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Abstract

Today, CMOS-compatible Flash memory technology dominates the non-volatile

memory storage market due to high density and low fabrication costs. However, with

CMOS approaching fundamental scaling limits, research into novel emerging non-volatile

memory storage technologies that exploit materials properties including resistance, spin

and polarisation, has significantly progressed. The ideal non-volatile memory technology

would compete with Flash, offering high-density memory storage at low costs, however

it would outperform Flash due to its faster operating speeds, lower energy requirements,

greater endurance and greater potential for scaling. Of all the emerging technologies,

resistive RAM (RRAM) elements, in which reproducible (switchable) and distinct high and

low resistance states are the basis of memory storage, are considered most advantageous

due to their superior potential for scaling, fastest exhibited operating speeds and extremely

low energy requirements. Despite progress in the field of RRAM research, the underlying

mechanisms that allow a device to switch between high and low resistance states

remains unclear in many materials systems and is the key motivation behind this work.

Here, Pulsed Laser Deposited (PLD) RRAM devices that incorporate resistive switching

transition metal oxide thin films were studied using Electron Energy Loss Spectroscopy

(EELS). Basic metal/oxide/metal RRAM heterostructures that incorporated strongly

oxidising titanium electrodes and polycrystalline ZnO and manganese-doped ZnO were

investigated in Chapter 3. These devices were designed for direct comparison to a

device in presented the literature which displayed the simultaneous co-switching of

resistance and magnetisation states. In the devices fabricated here, EELS analysis

revealed Mn-phase segregation both at grain boundaries both above and below the
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top and bottom electrodes, which supported the proposed co-switching mechanism. In

Chapter 4, epitaxial single crystal perovskite oxide Pr0:48Ca0:52MnO3 was incorporated

into a novel metal/oxide/tunnel-oxide/metal RRAM structure, where the thickness of

the interfacial Yttria-stabilised Zirconia tunnel oxide varied the output current density. In

both the ZnO and Pr0:48Ca0:52MnO3 devices, EELS analysis revealed that the observed

resistive switching was mediated by the field-induced exchange of oxygen vacancies

between the bulk oxide and an interfacial oxide. Despite this similarity, the overall device

resistance was governed by different effects: for the polycrystalline ZnO-based devices,

this was the oxygen-vacancy induced formation and dissolution of a highly resistive TiO2

interfacial layer; in contrast, for the epitaxial Pr0:48Ca0:52MnO3 device, this was the

oxygen-vacancy induced charge accumulation and dissipation in the tunnel oxide, which

modulated the tunnel barrier height.
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CHAPTER1

Introduction

1.1 Principles of Memory Storage

In principle, a basic memory cell can be programmed to one of two discrete binary

states, which can then be read and identi�ed. Additional functionality includes the

ability to erase and re-write that data. Since the 1950s, computer data storage utilised

magnetic media, in which drums, tapes and disks were coated with ferromagnetic metal-

oxide �lms (typically iron oxide) that could be magnetised into discrete states to store

information. Today, magnetic Hard Disk Drives (HDDs), which comprise a spinning

magnetic disk and a retractable read-write head, are still widely employed in commercial

computing systems, primarily as semi-permanent storage. However, the mechanical

requirements of HDDs serve as their greatest disadvantage: moving parts contribute

negatively towards operating speeds, size restrictions and durability. An alternative class

of technologies, Solid-State Drives (SSDs), have already begun to replace HDDs; these

are Complementary Metal-Oxide Semiconductor (CMOS) technologies with no moving

parts that to date commonly store memory in �ash cells arrays. As with the development

of HDDs, SSDs can only be improved through research dedicated to the optimisation

of the metal-oxide materials that are at the heart of each memory cell. This thesis

intends to contribute towards that e�ort through two spectroscopic studies on ZnO

1
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and PrCaMnO3 metal-oxide thin �lms, which were characterised for applications in an

emerging class of solid-stateresistivememory technology, Resistive Random Access

Memory (RRAM).

Traditionally, memory storage is broadly categorised into two groups: Read-Only

Memory (ROM), which is typically used to store permanent information, or information

that does not need to be regularly updated; and RAM, which can be overwritten and

erased multiple times at fast speeds. ROM isnon-volatile, which means that it is able

to retain stored information without constant power input, whereas depending on the

technology, RAM can be either volatile or non-volatile.

Figure 1.1: Computer memory hierarchy. Here, cache processing requires memory
technologies with extremely fast operating speeds, which have only been achieved by
low density, high speed, (SSD) SRAM. Main memory has lower speed requirements than
Cache, and currently employs (SSD) DRAM. In contrast to computational memory,
storage technologies must be non-volatile, and have the lowest operating speed and
highest storage density requirements. The most widely used storage technologies are
(SSD) Flash and HDD.

Today, computer systems contain both HDD and SSD ROM and RAM technologies

which are used for di�erent applications, as de�ned by the computer memory hierarchy

presented in Fig.1.1. Customarily, the operating speeds, storage densities and volatilities

of the technologies presented in Fig.1.1 dictate their applications. This is because

traditional computer architecture operates on the basis of transferring data between

physically separate datastorage, which includes non-volatile technologies with high

storage density, and computationalmemory, which includes volatile technologies with
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Table 1.1: Comparison of conventional and emerging memories whereF is the minimum
feature size. Adapted from 2012 and 2016 publications [2,3]

Volatile Non-Volatile Emerging Non-Volatile
Type SRAM DRAM Flash FeRAM MRAM PRAM RRAM
Minimum Cell Size 140F 2 6F 2 5F 2 22F 2 20F 2 4F 2 4F 2

Write/Erase Speed 0.3ns/0.3ns 10ns/10ns 1ms/0.1ms 10ns/10ns 10ns/10ns 20ns/50ns 5ns/5ns
Endurance Cycles 1016 1016 105 1014 1016 108 1010

Operating Voltages <1.5V <1.5V 5V <1.5V <1.5V <3V <1V

fast operating speeds [1]. For instance, non-volatile HDDs are employed for storage,

and volatile SSD Dynamic- or Static-Random Access Memory (DRAM and SRAM

respectively) are used to run and load applications that temporarily require memory. As

presented in Tab.1.1, comparatively, SRAM can achieve faster read and write operations

(0.3ns [2]) than DRAM (10ns [2]), however SRAM has a minimum cell size of 140F2

(where F is the minimum feature size), which is over 20 times greater than that of

DRAM (6F2) [2]. This means that high-speed, low-storage-density SRAM is employed in

cache memory operations, whereas lower-speed, high-storage-density DRAM is employed

as main computer memory. It should be noted that both of these technologies are

volatile, as depicted in Fig.1.1.

To improve upon the limitations of volatile technologies, a large amount of research

focuses on the pursuit of high-performancenon-volatile technologies. Flash is an example

of such progress, and over the past two decades, has outperformed HDDs in terms of

operating speeds. Flash technology relies on the tunnelling of electrons and storage

of charge in order to store information. Such tunnelling devices remain of interest in

emerging technologies, and a tunnel-oxide RRAM device is presented in Chapter 4;

in order to enable a comparison between the storage mechanisms of this device and

that of a �ash memory cell, the principles of �ash will now be described. Fig.1.2(a)

shows a cross-section of a �ash memory cell, which has a structure similar to that of a

Metal-Oxide Semiconductor Field-E�ect Transistor, but utilises an additional �oating-

gate that is electrically insulated by insulating oxide layers (tunnel and blocking oxides).

Due to its insulation, a �oating-gate is able to trap (store) charge, and the presence

or absence of this charge de�nes the memory state of the �ash cell. In order to trap

electrons and write (program) a �ash cell, an electric �eld is applied across the source

and drain electrode which stimulates current �ow along a conduction channel, as shown

in Fig.1.2(b). Fig.1.2(c) illustrates how positively biasing the control-gate stimulates
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the tunnelling of electrons from the conduction channel into the �oating gate. The

accumulation of charge in the �oating-gate modi�es the voltage threshold that the

control-gate requires to sustain current �ow along the conduction channel, thus, the

magnitude of the voltage threshold is measured to determine the memory state. Fig.1.2

illustrates how the memory state is erased; the control-gate is electrically grounded and

the substrate is positively biased such that electron tunnelling from the �oating-gate

into the substrate is stimulated. It should be noted that Fig.1.2 presents an example of

a single-level cell that can store up to 1 bit of information; today, multi-level �ash cells

can store up to 4 bits if operating speeds are compromised.

Figure 1.2: (a) Labelled cross-section of a Flash memory cell and (b)-(d) its working
principles. (b) A voltage applied across the source and drain electrodes forms a conduction
channel. Charge carriers are represented by yellow circles. (c) Write process where
a positive control gate voltage stimulates the tunnelling of charged carriers into the
�oating gate; due to the surrounding insulator layers, the charges becomes trapped. (d)
Erase process in which the control gate is grounded and the substrate is positively biased.
This stimulates the tunnelling of charge carriers back into the conduction channel.

Today, �ash is typically employed asstorage technology as opposed to computational

memory, which is largely due to its relatively slow operating speeds (read=1ms and

write=0.1ms [2]) when compared to SRAM and DRAM. However, even as a storage

technology, Flash is limited by its high operating voltage requirements (5V [4]), which

will eventually fail to comply with the lowering operating voltages demanded by an

ever-developing electronics industry [2, 4, 5]. In e�orts to replace Flash memory and
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improve upon its performance, there has been huge investment into research on emerging

non-volatile solid state technologies. The four most prominent emerging technologies

are Ferroelectric-RAM (FeRAM), Magnetoresistive-RAM (MRAM), Phase-Change-RAM

(PRAM), and RRAM. According to the storage densities and operating speeds published

in the literature (and presented in Table.1.1), not only do these technologies have the

potential to replace Flash as storage, but they could also replace DRAM as main memory.

Furthermore, RRAM and PRAM have high storage densitiesand high operating speeds

which means they can be classed as both memoryand storage or true memory-storage

technologies.

1.1.1 Emerging Non-Volatile Memories

In an in�uential 2009 publication, Waseret al. de�ned the ideal characteristics of a

non-volatile memory technology that could outperform Flash and compete with DRAM

[5]; these were operating voltages of the order of10� 1V, operating speeds faster than

100ns per write operation, and endurance (repeated write and erase processes) greater

than 103 cycles [5]. These characteristics are not limited to any single materials system or

memory e�ect, and as a result, there are a number of emerging non-volatile technologies

that are currently being researched which all ultimately encode data using distinct

resistance states. The principles of memory storage for each of the aforementioned

emerging non-volatile technologies, FeRAM, MRAM PRAM, and RRAM, will now be

described.

Figure.1.3 is a simpli�ed illustration of a FeRAM cell in which a top and bottom

electrode are separated by a thin �lm of ferroelectric material, the active layer. Under an

applied electric �eld, this thin �lm is subject to ionic polarisation, in which an ion within

each unit cell is displaced. This displacement persists when the electric �eld is removed,

resulting in the polarisation hysteresis curve shown in Fig.1.3, which is de�ned by the

positive and negative write voltagesV+ and V� . This hysteresis allows one to de�ne

positive and negative polarisation saturation (depicted with parallel arrows in Fig.1.3) as

distinct binary states. Conventionally, a FeRAM cell is read by applying a positive write

voltage (here shown asV+ ) to the top electrode, and measuring the output current

generated under the saturating electric �eld. If the device is not in the polarisation
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Figure 1.3: (a) Cross-section of a FeRAM cell. (b) Evolution of the polarisation
resolution as a function of the voltage applied across the top and bottom electrodes.
Parallel arrows indicate the polarisation saturation of the ferroelectric active layer where
distinct positive and negative saturation states are achieved at positive and negative
bias respectively.

state corresponding to that voltage, then the large resultant ion displacement causes a

large change in the output current. The FeRAM read process is inherently destructive,

which is a disadvantage with respect to achievable operating speeds [6]. Furthermore,

ferroelectric hysteresis is subject to degradation with electrical cycling, which is caused

by free charge carriers forming defect dipoles. Despite these drawbacks, FeRAM cells

have fast operating speeds (read/write, 10ns/10ns [2]), which is comparable to DRAM,

and have demonstrated endurance as high1014 cycles.

In contrast to FeRAM, MRAM memory cells resemble Magnetic Tunnel Junctions

(MTJs) and comprise two ferromagnetic active layers that are separated by a thin tunnel

oxide insulator. Under an applied electric �eld, the magnitude of the device tunnel

current is dependent on the relative magnetisation directions of the two ferromagnetic

layers: when (anti)parallel, the tunnel current is (decreased)increased, and the device

magnetoresistance (RM ) is (increased)decreased. In MRAM, these distinct, bistable,

magnetisation-induced resistance states serve as binary memory states. Figure.1.4

presents a simpli�ed representation of a MRAM cell, and shows its ferromagnetic

response (depicted with parallel arrows) to an applied voltage cycle. It illustrates how

the lower ferromagnetic layers is '�xed' and has pinned magnetisation, whilst the other
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Figure 1.4: (a) Cross-section of an MRAM cell. (b) Evolution of the magnetoresistance
response to the voltage applied across the top and bottom electrodes. Whilst the pinned
layer remains saturated in one direction, the ferromagnetic active layer can be saturated
to the same or opposite direction, which a�ects the magnetoresistance.

is 'free' and can be written into a magnetic state at su�cient write voltages, here

shown asV+ and V� . MRAMs have operating speeds, voltages, and cell size comparable

to FeRAM, however as magnetisation saturation does not require the motion of ions

within a material, MRAMs do not su�er from the electrical-loading-induced degradation

experienced by FeRAMs.

Figure 1.5: (a) Cross-section of a PRAM cell. (b) During the set process, a short
pulse length at high temperatures is su�cient to trigger a transition to the amorphous
phase. In contrast, during the erase process long pulses at low temperatures stimulates
a transition to the crystalline phase.

Like MRAM, PRAM stores memory as distinct resistance states. However, unlike

MRAM, this change in resistance is due to a change in the phase of the active layer.

Fig.1.5 shows a simpli�ed example of PRAM cell in which a top and bottom electrode



8 Chapter 1. Introduction

sandwich two adjacent insulating layers: the phase-change active layer, and an insulating

layer that houses a resistive heating element. Under an applied electric �eld, the heating

element stimulates a thermally reversible change between amorphous and crystalline

phases of the active layer, which are resistive and conductive respectively. As shown in

Tab.1.1 and illustrated in Fig.1.5, PRAM cells require longer erase (50ns [2]) than write

(10ns [2]) processes. This is because in order to switch to the crystalline phase, the

active layer is resistively heated to the temperatureTC for a length of time su�cient for

the material to crystallise, whereas to change into the amorphous phase, the active layer

is heated toTA and rapidly quenched. For PRAM, the key limiting factor is the operating

voltage required to stimulate a phase change, which, in comparison to other emerging

technologies, is relatively high (up to 3V [3]). Despite this, PRAM outperforms Flash in

terms of storage density, operating speeds and endurance.

Figure 1.6: (a) Cross-section of a Metal-Insulator-Metal RRAM cell. (b) Evolution of
the resistance state as a function of the voltage applied across the top and bottom
electrodes. Here, the Low Resistance State (LRS) and the High Resistance State (HRS)
are highlighted by a dashed line.

Fig.1.6 presents an example of a basic Metal-Oxide-Metal (MOM) RRAM cell. Similar

to MRAM and PRAM, RRAM cells are able to store memory due to the bistability

of two distinct resistance states, which are accessible under an applied electric �eld.

For a 1 bit RRAM cell, these states are referred to as the high- and low- resistance

states, which are shortened to HRS and LRS respectively. The process by which a device

changes between its resistive states is referred to asresistive switching. RRAM devices

are typically characterised by a current-voltage (I-V) curve; Fig.1.6 shows an example of
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a bipolar resistive switching hysteresis loop, in which the device switches from the LRS

to the HRS at one polarity, and then back into the LRS at the opposite polarity; these

switching events occur atVSET and VRESET respectively. In order to read a RRAM cell,

a small read voltage (VREAD ) is applied; this is typically no greater than10% of the

write voltages required to switch the device into the HRS or LRS [5]. Using lowVREAD

voltages, it is possible to probe the resistive state of the RRAM cellnon-destructively.

Customarily, a RRAM device is also characterised by the ratio between the HRS and

LRS, which is obtained atVREAD .

Figure 1.7: Example of a simpli�ed 3D RRAM Crossbar array. Here, individual RRAM
cells can be accessed by isolating speci�c top and bottom electrode intersections.

In comparison to other emerging non-volatile memories, RRAM has the advantage

of fast operating speeds and voltages, which are less than 10ns and 1V respectively.

Typically, RRAM devices display diode-like behaviour; this, coupled with the simplicity of

MOM architecture, means that RRAM cells can be fabricated in CMOS-compatible 3D

crossbar arrays, which are depicted in Fig.1.7. As shown in Fig.1.7, these array structures

employ long metal top and bottom electrodes, where physically separated thin �lms of

RS active layer are sandwiched between, creating multiple distinct RRAM cells. The top

electrode metal bar is oriented 90� with respect to (w.r.t) the bottom electrode metal

bar, such that each RRAM cell can be accessed at a de�ned intersection. Furthermore,

owing to the diode-like electrical characteristics of RRAM, transistor elements are not

required to access each cell. However, RRAM devices have not yet displayed endurance

comparable to conventional memory technologies (1016cycles for SRAM and DRAM,

and 1010cycles for RRAM [3]); this can be attributed to the variability introduced by
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competing mechanisms that occur simultaneously during resistive switching, which are

further described in section 1.2.2. Despite not yet outperforming SRAM and DRAM,

RRAM has been shown to have greater endurance than Flash and PRAM, which have

exhibited105 and 108 cycles respectively. Taking these attributes into consideration,

RRAM is arguably the most promising emerging non-volatile memory technology that is

currently in development. This is the key motivation for the RRAM research presented

in this thesis.

1.2 Resistive Switching

1.2.1 Memristor Theory

The theoretical basis for resistive switching dates back to 1971 when L. Chua reasoned

that in addition to the resistor, the capacitor and the inductor, one could consider an

additional fundamental circuit element, the memory-resistor or memristor [7,8]. At the

time, it was generally accepted that there were �ve mathematical relationships that

paired current (i ), voltage (v), charge (q) and magnetic �ux (� ). Two of these relations

show one variable as the time derivative of another,dq
dt = i and d�

dt = v, whilst the other

three show that one variable is a function of another:dv
di = R describes the resistor

(with resistanceR); dq
dv = C describes the capacitor (with capacitanceC); and d�

di = I

describes the inductor (with inductanceI ). Chua argued that one relationship remained

unde�ned, and postulated that the 'missing memristor' was described by the following

relationship between� and q: d�
dq = M whereM is memresistance. The key di�erence

between a memristor and a resistor was that the memristor exhibits a non-linear response

that is dependent on the device history. Five years later, Chuaet al. published more

work that broadened the memristor concept to includememristive systems[7]. These

were a more general class of dynamic non-linear systems where a memristive response

could be stimulated by any variable, and is not limited to� [7].

Nearly four decades later, in a 2008 publication, Strukovet al. presented evidence for

the �rst physical memristor, which was a Pt/TiO2/Pt thin-�lm heterostructure. In this

publication, the device displayed a memristive pinched hysteretic response to an electric

�eld applied across the Pt electrodes [8]. Here, RS was attributed to the controlled drift
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of oxygen vacancies across the device, which a�ected the stoichiometry of the �lm; this

mechanism is further described in section 1.2.5. In the decade since, there has been

huge investment into RRAM research; as a result, resistive switching (RS) has been

observed in a wide variety of materials including organic and inorganic media [9,10]. In

this work, inorganic materials, speci�cally transition metal oxides, are studied.

1.2.2 Resistive Switching Mechanisms

In the decade since Strukovet al.'s proposed RS model, the mechanisms of RS are

not yet completely understood. In fact, a number of publications have reported the

observation ofmultiple distinct switching mechanisms stimulated within a single device

heterostructure, as opposed to the single mechanism which was �rst proposed [9,11]. If

poorly understood, such complex RS contributes negatively towards device variability. In

order to improve device performance, a large portion of RRAM-research, including the

metal-oxides studies presented in this thesis, focuses on understanding the contributing

mechanisms of RS within a variety of device heterostructures. RRAM devices are typically

electrically characterised using IV curves, which provide key information including whether

RS occurs due tobipolar or unipolar e�ects. Bipolar RS was introduced in section 1.1.1

and a conventional bipolar RS IV curve is presented in Fig.1.8(a). Here, the LRS is

shown in green, the HRS is shown in red, and the resistive switching events are shown in

grey. Fig.1.8(a) represents a device that is initially (atV = 0 ) in the HRS. As a positive

voltage is applied, little current �ows across the device, however, atVSET , the SET

process, highlighted by the black arrow, is triggered. In order to protect the device from

damage, a compliance current (cc) limits the current �owing through the device, and

is shown as a green dashed line in Fig.1.8. The device will remain in the LRS state

until the voltage reachesVRESET , which, for bipolar IV curves, is at opposite polarity to

that of VSET . In contrast, for unipolar RS,VSET and VRESET can occur during asingle

sweep at either polarity. Fig.1.8(b) represents a unipolar RS device that is initially in

the LRS state, and undergoes a RESET switch to the HRS at low voltages. As the

magnitude of the voltage increases, little current �ows through the device, and atVSET

the device switches to the LRS.

As mentioned above, the polarity dependence exhibited by an RS device is governed
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by the dominant RS mechanism. The wide breadth of RS-mechanism research has

emphasised how much in�uence the choice of materials can have over which mechanisms

of RS can be sustained during repeated cycling. Importantly, this is not limited to

the RS oxide layer: RS may be dominated by interfacial e�ects that are dependent

on both the metal-oxideand the electrode materials. Considering this, it is of utmost

importance that devices are carefully designed to promote and sustain one particular RS

mechanism above all others. For metal-oxide materials, RS is mediated viaredox-based

mechanisms that can be classi�ed into three main groups: Electrochemical Memory

(ECM), Thermochemical Memory (TCM), and Valence Change Memory (VCM), which

are presented in section 1.2.3, section 1.2.4 and section 1.2.5 respectively.

Figure 1.8: Two basic modes of resistive switching in which the LRS and HRS are shown
in green and red respectively, and the switching process is shown in grey. The SET
and RESET voltages highlighted in both images, and the compliance current, used to
prevent damage, is shown as a green dashed line. (a) illustrates bipolar RS, and (b)
illustrates unipolar RS. Adapted from [5].

1.2.3 Electrochemical Memory

ECM involves the electrochemical dissolution and recrystallisation of an active

electrode material under an applied electric �eld [12]. This mechanism is also referred

to as 'metallisation-' or 'conductive bridging-' memory because the dissolution process

leads to the formation of a conductive metallic �lament across the device. Fig.1.9

illustrates key stages of the ECM mechanism in conjunction with a bipolar I-V switching

cycle. Here, the MOM cell comprises an electrochemically active electrode (shown in
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dark blue) such as Ag, Cu, or Ni, a solid electrolyte insulator (shown in pink) and an

inert electrode (shown in grey) such as Pt, Ir, W. Importantly, the active electrode is

a metal that can be electrochemically dissolved into and conducted through the solid

electrolyte; in contrast, the inert electrode cannot [12].

Figure 1.9: IV curve obtained from an ECM cell in the four key stages of RS are
illustrated in four device cross-sections presented in insets (a)(b)(c) and (d). In (a),
a positively biased active electrode inducesM + -migration in the direction shown by
the curved white arrows, whereM + cations are represented by blue circles. In (b),
the active electrode has reached a voltage su�cient to SET the device to the LRS
which corresponds to the formation of a conductiveM + �lament. In (c), a su�cient
negative voltage has inducedM + -migration in the direction indicated by the white
arrows, rupturing the �lament. Image (d) represents the �nal HRS reached after the full
dissolution of the �lament. Adapted from [5].

In the absence of an applied �eld, the cell shown is initially in its HRS. However, when

the inert electrode is negatively biased, the electrochemical dissolution of the anodic

active electrode (M) is stimulated, which is described by the reduction reaction:

M �! M + + e� (1.1)

whereM + represents metal cations. Fig.1.9(a) shows how, under an increasing applied
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�eld, M + cations drift towards the inert cathode. As a result, cathodic deposition occurs

at the inert electrode/solid electrolyte interface, forming a metallic �lament that grows

towards the anodic active electrode. This electro-deposition is described by the oxidation

reaction:

M + + e� �! M (1.2)

It should be noted that through this electro-deposition process, the thinnest part of

the conductive �lament will be at the active electrode. Fig.1.9(b) corresponds to the

voltage su�cient to SET the memory cell to the LRS state (VSET ). At this voltage,

a complete conductiveM + �lament is formed that electrically shorts the active and

inert electrodes. It is generally accepted that the formation of a �lament is supported by

defects within the solid electrolyte material such as nanopores or grain boundaries. Such

a �lamentary SET process is characterised by a sharp increase in device current; therefore,

compliance currents are employed. An ECM RRAM cell will remain in the LRS until

a su�cient RESET voltage ( VRESET ) at opposite polarity induces the electrochemical

dissolution of the conductive �lament, which is shown in Fig.1.9(c). Finally, due to the

electrochemical dissolution, the device enters the HRS, shown in Fig.1.9(d). Typically,

jVSET j > jVRESET j, which leads to a asymmetric I-V curve. There was some speculation

in the literature as to the cause of this asymmetry. However, by comparing ECM RS in

solid and liquid electrolytes, Waser was able to assign this e�ect to the morphology of

the system, referring to the �lament/active electrode interface as a 'needle-to-plane'

geometry [13]. In this con�guration, the minimum voltage required to rupture the

needle-like �lament at the active electrode is much lower than the voltage required to

form a complete �lament that spans the entire electrolyte. At reverse polarity, as shown

in Fig.1.9(a) the dissolution of the active electrode may lead to the electrodeposition of

metal cation clusters that grow competitively before a complete, conductive �lament is

formed.

The assignment of a �lamentary RS mechanism is supported by electrical charac-

teristics which have shown that, for ECM, the LRS does not depend on the area of

the top electrode. The lack of dependence on top electrode area is due to the fact

that the overall resistance state of the device is governed by the needle-like tip of a
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single conductive �lament. This means that ECM RS cells can be scaled down to sizes

that only need accommodate a single narrow �lament, which is a great advantage with

regards to increased storage density.

Figure 1.10: RS reproducibility map depicting the dependence of reproducible RS on
applied voltage.

For highly resistive �lms in which the switching oxide is an insulator, ECM MOM cells

exhibit a greaterVSET voltage in their �rst cycle than in subsequent cycles; this initial

cycle is called anelectroforming cycle. The electroforming cycle is characterised by an

electroforming voltageVEF , which allows one to achieve stable, lower voltage RS in

subsequent cycles. The relatively highVEF is ascribed to the formation of a channel that

persists after the dissolution of the �rst conductive �lament, which becomes a template

for �laments generated in subsequent cycles. However, the magnitude ofVEF and the

corresponding electroforming current are su�ciently large to damage the device. This

is somewhat mitigated through the use of compliance currents, however, it has been

argued that high-power-consumption electroforming is an inherently destructive process,

and that the anticipation or expectation of an electroforming cycle has promoted the

research of RRAM devices which display RS that is ultimately less reproducible than

their electroforming-free counterparts. Fig.1.10 illustrates this argument and shows how

RS reproducibility can vary with applied voltage: here, no RS is exhibited belowVSET ;

reproducible RS is exhibited at voltages betweenVSET � V < VEF ; and irreproducible

RS, that is, RS that is only sustainable for a few cycles, is exhibited at voltages� VEF .

In order to avoid irreproducible RS, it is possible to design RRAM devices to be initially

conductive, and therefore,electroforming-free. For instance, in ECM, electroforming is

only necessary if the solid electrolyte does not, in its pristine state, already contain the
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metal cations required for �lament formation. Further to choosing a solid electrolyte

material that does, through annealing, one can stimulate the thermal di�usion of active

electrode cations into the solid electrolyte prior to switching, such that an electroforming

cycle is not required. However, due to the high impact of early papers, the anticipation

of an electroforming cycle has guided researchers to tend towards the production of

highly resistive RS �lms. In fact, the literature typically refers to the MOM structure

as a Metal-Insulator-Metal (MIM) structure, which implies that RS cannot be readily

achieved in more conductive �lms. Chapter 3 explores the electroforming process and its

impact on RS further through the study of zinc oxide based thin �lm heterostructures.

1.2.4 Thermochemical Memory

Figure 1.11: (a)-(c) Stages of RS that occur in Joule-heat-dissolution TCM; each image
corresponds to a di�erent point in the unipolar IV curve, which has been separated
into a SET voltage sweep and a RESET voltage sweep for clarity. The red region
in (a) illustrates the hot conduction channel formed as a result of the thermoelectric
breakdown of the insulator material, which is shown in pink. This causes oxygen anions
to migrate out of the hot channel in the direction indicated by the black arrows, and
leaves behind chemically reduced insulator material, which is shown in dark blue. (b)
Formation of a conductive �lament. (c) Localised dissolution hotspot that ruptures the
�lament, resetting the device.
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TCM occurs most frequently in transition metal oxides and, like ECM, is a �lamentary

mechanism. However, for TCM, the conductive �lament generated during the SET

process consists of either electrode metal cations (similar to that shown in Fig.1.9),

carbon from residual organics, or reduced, non-stoichiometric insulator material [14].

Fig.1.11 depicts the case in which a metal oxide is employed as the RS material, shown

in pink, andinert metals (Pt, Ir, W) as the electrodes. Here, reduced, non-stoichiometric

oxides comprise the conductive �lament, which is shown here in dark blue. Fig.1.11(a)

shows how, under an applied electric �eld, Joule heating leads to the formation of

a high temperature region within the insulator, the hot conduction channel, which is

shown in red. The temperature gradient between the hot conduction channel and the

surrounding insulator provides impetus for the thermodi�usion of O2� out of the hot

conduction channel and into the insulator. As shown in Fig.1.11, this thermally-induced

migration of oxygen vacancies leads to the formation of an energetically favourable

reduced oxide which acts as a conductive �lament, bridging the two electrodes [5,14,15].

The Joule heat-induced SET transition is referred to as the thermoelectric breakdown

of the transition metal oxide, and can be controlled through the use of a relatively

low compliance current. As TCM is a unipolar e�ect, both the SET and RESET

switches can be triggered in a single voltage sweep, as depicted in Fig.1.8, or in two

separate voltage sweeps (a SET sweep and a RESET sweep), as shown in Fig.1.11.

Fig.1.11(c) illustrates the RESET process; here, Joule heating leads to the development

of a dissolution-hotspot, which is located in the middle of the �lament, at its thinnest

point. Within this hotspot, the local electric �eld and current density are increased,

which leads to the dissolution and rupture of the �lament. To RESET the device, high

compliance currents are employed stimulate Joule heat dissolution. In subsequent RS

cycles, rupture and formation in the hotspot region of the �lament allows for switching.

There are a number of di�erences between TCM and ECM: in TCM RRAM cells

RS is athermally-inducede�ect that is governed by variations in the chemistry of the

insulator, which di�ers from electrically-induced ECM in which RS is largely dependent on

electrode materials, and occurs at an insulator/metal interface. As TCM RS is induced

without the requirement of an electrochemically active electrode, inert metals such as

Pt can be employed in symmetric devices, such as the well-characterised TCM system
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Figure 1.12: 'Faucet' model for unipolar TCM showing (a) the HRS and (b) the LRS.
Here, switching is governed by a highly resistive 'faucet' region at the interface, which is
shown here in dark red. Conductive regions consistent of reduced, non-stoichiometric
oxide are shown here in white. In both states, multiple �laments bridge the top and
bottom inert electrodes, but the 'faucet' governs the overall resistance state of the
device.

Pt/NiO/Pt [14,16]. In contrast to ECM, the literature presents evidence (Conductive

Atomic Force Microscopy, described in section 2.9) for TCM being amulti-�lamentary

e�ect. These characteristics are both described by Inoeuet al.'s TCM 'faucet' model,

which is a prominent alternative model to Joule heat dissolution [5,16]. In this model,

electroforming leads to the formation of a conductivebulk oxide that comprises multiple

�laments formed along grain boundaries, which is shown in Fig.1.12(a); however, the

bulk conductivity does not dictate RS in the device [5,16,17]. Instead, the faucet model

suggests that the current across the device must be limited by a small, highly resistive

region at the electrode/oxide interface, the 'faucet', shown in Fig.1.12 by the dark

red region. In the HRS, current �ows homogeneously across the entire metal/oxide

interface. In support of this model, the literature shows that for many systems, the HRS

is dependent on the area of the top electrode, whilst the LRS is independent [16].

1.2.5 Valence Change Memory

VCM is a anion-mediated e�ect in which an electric �eld induces the redox of an

insulating transition metal oxide. Speci�cally, the abundance or de�ciency of oxygen

anions (O2� ) a�ects the valence state of the transition metal cation, which causes a

change in the electrical conductivity of the transition metal oxide. Taking TiO2 as an

example, the transition metal redox is governed by the reactions:
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O2� *)
1
2

O2 + V•O +2 e�

ne� + T i4+ *) T i (4� n)+ (1.3)

wheren represents the number of electrons (e� ) and V •O represents oxygen vacancies

[5,18,19]. Because V•O are more mobile than transition metal cations, V•O mediate the

switching e�ect. The polarity of each electrode within the MOM structure induces the

migration of positively charged V•O across the device. Thus, VCM RS is also a bipolar

e�ect. For n- or p-type materials, V•O act as donors and acceptors respectively [20]. This

means that n-type(p-type) transition metal oxides have increased(decreased) resistivity

when V•O-de�cient.

Figure 1.13: (a) Electroforming process of a n-type oxide material and (b)(c) �lamentary-
VCM RS in a MOM heterostructure. This process is governed by the electromigration
of V •O, which are shown in white, and move in the direction of the white arrows. (a)
During electroforming, the migration of V•O towards the anode forms a 'virtual cathode'.
Within the vicinity of the anode, highlighted by the black dashed box in (a), �lamentary
RS occurs and is shown in (b) and (c). (b) shows the LRS in which V•O migrate towards
the anode (top electrode) and form a complete conductive path. At opposite polarity,
(b) shows the HRS in which the V•O-�lament is ruptured due to the migration of V•O
towards the cathode (anode electrode). V•O-migration occurs in the direction opposite
to O2� -migration, which is shown in brown.

The literature has shown that VCM occurs via two geometries: �lamentary-VCM and

interface-VCM [5,9]. The former is shown in Fig.1.13, and is analogous to the �lamentary

RS exhibited in ECM; both mechanisms are independent of electrode area and have often

been shown to require an electroforming cycle to sustain bipolar RS. In 1990, Baiatuet al.

described an 'electrical degradation' mechanism that occurred with insulating transition
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metal oxides which is now regarded as the electroforming process required for VCM [21].

In their publication, they proposed that the insulator/metal interfaces within a MOM

structure blocked the ionic conduction of V•O. This created a V•O-gradient across the

�lm in which V •O accumulated at the cathode and O2� accumulated at the anode [21].

Ultimately, the segregation of V•O and O2� created a p-n junction. This mechanism

was later linked to RS by Honget al. and Waseret al. who were able to visualise the

formation of a �eld-induced p-n junction within bulk oxides through transmission optical

microscopy [5,22]. In this technique, contrast arose due to variations in valence state

of the transition metal cation, which, as shown in Eq.1.3, can be used to indicate the

presence of V•O [5,22]. Today, the formation of a V•O-rich, n-conducting region is now

referred to as the formation of avirtual cathode, and is depicted in Fig.1.13(a). Under

a continued applied �eld, the virtual cathode will propagate towards the anode until it is

slowed by electrostatic repulsion. Due to electron-tunnelling across this interface, the

resistance of the device decreases dramatically and the memory cell is electroformed [5].

It should be noted that the propagation front of virtual cathode is inherently rough as

V •O migration is anticipated to occur along extended defects. This means that whilst a

large area of the device becomes cathodic due to V•O-de�ciency, the propagation front is

comparable to collection of individual �laments. In subsequent cycles, switching occurs

across the few nm that separate the virtual cathode and physical anode. For n-type

transition metal oxides, the HRS(LRS) is attained if the physical electrode is further

positively(negatively) biased, whereas for p-type transition metal oxides, the LRS(HRS)

is attained if the physical electrode is further positively(negatively) biased.

As opposed to �lamentary-VCM, interface-VCM occurshomogeneouslyacross the

physical electrode. In an in�uential publication, Sawaet al. showed that interface-VCM

could only occur if a Schottky contact was formed at one of the insulator/electrode

interfaces, and an ohmic contact was formed at the other, which is depicted in

Figs.1.14(a) and (b) [20]. Schottky contacts (or Schottky barriers) are formed at

metal/semiconductor interfaces and involve the bending of energy bands within the

semiconductor material to equilibriate with the Fermi energy across the interface, which

is shown in Figs.1.14(c) and (d); this means that Schottky barriers have rectifying

characteristics. In comparison, an ohmic contact is non-rectifying and follows Ohm's law.
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Figure 1.14: RS in a Schottky contact/oxide/Ohmic contact MOM heterostructure in
which an n-type oxide is employed. RS is depicted in terms of (a)(b) interface-VCM
and (c)(d) Schottky barrier modulation. (a) and (c) represent the LRS in which V•O
-migration towards the anode leads to the accumulation of V•O at the interface. This
leads to the formation of an oxygen-rich region, which is shown here in dark red, and the
reduction of the depletion widthWd of the Schottky Barrier, which promotes tunnelling.
(b) and (d) represent the HRS at opposite polarity; here, V•O-migration in the opposite
direction leads to a reduction in the number of V•O at the Schottky interface and an
increase inWd which prevents tunnelling.

Sawaet al.'s study proposed that the electromigration of V•O governed the depletion

width of a Schottky barrier which in turn varied the resistance state of the device: the

LRS corresponded to a narrower depletion width that could support tunnelling, and is de-

picted in Fig.1.14(c); and the HRS corresponded to a wider depletion width that inhibited

tunnelling, and is depicted in Fig.1.14(d). This comprehensive study also showed that,

as the height of the Schottky barrier (� B ) is determined by the di�erence between the

work-function (� W ) of the insulator and the metal electrode, the work-function of the

active electrode metal either prevents or promotes interface-VCM-RS; this was shown

for two crystalline perovskite-type oxides: p-type PrCaMnO3, and n-type Nb:SrTiO3,

where Ti (� W = 4 :3eV), Au (� W = 5.1eV) and SrRuO3 (� W = 5 :3eV) were used as top



22 Chapter 1. Introduction

electrodes. They found that for the p-type material, the interface resistance increased

with decreasing metal work function. Conversely, for n-type material, interface resistance

increased with increasing metal work function. At high(low) interface-resistance, both

systems displayed rectifying(ohmic) I-V behaviour, which was attributed to the formation

of a Schottky(an ohmic) contact [20,23� 25]. Sawaet al.'s study sparked huge interest

into the e�ect of electrode materials on RS performance, and prompted researchers to

use spectroscopic methods to investigate oxygen vacancy electromigration and interfacial

chemistry, such as the studies presented in this work [20,25� 29]. In Chapter 3, n-type

ZnO thin �lms are sandwiched between a Ti top electrode, which forms a Ohmic contact

and a Pt bottom electrode, which forms an Schottky contact. A more complex ternary

oxide structure was fabricated by collaborators for the PrCaMnO3 study presented in

Chapter 4; this device employs a dedicated interfacial oxide, the role of which will be

described in section 1.2.6.

Figure 1.15: Example of a bipolar, interface resistive switching IV curve where the LRS
is highlighted in green and the HRS is highlighted in red. As current increases gradually,
compliance currents are not always employed.

Through electrical characterisation, it is possible to distinguish between �lamentary-

and interface-homogeneous-RS: interface-homogeneous e�ects produce smooth, gradual

IV curves, which contrast the sharp switches produced in �lamentary IV curves. Fur-

thermore, interface-RS gives rise to a dependence on electrode area [20]. However,

these two VCM geometries represent two ends of the spectrum: it is possible to show

characteristics of both �lamentary-and interface-RS. For instance, area scaling devices

can show dependence on electrode area at� m scales, but independence on nm scales [5].
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The PrCaMnO3 device presented in Chapter 4 is an example of this. In terms of RRAM

device scalability, such a geometry imposes a minimum size limit. As such, high-resolution

microscopic studies are required to fully characterise such materials systems.

Figure 1.16: 'Reverse' valence change memory in an n-type MOM cell. V•O-rich regions
are shown in white, andO2-rich regions are shown in dark red. (a) LRS of an interface-
VCM RS device where the Schottky interface is located below the active electrode. This
is the same set-up shown in Fig.1.14(a) and is included for comparison. (b) HRS of
reverse-interface-VCM RS device, which is achieved at the same polarity as (a), but at a
larger voltage magnitude. This increased voltage further depletes the of an oxygen-rich
(V •O-de�cient) region at the inert electrode, forming a second Schottky interface that
dictates the RS state of the device.

It has also been shown that for interface-VCM, RS-governing processes can occur at

di�erent locations within a MOM structure. For devices designed with additional layers

such as tunnel oxides, which are described further in Chapter 4, RS that is localised by

design o�ers researchers further control over the performance of a RRAM device. It

is interesting to note that di�erences in the location of RS-determining processes can

a�ect the voltage polarity dependence of the device [30]. Researchers have shown that

interface-VCM can exhibit bipolar RS withoppositepolarity dependence (typically de�ned

as clockwise or anticlockwise) to that described in Fig.1.14 [9]. For example, Dittmann

et al. observed both clockwise and anti-clockwise RS within the same perovskite oxide

Fe:SrTiO3 MOM structure, where one switching regime was accessed at increased

voltages with respect to the other [31,32]. In this publication they proposed that if the

insulating layer (perovskite oxide Fe:SrTiO3) is much thinner than the anode, then, once

the device is electroformed, su�cient negative biasing of the cathode could induce the

migration of V •O from the region of insulating �lm closest to the inert electrode, which is

depicted in Fig.1.16(b). This V•O-depletion (O2� -accumulation) leads to the formation
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of a second insulating Schottky barrier at the insulator/inert electrode interface. This

second Schottky interface competes with the barrier located at the insulator/active

electrode interface to govern the overall resistance state of the device. However, as

shown in Figs.1.14(b) and (d), a small number of V•O leads to an increase inWd which

increases the resistance of the device. This means, as soon as V•O begin to migrate from

the inert electrode region, the device is dominated by the high resistance Schottky barrier

that is immediately formed. The formation of the second, more dominating Schottky

barrier shown in Fig.1.16 accounts for the observation of bipolar switching that occurs

at the reversepolarity to that shown in Fig.1.16(b) within the same sample [9, 31].

This VCM model is consistent with the polarity dependence of bipolar electrode-area-

dependent (interface-) RS that has been observed in a number of MOM structures

comprisingsingle crystalperovskite oxides published in the literature [20,33,34].

1.2.6 Interfacial oxides for Valence Change Memory

In addition to the choice of electrode materials, it is possible to improve device

performance using additional non-switching layers, such as interfacial oxides. There

are two types of interfacial oxides that can facilitate VCM RS: redox-formed oxides,

shown in Fig.1.17(a), and dedicated oxides, shown in Fig.1.17(b). The �rst are formed

due to the redox of an electrochemically active electrode material and can thicken

during an electroforming process. Changet al. showed that, in comparison to high

work function metal Pt (� W � 5:6eV), low work function metals Cr (� W = 4 :5eV)

and Al (� W = 4 :2eV) were oxidised to form CrOx and AlOx interfacial oxides at the

insulator/metal interface [35], which is depicted in Fig.1.17(a). Conversely, they showed

that within the vicinity of the oxidisable electrode, the insulator material, ZnO, was

reduced to ZnO1� x . This observation proved the existence of an exchange of V•O

between the insulator and electrode (shown by the white arrows in Fig.1.17(a)), showing

that the interfacial oxide acted as aoxygen reservoir. The V •O-exchange between the

reservoir and insulator was shown to promote RS and improve device stability [35].

Through in-situ Transmission Electron Microscopy, these interfacial oxides have recently

been shown to grow and shrink in the HRS and LRS respectively, which is consistent

with Sawaet al.'s direction of V •O-migration in the Schottky VCM RS model [28]. This
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type of interfacial oxide has been identi�ed through the use of spectroscopic techniques

in VCM RS devices across the literature [18,19,24,28,36]. Given the low work function

of Ti, an interfacial TiOx was also expected to contribute towards RS in the ZnO device

presented in Chapter 3.

Figure 1.17: (a) Redox-formed CrOx interfacial oxide formed in a Cr/ZnO/Pt device
discussed in [35]. Here, the oxidation of the Cr electrode causes a reduction of the
nearby ZnO �lm, forming a ZnO1� x layer. (b) Dedicated functional oxide that was
deposited during fabrication.

Fig.1.17(b) presents the second type of interfacial oxides,dedicatedoxides. These

are deliberately deposited between the RS insulator and the electrode material. As for

electroformed interfacial oxides, these dedicated oxides can also serve as oxygen reservoirs.

However, it should be noted that as they are not formed as a result of redox, they do not

generate a non-stoichiometric region within the insulating �lm. When considering RRAM

design, these oxides have an advantage in terms of the uniformity of the interfacial

layer. For example, in comparing electroformed oxides CrOx and AlOx , Chang et al.

found that the oxidation of the (Al)Cr electrode occurred (in)homogeneously, leading

to a (AlOx)CrOx �lm with (non-)uniform thickness that displayed (poor)excellent RS

endurance [35]. The di�erence between these electroformed oxides was ascribed to the

di�erence in the Gibbs free energy of oxide formation. Considering this, the deposition

of dedicated oxides provides one with a greater choice of materials, as interfacial oxide

formation is not limited by thermodynamics. It should be noted that dedicated oxides

are not limited to the sole function of an oxygen reservoir, these can have additional

functional properties that enhance the device. For example, researchers have shown

that the thickness of dedicatedtunnel-oxidescan be used to tune the magnitude of
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the LRS and HRS [37]. In these devices, the tunnel-barrier height is modulated by the

accumulation of charged V•O during VCM RS, which is similar to the V•O-modulated

Schottky barrier formed at the oxide/metal interface described above. A tunnel-barrier

device, fabricated by collaborators, was investigated and is presented in Chapter 4.

1.3 Scope of Research

In this work, Electron Energy Loss Spectroscopy (EELS), an analytical electron

microscopy (AEM) technique that is sensitive to the bonding environments and valence

states of probed atoms, was used to investigate RS-induced electrochemical changes

in thin-�lm RRAM heterostructure devices incorporating polycrystalline (doped and

undoped) ZnO (presented in Chapter 3) and crystalline perovskite oxide PrCaMnO3

(presented in Chapter 4). With respect to RRAM and the mechanisms of RS, the degree

of sensitivity provided by EELS o�ers valuable insight into both the presence of and

the extent of redox-mediated RS e�ects within metal-oxide materials [18, 26, 38, 39].

Taking �lamentary VCM in an n-type material as an example, EELS has been used to

identify conductive �laments consisting of reduced, lower valence state material, and the

surrounding, fully oxidised thin �lm [40], as depicted in Figs.1.13(a) and (b) and described

by Eqn.1.3. Similarly, the area-homogeneous redox present in interface-VCM devices

can also be identi�ed using EELS. In fact, over the past decade, studies have presented

EELS data showing evidence for just that: gradual, bipolar RS that occurs due to

electric-�eld-stimulated redox reactions at the insulator/metal interface, consistent with

the interface-VCM RS mechanism described in section 1.2.5 [18,24,41,42]. However,

in addition to these �ndings, the literature also presents an overwhelming amount of

evidence for the variability of RS in terms of cycling endurance, polarity dependence

and the ratio between resistance states. In many cases in the literature, these negative

performance attributes and issues are not discussed, which contributes to a lack of clarity

and slows progression in the �eld. The more comprehensive studies have shown that the

increased performance variability is largely attributed to both the interfacial chemistry

e�ects that are governed by the choice of materials employed, and the complexity

of the competition between multiple simultaneous nanoscale RS mechanisms. As
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such, progression in RRAM research will remain limited unless electrochemically sensitive

spectroscopic techniques, such as EELS, are used in addition to electrical characterisation

to fully characterise the contributing mechanisms that are responsible for RS in carefully

designed RRAM structures. Furthermore, given the complex interplay between numerous

simultaneous RS mechanisms, it is essentialspatially-resolvedtechniques like EELS

are employed to distinguish between homogeneous, in homogeneous, bulk material and

interfacial e�ects.

The research undertaken here was 3-fold: it involved the design and fabrication,

electrical characterisation and EELS analysis of VCM-type RRAM devices. This allowed

for the optimisation of RRAM devices and attribution of RS characteristics to spatial,

chemical and/or morphological e�ects. In particular, the research presented in Chapter

3 performed to �ll a knowledge gap relating to the �eld-induced redistribution of V•O

across a simple MOM (Ti/Mn:ZnO/Pt) structure during RS. It had been previously

proposed that such V•O-electromigration could be attributed to the stimulation of room

temperature ferromagnetism in Mn-doped ZnO in addition to simultaneously stimulating

changes in the resistive state of the �lm [43]. Through the EELS analysis of pristine

and programmed devices, it was possible to use the valence state of the dopant Mn ions

to map the redistribution of V•O across the device. Such mapping showed evidence for

the presence of two adjacent interfacial phases, both chemically distinct from the bulk

Mn:ZnO, that acted as O2� - and V•O-reservoirs respectively, where V•O were exchanged

across their shared interface. In addition, the mapping of Mn showed evidence for

the clustering of Mn dopants along grain boundaries, which has been alluded to in

the literature, but not con�rmed. Finally, quanti�cation analysis of the EELS spectra

(described further in section 2.7.3) suggested that Mn dopants, in addition to V•O,

underwent electromigration during RS. Similarly, in Chapter 4, the valence state of the

Mn present in PrCaMnO3 was used to monitor V•O redistribution; these single crystal

devices were fabricated and electrically characterised by collaborators in Jülich and

incorporate an V•O-rich dedicated tunnel oxide deposited adjacent to the PrCaMnO3.

Owing to the sharp interface between the tunnel oxide and the PrCaMnO3, the EELS

analysis undertaken performed to further our understanding of the spatial homogeneity of

V •O-electromigration. Indeed, through comparison of EELS spectra acquired from HRS-
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and LRS-programmed devices, reproducible changes in Mn valence state were observed.

Speci�cally, it was found that despite showing top electrode area scaling of electrical

characteristics, the redox activity of Mn at the interface was spatially inhomogeneous,

which is not typically reported in the literature.

1.3.1 Thesis Outline

Chapter 2 describes the instruments and techniques used to fabricate and characterise

the ZnO and PrCaMnO3 RRAM devices investigated. Chapter 2 has a particular focus

on Pulsed Laser Deposition and Transmission Electron Microscopy, and presents the

underlying physics describing Electron Energy Loss Spectroscopy, which is the primary

spectroscopic method used to investigate RRAM mechanisms in this work. Chapter

3 presents polycrystalline undoped and Mn-doped ZnO thin-�lm devices that were

deposited using a local Pulsed Laser Deposition system and Chapter 4 presents a

crystalline PrCaMnO3 device that was fabricated by collaborators at the Peter Grünberg

Institute Research Center Jülich, who also characterised the device using Hard X-ray

Photoelectron Spectroscopy, which is described in Section 2.8. In both results chapters,

RRAM performance is discussed with respect to the structural and chemical changes

revealed during electron microscopy and spectroscopic analysis. Finally, Chapter 5

summarises all conclusions and outlines future work that should be implemented in the

development of this research �eld.
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CHAPTER2

Instrumentation

A comprehensive suite of fabrication and analytical protocols were employed so that

variations in RRAM device performance could be attributed to fabrication-controlled

nanoscale structural and chemical characteristics. The study presented in Chapter 3

required the use of Pulsed Laser Deposition (described in Section 2.2) for the controlled

deposition of zinc oxides, and a standardised patterning metallisation process which

included photolithography and electron-beam evaporation techniques (described in

Section 2.3) for the formation of electrical contacts. Optimisation of the deposition of

oxide thin �lms was possible through an assessment of surface topology via Atomic Force

Microscopy (described in Section 2.9) and the characterisation of electrical properties

using an electrical probe station (described in Section 2.10). Analysis of the structural

and chemical properties of thin �lm devices are presented in Chapters 3 and 4, where the

data were acquired on a Transmission Electron Microscope equipped for Electron Energy

Loss Spectroscopy, a set-up further described in Section 2.6. Electron-transparent

lamellas suitable to loading into the Transmission Electron Microscope were created

using a DualBeam Focused Ion Beam Scanning Electron Microscope system (described

in Section 2.4). Hard X-ray Photo-Electron Spectroscopy was employed by collaborators

in the study presented in Chapter 4 and spectroscopy technique is described in Section

2.8.
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2.1 Physical Vapour Deposition

An ever increasing demand for novel, functional thin �lm materials in �elds such as

micro-electronics has required rapid development of both vacuum deposition technology

and our understanding of the underlying chemical and physical processes that occur

during thin �lm deposition and growth. A wide range of deposition technologies are

available. Each of these can be broadly categorised as either aphysicalprocess such as

Molecular Beam Epitaxy (MBE), a thermal evaporation method used for the fabrication

of Si and GaAs devices, or as achemical process, such as Chemical Vapour Deposition

(CVD), a method widely used for applications in surface coating in which material

is deposited as result of stimulated chemical reactions [1]. In this work, chemical

deposition technologies were not utilised, instead, a combination of Physical Vapour

Deposition (PVD) techniques were employed to fabricate multi-layer thin �lm devices.

The use of more than one PVD method was necessary as each technique has unique

advantages that best served the functional requirements of individual layers within the

device heterostructure. For instance, in 1995 Guptaet al. published a comparison of

amorphous carbon deposited via four di�erent deposition methods, which produced a

variation in mechanical properties, including hardness and elastic modulus [2].

2.2 Pulsed Laser Deposition

Also a PVD technique, Pulsed Laser Deposition (PLD) is a popular deposition method

used predominantly in academic research. Its appeal is due to many aspects: its capacity

for deposition under ambient gas at pressures ranging from atmosphere to10� 9Torr,

its ability to deposit composite materials away from thermal equilibrium, and its ability

to deposit complex multiple-component materials at stoichiometry [1,3�5]. The latter

is the most important motivation for the use of PLD in this work, which includes the

optimisation of stoichiometric oxide thin �lm deposition, which is further discussed in

Chapter 3.

A PLD system allows users to focus a series of high-power laser pulses into a

deposition chamber and onto a target material which vaporises, forming a plasma
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comprising highly energetic species, with energies between 1 and 100eV [5, 6]. This

plasma expands upwards and outwards, allowing the energetic species to condense onto

the substrate surface and initiating the thin �lm growth process, which is described

further in Chapter 3. The very �rst deposition of thin �lms using PLD was demonstrated

by Smith and Turner in 1965 [7], who successfully grew compound semiconductor �lms

and binary oxides. In 1988, a comprehensive study completed by Cheung and Sankur

demonstrated the versatility of the PLD technique, reporting on a broad collection of

deposited materials, including most notably, the stoichiometric deposition of complex

oxide ceramics under oxygen [8]. This study was published not long after pioneering work

was published by Bednorz and Muller, who demonstrated the successful production of

superconducting copper-oxide-based ceramic thin �lms in 1986 [9]. These two signi�cant

ceramic oxide studies changed the perception of PLD from an exotic method of growth

to an extremely versatile tool that could provide researchers with access to a plethora of

complex, innovative materials systems [10].

A typical PLD system comprises an ultra-high vacuum (UHV) chamber capable

sustaining of pressures of order10� 7Pa, a high power laser, and an optical system.

Fig.2.1 shows how the optical system allows one to focus the laser on the target, which

is typically mounted onto a motorised target carousel with two degrees of motion. These

are indicated by the purple arrows in Fig.2.1: rotation about its own axis, and movement

back and forth, parallel to the target surface. The carousel grants easy access to a

range of materials, permitting the deposition of multilayer thin �lm heterostructures.

Fig.2.1 also illustrates that the chamber can be �lled with background gas via a mass

�ow controller. Background gasses can be used to manipulate thin �lm growth via two

e�ects: reactive gases can be employed to achieve the desired chemical composition,

such as the use of molecular oxygen for the deposition of oxides; and background gas

pressure can be varied to reduce the average kinetic energy of plume species arriving at

the substrate [1]. Thin �lm properties are also a�ected by substrate temperature, which

can be used to improve or retard atom mobility. Given that during plume expansion

some portion of the plasma species eventually slow and stop propagating towards the

substrate [11], the distance between the substrate and the target can be changed to

control growth rates. As such, PLD systems users typically mount substrates onto
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Figure 2.1: Schematic diagram of a UHV vacuum that accommodates pulsed laser and
magnetron sputtering deposition systems. Laser pulses are guided into the deposition
chamber through a window and onto a target that is held on a motorised target carousel
system; the purple arrows represent possible motion. The substrate is also attached
to a motorised holder which can be resistively heated and can move in the directions
represented by the red arrows. A turbo-molecular vacuum pump was used to evacuate the
chamber via the outlet highlighted by the green arrows, and a mass �ow controller was
used to control gas �ow into the deposition chamber through the gas inlet highlighted
by the single blue arrow.

motorised holders that can be heated as required, where the substrate can rotate about

its own axis, and can be positioned along thez-axis, as shown by the red arrows in

Fig.2.1.

In this work, a Neocera Pioneer PLD system was used in conjunction with a 248nm

UV excimer laser (Coherent Compex Pro). The laser used has pulse duration 20ns,

a typical laser �uence 1-2J/cm2, and could be programmed to pulse at rates ranging

between 1-20Hz. Evacuated by a Pfei�er 355ls� 1 turbo-molecular pump, which itself

is backed by an Edwards 1.7ls� 1 rough scroll pump, the deposition chamber has a

base pressure of1 � 10� 5mTorr without baking. Within the deposition chamber, up

to six targets are mounted on a motorised target carousel, and the substrate is loaded

into a motorised holder that features a resistive heater, allowing for the adjustment
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of the target-substrate distance and substrate temperature by up to 8cm and 1000� C

respectively.

Additional components can be mounted onto the UHV chamber to provide either

complementary deposition techniques orin-situ analytical techniques. The apparatus

used in this work features an additional magnetron sputter source, which allows for the

deposition of metals. Furthermore, the PLD system also includes a Re�ection High

Energy Electron Di�raction (RHEED) system (shown in Fig.2.1) that allows for in-situ

surface characterisation during deposition. This technique allows one to continuously

record the di�raction pattern produced by electrons that are scattered by the substrate

surface at low grazing angles (� 0:5� ). In particular, the intensity of a di�racted

spot relates to the re�ectivity of the surface, which in turn is governed by the surface

roughness [12]. During layer-by-layer growth, the surface roughness oscillates, which

means that monitoring di�raction spot intensity allows for an identi�cation of growth

mode. However, RHEED data were not acquired for the studies presented in this work

as epitaxial 2D growth was not required.

2.2.1 Laser-Matter Interaction

Although the principle of PLD operation itself is relatively simple, the interaction

between the laser and the target material is a complex process. The earliest models

assumed the interaction to be a purely thermal e�ect, which was later experimentally

proven to be an incomplete description that could not account for resultant electron and

ion emissions [1]. Today it is known that, dependent on the laser �uence at the target,

the laser-matter interaction can be split into two stages: the laser-solid interaction,

which is triggered at low-�uence, as shown sequentially in Figs.2.2(a)(b) and (f), and

the formation and expansion of the plasma plume, which is triggered at high-�uence, as

shown sequentially in Figs.2.2(a)-(e) [13]. It is the condensation of the plasma species

generated at high-�uence onto the substrate surface that initiates the process of thin

�lm growth, which is further described in Chapter 3.
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Figure 2.2: The four stages of laser-matter interaction during the ablation of a PLD
target. At high laser �uence, the interaction passes through stages (a),(b),(c),(d) and (e)
consecutively, whereas at low laser �uence, stage (f) follows stage (b). Stages (a) and
(b) depict the melting and subsequent vaporisation of the target, which at high-�uence
is followed by the creation of a plume of ejected material, partly thermally ionised. This
is followed by stages (d) and (e) where the plume becomes increasingly ionised due to
shock wave collisional ionisation and further laser irradiation. In contrast, at low-�uence,
the vaporisation stage is followed by the re-solidi�cation of melted material, as shown in
(f).

At high �uence, two processes occur: as found for lower laser �uence, the melting

front of the target material propagates through the target, and a luminous plume of

vaporised material containing species with high kinetic energy is ejected normal to the

surface of the target [10]. The vapour is produced at extremely high temperatures

(� 103K) that support the thermal ionisation of ablated species, forming a plasma

plume [5,14]. As depicted in Fig.2.2(d), the formation of the plume e�ectivelysputters

the surface of the target material, where sputtering is de�ned as the vaporisation of

a target material which is ejected as a result of energetic ion-bombardment [15� 17].

For the remainder of the laser pulse, the plume absorbs laser irradiation, triggering the

photo-ionisation of neutral species and increasing the extent of plume ionisation [5,13,18].

Furthermore, at su�ciently high temperature and density, the plume e�ectively shields

the target from further irradiation, as shown in Fig.2.2(d) [14]. The degree of ionisation

changes during the course of plasma expansion due to ion-electron recombination [5].

The luminosity of the plume is due the relaxation of excited positive ions that generate

photons, and can be observed as the highly directional plume expands towards the
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substrate [5]. During the expansion of the plasma plume, the plasma species undergo

collisions with atoms in the ambient gas which cause the plasma species to slow and

eventually stop. At relatively high background pressures (10-150mTorr), the plume

couples with the ambient gas and undergoes shockwave propagation and features a

shock front (depicted in Fig.2.2(d)). Fig.2.2(d) illustrates how shockwave propagation

allows for further ionisation of the plume through collisional ionisation. Furthermore,

these collisions cause an increase in the lateral spread of the ejected particles, creating

a cone shaped plasma plume as shown in Figs.2.2(d)(e). In contrast to the shielding

properties of a hot, dense plume, the expansion of the plume allows it to cool adiabatically.

Eventually the plume becomes transparent to further laser irradiation which allows for

laser-solid interaction to occur once again.

2.3 Metallisation

As described in Chapter 1, RRAM devices comprise two metallic electrode contacts

sandwiching one or more active layers. In order to fabricate the devices investigated in

Chapter 3, electron-beam (e-beam) evaporation was used to deposit a Ti/Pt bottom

electrode layer onto Si/SiOx substrates, where the Ti acted as an adhesion layer. The

bottom electrodes served as substrates for the PLD of Mn:ZnO and ZnO thin �lms. To

isolate RRAM devices for electrical characterisation after the deposition of continuous

thin �lms, photolithography followed by e-beam evaporation was used to pattern a

series of top electrode contacts (Ti/Pt, and Pt) on the surface of the active layer, as

shown in Fig.2.4 where more details are provided. These standardised processes were

undertaken in the extensive cleanroom facility available on campus, the James Watt

Nano-Fabrication Center (JWNC), and will now be described.

2.3.1 Photolithography

Photolithography is a patterning technique in which the UV photo-irradiation of an

organic polymer �lm (photoresist), spun onto a substrate surface, triggers structural

changes in the photoresist �lm structure. Depending on the nature of the structural

response, photoresists are categorised as positive or negative tone; after photo-irradiation,
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positive tone photoresist undergoes chain scission, the degradation of polymer chains,

which results in adecreasein photoresist solubility, whilst negative photoresist undergoes

chain cross-linking, the bonding of polymer chains, which causes anincreasein photoresist

solubility [19]. Fig.2.3(a) shows how a patterned a mask can be used to expose speci�c

regions of the photoresist to UV irradiation. This results in localised structural changes,

as shown in Fig.2.3(b). When immersed in developer, the most soluble region of

photoresist will dissolve, producing a patterned photoresist layer, as shown in Fig.2.3(c).

Figure 2.3: Steps required for photolithography after photoresist spinning are shown in
images (a)-(c), where (a) depicts the use of a mask to prevent/allow UV exposure on
speci�c regions of the photoresist, (b) illustrates structural changes in the photoresist
as a result of photo-irradiation, and (c) shows the remaining patterned photoresist
after the dissolution of the exposed photoresist. Images (d) and (e) depict the �nal
metallisation steps described in Section 2.3.2; (d) shows the deposition of metal onto
the patterned photoresist, and (e) shows the �nal metallised pattern obtained after
agitation in acetone.

Microposit S1818 positive photoresist was spun onto PVD thin �lm heterostructures

at 4000rpm for 30s, which resulted in� 2� m thick photoresist �lms. Samples were

subsequently baked for 3 minutes at 115� C to remove excess solvent, before being

loaded onto a SUSS MicroTec MJB4 Photolithography Mask Aligner along with the

photolithography mask. The mask desgined for this work featured a series of a UV-

transparent circles with diameters 10� m, 20� m, 50� m, 100� m, 200� m, and 300� m.

The range of top electrode areas allowed for the mechanisms of switching to be broadly

categorised as either �lamentary or area-dependent processes, an important classi�cation

used in the analysis of RRAM devices (see section 1.2.2 in Chapter 1). Samples were
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exposed to UV light for 5.2s in the hard-contact mode of the MJB4, in which the

sample is brought into direct contact with the mask. Post-exposure, samples were

manually agitated in Microposit MF-319 solution for 140s before a �nal immersion in a

RO water bath for 1 minute. An optical microscope was used to verify the success of

each patterning attempt before patterned samples were loaded into the electron-beam

evaporation system for metallisation.

Figure 2.4: SEM image of e-beam evaporated Ti/Pt top electrode contacts deposited
after photolithographic patterning. Top electrode contacts had diameters 10� m, 20� m,
50� m, 100� m, 200� m, and 300� m

2.3.2 Electron-beam Evaporation

For the fabrication of ZnO based RRAM devices presented in Chapter 3, a PLASSYS

electron-beam (e-beam) evaporator was employed to deposit bottom electrode contacts

before the deposition of the resistive switching active layer, and top electrode metal

contacts after photolithographic patterning. Like PLD, e-beam evaporation is also a PVD

technique and accelerates and focuses an e-beam onto a target material held in a crucible.

The bombardment of high energy electrons causes thermal heating and sublimation of

the target material. An advantage is that the localised heating induced by the focused

e-beam produces high purity thin �lms in comparison to other thermal evaporation

methods; in non-localised thermal evaporation, the target material and its crucible are
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both heated and so the target can be subject to intermixing contamination [20]. The

PLASSYS also features a quartz microbalance crystal which monitors growth rate. To

create bottom electrodes for the devices presented in Chapter 3, 120nm of Ti followed

by 5nm of Pt were deposited under vacuum. After the photolithographic patterning of

PLD zinc oxide, 3nm and 30nm layers of Ti were deposited, followed by 5nm of Pt.

2.4 Focused Ion Beam Lamella Fabrication

A fundamental requirement for transmission electron microscopy is that the samples

must be electron transparent, which corresponds to< 100nm thickness at 200kV. In this

work, for the investigation of multilayer RRAM devices, electron transparent lamellae

were produced using an FEI DualBeam Nova Scanning Electron Microscope which

included both an e-beam column and a Ga+ ion-beam column, the latter of which is

depicted schematically in Fig.2.5. In principle, this focused ion-beam instrument (FIB)

allows one to mill material from a sample, held within a vacuum chamber, with high

precision (� 10nm) using Ga+ ions, and to image this process non-destructively using

the Scanning Electron Microscope (SEM), which is described in Section 2.5 [21].

An ion beam column is depicted in Fig.2.5. To create an ion beam, the extraction

electrode is biased to produce a 108V/cm �eld and extract Ga+ ions from the ion source,

which is a tungsten needle wetted with liquid gallium [21]. These ions are accelerated

along the length of the ion-column between 1kV and 30kV, and are focused onto the

sample surface using a series of electrostatic lenses. Scanning coils allow the beam to

be rastered across the sample surface, and blanking plates are used to obstruct the

ion beam as required. The bombardment of energetic Ga+ ions at the sample leads to

sputtering of sample material. Secondary electrons (SE) and back-scattered electrons

(BSE) are also generated during sputtering and allow for the formation of images in

which contrast arises due to variations in both surface topography and atomic number.

However, due to sputtering, ion-beam imaging is inherently damaging; to avoid this,

the sample is imaged with a non-destructive e-beam instead, which generates SE and

BSE. The FIB instrument also employs an Omniprobe needle and a gas injector. The

Omniprobe needle permits the placement/removal of ion-sputtered (milled) structures,
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Figure 2.5: Diagram showing vertical ion-beam column used in the FIB-SEM DualBeam
instrument. A liquid metal ion source is shown in yellow and sits at the top of the
column. Ga+ ions are accelerated and focused along the ion column through the use of
an extraction electrode (shown in blue) and a series of electrostatic lenses and scanning
coils. Beam blanking plates (shown in red) enable the user to obstruct the beam as
required.

and the gas injector allows for chemical vapour deposition. Here, organometallic gas (for

example, W(CO6)) is injected within 200� m of the sample surface, where it adsorbs.

When the ion beam is rastered over the desired deposition region, it decomposes the

gas such that metal (W) is deposited onto the sample surface whilst waste product is

removed by the vacuum system, allowing for 'maskless' patterning [22,23]. Similarly,

the e-beam can also be used to decompose organometallic gas.

In this work, a standardised FIB process was employed to produce electron transparent

lamellae from bulk multilayer RRAM heterostructures and is outlined in Fig.2.6. The

process was as follows: �rst, a RRAM device was mounted onto the sample stage, which

could move inx;y ;z-directions, had rotational motion and was able to tilt. Fig.2.6(a)



46 Chapter 2. Instrumentation

shows the gas injector inserted into the deposition chamber, held just above the sample

surface. Fig.2.6(b) shows the result of e-beam assisted Pt deposition atop a top

electrode, which served to protect the layers beneath from damage during ion-beam

milling. Fig.2.6(b) also shows cross-shaped features milled into the top electrode; these

were used for alignment purposes in the subsequent automated milling steps required

for lamella fabrication. Figs.2.6(c) and (d) show the trench milled either side of the

region protected by the e-beam deposition Pt during an automated milling process. The

milled trench exposed a cross-section of the sample, which exposed each layer within

the RRAM heterostructure. When tilted to the orientation shown in Fig. 2.6(d), the

ion-beam was used to mill away connections between the cross-section and the bulk

sample. Before complete separation from the trench, the Omniprobe needle was inserted

and Pt was deposited such that the cross-section was welded to the probe. Once this

was done, the �nal connection between the trench and cross-Section was milled away,

which meant that the Omniprobe could be used to move the cross-sectional lamella away

from the bulk sample. Once solely attached to the Omniprobe needle, the cross-section

was thinned to electron transparency and polished: Figs.2.6(e) and (f), show the �nal

product. Thinned, polished lamella were attached to Transmission Electron Microscopy

sample holders for electron beam imaging, a technique described in Section 2.6.
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Figure 2.6: SEM and ion beam images of the FIB lamella preparation process utilised
in this work. (a) a low magni�cation SEM image that shows a number of patterned
top electrodes and the gas injector inserted just above the bulk sample surface. (b)
an ion beam image showing a protective layer of Pt situated between two alignment
cross-shaped features. (c) and (d) were acquired at the same point during the lamella
preparation process;(c) was acquired from directly above the trench, whereas (d) was
acquired with the sample tilted. (e) and (f) were acquired at a later point in the lamella
preparation process and show the lamella, thinned to electron transparency; with respect
to (e), (f) was acquired at rotation 90 � and shows a top-down view of (e), as indicated
by the orange arrow in (e).
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2.5 Transmission Electron Microscopy

The spatial resolution of a conventional light microscope is restricted by the wave-

length of visible light (0.4� m-0.8� m) to 250nm [24]. This limit continues to stimulate

research into alternative imaging methods to enable scientists to characterise and ma-

nipulate materials for advancement in nanotechnology [24]. By far the most powerful

imaging technique employed in materials science is electron microscopy, which can be

used to image both surfaces and material structure; surfaces are imaged via a scanning

electron beam, whereas material structure can be probed viatransmissionelectron

microscopy (TEM), which o�ers atomic resolution.

De Broglie's pioneering theory of electron wave-particle duality, published in 1925,

describes how electrons can be used to image samples at higher resolution than visible

light [25]. In this work, de Broglie postulated that all matter, including electrons,

had wavelength (� ) proportional to its momentum (p), such that � = h=p, where h

represents Planck's constant. Following de Broglie's publication, in 1931 Ruska and

Knoll constructed the world's �rst electron microscope, for which they were awarded a

Nobel Prize some 55 years later [26].

An electron microscope comprises an electron source (described in Section 2.5.3),

and an electron optical system comprising electromagnetic lenses (described in Section

2.5.4). Depending on the type of electron microscope, the arrangement of these systems

will vary: in a scanning electron microscope (SEM), the electron gun and optical system

are housed within an evacuated electron column which guides the electron beam to the

surface of a sample located inside a vacuum chamber, and a separate detection system

that collects electrons scattered from the surface of the sample. In contrast, in a TEM,

an electron-transparent sample is loaded into the electron column such that the optical

system transmits the electron beam through the sample and onto the detection system,

which is typically located at the very base of the electron column.

Both SEMs and TEMs accelerate electrons using an accelerating voltage (V); SEMs

operate at voltages up to 30kV, whereas TEMs typically operate at voltages between

30kV-300kV. When imaging using ionising radiation, there is always a balance to be

struck between imaging resolution and beam damage, which both scale with accelerating
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voltage. For instance, for use in high voltage transmission electron microscopy where

the accelerating voltage is greater than 100KV and where the relativistic kinetic energies

of electrons must be taken in account, the electron wavelength is given by:

� =
h

q
2m0qV(1+ qV

2m0c2 )
(2.1)

whereh is Planck's constant,m0 and q are the rest mass and charge of an electron,

and c is the speed of light. Eqn. 2.1 shows that electrons accelerated at 200kV (the

operating voltage for TEM work in this thesis) have a wavelength of� 200kV = 2 :51pm.

Despite � 200kV being smaller than interatomic distances, in practice, the resolution

of the TEM is limited by aberrations in electromagnetic lenses. As mentioned above,

whilst resolution is improved, beam damage, which comes in the form of sample heating,

sample sputtering (the ejection of sample material), and radiolysis (the breaking of

chemical bonds), also increases with accelerating voltage. Aberration-corrected TEM

presents a compromise between beam damage and resolution: it allows microscopists

to counter aberration e�ects and improve resolution whilst using lower accelerating

voltages at which beam damage is low risk. The TEMs used in this work are employ

aberration correction systems, which are described further in Section 2.5.4.

2.5.1 Inelastic and Elastic Scattering

Under an incident e-beam, electrons are scattered by atoms within the sample in

forward (parallel to the incident beam) and backward (anti-parallel to the incident beam)

directions, as shown in Fig.2.7. In an SEM, only back-scattered secondary signals can

be detected, however in the TEM, forward scattered electrons are collected below the

sample, and provide information about the internal structure and chemistry of the sample.

These forward scattered electrons are either elastically or inelastically scattered, which

refer to scattering events in which the incident electron su�ers no or some loss in energy

respectively.

Elastic scattering describes scattering events in which the incident electrons deviate

from their path due Coulombic interactions with the nucleus and/or electron cloud

and do not su�er energy loss. Frequently, small-angle deviations in incident electron
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Figure 2.7: Diagram showing (a) elastic and (b) inelastic electron-scattering. (a)
Forward- and backward-scattering are shown by the blue and green e-beam trajectories
respectively. The production of characteristic X-rays (purple wavy arrow) and Auger
electrons (brown arrow) are shown in (b), where the (dashed)solid arrows represent the
(de-)excitation of an inner shell electron.

path occur as a result of elastic scattering, where the scattering angles increase with

atomic number,Z [27]. In some cases, Coulombic interactions can be su�ciently strong

to cause the back-scattering of incident electrons, in which the incident electron is

subject to a de�ection greater than 90� , as depicted by the green trajectory shown in in

Fig.2.7(a) [27].

Inelastic scattering refers to events in which incident electrons interact with atomic

electrons and lose energy as a result. These inelastic events produce a number of

secondary signals including secondary electrons and X-rays (depicted in Fig. 2.8) in

either back- or forward-scattered directions. X-rays are produced when secondary

electrons are ejected from the valence and conduction bands, or from atomic inner-

shells. The former typically have energies <50eV, which means that only those that

are generated near the surface of the sample have su�cient energy to escape. This

characteristic makes secondary electrons extremely useful for imaging the sample surface,

which is done in SEM. However, secondary electrons emitted from the conduction and

valence bands do not provide elemental information about the sample; in contrast, those

ejected from atomic inner-shells, Auger electrons, and characteristic X-rays, do carry

such information, which allows foranalytical electron microscopy techniques. Fig.2.7(b)

illustrates how the incident e-beam transfers energy to inner-shell electrons, causing


	Abstract
	Declaration
	Contents
	List of Figures
	List of Tables
	Introduction
	Principles of Memory Storage
	Emerging Non-Volatile Memories

	Resistive Switching
	Memristor Theory
	Resistive Switching Mechanisms
	Electrochemical Memory
	Thermochemical Memory
	Valence Change Memory
	Interfacial oxides for Valence Change Memory

	Scope of Research
	Thesis Outline

	Bibliography

	Instrumentation
	Physical Vapour Deposition
	Pulsed Laser Deposition
	Laser-Matter Interaction

	Metallisation
	Photolithography
	Electron-beam Evaporation

	Focused Ion Beam Lamella Fabrication
	Transmission Electron Microscopy
	Inelastic and Elastic Scattering
	Diffraction
	Electron Sources
	Electromagnetic Lenses

	Electron Optical System
	Bright-Field and Dark-Field Imaging
	Scanning Transmission Electron Microscopy

	Electron Energy Loss Spectroscopy
	Electron Energy Loss Spectrum
	Basic EELS Processing Steps
	Elemental Ratio Normalisation
	Deconvolution
	Principle Component Analysis
	Multiple Linear Least-Squares Fitting
	Electron Energy Loss Magnetic Spectrometer

	Hard X-Ray Photoelectron Spectroscopy
	Atomic Force Microscopy
	Electrical Probe Station
	Bibliography

	Polycrystalline Manganese-Doped Zinc Oxide RRAM Device
	Properties of Zinc Oxide
	Resistive Switching in Zinc Oxide
	Simultaneous Magnetisation- and Resistive-Switching in Mn:ZnO

	Principles of Thin Film Growth
	Thin Film Considerations for Zinc Oxide RRAM
	Zinc Oxide and Manganese-doped Zinc Oxide RRAM
	RRAM Heterostructure Fabrication
	AFM Analysis
	Electrical Characterisation
	Electron Microscopy Characterisation
	TEM-EELS Analysis

	Conclusion
	Bibliography

	Crystalline Pr0.48Ca0.52MnO3 Tunnel Oxide RRAM device
	Resistive Switching in Crystalline Perovskite Oxides
	Resistive Switching in Crystalline Pr1-xCaxMnO3

	Crystalline Tunnel Oxide Pr0.48Ca0.52MnO3 RRAM
	Electrical Characterisation
	STEM-EELS Analysis
	Static Device Characteristics
	Comparison of HRS and LRS

	HAXPES Analysis
	Conclusion
	Bibliography

	Summary and Outlook
	Bibliography


