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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES   

SCHOOL OF CHEMISTRY 

Doctor of Philosophy  

High Throughput Optimisation of Functional Nanomaterials and Composite Structures 

for Resistive Switching Memory  

By Mabkhoot Abdullah Alsaiari  

The Semiconductor industry is investigating high speed, low power consumption, high-

density memory devices that can retain their information without power supply. Resistive Random 

Access Memory (ReRAM) is one of the most attractive candidates as an alternative to conventional 

flash memory devices due to of its simple metal-insulator-metal (MIM) structures. A compositional 

gradient of thin film materials produced by the simultaneous combination of elements provides a 

powerful tool for the combinatorial synthesis of materials. It was applied here to control the 

composition, structure and morphology of materials in composite devices of ReRAM. This allows 

the systematic high throughput screening of the intrinsic properties of the materials, as well as the 

high throughput optimisations of composite thin films that mimic memory device structures. 

Therefore, the focus of this project is to develop a novel capacitor for ReRAM application. We 

present here details of the preparation technique and the screening methodologies of this approach 

by applying the synthesis to various phases of titania, for which there is an extensive literature, as a 

prelude to the screening of more complex systems. Inert Pt electrodes and active Cu electrodes 

were deposited on TiO2 as top electrodes using different mask sizes (50 micron and 250 micron). 

The bottom electrode is Si/ SiO2/ TiO2/ Pt (SSTOP) was constant throughout this project. TiO2 was 

prepared using evaporative physical vapour deposition (PVD) with a variation of thickness between 

10 nm and 300 nm on SSTOP. The synthetic conditions were chosen to produce TiO2 oxygen 

stoichiometric and sub-stoichiometric amorphous, anatase and rutile materials. The oxides have 

been fully characterised by X-Ray Diffraction (XRD), X-ray Photo electron Spectroscopy (XPS), 

Raman Spectroscopy, Four Point Probe (4pp) and Atomic Force Microscopy (AFM). The electrical 

screening was carried out on capacitor-like structures produced using 250 micron diameter top 

electrodes deposited using a 14 x 14 array contact mask. Current-Voltage (I-V) measurements were 

conducted employing a variety of current compliances (IC). The typical I-V switching of the 

unipolar mode (both state in one polarity) was achieved on all titania phases, whereas the bipolar 

mode (each state in different polarity) was achieved only on the amorphous phase. The resistance 

differences between High Resistance State (HRS) and Low Resistance State (LRS) were clearly 

identified in each system. It was observed that for all the devices investigated, a lower forming 

field was required on the thicker layer of the active switching layers. Devices with copper 

electrodes, and composite devices with sub-stoichiometric titania adjacent to the stoichiometric 

titania could be formed at lower voltages and electric fields. The results obtained here confirm the 

feasibility of the high-throughput approach to optimise functional nanomaterials and composite 

device structures for resistive switching memory application. 
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Chapter 1: Introduction 

1.1 Motivation 

Information is valuable. As the world is flooded with data, several industries and 

academic institutions focus mainly on the collection and storage of information. There are 

billions of sensors in cars, cell phones, computers, and other technological devices that 

create huge amounts of data. For example, in 2014 the National Energy Research Scientific 

Computing Centre (NERSC) reported 100 petabytes of stored data. This is projected to 

increase by 40% annually.
1
 It is estimated that humankind has stored over 295 billion 

gigabytes of data between 1986-2011.
2
 To store this information, there is a growing need 

for computers with larger memory space and higher performance levels, especially when 

considering the next technological revolution; the Internet of Things (IoT). Small memory 

may be a part of modern life, but this was not always the case.
3
 The original hard disk 

drive stored 5 megabytes of data on a 50 magnetic disk. Each disk was 24 inches in 

diameter and weighed 1 ton. The IBM hard disk storage unit was operational in 1965.
4
 In 

2017, memory is measured in micrometres as having a capacity of 256 gigabytes and a 

weight of 0.5g (Figure 1.1).  

 

Figure 1.1. A representation of the evolution of the memory system between the years 

1965-2017.
3, 4

 

1.2 Project Aim 

Research has focused extensively on the next generation of computer memory. In 

particular, resistive random-access memory (ReRAM) materials and composite structures 

have been reviewed as a method of searching for promising candidates to replace current 
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memory technologies. Despite a large number of publications which discuss ReRAM, the 

mechanism behind its switching nature is still relatively misunderstood. Understanding the 

effect of material composition, structure, and morphology in composite ReRAM devices is 

essential for a more complete mechanistic insight, as well as for the optimisation of next 

generation memory devices and logic applications. For this reason, the combinatorial 

synthesis of thin film materials using evaporative techniques provides an ideal tool for the 

control of the composition, structure, and morphology of complex materials.
5 

This process 

allows for a systematic high-throughput screening of the intrinsic material properties, as 

well as a high-throughput optimisation of composite thin films which mimic memory 

device structures. The aim of this thesis is to investigate the trends and structural properties 

of titania in order to understand the key material properties that affect the switching 

behaviour of ReRAM devices. The phases, top electrodes, function of thickness, and 

structural modifications of titania will be evaluated in this work. 

In order to achieve this aim, the following objectives have been set: 

 Develop and design a high-throughput framework that will accelerate the discovery 

of ReRAM material and composite structures.  

 Synthesise model thin film materials and structures using the high-throughput 

physical vapour deposition technique to compare our result against studies that 

have utilised differing preparation techniques. TiO2 with Pt electrodes have been 

chosen as the benchmark for this project in order to verify this technique. 

 Synthesise and characterise different titania phases with large variations in 

thickness so that the relationship between phase and thickness with the functional 

properties of ReRAM devices can be studied.  

 Extend the synthesis and characterisation of Pt/ TiO2/ Pt to Cu/ TiO2/ Pt from a cost 

standpoint compared to Pt, as well as study the effect of heterogeneity of 

electrodes. 

 Extend the synthesis and characterisation of TiO2 to a composite structure with 

different stoichiometry and thicknesses of TiO2-x (fixed thickness)/ TiO2 (gradient 

thickness). 

 Screen the devices obtained according to high-throughput characterisation 

techniques and primary electrical testing. This will be done using test device arrays 

and tools that will optimise functional materials and structure in order to shed light 

on ReRAM mechanisms.  
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1.3 Outline of the thesis  

 Chapter 1 states the motivation for undertaking this project and outlines the aim 

and objectives. 

 Chapter 2 provides an introduction on memory systems and the different types of 

memory that are commercially available. It also discusses the memory systems that 

are currently under investigation. This chapter focuses on the literature related to 

ReRAM in terms of dielectric material, electrode materials, the proposed 

mechanism, and the key properties of ReRAM application. The underlying physics 

behind the switching behaviour of ReRAM is also analysed. Finally, there is a brief 

overview of the current techniques employed in fabricating devices, as well as the 

promising high-throughput physical vapour deposition (HT-PVD) techniques that 

are utilised within this project.  

 Chapter 3 explains the experimental systems and techniques used in the synthesis 

and characterisation of thin film ReRAM materials in this study.  

 Chapter 4 provides the characterisation results for the structures which were 

obtained by X-ray powder diffraction XRD and Raman Spectroscopy, as well as 

the surface characterisation results obtained by XPS, 4pp, EDS and AFM.  

 Chapter 5 describes the experimental work carried out for this project, as well as 

the results. This chapter is divided into three sections. The first section focuses on 

I-V characterisation (switching behaviour) across different systems: Pt/ TiO2/ Pt, 

Cu/ TiO2/ Pt and Pt/ TiO2-x/ TiO2/ Pt. The second section describes how switching 

as a function of polarity is investigated across each above mentioned system. 

Finally, the third section focuses on investigating the trends and structural 

properties of titania as a function of thickness, phases, top electrode and the 

modification of structure in conjunction with the available literature.  

 Chapter 6 discusses current state of the art devices applied to other studies and 

compares them with our results. This chapter also investigates the key properties 

that affect the switching mechanism, providing suggestions for the appropriate 

mechanisms applicable to each system.  

 Chapter 7 summarises the achievements of this project, and suggestions for further 

areas of improvement and testing.  
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Chapter 2: Introduction to Memory Systems  

Memory structures play a basic role in providing integrated circuits of powerful 

processing capabilities. Even most powerful processors have nothing to offer without an 

accompanying memory. In addition to this, the development of mobile devices is 

dependent on the continual improvement of memory technology. Typical memory 

hierarchical design includes three main stages: an embedded on-chip Static Random 

Access Memory (SRAM) and embedded Dynamic Random Access Memory (DRAM), 

which is a cache memory directly related to the processor; a commodity DRAM as a main 

memory; and a storage memory, such as a hard disk drive.
3
 

Semiconductor memories can be classified based on, for instance, possible 

write/erase cycles, re-programmability and volatility into several categories as shown in 

Figure 2.1. The three main conventional types of memory are SRAM, DRAM and flash 

memory. Generally, SRAM is the fastest, DRAM provides higher density, and flash 

memory is non-volatile. However, SRAM suffers from a large cell size, while power 

consumption in DRAM is high due to the required refresh cycle – and both are volatile. 

The main drawback of flash memory is that it is slow and suffers from scaling limitations. 

A specific comparison between emerging memory technology and conventional memory 

can be seen in Table 2.1. As shown in Table 2.1, as compared with SRAM, STT-MRAM 

has the advantage of a smaller cell area, low programming voltage, fast write/read speed 

and long endurance; thus, STT-MRAM is attractive for embedding memory on chips, e.g., 

an SRAM replacement in caches.
6
 As compared with flash, RRAM is attractive due to its 

lower programming voltage and faster write/read speed, and thus the initial target of 

RRAM technology development is to replace flash for mass storage application.
7
 It should 

be mentioned that different emerging memories may have different application spaces due 

to their various characteristics, and a hybrid system with emerging memory and 

conventional memory is also attractive.
3
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Figure 2.1. Diagram of semiconductor memory classification.
8
 

DRAM and SRAM
9 are the most widely used forms of memory for fast write/read 

speed. Nevertheless, the SRAM storage bit, which is constructed from multiple transistors, 

is inevitably large; whereas DRAM has high endurance but low scalability. These 

memories are volatile: They can lose their data if electrical power is disabled. Thus, 

currently,
10,11,12 DRAM and SRAM have been replaced by flash memory, which is non-

volatile and unaffected by power outages, yet has high scaling, a low write speed and a 

limited number of write/erase cycles.  

Non-volatile RAM does not require a power supply to retain data. The most used 

type of non-volatile RAM is flash memory. However, despite being one of the most used 

memory types, flash memory still suffers from some drawbacks. These include slow access 

times compared to volatile RAM, either DRAM or SRAM, a limited number of write/erase 

cycles (around 100,000), and in some cases, limited random addressability. Due to these 

intrinsic drawbacks, many alternative approaches to flash memory are being developed. 

Therefore, present flash memory will not meet the size, speed and higher operational 

power requirements of future technologies.
8,13

 Further improvement in processing 

capabilities requires a universal memory gathering of all preferable properties, rather than 

compromising between them. Research efforts are being made to realise the dream of 

ultimately non-volatile memory, which must also be fast and reliable, operate on low 

power with a high transfer rate, and have good endurance, a long retention time and a high 

density. Additionally, it must be compatible with CMOS technology.
14

 For this reason, 

new (i.e., next generation) memory concepts are being investigated that combine non-

volatility with high endurance and scalability,
10 

such as Ferroelectric Random Access 

Memory (FeRAM), where the polarisation of ferroelectric materials is reversed; Magneto 
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Resistive Random Access Memory (MRAM), which uses magnetic tunnel junctions; Phase 

Change Random Access Memory (PCRAM), which uses the change in resistance between 

the crystalline and amorphous state of a chalcogenide compound; and more recently, 

Resistive Switching Random Access Memory (ReRAM), which uses a resistive switching 

phenomenon. Several RRAM technologies are currently under investigation, including 

phase-change materials (chalcogenides, perovskites, Ge sulphide and selenide) and, 

currently most promising, metal oxides (NiO, TiO2, HfO2) in which resistance is switched 

through the formation and destruction of conductive filaments. Work is moving rapidly 

from fundamental research to development. However, problems understanding the 

switching mechanism, device reliability and processing remain critical. The consensus is 

that switching is predominantly due to the migration of oxygen vacancies under the 

application of external fields, although Joule heating also plays an important role. Much 

about the microscopic details of the switching process is largely conjectural. However, 

some techniques have been suggested to explain the mechanism, such as conducting a 

filament model, trap charging and a discharging model.
12

 Furthermore, many questions 

have not yet been answered, such as the number of write cycles that could be achieved and 

the write speed limit. Details of each type of emerging memory are presented in the 

following sections.  

Table 2.1. Device Characteristics of Conventional and Emerging Memory Technologies.
7
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2.1 Memories 

Generally, electronic storage systems are classified into two groups – random 

access devices and mass storage devices.
15

 Random access devices are controlled in a 

parallel way, providing faster access. They have a matrix organisation. Every memory cell 

is addressed by appropriately addressing two address lines – a bit line and a word line. 

Mass storage devices are more suitable for storing larger amounts of data. In this case, data 

access is sequential. This means that the operational speed is slower and depends on the 

physical position of the accessed data. There is a clear trade-off between the operational 

speed and the overall storage capacity. Different types of memories are used for different 

purposes – from very fast, low capacity cache memories to much slower higher capacity 

permanent memories like hard disk drives. Matrix-based memories are further classified 

into two types – random access memories (RAM) and read only memories (ROM). The 

first type is used as a main memory in semiconductor devices, such as personal computers, 

mobile phones and portable electronics. The second type is used when the access time 

needs to be as short as possible. The memory capacity of ROM is lower compared to 

RAM. ROM is typically used for instruction storage. These two types of memories are 

further divided into several categories as shown in Figure 2.1. 

When it comes to RAM, there are two types of matrix organisation: passive matrix 

organisation and active matrix organisation.
14

 Matrix memory organisation is shown in 

Figure 2.2. The rows of address lines (called word lines – WL) are perpendicular to the 

columns of address lines (called bit lines – BL). At the node of every intersection, there is 

a memory unit/resistive switch (RS). In the case of passive organisation, there is no 

additional active switch. However, the nonlinear element (NLE), usually a diode, in series 

to RS is used. A passive memory matrix allows high device density, low fabrication costs 

and the possibility of 3D architectures – stacking of multi layers into a 3D configuration.
15

 

However, in the case of RRAM with passive matrix organisation, sneak currents through 

non-selected cells limit the maximum size of the matrix. An active memory matrix, as an 

addition to a memory cell, includes an active switch. This active switch is a selector 

device, usually a transistor,
14 

that overcomes the problem of sneak paths and fractional 

stressing of non-selected cells. Although this greatly helps with respect to the maximum 

size of an individual matrix, it comes at the cost of an additional element. 
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Figure 2.2. Diagram of a (a) passive memory matrix; (b) active memory matrix.
14

 

RAM is further classified into two groups – volatile RAM and non-volatile RAM. 

In the case of volatile RAM, the memory state is lost once the power supply is removed. 

For the continuous retention of data, an external power supply is required. There are two 

types of volatile RAM – SRAM and DRAM. 

2.1.1 Static Random Access Memory (SRAM) 

SRAM is a volatile memory that uses bistable latching circuitry to store each bit, 

meaning no writing operation. SRAM has two stable states; these states represent the 

logical ‘1’ or ‘0’. In this type of memory, when the power supply is removed, the data are 

lost.
17

 The typical cell consists of six MOSFET transistors and has two stable states. The 

states are stored in four transistors – two cross-coupled inverters formed by transistors 

M1–M4 as shown in Figure 2.3. Transistors M5 and M6 provide access to the inverters.
17

 

 

Figure 2.3. Diagram representation of a SRAM memory cell.
14
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2.1.2 Dynamic Random Access Memory (DRAM) 

DRAM is a type of volatile memory that stores each bit of data in a separate 

capacitor within an integrated circuit; in contrast to static RAM, which requires periodic 

refreshment of data each time. The capacitor charger is used to represent a memory state in 

which every bit state ‘1’ or ‘0’ is represented by the charge or discharge of the capacitor. 

The density of DRAM is high. Also, it is much faster than flash memory as it operates on a 

nanosecond scale, while flash require tens of microseconds.
16,18

 Although DRAM uses 

much less space than the equivalent SRAM (capacitor and selector in the case of DRAM, 

compared to six transistors in the case of SRAM), as shown in Figure 2.4, SRAM is still 

used for fast memory-like caching. The access time of SRAM is shorter than that of 

DRAM (approximately 50 ns in the case of DRAM and 10 ns in the case of SRAM). 

 

Figure 2.4. Diagram representation of a DRAM memory cell.
16

 

2.1.3 Flash Memory 

Flash memory is based on floating gate (FG) transistors, where the basic flash 

memory unit is the FG-MOSFET transistor. Flash memory still dominates the non-volatile 

memory market. The FG is isolated from the external control gate and drain, at which no 

resistive connection between the floating gate and the control gate. The charge stored in 

the floating gate can be modified by applying high voltage to the control gate. Charging 

and discharging of the floating gate can represent the logical memory state ‘0’ and ‘1’. A 

schematic of a MOSFET transistor is shown in Figure 2.5.
18

’
12

 



 

25 

 

Figure 2.5. Diagram representation of a floating gate transistor.
16

 

2.1.4 Magnetic Random Access Memory (MRAM) 

MRAM is based on magnetic material that uses magnetic charges to store data. The 

memory cell consists of two ferromagnetic plates, each of which can hold a magnetization, 

separated by an insulating layer (one is pinned and the other can be change) as shown in 

Figure 2.6.
19

 By applying an external magnetic field, the magnetic moment of the second 

plate can be changed. The magnetic moments of the two plates can be either parallel or 

anti-parallel to each other. These cases represent the logical states of the memory ‘1’ and 

‘0’. The anti-parallel arrangement of two magnetic moments provides a higher resistance 

to the cell (HRS), whereas the parallel arrangement represents a low resistance state 

(LRS).
20

 

 

Figure 2.6. The structure of an MRAM cell with bit and word lines.
19
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2.1.5 Ferroelectric Random Access Memory (FeRAM) 

Ferroelectric random access memory (FeRAM) has the same property as DRAM 

but uses a ferroelectric layer, such as lead zirconate titanate, Pb(ZrxTi1-x)O, to form 

ferroelectric capacitors when placed between two metallic electrodes (Figure 2.7.). The 

difference between the polarisation states induced by switching the spontaneous 

polarisation of the materials represents the logical memory state. When an external electric 

field is applied, dipoles inside the ferroelectric align them with the field produced by small 

shifts in the electronic charge in the crystal structure. The dipoles retain their state even 

after the charge is removed. The reading process is destructive, and the state must be 

rewritten after reading. The main issue with FeRAM is lower storage density and higher 

cost compared to high volume memories that are already on the market.
21

 

 

Figure 2.7. Diagram representation of an FeRAM memory cell.
7
  

2.1.6 Phase Change Memories (PCM) 

Phase change memories (PCM, or PCRAM) are based on chalcogenide materials, 

which can switch between an amorphous and crystalline phase when heat is applied. This 

heat is generated when a current pulse is applied through the device. The resistivity of the 

device will change with the phase. The amorphous titania has higher resistivity, and the 

crystalline phase, exhibiting a lower resistivity. The transition from an amorphous to 

crystalline phase corresponds to the SET operation, whereas the opposite transition, from a 

crystalline to an amorphous phase, corresponds to the RESET operation. This process 

needs relatively high power due to the intensity required to reach the melting point of the 

material. As this transition reversibly occurs, it represents the memory logic value ‘1’ and 

‘0’.
22

 A schematic of a typical PCM cell is shown in Figure 2.8. Intense heating and abrupt 

cooling afterwards transition the material into the amorphous phase. Longer, weaker 

heating transitions the material into the crystalline phase. Although PCRAM can already 
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be found in volume production,
23

 several challenges are still present. The high temperature 

sensitivity of PCM is still the main drawback. Moreover, existing commercial memories 

are proving to be more economical. 

 

Figure 2.8. Cross-point Phase Change memory cell.
22

   

2.1.7 Resistive Random Access Memory (ReRAM) 

Resistive switching memory is based on the resistive switching phenomenon,
24

 

whereby materials can change their resistivity states under an electric field. More details 

about this type of memory have been addressed in this thesis.  

2.2 Resistive Random Access Memory based on Metal Oxide 

In 1962, the first reported study of ReRAM was carried out by Hickmott,
25

 who 

studied hysteretic current-voltage (I-V) characteristics in MIM structures of Al/Al2O3/Al. 

He observed a resistive switching phenomenon as a result of an applied electric field. Since 

then, ReRAM has attracted a great deal of interest from researchers and semiconductor 

industries. In 2008, Williams et al.
26

 came up with the ‘missing’ fourth circuit's element, 

the memristor (memory resistor), which is the milestone that led to investigating TiO2-

based ReRAMs. 

Interest in this technology has increased in the last decade alongside the dramatic 

increase in the number of related publications, as shown in Figure 2.9. The statistics were 

obtained by a search term (ReRAM or resistive switching memory or resistive random 
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access memories) using the Web of Science indexing service. Additionally, the first 

commercially available ReRAM memory was [MN101LR05D-8bit] with embedded 

ReRAM, developed by Panasonic for portable healthcare and sensors,
27

 followed by 

[RM24C32DS-32kbit] by Adesto
28

 and then Sony-Micron.
29

 However, despite such 

improvements, research focusing on the further development of ReRAM performance in 

areas such as materials, reproducibility, stability, variability and integration to 3D is still 

ongoing. 

 

Figure 2.9.  Number of publications per year as a percentage of the total for the 2007–2017 

periods as cited in Web of Science. Search included the terms “Resistive Switching 

Memory OR Resistive Random Access Memory OR ReRAM. 

The basic principle behind this kind of non-volatile memory is based on the 

resistive switching phenomenon,
24

 whereby materials can change their resistivity states 

under an electric field. By applying the correct voltage or current, materials that are in an 

HRS or OFF state can switch to an LRS or ON state. Switching from OFF to ON is called 

the ‘SET’ process, while switching from ON to OFF is called ‘RESET’. These two states 

represent the logic values 1 and 0, respectively. The change in resistance is reversible and 

can be used to store information: ReRAM depends on intrinsic materials that can switch 

reversibly between two different resistance values. A change in structure and/or 

composition is associated with these changes. 

Resistive memory has its own excellent propitiates, such as lower operation 

voltage, high speed operation and high density 3D integration, as well as its own unique 

advantage of having a simple structure. Due to these advantages, ReRAM is favoured by 

many researchers and semiconductor industries as the most promising candidate for future 

technologies.
30
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ReRAM devices have a capacitor configuration with a structure consisting of 

insulator oxide materials inserted between two highly conductive electrodes, as shown in 

Figure 2.10. These electrodes can both be inert, or one can be inert and one can be active; 

the structure is referred to as a metal insulator metal (MIM) device. This device stores 

information ‘0’ and ‘1’ via two different resistance state levels: LRS and HRS. Two 

switching modes have been identified: unipolar and bipolar. In the unipolar mode, SET and 

RESET voltages have the same bias polarity. Usually, in the unipolar mode, the RESET 

voltage is less than the SET voltage; whereas in the bipolar mode, SET and RESET 

voltages have opposite polarities. In both modes, switching from HRS to LRS is called the 

SET process, while switching from LRS to HRS is called the RESET process.
31

 

 

Figure 2.10. Diagram of a ReRAM memory cell with a capacitor-like structure in which 

an insulating oxide is sandwiched between two metal electrodes. 

One of the most important factors in ReRAM is current compliance (IC), which is 

applied to the device to prevent any damage from large current (hard breakdown), usually 

in the SET process or the forming process. In both operation modes, there is a pre-

switching step called the ‘forming step’, which is an initial step that switches from an 

initial resistance state (IRS) to a low resistance state (LRS). Usually, this step requires 

higher voltage than the SET and RESET process. However, ReRAM today is still being 

investigated (Figure 2.11) due to the fact that no materials or structures have been 

confirmed to meet the memory device’s requirements.
31
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Figure 2.11. Diagram shown the elements (mostly in an oxide) that are used for ReRAM 

in literature (collected from different reviews) 
8-9, 14,32-33

  

2.3 Dielectric Materials 

The materials used for ReRAM are very important, as the ReRAM mechanisms 

vary from one cell to another depending on the nature of the materials used for resistive 

switching.
32,34

 One of the key successes of future ReRAM technology will be the ability to 

integrate materials/switch structures into a conventional material that can switch reversibly 

between two different resistance values. Therefore, the selection of materials should 

depend on whether the material has a high dielectric constant and a different oxidation 

state.
35

 

Reversible resistive switching has been observed in various oxide materials, 

including binary metal oxides such as TiO2,
36,37,38,39,40,41

 NiO,
42-43

 HfO2,
44,45

 AlOx
46

; 

perovskite oxides (e.g., Cu-Doped ZrO2,
47

 SrTiO3,
48,49,50

 Fe-Doped SrTiO3,
51

 Cu-doped 

TiO2,
52,53

 Cr-Doped TiO3,
54

 Nb-Doped SrTiO3
55

; chalcogenide materials (e.g., GST)
56

; and 

complex oxides materials like (Pr,Ca) MnO3,
57

 amorphous silicon (a-Si),
58

 carbon-based 

materials,
59

 and amorphous zinc-doped silicon oxide.
60

 Composite oxides, such as 

TiO2/TiO2-x
61,62

 and HfO2/TiO2
63

 have been considered for ReRAM application. Among 

these resistive switching materials, binary metal oxides are of great interest, especially 

TiO2, the most commonly reported oxide in ReRAM. Titanium oxide has been chosen as a 

benchmark material for this high-throughput research project in order to establish a reliable 

screening of ReRAM material. Furthermore, TiO2 has been studied as a high-k capacitor 

oxide.
64

 It is intrinsically an insulator, meaning it has a very high resistance. The 

conductivity of film occurs by making the oxide richer with oxygen vacancies, which 
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behave like positively charged species. By applying an external voltage bias in a 

stoichiometry film, it is possible to drift the oxygen vacancies. In addition, due to the 

simplicity of its fabrication, ReRAM shows both unipolar and bipolar RS, which makes it 

easier to study both mechanisms.
41

 Moreover, TiO2 is compatible with CMOS, a cheap, 

non-toxic material, and is chemically stable; its electrical properties, on the other hand, are 

unstable, which leads to either more insulation or conduction through the appropriate 

choice of impurities.
37

 TiO2 is widely used in different areas of research under various 

forms, such as single crystals and ceramics, or as thin films, such as optical application
65

 

and photocatalysis.
66,67,68

 TiO2 is also used as a support material due to its high 

conductivity in the sub-stoichiometric or doped form.
69

  

2.4 Electrode Materials 

Electrode materials have been found to impact the switching behaviour of 

ReRAM.
41

 Therefore, electrode materials should be carefully selected, as improper 

materials, especially top electrodes (TE), can lead to degradation, which occurs via the 

formation of bubbles underneath the contact.
70,71

 This will affect the endurance of the 

device. It is important to highlight that a selection of electrode materials should be taken 

into account for a metal with high oxidation resistance. Furthermore, active top electrodes 

have been reported,
72

 as they have unique features, such as bipolar resistive switching, long 

switching time and opposite cycling direction in contrast to inert electrodes. 

There are many studies in the literature that have tested a variety of electrode 

materials. Chen et al.
71

 studied the effect of top electrode materials (Pt, Al and Ti) for 

ZrO2, with Pt as the bottom electrode; it was concluded that Ti can be reproducibly 

switched over 1000 times with a slight decrease in the resistance ratio between the 

ON/OFF states. In addition, the write/erase operation was found in 10 cycles without 

degradation where good stability for the ON/OFF state has high potential for non-volatile 

memory (NVM). However, it was reported that the conductive channel is formed by the 

nearest Ti ions in the presence of an oxygen vacancy chain.
73

 

Another study by Kang et al.
42

 examined NiO thin film using Al, Pt and Ta. They 

observed that Al and Ta lose their switching characteristics within 24 hours, which results 

in irreversible breakdown. In contrast, Pt still exhibits repetitive resistive switching. 

Resistive switching at a slower sweep rate is more stable than at a faster sweep rate, which 

might be due to the higher energy required in the RESET process.
71 

However, Chen et al.
71
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have confirmed that the resistive switching characterisation of Ti/ZrO2/Pt is more stable 

than that of Al/ZrO2/Pt and Pt/ZrO2/Pt devices. The oxygen ion comes from the ZrO2 

matrix, which reduces variation in resistive switching and provides an oxygen source from 

the Ti/ZrO2 interface layer. In addition, it enhances endurance performance. Wang et al.
74

 

have reported that substantial power is consumed in the transition from LRS to HRS 

(RESET step). In addition, voltage across the device will drop as soon as a conductive path 

is created, and most of the applied current will follow from this path. The Cu top electrode 

has been studied and its diffusivity in TiO2 confirmed, showing bipolar behaviours.
75

 

Another study was conducted by Jaewan et al.
76 

using the Cu top electrode, in which it was 

concluded that Cu/TiO2/Pt exhibited high fluctuation of the current in HRS compared to Ni 

and Al.  

2.5 Operation Mode in ReRAM 

In ReRAM, there are two switching schemes, which can be classified as unipolar 

switching and bipolar switching; for both switching schemes, there is a pre-switching step 

called the forming step.
13

  

2.5.1 Forming Step (FS) 

The FS, which is the initial process for resistive switching measurement, is 

performed by applying an appropriate voltage until the materials are in an initial resistance 

state (IRS), sufficiently stressed to cause a breakdown (Vset), at which point the current 

flows; the current is limited by the set IC.
34

 Then, heat is generated, causing a major 

modification of materials whereby the device switches to low resistance state (LRS) (ON). 

On sweeping the voltage back, the current remains on IC until it falls to zero. This step 

usually involves enormous hysteresis in (I-V) behaviour at several orders of magnitude 

greater than that observed before the breakdown,
31

 as shown in Figure 2.12. Basically, 

there are two types of breakdown – hard breakdown and soft breakdown – depending on 

the possibility of recovery from a degraded resistance state. In hard breakdown, there is a 

hard decrease in resistance such that the cell cannot be switched back to HRS
77

; whereas in 

soft breakdown, the FS activates resistive switching between HRS and LRS. It is important 

to highlight that HRS is generally lower after the FS than in its pristine state (before the 

FS), indicating that once the FS is switched, HRS cannot be switched back to a pristine 

state.
32

 One of the main parameters in the FS is oxide thickness, as it determines the 

forming voltage, which is the highest voltage needed. It is important to indicate that the 
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SET and RESET operations are not dependent on oxide thickness, as they have lower 

voltages than FS. The forming voltage can be reduced by thinning the oxide layer; 

however, a thin film would lead to greater breakdown than a thick film. In addition, the 

forming voltage can be compared to SET voltage, and so the forming voltage becomes 

unnecessary.
41

 However, some devices do not require this step, especially non-

stoichiometric devices, as they are low in oxygen.
62

  

 

Figure 2.12. Diagram of forming step. CC: compliance current. Dashed line indicates that 

the real voltage in the system is different from the control voltage. 

2.5.2 Unipolar mode  

Unipolar resistive switching behaviours do not depend on the polarity of applied 

voltage. After the FS, the voltage is increased until the switch from LRS to HRS occurs, at 

which point a thermal dissolution of the filament takes place (Vreset), as shown in Figure 

2.13a. By sweeping the voltage, the materials switch to LRS (Vset), as shown in Figure 

2.13b. It is important to mention that the RESET process requires higher current than the 

forming and SET steps. In addition, the SET step is quite similar to the forming process. 

However, the forming process requires a higher voltage than both the SET/RESET 

processes. During this process, a continuous reversible switching sequence should be 

observed, as shown in Figure 2.15.
13,31,77

 Unipolar types have been observed in many 

highly insulating oxides, such as binary metal oxides.
13,31,34
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a  RESET                                                           

 

     b  SET 

 

Figure 2.13. I–V curves for unipolar switching. CC denotes the compliance current. The 

dashed lines indicate that the real voltage in the system will differ from the control voltage 

because of the CC in action. (a) RESET step. (b) SET step where the voltage is higher than 

the RESET voltage, and the RESET current is always higher than the CC during SET 

operation. 

2.5.3 Bipolar mode 

Bipolar resistive switching is based on the polarity of the applied voltage, as shown 

in Figure 2.14.
34

 As mentioned, after the FS and by applying the opposite polarity of 

voltage, the device switches to HRS (Vreset), as shown in Figure 2.14 (positive polarity), 

at which point there is a recombination of oxygen vacancies. The oxygen diffuses in the 

filament by applying voltage with an opposite polarity (result in higher resistance of the 

device), after which the device switches to LRS (Vset),
35

 as presented in Figure 2.14 

(negative polarity). As this process continues, a reversible switching sequence should be 

observed, as shown in Figure 2.15. For the bipolar type, the switching can be very abrupt, 

which makes the device suitable for digital memory applications. These types of switching 

behaviours are observed with many semiconducting oxides, such as complex perovskite 

oxides.
35,31,34 
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Figure 2.14. I–V curves for bipolar switching. cc denotes the compliance current. Dashed 

lines indicate that the real voltage in the system will differ from the control voltage 

because of the cc in action. The SET operation occurs on one polarity of the voltage, the 

RESET operation requires the opposite polarity. 

 

Figure 2.15. Reversible switching sequence: (IRS, initial resistance state; LRS, low 

resistance state; HRS, high resistance state). 

2.6 Switching Mechanisms 

One of the main challenges in the optimisation of ReRAM is the need for a better 

understanding of the mechanism. Although there has been extensive research on ReRAM, 

the mechanism behind the switching phenomenon is still not fully understood. However, it 

has been reported that the ReRAM mechanism can be broadly classified into the filament 

model and the interface model,
31

 as well as conductive bridge RAM (CBRAM).
78
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 In a filament model, resistive switching originates from the formation and rupture 

of conductive filaments of dielectric oxide under thermal effect, as shown in Figure 2.16a 

below. This model can be linked to bipolar and unipolar switching behaviours.
31,79

 Oxygen 

vacancies in TiO2 are known to act as n-type dopants, transforming the insulating oxide 

into an electrically conductive-doped semiconductor. The vacancy dopants drift in the 

electric field via diffusion paths, such as grain boundaries, which form channels with 

electrical conductivity (σ). When the conductance channels infiltrate the electronic barrier, 

the device is in a switched ON state. After that, voltage with reverse polarity is applied, 

which takes the vacancies in the conducting channel away from the top interface where the 

electronic barrier is recovered, and the device is switched to an OFF state; whereas in the 

unipolar switching mode, the device is switched back by the rupture of the conduction 

filament by the generated heat.
74 

 

Figure 2.16. Switching mechanisms: (a) Filamentary conducting path model and (b) an 

interface-type conducting path model.
31,79

 

 

      On the other hand, with the interface model, resistive switching takes place at the 

interface between the metal electrode and the oxide, as shown in Figure 2.16b above.  

Figure 2.17 summarises the switching process of the filament model, which considered by 

joule heating. The forming process creates filaments consisting of oxygen vacancies, and 

the RESET process occurs when local oxidation takes place, and is then SET take place 

when local reduction occurs.  
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Figure 2.17. Switching process of filamentary model (forming, reset and set)  

Furthermore, the switching process of the interface model occurs through the 

migration of oxygen under an electric field, as seen in Figure 2.18. The conduction 

filament takes place in the forming process, after which oxidation of the filament resettles 

the device before the generation of oxygen vacancies occurs (SET). 

 

Figure 2.18.  Switching process of the interface model. 

Another suggested mechanism
78

 is conductive bridge RAM (CBRAM) (Figure 

2.19), in which the electrolyte layer is inserted between an oxidizable anode and inert 

cathode. The conductive formation involves certain steps. First, when positive voltage is 

applied to the oxidizable anode, an electrochemical reaction occurs in the anode that 

oxidises the anode’s metal atom into a metal ion. Next, the highly mobile cation drifts in 

the ion conductive layer under the electrical field. Finally, the metal ions are deoxidised 

back to metal atoms at the inert cathode. As this process continues, a metallic filament is 

established between the two electrodes, and the device switches from HRS to LRS. By 

changing the polarity of the bias voltage, an electrochemical dissolution of the conductive 
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bridge takes place, which resets the device to HRS.
35,80

 The switching process of this 

mechanism can be seen in Figure 2.20. 

 

Figure 2.19. Illustration of the CBRAM switching mechanism: ON state: Redox reaction 

drives Ag ions in chalcogenide glass, resulting in a conductive bridge; OFF state: Size and 

number of Ag-rich clusters is reduced, breaking of the conductive bridge.
78

 

 

Figure 2.20. Switching process of conductive bridge mechanism.
81

 

Nevertheless, Direct current (DC) characterisation provides statistical information 

on ReRAM switching parameters (such as desired voltage, leakage current and compliance 

current), while dynamic information (such as retention and endurance) can be obtained via 

Pulse I-V, where time is controlled during the applied voltage to test the device. In DC 

instruments, IC is used to limit the maximum current flowing through the test device, with 
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the goal of limiting the amount of current to reduce the stress on the cell and improve the 

quality of the switching process.
82

 However, at this stage of the project, the Pulse I-V 

characteristics could not be obtained, as the equipment had only just arrived at our 

laboratory. Figure 2.21shows an example of a Pulse I-V experiment in which the y-axis 

(blue curve) is the applied pulse voltage, the y-axis (red curve) is the current response, and 

the x-axis is the time in nanoseconds, where the SET and RESET switches are on the same 

time scale.  

 

Figure 2.21. Applied pulse voltage and writing current waveforms of Ta/CoO/Pt for (a) 

SET and (b) RESET. SET and RESET conditions are 2.2 V 50 ns and -1.4 V 50 ns, 

respectively.
83

  

A range of materials has been applied to ReRAM applications in the literature. The 

materials can be classified in terms of their application to ReRAM relevant to the 

switching mechanism – that is, ion migration or the redox system. This literature is 

summarised in Table 2.2 and Table 2.3 and contains information on some of the key 

parameters of the device studied, including material thickness, applied voltages, phase and 

the metal contact electrodes. Important features reported for TiO2-based ReRAM, such as 

forming voltage, thickness and electrodes, are shown in Table 2.4. 
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Table 2.2. Various Binary Metal Oxide Materials Utilised in ReRAM Devices in Ion 

Migration. Top (left) and Bottom (right) Electrodes Compressing the Oxide Layer; N/S is 

‘Abbreviation Not Specified’.  

Materials Phase Electrodes Thickness Voltage Company Involved Year Ref  

ZnO2 N/S Ti, Pt 40–70 -3,+1 Taiwan Semiconductor 

Manufacturing 

Company Ltd 

2007 53 

TiO2 amorphous Pt, Pt 27 -6.1, 

+1.1  

Centre of Nano 

Electronic Systems for 

Information Technology, 

Germany 

2007 36
 

ZrO2  crystalline Au, Si 25 -4, +3 Institute of 

Microelectronics, 

Chinese Academy of 

Sciences, Beijing 

2007 47
 

ZnO2 amorphous Tin, Pt 30 -4, +4 Institute of 

Microelectronics, 

Peking University, 

Beijing 

2008 84
 

CU doped 

ZrO2 

N/S Cu, Pt 20 -2, +2 Institute of 

Microelectronics, 

Chinese Academy of 

Sciences, Beijing 

2008 85
 

ZnO2 N/S Pt, Tin 20 -2, +1.5 Institute of 

Microelectronics, 

Peking University, 

Beijing 

2009 86
 

ZnO2 N/S ITO, Ag 

(BE)- ITO 

50 +0.6, 

+3.4 

Korea Advanced Institute 

of Science and 

Technology 

2009 45 

TiO2 amorphous Al, Al 10 -3, +3 Yang Kyu Choi (Hyinx 

Company) 

2009 11 
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TiO2 amorphous Pt, Pt 60 -2, +1.5 Inter-University 

Semiconductor Research 

Centre, Seoul National 

University,   Korea 

2010 12 

ZrO2 N/S Au, Ag 150 0, +0.5 Institute of 

Microelectronics, 

Chinese Academy of 

Sciences, Beijing 

2010 54 

TiO2 amorphous Pt, Tin 100 +2, -2 Institute of Science and 

Technology, South Korea 

2011 13 

ZnO2 crystalline Cu, Pt 50 -1, +1 Ningbo Institute of 

Material Technology and 

Engineering 

2012 87
 

TiO2 crystalline 

 

Pt, Ti 60 -2, +4 Inter-University 

Semiconductor Research 

Centre, Seoul National 

University, Seoul, Korea 

2011 39
 

NiO 

 

amorphous Ag, Pt 40 0, +2.5 Samsung 2008 16 

HfO2 N/S Au, Pt 10 -10, +10 Inter-University 

Microelectronics Centre, 

Belgium 

2010 44
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Table 2.3. Various Binary Metal Oxide Materials Utilised in ReRAM Devices in Redox 

System. Top (left) and Bottom (right) Electrodes Compress the Oxide Layer; N/S is 

‘Abbreviation Not Specified’ 

 

Materials Phase Active 

Electrodes 

Thickness Voltage Company Involved Year Ref 

TiO2 amorphous Ru- (Pt, Al) 20–57 +2, -2.5 Institute of Electronic 

Materials, Germany 

2005 40 

TiO2 crystalline Pt, Pt N/S 1-2 (set) 

0.5 (reset) 

Samsung Advanced 

Institute of 

Technology, Korea 

2005 41 

ZnO2 crystalline ITO, ITO 100 3.2 Korea Advanced 

Institute of Science 

and Technology 

2008 88 

Ge2 Sb2 Te2 amorphous Ag, Pt 135 -1, +1 Samsung 2012 56 

Ta2, O2 amorphous Cu, Pt 50 +0.65 Samsung 2007 90 

Cr -doped 

SrTiO2 

crystalline Cr, Pt N/S -2, +2 IBM Research, 

Zurich Research 

Laboratory  

2007 
54 

Mg0.2 Zn0.2 crystalline Pt, Pt 350 +0.65 State Key Laboratory 

of Optoelectronic 

Materials and 

Technologies, China  

2008 91 

Pr0.7 Ca0.3 

Mn03 

amorphous Pt, W 50 -1.5, +1.5 Gwangju Institute of 

Science and 

Technology, Korea 

2011 57 

SrTiO3 crystalline Au, Pt 300 -1.2, +1 IMEC 2011 50 

WO3 N/S Cu, Pt 50 -0.44, +0.1 Institute of 

Microelectronics, 

Chinese Academy of 

Sciences, Beijing  

2011 92 

HfO2 amorphous Ti, Pt N/S N/S Department of Materials 

Science and 

Engineering, Korea 

2012 93 
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Table 2.4. Important Features Reported for TiO2-based ReRAM, such as Forming Voltage, 

Thickness, Electrodes and Area; N/S is ‘Abbreviation Not specified’. 

 

 

2.7 Screening Materials for ReRAM Application 

The challenge is to implement the statistical and dynamical measurements 

necessary to assess the performance of material in an ReRAM device, which should be 

compatible with the synthesis of high-throughput methodology. However, the electrical 

Thickness of 

TiO2 / nm 

Top Electrode Bottom 

Electrode 

Electrode 

Thickness(Top)/ nm 

Pad Size Phase Ref 

27 Pt Pt 10 10-100 um N/S 
36

 

10 Pt Pt 10 NS amorphous 
94

 

10 Pt Pt/Ir (AFM 

tip) 

N/S 2um amorphous 
95

 

30 Al Pt 200 um (Al) N/S amorphous 
96

 

70 Pt Pt 100 100 um N/S 
97

 

40 Pt Pt NS 46 um amorphous 
98

 

50 Pt Pt 30 40 um N/S 
99

 

5 Ni Ni 30 NS amorphous 
100

 

50 Pt Pt 30 40 um N/S 
101

 

20–57 Pt Ru NS NS rutile 
102

 

30 Cu Pt NS 100 nm anatase 
75

 

120 Al Pt NS 200 um anatase 
52

 

40 Cu Pt 185 100 um amorphous 
76
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parameters listed below are key to indicating the behaviour of the materials compatible 

with ReRAM devices. 

2.7.1 Operating Voltages 

Operating voltages for a ReRAM device should only be a few volts for both 

programming and erasing voltages. High operating voltages mean high consumption of 

power. In addition, reliability can be a problem with high operating voltages.
34,105

 

2.7.2 Resistance Ratio 

The ratio of resistance for HRS to LRS is an important factor in ReRAM 

applications as it affects the accuracy of programming and erasing. Generally, a resistance 

ratio greater than 10 is required to distinguish the two resistance states in circuit design.
34,40

 

2.7.3 Write Operation 

To be compatible with scaled CMOS, the write voltage should be in the range of a 

few hundred mV, which can also provide an advantage over flash memory, which suffers 

from high programming voltage.
34,35

 

2.7.4 Read Operation 

Read voltage must be smaller than write voltage to prevent a change in resistance 

during read operation. In the ON state, the read current should not be less than 1 mA to 

allow fast detection of the state by reasonably small sense amplifiers.
34

 

2.7.5 Retention Time 

The length of time a memory cell will stay in one state after programming or 

erasing is called retention time, which means the ability of a memory cell to retain its 

content. The ideal retention time is 10 years, as most of the commercially available devices 

are guaranteed to retain whether the power is ON or OFF.
34
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2.7.6 Operating Speed 

The shortest time for programming and erasing device cells is defined as the 

operating speed. It has been found that the best operating speed for ReRAM devices is 

between 5 ns and 100 ns.
34,35

 

2.7.7 Multilevel Storage 

The ability of a memory cell to exhibit reproducible resistive switching between 

multiple resistance states is defined as multilevel storage, which can enhance storage 

density. Each resistance state remains stable over 104 seconds and is predicted to have a 

lifetime of 10 years.
34,35

 

2.7.8 Size Dependence 

It has been reported that
104

 small device areas exhibit good resistive switching 

properties compared to large-sized areas investigated using TEM (0.15 um versus 8 um) 

because of the higher resistance of the pristine device. On the other hand, small-sized 

devices exhibit switching at lower compliance, 50 um, and lower voltages, +/-2V, without 

the need for a FS. 

2.7.9 Thickness Dependence 

The thickness of TiO2 should be small to obtain a current density that is in 

agreement with the current density of ReRAM devices. In addition, to keep the voltage as 

low as possible, the thickness should be on the order of a nanoscale to meet the device’s 

manufacturing requirements. When oxygen vacancies increase, the Fermi level of TiO2 

becomes closer to the conduction band.
105

  

2.8 Physical Properties toward Resistive Switching Memories 

The physics and chemistry of TiO2 play a critical role in the relationship between 

atomic surface structure and other physical and chemical properties, as there is mixed ionic 

and covalent bonding in metal oxide systems.  
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2.8.1 Bulk Structure of TiO2 

Titanium oxide can crystallize into different structures, such as anatase, rutile and 

brookite.
106,107,108

 The most common and studied structures are anatase and rutile. In this 

project, TiO2 anatase and rutile were produced using physical vapour deposition (PVD) by 

molecule beam epitaxy (MBE). In addition, amorphous TiO2 thin films have been prepared 

at low temperature.  

Titanium dioxide occurs as two important polymorphs, the stable rutile and 

metastable anatase, and their crystalline phases are shown in Figure 2.22. Rutile can be 

formed at any temperature between 600 °C –1800 °C, at which point TiO2 becomes 

liquid.
108

 Whereas at temperatures above 600 °C, irreversible transformation of the anatase 

structure to rutile structure occurs.
106

 The elementary cells of the TiO2 crystal structures are 

presented in Figure 2.22. Rutile and anatase phases show inherently different particle 

sizes, which might differentiate their electrical proprieties. The most stable crystal face is 

rutile (110). However, it can be restructured and reconstructed under a reducing or 

oxidising condition under high temperature. Furthermore, the anatase face (101) is more 

thermodynamically stable than rutile (110) at which, rutile (110) can be easily reduced than 

anatase (101).
105 

 

Figure 2.22. Elementary cells of the TiO2 crystal structures. White ball denote the titanium 

atoms and red balls the oxygen atoms.
109 

2.8.2 Surface Defect 

Ideally, controlling TiO2 defects, such as oxygen vacancies, is required, which 

could be created by annealing in the UHV. Changes in oxygen vacancies cause changes in 

electronic structures. The order of oxygen vacancies would increase the conductivity of 
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TiO2 if the electronic configuration and bonding characters around the vacancies were 

changed.
105

  

2.8.3 Bulk Defect 

The region of oxygen deficiency where the defect is located is still under 

investigation. However, most studies have shown that Ti interstitials are the most dominant 

type in ReRAM. The thermal annealing that occurs in the bulk of TiO2 crystals causes loss 

of oxygen, which might lead to crystallographic shear planes. On the other hand, non-

stoichiometric TiO2-x contains Ti interstitials in addition to O, which results in higher 

diffusivity at RT which can in turn form additional TiO2 structures.
105

  

At elevated temperatures of TiO2 crystals, oxygen vacancies form defect states 

(occupied) below the conduction band. Moreover, the occupied defect states provide 

electrons as charge carriers (n-type). If other atoms are doped to form unoccupied states 

just above the valence bands, then p-type crystals will be formed.
110

 Oxygen vacancies in 

TiO2 are known to act as n-type dopants, transforming insulating oxide into electrically 

conductive doped semiconductors. In both crystal structures, these defects give rise to 

states in the band gap corresponding to electrons localised at Ti
3+

 centres.
37

 

There is no ideal crystal. At any temperature, crystals contain various structural 

imperfections or defects. The greatest point defects of pure rutile TiO2 are oxygen 

vacancies and interstitial titanium atoms, which are formed by the transfer of an oxygen 

atom on a normal site to the gaseous state
111

; the chemical reaction is written in the 

following manner: 

O
-2

 lattice↔V
-2 

lattice + ½ O2                                                                                                          Equation (2.1) 

Where O
-2

 lattice is an oxygen ion on a normal lattice site, and V
-2 

lattice is oxygen vacancy.  

Two trapped electrons (e´) associated with the vacancy may, depending on the 

temperature, be excited and freed from the vacancy. In this case, the vacancy acts as a 

donor and becomes singly or doubly charged,
112

 as follows: Ti
+4

O2
-2

 

V
-2 

lattice(0) + Ti
+4 

lattice(Ti) ↔ Ti
+3 

lattice(Ti) + V
- 

lattice(0)                               Equation (2.2a) 

Or  

V
-2 

lattice(0) + 2Ti
+4

 ↔ 2Ti
+3 

+ V
0 

lattice                                                      Equation (2.2b) 
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Where V
-2 

lattice (0) are two trapped electrons, and Ti
+4 

lattice (Ti) is a titanium ion in a normal 

lattice. 

The Ti ion can relax in the lattice and become interstitial as follows: 

Ti
+3

↔Vlattice(Ti) + Ti
+3

interstitial                                                                  Equation (2.3)  

A clear description of these equations is outlined in the schematic presented in Figure 

2.23. 

 

Figure 2.23. Schematic display the defect mechanism in TiO2 

Point defects can contribute to electrical conductivity (σ) in different ways. First, 

they can provide mobile charge carriers (ionisation); second, they can move in response to 

an electric field, which means producing an ionic current. Hence, it is important to know 

the concentration of defects, since when the concentration of oxygen vacancies crosses the 

upper limit boundary, the phase instability of original TiO2 becomes high, and phase 

transition leads to the second phase: the ‘magneli phase’.
77

 The oxygen vacancies act as 

electron donors; thus, TiO2-x is an n-type semiconductor, in contrast with p-type 

semiconductors, which contain electron acceptors and where the charge carriers are holes 

rather than electrons.
113

  

2.8.4 Band Structure 

Band gap energy differences between the top valance state and the bottom 

conductance state determine the electrical conductivity of solid materials, with large band 
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gaps comprising insulators and smaller band gaps comprising semiconductors. Electrons 

are able to jump from one band to another, from valance to conductance, by absorbing 

phonons (heat) or photons (light).
114

 The conductivity of intrinsic semiconductors depends 

on band gaps, The only available charge carriers for conduction are electrons that have 

enough thermal energy to be excited across the band gap and the electron hole left off 

when such an excitation occurs.
113

  

The energy band diagram of pure semiconductors is characterised by an energy gap 

(EG) at which no electronic states are encountered.
113

 Electrical conductivity can be 

measured using the following formulas: 

σ = σn + σp = q μn n + q μp P                                                  Equation (2.4)         

n = Nc exp (- Ec-EF/kT)                                                           Equation (2.5) 

Where n is the electron density in the conduction band and σ electrical conductivity 

P = Nv exp (-EF-Ev/Kt)                                                          Equation (2.6)                                  

Where p is the hole density in the valance band 

EF = (Ec + Ev/2) + (KT/2 ln (Nv/Nc))                                     Equation (2.7)                              

Where EF is the Fermi energy 

K is Boltzmann’s constant; T is the absolute temperature; q is the electronic charge; 

μn is the electron mobility; μp is the hole mobility; Nc and Nv are the effective densities of 

the conduction and valence bands states, respectively; Ev is the energy at the top of the 

valance band; and Ec is the energy at the bottom of the conduction band, as indicated in 

Figure 2.24. 
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Figure 2.24: Simplified band diagram of a semiconductor.
113

 

2.8.5 Fermi level  

The Fermi level, which is located in the middle of the band gap (Figure 2.25a), is 

the highest occupied level at absolute zero. If the Fermi level is near the bottom of the 

conduction band (top of the band gap), then the current transport is due to electrons, and 

the semiconductor is the n-type, since electrons are the majority charge carriers (Figure 

2.25b). In the other case, if the Fermi level is near the top of the valence band (bottom of 

the band gap), then the semiconductor is p-type, since holes are responsible for the current 

transport: ‘holes are the majority charge carriers’ (Figure 2.25c).
113

 

There are different types of defects, which can be classified into three groups: point 

defects, line defects and plane defects. Point defects include empty sites (oxygen 

vacancies), where constituent atoms are missing in the structure, and interstitial atoms 

occupy interstices between the regular atomic sites. Line defects ‘dislocation’ is analysis 

and displacements in the periodic structure in certain directions. Plane defects include the 

grain boundary. 
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Figure 2.25. Band diagram and the carrier concentration for (a) intrinsic, (b) n-type, and 

(c) p-type semiconductors at thermal equilibrium.
113

 

As this work is strongly related to electrical properties, it is important to highlight 

that titanium oxide is easily reducible due to the variety of stable phases available,
105

 

depending on thermodynamic variables, such as temperature and pressure. This is 

attributed to the transition metal Ti, which might have various valence states. In the phase 

diagram,
115

 shown in Figure 2.26, the stoichiometric titania, which is essentially an 

insulator due to the wide band gap and has a resistivity on the order of 10
7
 Ω

116
, is shown; 

the reduced form is where a variety of defects can form as the resistivity drops 

significantly, and, for example, the magneli phase titania exhibits small resistivties,
117

 

which therefore means it is ideal as a conductive phase in ReRAM applications. Rutile and 

anatase structures are compatible with stoichiometries higher than 1.95 only (Figure 2.26). 

It has been reported
108,118

 that titanium oxide is regarded as an n-type semiconductor, 

whereas TiO2-n/2, (˃1.5) is regarded as metal. Therefore, the change in the stoichiometry of 
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the magneli phase leads to a large change in electrical properties.
118

 Depending on σ, the 

solid state materials can be classified into three groups: Low electrical conduction 

materials are insulators; materials with high σ are metals; and materials in between are 

semiconductors. The electrical conductivity in semiconductors increases when 

temperatures decrease, while the reverse phenomenon usually occurs in the case of metals. 

 

Figure 2.26. Phase diagram of titanium oxides (the magneli phase is located between TiO2 

and Ti3O5).
115

 

2.9 Combinatorial Synthesis and High Throughput Screening of Solid 

State Materials 

2.9.1 Introduction  

Combinatorial chemistry and high-throughput techniques have emerged during the 

last decade due to the challenge of developing materials for different applications. These 

techniques aid in the design and rapid synthesis of a variety of material libraries. Such 

methods also allow the screening of libraries in a parallel manner. Control of the chemical 

composition of thin-film arrays and their desired thickness can also be achieved, which 

helps in finding suitable materials for each individual application.
5,119

 These advantages 

have centred these techniques at the heart of industrial and academic research interest due 

to their cost and time effectiveness.
120,121
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Combinatorial methods were first used for drug discoveries.
122

 Since then, they 

have been considered a very efficient tool for revealing the relationship of quantitative 

activity structures to establish the criteria for designing novel functional materials used for 

electronic thin film materials. Recently, extensive research has focused on the development 

of combinatorial and high-throughput methods for the discovery of new materials that can 

be used in different applications.
121,123

 In addition to the adaptation of conventional 

methods of solid state synthesis to combinatorial synthesis, significant progress has been 

made in using thin film combinatorial synthesis combining sputtering or laser ablation of 

elements or precursors. More recently, a promising method for controlled synthesis was 

carried out using evaporative physical vapour deposition (PVD) to produce libraries of 

thin-film materials.
124

 Combinatorial libraries with a high level of control over material 

composition gradients across the substrate can be developed through the simultaneous 

deposition of more than one element.
68

 More recently, combinatorial methods have been 

successfully applied to ReRAM.
125

 

Various experimental methods have been employed for the fabrication of ReRAM 

devices. They usually involve a layer-by-layer deposition of the different structural 

components that make up the device – namely, the bottom electrode, the TMO layer and 

the top electrode. The experimental conditions during ReRAM fabrication determine the 

structure of the thin-film layer as well as the performance of the devices. For example, Lee 

et al.
63

 reported that annealing TiO2-based ReRAM devices, under an oxygen environment, 

improved their resistive switching properties. This is related to the distribution of defects, 

oxygen vacancies specifically, introduced during synthesis. Consequently, defects are 

postulated to play an important role in determining the resistive switching mechanisms. 

A range of ReRAM fabrication methods have been reported in the literature. They 

usually involve a combination of the following deposition techniques: pulsed laser 

deposition (PLD),
126

 thermal oxidation and low pressure chemical vapour deposition 

(CVD),
127

 photolithography and reactive ion etching,
128

 electron-gun evaporation under 

high vacuum,
64

 RF magnetron sputtering at room temperature under a low oxygen 

environment,
129

 RF coupled with DC magnetron sputtering or thermal evaporation, atomic 

layer deposition (ALD)
61

 and rapid thermal annealing (RTA).
130

 A common limitation of 

the fabrication methods described in the literature is that they only allow for the synthesis 

of a defined composition and thickness of the TMO layer at a time. Additionally, its 

involve the use of a variety of instruments for each step, thus making it a relatively time-
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consuming and costly process. This represents a drawback of the materials design and 

optimisation of ReRAMs.  

2.9.2 Metal Oxide Materials 

A combination of PVD and high-throughput material screening techniques
131

 has 

started a revolution in the discovery of materials for different applications. This is based on 

the number of patents and papers that have been published by the Hayden research 

group.
68, 124, 131, 132, 133, 134,135, 136, 137, 138

 It has been mentioned that metal oxides play an 

important role in ReRAM mechanisms.
49,74,77,130,139

 More importantly, Hayden et al.
133 

have demonstrated the capability and feasibility of the evaporative PVD technique in terms 

of producing libraries for non-volatile memory materials, where stoichiometric and sub-

stoichiometric oxide can be achieved using electron beams or Knudsen sources, combined 

with a plasma atom source.
140

 This unique technique, in which the films are deposited 

through the condensation of a vaporised form of the source material onto a substrate, 

allows the co-deposition of multiple elements (up to six elements) across the substrate. 

2.9.3 High-Throughput Physical Vapour Deposition (HT-PVD) 

The PVD system consists of four chambers with a base pressure of 1x10
-8

 
torr

: 

growth chambers A and B, the sputtering chamber, and the surface analysis chamber. Base 

pressure is achieved through a combination of pumps for the different chambers of the 

PVD system, including a rotary (Varian), turbo molecular (Pfeiffer), ion (Varian), titanium 

sublimation (Varian) and cryogenic (CTI Cryogenics) (DCA Instruments). These chambers 

are connected via an ultra-high vacuum (UHV) transfer line, as shown in Figure 2.27. The 

chambers are interconnected via a series of buffer lines, which are isolated from the 

chambers by gate valves. Each chamber also features a transfer arm for inserting and 

removing samples from within them. Growth chambers use a combination of Knudsen 

cells (K-cells), which use a heating filament that surrounds the crucible to evaporate the 

source materials, and electron beam sources (E-gun), which use a beam of electrons to 

evaporate the source materials. Samples are loaded onto named specimen holders sitting on 

a trolley, and a load lock allows the insertion and removal of samples from the system. 

This load lock is used to vent atmospheric pressure before subsequent pumping down to 

the UHV pressure, independent of the rest of the buffer line. The samples are delivered to 

chamber A by a trolley inside the buffer line. Then, the sample is picked up from the 

trolley and placed in the chamber by use of a transfer arm. The sample is then held by the 
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chamber manipulator and positioned at a pre-defined deposition height relative to the 

source. Several manipulators are also present in the transfer line for moving samples 

between the trolleys and transfer arms. Additional manipulators inside the growth 

chambers allow the samples to be picked up from the transfer arms and held in a constant 

or rotated position during deposition. The manipulators in the two growth chambers can 

also be heated to 1100 C
°
, allowing deposition onto heated substrates or post-deposition 

annealing. A schematic of the high-throughput system detailing the important features of 

each chamber is shown in Figure 2.27. In this work, an E-gun source was used to 

evaporate Ti (E-gun 1) and Pt and Cu from E-gun 3, while a plasma atom source, located 

at the position of K-cell 2 in the chamber (Figure 2.28), was used to supply a flux of 

atomic oxygen during deposition. All samples presented in this work were prepared using 

growth chamber A (GCA) as shown in Figure 2.29 

 

Figure 2.27. Layout of the HT-PVD system showing thin film growth chambers A and B,  

the sputtering chamber and surface analysis chamber.
141
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Figure 2.28. Layout of the evaporative sources and location of the evaporation source used  

in system.
69

 

 

Figure 2.29. Photograph of the PVD system enables the co-deposition of up to six  

elements (chamber A).
142

 

There are three types of shutters in the chamber: main, source and wedge shutters. 

The source shutter controls the beginning of the deposition and either fully shields or 

exposes the substrate to the vapour beam. This shutter can allow one to commence or 

terminate deposition to produce accurate and reproducible deposition times. The wedge 

shutter, which is located just above each source, moves directly into the elemental flux and 
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can partially obscure the substrate from the vapour to create a controlled material 

gradient.
124

 Figure 2.30 shows the effect of varying shutter placement on the deposition 

profile. 

 

Figure 2.30. Schematic describing the effect of shutter position on the deposition profile  

for an off-axis source. Bmin and Bmax represent the positions at which the substrate is fully  

exposed and fully shielded from the source respectively. B1 and B2 show the origin of the  

shadow effect created from the wedge.
124 

Generally, when at positions B1 and B2, the substrate is partially shielded from 

some areas of the source (Figure 2.30). This therefore limits the flux of material capable of 

reaching the substrate and creates a gradient in thickness. Simultaneous evaporation from 

opposite sources can then create a compositional gradient across the substrate via a 

combination of opposing thickness gradients (Figure 2.31). The movement of the shutter 

allows for a wide range of compositional variations across the array. The co-deposition of 

elements also ensures good mixing on an atomic level. This mixing also removes the need 

for annealing and allows the synthesis of metastable phases. 
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Figure 2.31. Deposition profiles for two opposite off-axis sources with the use of a wedge 

shutter. The top and middle pictures show the constituent deposition profiles of each 

element, which form the thin film in the bottom picture when co-deposited.
141

 

2.9.3.1 Summary of the advantages of the PVD system 

The PVD technique has successfully confirmed its feasibility and suitability for the 

synthesis and screening of thin-film material libraries. This has been achieved through the 

following strengths of the technique: 

 The complete control of material libraries by using main and wedge shutters and 

source evaporation rates. 

 Growth of material libraries over a small area, ca. 28 mm x 28 mm. 

 Capacity to be combined with micro-fabricated chips for the high-throughput 

screening of materials. 

 The reproducibility of the materials obtained when using the same conditions for 

subsequent depositions. 

 Ability to synthesise thin films and nanoparticle samples as well as complex 

compound materials easily with well-controlled size distribution 

 The system can be combined with an atom plasma source that allows direct 

synthesis of stoichiometric oxide, mixed or doped oxides, nitrides and hydrides. 

 Direct synthesis of the amorphous phase and control of the crystallisation. 

 Compatibility with micro-electro mechanical systems (MEMS) array chip screening. 

 High purity material synthesis. 
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Chapter 3: Experimental Procedure and 

Characterisation Techniques 

In this chapter, the methods used to synthesise and characterise resistive switching 

memory materials and structures will be presented. Synthesis of thin films was achieved by 

means of physical vapour deposition techniques, particularly the HT-PVD system 

discussed in section 2.9.3. 

3.1 Thin Film Synthesis 

As discussed in section 2.9.3, the HT-PVD system is a highly effective technique 

for the synthesis of combinatorial material libraries. This system was used to deposit the 

libraries of titania studied in this project.  

Thin films for this project were deposited as 28 × 28 mm films. All samples were 

marked with a reference dot to keep track of their orientation during deposition and later 

screening. The reference dot can be found at the bottom right corner of the film, and as 

such, this will be the orientation used for data presentation throughout this thesis. Elements 

were deposited within growth chamber A (Figure 2.29) using electron beam evaporators 

(E-guns): E-gun 1 deposited Ti, while E-gun 3 deposited Pt as well as Cu (Figure 2.28). 

The source shutter was required to control the growth of the TiO2 film, while the main 

shutter was used to control the thickness gradients of titania. In addition, an HD25 RF 

atom source (Oxford Applied Research), located at the position of K-cell 2 and aimed at 

sample substrate, was used to ionise a flow of molecular oxygen gas during deposition 

using different power. The oxygen flow was controlled via a mass-flow controller. 

Source calibration, in which the optimum deposition rate and position of the wedge 

shutter needed to produce the thin-film materials over the desired composition range are 

calculated for all systems fabricated, is an essential step in every deposition plan. The 

deposition rate was varied for the E-guns by altering the source power and using data from 

a Quartz Crystal Microbalance (QCM) to determine the rate of deposition. However, the 

rate from the crystal is proportional to the real deposition rate. The actual rate was 

calculated from the deposition time and the film thickness, as will be shown later in this 

chapter. 
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During the source calibration, the elemental deposition sources in chamber A of the 

HT-PVD system were filled with ultra-pure materials. Ti (99.995%, Alfa Aesar metals) 

from E-gun 1, Pt (99.999%, Testbourne Ltd), Cu (99.999%, Testbourne Ltd, metals) from 

E-gun 3, and oxygen (Air Products, special gases, 99.999%) were supplied from a plasma 

source, which was used to break down molecular O2 to atomic O to react with Ti and 

subsequently obtain the desired material: stoichiometric TiO2. Substrates of glass and 

Si/SiN (Nova Electronic Materials) were used for Atomic Force Microscopy (AFM) and 

X-ray diffraction (XRD) measurements, respectively. When optimum deposition 

conditions were found, the SSTOP (Si/SiO2/TiO2/Pt) substrate was used for the deposition 

of TiO2. It is necessary to emphasise that the substrate is important as it can influence the 

structure and electrical properties of the thin film. As an ideal case, all electrical 

measurements in this thesis were made on the same kind of substrate to ensure that a good 

correlation could be established between the results. The substrate was cleaned in an 

ultrasonic bath for 10 minutes in isopropanol alcohol, then cleaned with deionised water 

and dried before being inserted into the system. 

3.1.1 Synthesis of Pt/ TiO2/ Pt 

The samples were rotated during the deposition to obtain a homogeneous film 

across the substrates with an average thickness of 250 nm. TiO2 deposition was carried out 

following the same deposition conditions achieved in the calibration stage (see Appendix 

B). These conditions were based on a constant chamber pressure of 10
-5 torr

 at a flow rate of 

5 sccm, a plasma power of Prf = 400 W and a deposition rate of 4 Å/s (measured by QCM). 

The actual deposition rate was calculated from the deposition time and the film thickness. 

The conditions used match those in a paper published using the same preparation methods 

of TiO2.
140 

The main shutter was only employed for the second system to fabricate a thickness 

gradient (10–60 nm) across the substrate of different phases of stoichiometric TiO2. All 

samples were deposited at room temperature, and a constant chamber pressure (Appendix 

B 2.2) with a flow rate of 1 sccm of oxygen and a plasma source power of Prf = 300W was 

used to obtain the desired material with a deposition rate of 2 Å/s (measured by QCM). It 

is important to highlight that the crystalline materials were obtained after annealing the 

sample at 200 °C in the chamber under a 1-sccm oxygen flow rate for 60 minutes. 

Subsequently, Pt contact pads were deposited on top of the TiO2 samples after heating the 

substrate to 100 °C for 15 minutes using a variety of deposition masks. Finally, the 
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experiment finished with a metal insulator metal (MIM) structure, as shown in Figure 3.1. 

Figure 3.2 shows an amorphous titania picture using different masks size of Pt top 

electrode as continues growth of Titania. The rest of the sample pictures are shown in 

Appendix A. 

 

Figure 3.1. Diagram shown the final design of experiment. Top electrode is Pt. Oxide 

layer TiO2 deposited on SSTOP substrate (bottom electrode) 

Three oxide samples for each phase (amorphous, anatase and rutile) were prepared. 

Three samples, one for each phase, were deposited with a 250-micron pad, three samples 

used a 50-micron pad, and the last three samples had no pad deposited on them (see 

Appendix A 3.2). Preparation conditions of TiO2, stating the deposition condition and the 

evaporation sources of Ti and Pt are summarised in Appendix B.  
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Figure 3.2. Photograph of fabrication masks. (A) 250 micron mask, (B) 50 micron mask, 

(C), (D), (E) and (F) sample prepared using such masks. 

3.1.2 Synthesis of Cu/ TiO2/ Pt 

In this system, we used exactly the same conditions used in Pt/ TiO2/ Pt, at which 

the main shutter was employed to fabricate a thickness gradient (10–60 nm) across the 

substrate of different phases of stoichiometric TiO2. Different masks were (as described in 

section 3.1.1) used to deposit Cu 80–100-nm thick. The experiment ended with an MIM 

structure, as shown in Figure 3.3 (See Appendix A for sample pictures). 
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Figure 3.3. Diagram representing the final design of the experiment. Top electrode 

Cu/gradient thickness of oxide layer of TiO2 deposited on SSTOP substrate (bottom 

electrode) with different phase structure (amorphous/anatase).  

3.1.3 Synthesis of Pt/ TiO2-x/ TiO2/ Pt 

In this composite system, the main shutter was employed to fabricate a thickness 

gradient (10–60 nm) across the substrate of different phases of stoichiometric TiO2. All 

samples were deposited at room temperature and at a constant chamber pressure (see Table 

4 in Appendix B) of 1-sccm oxygen flow rate, and a plasma source of Prf  = 300W was used 

to obtain the desired material with a deposition rate of 2 Å/s (measured by QCM). It is 

important to highlight that the crystalline materials were obtained after annealing the 

sample at 200 °C in the chamber under 1-sccm oxygen flow rate for 60 minutes. Then, a 

50-nm layer of TiO2-x was deposited on top of TiO2 using molecular oxygen with a flow 

rate of 1 sccm. Thickness was calibrated using the same procedure as that used in the case 

of TiO2. Subsequently, Pt contact pads were deposited on top of TiO2-x/TiO2 after heating 

the substrate to 100 °C for 15 minutes using a variety of deposition masks (described in 

section 3.1.1). Finally, the product was a composite structure as stated in Figure 3.4. 

Samples prepared using different mask sizes of Pt are shown in Appendix A. Fabrication 

conditions are listed in Appendix B. 
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Figure 3.4. Diagram of the final design of the composite systems. Top electrode = Pt, 

multioxide layer TiO2-x (light blue)/ TiO2 (dark blue) deposited on SSTOP substrate 

(bottom electrode) with different phase structure.  

3.2 Characterisation Techniques  

Different microstructural, chemical and electrical properties were obtained using 

different characterisation techniques. X-ray diffraction and Raman spectroscopy were used 

to confirm the synthesis of the targeted phase. SEM and AFM were used to study the 

surface morphology, while X-ray photoemission spectroscopy as well as a four-point probe 

were used for chemical analysis and stoichiometry of TiO2. A probe station was used for 

electrical testing to assess the different behaviours of the different layer structures 

electrically.  

3.2.1 X-ray Diffraction (XRD) 

XRD is commonly used to identify the atomic structure of a crystal. In general, an 

X-ray thin-film diffractometer instrument consists of an X-ray source, an incident optical 

system, a goniometer, a receiving optical system and a detection system. When the incident 

X-ray beam impinges onto the surface, a diffraction pattern is obtained as a result of 

reflections (produced by detectors) from the crystal lattice planes of the sample. The 

diffracted rays will interfere either constructively or destructively depending on the d 

atomic spacing in the crystal. For polycrystalline materials, including thin films, a powder 

diffractometer configuration is used to produce the 2θ diffraction conditions. For thin-film 

samples, to increase the sensitivity of the measurements, the incident beam may also be 

kept at a grazing angle. The detector is scanned in 2θ configurations to record diffraction 
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intensities.
143

 For ordered crystalline lattices, X-rays are diffracted constructively 

according to the Bragg’s law given in Equation 3.1: 

2d sinθ = nλ                                                                     (Equation 3.1) 

Where n is the order of diffraction, λ is the wavelength of the X-ray radiation, d is the 

spacing between crystal planes, and θ is the incident angle.  

X-ray penetration can be controlled, which allows a high diffraction intensity from 

thin-film samples as well as the suppression of strong signals from substrates (highly 

orientated along a single crystal plane). The smaller the incident angle, the smaller the 

penetration depth.
144

 The diffracted X-rays are detected and then processed and counted by 

the instrument’s software, where they are converted into a diffraction pattern. The peaks 

observed in the pattern correspond to the individual planes in the material and their 

geometric separation, and each material has a unique diffraction pattern. A crystalline 

sample is considered a series of stacked parallel planes at each of which a beam diffraction 

takes place, as shown in Figure 3.5. 

 

Figure 3.5. Schematic of two parallel X-rays being diffracted at parallel crystal planes.
144

 

For this project, X-ray patterns were recorded on a Rigaku smart lab 9KW SN 

JD3604N. The X-rays were generated by a Cu Kα1 source; the X-ray wavelength was 1.54 

angstrom. The scans passed through a specified 2θ range by moving both the X-ray source 

and the detector. All measurements were done at a grazing incidence angle of 1°. A typical 

2θ range was between 10° and 60°. Samples deposited on SSTOP substrates were 

positioned on a stage with X-Y-Z control.  

3.2.2 Raman Spectroscopy 

            When a beam of monochromatic light is introduced to a sample, typically using a 

laser as the source, the light interacts with the sample by either being absorbed or scattered. 

There are two types of scattering: elastic scattering (Rayleigh scattering), in which the light 
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is scattered without changing the photon energy; and inelastic scattering (Raman 

scattering), where energy is lost (known as Stokes shift) or gained (known as anti-Stokes 

shift) in the scattering process (Figure 3.6) with energy transfer to or from rotational or 

vibrational transitions (in the solid state, these modes can couple to give frustrated 

rotational states). For a rotational or vibrational mode to be Raman-active (this energy 

transfer to take place), the rotational or vibrational mode must result in a change in the 

polarizability component of the system. In order to predict the polarizability of a rotational 

or vibrational mode, one must consider the symmetry of the structure together with the 

irreducible representation to which the polarisation is associated.
145

 

The group theory defines the symmetry behaviour of every vibration of a system 

belonging to a specific point group. There are four possible vibration assignments – A, B, 

E and T – that can assign a vibration to a particular irreducible representation in a 

particular point group. A and B mean that the mode is singly degenerate. E and T mean the 

mode is doubly and triply degenerate, respectively. The symbols odd (u) and even (g) 

denote the type of the mode.
146

 Most explanation of Raman is usually about the 

identification of Raman active modes for molecules which work in case of gas or liquid. 

However, in the case of solid state materials (crystal) for which may be no molecules 

species such as TiO2, a unit cell and the atoms located at specific sites is considered. The 

factor group consists of symmetry operation and symmetry elements that when applied to 

the unit cell leave it in distinguishable from its original position.
147

  

In a typical Raman microscope experiment, an optical microscope is used to focus 

the laser onto a small spot of the sample. The emitted photons pass back through the 

microscope and into the spectrometer, where the Raman-shifted radiation is detected by a 

charge-coupled device (CCD) sensor. A computer connected to the instrument is used for 

data collection and processing. The result is a Raman spectrum of signal intensity versus 

the Raman shift of the material. It is a suitable technique for studying the evolution of the 

local structure across combinatorial thin-film libraries due to its high lateral resolution and 

high sensitivity to change in chemical composition. The confocal nature of the microscope 

also allows the volume (hence the depth) of the materials to be defined in the 

measurement. Because of the weakness of the Raman effect, multiple scans are required to 

achieve a good signal to noise ratio. 
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Figure 3.6. Diagram of energy levels showing the states involved in Raman spectra. In 

Stokes, a photon gives some energy to a system in the process of interaction. Because of 

this process, the system moves from a lower energy level to a higher energy level, and the 

energy of the scattered photon decreases. In anti-Stokes, because of interaction with an 

excited-state system, the photon energy increases and the system goes into a lower energy 

state. For comparison, in Rayleigh scattering (in the centre), there is no energy exchange 

between the photon and the system.
145 

 
 

 

 

For this project, Raman spectra were collected at room temperature using an 

XploRA confocal Raman microscope (Horiba Jobin Yvon, Inc.) coupled to an Olympus 

BX41 optical microscope. The spectrometer was equipped with a 532-nm, 25-mW solid-

state laser. The spot size of the laser on the samples was approximately 1 μm. The 

experiment was repeated three times on each sample in order to obtain a good signal and 

confirm the expected phase. The laser power was kept sufficiently low in order to 

minimise any localised heating of the material. 

3.2.3 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) is a scanning probe technique used to obtain high 

resolution images of samples’ surfaces. A silicon nitride tip attached to a cantilever is 

scanned across the surface. The cantilever is deflected due to van der Waals forces 

between the tip and the surface. The degree of deflection is measured by reflecting a laser 

off the back of the cantilever onto a two-dimensional photodetector, as shown in Figure 

3.7. Afterwards, the control software translates the degree of deflection into topographic 

information. Samples are typically measured under standard ambient conditions. Imaging 

under a liquid medium or a high vacuum is also possible.
148,149
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The measurements can be performed under one of three operating modes: contact, 

non-contact and tapping. In contact mode, the tip is positioned close enough to the sample 

to experience repulsive forces, which deflect the cantilever. In the non-contact/tapping 

mode, the cantilever oscillates at its resonance frequency (kHz range). When the tip 

approaches the sample’s surface, the amplitude and resonance frequency change 

significantly, acting to dampen the oscillation, and the feedback loop acts to maintain the 

resonance frequency by moving the tip up, therefore providing feedback to the scanner. 

The tapping mode may be advantageous, since it does less damage to both the surface and 

the tip.  

 

Figure 3.7. Diagram of the AFM measurement process: The tip interacts with the surface 

of the sample, and the laser beam reflects off the back of the cantilever at different angles, 

which can be detected by a two-dimensional position-sensitive photodiode.
150

 

The AFM used in this project was a Keysight Technologies 5600LS Atomic Force 

Microscope. Measurements of thin-film thickness were carried out in tapping mode using a 

Nanosensors Point probe-Plus n-doped Si tip with a resonant frequency range of 146 kHz 

to 236 kHz. The topography at the edges of the thin-film samples was measured over a 

space of approximately 50 μm at a 0:5 lines/s scan rate and a resolution of 512 points/line. 

The proportional and integral gain parameters of the feedback loop had to be adjusted 

manually for each measurement point. Once the measurement was completed, a 

topography cross-section was obtained three times at each point using the AFM control 

software, and the height difference between the substrate and the top of the film was 

measured as shown in section 4.2. Once the thickness of the different edges of the sample 

was known, the values were imported into the Paradise software, where the thickness was 

interpolated at each intermediate point, for a 14 × 14 grid, assuming a linear change in 

thickness between points. The same procedure was applied for samples with a gradient of 
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thickness using a 10 × 10 grid. Surface topography scans on amorphous and crystalline 

samples were also performed in order to observe surface features at each strip of thickness 

on the films. These were done in tapping mode using the same probe type used for 

thickness measurements. Scans were carried out over a 5 × 5 μm area, at different points of 

the films, at a 0:5 lines/s scan rate and 512 points/line resolution.   

3.2.4 X-ray Photoelectron Spectroscopy (XPS) 

Electrons can be ejected from their bound state with kinetic energy EkE by 

electromagnetic radiation, after which these electrons can be analysed, and the chemical 

and physical nature of the atom can be derived from their distribution and chemical shift. 

The ejection of these electrons by primary radiation sources with energy in the X-ray 

region of the electromagnetic spectrum is called X-ray photoelectron spectroscopy 

(XPS).
151

 The fundamental processes occurring in XPS are described in Figure 3.8 (a), 

where an X-ray of known excitation energy impinges on a sample at an angle θ, exciting 

electrons from core atomic levels which have kinetic energies given by (Equation 3.2):  

Eke = hν – BE – ø                                                               (Equation 3.2)     

Where hν is the energy of X-rays impinging on the surface, BE is the binding energy of the 

ejected electrons with respect to Fermi level (Ef), and ø is the work function of the sample.  

 

Figure 3.8. Energy level diagram showing the effect of X-ray radiation impinging at angle 

θ to the surface normal on core level electrons, (a) initial ejection of an electron from core 

level K, and (b) possible secondary process that can occur.
151 

 

As shown in Figure 3.8 (b), the creation of a core level hole following the ejection 

of a core electron by X-ray radiation allows for the recombination of the hole by an Auger 

process. The hole in core level K is filled by an electron in lower level L1, releasing energy 

Ek – EL1. The electron presented in the L2,3
*
 shell can be ejected, providing Ek – EL1 – 
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E
*

L1,2,3 positive. Therefore, the XPS spectrum also contains peaks due to electrons ejected 

by Auger emissions.
151

 

Due to relaxation and chemical shift effects, the exact position of the photoelectron 

peak might be different from that predicted by Equation (3.2) at which when a hole is 

created in an atom by photoemission (Figure 3.8 b), the remaining electrons relax at lower 

energy to partially screen the hole.
152

 Additionally, the energy of photoejected electrons is 

determined by the local electronic and chemical environment of an atom, there would be a 

difference in the environment of atoms of the same elements, which can be shown in 

different ways, such as differences in the oxidation state.
153

 

In-situ XPS was used in this project to evaluate the stoichiometry of TiO2 films for 

different phases of titania using a base pressure of 8.2 × 10
-9

 
torr

. The XPS measurements 

were performed on films with different thicknesses on a platinised silicon substrate. All 

data were collected on an area approximately 5 mm × 5 mm. The X-ray source was 

operated at a 10 mA emission current and an accelerating voltage of 10.5 kV. All spectra 

were corrected for any charge shift by aligning them to the C 1s core level at 285.0 eV. 

3.2.5 Four-point Probe (4pp) 

             Resistivity (ρ) is an intrinsic property of semiconductor materials. The four-point 

probe is used to measure the sheet resistance of thin-film samples using the methods 

developed by Van der Pauw.
153

 Once the thicknesses are known, it is possible to calculate 

the resistivity. Resistivity depends on the free electron and hole densities in n- and p-type 

conductors, respectively, and their mobility. The probe is made of four evenly spaced, 

spring loaded, conductive tips loaded onto a stage that permits contact between the tips and 

the sample’s surface. When in contact, a current is passed through two adjacent probes, 

and the resulting voltage is measured across the two opposite probes, as shown in Figure 

3.9. The conductivity type measurement (if not known) can be achieved by choosing the 

test needed, whether n-type or p-type. In n-type, the majority carrier are the electrons; 

while in the p-type, the majority carrier are the holes.
154

 The sheet resistances can be 

calculated using the following Equation 3.3: 

RSh = ρ/t                                                                                 (Equation 3.3) 

Where RSh is sheet resistance, ρ is resistivity and t is the thickness of the sample studied.  
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Figure 3.9. Resistivity measurement setup using the van der Pauw method on a square sample with 

a four point square probe. 

In this project, since TiO2 is known as an n-type material, the focus was only on n-

type conductivity measurements. The sheet resistance was measured at room temperature 

using a Four Dimensions Inc. Model 280DI four-point probe. The probe had four tungsten 

carbide tips in a square arrangement, each with a diameter of 25 μm and 0.635-mm 

spacing. Prior to measurement, the tips were repeatedly cleaned by placing them on an 

alumina substrate. All samples were deposited on an insulating silicon nitride substrate, 

thus ensuring that conduction was a result of the thin-film conductivity. The instrument is 

equipped with a rotary translational stage, and its control software allows for the automated 

measurement of a defined matrix of points across the thin-film sample.  

3.2.6 Energy-Dispersive X-ray Spectroscopy (EDS) 

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique that 

provides elemental analysis or chemical information about materials. An EDS system is 

normally coupled with an electron microscope that can generate the excitation beam 

necessary to achieve the emission of X-rays from the sample.  

Each element has a unique atomic structure, allowing X-rays that are characteristic 

of an element's atomic structure to be identified in a mutually unique order. The sample 

under study was characterised by an incident beam that can excite an electron in an inner 

shell and eject it from the shell, creating a vacancy that can be filled later by another 

electron from an outer (higher energy) shell. The difference in energy between the higher 

and lower energy shells may be released in the form of an X-ray. Figure 3.10 illustrates 

the Rutherford-Bohr atomic model, which shows how an X-ray ejects an inner shell 

electron, leaving a vacancy that filled by an outer shell electron, and then releasing a 

photon. Since X-ray energy is characteristic of the difference in energy between adjacent 

shells and the atomic structure of the element from which it is emitted, the elemental 
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composition of the specimen can be measured. This technique is limited to elements above 

Be, at which needs to be carefully analysed the data, as several atoms have overlapping 

peaks at a particular energy.
155 

  

 

Figure 3.10. Emission of X-ray when outer L shell electron fills the K shell electron 

vacancy.
154

 

For this project, all measurements were performed on a JEOL JSM-5910 scanning 

electron microscope, fitted with an Oxford Instruments x-act 51-ADD0006 EDS silicon 

drift detector. The Oxford Inca 300 EDS software was used for analysis. The composition 

of top electrode and oxide before and after the electrical test was achieved by means of 

EDS coupled with SEM. Samples that were tested electrically were introduced into the 

analysis chamber and placed under vacuum. The working distance of the measurement was 

10 mm, with a magnification of 500x and accelerating voltage of 12V.  

3.2.7 Electrical Test  

The tests involved direct current (DC) measurements of current versus voltage (I-

V). The measurement resource for parametric tests was the source/monitor unit (SMU). 

The SMU can force either voltage or current through the device under test (DUT) and 

simultaneously measure the corresponding parameter. The I-V sweeps used to determine 

VForming and switching voltage for the materials in this project were performed using a 

B1500A Semiconductor Device Analyser in corporation with probe station.  

Parametric tests were performed on titania deposited on platinised silicon 

substrates. These substrates consisted of a series of layers on top of which a 100 nm-thick 

Pt layer was deposited. The layers consisted of Si, SiO2, TiO2 and Pt, hence the SSTOP 

shorthand used throughout this text. The conductive Pt layer functioned as a bottom 

contact onto which a probe was connected 
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Chapter 4: Characterisations of Materials and 

Composite Structures 

In this chapter, the microstructural and chemical properties of different phases of 

TiO2 with different thickness gradients are presented. X-ray diffraction and Raman 

spectroscopy were used to confirm the synthesis of the targeted phase; SEM and AFM 

were used to study the surface morphology; X-ray photoemission spectroscopy as well as a 

four-point probe were used for chemical analysis and stoichiometry of TiO2. A probe 

station was used for electrical testing to assess the different behaviours of the different 

layer structures electrically.  

4.1 Microstructure Characteristics 

X-ray diffraction (XRD) analysis was performed after synthesis of the samples and 

after annealing to identify the crystalline property of materials using thin-film X-ray 

powder diffractometer measurements (Rigaku smart lab 9KW SN JD3604N). Figure 4.1 

shows the deposited titania film on the SSTOP substrate at a 5-sccm oxygen flow rate, a 

plasma source of Prf = 400 W and a deposition rate of 4 Å/s. It was noticed that the titania 

was in the amorphous phase. Two methods were followed to synthesise crystalline 

samples. First, for thicker samples (150 nm–300 nm), the sample (Figure 4.2) was 

deposited at room temperature, followed by annealing for one hour at 450 °C under an 

oxygen atmosphere in a tube furnace to obtain anatase phase. The other sample (Figure 

4.3) was prepared by deposition at a substrate temperature of 600 
°
C, followed by 

annealing for one hour at 600 °C under an oxygen atmosphere in a tube furnace to obtain 

rutile phase. Second, thinner TiO2 samples (10–60 nm) were annealed after deposition 

inside the chamber for one hour at 200 
°
C under a flow rate of 1 sccm of oxygen to produce 

an anatase structure. Alternatively, the rutile was annealed at 1100 °C in a tube furnace for 

two hours under an oxygen atmosphere.  
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Figure 4.1. XRD on as deposited film of TiO2. Peaks at 40̊ and 46̊ from the Pt substrate 

only. 

 

Figure 4.2. XRD patterns of TiO2 annealed at 450 ̊C. TiO2 anatase and Pt peaks are visible. 
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Figure 4.3. XRD patterns of TiO2 deposited at 600 ̊C using an atomic oxygen plasma 

source. TiO2 rutile and Pt peaks are visible 

All diffraction peaks were identified. Figure 4.2 shows the XRD characterisation 

of anatase sample #8008. The diffraction pattern corresponds to anatase TiO2. Two peaks 

on the SSTOP substrate corresponding to Pt can be observed (at 40̊ and 46̊). The patterns 

were compared to the Pdf card and were in good agreement. Sample #8025 represents the 

XRD characterisation of rutile TiO2 as shown in Figure 4.3. The XRD pattern clearly 

exhibits rutile peaks with additional small peaks of anatase as compared to the reference 

card. 

XRD data were also collected for gradient film thickness (10–60 nm) for the TiO2 

anatase phase on the SSTOP substrate. The XRD measurements were taken in each 

individual strip of thickness. It is clear that the peaks at 40̊ and 46̊ correspond to Pt peaks 

(substrate) as comparison with as deposited sample in Figure 4.1, which shows a very 

broad diffraction pattern of TiO2 confirming that the sample is very amorphous anatase. 

Figure 4.4, on the other hand, shows several peaks that confirm the samples are clearly 

anatase (no rutile peaks); these peaks are at 25°, 38°, 48° and 56°, at 50 nm of thickness. 

The remaining diffraction patterns are shown in Appendix A. The intensity of TiO2 peaks 
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decrease with decreasing thickness of TiO2: On a 10-nm thin film, it is hard to see the TiO2 

diffraction peaks. 

 

Figure 4.4. XRD data of anatase TiO2 film with thickness 50 nm. 

Furthermore, Raman scattering was used to confirm the synthesised TiO2 phases 

and, more specifically, for structure identification of annealed samples with an average 

sample thickness of 270 nm. Figure 4.6 shows the Raman spectrum of different phases of 

amorphous, anatase and rutile TiO2. In the case of anatase, which has a space group 

symmetry of D
19

4h (I41/amd), the only vibration mode that predicted to be oxygen pure in 

anatase is A1g whereas, B1g mode is pure Ti- atom vibration and the remaining vibration 

are mixture of both O atoms and Ti atoms motions. The symmetric bending vibration O-

Ti-O is associated with the Eg and B1g modes. The A1g mode is associated with the anti-

symmetric bending vibration of O-Ti-O.
147

 In the case of rutile, which has a space group 

symmetry of D
14

4h (P42/mnm), all Raman modes are purely oxygen-atom vibration (Ti-atom 

not moving). The symmetric bending vibration of O-Ti-O is associated with the B1g and Eg 

modes, while the A1g mode is associated with the symmetric stretching vibration. In the 

case of these crystalline structures, each is associated with the corresponding phonon mode 

of the long-range ordered structure. In the case of the amorphous materials, any vibrational 

605040302010

(1
0

1
)

(2
0

0
)

(1
0

5
)

(2
1

1
)

P
t 

(1
1

1
)

P
t 

(2
0

0
)

Anatase TiO2-JCPDS:21-1272

2 Theta (degree)

In
te

n
s
ity

 (
a

.u
.)



 

79 

mode will be more localised since there is no long-range order. These modes in the 

amorphous structure appear to be very weak.
155

 The displacement of each atom for the 

Raman-active vibration of rutile/anatase was reported.
146

 These Raman-active modes 

(Figure 4.5) comprised motions of O
2−

 anions with respect to stationary central Ti
4+

 

cations, either perpendicular to the c axis or along the c axis.
147

 the arrows shows the actual 

displacement of the corresponding atoms.  

 

Figure 4.5. Illustration of the displacement of each atom for the Raman-active lattice 

vibrations in rutile/anatase TiO2. black balls denote the titanium atoms, and red balls 

denote the oxygen atoms.
146
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The anatase and rutile structures can be confirmed through the allocation of the 

peaks in the Raman spectra (Figure 4.6). The anatase phase has five Raman-active “lattice 

vibration” assigned as follows: a peak with a strong signal appears at 162 cm
-1

 (Eg), 

followed by low intensity peaks at 210 cm
-1 

(Eg), 414 cm
-1 

(B1g), 533 cm
-1 

(A1g+B1g) and 

657 cm
-1 

(Eg). The rutile phase has three Raman active “lattice vibration” assigned as 

follows: a peak at 162 cm
-1

 (B1g), 445 cm
-1 

(Eg) and 632 cm
-1 

(A1g). In anatase TiO2, Eg was 

the most intense vibrational mode, and B1g was the weakest. In rutile TiO2, Eg and A1g 

were the most intense vibrational modes, and B1g was the weakest. These findings are in 

general agreement with the literature.
156,157,158

 A similar procedure was applied to thinner 

devices (average thickness of 50 nm) using Raman spectroscopy, yielding additional 

evidence that the expected phases were successfully synthesised (see Appendix A). 

Detailing the peak position and the assignment of the peaks is also shown in Appendix B.  

 

Figure 4.6. Raman spectra of three TiO2 phases with average thickness of (270 nm) being 

synthesis using HT-PVD. 

The microstructure of the switching device can significantly affect the performance 

of resistive switching memory. Defects in crystalline materials tend to accumulate around 

the grain boundaries and dislocation.
159

 External or intrinsic defects, such as active 

electrode ions, can easily bond to these structures. In amorphous, for example, the oxide 

films at which the extensive oxygen vacancies or the injected foreign active electrode ions 

were homogenously distributed, and the position of the formation of filaments was 

random, as was the growth direction. As a result, according to the literature,
 160

 the shape 

of the filaments (in amorphous) is always like a tree with many branches. Crystalline films 
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seem to exhibit better performance and stability. It was found that with an increase of 

crystallinity – decreased density of grain boundaries – the switching voltages become 

low.
161

 

4.2 Atomic Force Microscopy  

Atomic force microscopy (AFM) was taken for different phases of TiO2. As expected, the 

surface morphology changed with increasing temperature, as shown in Figure 4.7 

(Frequency scans and AFM for other systems are shown in Appendix A). It was observed 

that the amorphous phase (Figure 4.7 A) was flatter than the rutile phase (Figure 4.7 C). 

Furthermore, the thickness of TiO2 films, which affects the colour of the growing film, is 

shown in Figure 4.8. 
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Figure 4.7. AFM topography of three phases of TiO2 (a), (b) and (c) belong to amorphous, anatase 

and rutile, respectively. 
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Figure 4.8. Thin film samples across different phases of TiO2. (A): amorphous phase, (B) 

anatase phase and (C) rutile phase. 

4.3 Chemical Characteristics  

In-situ XPS was used to evaluate the stoichiometry of TiO2 films for different 

phases of titania using a base pressure of 8.2 × 10
-9 torr

. The XPS measurements were 

performed on films with different thicknesses on a platinised silicon substrate. All data 

were collected on an area approximately 5 mm × 5 mm. The X-ray source was operated at 

a 10-mA emission current and an accelerating voltage of 10.5 kV. All spectra were 

corrected for any charge shift by aligning them to the C 1s core level at 285.0 eV. By 

fitting the obtained spectrum with Ti 2p spectra of different Ti valence states, it was found 

that only a valence state of Ti
4+

 could be detected at a binding energy of 464 eV (2p1/2) 

and 458 eV (2p3/2). An O 1s spectrum was shown at a binding energy of 530 eV, 

corresponding to the lattice oxygen. Amorphous TiO2 prepared using a plasma atom source 

exhibited the expected stoichiometry (Figure 4.9 and 4.10). However, other phases are 

shown in Appendix A (anatase and rutile). The sub-stoichiometric titania was the main 

target for the growth of composite structures at which amorphous sub-stoichiometric 

titania obtained using molecular oxygen (Figure 4.11 and 4.12), and the rest of the sub-

stoichiometric spectra are shown in Appendix A. All spectra were charge-corrected to the 

C 1s peak that resulted in a shift of the same magnitude in Ti 2p3/2, Ti 2p1/2 and O 1s. 
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Figure 4.9. XPS spectra for thinner stoichiometric amorphous (50nm) Ti 2p.  

 

Figure 4.10. XPS spectra for thinner stoichiometric amorphous titania O 1s.  
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Figure 4.11. XPS spectra for thinner sub-stoichiometric amorphous (50nm) Ti 2p.  

 

Figure 4.12. XPS spectra for thinner sub-stoichiometric amorphous titania O 1s 

Ti+3
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For the TiO2-x, the value of x was calculated from the XPS data by calculating the 

ratio of Ti
3+

 to Ti
4+

 using Equation 4.1 as shown in Table 4.1. The analysis of these data is 

shown in Appendix A.  

                                          (Equation 4.1)  

Where A is the peak area of Ti 
3+

 and B is the peak area of Ti
4+

. 

Table 4.1. Calculation of the Ratio Ti
+3

 to Ti
+4

 (from XPS data) 

Number of 
measurement 

Peak area 
(Ti+3) 

Peak area 
(Ti+4) 

Ratio in 
percentage % 

TiO2-x 

1 114 716 14 TiO1.93 

2 222 833 20 TiO1.90 

3 82 338 20 TiO1.90 

4 248 684 26 TiO1.87 

       

In addition to XPS, 4pp was employed for comparison between stoichiometric and sub-

stoichiometric titania and to illustrate the resistivity of titania structures synthesised in this 

investigation. Two structures were prepared with and without a plasma atom source. 

Figure 4.13 shows sub-stoichiometric TiO2. It is clear that the resistivity varied across the 

sample. The resistivity of stoichiometric TiO2, exceeded the limit of 4pp (25,000 Ω) and 

could not be displayed.  
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Figure 4.13. Resistivity of sub-stoichiometric TiO2. (Resistivity of stoichiometric TiO2 

could not be plotted as it is over scale of 4pp). 

4.4 Thickness Characterisation 

AFM was employed for thickness measurements using a tapping mode with an Si 

tip at a resonant frequency range of 146 kHz to 236 kHz. Thicknesses were calibrated by 

measuring the height between substrate and film, as shown in Figure 4.14. Calibration of 

thicker and thinner film is shown in Figure 4.15 and Figure 4.16, respectively.  

 

Figure 4.14. AFM topography shown the thickness calibration process. 
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Figure 4.15. Thickness calibration of thicker Titania films. Data taken from AFM by 

measuring the height of sample and substrate. Subfigure represent the relationship between 

time and thickness for the presented data. 

 

Figure 4.16. Thickness calibration of thinner Titania films. Data taken from AFM by 

measuring the height of sample and substrate. Subfigure represent the relationship between 

time and thickness for the presented data. 

           Figure 4.17 shows the AFM data on each corner of the sample of the continuous 

film, which were then modified to cover the whole region of the sample. The gradient of 

thickness for amorphous titania is shown in Figure 4.18. Other phase measurements and 

maps of thickness for all phases, which were evaluated using Paradise software (in-house 

software), are shown in the appendix A. 
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Figure 4.17. Multiple measurement on sample edges for thicker TiO2 films. Data taken 

from AFM.  

 

Figure 4.18. Distribution of gradient of thickness for thinner TiO2 films.  
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Chapter 5: Results  

This chapter focuses on specific electrical results obtained throughout the project. 

The aim was to investigate trends and structure properties of titania as a function of 

thickness, phases, top electrode and structure modification to understand the key materials 

properties effecting the switching behaviour of ReRAM devices. Three titania-based 

systems were divided into three sections: the first section described the I-V characteristics, 

and the second section described switching as a function of polarity. Finally, high-

throughput screening of all systems was investigated.  

5.1 I-V Characteristics of Titania across Different Electrode and 

Structure. 

5.1.1 I-V Characteristics of the Pt/ TiO2/ Pt Device 

Pt/TiO2/Pt structures of three phases (amorphous, anatase and rutile) were swept 

with a positive/negative voltage on the top electrodes, while the bottom electrodes were 

grounded, and then swept back to zero. At the beginning, all devices were swept to a high 

voltage (E > 3.5 V), as it was believed that the step required higher voltage for the 

‘forming process’,
38,162,62

 and then the subsequent voltage was decreased. The sweep rate 

was constant in all measurements, presented here at 50 mV/s. The diameter of the circular-

shaped top electrode (TE) was 250 μm. The thickness of all devices presented in this 

section was 50 nm. The unipolar switching behaviour took place regardless of the polarity 

of the applied voltage, meaning that SET and RESET processes can be achieved under 

both positive and negative voltage, whereas bipolar behaviour was found to depend on the 

voltage polarity.  

The devices were swept to positive voltage and then swept back to zero. The IC in 

all forming measurements was constant (1 mA). It is worth noting that in every 

measurement, read voltage was applied in the initial state (Figure 5.1 B); then, the voltage 

was increased slowly until the device switched state: Since this took place at different 

voltages, the maximum voltage of the sweep varied. For amorphous titania, the voltage 

was swept to 6 V and there was an increase in the current at 5.1 V, with a sudden jump in 

current observed at around 5.45 V, at which point the device formed (Figure 5.1 A): A 

conductive path was created between the top and bottom electrode through the oxide, and 

the device remained in the conductive state (ON) as the voltage was swept back to zero. 
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The read voltage after this forming was obtained (Figure 5.1 C). After forming the device 

(LRS), the IC value was set higher (double) than that for the forming process, and the 

voltage swept with the same polarity: A RESET process took place at 0.75 V (Figure 5.2 

A), where the conductive path was apparently disconnected, and the device returned to the 

HRS (OFF). The voltage was swept again with the same polarity using the same IC of the 

forming step (1 mA), at which the device switch at 1.4 V from the HRS to the LRS 

(Figure 5.2 B) (this is a lower voltage than that required in the forming process), where the 

conductive path reconnected.  

5.1.1.1 Pt/ amorphous TiO2/ Pt 

 

Figure 5.1. Forming process of amorphous titania. Initial state (as-prepared sample), and 

(B) read before forming, (C) read after forming. (Thickness 50nm). 
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Figure 5.2. I-V sweeps of unipolar resistive switching behaviour of amorphous titania. (A) 

reset process and (B) set process. (Thickness 50nm). 

The same test strategy was followed for crystalline titania (both anatase and rutile 

phases). For anatase, the voltage was swept in a positive direction at which the device had 

high resistance. However, at 5.2 V, there was a gradual increase of the current, and 

conductivity increased until 7.1 V, where a sudden jump of current was observed and the 

device was formed, as shown in Figure 5.3 A. The device switched from irreversible state 

IRS (HRS) to LRS. Read voltages were taken before and after the FS, as displayed in 

Figure 5.3 B and 5.3 C. After setting IC to a higher target than the forming process (8 

mA), the voltage was swept to 1.5 V, where it switched to 1.3 V from LRS to HRS (reset 

process), at which point the conductive path was broken (Figure 5.4 A). The voltage was 

swept again in order to set the device from HRS to LRS on the same polarity where the 

switching took place at 3.4 V, as shown in Figure 5.4 B. Rutile titania was formed at 9.4 V 

(Figure 5.5 A), at which point it was in a very high resistance state, as shown in read 

voltage before forming (Figure 5.5 B) at an IC of 1 mA. Read voltage after forming is 

displayed in Figure 5.5 C. In order to reset the device and disconnect the conductive path, 

the voltage was applied to 2 V with a higher IC compared to the forming process (7.5 mA), 

and the device switched at 1.4 V, at which point the device returned from LRS to HRS 

(RESET) as shown in Figure 5.6 A. The voltage was swept again in positive 6 V, at which 

point the conductivity increased gradually from 1.5 V until 5.4 V, where the device 

switched from HRS to LRS (SET) as shown in Figure 5.6 B. The time dependence of 

voltage sequences applied to the amorphous phase was obtained and is displayed in Figure 

5.7. The time dependence of crystalline titania was obtained and is displayed in Appendix 

A for crystalline devices, respectively. Reversible switching sequences for all titania 

phases (IRS, initial resistance state; LRS, low resistance state; HRS, high resistance state) 

were obtained and are displayed in Figure 5.8. 
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5.1.1.2 Pt/ anatase TiO2/ Pt 

 

Figure 5.3. (A) Forming process of anatase titania. (B) read before and after (C) 

forming. (Thickness 50nm). 

 

Figure 5.4. I-V sweeps of unipolar resistive switching behaviour of anatase titania. (A) 

reset process, and (B) set process. (Thickness 50nm). 
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5.1.1.3 Pt/ rutile TiO2/ Pt 

 

Figure 5.5. (A) Forming process of rutile titania. (B) read voltage before and (C) read after 

forming step. (Thickness 50nm). 

 

Figure 5.6. I-V sweeps of unipolar resistive switching behaviour of rutile titania. (A) reset, 

and (B) set processes. (Thickness 50nm). 
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Figure 5.7. Time dependent of the voltage sequence applied to the device with amorphous 

titania, shown in Figure 5.1. 

 

Figure 5.8. Reversible switching sequence for all titania phases. (IRS; initial resistance 

state, LRS; low resistance state, HRS; high resistance state). 

              A scanning electron microscope (SEM) image of a Pt/TiO2/ Pt capacitor-like 

structure and energy dispersive X-ray spectroscopy (EDX) analysis were taken before and 

after dielectric breakdown (forming process). EDX analysis indicated that the Pt signal was 

lowered after breakdown (Figure 5.9 D) compared to Figure 5.9 B, and the Si signal in the 

inner circle increased, meaning the Pt was nearly peeled off in the outer circle. After the 

dielectric breakdown, many holes were formed on the surface of the Pt, which partially 

destroyed the electrode as well as the TiO2 layer.   
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Figure 5.9. (A) SEM topography of a Pt top electrode before an electrical test, (B) signal 

of Pt before an electrical test, (C) top electrode after an electrical test, and (D) signal of Pt 

after an electrical test. 

Only the amorphous titania device exhibited bipolar switching behaviour in the 

Pt/TiO2/Pt structure. The voltage was swept first to negative (already formed in Figure 

5.1) and subsequently to positive polarity. In the device with the amorphous phase of 

titania (Figure 5.10), the device switched at -2.8 V after the SET step (Figure 5.2 B) but at 

a higher IC (10 mA). The RESET process took place at 1.6 V, where the device switched 

to the HRS once again.  
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Figure 5.10. I-V sweeps of bipolar resistive switching behaviour of amorphous titania with 

thickness of 50 nm prepared using HT-PVD.  

The results obtained above clearly reveal the diversity of titania phases toward 

switching phenomena in TiO2, which may induce some confusion and dispute over an 

accurate understanding of the resistive switching mechanisms. However, the result 

obtained shows a typical unipolar/bipolar behaviour of TiO2 as reported in the 

literature.
102,98,36

 Crystalline titania has higher forming voltage (FV) than the amorphous 

phase: The order observed here is FVrutile > FVanatase > FVamorphous. This, however, is not 

always the case, as described in the following section 5.3. 

5.1.2 I-V Characteristics of the Cu/ TiO2/ Pt Device 

The choice of contact electrode metal influences device switching properties 

depending upon (i) symmetry of the anode and cathode, (ii) metal/TiO2 contact, (iii) 

thickness, (iv) geometry and (v) nature of metal electrode (inert/active).
160

 Hence, the aim 

of this section is to investigate the effect of the top electrode on the switching behaviour of 

ReRAM devices. Noble metals (preferably Pt) are widely employed for making Schottky 

contact with TiO2, owing to their unique qualities, such as their non-oxidising and non- 

reactive nature.
13

 Pt has a high cost, and thus reducing manufacturing cost is essential 

before ReRAM can be commercialised as a practical application; therefore, efforts to select 

an electrode for affecting switching properties must be considered an important factor. 

Cu/TiO2/Pt structures of amorphous/crystalline were swept to a positive/negative 

voltage on the top electrodes, while the bottom electrodes were grounded and then swept 

back to zero. In all devices, at the beginning, a read voltage was applied, after which the 
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devices were swept to a voltage (E > 2 V) at which the forming process took place, at 1.65 

V. Subsequently, the voltage was decreased. The sweep rate was constant, at 50 mV/s, in 

all measurements presented here. The diameter of the circular-shaped top electrode (TE) 

was 250 μm. The thickness of the titania presented here was 30 nm. For amorphous titania, 

the voltage was swept to 2 V after reading the state of the device; the device clearly had 

high resistance at the beginning until its reached 1.65 V, at which point resistance 

decreased and the device switched from HRS to LRS, as shown in Figure 5.11. On the 

return sweep to zero, there was a jump in current to 1 mA before dropping to zero. Read 

voltage was applied to read the status of the device after forming, which showed the device 

in stay LRS (ON). After the forming process, the voltage was swept to negative (E ≤ -1 V), 

where the device switched at around -0.5 V from LRS (ON) to HRS (OFF). Then, the 

voltage was swept to positive (E ≤ 1 V), at which it stayed in HRS (OFF) until 0.4 V, 

where the device switched to LRS (ON) as shown in Figure 5.12. 

5.1.2.1 Cu/ TiO2 amorphous / Pt 

  

Figure 5.11. I-V sweep of forming process of Cu/ amorphous TiO2 (30 nm)/ Pt. read 

voltage (subfigure) before the forming process at 0.5 V.  

 

Figure 5.12. I-V sweeps of bipolar characteristics of Cu/ amorphous TiO2/ Pt. 
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5.1.2.2 Cu/TiO2 anatase /Pt 

A similar behaviour was observed on Cu/anatase TiO2 (30 nm)/Pt, at which the 

device was swept to positive (E > 2 V), then formed at around 1.5 V, as shown in Figure 

5.13. There was degradation when sweeping the voltage back to zero. Read voltage before 

the forming process was obtained and is displayed in Figure 5.13. The device was swept to 

negative after forming, at which the device stayed in LRS (ON) until around -0.6, when it 

switched from LRS (ON) to HRS (OFF). The voltage was kept continuously increase until 

0.5 V, where the device switched again from HRS (OFF) to LRS (ON), as shown in 

Figure 5.14. The time dependence of voltage sequences applied to amorphous was 

obtained and is displayed in Figure 5.15, while the time dependence for anatase titania was 

obtained and is displayed in Appendix A 4.3. The switching sequence for Cu/TiO2/Pt 

(IRS, initial resistance state; LRS, low resistance state; HRS, high resistance state) is 

displayed in Figure 5.16. 

 

Figure 5.13. Forming process of Cu/ anatase TiO2 (30 nm)/ Pt. read voltage (subfigure) 

before the forming process at 0.5 V. 
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Figure 5.14. I-V sweeps of bipolar characteristics of Cu/ anatase TiO2/ Pt. 

 

Figure 5.15. Time dependent of the voltage sequence applied on amorphous described in  
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Figure 5.16. Reversible switching sequence for Cu/TiO2/Pt. (IRS; initial resistance state, 

LRS; low resistance state, HRS; high resistance state). 

The result obtained shows that anatase titania has lower forming and reset voltage 

than amorphous titania. In Cu-based titania, there was degradation during forming voltage 

for amorphous and anatase, which could be due to weak filaments created and broken 

quickly when the voltage swept back to zero. The subsequent sweep was not stable for 

either phase. This was mostly affected by the forming process. At the initial state, both 

devices had high resistance (10
-11

 Ohm), which was irreversible after forming. However, it 

was observed that some devices did not hold their resistance. This may be due to the 

creation of a new filament with lower resistance.  

5.1.3 I-V Characteristics of the Pt/ TiO2-x/ TiO2 / Pt (composite) Device 

The aim of this section is to investigate the effect of a composite structure of TiO2 

(oxygen rich) and TiO2-x (oxygen poor) across thickness variations and different phases of 

titania. There is general agreement that the migration of oxygen ions or vacancies under an 

applied electric field plays a key role in resistive switching.
163,159

 Figure 5.17 describes the 

details of the structures demonstrated in this study.  
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Figure 5.17. Diagram of composite structures demonstrated in this section: TiO2 

amorphous/ anatase (dark blue), TiO2-x amorphous (light blue) 

Pt/TiO2-X/TiO2/Pt structures of amorphous/amorphous and amorphous/crystalline 

were swept to a positive/negative voltage on the top electrodes, while the bottom 

electrodes were grounded, and then swept back to zero. In all devices, at the beginning, a 

read voltage was applied, after which the devices were swept to a positive voltage. 

Subsequently, the resistance was decreased. The step voltage was constant in all 

measurements presented here, at 50 mV/s. The diameter of the circular-shaped top 

electrode (TE) was 250 μm. The thickness of the devices presented here were 50 nm and 

25 nm for TiO2-x and TiO2, respectively, with a 100-nm Pt top electrode. For amorphous 

composite titania, the voltage was swept to 2.5 V after reading the state of the device under 

current limitation at 1 mA, in voltage sweep mode. The device had high resistance at the 

beginning, until its reached 1.2 V, at which point the resistance started decreasing 

gradually until 2.2 V, where a jump of current was clearly observed and the device 

switched from HRS (OFF) to LRS (ON), as shown in Figure 5.18. Then, the device stayed 

in the IC until it dropped to zero. Read voltage was applied to read the status of the device 

before and after forming, and is shown in Figures 5.18 A and 5.18 B. After the forming 

process, the voltage was swept to negative (-2.5 V), where the device switched at around -

1.65 V from LRS (ON) to HRS (OFF). Then, the voltage was swept to positive (2.5 V), at 

which it stayed in HRS (OFF) until 1.9 V, where the device switched to LRS (ON), as 

described in Figure 5.19. Anatase composite titania, on the other hand, was also swept to 

positive (4 V), with the forming process obtained at around 3.8 V, as shown in Figure 

5.20. There was degradation in the voltage sweep back to zero. Read voltage before and 

after are displayed in Figures 5.20 A and 5.20 B. The device was swept to negative after 

forming, at which the device stayed in LRS (ON) until around -2.2 V, where it switched 

from LRS (ON) to HRS (OFF) (defined as the RESET process). The voltage swept back to 

positive across zero, and the status of resistance was maintained until 1.9 V, where the 
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device switched again from HRS (OFF) to LRS (ON) (defined as the SET process), as 

shown in Figure 5.21. The time dependence of voltage sequences applied to the 

amorphous composite was obtained and is displayed in Figure 5.22, while the time 

dependence of anatase composite titania is displayed in Appendix A). The reversible 

switching sequence for Pt/TiO2-x /TiO2/Pt is shown in Figure 5.22. 

5.1.3.1 Pt/ TiO2-x/ TiO2 (amorphous)/ Pt 

 

Figure 5.18. I-V sweep of forming process of Pt/ amorphous (50 nm)/ amorphous (25 nm)/ 

Pt (at read voltage (subfigure) at 0.5 V and 0.2 before and after forming process. 

 

Figure 5.19. I-V sweeps of bipolar characteristics of Pt/ amorphous TiO2-x (50nm) / 

amorphous TiO2 (25nm) / Pt. 
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5.1.3.2 Pt/ TiO2-x/ TiO2 (anatase)/ Pt 

 

Figure 5.20. I-V sweep of forming process of Pt/ amorphous (50 nm)/ anatase (25 nm)/ Pt 

(at read voltage (subfigure) at 0.5 V and 0.2 before and after forming process. 

 

Figure 5.21. I-V sweeps of bipolar characteristics of Pt/ amorphous TiO2-x (50 nm)/ 

anatase TiO2 (25 nm)/ Pt. 
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Figure 5.22. Time dependent of the voltage sequence applied on amorphous composite 

described in Figure 5.13. 

 

Figure 5.23. Reversible switching sequence for Pt/TiO2-x /TiO2/Pt (IRS, initial resistance 

state; LRS, low resistance state; HRS, high resistance state). 

The result obtained from the composite structure shows typical I-V characteristics 

of the bipolar switching phenomenon. It was found that the amorphous phase has much 

lower resistance at its initial state when compared to anatase. It is important to note that in 

the case of thicker TiO2-x and thinner TiO2, the forming voltage becomes lower. The 

switching time of amorphous composite was found to be shorter than that of anatase. The 
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switching phenomenon obtained seems to be a combination of the redox and conduction 

paths resulting from ions drifting between the oxygen rich and oxygen poor regions in the 

composite structures.  

5.2 Forming as a Function of Polarity 

Several factors affect the switching mechanism in ReRAM. Among these are 

forming voltage. Therefore, this section focuses on the electrical forming of the device as a 

function of polarity for different structures of titania. Figure 5.24 shows the test conducted 

on the effect of forming in a positive/negative direction on two different samples with the 

same structure of Pt/TiO2/Pt at 50 nm. The voltage was swept to (E ≥ 5 V), at which the 

device switched at 4.6 V. On the other hand, a fresh sample was formed in the negative 

direction at 4.8 V. There was little difference in this symmetrical structure in terms of 

forming voltage or sweeping behaviour. The structure of Cu/TiO2/Pt also formed in a 

different direction of polarity, as shown in Figure 5.25. Finally, the composite structure of 

Pt/TiO2-x/TiO2/Pt is displayed in Figure 5.26.  

 

Figure 5.24. I-V sweeps represents the polarity dependent of Pt/ TiO2 (50nm)/ Pt (A) 

positive forming and (B) negative forming. 
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Figure 5.25. I-V sweeps represents the polarity dependent of Cu/ TiO2 (40nm)/Pt (a) 

positive forming and (b) negative forming. 
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Figure 5.26. I-V sweep represents the polarity dependent of Pt/ TiO2-x (50nm)/ TiO2 

(20nm)/ Pt. (A) positive forming and (B) negative forming. 

It was found that in the symmetric structure of Pt/TiO2/Pt, the forming process is 

not polarity dependent. This indicates that the presence of air at the platinum top electrode, 

or its absence at the bottom electrode, did not influence the switching behaviour (Figure 

5.24). On the other hand, unsymmetrical structures of Cu/TiO2/Pt and Pt/TiO2-x/TiO2/Pt 

were found to behave differently. In the Cu-based titania system, it was observed that 

forming in the positive direction requires higher voltage, which may also cause 

degradation in switching compared to negative polarity, which requires stable low voltage 

(Figure 5.25). In the composite system, as shown in Figure 5.26, it was found that when 

the device formed in the positive direction, its initial state had lower resistivity; whereas 

when it formed in the negative direction, the device started with very high resistance (four 
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orders of magnitude higher compared to positive) and then achieved high resistance again 

before dropping to zero. It was observed that for the same thickness of the switching 

stoichiometric TiO2 layer, the forming voltage was much smaller when combined in the 

composite structure (with TiO2x) than in the simple structure.  

5.3 High Throughput Screening of Titania across Different 

Thicknesses and Structures 

In this section, trends and structure properties of titania phases as a function of 

thickness are presented: The focus here is on understanding the voltage and field 

dependence of the forming and switching behaviour of devices as a function of the 

thickness of the active switching material. 

5.3.1 Pt/ TiO2/ Pt 

Devices were formed electrically from different phases of TiO2 – namely, 

amorphous, anatase and rutile. The study was focused on switching as a function of 

forming voltage and electric fields. The forming voltage and electric field were calculated 

for each device across thicknesses (Appendix A). Each strip of thickness was tested and 

calculated individually. Figure 5.27 displays a schematic of forming voltage across 

gradient thicknesses of titania. Statistics of forming voltage and electric field gradients of 

different phases of TiO2 are displayed in Appendix A. Electric fields across a 20–300-nm 

gradient of thickness of different phases of titania were obtained and are described in 

Figure 5.28.  
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Figure 5.27. Data points of average forming voltage as function the thickness across 

phases of TiO2  

 

Figure 5.28. Data points of average electric field as function the thickness across three 

phases of TiO2  

A typical combinatorial library of Pt/TiO2/Pt devices was evaluated, and the statistics 

for switching are summarised in Figure 5.29. The switching operation was performed on a 

number of devices after the forming process with different voltages. The dark blue fields 
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indicate the number of devices that formed successfully. The green fields indicate the 

number of devices that subsequently, successfully switched in an ReRAM application 

(reset/set). The number of devices that were tested but failed to work are indicated by 

white fields. Light blue fields indicate devices that were not tested. Similar statistical 

representations of the testing of other libraries of devices are shown in Appendix A.

 

Figure 5.29. High-throughput statistics of device yields of Pt/TiO2 amorphous/Pt. Dark 

blue indicate how many device were formed; green indicates how many devices were 

formed and tested and set again; white boxes indicate the number of devices that did not 

form; and light blue represents devices that were not tested. 

By excluding the untested devices and combining all Pt/TiO2/Pt systems, a clear 

comparison was achieved, as shown in Figure 5.30. It is important to mention that the data 

presented here – the data for the thicker devices (200–300 nm) and the thinner devices 

(10–50 nm) – were combined to give general statistics of device performance. Nearly 140 

(red colour) devices were formed in the amorphous phase, whereas 130 and 95 devices 

were formed in the anatase and rutile phases, respectively. The lower number formed in 

crystalline devices could be due to different densities of defects at which, in addition to 

oxygen vacancies, the crystalline grain may play an important role in enhancing the 

conductivity of the device and thereby leading to its failure. This depends on the switching 

region at which the grain boundaries of the device should be formed at lower voltage; 
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switching in the middle of forming requires higher voltage. As mentioned in Chapter 2, the 

forming process is one critical success factor for ReRAM application, as the subsequent 

switching cycle depends on it. However, the subsequent cycle (reset/set) was performed on 

the devices that already formed. Pt/TiO2 (all phases)/Pt showed the device performance 

(blue colour). The number of cycled devices for all phases was nearly the same (average of 

25 devices). It is important to note that not all formed devices were cycled, since the focus 

was mainly on the forming process, a critical factor for the switching cycles. The number 

of devices that did not work (DNW) are indicated (green).   

 

Figure 5.30. High-throughput statistics of device yields of all Pt/TiO2/Pt-synthesised 

systems: a red colour indicates the number of devices formed; blue indicates the number of 

devices being switched; and green indicates the number of devices that did not work 

(DNW). 

Multiple switching on one device (device No (9, 12)) across different behaviours 

was performed and is displayed in Figure 5.31. It is clear that the forming process requires 

higher voltage to create a conductive path through the oxide. The device exhibited much 

lower voltage in the subsequent cycle. After that, there was nearly stable switching until 

cycle 15, where the behaviour started changing and looked like a unipolar occurrence. On 

the 28th switching cycle, the hysteresis loop was not observed, and the device became very 

conductive. This could be due to an O atom becoming excited and leaving an O2 poor film, 

resulting in increasing conductivity. 
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Figure 5.31. Multiple bipolar switching of Pt/TiO2 (amorphous)/Pt. Forming (red), 2
nd

 

cycle (green), 15
th

 cycle (blue) and 28
th

 cycle (black).  

Amorphous titania shows no dependency on forming voltage, whereas crystalline 

titania (anatase and rutile) shows slight dependency. By calculating the field of the device, 

it was found that all phases showed dependency on the field, which decreased with 

increasing thickness of the devices, as shown in Figure 5.28. The crystalline phases 

showed higher fields than the amorphous phase. Statistics of all devices showed that most 

of the devices tested formed successfully with a variation of voltage. This variation was 

due to different densities of defects. Multiple switching showed that the device lost oxygen 

with the time of the switching cycle.  

5.3.2 Cu/ TiO2/ Pt 

An average of 100 fresh devices were formed electrically with different top 

electrodes across amorphous/crystalline titania with variations of thickness. The study was 

focused on switching as a function of forming voltage and electric fields. The forming and 

electric fields were calculated for each device across thicknesses for amorphous and 

crystalline titania (Appendix A). Each strip of thickness was tested and calculated both 

individually and by averaging each strip and plotting it as shown in Figure 5.32; in 

addition to the forming voltage of Cu-based titania, the forming voltage of Pt-based titania 

as well as literature results were described in the same figure in order to make a 
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comparison and validate the work done. As shown in Figure 5.32, it is clear that thinner 

devices require higher voltage. It was found that the electric field increased with a 

decreasing thickness of thin-film across all phases and electrodes, as shown in Figure 5.33. 

The Cu-based titania was found to have a lower forming voltage and electrical field than 

Pt. This might be due to the high diffusion rate of Cu. It was clear that the amorphous Cu 

phase had the lowest forming voltage and electrical field, while the Pt-based amorphous 

phase had the highest forming voltage. The field gradient obtained was in the order 

Pt/amorphous TiO2 ˃ Pt/anatase TiO2 ˃ Cu/anatase TiO2 ˃ Cu/amorphous TiO2, as shown 

in Figure 5.33. The result obtained is consistent with the literature results (see data points 

in Figure 5.32 and 5.33), although our finding had a lower forming voltage than that 

reported using ALD
75

 and Sputtering
76

 despite having the same thickness.  

When a switchable voltage was applied for switching, the resistance of the device 

lowered dramatically due to the formation of conduction filaments between the two 

electrodes.
97,164

 On the other hand, if one electrode was active, such as Cu, the OFF state 

resistance was not significantly high compared to when it was inert.
75

 Pt makes a Schottky 

contact with TiO2 due to its high work function (6.32 eV) compared to TiO2 (3.4 eV), 

which shows the stability of switching.
165

 It is not predominantly governed by work 

function/barriers highest due to the fact that oxygen has high diffusivity through Cu.
96

 

Hence, Cu has some involvement as it has natural diffusion as well as oxygen diffusivity. 

Cu/TiO2 exhibited only bipolar switching, whereas Pt/TiO2 exhibited both modes of 

switching (unipolar and bipolar), specifically in amorphous devices. It was reported that a 

large ion diffusion coefficient leads to lower switching voltage.
73,166 
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Figure 5.32. Data points of average forming voltage as a function of the thickness of Pt 

and Cu top electrodes across amorphous/anatase TiO2/Pt with similar system studies in the 

literature (literature references 
36,75,77,94,95,97,98,101,167

). 

 

Figure 5.33. Data points of the average electric field as a function of the thickness of Pt 

and Cu top electrodes across amorphous/anatase TiO2/Pt (literature references 
36,75,77,94,95,97,98,101,167

).  

       Nearly 45 devices were formed (red colour) in each phase of amorphous and 

anatase Cu/TiO2/Pt systems. The system was not reproducible at which approximately four 
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devices were exhibiting the subsequent switching cycles as indicated by the blue colour in 

Figure 5.34. The number of DNW devices was the highest among all systems presented in 

this thesis. The top electrode Cu plays an important role here since the phases (as shown in 

the previous system) do not show high impact on the device yield. This could be due to the 

higher diffusivity rate of Cu, which diffuses into TiO2. Taking one of these switched 

devices (device No 5, 7) as multiple switching is shown in Figure 5.35. As can be seen, 

the switching was not stable during each cycle, and this phenomenon was observed on all 

devices of the Cu system. The unstable I-V curve of the thin-film with Cu electrodes was 

caused by the diffusion of Cu into the surface of the TiO2 film, which formed a Cu-Ti-O 

interface that increased resistance during the sweeping voltage back. 

 

Figure 5.34. High-throughput statistics of device yield of all Cu/TiO2/Pt-synthesised 

systems: red colour indicates the number of devices being formed; blue indicates the 

number of devices being switched; and green indicates the number of devices that did not 

work (DNW). 
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Figure 5.35. Multiple bipolar switching of Cu/TiO2 (amorphous)/Pt. Unstable switching 

behaviour due to diffusion of Cu into TiO2. 

5.3.3 Pt/ TiO2-x/ TiO2/ Pt 

An average of 120 fresh devices were formed electrically across 

amorphous/amorphous and amorphous/crystalline titania with variations of thickness. The 

study was focused on switching as a function of forming voltage and electric fields in 

contrast with the simple structure Pt/TiO2/Pt. Each strip of thickness was tested and 

calculated both individually and by averaging each strip. Figure 5.36 shows forming 

voltage across each strip of thickness for both composite and simple structures as well as 

limited results found in the literature using the same composite structure. An electric field 

was obtained for all phases and is displayed in Figure 5.37. A comparison between 

amorphous/amorphous and amorphous/crystalline structures determined that 

amorphous/amorphous had a lower voltage and electric field than crystalline (Appendix 

A). It is important to highlight that in order to make a clear comparison between 

simple/composite structures, the TiO2-x thickness was substituted in the graph. It was found 

that composite structure had lower forming voltage and a lower electric field. Crystalline 

TiO2 prepared by sputtering with a thickness of (TiO2 = 25 nm and TiO2-x = 25 nm) and 

TE/BE has been reported
61

 in the literature and was compared with our finding. It was 

shown that our device had a lower forming voltage despite having the same thickness. In 

addition, device performance was enhanced. This is in general agreement with work done 

by Lee et al.
168

 This improvement could be due to either the fabrication or annealing 
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process. Another study by William et al.
62

 used Pt/TiO2 (5 nm)/TiO2-x (30 nm)/Pt at which 

reported an electroforming free, meaning that the initial virgin state was nearly equivalent 

to the subsequent OFF state. On the other hand, the same structure was reported in Hong et 

al.,
61

 at which the forming process took place in both oxide layers. Our finding shows that 

a forming process took place on composite structures with lower voltage compared to the 

simple structure Pt/TiO2/Pt.  

 

Figure 5.36. Data points of average forming voltage as a function of the thickness of 

composite and simple structure of titania with similar system studies in the literature 

(literature references 
61,62,169

). 

 

Figure 5.37 Data points of the average electric field as a function of the thickness of 

composite and simple structures of titania (literature references 
61,62,169

). 
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             An average of 60 devices were formed (red colour) in both amorphous and anatase 

Pt/TiO2-x/TiO2/Pt systems. The forming voltage was lower in the simple system structure 

(Pt/TiO2/Pt), while the device yield was higher than in simple systems, as shown in Figure 

5.38. The stability of devices in this system showed a higher number of stable switching 

cycles. Devices (8, 12) were cycled as shown in Figure 5.39. It is clear that the switching 

voltage (1
st 

cycle) was nearly similar for the subsequent switching voltage. In addition, it 

was lower than in the simple structure of Pt/TiO2/Pt. The device exhibited switching 

(distinguish HRS/LRS) nearly 50 times. After that, as cycle 50
th 

shows, the device became 

very conductive, and the hysteresis loop was hardly observed. This might be due to the 

interface between TiO2-X/TiO2, where both layers lost equilibrium and the oxygen released 

resulted in increased conductivity. 

 

Figure 5.38. High-throughput statistics of device yield of all Pt/TiO2-x/TiO2 /Pt-synthesised 

systems: red colour indicates the number of devices being formed; blue indicates the 

number of devices being switched; and green indicates the number of devices that did not 

work (DNW). 
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Figure 5.39. Multiple bipolar switching of Pt/TiO2-x/TiO2/Pt. stable switching and low 

voltage required comparing to simple structure Pt/TiO2/Pt. 

                    The insertion of a sub-stoichiometric layer enhanced the device yield and 

lowered the forming voltage by creating a higher density of oxygen vacancies, which can 

accelerate the conductivity of the devices without damaging their performance. 
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Chapter 6: Discussion 

6.1 Pt/ TiO2/ Pt 

Generally, there are two dominant types of defects suggested (Chapter 2) to be 

responsible for the formation of the conducting path, namely titanium interstitials and 

oxygen vacancies. Marucco et al.
170

 reported that the dominating defect of TiO2 appears 

thermodynamically controlled, and at a lower temperature, oxygen vacancies are the likely 

dominating defect. Only at a high temperature will titanium interstitials dominate. Even if 

the oxygen vacancy defect in TiO2 is thermodynamically favoured, there is a certain upper 

limit of concentration of these defects that can be accommodated in TiO2 if its crystal 

structure is to be sustained.
171

 Once the concentration of oxygen vacancies crosses the 

upper limit, the phase instability of the original TiO2 structure becomes high, which might 

lead to phase transition (Magneli phase). Oxygen vacancies serve as donors in TiO2, which 

means an increase in their concentration, resulting in an increase in the concentration of 

delocalised electrons; therefore, the conductivity of the electrical insulator titania will 

increase. Rutile has received great interest as a strong candidate for ReRAM applications 

because it has the highest value for the dielectric constant among the titania phases.
172,105

 

The high value of the dielectric constant comes from the highly effective charges of Ti and 

O ions and the soft optical phonon mode in the crystal structure.
105

 However, there are 

many other properties of the phases, such as point defect and grain boundaries, which may 

strongly influence the effectiveness of the phase as a reversible switch. Hence, these 

properties also play a role in determining the forming voltage.   

6.1.1 Forming Step (HRS ─ LRS)  

The underlying mechanism of switching in a device can be inferred from 

characteristic switching behaviour and variations in device construction, such as thickness 

and the active switching layer. The forming process plays an important role in changing 

electrical conductivity, oxygen ion migration and physical deformation, which influences 

the subsequent resistive switching characteristics. The forming process is a partial 

breakdown of the material. During the forming process, a conducting path forms as a ‘soft’ 

(or partial) breakdown in the dielectric material, with oxygen vacancies introduced in the 

TiO2 that result in a reduced conducting phase. Joule heating is a voltage-induced thermal 

dielectric breakdown process enhanced by moving oxygen from an equilibrium state to a 
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non-equilibrium state that causes excessive power dissipation.
160

 It is well established that 

Joule heating is proportional to resistance and increases as the square of the current.
173

 

Thus, at high IC, memory performance might be affected due to large heat generation. For 

this reason, in this work, the IC was as low as 1 mA in all devices in the initial pristine 

state. The accumulation of oxygen vacancies inside the TiO2 layer forms a conducting path 

that connects two separate electrodes, which eventually initiate this transition. There are 

studies in the literature which have experimentally identified that the conductive filament 

in TiO2 is composed of the so-called Magneli phase TinO2n-1.
31,157,32

 It can be assumed that 

the Magneli phase is responsible for forming the filament.
33,34 

To form the initial filament 

(conducting bridge) comprising the Magneli phase, a large concentration of oxygen 

vacancies must be generated in the oxide in the FS, as shown in Figure 6.1, at which 

stoichiometric TiO2 is reduced to sub-stoichiometric TiO2-x and the conductive path is 

created. Even though a lower IC was applied (1 mA), physical deformation during the 

forming process was observed, which might be due to oxygen gas evolution, as shown in 

Figure 5.9. The same observation was reported by Yang et al.
174

 The energy needed in the 

thermochemical reaction is provided by Joule heating from the flowing current (Figures 

5.1, 5.3 and 5.5 A) for amorphous, anatase and rutile, respectively. The conduction of HRS 

in all phases of Pt/TiO2/Pt structures shows thermally activated behaviour that suggests 

filament-type resistive switching as already reported.
13, 24,30  

 

Figure 6.1. Diagram presenting the forming process and creation of conductive path of Pt/ 

TiO2/ Pt structures.  

6.1.2 RESET Step (LRS ─ HRS) 

One detail of the RESET mechanism is still unclear: It requires higher current each 

time to RESET the device.
41,74

 However, it can be suggested that RESET could be 

attributed to local power dissipation due to high current density in the conductive path, 

where power dissipation induces high temperature in the conductive path, causing either 
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the diffusion of vacancies out of the path or the diffusion of other impurities into the path, 

or even phase transition.
31

 Therefore, the locally ruptured part of the conductive channel 

becomes insulating so that the overall resistance of the channel increases. This ruptured 

part may consist of a more insulating phase, the formation of which is again thermally 

activated through localised Joule heating.
107

 A thermally induced redox process near the 

interface between the metal electrode and the oxide (Figure 6.2) is widely accepted and 

reported as the mechanism behind the formation and rupture of the conductive 

filaments.
24,31

 The resistance of the RESET state is generally much lower than that of the 

pristine sample but is still far higher than that of the SET state. The promising aspect of 

this model (filamentary type) is that it does not require the unidirectional motion of oxygen 

ions during repeated set/reset switching. The material simply changes its phase from 

metallic (or highly conductive semiconducting) magneli to less conducting defective TiO2-

x. In this symmetric binary system, as the electrode material is inert, it could be assumed 

that oxygen vacancies diffuse out the conductive path due to Joule heating, at which point 

an oxygen atom diffuses into the conductive path and is exchanged with an oxygen 

vacancy, which therefore decreases the conductivity of the system; meanwhile, resistance 

is significantly increased due to the diffusion of oxygen atoms, which would be the major 

factor for switching from the ON state to the OFF state. It was reported that it does not 

matter how many oxygen vacancies are needed for reset: Only one oxygen vacancy 

exchanged with one oxygen atom would be enough to change the state of the device.
109

 

 

Figure 6.2. Diagram presenting RESET and SET process of Pt/TiO2/Pt structures.  

6.1.3 SET Step (HRS ─ LRS) 

In the RESET process described in section 6.1.2, localised heat is suggested to 

occur in the RESET step; and in the subsequent cooling, recrystallization in a more oxygen 

stoichiometric anatase or rutile phase takes place,
169

 (Magneli phase) as shown in Figure 
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5.2, 5.4 and 5.6 A for amorphous, anatase and rutile, respectively: This process is 

propagated by the adjacent crystalline phase around the filament. These re-formed (set 

process), defective anatase or rutile phases will likely have greater electrical conductivity 

than pristine stoichiometric TiO2 (Figure 5.2, 5.4 and 5.6 B) for amorphous, anatase and 

rutile, respectively. However, it still has higher electrical resistance than the Magneli 

phase. 

All the mechanisms mentioned above focused on the unipolar switching mode; 

bipolar behaviour was observed only on amorphous titania, as described earlier in Figure 

5.10. The mechanism here was considered to be due to the electronic or ionic effect, in 

which electronic and ion migration play an important role in this type of switching. When a 

substantial Schottky potential barrier is present at the Pt/TiO2 interface, electronic/ionic 

bipolar resistive switching (BRS) occurs, which lowers the Schottky barrier due to the low 

oxygen vacancy concentration near the electrode. Jeong et al.
164

 have reported that an 

increase in the concentration of oxygen vacancies leads to a decrease in the Schottky 

barrier height at the Pt/TiO2 interface.
180,181

 Sawa et al.
31

 reported that the filament was due 

to the localised drift of oxygen vacancies. It was also found that localised drifting of 

oxygen vacancies along the direction of the electric field is highly likely to occur with 

favourable defect migration pathways, such as grain boundaries.
172

 The result obtained 

suggests that the RESET process is due to ruptured filaments (Figure 6.2) when reversed 

voltage is applied to the device. 

It was reported that
160

 stable resistive switching is due to the formation of the 

crystalline TiO2 layer, but such annealing can modify the barrier highest at the Pt/TiO2 

interface,
175

 causing unreliable switching performance; as the temperature increased, the 

grain size increased, and therefore the current path through the grain boundary became 

unstable, as found by Kim et al.
175

 They found that upon crystallisation at high annealing 

temperatures, the titania exhibited only unipolar behaviour. On as deposited titania (most 

likely to be amorphous), bipolar switching was observed.  

It was observed that thinner devices required higher voltage (Figure 5.27) and 

therefore a higher electrical field (Figure 5.28). This could be explained by a lower density 

of defect, which requires higher voltage. It was also observed that the distribution of 

forming voltage and the electrical field of thicker devices (D > 150 nm) was stable as 

compared to the random distribution of thinner devices ( D ≤ 60 nm). This could be due to 

the defect size and the physical region of switching: In the case of the thinner device, the 

defect size was small, which in turn provided a variety of forming voltage. In an 
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amorphous material (in general), there is no band structure. Nevertheless, notions such as 

‘band gap’ or ‘band structure’ are still applied, but in a broader sense, as compared to 

crystalline materials.  

The forming voltage of amorphous was less affected by thickness, which might be due to 

the point defect presented in amorphous titania. Whereas in crystalline (anatase and rutile), 

the forming voltage mostly depended on thickness. This, again, depends on the physical 

region of switching: In crystalline, both the point defect and grain boundaries were 

presented. If the switching region is on the boundaries of the grain, the voltage will be low. 

On the other hand, if the switching region is far from the boundaries, then the voltage will 

be higher. This could explain why higher voltage is required in anatase, as shown in 

Figure 5.27.  

6.2 Cu/ TiO2/ Pt  

One of the factors that might affect the resistive switching properties of the MIM 

structure is contact between the metal electrode and the oxide material. The interface 

between the metal electrode and the oxide material affects the carrier injection. This 

interface determines the Schottky barrier height induced by the metal work function and 

the Fermi level of the oxide material.
97

 

6.2.1 Forming Step (HRS ─ LRS) 

There are two different filament formation mechanisms involved with different 

major carrier sources that make up filaments: the foreign atom and intrinsic defects. The 

first only relies on the cation from electrode materials, such as Cu, which is 

electrochemically active. This can be easily oxidised to metal ions followed by drifting 

from anode towards cathode with the accumulation of these metal atoms. It was reported 

that
75

 the filaments will grow parallel to the direction of the applied electric field. As soon 

as these metal filaments are connected, the two terminal electrodes of the device switch. 

The conductive filament of the forming process shown in Figures 5.11 and 5.13 involves 

the following steps: (i) When voltage is applied to Cu, an electrochemical reaction occurs 

in the Cu top electrode (Figure 6.3), which oxidises the Cu metal atoms to metal ions; (ii) 

the highly mobile cations drift in the ion conductive layer under the electrical field; then, 

(iii) the metal ions are deoxidised back to metal atoms at the Pt bottom electrode. As this 
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process continues, metallic filaments are established between the two electrodes and the 

device switches to LRS, as shown in Figure 6.3.  

The second type is related to anions, such as oxygen ions. Under a high electrical 

field, oxygen ions will migrate from the lattice positions; defects like single oxygen 

vacancies are generated by the assistance of thermal effects. This will change the 

stoichiometry of the film and lead to an increase of its electronic conductivity due to defect 

creation (oxygen vacancies). When these vacancies form a local path, the device can be 

switched from HRS (OFF) to LRS (ON) (Figure 6.3). 

It can be gleaned from many published papers
41,75,160,172,

 that the choice of electrode 

materials is predominantly governed by thermodynamic aspects like Gibbs free energy and 

the free energy of oxide formation. Cu has slightly higher free energy than Ti has, which 

make it difficult to reduce Ti. Due to high diffusivity, Copper, could migrate into the TiO2 

bulk from the top electrode and affect the switching characteristics. The migrated atom can 

connect to Ti in the conducting path after the forming or SET process (Figure 6.3). This 

could demonstrate that the conduction path of Ti is shorter due to the migrated 

portion.
42,110 

A similar consideration was reported by Kim et al.
42

 The Gibbs energy of Cu 

is smaller than it is for Ti. Hence, few oxygen ions drift to the top electrode from the TiO2 

thin film; in this case, the change in resistance is mainly affected by Joule heating.
76 

 

 

Figure 6.3. Diagram presenting the forming process and creation of the conductive path of 

Cu/TiO2/Pt structures.  
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6.2.2 RESET Step (LRS ─ HRS) 

The rupture of the filament that led to switching the device to HRS (OFF) is called 

the RESET process. Filament rupture processes can also be divided into two classes, one 

involving electrochemical reactions and one involving thermal effects. By changing the 

polarity of the bias voltage, an electrochemical dissolution of the conductive bridges takes 

place which may cause the device to RESET to HRS (Figure 6.4). Joule heating could also 

cause the rupture of the filament and the resetting of the device to HRS. This is not the 

case for an inert electrode such as Pt, for which the RESET process has only a thermal 

effect and a higher IC than that applied to the forming and SET processes is required, 

which means that a large amount of heat is generated to repture the filament and switch the 

device to the HRS (OFF) state.  

 

Figure 6.4. Diagram presenting RESET and SET processes of Cu/TiO2/Pt structures. 

6.2.3 SET Step (HRS ─ LRS) 

After resetting the device to HRS, and by changing the polarity of bias voltage, the 

same process mentioned in the forming process (section 6.2.1) take place, at which point 

the device switches from HRS to LRS. However, the SET process had higher conductivity 

than the forming process, as shown in Figures 5.12 and 5.14. A degradation of the 

hysteresis loop was observed, which may be due to a weak filament being created and then 

broken quickly when the voltage swept back to zero. 

Electrode materials and oxidation reactions at the interface of the TE and TiO2 

affected the resistive switching characteristics and therefore the reliability of the devices. 

Therefore, proper selection of the materials used for the top electrode is very important: 

The chosen metal must not be easily oxidizable and must be cost effective. From both 

literature results and our results, it seems feasible that Cu migrating rapidly into TiO2 to 

form a conductive path makes the device switch. Accordingly, it can be concluded that for 
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reliable and stable device performance, the electrode metal should have higher Gibbs free 

energy than Ti. During high temperature processes, such as annealing or Joule heating, and 

owing to the higher Gibbs free energy, electrode metals are more prone to oxidation than 

Ti. The higher Gibbs free energy of these metals ensures a lower probability of electrode 

metal reduction during high temperature operation. Moreover, metals with a high Schottky 

junction with TiO2 exhibit better switching behaviour as well as metal has higher work 

function to make Schottky contact with TiO2.  

The forming voltage and electric fields across devices, shown in Figures 5.32 and 

5.33, reveal that Cu-based amorphous titania did not show dependency on thickness, 

whereas Cu-based anatase titania was affected by variations of thickness, with thinner 

titania requiring higher forming voltage and a higher electric field. This is consistent with 

Pt-based titania. However, Cu-based titania showed a much lower forming voltage and 

electric field compared to the Pt-based system. This could be attributed to the high 

diffusion rate of Cu. The results were validated with literature reporting different methods 

for preparing such devices.  

6.3 Pt/ TiO2-x/ TiO2/ Pt 

          TiO2-x (oxygen poor)/TiO2 (oxygen rich) multilayer homojunctions were studied as 

alternative resistive switching structures for both high and low resistance transitions.  

6.3.1 Forming Step (HRS ─ LRS) 

TiO2 prepared by sputtering with a thickness of (TiO2 = 25 nm and TiO2-x = 25 nm) 

and Pt as TE/BE has been reported
61

 in the literature. It has been shown that a forming 

process is required at the pristine stage of the device. Another study by William et al.
62

 

using Pt/TiO2 (5 nm)/TiO2-x (30 nm)/Pt reported an electroforming free device, meaning 

that the initial virgin state was nearly equivalent to the subsequent OFF state. On the other 

hand, the same structure was reported in Hong et al.,
61

 in which a forming process took 

place in both oxide layers. Our findings showed that a forming process took place on 

composite structures with lower voltage in the device with a thicker layer of TiO2-x (Figure 

5.18 and 5.20). However, it is not as low as free forming as reported by William et al.
62

 

Based in literature reports and our findings, it is believed that during the forming stage 

(Figure 5.18 and 5.20), there is a possibility that the oxygen ions could be trapped and un-

trapped within the TiO2−x layers under the applied bias, making a conductive path that 



 

131 

switches the device from HRS to LRS. As shown in Figure 6.5, the conducting paths were 

generated inside the TiO2/TiO2−x homojunctions during the forming process. The TiO2 

layer can act as an oxygen ion reservoir, while the TiO2−x layer has a lower oxygen ion 

concentration. Therefore, the TiO2−x layer is more sensitive to the movement of oxygen 

ions than the TiO2 layer. 

 

Figure 6.5. Diagram presenting the forming process and creation of conductive path of Pt/ 

TiO2-x/ TiO2/ Pt structures. 

6.3.2 RESET Step (LRS ─ HRS) 

After forming the device, and when reverse bias was applied, oxygen ions drifted 

from the TiO2 layers to the TiO2/TiO2−x interface; oxidation then occurred at the interface 

region of the TiO2−x layer, forming a fully oxidised layer. In addition, partial oxygen ions 

went into the TiO2−x layer for ion trapping. As shown in Figure 6.6 A, this oxidised layer 

and ion trap in the TiO2−x layer caused the device to switch into the HRS state (likely due 

to the rupture of filaments at the interface layer by preventing the movement of conducting 

electrons). 

 

Figure 6.6. Diagram of RESET and SET processes of Pt/TiO2-x/TiO2/Pt structures. 
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6.3.3 SET Step (HRS ─ LRS) 

        When a forward bias was applied, as shown in Figure 6.6 B, the oxidised oxygen ions 

at the interfaces and trapped ions in the TiO2−x layer moved back towards the TiO2 layer, 

likely due to the formation of filaments at the interface layer, switching into the LRS state.  

        The result obtained from the resistive switching phenomenon in composite structures 

seems to be a combination of the redox and conduction paths, resulting from ions drifting 

between the oxygen rich and oxygen poor regions in the composite structures; whereas the 

conduction path was obtained from bipolar switching behaviour (Figure 5.19 and 5.21). It 

shows typical I-V characteristics of bipolar switching phenomenon. The thickness of TiO2-

x (oxygen poor) plays an important role in forming voltage, which decreases with 

increasing thickness of TiO2-x compared to simple structures of Pt/TiO2/Pt. The 

improvement (low voltage) could be attributed to the ability of Ti to absorb oxygen atoms.  

         The result obtained in this system suggests that the incorporation of TiO2-x into the 

composite structures plays an important role in lowering forming voltage: low forming 

voltage results in a higher yield of switching devices.  
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Chapter 7: Conclusions and Future Work 

7.1 Conclusion  

An average of 430 devices were synthesised and tested using physical vapour 

deposition and high-throughput screening methodologies towards ReRAM application. 

After studying the results and comparing them with the literature, it was possible to 

validate the use of a first-time methodology applied to ReRAM applications. Such a 

methodology had the power to produce different titania phases (amorphous, anatase and 

rutile). Most of the anatase devices were obtained without post annealing in a tube furnace. 

Characterisation techniques were employed to demonstrate that the phases and structures 

were successfully synthesised, which also suggests that higher oxygen content during 

synthesis converts the nanocrystalline film to a rutile structure, as shown in Figure 4.3 and 

Figure 4.4. These characterisation results were consistent with the literature.
155,156,157,158

 

One of the contributions of this project, which is directly linked to the aims discussed in 

section 1.2, was the synthesis of the largest gradient of thickness reported to date. It is clear 

from XPS and 4pp characterisation that the sub-stoichiometric and stoichiometric phase 

were produced as required. The Cu system and the composite system showed a much 

lower forming field than the simple structure of Pt-based titania.   

The results obtained throughout this high-throughput research suggests that in 

general, for all the systems studied, the forming voltage was slightly dependent on the 

thickness of the switching layer of TiO2, but it was much more dependent on the electric 

field across the layer. It was also confirmed that thinner devices require higher voltages 

and higher electric fields due to the lower density of defects. Based on our results, there 

was no phase dependent on the devices, as all the titania phases behaved in relatively the 

same way. The type of electrode materials has an impact on resistive switching 

characteristics. The incorporation of TiO2-x into the composite structures played an 

important role in lowering the forming voltage: Low forming voltage results in a high yield 

of switching devices.  
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7.2 Future Work  

This project has demonstrated the validity and utility of high-throughput 

methodologies in the synthesis of ReRAM functional nanomaterials and structures. Hence, 

it should be a feasible system for the synthesis of any structure of materials (oxide, nitride 

or carbide). Despite the project’s achievements, there are still limitations due to the time 

period of this thesis and the complexity of the circuit integration in our laboratory.  

For this project, two fabrication masks, with a diameter of 250 μm and 50 μm, were 

made to investigate the dependency on pad size. Unfortunately, the small mask was not 

tested electrically during the project for a number of reasons. First, the camera and optics 

employed resulted in low image resolution, which made it difficult to image the smaller 

contact pads and therefore align the needle on them. In addition, the probe measurements 

were made manually (one by one). Following the completion of this work, the probe 

station was automated and the camera resolution increased, allowing the automation of 

high-throughput screening. A significant number of device libraries were prepared in the 

course of this work, and these should be measured using the high-throughput probe station 

in order to further improve the statistics of the datasets. An alternative approach to the 

electrical screening method would be to synthesise compositional gradient materials on a 

chip and apply multiplexing electronics in order to obtain the switching characteristics. 

This approach would have the advantage of using smaller node sizes in the device (down 

to tens of nm), closer to the dimensions in ReRAM memory. It is worth noting that an 

automated screening system already exists in the market.
184

 However, this screening 

system is designed for crossbar arrays, as shown in Figure 7.1, which makes it difficult to 

test the system in a combinatorial fashion using such an approach. Therefore, the 

development of a new chip design is required for testing and adaption with an HT-PVD 

screening workflow. Such a chip should be designed so that each device (through either the 

top or bottom electrode) is separated from each other to allow independent tests of devices 

across gradients of thickness or compositions, as shown in Figure 7.2. This would have the 

advantage of reducing the leakage current from adjacent devices in a crossbar 

configuration, since each device would be tested independently. Achieving this will greatly 

reduce the time and cost in the research environment and will accelerate the discovery of 

materials applicable for ReRAM application.  
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Figure 7.1. A schematic of a crossbar array with a horizontal word line (WL) on 

the top and a vertical bit line (BL) at the bottom. The upper left corner is the 

selected device (Rj) at which some device is half-selected (Rm, Rn) with Rj, and 

this makes it difficult for the HT-PVD approach to move from one electrode to 

another and test them independently.
185 

 

 

 
 

Figure 7.2. Diagram of a potential ReRAM testing chip. The cell with a capacitor-like 

structure in which a compositional gradient-insulating oxide (green) is inserted between 

two metal electrodes allows devices to be tested independently from each other across 

combinatorial libraries. The top electrode is a single bar, with the bottom electrodes being 

independently addressable.  

 

          One of the difficulties of this project was that we have not been able to study the 

filament (conductive path) in depth, though doing so would lead to a better understanding 

of the configuration needed for the right mechanism for each system prepared. Hence, it is 

worth considering high resolution TEM to study the filament. Such experiments for HfO2 

have shown that the filament changes with reversible switching.
186

  

 

          A high-throughput memory-testing platform should be developed by evaluating and 

connecting a Keysight 5600LS AFM as a microelectrode and a Keysight B1500A 

semiconductor analyser as a signal source and measuring device. Development of such a 
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system would open the door for new ways of investigating the location of filaments and 

their shape.  

         IC plays a key role in switching behaviour, especially in the forming process. As 

mentioned in Chapter 5, IC in this project was kept at 1 mA to minimise any deformation 

in the systems during the forming process. More focus should be placed on studying the 

effect of variations in IC during the forming process. This could be addressed in a more 

high-throughput screening probe station or chip.  

          Pulsed I-V testing is ideal for preventing device self-heating or minimising charge 

trapping effects when characterising devices. By using narrow pulses and/or low duty 

cycle pulses rather than DC signals, important parameters are extracted while maintaining 

the device under test performance. It also provides time control before and during the 

forming process. During this project, we were not able to perform Pulse I-V measurement 

to obtain dynamic characterisation. although it has been used to evaluate the switching 

speed
84

 for TiN/ZnO/Pt devices (Figure 7.3). Endurance and retention can also be obtained 

using such a test.  

 

Figure 7.3. Sequences of set/reset voltage pulses used to study the electric pulse-induced 

reversible effect and the corresponding respondent current.
84 

 

            Future ReRAM projects should consider a doping system which enhances 

conductivity and reduces the forming voltage. An example of such a system would be 

Pt/TiO2/Pt with a low doping concentration of Cu (1–5%). By achieving this and 

combining it with the data already obtained, the system would greatly improve 

understanding of the mechanism involved. Improvement in endurance and reduction of 

forming voltage were already observed.
187

 

 

It is known that during the forming process, a large number of oxygen vacancies 

are introduced to the system.
162

 It is necessary to quantify the oxygen vacancies in the TiO2 
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system during the forming process to clarify the relationship between the density of 

oxygen vacancies and the forming voltage. This would help increase control of the forming 

process, which is one of the major issues with ReRAM application. Studying the shape 

differences and chemical compositions between HRS and LRS gave us more detailed data 

about the RS phenomenon.  

 

Perovskite materials (ABO3, where A and B are two cations, O is an anion) have 

been prepared using the HT-PVD method, employing MBE in many fields, such as 

electrocatalysts
188 

and battery application,
134,189 

due to their interesting properties. The 

method has shown the ability to provide bistable switching of conductance between non-

metallic and metallic in memory devices.
48

 Perovskite-structured oxides can accept 

considerable substitutions in one or both cationic sites (i.e., A and B sites) while retaining 

their original crystal structures. Such a feature provides chemical tailoring of the materials 

via partial replacement of the cationic site(s) with foreign metal ions, hence modifying 

their properties.
137 

The compositional gradient of perovskite has been determined,
136,137 

revealing dielectrics properties, such as dielectric constants and dielectric losses. Dielectric 

losses refer to the dissipation of electrical energy resulting in deviations from ideal 

capacitor behaviour that might affect the reversibility of switching ReRAM devices. 

Dielectric losses should be as minimal as possible (Figure 7.4) in order to obtain reversible 

switching. The feasibility of such materials in ReRAM applications is high considering the 

areas in which they have been applied.  

 

Figure 7.4. Electric field of dielectric constant and loss tangent of BaSrO3 thin film, 

measured at different frequencies.
190 
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Appendix A Figures 

 

Figure 3.1. Photograph of samples prepared using A 14 × 14 matrix stainless-steel masks 

(250 micron). 

 

Figure 3.2. Photograph of samples prepared using A 12 × 12 membrane mask, fabricated 

by a member of our group. 
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Figure 3.3. Photograph of thin-film oxide without Pt contact pad. 

 

Figure 3.4. Photograph of samples prepared by Cu/TiO2/Pt using a variety of masks. 
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Figure 3.5. Photograph of samples prepared by Pt/TiO2-x/TiO2/Pt using a variety of masks. 

 

Figure 4.1. (A) AFM topography of amorphous titania across different thicknesses (10 to 

50 nm, respectively). (B) Sample picture. 
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Figure 4.2. (A) AFM topography of anatase titania across different thicknesses (10 to 50 

nm, respectively) (B) Sample picture. 

 

Figure 4.3. (A) AFM topography of rutile titania across different thicknesses (10 to 50 nm, 

respectively). (B) Sample picture. 
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Figure 4.4. (A) AFM topography of composite amorphous titania across different 

thicknesses (10 to 50 nm, respectively). (B) Sample picture. 

 

Figure 4.5. (A) AFM topography of composite anatase titania across different thicknesses 

(10 to 50 nm, respectively). (B) Sample picture 
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Figure 4.1.  XRD data of anatase TiO2 film with thickness of 40 nm. 

 

Figure 4.2. XRD data of anatase TiO2 film with thickness of 30 nm. 
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Figure 4.3. XRD data of anatase TiO2 film with thickness of 20 nm. 

 

Figure 4.4. Combination of XRD pattern of TiO2 anatase across thicknesses. 

 

Figure 4.5.  AFM frequency scan of amorphous titania.  
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Figure 4.6. AFM frequency scan of anatase titania.  

 

Figure 4.7. AFM frequency scan of rutile titania.  

 

Figure 4.8. Raman spectra of three TiO2 phases with average thickness of 50 nm being 

synthesised using HT-PVD 
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Figure 4.9. XPS spectra for amorphous Ti 2p.  

 

Figure 4.10. XPS spectra for amorphous O 1s. 
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Figure 4.11: XPS spectra for anatase Ti 2p.  

 

Figure 4.12. XPS spectra for anatase O 1s. 

 

Figure 4.13. XPS spectra for Rutile Ti 2p.  

Ti2p3/2 

458 

Ti2p1/2 
464 

O1 s 
529 

Ti2p1/2 
464 

Ti2p3/2 



Appendix A 

151 

 

Figure 4.14. XPS spectra for rutile O 1s. 

 

 

Figure 4.15. XPS spectra for thinner stoichiometric anatase (50nm) Ti 2p.  
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Figure 4.16. XPS spectra for thinner stoichiometric anatase titania O 1s. 

 

Figure 4.17. XPS spectra for thinner sub-stoichiometric anatase (50nm) Ti 2p. 
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Figure 4.18. Peak area analysis using Casa software.  
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Figure 4.19. Peak area analysis using Casa software.  
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Figure 4.20. Peak area analysis using Casa software.  
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Figure 4.21. Peak area analysis using Casa software.  
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Figure 4.22. XPS spectra for thinner sub-stoichiometric anatase titania O 1s. 

 

Figure 4.23. Multiple measurement on one strip of thickness (50 nm) for amorphous TiO2. 
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Figure 4.24. Multiple measurement on one strip of thickness (40 nm) for amorphous TiO2. 

 

Figure 4.25. Multiple measurement on one strip of thickness (30 nm) for amorphous TiO2. 
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Figure 4.26. Multiple measurement on one strip of thickness (20 nm) for amorphous TiO2. 

 

Figure 4.27. Multiple measurement on one strip of thickness (10 nm) for amorphous TiO2. 
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Figure 4.28. Distribution of gradient of thickness for anatase TiO2 films. 

 

Figure 4.29. Distribution of gradient of thickness for rutile TiO2 films. 
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Figure 4.30. Map of thickness distribution of anatase titania prepared by HT-PVD.  

 

Figure 4.31. Map of thickness distribution of rutile titania prepared by HT-PVD.  

 

Figure 4.32. Map of step thickness distribution of anatase titania prepared by HT-PVD.  
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Figure 4.33. Map of step thickness distribution of rutile titania prepared by HT-PVD. 

 

Figure 5.1. Time dependence of Pt/anatase titania/Pt. 

 

 

 

Figure 5.2. Time dependence of Pt/rutile titania/Pt. 
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Figure 5.3. Time dependence of Cu/ anatase titania/Pt. 

 

Figure 5.4. Time dependence of anatase composite.  

 

Figure 5.5. Data points of forming voltage across the thickness of three phases of TiO2. 
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Figure 5.6. Data points of electric field across the thickness of three phases of TiO2 

 

Figure 5.7. Data points of forming voltage across the thickness of Cu/TiO2/Pt.  

 

Figure 5.8. Data points of electric field across the thickness of Cu/ TiO2/Pt.  
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Figure 5.9. Data points of forming voltage across the thickness of Pt/TiO2/Pt and Pt/TiO2-

x/TiO2 amorphous/Pt.  

 

Figure 5.10: Data points of electric field across the thickness of Pt/TiO2/Pt and Pt/TiO2-

x/TiO2 amorphous/Pt.  
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Figure 5.11. Data points of electric field across the thickness of Pt/TiO2/Pt and Pt/TiO2-

x/TiO2 anatase/Pt. 

 

Figure 5.12. Data points of forming voltage across the thickness of Pt/TiO2-x/TiO2 

amorphous /Pt and Pt/TiO2-x/TiO2 anatase/Pt. 

 

 

Figure 5.13. Data points of electric field across the thickness of Pt/TiO2-x/TiO2 amorphous 

/Pt and Pt/TiO2-x/TiO2 anatase/Pt. 
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Figure 5.14. High-throughput statistics of device yield of Pt/TiO2 anatase/Pt; dark blue 

indicates how many devices are being formed; greens indicate how many devices were 

formed and rested and set again; white boxes indicate the number of devices that did not 

form; and light blue are the remaining devices that were not tested. 

 

Figure 5.15. High-throughput statistics of device yield of Pt/TiO2 rutile/Pt; dark blue 

indicates how many devices are being formed; green indicates how many devices were 

formed and rested and set again; white boxes indicate the number of devices that did not 

form; and light blue are the remaining devices that were not tested. 
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Figure 5.16.  High-throughput statistics of device yield of Cu/TiO2 amorphous/Pt; dark 

blue indicates how many devices are being formed; green indicates how many devices 

were formed and rested and set again; white boxes indicate the number of devices that did 

not form; and light blue are the remaining devices that were not tested. 

 

Figure 5.17. High-throughput statistics of device yield of Cu/TiO2 anatase/Pt; dark blue 

indicates how many devices are being formed; green indicates how many devices were 

formed and rested and set again; white boxes indicate the number of devices that did not 

form; and light blue are the remaining devices that were not tested. 
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Figure 5.18.  Figure 5.18.  High-throughput statistics of device yield of Pt/ TiO2-x/TiO2 
amorphous/Pt; dark blue indicates how many devices are being formed; green indicates 
how many devices were formed and rested and set again; white boxes indicate the 
number of devices that did not form; and light blue are the remaining devices that were 
not tested. 

 

Figure 5.19. High-throughput statistics of device yield of Pt/TiO2-x/TiO2 anatase/Pt; dark 

blue indicates how many devices are being formed; green indicates how many devices 

were formed and rested and set again; white boxes indicate the number of devices that did 

not form; and light blue are the remaining devices that were not tested.  
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Figure 5.20. High-throughput statistics of device yield of Pt/TiO2 amorphous/Pt; dark blue 

indicates how many devices are being formed; green indicates how many devices were 

formed and rested and set again; white boxes indicate the number of devices that did not 

form; and light blue are the remaining devices that were not tested. 

 

Figure 5.21.  High-throughput statistics of device yield of Pt/ TiO2 anatase/Pt; dark blue 

indicates how many devices are being formed; green indicates how many devices were 

formed and rested and set again; white boxes indicate the number of devices that did not 

form; and light blue are the remaining devices that were not tested. 
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Figure 5.22.  High-throughput statistics of device yield of Pt/TiO2 rutile/Pt; dark blue 

indicates how many devices are being formed; green indicates how many devices were 

formed and rested and set again; white boxes indicate the number of devices that did not 

form; and light blue are remaining devices that were not tested. 
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Appendix B Tables 

Table 3.1. Preparation Conditions for Pt/TiO2/Pt. 

Sample 

number 

Chamber 

pressure 

(TiO2)torr 

Annealing 

temperature 

(°C) 

(in the 

chamber) 

Phase 

obtained 

Chamber 

pressure 

(Pt)torr
 

Mask size for 

Pt top 

electrode 

♯8001 2.3×10
-5

 RT Amorphous N/S N/S 

♯8003 2.4×10
-5 

RT Amorphous 2.3×10
-7 

250 micron 

♯8004 2.6×10
-5 

RT Amorphous 2.3×10
-7

 50 micron 

♯8006 2.6×10
-5 

450 Anatase 2.3×10
-7 

50 micron 

♯8007 2.5×10
-5 

450 Anatase 2.4×10
-7

 250 micron 

♯8008 3.5×10
-5 

450 Anatase N/S
 

N/S 

♯8025 2.3×10
-5 

600 Rutile N/S
 

N/S 

♯8026 2.4×10
-5

 600 Rutile 2.4×10
-7

 50 micron 

♯8027 2.5×10
-5

 600 Rutile 2.6×10
-7

 250 micron 

Table 3.2. Preparation Conditions for Pt Contact Pads 

Rate 0.8 A/S 

Substrate temperature 200 °C before deposition 

Time of deposition 60 minutes 

Deposition mask size 250 micron, 50 micron 

Thickness 80–100 nm 
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Table 3.3. Description of Deposition Conditions of TiO2 and Pt Contact Pad (NS = not 

specified) 

Sample 

number 

Mask 

(mm) 

Substrate 

temperature 

(°C) 

Annealed 

T 

Evaporation 

source Ti 

Evaporation 

source Pt 

Produced 

phase 

♯8003 14×14 RT N/S E-gun1 E-gun3 Amorphous 

♯ 8007 14×14 RT 450 E-gun1 E-gun3 Anatase 

♯8027 14×14 600 600 E-gun1 E-gun3 Rutile 

♯8004 W9-4 RT N/S E-gun1 E-gun3 Amorphous 

♯8006 W9-4 RT 450 E-gun1 E-gun3 Anatase 

♯8026 W9-4 600 600 E-gun1 E-gun3 Rutile 

♯8001 N/S RT N/S E-gun1 N/S Amorphous 

♯8008 N/S RT 450 E-gun1 N/S Anatase 

♯8025 N/S 600 600 E-gun1 N/S Rutile 

Table 3.4. Description of Deposition Conditions of TiO2 and Cu Contact Pad (NS = not 

specified) 

Sample 

number 

Chamber 

pressure 

(TiO2)
Torr 

Annealing 

temperature (°C) 

(in the chamber) 

Phase 

obtained 

Chamber 

pressure 

(Cu)
Torr 

Mask size for Cu 

top electrode 

♯8628 6×10
-7 

RT Amorphous 2.1×10
-7 

50 micron 

♯8629 5.9×10
-6 

RT Amorphous N/S N/S 

♯8630 8.5×10
-7 

RT Amorphous 3.9×10
-7 

250 micron 

♯8637 6.3×10
-7 

200 Anatase N/S N/S 

♯8642 6.4×10
-7 

200 Anatase 3.8×10
-7 

50 micron 
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♯8643 6.1×10
-7 

200 Anatase 2.2×10
-7 

250 micron 

Table 3.5. Description of Deposition Conditions of TiO2-X/TiO2 and Cu Contact pad (NS = 

not specified) 

Sample 

number 

Chamber 

pressure 

(TiO2) 

Annealed 

temperature (°C) 

(in chamber) 

Phase 

obtained 

Chamber 

pressure 

(TiO2-x) 

Chamber 

pressure 

(Cu) 

Mask size 

for Cu top 

electrode 

♯8634 8.5×10
-7 

RT Amorphous 6.7×10
-7 

3.8×10
-7 

250 micron 

♯8635 6.6×10
-7 

RT Amorphous 6.5×10
-7 

4.1×10
-7 

50 micron 

♯8636 6.5×10
-7 

RT Amorphous 6.3×10
-7 

N/S N/S 

♯8638 6.8×10
-7 

200  Anatase 6.1×10
-7 

3.7×10
-7 

250 micron 

♯8639 6.5×10
-7 

200  Anatase 6×10
-7 

3.8×10
-7 

50 micron 

♯8641 8.1×10
-7 

200  Anatase 6.4×10
-7 

N/S N/S 

 

Table 4.1. Raman shift and peak assignments of anatase and rutile titania prepared by HT-

PVD. 
 

Anatase Rutile 

 

Raman shift 

(cm
-1

) 

Assignments Raman shift 

(cm
-1

) 

Assignments 

162  Eg 162  B1g 

210  Eg 445  Eg 

414  B1g 632  A1g 

533  A1g+B1g ------- ------- 

657  Eg ------- ------- 
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