interstitial atom Position of interstitial atom
before diffusion after diffusion

Figure 2.2: Two dimentional representation of (a) the substitutional mechanism
and (b) the interstitial mechanism.

There are several parameters that can affect the ”solubility” of the solute atoms (dopants)
in the solvent (host material) and these are: the ionic size factor, crystal structure, elec-
tronegativity and valency [61]. The size of the dopant atoms can be very critical for the
stability of the host lattice. Dopants with very small ionic radii compared to the host
atoms can have a negative impact on lattice stability and dopants with very large ionic
radii can cause lattice distortions. Temperature is a factor that can play an interesting
role in a post-doping phase (for example during annealing) as it can give rise to diffusion
phenomena. More precisely, atoms vibrate more intensely around their equilibrium po-
sitions and consequently bonds can break and new ones can be formed. With increased
addition of impurity atoms, crystal systems tend to form solid solutions and/or a new
second phase depending on the concentration of dopant and the temperature of the

system [61].
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Regarding the diffusion, there are two mechanisms as shown in Figure 2.2, the substi-
tutional mechanism (a) and the interstitial mechanism (b) [61]. In the substitutional
mechanism, a substitutional atom jumps into a vacancy and leaves another vacancy
behind. Likewise, the motion of atoms can be described as motion of vacancies. In
the interstitial mechanism, an atom moves by hopping between interstitials. Therefore,
dopant atoms can be accommodated either in interstitials or in host atom vacancies and
the doping is called interstitial and substitutional respectively. The main two defect
types are Frenkel and Schottky. A Frenkel defect is formed when an atom from the
crystal lattice migrates from its position and gets into an interstitial position, leaving
a vacancy behind. The Schottky defect is formed when a lattice ion leaves its lattice

position and a vacancy is created in this site.

In this work where Al and Nb atoms have been used as dopants in amorphous TiOs_y thin
films, it is not certain what kind of defects are formed. Although the oxide is amorphous
due to low temperature deposition, short order periodicity in the lattice is assumed. The
oxidation state of Al is 3+ (4+ for Ti) and its relative charge is 1-, therefore the charge
of two Al ions would be compensated with one oxygen vacancy (2- charge). Likewise,
the oxidation state of Nb is 5+ and its relative charge 14, therefore the charge of two

Nb ions would be compensated with one oxygen interstitial (2+ charge).

2.3.1 Doping of binary and perovskite oxides

Doping of functional oxides for RRAM applications became extremely popular during
the last 5 years and a large number of publications emerged concerning the enhancement
of switching behaviour, endurance and retention. Most of these publications involve
doping of thin films with Reactive Sputtering and Atomic Layer Deposition (ALD) [54,
55, 62, 63, 64, 65, 66, 67]. However, there are a few reports on doping of thin films with
Electrodeposition [68], sol-gel [69] and aqueous solution methods [56].

2.3.1.1 Thin film doping using Reactive Sputtering

Huang et al. [70] developed Cu-doped SiOyx (30 nm thick) RRAM devices with reactive
sputtering, where the Cu concentration (1.5-5.0 % at.) was controlled by adjusting the
co-sputtering power. Using the same method, Tsai et al. [64] prepared Sn-doped SiOy
(30 nm thick) RRAM devices and observed that the electrical current conduction in
LRS changed from Ohmic conduction to hopping conduction. Lin et al. [62] fabricated
Cu-doped SiOy (10 nm thick) RRAM devices with reactive sputtering and reported bet-
ter stability in resistive switching because of the Cu ions present in the SiOy film that
acted as oxygen ion traps. Chang et al. [54] developed RRAM devices with Zr:SiO (6
nm)/C:SiOx (14 nm) bilayer as insulating film, deposited with reactive sputtering. The
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Zr and C content in the SiOy films were 7.9 and 7.49 % at. respectively. The bilayer de-
vices compared to Zr:SiOy devices exhibited better stability and switching performance.
Chang et al. [65] fabricated Ti:SiOx (~10 nm thick) RRAM devices with reactive sput-
tering and after treating them with SCCOQOs, they observed carrier hopping conduction
by means of the ion migration. Li et al. [63] reported that the stability and resistive
switching characteristics of Ti-doped (2 % at.) ZnO based RRAM devices were im-
proved. The reason for this improvement according to authors is that oxygen vacancies
are formed around the Ti atoms that assist with the conductive filament formation and
rupture. In higher dopant concentrations (5%) the Ti atoms act as scattering centers
and obstruct the conductive filament formation which results in higher switching volt-
ages and poorer endurance of the RRAM cell. The 50 nm thick films were deposited by
reactive sputtering and the Ti concentrations attempted were 1, 2 and 5 % at. They
also observed that by increasing the atomic Ti concentration, HRS and LRS resistances

increased, RESET current decreased and endurance was improved.

2.3.1.2 Thin film doping using Atomic Layer Deposition (ALD)

Congedo et al. [55] prepared Al-doped HfOy thin films via ALD for non-volatile charge
trapping memories and they discovered that dielectric constant k, increased to 32+ 1 in
the Al-doped samples compared to 16 + 1 in the undoped HfO, samples. Additionally,
the stacks with Al-doped layers exhibited better program speed (10° s) in higher program
voltages (20 V) and lower equivalent of thickness (EOT) values. Spiga et al. [67] reported
the development of ALD grown Al-doped ZrOy thin films for incorporation in volatile
and non-volatile memory devices and high-performance transistors. The devices with
the doped thin films displayed higher dielectric constant compared to the undoped ones,
higher thermal stability and trapping potential with a band of trap energy levels in
the range of 1.4-1.9 eV above the valence band. Lamagna et al. [66] reported that in
the ALD deposited Al-doped ZrOy thin films for Ing53Gags3As integration, Al atoms
are responsible for stabilizing the cubic/tetragonal phases and for the high dielectric

constant which is double compared to the one of pure Al,Os.

2.3.1.3 Thin film doping using Electrodeposition, Sol-Gel and Aqueous So-

lution methods

Younis et al. [68] reported that the RRAM devices with Ti-doped ZnO (2 % at.) thin
films deposited by electrodeposition exhibited improved switching performance with
HRS/LRS ratio equal to 14 compared to the undoped ones. Sol-gel was utilized by Xu
et al. [69] for the deposition of V-doped ZnO thin films to be implemented in RRAM
devices. The devices demonstrated both unipolar and bipolar switching behaviour and
enhanced endurance and retention characteristics. Yao et al. [56] developed Ga-doped

ZnO nanorod thin films (220 nm thick) with an aqueous solution method. The thin films
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were incorporated in RRAM devices that exhibited stable unipolar resistive switching
behaviour. Another report regarding RRAM devices with La-doped ZnO thin films
deposited by aqueous solution method was published by Xu et al. [71]. The authors
argued that doped devices, exhibited superior unipolar switching behaviour compared
to the undoped ones and that the top electrode could play a key role on whether the

resistive switching would be unipolar or bipolar.

2.3.1.4 Theoretical calculations for doped thin films

There are also few papers with theoretical calculations for the doped thin films where
they attempt to predict what will be the effect of doping on the oxygen vacancies, the
band energy structure of the doped lattice crystal and the possible energy states that
will be introduced from the presence of the dopant atoms. First—principles calculations
was performed by Zhang et al. [58] and they predicted that trivalent metal (such as Al,
La) doping in ZrOy thin films would control the formation of oxygen vacancies and the

resistive switching behaviour.
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Figure 2.3: Graphical representation of a Vp in (a) undoped ZrOy and (b)
in doped ZrOs. (c) Single electron energy levels of neutral Vp in doped and
undoped ZrOs.

They also reported that Al and La doping in ZrOs reduced the formation energy of
oxygen vacancies (Figure 2.3¢) fact that could be attributed to Coulomb interactions of
dipoles between dopants and oxygen vacancies. After experimental demonstration, the
Al doping in ZrOy enhanced significantly the uniformity of the resistive switching, the
range of forming voltages became narrower, and the dispersion of Rgrs and Rprs has

been significantly reduced.
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2.3.2 Doping of TiO,

The resistive switching mechanism in RRAM devices varies depending on the dielectric
properties (band gap or trap energy level), the properties of the interface between the
metal and the oxide and the fabrication conditions (annealing ambient and temperature).
It has been suggested the dominant mechanism can be originating from a thermal effect,
an ionic effect or an electronic effect inside the switching layer [31, 72]. According to
Waser et al. [29], a typical resistive switching behaviour stemming from a thermal effect
is triggered by a dielectric breakdown caused by electroforming. During this process,
filaments in the dielectric are formed and modified by Joule heating. The composition of
these filaments in the case of transition metal oxides is believed to be insulator material

in the form of sub-oxides [73].

The resistive switching mechanism is still under dispute. However, there is a large
number of reports with experimental proofs that resistive switching is carried out with
the formation of conductive paths [9, 10, 28, 29, 30, 63, 12, 74]. Concerning the TiOq
RRAM, most researchers believe that oxygen vacancies are responsible for the conduct-
ing filament formation, while some others believe that Ti interstitials are responsible for
this phenomenon [75, 76]. In this work, it is assumed that oxygen vacancies play the key
role in the conducting filament formation. According to this hypothesis, oxygen ions are
driven away from their lattice sites due to the strong electric field and migrate towards
one of the electrodes, leaving an oxygen vacancy behind them. The oxygen vacancy

formation is represented by the following equation [77]:

1
O, < iOQ(gaS) + V) +2e” (2.1)

O, indicates an oxygen ion on a lattice site and V" represents an oxygen vacancy with
double positive charge. In case oxygen ions are electrochemically oxidised to form Oq
gas, the remaining oxygen vacancies in the lattice are compensated by electrons (two

electrons fully compensate one oxygen vacancy) and the oxide is therefore reduced.

Figure 2.4 is a graphical representation of the filament formation in a TiO2-based RRAM
cell where (i) is the pristine state, (ii) is the oxygen vacancy formation after the applica-
tion of positive bias on the TE and (iii) the oxygen gas formation. Conducting filaments
are formed and annihilated repeatedly with every switching cycle. However, it is un-
likely that the system returns 100% to its initial state. In cases of devices with poor
endurance and after a large number of switching cycles, oxygen tends to escape through
the TE. The HRS and LRS become less distinguishable, the RRAM cell degrades and
finally fails permanently [10]. The physical composition of the conductive filaments is
believed to be reduced oxide, from the oxygen vacancies created when oxygen ions are

drifting away from their lattice sites and compensated by electrons.
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Figure 2.4: (a) Illustration of conducting filament formation during electro-
forming. Red area indicates Joule heating: (i) Pristine State (ii) after applying
positive voltage on top electrode, filament is formed by oxygen vacancies to-
wards Cathode (iii) oxygen atoms are accumulating in the TE and Os gas is
generated from the TE.

This process occurs in both doped and undoped RRAM devices. However, when dopants
are introduced into the crystal lattice, additional defects are formed and contribute to
the electroforming and switching processes in various ways. The defects can be either
Frenkel or Schottky types, depending on the host oxide, the ionic radii of the dopants and
the deposition/doping method [78]. Schottky defects like oxygen vacancies in TiOgy can
be spontaneously created during the thin film deposition. However, additional oxygen
vacancy defects can be created when introducing foreign elements in TiO9.y, as it has

been suggested by Zhao et al. [79].

More precisely, it has been demonstrated by Zhao et al. [79] with DFT calculations that
dopants could be classified for their doping effect according to their valency. Apparently,
they chose Zr and Hf with the same number of valence electrons with Ti, Sr and Al with
less valence electrons than Ti and V, Cr, Co, Ni and Cu with more valence electrons than
Ti. Figure 2.5 shows which dopants increased or decreased the band gap and whether
they introduced new states or not and they correlated this information with the valence

electron configuration of each dopant.
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Figure 2.5: Electron DOS calculated for the TiOg supercells with the 9 kinds of
dopants, (a) without oxygen vacancy and (b) with one oxygen vacancy next to
the dopant. (b) shows both the total DOS and projected DOS on the dopant.
The undoped case (Ti) is plotted as a reference. The Fermi levels of each system
are indicated by red dashed lines.

Zhao and his co—workers also came across to the conclusion that most dopants decrease
the formation energy of oxygen vacancies which directly leads to forming voltage and
current reduction. Another very interesting outcome was the fact that dopants attracted
oxygen vacancies that clustered around them and in that way they created constrains
on the conductive paths. The Ti interstitial formation is described from the following

equations using Kroger-Vink notations [77]:

20, + Tii <> Ti;" + 3¢~ + O2, (2.2)
20, + Tir; <> Ti;" +4e” + Oq, (2.3)

where O, represents an oxygen ion sitting in an O lattice site, Tip; is a Ti ion sitting
are Ti interstitials with 34+ and 4+ charge. This
work is focused on the TiO2 doping as this is an oxide that has been studied thoroughly

in a Ti lattice site and T%;" and T';

during the last 10 years for its resistive switching behaviour. Moreover, there is a decent
number of studies with respect to the TiO9 bulk and surface structure and properties
like the ones from Diebold [77] and Grant [80]. TiO2 owns significant advantages like
wide band gap, high thermal stability, high dielectric constant and it can adopt both
unipolar and bipolar switching behaviours [8]. As an oxide, it is easily deposited and it

demonstrates a variety of oxygen deficient crystal phases and some of them are known as



Chapter 2 Resistive Random Access Memory (RRAM) 21

”Magneli phases” and are expressed as T%,,02,—1 [81]. The formation of Magneli phases
is described by the following equation [12]:

nTiOy + 2¢~ ¢ TinO9 1 + O (2.4)
The non-stoichiometry results from the insufficient supply of oxygen during the de-
position and that makes it an ideal oxide to study the resistive switching phenomena
with [10]. Figure 2.6a,b displays the phase diagrams for the O-Ti system. Phase dia-
grams like the ones depicted in Figure 2.6 are very useful when studying an oxide because

they can assist in predicting the resulting phase after deposition or after annealing.
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Figure 2.6: (a) O-Ti phase diagram and (b) its zoomed version in the area of
58-68 at.% of oxygen. The shaded areas highlight the Magneli phases.
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Valency is a strong criterion when choosing the candidate dopant for an oxide. More
precisely, the ionic radius of the dopant is of great significance. If dopants with greater
ionic radius are used to dope crystal lattices where the host atoms have smaller ionic
radius, distortion of the lattice is very possible to occur. This lattice distortion is
undesirable in this case as it might have impact on the surface roughness of the thin
film. The dopants atoms in TiOs.y were selected with ionic criteria but the electronic
effect was also taken into consideration. More precisely, Al is expected to introduce
oxygen vacancies as it has a 3+ oxidation state, compared to 4+ of the Ti if it replaces
Ti in the host sites, enabling this way p-type conductivity. On the other side, Nb is
expected to enable n-type conductivity in TiOo., due to its 5+ oxidation state. The
Al and Nb atoms are likely to replace Ti atoms at host sites, if during the sputtering
deposition the substitution of Ti atoms is thermodynamically preferred. In an opposite
case, it is unlikely that the dopant atoms will be forced in Ti interstitials however this
possibility cannot be excluded. The oxidising atmosphere during the deposition is likely
to cause oxidation of the dopant atoms and therefore result in the deposition of a mixed
oxide phase of Al/Ti and Nb/Ti. Equations 2.5 and 2.6 describe the substitution of Ti
by Al and Nb using Kroger-Vink notations.

AlsO3

nTiOy —2=5 2Aly, + V' + 302 (2.5)
nTiOy 229, 9Nb,, + O + 502 (2.6)
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Figure 2.7: The ionic radii sizes for all the elements of the periodic table. The
data used for this table were taken from Shannon.

Figure 2.7 displays all the elements of the periodic table with a sphere that represents

their ion size. One can easily observe that the Ti and Al ions have comparable ionic
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radii. The actual values of the ionic radii of Ti, O and Al are displayed in Table 2.2 for

all the possible coordinations.

Table 2.2: The ionic radii of the Ti, Al and O ions from Shannon. The numbers
in brackets indicate the coordination.

Tonic radii (A)
Tit2 0.86
Tit3  0.57
Titt 0.42(IV), 0.52(V), 0.605(V1), 0.74(VIII)
AlF30.39(1V), 0.48(V), 0.535(VI)
O~2  1.35(I1), 1.36(I1I), 1.38(IV), 1.4(VI), 1.42(VIII)

In literature, doping of TiOg.« thin films has been performed with a variety of techniques
including DC and RF Reactive Sputtering [82, 52, 83], Atomic Layer Deposition (ALD),
Pulsed Laser Deposition (PLD) [84] and sol-gel [51]. Bulk TiO2.x has been doped with
Metal Oxide Chemical Vapor Deposition (MOCVD) and solid-state mixing methods [50,
85]. However, the majority of these papers concern electrochromic and photocatalytic
applications. Huang et al. [86] prepared Cu-doped TiO9 thin films with DC reactive
sputtering that next incorporated in RRAM devices. The devices containing the doped
thin films exhibited better endurance of 1000 cycles and lower SET voltage of —0.7 V
compared to 400 cycles and —1.5 V of the undoped devices. This was a strong proof that
the presence of the Cu atoms inside the TiOq lattice enhanced the resistive switching
performance of the device. Zhong-Wen et al. [84] fabricated 15% at. Cr-doped TiOx thin
films with Pulsed Laser Deposition (PLD). The RRAM devices incorporating these layers
exhibited bipolar resistive switching and very high electric—pulse induced resistance ratio
along with low threshold voltages. Liu et al. [87] developed Gd-doped TiO9-based RRAM
devices with sol-gel that exhibited unipolar resistive switching behaviour. The literature
review on doped RRAM devices is summarized in Table 2.3 and their most interesting

resistive switching characteristics are highlighted for comparison.

Since TiOs. is an oxide with a non-trivial chemistry, it is believe that its full potential
hasn’t been realized yet. There have been only a few reports [84, 86, 87] concerning
doped TiO2 «-based RRAM devices, where the authors claimed an improved endurance
and resistance ratio. Thus, doping engineering of the TiOo., RRAM has not been fully

exploited yet (especially with reactive sputtering).

2.4 C-AFM for studying resistive switching in thin films

The fact that resistive switching phenomena occur at the nanoscale, creates the need

to observe and study these dynamics in oxide thin films, in very constrained areas.
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Table 2.3: Comparison of existing doped RRAM devices in terms of their resis-
tive switching characteristics.

Oxide Method Remarks Reference
Al-A1O04 RF magnetron The multi-layered devices exhibited Song et al. [88]
sputtering better endurance than the single
layered ones
10? cycling endurance Wu et al. [46]
Cu-AlO, Plgsm?x 10* s retention at 85°C
oxidation Vser/Vreser = +1.9V/+0.6 V
10° Q resistance window
DC 10% cycling endurance Huang et al. [86]
Cu-TiOy magnetron Vsgr = +0.7 V compared to +1.5
sputtering V for the undoped devices
Cr-TiOy PLD VSET/VRESET = -2 V/ +2V Zhong-Wen
et al. [84]
Gd-TiOx  sol-gel typical unipolar RS behavior Liu et al. [87]
RF 300 cycling endurance Xu et al. [89]
Al-ZnOy magnetron Vser/Veeser =+05V/—-05V
sputtering 80% transparency
LaZnO chemical 10* s retention at 85°C Xu et al. [71]
* solution dep. VSET/VRESET =415 V/ —-15V
. ... >2000 s retention at 25°C Younis et al. [68]
Ti-ZnO electrodeposition Vspr/Vipspr = +2.9 V/ — 3.0 V
10* s retention at 85°C Xu et al. [69]
V-ZnO sol—gel VSET/VRESET =—-1.5 V/ —20V

Rurs/Rrrs ~ 103

Conductive atomic force microscopy (C-AFM) is an ideal technique for this purpose as
it offers simultaneous in situ recording of spatial topography and current distributions
with a nanometer scale lateral resolution roughly equal to the end radius of the tip [90,
91, 92, 93]. Scanning Tunnelling Microscopy (STM) has also been used for nanoscale
electrical characterization of thin films as it has advantage over other methods due to the
atomic scale resolution [94, 95]. In STM the tip is in close proximity from the surface,
thus adding a resistive component in the tip-sample system [90]. In C-AFM the tip
is in physical contact with the oxide layer, resulting in a setup which is closer to the
MIM configuration. However, even C-AFM measurements can be affected by additional
resistive components such as adsorbates or impurities on both tip and sample surfaces.
The main advantage of C-AFM over STM is the fact that C-AFM measurements can

be performed under different atmospheres and in ambient conditions.

So far, C-AFM characterization of TiOo.y thin films designed for RRAM applications has
been mainly used for the evaluation of conductive filaments [96, 97], the identification of
switched areas [98] and for the investigation of the RS mechanism at the very early stage
of electroforming [99]. Two main methodologies have been reported for studying TiOq
thin films using C—AFM. The first consists of switching the RRAM cell, delaminating the
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top electrode using techniques such as focused ion beam (FIB) [100], wet etching [96,
101], mechanical cleaving [97, 98, 102], AFM etching [93], and finally, scanning the
bare oxide film using a C-AFM tip. However, by using this approach the oxide film
can be affected during the electrode removal process. The second method consists of
switching in situ the bare film by using the C-AFM tip as a nanosized top electrode [92,
103, 104, 105]. Most C-AFM studies on TiOg refer to thicknesses in the range of
25-60 nm [97, 99, 101]. However, downscaling the physical thickness of the film is
crucial for achieving low voltage switching, which is extremely important for low-power
applications [96]. In the present work, we have investigated the switching dynamics of a
10 nm thick titanium dioxide thin film deposited by reactive sputtering on Si/SiO2/Ti/Pt
supports following the second approach, that is, by switching the films in situ using a
C-AFM tip as a top electrode.






Chapter

Engineering the switching
dynamics of TiOx RRAM with Al
doping

3.1 Introduction

A wide range of oxides has been successfully employed in RRAM cells so far, with some of
them (like TaOy and HfOy) demonstrating exceptional results in cycling endurance [33],
retention [35] and switching speed [42]. However, very often RRAM devices suffer from
low yields, degradation [14, 15] and large variability of the switching parameters of
identical cells [16]. Previously, it has been shown that device electroforming and/or
resistive switching at high voltages can create irreversible protrusions on the top elec-
trode [12, 22, 106] that accumulate and eventually cause permanent device failure, also
known as “hard-breakdown”; an irreversible process. The useful operating regime for
RRAM devices exploits a reversible “soft-breakdown” mechanism and it is naturally
bound above the switching threshold of the device (V1) and below HB (Vug) [17].

The need for preventing RRAM failure has created a lot of interest towards engineering
the active layers by incorporating foreign elements. TiOy is an oxide that has been
studied a lot for its electrochromic behaviour, it has been doped with several elements
and there has been a lot of effort for understanding its chemistry. Besides other applica-
tions, it has been extensively studied as a model oxide exhibiting RS due to its intrinsic
variety of possible crystal phases [77] and associated richness of switching dynamics.
Although different RS mechanisms have been suggested [31, 29], a universal model that
explains most of these proposed mechanisms is still missing. Several studies suggest
that TiOo.x reduced phases play a critical role in the switching mechanism of TiO-

based RRAM. Recent characterisation studies based on electron microscopy combined

27
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with in-situ switching suggested that highly conductive nanofilaments (CFs) compris-
ing reduced phases (TinO2n.1) [81], also called Magnéli phases could be responsible
for the RS in TiOg [12, 107, 19]. Conductive Atomic Force Microscopy (C-AFM), is
among others, a commonly employed technique for studying the RS phenomena at the
nanoscale, like CF formation [22, 108, 109, 110, 101], due to its high lateral resolution
and capacity to simultaneously record electrical and topographical changes emerging

during electrical stimulation.

The stochastic nature of CF formation process during EF and RS due to spontaneous
local redox processes [31] is often associated to the variability of switching in RRAM
cells. It has been suggested that the RS dynamics of TiOx-based RRAM devices can
be engineered by incorporating dopants of a suitably chosen oxidation state. Zhao et
al. published a relevant theoretical study regarding the effect of dopants with different
oxidation states on the electronic structure of rutile TiO2, concluding that most of them
could reduce the energy required for EF and also reduce the CF formation variability [79].
Huang et al. suggested that Cu doping in TiO2.x RRAM improved the cycling endurance
and lowered the SET voltage [86]. It has also been reported that doping TiO9y with
trivalent elements like La, Ga, Co, Cr and Al is ensuring a more consistent CF formation
thus enhancing device reliability [10]. Aditionally, Zhang et al. published a relevant
study on ionic doping of ZrOs RRAM and concluded that trivalent ion (Al or La)
doping could significantly reduce the oxygen vacancy formation energy and therefore

reduce the EF voltages and improve the variability of RS [58].

In this chapter, Al was used as a dopant in TiOx-based RRAM cells to engineer the
RS dynamics of the devices. For this study, TiOyx and ALTiOy thin films were de-
posited by reactive sputtering and characterised by XPS for the doping concentration
as well as for their chemical state by X-ray Photoelectron Spectroscopy (XPS). The SB
threshold voltages of the undoped and Al-doped TiOy thin films were first evaluated by
C-AFM measurements. The effect of Al doping on EF and RS is investigated by voltage
pulse sweeping RRAM devices comprising the same active layer configurations. Device
characterisation is performed by a custom-made testing system and algorithm (biasing

parameter optimiser by Serb et al. [111]) in an automated manner.

3.2 Reactive sputtering of Al-doped and undoped TiOy
thin films

10 nm thick TiOy and AL:TiOy films were deposited via reactive sputtering on a 6” Si
substrate comprising SiO2(200 nm)/Ti(5nm)/Pt(200 nm) layers, from a Ti metal target.
The sputtering (Helios XL, Leybold Optics) settings for both layers were: 8 sccm Oq
and 35 sccm Ar at the Ti cathode operating at 2 kW and 15 sccm Oz at the plasma
beam source operating at 2 kW. For the deposition of the Al:TiOy layer, an Al target
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was fitted on the second magnetron which was operated at 50 W without any additional
05 flow supplied at that cathode. At all times the plasma levels were lambda controlled
at a setpoint of 365 mV. The thickness and the refractive index of the thin films were
evaluated by Spectroscopic Ellipsometry (Woolham M-2000) using the Cody-Lorentz

model.

3.3 Device fabrication and testing overview

TiO, and Al:TiO, RRAM devices were independently fabricated on 6” Si wafers with
a 200 nm SiO9 layer grown by dry oxidation and a 5 nm Cr bottom electrode-adhesive
layer deposited via electron-beam evaporation. The electrodes and active layers were
patterned by optical lithography. The bottom electrodes (5 nm Pt) and the top elec-
trodes (4 nm Pt) were deposited by electron-beam evaporation followed by lift-off. The
active layers were deposited as described in section 3.2. The finished devices had a stan-
dalone configuration with 50 x 50 um? device area. The devices were electroformed using
the algorithm presented in [112] and switched using a custom-made testing routine [111].
The as mentioned algorithms were implemented via a custom-made PCB-based system

for device testing and characterisation [113].

3.4 Al:doped and undoped TiOy thin film chemical com-

position evaluation with XPS

XPS was used to evaluate the composition of TiOy and Al:TiOy thin films. The XPS
spectra were recorded using a Thermo Scientific Theta Probe Angle-Resolved X-Ray
Photoelectron Spectrometer (ARXPS) system with a monochromated Al Ka X-ray
source (hv = 1486.6 eV) operating at a base pressure of 2 x 1072 mbar. Data were
collected over an area of approximately 400 x 400 ym? and with a pass energy of 200
and 50 eV for survey and core level spectra, respectively. The X-ray source was operated
at 6.7 mA emission current and 15 kV anode bias and photoelectrons were collected over
a cone of +30° with the lens mounted at 40° in respect to the sample surface. A 180°
double focusing hemispherical analyzer with two-dimensional ARXPS detector are part
of this system. C 1s core level at 285 eV was used as reference for charge shift correction.

All data were analyzed using the Avantage software package.

Figure 3.1(a) displays the survey spectra of the TiOx and Al:TiOy thin films. In both
thin films, Ti 2s, O 1s, Ti 2p, Ti 3s, Ti 3p and O 2s peaks were present. The C
1s peak at 285.0 eV present in both thin films due to exposure to air, has been used
for charge shift correction. Al 2s and Al 2p core levels at binding energies 118.5 eV
and 74.0 eV, respectively, were detected only in the Al:TiOy thin film, as shown in
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Figure 3.1: (a) XPS survey spectra of the TiOyx and Al:TiOy thin films; Inset
shows the position of Al 2s and Al 2p photoemission peaks. (b) fitted O 1s, Ti
2p and Al 2p core level spectra recorded from the Al:TiOy thin film.

the inset of Figure 3.1(a). Figure 3.1(b) exhibits in detail the main resulting core
levels from the photoemission of the Al:TiOy thin film. The O 1s core level, comprised
two peaks, one at 530.3 eV associated with lattice oxygen (O-Ti and O-Al bonds) and
one at 531.9 eV assigned to non-lattice oxygen (O-C bonds). The Ti 2p core level
with its spin-orbit components 1/2 and 3/2 was detected at 464.7 ¢V and 459.0 eV
respectively. The 2p;/, component comprised two peaks, one at 459.0 eV ascribed
to Ti*t cations and a smaller one at 457.5 eV ascribed to small population of 773+
cations. The presence of Al 2p core level at ~ 74.0% eV binding energy is ascribed
to A3t cations with oxygen coordination and it is characteristic of samples with AlOy
composition [114]. After appropriate background subtraction, fitting and normalisation
of the recorded spectra, the Al concentration in the Al:TiOy thin film was found to be
~ 4% at., taking into account only the cations Ti and Al in the quantification. All
of the detected energies coincide with average reference energies from the NIST X-ray

Photoelectron Spectroscopy Database [115].
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3.5 Identification of switching thresholds in thin film level
via C-AFM

C-AFM measurements were performed on TiOy and Al:TiOy thin films using a Bruker
MultiMode Nanoscope V system equipped with a current sensing C-AFM module at
room temperature and atmospheric pressure. Conductive Pt/Ir coated Si tips with a
cantilever spring constant of 0.2 N/m and nominal radius of 12 nm were used (Bruker,
SCM-PIC) with the current sensitivity being set at 1 nA/V. Before performing the C-
AFM measurements on the films, the conductivity of the tip was confirmed by scanning
a conductive reference sample. In order to minimize the tip wear, a minimum set point of
0.1 V was applied. The DC voltage bias was applied between the bottom electrode and
the tip with the latter connected to virtual ground. Therefore, all voltages mentioned

in the text should be interpreted as voltage applied on the bottom electrode.

The SB threshold voltage of TiOx and Al:TiOy has been identified by performing sets of
read-write-read scans over the thin film with the C-AFM tip being in contact acting as
a top electrode. The spatial topography and current distribution has been recorded for
every scan. The protocol for the SB threshold voltage has been previously reported [22]
and it included sets of read-write-read C-AFM scans over pristine areas of the oxide
layer with an appropriate voltage. The read scan was performed over a 5x5 pum? area
to assess the pristine state of the oxide, without affecting it, followed by a write scan
with higher voltage over a 2x2 um? area to electrically stress the oxide and a final read
scan similar to the initial one. When changes in lateral current distribution (but not
in topography) were observed at the final read scan, the voltage of the write scan was
considered as SB threshold voltage. It should be noted, that the voltage used for the read
scans, was selected as the most appropriate because it was high enough to read current
above the noise level but low enough to make sure it would not affect the resistance of
the thin film.

Figure 3.2(a)-(b)-(c) displays a set of read-write-read scans (lateral current distributions)
recorded from a pristine area of the 10 nm undoped TiOy thin film. The initial (a) and
final (c) read scans were performed on 5x5 pm? areas with 5.0 V and the intermediate
write scan (b) was performed on 2x2 um? areas with 6.5 V. After the final read scan,
the topography of the inner 2x2 pum? square was unaffected whereas the lateral current
distribution appeared lower. Therefore, 6.5 V was identified as the SB threshold voltage
being the lowest voltage at which the current change was observed. We repeated this
protocol for the Al:'TiOy thin film and the resulting set of read-write-read scans is shown
in Figure 3.2(d)-(e)-(f), where change in current was consistently observed after a write
scan with 6.0 V. Hence, 6.0 V was identified as the SB threshold voltage for the Al: TiO
thin film, which is lower than the one for the TiOy thin film by 0.5 V. Since these C-AFM
scans were carried out on pristine areas of the thin films, these operations can be more

appropriately correlated with EF in thin film level. These results are very encouraging
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Figure 3.2: Set of read-write-read C-AFM scans recorded from (a-c) the TiOx
and (d-f) AL:TiO thin films, displaying the SB threshold voltages 6.5 V and
6.0 V, respectively. The dashed squares indicate the position of the write scan.
The scans of each set, were carried out in chronological order.

as they show that Al doping has the potential to decrease the EF voltages and/or the RS
threshold voltages. C-AFM was then used to induce switching in the TiOy and Al:'TiOy
thin films.

The conventional switching of devices was replicated in thin films by using the C-AFM
tip as top electrode and by applying bias between the tip and the Pt bottom electrode
(Figure 3.3(a)). Typical current-voltage (I-V) characteristics obtained from arbitrary
points of the TiOx and Al:TiOx thin films are shown in Figure 3.3(b). Both I-V char-
acteristics comprise two SET operations, meaning that the applied potential increases
temporarily the conductivity. After the removal of the bias, the oxide rests again in
HRS, indicating that the states are volatile. We observed this behaviour with every
sample measured with this C-AFM setup and it could be attributed to the fact that
C-AFM scans are carried out in ambient conditions. The asymmetry of the I-V loops,
could be attributed to the size asymmetry between the Pt bottom electrode and the C-

AFM tip. The switching setup of standalone devices using a conventional probe station,
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Figure 3.3: (a) The experimental setup of C-AFM induced switching of an oxide
thin film, paired with (b) typical C-AFM I-V characteristics from a TiOyx and
an Al:'TiOy thin films. In I-V characteristics acquired with a C-AFM probe,
both positive and negative voltage sweeps result in a SET. (c¢) shows the con-
ventional switching of a RRAM standalone device, paired with (d) typical I-V
characteristics where SET and RESET are achieved. In both cases, the I-Vs

show the positive impact of Al doping in TiOx RRAM devices.

paired with typical I-V characteristics obtained during voltage sweeping, are shown in
Figure 3.3(c),(d). In both cases, there is an indication of a positive effect of Al addition
to the Al:TiOx thin film and Al:TiOy device, as they exhibit lower voltages compared
to their undoped equivalents. On the basis of this promising result, we have performed
an accurate device testing, using pulsed stimulation. This was done because the finely

time-controlled pulses allow a highly improved degree of control over the device’s under
test (DUT) resistive state.
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3.6 Unoped and Al:doped TiO, RRAM device electro-

forming using a pulsed voltage ramp scheme

The TiOx and Al:TiO4 thin films were transferred into RRAM devices that were tested
using the same EF scheme [112]. The scheme was a ramp of write pulse trains (com-
prising 10 pulses each) with negative polarity, in which the write pulse voltage (Vy,) was
ranging from 1-8 V, the write pulse duration (Ty,) from 100-1000 us and the write pulse
amplitude step was 0.2 V. The resistance change between each write pulse train was
assessed by intermediate read pulse trains (comprising 5 pulses each) with amplitude
0.1 V. The algorithm applied additional write pulse trains until the resistance of the
DUT dropped below a given threshold (resistance tolerance band, e = 10% of the last
measured resistance). A total of 20 TiOx and 20 AL:TiOg-based standalone crossbar

devices were tested, however, EF was successful in only 17 devices from each set.
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Figure 3.4: Histograms of EF voltages of 17 (a) TiOx-based and (b) Al:TiOx-
based devices. p and o denote the mean (dashed line) and standard deviation
values.

Figure 3.4(a),(b) displays the histograms of EF voltages for each set of 17 devices. The
dashed line represents the mean forming voltage which was 6.43 V for the TiOx and 5.71
V for the AL:TiOx devices, with a standard deviation of 0.77 V and 0.97 V respectively.
The average forming voltage of the doped devices is overall lower compared to the one
of the undoped devices, in agreement with the trend observed previously via C-AFM

measurements.
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3.7 Undoped and Al:doped TiOy RRAM device resistance

switching evaluation using pulsed voltage sweeping

Following an EF step, the devices were tested using a biasing parameter optimiser pre-
sented in [111]. Table 3.1 summarises all the EF and switching parameters involved in
the device testing. The biasing protocol required an initial write pulse amplitude Viy;t,
a write pulse amplitude step Viep, a maximum allowed write pulse amplitude Vyax, a
write pulse duration T and a number of switching cycles in RS stage. The algorithm
applied ramps of write pulse trains (comprising 10 write pulses each) of increasing am-
plitude, with intermediate read pulse trains (comprising 5 read pulses each) of 0.1 V that
assess the resistance change of the device between each write pulse train. Each ramp is
accounted as a cycle and therefore Figures 3.5 and 3.6 are depicting a total of 6 cycles
in each panel. Once a resistance tolerance band e, here set at 10% of the last measured
value, was exited, the algorithm would apply a ramp of reverse polarity. The value of
practically determines the minimum operating OFF/ON ratio (Rorr/on) of the DUT,
which therefore becomes a controllable operation parameter. However, for this study,
has been fixed at 10%. A 30 k{2 series resistance was used in all cases to protect the

devices from high currents.

Table 3.1: EF and switching parameters involved in the device testing.

Parameter Description (unit) Value
Vi Write pulse amplitude (V) 1-8
o0 Vi, step Write pulse amplitude step (V) 0.2
'S Tw Write pulse duration (us) 100-1000
8 SR Series resistance (k) 100
g Vi Read pulse amplitude (V) 0.1
§ M No. of read pulses per resistance assessment 5
&) N No. of write pulses per train 10 9]
5 Resistance tolerance band (%) 10 2.
Vinit Initial write pulse amplitude (V) 1 %
Vstep Write pulse amplitude step (V) 0.1-0.5 &
Vinas Max. write pulse amplitude (V) 4
T Write pulse duration (ms) 0.1

Figure 3.5(a),(b) exhibits a typical analog switching behaviour of TiOx and Al:TiOx-
based devices. Both devices were able to cycle in this fashion repeatedly for a large
number of cycles. With a Vy step of 0.1 V, the switching voltages of the TiOy-based
device were +1.8 V/-1.4 V compared to the improved switching voltages of +1.2 V/-1.0
V for the Al:TiOx-based device. Figure 3.6(a),(b) portrays a typical binary switching
behaviour from TiOy-based and Al:TiOy-based devices. Likewise, both devices were
able to cycle repeatably for for a large number of cycles. Viep was 0.5 V and 0.3 V for
the TiOx- and Al:TiOy-based devices, respectively. The switching voltages of the TiOy-
based device were +1.8 V/-1.4 V compared to the improved switching voltages of +1.2
V/-1.0 V of the Al: TiOx-based device. In both cases of analog and binary switching, the

positive pulse ramps induced a resistance increase and the negative pulse ramps induced
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Figure 3.5: Typical analog mode of resistance switching of (a) TiOy- and (b)
Al:TiO4-based devices.
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Figure 3.6: Typical binary mode of resistance switching of (a) TiOx and (b)
Al:TiO4-based devices.

a resistance decrease. Interestingly, the majority of the TiOx-based devices were able to

form and cycle in a resistance range of 5-30 k{2, while their Al-doped counterparts were
forming and cycling in a resistance range of 100-300 k2. The fact that the Al:TiO-

based devices operate within a higher resistance range could have a positive impact in

crossbar arrays, where the line resistance becomes less significant.
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Figure 3.7: Uniformity of HRS and LRS states from typical (a) TiOx and (b)

AlL:TiOy-based devices.

Figure 3.7(a),(b) portrays the first 25 cycles of typical undoped and Al-doped TiO«

devices, respectively. The plotted resistance values, are the ones measured exactly after

the resistance tolerance band was exited. The resistance mean (u) and standard de-

viation (o) were calculated for each device and for each resistance state. The relative

standard deviation, ¢, has been calculated by the formula 100% X o/Ap to compare the

variability of the devices, without taking into account the resistance operation range of

each device. Although both devices maintain a well-defined resistance window, ¢ is 3.9
% and 4.7 % for the Al:TiOy device compared to 9.9 % and 11.7 % for the TiO device.

Table 3.2: Comparison table for the TiO4- and Al:TiOy-based devices.

Comparison feature TiO, Al:'TiO4
EF voltage mean (V) -6.43 -5.71
EF voltage st. deviation (V) 0.77 0.97
Switching voltage (analog) (V) +1.8/-1.0 +1.2/-1.0
Switching voltage (binary) (V) +1.5/-1.0 +0.9/-0.9
Operational resistance range (k{2) 5-30 100-300
Relative standard deviation (%) 9.9%-11.7% 3.9%-4.7%
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Table 3.2 summarises all the results arisen from the comparison of the TiOx- and
AL:TiOy-based devices. We note here that the history dependence of RRAM cells be-
tween consecutive write pulse trains or between consecutive single pulses, allow us to
extract information on switching voltage due to the collective effect of the total number

of write pulses that were sent to the device.

3.8 Discussion

The device behaviour can be explained by considering the formation of a conductive fila-
ment within the TiOy layer, a well-known phenomenon in TiOx RRAM devices [12, 116].
The initial electroforming step required to switch the devices, for both doped and un-
doped films, corroborates the filamentary picture. The undoped device I-V characteris-
tic, is shown in blue in Figure 3.3 (d): after the SET operation, the low resistive state
shows an exponential I-V relation. This trend can be related to oxide-based conduction
mechanisms (Poole-Frenkel or trap assisted tunneling), typical when a thin oxide layer
is found between the filament tip and the electrode. On the contrary, a fully connected
filament could result in a metallic-like LRS. Therefore, it is reasonable to assume that
the tip of the filament is not connected with the electrode, as previously reported in sim-
ilar systems [117]. The modulation of the gap distance dg can explain the coexistence of
abrupt and analog switching: the electric field forces the movement of the ions closer or
farther from the electrode, changing the width dg and consequently the resistive state.
The higher the write pulse amplitude and hence the electric field experienced by the
device, the bigger the gap modification achieved. This mechanism is depicted in Fig-
ure 3.8. The filament is graphically represented as a sequence of blue spheres, suggesting
that it comprises reduced oxide. The filament rupture is likely to occur at one of the
Schottky contacts. Particularly the top electrode contact with the oxide is expected to
be different as this contact was created under high temperature conditions, during the Pt
evaporation on the active layer. It is possible that during this Pt evaporation and under
vacuum, reduction of the first layers of the oxide occur and defects (oxygen vacancies)
are created at the interface. These defects and other interface discontinuities/flaws are
likely to play a key role during the resistance switching, acting as centres of filament

rupture.

The Al doping seems not to affect the device’s working mechanism, as the I-V curve of
the doped device in Figure 3.3 (d), has a similar exponential trend in current for the
LRS. This trend can be related to a partially connected filament, as in the undoped
devices. Additionally, the electroforming is still required, thus pointing towards fila-
mentary switching. Therefore, we assume that the mechanism remains unchanged in
respect to the undoped film. The notable difference lies in the resistance operational
range, which is generally higher for the Al doped devices, as shown in Figures 3.5 and
3.6. The presence of the Al 2p peak at 73.9 eV binding energy in the XPS spectrum,
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Figure 3.8: Concept of the filamentary mechanism in our TiOyx and TiOx de-
vices, depicting the aligned oxygen vacancies in the following configurations (a)
SET, (b) RESET and (c) intermediate states.

suggests that Al ions are surrounded by O anions. The Al-O bonds, are likely to be
uniformly distributed in the thin film due to the simultaneous sputtering deposition
from the Ti and Al targets. Their presence could explain the increase in the resistance
range between undoped and doped TiOy by locally modifying the electronic structure,
which is known from [79]. In addition, they could act as scattering centres for charge
carriers thus possibly resulting in an increased resistance. It may also be possible that

the initial filament growth could be affected by the presence of Al ions.

In addition, the reduction of the EF and switching voltages in the ALl:TiOy could be
possibly attributed to the reduction of the oxygen vacancy formation energy as shown
with DFT calculations [79]. According to a relevant work concerning HfOy (with sim-
ilar valence electron configuration with TiOy), weak p-type dopants like Al, are more
likely to produce larger reduction of oxygen vacancy formation energy and more stable
filaments [118].

3.9 Summary

In this chapter, it was demonstrated that Al-doping improves the switching charac-
teristics of TiOyx-based RRAM cells. The Al:TiOy-based devices were electroformed on
average at -5.7 V compared to -6.4 V for the undoped devices. Both doped and undoped
devices could support both analog and binary switching, subject to the pulsing scheme,
in a repeatable manner for a large number of cycles. The majority of AL:TiO.-based
devices were operating in the 100-300 k2 resistance regime and the switching voltages

were typically of +1.2 V/ -1.0 V. The TiOy devices were operating at higher potentials,
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typically at +1.8 V/ -1.4 V (in analog mode) and +1.5 V/ -1.0 V (in binary mode).
The relative standard deviation of resistance states was improved for doped devices.
The device operation is realised through a filamentary mechanism, which didn’t change
with the Al doping. The valence difference between the Al and Ti could be the key for
the reduction of the oxygen vacancy formation energy, therefore lowering the EF and
switching voltages. These results are encouraging for the TiOy RRAM optimisation,
however, more in depth investigation has to be carried out to unravel the full potential

of Al doping.



Chapter

Impact of ultra-thin AlyOg_y films

in the performance of TiO9_
RRAM

4.1 Introduction

Failure of RRAM devices and reliability issues have been discussed in the previous chap-
ters. Engineering of the active layer by doping or addition of thin oxide buffer layers, are
approaches that have been often adopted to tackle these issues. In chapter 3, reduction
of switching and EF voltages in TiO2.x RRAM devices by Al doping, due to possible
reduction of oxygen vacancy formation energy triggered by the 44+ and 3+ oxidation
states of Ti and Al, was demonstrated. In this chapter, a strategy that combines the
two approaches is adopted; ultra-thin Al,O3_, buffer layers were incorporated between
TiO2.« thin films taking into account both 3+/4+ oxidation states of Al/Ti cations.

The addition of complementary oxide thin films [119, 120, 121] in RRAM has attracted a
lot of interest lately, not only because of good performance indicators but also due to the
simplicity of the device fabrication, which doesn’t demand additional fabrication steps
or sophisticated device architectures. In a study by Goux et al., Al;O3 thin films were
used in combination with the main active layer (HfO3) for lower operation currents and
switching voltage tuning [119]. Wang et al. used trilayer AloO3/HfO2/AlsO3 structures
in RRAM devices, to improve the resistive switching characteristics by filament forma-
tion/rupture at the AloO3/HfO; interfaces [122]. Wu et al. deposited a AlOgs barrier
layer on TapOs_,/TaOy to enhance the switching performance with >10 pA switching

current, > 10! cycling endurance and stable multilevel states [123].

41
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Figure 4.1: (a)Conceptual sketch of the filament formation in a TiOy-based
RRAM device and (b) in a TiOg.x/AlyO3_,/TiO2«-based device, depicting a
stable filament segment formed in the Al,Os_, layer. (c) Portrays the four
different RRAM active layer configurations that were developed for this work.

In the present chapter, a different approach was followed, by incorporating thin Al,O3_,
layers between TiOs. thin films. Figure 4.1 (a) displays a possible role of the AloO3_,
layers in the filament formation. A systematic study on these RRAM structures was
carried out to investigate the effect of the AlpO3_, layers in the devices” EF, SET/RE-
SET voltages as tested with DC voltage sweeping and pulsed voltage sweeping. Cycling
endurance measurements were performed to examine the devices’ robustness. The chap-
ter is organised as follows. Section 4.5 includes the experimental details concerning the
fabrication and characterisation of the AlpO3_, and TiOgy thin films as well as the
RRAM devices featuring these layers. In section 4.3, the materials chemistry of the thin

films is investigated with XPS surface measurements on individual AlyO3_, and TiO2.«
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thin films. In section 4.4, AFM scans on the Al,O3_, thin films were carried out to
validate their continuity. XPS depth profiling was performed on the multilayer stacks to
investigate the state of AloO3_, layers in the stacks. Section 4.6.1 contains the RRAM
device electrical characterisation with DC voltage sweeping and section 4.6.2 the char-
acterisation with pulsed voltage sweeping. Section 4.6.3 includes the cycling endurance
testing process and results. Finally, section 4.7 discuses the results and gives insights on

the switching performance.

4.2 Reactive Sputtering of TiO,.x and Al;O3_, thin films

TiOs.x and Al,O3_, multilayer stacks were deposited by reactive sputtering (Helios XL,
Leybold Optics) from Ti and Al metal targets (99.99% purity), on p-type Si chips cleaned
in methanol and isopropanol. The settings during the TiOs.x thin film deposition were
8 sccm Oz and 35 sccm Ar at the Ti cathode, operating at 2 kW. The AlyO3_, thin
films were deposited at 100 W power, with 15 sccm Oo at the Al cathode and 25 sccm
Ar at the plasma beam source. The thin films were deposited subsequently one after
the other, without breaking the vacuum, to ensure better adhesion and better quality of
the interfaces. The thickness of the TiOo.y thin films was 11+£1 and 2341 nm and the
thickness of the AlpO3_, thin films was approximately ~2 nm, but the total thickness
of each thin film stack was maintained 44-46 nm for fair comparison between RRAM
devices comprising this thin film stacks as active layers. Figure 4.1 (c) depicts the 4

different stack configurations comprising the TiOs.x and AlyO3_, thin films.

Table 4.1: Nominal thickness of the oxide thin films that compose the multilayer

stacks.
TO T1 T2 T3
TiOg.« 46 nm 23 nm 11 nm 11 nm
AlO3_y 2 nm 2 nm 2 nm
TiOg.« 23 nm 23 nm 11 nm
AlO3_y 2 nm 2 nm
TiOg.« 11 nm 11nm
AlO3_y 2 nm
TiOg.« 11 nm

Table 4.1 is listing the nominal thickness of the thin films used to compose the multi-
layer stacks. The thickness of each layer was evaluated by Spectroscopic Ellipsometry
(Woollam M-2000) using the Cody-Lorentz model and the total thickness of each stack
by Contact Profilometry (KLA-Tencor P11).
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4.3 XPS characterisation of intermediate TiO;., Al,O3_,

thin films, and multilayer stacks

Thin film elemental characterisation was carried out using a Thermo Scientific Theta
Probe Angle-Resolved X-ray Photoelectron Spectrometer with an Al Ka X-ray source
(hv=1486.6 eV), operating at 2 x 10~ mbar. The X-ray source operated at 6.7 mA
emission current and 15 kV anode bias. Core level and survey spectra were collected over
an area of 400 x 400 wm? with pass energy of 200 and 50 eV, respectively. XPS depth
profile measurements were carried out using an argon ion gun operating at 1kV/1uA,
etching an area of 2 x 2 mm? with each etching step lasting 40 s. Photoelectrons were
collected at a base pressure of 5 x 10~7 mbar after every etching phase, from the exposed
by the ion gun surface, until the whole stack was etched through and Si was the only
detectable element. C 1s core level due to adventitious carbon, was always present in
the spectra and was used for charge shift correction. All spectra were collected and

analysed with the Avantage data system.

Figure 4.2 (a) displays the XPS survey spectra recorded from two reference TiOy and
Al>O3_, thin films deposited on Si, 23 nm and 2 nm thick, respectively. The TiOo.y thin
film survey (red), displays the following peaks from photoemission: O 2s, Ti 3p, Ti 3s,
C 1s, Ti 2p and Ti 2s. The Ti 2p peak is a doublet, and can be ascribed to 44 oxidation
state, indicating that the TiOg.y thin film is near-stoichiometric. The AloO3_, thin film
survey (black) exhibited the following peaks from photoemission: O 2s, Al 2p, Si 2p, Al
2s, Si 2s, C 1s, and O 1s. Due to the high surface sensitivity of XPS, Si 2s and Si 2p
peaks were detected in the survey spectrum and are associated to Si phototoelectrons
from the Si substrate. As XPS photoelectrons can be extracted only from the top ~5
nm of the sample, the presence of the Si peaks is another proof of the Al,O3_, thin film
thickness. Due to the very low intensity of the peaks ascribed to Al, the stoichiometry

of the Al;O3_, thin film was not assessed at this point.

Figures 4.2(b), (c¢) and (d) portray the Al 2p core level depth profiling spectra that
were recorded from the samples T1, T2 and T3 accordingly. Grey-shaded squares are
indicating the positions of the Al 2p peaks in each set of selected XPS spectra. The
minimum allowed ion gun energy of 1kV/1xA and small etching step of 40 s were used
to ensure that the intermediate AlpO3_, layers will not be etched through. Although the
AlO3_, layers are ultra-thin and despite the inter-diffusion between the subsequently
deposited layers during sputtering, Al 2p core level is still detectable, confirming that
the stack configuration is maintained. It is possible that a mixed phase of the two oxides
could be formed at each interface, but due to the low deposition temperature we believe
that a compound comprising both Al and Ti is unlikely. However, this argument cannot
be currently confirmed due to the limitations of this technique. Another observation

from the XPS depth profiling spectra was that Ti 2p intensity was minimum when the
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Figure 4.2: (a) XPS survey sprectra from single TiO2.x and AlyO3_,, thin films
deposited on Si substrates, (b), (c) and (d) Al 2p XPS depth profile core level
spectra from T1, T2 and T3 multilayer stacks, accordingly.
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Al 2p was maximum. Similarly, the Al 2p peak was completely disappearing when
etching in the TiOo..

4.4 Assessment of the AlbO3;_, thin film continuity

AFM measurements in contact more were carried out on AlyO3_, thin films using a
Bruker MultiMode Nanoscope V system. The AlyO3_, thin films under study, were
deposited on TiO.y, to emulate as much as possible the conditions as when the Al,O3_,
thin films are part of the multilayer stacks. Si tips with a cantilever spring constant of 0.2
N/m and nominal tip radius <10 nm were used (BudgetSensors, Contact-G). Figure 4.3
displays the topography of the Al,O3_,, as realised from (a) a 0.5 pm, (b) a 1.0 gm and
(c) 5.0 pm scan. The scans were substantially proved that the AloO3_, thin films were

amorphous and continuous, without visible pinholes or islands.

4.5 Multilayer RRAM Device Fabrication

RRAM devices were fabricated on Si/SiO2(200 nm)/Ti(5 nm) supports. The electrodes
and active layer were patterned by Optical Lithography. 10 nm Pt bottom and top
electrodes were evaporated in an Electron-beam Evaporator followed by lift-off. The

active layers were deposited by reactive sputtering as described in detail in section 4.2.

4.6 Multilayer RRAM Device Electrical Characterisation

40x40 pm? standalone RRAM devices were electrically characterised with a Keithley
SCS-4200 Semiconductor Device Analyser. During the electroforming (EF) and DC I-V
sweeps, the bias was applied on the top electrode, while the bottom electrode was con-
nected to the ground. The devices were also characterised with pulsed voltage sweeping
using ArC ONE™ 4 custom-made PCB-based system for device testing and char-
acterisation [113]. The devices were electroformed and tested for switching using the

algorithms presented in [112] and [111] accordingly, as well as for endurance.

4.6.1 DC Voltage Sweeping of Multilayer RRAM Devices

The finished 40x40 yzm? standalone RRAM devices comprising the active layers T0-T4,
were tested with DC voltage sweeping to assess their switching characteristics. The
resistance of the pristine devices was in the range of GOhms and they needed an elec-

troforming step to start switching repeatably between two resistive states.
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Figure 4.3: AFM topographies of an TiOs.,/Al2O3_, thin film deposited on
TiO2.x, with scan size (a) 0.5 pm, (b) 1.0 pm and (c) 5.0 pm.

Figure 4.4 (a) portrays the box plots (n=10) of the devices with respect the number of
AlyO3_, layers they comprise. The whiskers resemble the minimum/maximum values,
the “x” markers the 5% and 95% percentiles, the upper/lower horizontal lines of each

box the 25% and 75% percentile, the inner horizontal line the median and the square
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marker the mean. The mean EF voltage increases slightly from -5.0 V to -5.2 V, -5.4
V and -5.3 V for the the devices comprising 1, 2 and 3 AlyO3_, layers, respectively,
probably due to the very good insulating properties of Al,O3_,. However, EF voltage
distribution is decreased in all devices that contain AlyO3_, layers, indicating that the

addition of AlpO3_, layers can reduce the variability of EF voltages.

Figure 4.4 (b) displays the mean SET and RESET voltage plots from devices (n=>5) that
switched repetitively, with the whiskers indicating the standard deviation. The mean
SET voltage dropped from 2.53 V for the TO0 devices to 2.30 V, 2.18 V and 2.29 V for
the devices T1, T2 and T3, accordingly. The SET standard deviation decreased for the
T1 and T2 devices but deteriorated for the T3 devices. Similarly, the mean RESET
voltage decreased from -2.00 V for the TO devices to -1.53 V, -1.74 V and -1.66 V for the
T1, T2 and T3, respectively. The RESET voltage standard deviation, follows a similar
trend with the SET equivalent and decreases for devices T1, T2 and T3 but not with a
clear trend. Among all configurations comprising AloO3_, layers, T3 is possibly the one
with the worst SET/RESET performance. Figures 4.4 (c), (d), (e) and (f) portray DC
I-V characteristics from TO0, T1, T2 and T3 devices after EF. Each panel displays three
I-V characteristics, all from well behaved devices that switched repetitively. It can be
observed, that devices of the same configuration had very similar switching behaviour,

but this behaviour was found to vary among different configurations.

A typical EF step for every device configuration is displayed as inset in Figures 4.4 (c),
(d), (e) and (f) and it is not revealing any particular difference associated with the num-
ber of AlyO3_, layers in the devices. Following the EF which was performed in negative
polarity (and altered the device resistance from the pristine state to HRS), the voltage
was swept from 0 to 3 V and back to 0 with 107* A current compliance, switching
the devices from HRS to LRS. The devices’ resistance switched back to HRS when the
voltage was swept from 0 to -3 V and back to 0 with 1072 A current compliance. SET
was observed during a positive voltage sweep and RESET during a negative voltage
sweep. Both the I-V characteristics exhibited a non-linear dependence between voltage
and current. This suggests that either the filament does not have metallic properties, or
that it is incomplete or not fully connected. SET usually emerged as an abrupt transi-
tion (with an exception in the case of T2 as shown in Figure 4.4 (e)), therefore, lower
current compliance was used to protect the device from an unwanted hard-breakdown
(HB). During hard-breakdown, the current dependence in the LRS was linear, possibly
suggesting a fully connected filament to the electrode. Overall, devices T1 and T2 show
improved SET and RESET voltages, small variability of I-V characteristics among dif-
ferent devices, at the expense of slightly higher EF voltage compared to T0 (4% and 8%
for T1 and T2. respectively).
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4.6.2 Pulse Voltage Sweeping of Multilayer RRAM Devices

Testing RRAM devices with DC voltage sweeping is known to induce device degradation
rendering them useless [12, 107]. Therefore, we also performed pulse voltage sweeping
to our devices, to reveal more insights about their resistive switching performance. The
device EF was carried out using the algorithm presented in [112], performed in three
voltage ramp stages (positive-negative-positive), each stage having a considerable effect
on the device’s resistance. Figure 4.5 (a) displays an example of a complete EF. The
3-stage EF was necessary to drop the device’s resistance below 50 kOhm, which was a
non-volatile regime where devices behaved more reliably. Different ramp polarity com-
binations were attempted, however, the above mentioned combination was chosen for
achieving the highest EF yield. Following the EF, the devices were switched imple-
menting the algorithm presented in [111]. The settings for the switching are depicted
in Table 4.2. Devices from all categories, operated in different resistance regimes, but
the most stable and repeatable ones usually operated in the range of 5-60 kOhm. Fig-
ure 4.5 (b) displays the mean switching voltages calculated from 5 typical (repeatable)
devices from each stack category and whiskers represent the standard deviation of the
switching voltages. It can be observed that the mean switching voltage and standard

deviation decrease considerably for the devices T2 and T3.

Table 4.2: The settings used during electroforming and pulse voltage sweeping
of the T0-T3 devices.

Parameter Electroforming Switching

Start write pulse amplitude (V) 0.2 0.2
Write pulse amplitude step (V) 0.2 0.1
End write pulse amplitude (V) 11 4
Write pulse width (ms) 0.1 0.1
Read pulse amplitude (V) 0.2 0.2
No. of write pulses 10 10

No. of read pulses 5 5

Series resistance (kOhm) 100 -
Resistance threshold (kOhm) 50 -

Figure 4.5 (c), (d), (e) and (f) display the resistive states of typical T0, T1, T2 and T3
devices, respectively, that operated within the range 5-20 kOhm. The gradual switching
is dictated by the write pulse amplitude step which is 0.1 V in this case. As proposed
in our previous work [124], a small write pulse amplitude step results in a smaller
modification of the thin oxide gap between the conductive filament and the electrode,
therefore creating these intermediate resistive states shown in Figure 4.5. Similarly,
a higher write pulse amplitude step like 0.5 V, resulted in binary switching without

intermediate resistive states [124].
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4.6.3 Cycling Endurance of Multilayer RRAM Devices

E™  a custom-made

The devices were tested for cycling endurance using the ArC ON
PCB-based system for device testing and characterisation [113]. Programming pulses of
fixed amplitude and width were applied in alternating polarities and the resistive state
was assessed after each pulse at a read voltage of 0.2 V. As a result, two populations
of measurements are de facto created: an ‘HRS’ population corresponding to read-outs
following the positive (negative) polarity programming pulses and an ‘LRS’ population
corresponding to the opposite polarity. The devices were robust and could maintain a
satisfactory window between HRS and LRS. Two different kinds of flaws were identified.
In some cases a write pulse failed to alter the resistive state and in other cases both HRS
and LRS drifted towards higher resistance. To address these problems and assess the
endurance of these devices in an automated and less user-invasive fashion, the collected
raw data were post processed using MATLAB. Endurance performance was quantified
using the following method: the user defined a minimum allowed HRS-LRS window
ARS i (in Q) and then the algorithm would post-process the raw data. The algorithm
would search pair-by-pair for the longest streak of continuous resistance reads for which
HRS,in, — LRSha: > ARSmin. An example is shown in Figure 4.6. The cycling
endurance results from 5 devices from each device stack were evaluated for the resistance
windows: 1 kOhm, 3 kOhm, 10 kOhm and 30 kOhm and are depicted in Figure 4.7.

Devices with 2 Al,O3_,, layers performed on average better than the other combinations.

4.7 Discussion

During DC testing, T0 devices (TiO2 «-based) showed a negative EF voltage of approx-
imately -5.0 V (Figure 4.4 (a)), starting from a very high resistance in the range of G{2.
EF was achieved by a single negative polarity voltage sweep. T1, T2 and T3 devices
comprised 1, 2 and 3 embedded AlyO3_, thin films, respectively. All configurations
required EF to start switching between HRS and LRS, similarly to the TO case. The
EF voltages were slightly higher (4.2-7.5 %) compared to T0 devices (Figure 4.4 (b)),
probably due to the very strong insulating nature of Al;O3_,. The EF was carried out
as a single transition and not as a 2-step or a 3-step transition, regardless of the number
of Al,O3_, layers the device comprised, is an indication that the AlpO3_, layers didn’t
act as barriers but as a source of ionic species. Subsequently, the devices operated by
toggling their internal resistance with SET and RESET operations at positive and neg-
ative polarity, respectively. SET was abrupt and required a compliance current at 100

1A to prevent an irreversible hard breakdown of the device.

The abrupt nature of SET is indicative of an abrupt physical change occurring within
the active layer, that could be explained with the formation of a conductive filament

(CF) [125] in the active layer. This hypothesis is also corroborated by the presence of



Chapter 4 Impact of ultra-thin Al>O3., films in the performance of TiOz.x RRAM 51

the EF step in similar systems reported before [126, 19]. As discussed previously, from
the exponential dependence of the I-V we can conclude that the filament does not have
metallic properties but it can have semiconducting properties. Semiconducting filaments
have also been reported previously in different oxide-based RRAM devices [72]. Another
possibility is that there is a remaining oxide gap between the CF and the electrode. The
carrier conduction through this gap possibly explains the non-linear dependence of the
I-V curves. This argument has been previously reported for TiOgy systems [117]. The
RESET operation is likely driven by thermal effects gradually disrupting the CFs, as also
reported in similar oxide systems [72, 8]. Hence, the most feasible mechanism involves
the drift of ions (oxygen vacancies) injected during the EF, creating a conductive path

within the active layer.

The addition of the thin Al;O3_, layer in the device’s active layer could be possibly
adding Al cations in the ionic species facilitating the switching. The dissociation energy
(DSgg) of the Al-O bonds is 501.9410.6 kJmol™! compared to 666.5+5.6 kJmol™! of
the Ti-O bonds [127], fact that could support the argument about the mobile Al cations.
Moreover, it was previously suggested that the presence of Al;O3_, in a TiO2.« matrix

enhances the formation of oxygen vacancies resulting in lower switching voltages [124].

The EF in pulsed characterization follows a different pattern, as shown by Figure 4.5 (a).
The triplet of pulsed voltage ramps is essential to achieve a complete EF for all device
stack configurations. Following EF, the devices were able to perform a stable analog
resistive switching. The presence of the EF still appears to be consistent with the obser-
vations during the DC electrical characterization. Therefore, the filamentary hypothesis
for the resistive switching appears corroborated. The gradual modification of the resis-
tance could be associated with the tuning of the oxide gap between the filament and the

electrode, as we previously reported for a similar system [124].

The difference in EF between DC and pulsed operation could be sought in the different
contributions of the electric field and Joule heating. During a DC voltage sweep, the
voltage never drops to 0 between each step but continuously increases. The sweep is
effectively a voltage staircase in which each step lasts for 1 ms. During pulsed operation,
a non-invasive read pulse scheme is implemented to access the device’s resistance. The
reading scheme comprises 5 read pulses with a total pulse duration and inter-pulse delay,
adding up to ~ 30 ms between write pulses. The estimated total energy delivered to the
device due to Joule heating is in the order of 107° J, taking into account a resistive state
of 200 k2 at -5 V with 1 ms step. Additionally, the energy calculated is likely to be
underestimated since just voltages in the vicinity of the threshold voltage are considered.
The same approach applied to pulsed operation leads to a value in the order of 10719 J.
The larger inter-pulse time during pulsed operation could favour the dissipation of this
energy. On the contrary, a continuous staircase would favour the heat build-up in the

system.
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The difference in the available energy could result in different contributions from the
electric field and heat. In the case of DC operation, the generated heat rapidly induces
a soft-breakdown in the oxide, without the requirement for multiple steps. Also, the
heat role is corroborated by the presence of a compliance current that limits the current
flow in the device, therefore preventing a hard breakdown. The 30 ms delay, allow the
heat to be dissipated, pointing to an electric field-driven EF. In addition, TiOs_ y-based
systems have been reported previously as capable of electric field-based EF [128]. The
multi-step nature of EF shown in Figure 4.5 (a) could be ascribed to the formation of
multiple filaments within the oxide film. A similar mechanism has been suggested to

explain the multiple steps achieved during switching of other oxide systems [129].

In conclusion, the device operation is regulated by the formation of a conductive path
within the oxide layer, which is boosted by the presence of the Al,O3_, layer. Al,O3_,
can increase the ion/oxygen vacancy concentration available in the active layer creating
a conductive path achieved by inter-diffusion during the EF. Relevant differences in
the EF operations are reported, involving different driving mechanisms. During pulsed
operation, EF could be achieved due to electric field-driven phenomena with little effects
due to Joule heating. However, during DC operation filament formation could me more

affected by Joule heating.

4.8 Summary

In this chapter, it was demonstrated that the incorporation of ultra-thin AlyO3_, buffer
layers in TiO2.x RRAM can aid with reducing the devices’ switching thresholds. The
nm thin Al»O3_, did not introduce discontinuities or any other undesirable effects in the
RRAM devices. The ultra-thin layers were detected in the bulk of the multilayer stacks,
using XPS. XPS depth profiling characterisation of the multilayers, gave a qualitative
indication of the AloO3_, state by detecting Al 2p in the expected etching levels. The
Al>O3_, layers acted in a rather homogeneous way and not as solid barriers inside the

active layer.

The EF voltages using DC voltage sweeping slightly increased in all devices contain-
ing AloO3_, layers, fact that could be attributed to the strong insulating properties
of Al;O3_,. The switching voltages of the devices comprising Al,O3_, layers were
+2.0/-2.0 V and +1.1/-1.1 V, tested with DC voltage sweeping and pulse sweeping,
respectively. The AlpO3_, layers possibly played a double role, injecting excess oxygen
vacancies but also enhancing a more repeatable and stable filament formation/eruption.
Preliminary cycling endurance results suggested that Al,O3_, layers possibly enhanced
the devices’ endurance but more work on this matter has to be carried out to reveal the

full potential of these devices. The non-volatile, analog mode of switching of the devices
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is not limiting the devices’ potential but can make them good candidates for a variety

of applications in neuromorphic computing.
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(b) mean SET and RESET voltage scatter plots (whiskers are indicating the
standard deviation) concerning the number of Al,O3_, layers in each device
configuration. (c), (d), (e) and (f) display I-V charactersitics obtained from the
device stacks TO, T1, t2 and T3, respectively. The colours black-red-green of
the I-V curves indicate the order of the measurement after the EF, as 1st-2nd-
3rd. Insets portray the typical electroforming step of each device configuration.
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Chapter

Resistive switching performance
of Al:TiO9_+-Nb:Ti0O+_, bilayer
RRAM devices

5.1 Introduction

In chapter 3 it was demonstrated how Al doping improves the performance of TiOo.
RRAM devices. The 3+ oxidation state and ionic radius were the two basic criteria
based on which Al was selected among other options available. The initial concept was
that Al would introduce oxygen vacancies if Al ions were to replace Ti in the TiO9.
matrix enabling p-type conductivity [79]. In the case of undoped TiO2., each Ti cation
is bound to four oxygen anions and in AlsO3 «, each Al is bound to three oxygen anions.
In case of substitutional doping of Al in TiOs., the Al coordination would still be 3,
as it is strictly forbidden by the rules of coordination chemistry to exceed this number
of bonds. The unbound oxygen would be free and the presence of Al would therefore

create a p-doped active layer of TiOo.y.

In that context, the idea to use a 5+ cation as a dopant in TiOo.x occurred. V, Cr,
Co, Ni, Cu and Nb are pentavalent and n-type dopants in TiOs. Nb was selected
as it had several similarities with Ti, it was readily available and easy to deposit with
reactive sputtering. Interestingly, Nb had very similar ionic radius with the T1i, as shown
in table 5.1. Moreover, Nb can have +3, +4 and +5 oxidation states and therefore
can form conducting NbO, n-type NbOg (distorted rutile structure), insulating NbyOp
(amorphous or crystalline), and several metastable oxides. The ionic 'compatibility’ of
Nb with Ti led to many ideas on possible device structures and possible interesting

mechanisms that could benefit the devices’ performance.

o7
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Table 5.1: The coordination and ionic radii of Ti and Nb (*) cations in various
oxidation states.

Charge Coordination Ionic Radius (A)

2 VI 0.86

3 VI 0.67 / 0.72%
vV 0.42

A \% 0.51
VI 0.605 / 0.68*
VIII 0.74 / 0.79*
I\ 0.48%

; VI 0.64*
VII 0.69*
VIII 0.74%

This chapter, aims to discuss the suitability of Nb-doped TiOo. thin films in RRAM
devices as resistive switching cores. Furthermore, this chapter aims to study devices
comprising Nb-doped TiO9.x and Al-doped TiOs thin films in a bilayer structure and
the possibility of them showing a diode-like behaviour. RRAM devices that can have a
p-n junction formed at the interface of the 2 doped TiOgy thin films (one n-type and
the other p-type) still does not exist in literature and is a very intriguing concept. The
interest of such a breakthrough would open the door of RRAM to more applications,

like amplifiers and switches.

5.2 Deposition of Nb-doped TiO2 4 thin films with varying
Nb content

The first step in this study was to create a series of Nb-doped TiO9. thin films and
characterise the chemical composition, to optimise the recipe with the desired Nb-
concentration. A series of Nb-doped TiOo. thin films were deposited by reactive sput-
tering from high purity Nb and Ti metal targets. The substrates were 1.5x1.5 cm p-type
Si chips, rinsed with acetone and isopropanol before use. The Nb and Ti targets were
fitted on the DC and RF magnetrons, respectively. The sputtering settings used for the
deposition of these thin films are depicted in Table 5.2. It can be seen that the power
applied on the Ti target remained stable, while the power at the Nb target varied to yield
different Nb % at. concentrations. The gas flows shown in the table are supplied inside
the target area, but additional oxygen plasma is supplied in the sputtering chamber by
the plasma beam source. The actual temperature during the sputtering deposition was

85-88 °C, thus, the as-deposited thin films were amorphous.
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Table 5.2: Sputtering settings during the deposition of the Nb-doped TiO2
thin films.

Parameters Ti target Nb target
Power (W) 2000 0-225
Pressure (mbar) 5x107°
Temperature (°C) 85-88 (act.)

02 flow (sccm) 8 -

Ar flow (sccm) 35 10

5.3 Analysis of Nb % at. concentration in the Nb-doped
TiOs.« thin films by XPS characterisation

The as-deposited thin films were measured using a Thermo Scientific Theta Probe Angle-
Resolved X-ray Photoelectron Spectrometer with an Al K X-ray source (hv=1486.6 eV),
operating at 2 x 10° mbar. The emission current and anode bias of the X-ray source
were 6.7 mA and 15 kV, respectively. Core level and survey spectra were collected over
an area of 400 x 400 pum? with pass energy of 200 and 50 eV, accordingly. The binding
energy step was 0.1 eV for the survey spectra and 0.02 eV for the core level spectra. A
survey spectrum, O 1s, Ti 2p, Nb 3d and C 1s core level spectra were recorded for each
of the samples. C 1s was always present due to adventitious carbon and was used for

charge shift correction.

Figure 5.1 (a) portrays the survey spectra recorded from each of the samples, with the
main peaks detected, noted on the top. The charge shifting of C 1s, that was always
< 1.0 eV, was corrected to 285.0 €V. Following this correction all spectra were normalised
with respect to O 1s, being the peak with the highest intensity. Figure 5.1 (b) displays
Nb 3d core level spectra recorded from each of the samples. With increasing power at
the Nb target, the intensity of the Nb 3d increased, indicating an increasing Nb % at.
concentration in the thin films. Moreover, from the survey spectra of Figure 5.1 (a),
it can be seen that as the power at the Nb target increased, the intensity of the Ti 2p
signal (binding energy range 456-466 eV) was suppressed.

Detailed peak fitting and quantification was performed in all data. Figure 5.2 (a), (b) and
(c), display the fitting of Nb 3d, Ti 2p and O 1s, carried out for the most heavily doped
sample, Nb-8. Nb 3d is a doublet with a 3/2 and a 5/2 spin-orbit splitting components,
having 2.7 eV peak separation. These doublets, have also specific peak area ratio and
equal FWHM, that were taken into account for the fitting. The main peaks, 3d3/,
and 3d5/o appearing at 210.3 eV and 207.5 eV, represent Nb cations with 5+ oxidation
state. The shoulder appearing at 205.8 eV, is also a 3d5/ component and represents a
small population of Nb cations with 4+ oxidation state. The 3d3/ component for the
4+ oxidation state was not fitted. The contribution to that component was so small

that this peak was not detected. The peak binding energies of Nb, were compared with
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Figure 5.1: XPS (a) survey spectra from the Nb-doped TiOg.y thin films de-
posited with varying power at the Nb target. Representative peaks from C,
O and Ti are present in all spectra, while the Nb 3p and 3d core level peaks
become more significant after 75 W power at the Nb target. (b) Nb 3d core
level spectra, recorded from Nb-doped TiOsg., thin films, showing the Nb 3d
core level peak growing in intensity with increasing power at the Nb target.

equivalent data from literature [115]. The most important information from fitting this
core-level were: (i) that the chemical environment of Nb was oxygen, (ii) the oxidation
state of Nb was 54+ (NbyOs) and (iii) that there is a small population of Nb with 44

oxidation state. Therefore Nb is in the form of an oxide, very lightly reduced, that could
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Figure 5.2: Detailed fitting of the (a) Nb 3d core level peak revealing a small
population of Nb** species, (b) Ti 2p with a small population of reduced Ti%*
species and (c) O 1s core level spectra, deconvoluted in metal-bound and C-
bound O. The spectra were recorded from the sample with the highest Nb 3d
% at. concentration, Nb-8.
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be represented in the form of NboOs_y.

Figure 5.2 (b) portrays the fitting carried out on the Ti 2p core level. Ti 2p is also
a doublet with 1/2 and 3/2 spin-orbit splitting components, having a peak separation
of 5.7 eV. The main peaks at 464.7 eV and 459.0 eV represent Ti cations with a 4+
oxidation state in the TiO9 form. The shoulder at 457.4 €V, is the 3/2 spin-orbit splitting
component, representing Ti cations with 34+ oxidation state in the reduced form TiOg .
Similarly to the Nb 3d core level, the 1/2 spin-orbit splitting component representing

Ti cations in 3+ oxidation state is not detected, due to being very low in intensity.

Figure 5.2 (c) depicts the peak fitting carried out on the O 1s core level of the same
sample. It was fitted as a single peak, as s orbital has a spherical shape and there
are no different spin states. The peak at 530.5 eV stands for bonds of O with metal
cations, Nb and Ti in this case. The fitted peak at 532.9 eV stands for O-C bonds and
is related to oxygen anions bonded to organic adsorbates of the thin film surface. Since
this oxygen is not related to the oxide under study, it was fitted but was not included

in the quantification.

Table 5.3: XPS quantification table of the Ti, O, and Nb % at. concentration
of each sample.

Power at

Sagl:)ple Nb target a t'.I‘l% a t.()% atljb% Impurities
(W)
Nb-0 0 24.8 56.9 0 18.3
Nb-1 50 24.0 57.6 0.5 17.9
Nb-2 75 22.4 56.3 2.1 19.2
Nb-3 100 20.6 56.6 4.1 18.7
Nb-4 125 19.9 58.0 5.1 17.0
Nb-5 150 18.9 57.8 6.1 17.2
Nb-6 175 18.4 58.1 7.0 16.5
Nb-7 200 17.5 57.6 7.6 17.3
Nb-8 225 16.7 57.3 8.5 17.6

The Nb, Ti and O atomic concentrations were calculated with a precision of + 1 eV.
For the doublets Ti 2p and Nb 3d, although both peaks were fitted, only the peak with
the highest intensity was quantified, to ensure their concentration is not over-quantified.
As seen in Table 5.3, the total concentration of the three elements doesn’t add up to
100% because adventitious carbon was taken into account in the quantification. The Nb
concentration spans from 0 to 8.5 % at., while the Ti concentration gradually decreases

from 24.8 to 16.7 % at., with increasing power at the Nb target.



Chapter 5 Resistive switching performance of Al:TiOo.x-Nb:TiOs. bilayer RRAM
devices 63

5.4 Fabrication of Al- and Nb-doped bilayer TiO, , RRAM

devices

RRAM devices were fabricated with optical lithography, using the same process that
was described in Chapter 3. The 40x40 pum? devices comprised 10 nm Pt bottom
and top electrodes, deposited by E-beam evaporation. The following active layers
were deposited, with total thickness 45 nm each: (i) Al:TiOgy, (ii) Nb:TiO2 and (iii)
Nb:TiO2.«/Al:TiO2. . The later comprised equal thickness of each oxide, approximately

23 nm. A schematic representation of the device stacks are shown in Figure 5.3.

° ° ° o ¢ ° ¢ - Pt
) ) )
g ) ° [} ® TIO?-X
2 ° ° * ® o A
) ) ) ) )
) ) PY PY ® Nb

Figure 5.3: The fabricated device stacks: (a) Al:TiOsy, (b) Nb:TiO2.« and (c)
Nb:TiOQ_X/AliTiOQ_X.

The Al:TiO2.« thin active layer was co-sputtered from an Al and Ti targets , with 50 W
applied at the Al target and 2000 W applied on the Ti target. Similarly, the Nb:TiOq_y
active layer was deposited with 90 W applied at the Nb target and 2000 W on the Ti
target. The same settings were used for the bilayers but in that case, a lower sputtering
time was set to yield lower thickness. The bilayer stack was formed by depositing the
Nb:TiOg. thin film first and subsequently the Al:TiOs_ thin film, without breaking the
vacuum. It was assumed that since the devices are symmetric, there is no dependence

of the order of the deposition and therefore the opposite stack was not fabricated.

5.5 DC characterisation of Al:'TiO5., - Nb:TiO, y bilayer

devices for diode-like conduction

The bilayer devices were tested for their DC-IV characteristic to investigate whether
there is a p-n junction formed at the interface. When a bias is applied on a p-n junction,
it behaves like a diode, the characteristic curve of which is shown in Figure 5.4 (a). Basic
requirement of the p-n junction is that the two thin films that are in contact are p- and

n- doped with Nb an Al, respectively.

Efforts to characterise the type of conductivity were carried out using the Van der Pauw

technique. Square patterned thin films of the TiOs., individually doped with Al and
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Nb were deposited on glass substrate and Pt contacts were added on each corner with
silver paint. The efforts to measure current and identify the type of carrier on each thin
film failed for numerous reasons. The most significant was the fact that the thin films
were too insulating and the current was so low that it was beyond the tool’s capability
to measure. Therefore, the only way forward was to test the bilayer devices and check

the characteristic.
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Figure 5.4: (a) Typical DC I-V characteristic of a diode, typical I-V obtained
emperimentally from bilayer devices plotted on (b) logarithmic and (c) linear
scale.

Bilayer devices were tested by sweeping the voltage from 0 to +4 V and back to 0 and
then, from 0 to -4 V and back to 0. These devices in specific, had the Al:TiO9. thin
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film deposited first and the Nb:TiO2.« deposited subsequently on top. With the p-type
material on top and with the bias applied always on the top electrode, a positive sweep
would be the forward bias. During a forward bias, the holes of the p-type thin film
would be pushed towards the interface and likewise, the electrons of the n-type thin
film would be also pushed towards the interface, forming a small depletion zone. Below
the threshold (the “knee” as indicated in figure 5.4 (a)) we would expect a low current
flowing across the device. At the threshold voltage, the electrons and holes would start
recombining and an increase in bias would be observed. However, as figure 5.4 (b)
and (c) display the current is very low, in the nA range which is also the measurement

limitation of the tool.

During a reverse bias (negative current on the top electrode - Nb:TiO2 thin film),
the electrons and holes would be pushed towards the opposite direction, the electrodes,
resulting in wider depletion zone. This p-n junction arrangement would result in the
behaviour shown on figure 5.4 (a) for reverse biasing. However, this behaviour was not
obtained experimentally proved either. The existence of the p-n junction was not proven,
however, physical and practical explanations were investigated. The most possible sce-
nario was that there was no p-n junction because there were no p- and n-type of thin
films in the first place. Possibly, the method of deposition did not allow the ”doped”
ions Al and Nb to replace native Ti ions. On the contrary, the Al and Nb formed

immediately oxides, as the deposition was carried out in an oxidising atmosphere.

The initial hypothesis about a p-n junction at the interface of the two oxides with
diode behaviour has been experimentally disproved. The fabricated devices were still
interesting for studying the switching behaviour of TiO2y RRAM. Nb was never used
before as a dopant in TiOg. thin films deposited by reactive sputtering for RRAM
or other electronic applications. A full testing routine was carried out in Al:TiOo,

Nb:TiOs.« and bilayer devices with DC and pulsed sweeping.

5.6 DC characterisation of Al:TiOs,, Nb:TiO5, and bi-

layer devices

The devices were tested for their DC I-V characteristics with ArC ONE™ | a custom-
made PCB-based system for device testing and characterisation [113]. This system had
a DC sweeping function, equivalent to a Keithley testing system that was ideal for quick
and efficient testing of large batches of devices at a fraction of time. A probe card was
used to allow on-wafer interfacing of an array of stand-alone devices. Applying a biasing
scheme like EF or DC sweeping was a lot faster and efficient, as navigation from one
device to another is usually a factor that makes the overall testing process slow. Another

advantage was that by reading at once the whole array of devices, the devices in the
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Figure 5.5: Typical DC electroforming (insets) and I-V characteristics for: (a)
ALl:TiOg, (b) Nb:TiOgx and (c) Nb:TiOg./ALl:TiO2 devices. Each set of I-V
characteristics comes from different devices of the same active layer to show the
statistical significance of each switching behaviour.
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preferred resistance state could be easily selected over others and tested efficiently at

mouse-click.

Initially, all different device stacks were electroformed with a negative polarity voltage
sweep, from 0 V to -8 V and back again to 0 V. A cut-off current of 5 x 107* A was
used to protect the devices from high currents. The voltage step amplitude was 0.05 V
and the width 10 ms, respectively. Figure 5.5 insets depict the stage of electroforming,
which was similar in all devices, regardless the doping type. During the electroforming,
the device resistance rapidly dropped from the GOhm range to 30-100 kOgm range as

a single-step transition.

Following EF, the devices were tested by DC voltage sweeping for their I-V characteristic.
The resistance switching was initiated with a positive voltage sweep from 0 V to +2 V
and back to 0 V with a current cut-off of 5 x 1074. This was a SET, lowering the
device’s resistance. A subsequent negative sweep from 0 V to -3 V and back to 0 V with
a current cut-off of 1 mA was increasing again the resistance of the device. This was the
RESET. The SET process was abrupt, while the RESET was gradual. As discussed in
the previous chapter, the abrupt nature of the SET is indicative of an abrupt physical
change in the active layer, such as the formation of an conductive filament. On the other
hand, the gradual nature of RESET is probably occurring due to thermal phenomena,

such as the disruption of the conductive filament.

Figure 5.5 (a), (b) and (c) depict the first three I-V characteristics obtained from typical
and repeatable devices with Al:TiO2 y, Nb:TiOgy and Nb:TiO9 /Al:TiO2 « active lay-
ers, accordingly. All of the devices follow the same physics mechanism that was proposed
above, as there are not major changes in the I-Vs direction and shape. In the case of the
bilayer devices, the current just before the SET occurs, shows a slight saturation from
0.6 V to 1.2 V. This effect could be associated to a filament extension in the area where

both Al and Nb cations exist. The precise reason of this behaviour is still unclear.

Figure 5.6 (a) presents the EF statistics calculated for 10 devices from each category.
EF occured at -7.6 V for the AL:TiOs_, devices and at -6.6 V for the Nb:TiOo_, and
bilayer devices. The EF voltage of the Nb:TiOs y devices, dropped by 1 V, however, the
spread of the data was higher, with a standard deviation of +1 V. The bilayer devices
were electroformed at -6.6 V with £0.5 V standard deviation which was the best EF

performance among the three device stacks.

The statistics for the DC voltage sweeping is summarised in Figure 5.6 (b). The displayed
mean and standard deviation of SET and RESET voltages, were collected from three
repeatable and stable devices from each stack category. The SET voltage of Nb:TiOo.«
and Nb:TiOg./AL:TiOgy devices was 1.5 V and 1.4 V, respectively, compared to 1.8
V for the Al:'TiOo. devices. Additionally, the standard deviation was lower for the
Nb:TiO2x and Nb:TiO9 /ALl TiOg devices at +0.1 V, compared to +0.3 V of the
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Figure 5.6: (a)Mean and standard deviation of DC electroforming voltages cal-
culated for ten devices from each category and (b) mean and standard deviation
of SET/RESET voltages calculated for three typical devices.

Al:TiOg « devices. The RESET voltage was very similar among the three categories, at -
1.4 to-1.5 V. However, the standard deviation in the case of Nb:TiOg  /Al: TiO  devices
was much higher than the one in the case of Al:TiOs. and Nb:TiOo. devices. With a
larger number of devices tested, the standard deviation could be more representative of

the actual switching behaviour of the devices.

Interestingly, the Nb:TiOg2y and Nb:TiOgy/Al:TiOsy showed a very similar perfor-
mance in EF and DC voltage sweeping. More generally, the presence of foreign elements
(at least at +4 at. % concentration) did no cause major differences in the switching
mechanism and performance. It is possible that after the filament formation which oc-
curs with EF| the role of dopants is not significant and the SET and RESET operations
are carried out with small modifications of the filaments at the interface of the oxide
with the metal of the electrode. The Nb:TiOg /Al TiO5.« has not induced any particu-

lar effect in EF or switching and it appears that the two layers behave in a homogeneous
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manner.

5.7 Pulsed voltage characterisation of Al:TiO4_y, Nb:TiO4_

and bilayer devices

In addition to DC characterisation, pulsed voltage sweeping was carried out as an ad-
ditional assessment of the resistance switching ability of the devices. The same testing
system was used with the function that employs pulsed voltage schemes to toggle the
devices’ resistance between two distinct states. The devices were electroformed and
tested for their switching performance using the algorithms presented in [112] and [111]
accordingly. The same testing procedure using pulses was described in more detail in
Chapter 4.
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Figure 5.7: (a) 100 reads of five different resistors with 0.5 V pulses and (b) the
resistance standard deviation extracted from resistance reads.

Before the devices’ electrical characterisation, an assessment of the measuring system’s
precision in resistance measurement has been carried out. Five resistors were selected:
4.8 kOhm, 7.4 kOhm, 19 kOhm, 100 kOhm and 1 MOhm. The resistors were selected
as such to cover the range of resistances that the current RRAM devices can obtain.

Moreover, it was important to verify whether the system is capable of reading the devices’
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Table 5.4: The settings used for pulsed electroforming and switching

Setting Electroforming Switching
Min. pulse amplitude (V) 0.5 0.2
Max. pulse amplitude (V) 10 0.1
Pulse amplitude step (V) 0.2 6
Pulse width (ms) 1 0.1
Polarity + -
Series resistance (kOhm) 100 -
Resistance threshold (%) 10 10
Interpulse time (ms) 1 1
Number of write pulses 10 10
Number of read pulses 5 )

resistance accurately, when the devices are at a high resistance regime as well as at a few
kOhm regime. Each resistor was read 100 times and the data were analysed to calculate
its mean and standard deviation. Figure 5.7 (a) depicts the raw data for each of the 5
resistors and (b) shows mean and standard deviation calculated for each of the resistors.
It was observed that the higher the resistance, the more difficult it becomes to be read
accurately. However, at high resistances like 1 MOhm, read standard deviation of =~ 0.5
Ohm is not so significant. The settings that were used to electroform and switch the

devices using pulses are shown in detail in Table 5.4.

Figure 5.8 (a) displays the EF results collected from 10 devices from each active layer
category. The mean EF voltage was the same for Al:TiOs and Nb:TiOo devices at
~ 7 V. The ALl:TiO9/Nb:TiOy. devices exhibited a lower mean EF voltage of 6.12
V, at the expense of slightly higher standard deviation of £1 V compared to 0.8 V
and +0.6 V for the AL:TiOs. and Nb:TiOs_ . devices, respectively. The bilayers had the
lowest EF voltages among all three device types, confirming the result from the DC EF.
Figure 5.8 (b), portrays the mean and standard deviation of switching voltages collected
from 5 repeatable devices from each active layer configuration. Among the three types of
devices, Al:TiOs y-based devices had the worst performance in terms of mean switching
voltage with +1.6 V and 40.7-0.8 V standard deviation of voltages. Nb:TiOs y-based
devices on average switched with +1.6 V/-1.4 V and had lower standard deviation of +0.4
and +0.5 V| respectively. The bilayer devices exhibited had the best performance among
the three types with switching voltages +1.4 V/-1.2 V and same standard deviation as
the Nb:TiO2.«-based devices. Overall, EF and switching voltage performance seemed to
favour the bilayer devices, which however did not show any differences in the switching

mechanism and behaved as a single continuous active layer.
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Figure 5.8: (a) Pulsed voltage EF mean and standard deviation calculated for
10 devices from each type and (b) mean and standard deviation of switching
voltages using pulses from 5 devices from each type.

5.8 Retention of Al:'TiO5 4, Nb:TiO, 4 and bilayer devices

Reliable devices from all three active layers, were tested for their retention performance.
For each active layer one device was selected and after it was driven to a specific re-
sistance state it was tested for 9 hours by reading it’s resistance every 15 minutes at
room temperature. The selected devices, were previously electroformed and tested with
pulsed sweeping, confirming a repeatable switching performance between two resistance
states, over a long period of time. The selected resistance states were: 10 kOhm, 50
kOhm and 100 kOhm. The purpose of this test was to show, if the devices can preserve
their state with time. These resistance states were selected in purpose, as it has been

observed before that the higher the resistance is the more difficult it is for the devices
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to maintain it. Additionally, the capacity of a device to maintain a state is an indicator

of robustness and reliable performance.
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Figure 5.9: Retention results in room temperature for three different states from
a typical and well-behaved device from (a) a Al:TiO2., (b) a Nb:TiO9.« and (c)
a Al:TiOg.«/Nb:TiO9.y device.

Figure 5.9 (a), (b) and (c) portray the raw resistance reads for the three different states
for the Al:TiOgy, Nb:TiOg9y and Al:TiOgy/Nb:TiOgy devices, respectively. In all 3
devices the 100 Ohm state appeared to have drifted immediately after the first read.
This resistance state eventually saturated at about 110-120 kOhm, with the Nb:TiOq

device being the only exception. Unfortunately, this device started from a state of 120
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kOhm, 20 kOhm higher than the other two. After several trial tests, it became clear that
at resistance states above 100 kOhm, it becomes very difficult to control the resistance of
the device. This implied, that feeding devices of this resistance state with short pulses of
1.5-3 V, yielded in very abrupt resistance changes. These changes often led the devices

to the GOhm range, making them more fragile.

In other cases, these instabilities dropped the devices’ resistance to the irreversible regime
<3 kOhm, where it was impossible to restore them to the useful and repeatable resistance
range. In all 3 devices, the 10 and 50 kOhm were the most stable states, with only
exception the Nb:TiO2.y device, which experienced an abrupt 10 kOhm drift from the
first resistance read. The stability of the two lower states, could be associated with
thicker and more robust conductive filaments. These resistance states could be fine-
tuned very easily, by sending appropriate pulses. Short pulses of 1.5-2 V amplitude that
gradually increased in duration, was an effective pulsing scheme, to gradually modify
the device’s resistance with small steps. The resistance could be increased or decreased

by appropriately applying pulses of positive or negative polarity.

The 100 kOhm resistance state possibly occurred due to the formation of thinner and
more fragile filaments. Minor modifications on these fragile filaments could result in very
dramatic changes of the device’s resistance and fine-tuning of the resistance was almost
impossible. It is possible that the gradual resistance drift that is observed in figure 5.9,
is a slow physical change in the active layer that takes place anyway and it is not caused
by the reading pulses. It could be possibly described as a natural decomposition of the
filament that takes place over time. An experiment which would involve more frequent

reading intervals could prove the latter argument.

The retention measurements are summarised in table 5.5. The mean, standard deviation
and relative standard deviation are quoted for each device stack and resistance state. The

deviation of resistance among different reads was associated with the level of resistance.

Table 5.5: Retention measurements on 3 different states for the AL:TiOzx,
Nb:TiO2x and bilayer devices.

Resistance . . Al:TiO2-x
state Al:TiO2-x Nb:TiO2-x /Nb:TiO2x
10133 9984 10323
10 kOhm 32 4 32
RSD (%) 0.32 0.04 0.31
54530 65110 50666
50 kOhm 909 2516 200
RSD (%) 1.67 3.86 0.39
118879 142446 113401
100 kOhm 2705 5484 2382
RSD (%) 2.28 3.85 2.10
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The relative standard deviation (%), reflected this and showed that at higher resistance

levels, the variability the resistance that was read was higher.

5.9 Summary

In this chapter, it was demonstrated that Nb can be successfully introduced as a 5+
dopant in TiOgy thin films. Nb (n-type in TiOgy) was selected among others for its
valency and ionic size, to complement previously developed Al:TiO2 « (p-type) thin films
in bilayer RRAM devices. The Nb % at. content of the TiOs y thin films was verified by
XPS. The fabricated bilayer devices showed an abrupt EF followed by typical hysteretic
I-V signatures, like their Al- and Nb-doped counterparts. The bilayer RRAM devices
were fabricated to investigate the existence of a diode behaviour at the p-n junction
formed at the interface of the Al- and Nb-doped thin films, however, this behaviour was

not confirmed experimentally.

Al device configurations were tested to for their switching performance using both DC
and pulsed voltage sweeping. Devices containing Nb, were electroformed on average with
-6.6 V, compared to the Al-doped equivalent devices at -7.6 V. The mean SET voltage
of Nb:TiO9_y and bilayer devices dropped at 1.5 and 1.4 V, respectively, compared to 1.8
V for the Al-doped devices. From the pulsed voltage sweeping tests, the bilayer devices
showed the lowest electroforming voltages with 6.1 V, compared to 7.0 V of the Al-
and Nb-doped devices, however, at the expense of higher distribution of electroforming
voltages. In terms of resistance switching using pulsed voltage ramps, the bilayer devices
showed the most promising performance with switching voltages +1.4 V/-1.2 V. The Al-
and Nb-doped devices followed with +1.6 V/-1.6 V and +1.6 V/-1.4 V, respectively.

Preliminary retention tests showed that all three device configurations were able to main-
tain their resistance state (10, 50 and 100 kOhm) at room temperature. The standard
deviation of the resistance reads increased with increasing resistance, but the relative
standard deviation showed that the bilayer devices were more robust in maintaining the

resistance state, compared to the other two device configurations.



Chapter

Conclusion and Future Work

6.1 Contributions

Throughout this PhD programme, a number of Ti-based resistive random access memory
(ReRAM) devices were fabricated. The chemical composition of the transition-metal-
oxides that formed the ReRAM active layers, as well as the switching performance and

the operation physics of these devices have been studied.

In Chapter 2, an overview of the materials that have been employed as active layers
in ReRAM the past years, has been provided, giving emphasis to the ones that yielded
the best device performance. Special focus has been put on TiO9y ReRAM, as it was
the model oxide in this thesis, mostly for its known variety of oxygen-deficient phases, a
key characteristic for ReRAM applications where ionic motion plays a crucial role in the
device’s switching dynamics. Additionally, an overview of the foreign elements used as
dopants in TiO2.x ReRAM for engineering the resistance switching dynamics, has been

provided.

In Chapter 3, Al-doped TiOo.y thin films with 4% at. Al were developed and inserted
in ReRAM devices. Doping with Al improved the devices’ performance by decreasing
the electroforming and switching thresholds. In particular, Al:TiOx-based devices were
electroformed on average at -5.7 V compared to -6.4 V for their undoped counterparts.
Both doped and undoped devices could support both analog and binary switching, sub-
ject to the pulsing scheme, in a repeatable manner for a large number of cycles. The
required electroforming step, corroborated the filamentary switching theory. The analog
mode of switching could be assigned to small modifications of the conductive filaments.
The valence difference between the Al and Ti ions could be the key for the reduction of

the oxygen vacancy formation energy, therefore lowering the EF and switching voltages.
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In Chapter 4, multilayer thin films comprising AlsOs « ultra-thin layers inserted between
TiO9.y thin films, were fabricated and characterised. The multilayer stacks were inserted
in ReRAM devices and tested for their resistive switching performance, as an alternative
approach to doping with Al. All device stacks, including the ones without AloO3., elec-
troformed and switched in a similar fashion, as dictated by the filamentary mechanism.
The number of the incorporated AloOgs.y thin films, was found to affect the switching
parameters of the devices, but not the mechanism. The mean electroforming voltage
of devices containing 1, 2, and 3 AlyO3. layers, was slightly increased due to the high
resistivity of the AloOgs.y, at -5.2 V, -5.4 V and -5.3 V, respectively, compared to -5.0 V
of the purely TiO9_y based devices. However, the mean switching voltage thresholds and
their variability dropped for the devices with 1 and 2 Al;O3. layers, to +2.3 V/-1.5 V
and +2.2 V/-1.7 V, from +2.5 V/-2.0 V for the the purely TiOy.y based devices. Analog
switching using appropriate pulsed voltage ramps was feasible, and showed that devices
containing Als O3 layers were able to switch with pulsing schemes as low as +1.0 V/-1.0
V. Finally, preliminary endurance tests were carried out to confirm the robustness of

the fabricated devices.

In Chapter 5, bilayer ReRAM devices comprising Al- and Nb-doped TiOs. x thin films
were fabricated and characterised. With Al and Nb being p-type and n-type dopants
in TiO9., respectively, the possibility of a diode behaviour at the p-n interface between
the two layers was studied. The diode behaviour was not confirmed when the bilayer
devices were tested with DC voltage sweeping.The carrier type in the doped thin films
was not identified either, due to the limited measurement capability of the Van der Pau

tool.

Apart from the bilayer devices, single doped devices with Al and Nb of equal % at.
concentrations and sam active layer thickness were fabricated ad tested. Nb-doped
and bilayer devices, were electroformed on average with -6.6 V, compared to the Al-
doped equivalent devices at -7.6 V. The same device configurations exhibited a reduced
mean SET voltage of 1.5 V and 1.4 V, respectively, compared to 1.8 V of the Al-
doped devices. Tested with pulsed voltage sweeping, the bilayer devices showed the
lowest electroforming voltages with 6.1 V, compared to 7.0 V of the Al- and Nb-doped
devices, however, at the expense of higher distribution of electroforming voltages. In
terms of resistance switching using pulsed voltage ramps, the bilayer devices showed the
most promising performance with switching voltages +1.4 V/-1.2 V, against +1.6 V /-
1.6 V and +1.6 V/-1.4 V of the Al- and Nb-doped devices, respectively. In preliminary
retention tests, all three device configurations were able to sustain their resistance states
(10, 50 and 100 kOhm) at room temperature for at least 9 hours. The standard deviation
of the resistance reads increased with increasing resistance, but the relative standard
deviation showed that the bilayer devices were more robust in maintaining the resistance

state, compared to the other two device configurations.
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6.2 Future work

This thesis was focused on amorphous TiOs as it can be easily deposited with re-
active sputtering at room temperature and it can be form a large number of oxygen
deficient phases, ideal for ReRAM applications, where redox reactions play a key role
in the device’s operation. The ease of reduction, which is often spontaneous in TiO9 ,
is a material characteristic that can be associated to low switching voltages and gener-
ally low power operation. Crystalline TiO2.y thin films could be undesirable for many
ReRAM applications for several reasons. For example, the higher surface roughness
of a crystalline TiO9_ thin film would not be ideal for use in devices with small area,
requiring very low active layer thickness. Furthermore, the crystallisation in TiOo.«
begins at about 600 °C which would make the processing of such devices CMOS incom-
patible. However, working with a crystalline TiOs.x ReRAM, could allow for studying
active layer with characterisation techniques that give a good resolution with crystalline
materials, such as RAMAN spectroscopy and in-situ switching high-resolution scanning
electron microscopy (SEM) and X-ray diffraction (XRD).

Possible ideas for continuing this work would be to investigate alternative ways to de-
posit crystalline TiOs thin films, doped with Al and Nb with substitutional doping.
Atomic layer deposition can reach the crystallisation temperature required for Anatase
or Rutile TiOs. However, challenges such as the decomposition of the Ti precursors at
high temperatures, often caused problems [130]. Only some reports involving halide pre-
cursors led to successful fabrication of Rutile, while all other reports usually mentioned
amorphous or Anatase thin films. A promising plan would be to use ALD or CVD to
deposit TiO9_y on Ruthenium substrates. Ruthenium is a noble metal like Pt and there-
fore it could be an alternative electrode metal. The interesting fact about Ruthenium
is that it forms RuOs.; which adopts a Rutile phase. Using Ruthenium, oxidised as a
Rutile-friendly substrate, Rutile TiOo.x could be deposited with ALD at temperatures
as low as 250 °C [131].

Following a successful crystalline TiOo., deposition, alternative ways of doping with
foreign elements should be found. Ideally, Al and Nb should do substitutional doping
to ensure the formation of p- and n- type conductivity. The real challenge would be
to create the bilayer structure, something that was trivial with reactive sputtering.
These are the main challenges that should be tackled, to realise ReRAM devices with
diode behaviour. Although p- and n- conductivity in ReRAM is very challenging for all
the reasons that were mentioned previously, such a contribution would be a fantastic

breakthrough towards reconfigurable active electronics.
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Appendix

Characterisation techniques

This appendix briefly summarises the operation principles of the experimental methods

that were used to carry out this study.

A.1 Reactive Sputtering

Reactive sputtering is a process in which a target of a specified chemical composition (e.g.
elemental Ti) is sputtered in the presence of a mixture of gases (usually Ar and O3) that
react with the target material to form a coating with a different chemical composition
(e.g. TiO32). The deposition can be either time or thickness controlled. The deposition
occurs in Argon ambient which as a noble gas exhibits very low chemical reactivity,
enhances the deposition rate and sustains the oxygen plasma at a lower pressure. During
the sputtering process, atoms are ejected from the metal target (cathode) under the
application of a static magnetic field and they are deposited on the substrate (anode)
(Figure A.1(a)).

The system comprises two magnetrons accommodating one target each that can be either
DC or AC power assisted and it has the capability to sputter from one target at a time
or from both targets simultaneously (dual magnetron reactive sputtering). The system
is equipped with an RF plasma source that generates very dense plasma to support the
coating and improve the quality of the deposited film. The sputtering process takes
place in a closed chamber where a pump is used to maintain the pressure in the range of
10~7 mbar. The vacuum is needed in order to keep impurities away from the deposited
film and also to ensure that there are enough electron-atom collisions that will preserve
plasma density to high level. Figure A.1(b) illustrates the reactive sputtering system
that has been used to deposit the thin films for this study.
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Figure A.2: Typical experimental curve for a reactive sputtering process. The
optical emission (OES) from sputtered metal atoms represents the sputter ero-
sion rate. Qo is expressed in standard cubic centimeters per minute (sccm).

By adjusting the oxygen flow, the stoichiometry of the sputtered film can be controlled.
However, there is a trade-off between the deposition rate and the oxygen flow and this is
illustrated as a hysteresis loop (Figure A.2) [132]. At very low oxygen flow the deposition
rate is higher and the sputtered film has a more metallic character. At very high oxygen
flow, the deposition rate drops because of target poisoning (compound formation on the
target) but then the stoichiometry of the sputtered film improves. The process conditions
should be carefully optimised so that both high deposition rate and high quality of the

sputtered film is guaranteed.
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A.2 Spectroscopic Ellipsometry

Ellipsometry is a powerful technique that allows the evaluation of materials properties,
such as: thickness, roughness, uniformity, chemical composition, optical constants (n,k),
etc. A laser beam of known polarity is incident on a surface (the one that is under ex-
amination) and it is then reflected with a different polarity (Figure A.3). The difference
between the two polarities is detected by the ellipsometer and modelled by the software

to give the calculated values of the properties that the user requires.
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Figure A.3: A typical ellipsometry configuration, where linearly polarized light
is reflected from the sample surface and the sample response is determined by
measuring the polarization change. (Courtesy of J.A. Woollam Co.)

A.3 Atomic Force Microscopy (AFM)

In AFM, a probe connected to a feedback system is scanning the sample surface and
can provide the user with a surface topography. The interactions between the surface
and the tip of the probe are sensed and correlated to the distance between the probe
and the sample. The main components of an AFM system are the probe and the
scanner. While the probe intimately interrogates various qualities of the surface, the
scanner controls the precise position of the probe with relation to the surface, both
vertically and laterally. There are many different AFM modes, each of them tailored
for studying different material properties like: magnetic properties, electrical properties

and mechanical properties (elasticity, stiffness, roughness, etc).

A.3.1 Tapping Mode

Tapping mode, is usually employed to study sensitive materials, like biological speci-

mens as in this method the probe is scanning very close to the surface by gently tapping
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Figure A.4: An illustration of the AFM operation principle (a) in tapping mode
(courtesy: Opensource Handbook of Nanoscience and Nanotechnology) and (b)
conductive mode (courtesy: Brucker AFM probes)

it. The changes in the tip oscillation are monitored and at the same time controlled
by the feedback loop, so that information regarding the topography are obtained (Fig-
ure A.4(a)). Another useful feature of this technique is phase imaging, which is simply
the delay of the cantilever oscillation signal due to adhesion or viscoelastic properties of
the material. Moreover, phase is useful in recording topometric variations on the sam-
ple (like slope), a capacity that was utilised during the characterisation of the annealed
TiO9.« thin films.

A.3.2 Contact Mode

In contact mode AFM, the probe is touching the sample surface. Practically it is pre-
ferred for hard surfaces as it gives good quality of topographies, however the scanning
settings should be carefully optimised in order to make sure that the applied force on
the tip is not scratching the sample surface. More over contact mode tips are worn out

more easily because they are in constant contact with the sample surface.

A.3.3 Conductive Mode

Some AFM systems can be used in conductive mode. In that case, a metal coated
tip is used and bias is applied between the sample and the tip with the later being
connected to virtual ground. The response of the sample to the bias is recorded by the
computer and a current map is generated simultaneously with the topography of the
sample (Figure A.4(b)). This technique can be very useful with when applied to oxide
thin films as the changes of the thin film resistivity can be mapped during the electrical

stressing.
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A.4 X-ray Photoelectron Spectroscopy

The X-ray Photoelectron Spectroscopy (XPS) is a surface sensitive technique for the
analysis of surface chemistry. A typical XPS system like the one in figure A.5(a), includes
a loadlock, a chamber containing a sample holder mounted on a stepper, a microscope,
an X-ray gun, a flood gun, a hemispherical analyser and a detector. The operation
principle of this technique is more or less the photoelectric effect (Figure A.5(b)). More
precisely, the sample is exposed to soft X-ray radiation under vacuum and the ejected
core electrons are filtered by the analyser with respect their energies and then collected

by the detector so that the elemental composition of the surface is determined.
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Figure A.5: (a) The Theta Probe Angle-Resolved XPS system by Thermo Sci-
entific Inc. and (b) the XPS principle.

The core level electrons are quantised and as a result, the acquired energy spectra is
exhibiting resonant peaks characteristic of the electronic states of the atoms on the
surface. The sampling depth of XPS is limited to 5 nm because electrons from deeper
layers of the material experience energy losses due to scattering effects. The relationship
between the X-ray photons and the emitted photoelectrons is described by the equation
KE = hv — BE — ¢ where KE stands for the photoelectron kinetic energy, hv is the
energy of the X-ray photon, BE is the binding energy of the photoelectron and ¢ is the

work function of the X-ray gun material.

In principle, the position of the photoelectric lines represent the binding energies of the
core electronic states. When the environment of these atoms change, e.g. coordination,
these photoelectric lines shift accordingly. The sample resistivity can be an issue with
this technique as the emitted photoelectrons are leaving accumulated static charge on

the surface. If the charge supply is not fast enough, a retarding field is created acting on
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the electrons escaping the surface. As a result the photoelectric peaks are shifted and
the collected data are not trustworthy. Charge compensation methods are used when
the samples are insulating, like metal clamps or flood gun. As XPS is a quantitative
technique, the number of electrons that are recorded for a given transition is proportional
to the number of atoms on the surface. In that sense, the spectra can be analysed
and quantified so that information for the exact chemical composition of the sample is

extracted.
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