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Abstract 

Transition metal oxides, TiO2 and Ta2O5, are two of the most extensively studied wide bandgap 

semiconductor materials (with high work functions). Due to their suitable band edge positions for 

hydrogen evolution and exceptional stability against photocorrosion upon optical excitation, their 

application in heterogeneous photocatalysis has attracted a lot of attention. These oxides are also great 

components in the field of electronic devices such as field effect transistors, solar cells, and more 

recently advanced memory devices. Here, we focus on ultrasmall nanoclusters (< 5 nm) and 

nanocrystalline thin films of defect-rich TiO2 and Ta2O5 and their applications as high-performance 

photocatalysts in photoelectrochemical water splitting reactions and as resistive switching materials in 

memory applications. 

The present work is divided into two main parts. In the first part, ultrasmall nanoclusters (below 10 

nm) of defect-rich TiO2 and Ta2O5 are synthesized using a gas phase aggregation technique in a 

nanocluster generation source based on DC magnetron sputtering. With a careful optimization of the 

deposition parameters such as aggregation zone length (condensation volume), Ar gas flow rate, 

deposition temperature and source power, we are able to produce metal/metal oxide nanoclusters with 

a narrow size distribution. As most of these as-grown nanoclusters are negatively charged, it is 

possible to conduct size-selection according to their mass-to-charge ratio. Using a quadrupole mass 

filter (directly coupled to the magnetron source), we achieve precise size-selection of nanoclusters, 

with the size distribution reduced to below 2% mass resolution. The nearly monosized nanoclusters so 

produced are deposited onto appropriate substrates to serve as the photoanodes for 

photoelectrochemical water splitting application. 

We demonstrate, for the first time, that the precisely size-selected TiO2 nanoclusters can be 

deposited on H-terminated Si(001) in a soft-landing condition and they can be used as high-

performance photocatalysts for solar harvesting, with greater enhancement in the photoconversion 

efficiency. Three different sizes of TiO2 nanoclusters (4, 6 and 8 nm) are synthesized with appropriate 

combinations of aggregation length and Ar flow rate. Despite the low amount of material loading (of 

~20% of substrate coverage), these supported TiO2 nanoclusters exhibit remarkable photocatalytic 

activities during photoelectrochemical water splitting reaction under simulated sunlight (50 mW/cm
2
). 

Higher photocurrent densities (up to 0.8 mA/cm
2
) and photoconversion efficiencies (up to 1%) with 

decreasing nanocluster size (at the applied voltage of –0.22 V vs Ag/AgCl) are observed. We attribute 

this enhancement to the presence of surface defects, providing a large amount of active surface sites, 

in the amorphous TiO2 nanoclusters as-grown at room temperature. We have further shown that the 
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incorporation of metallic nanoclusters with the semiconductor photocatalysts can enhance the 

photoconversion efficiency. In this work, we have co-deposited surface oxygen deficient Ta2O5 or 

TaOx nanoclusters along with Pt nanoclusters of similar nanocluster size (~5 nm), the latter used as a 

promoter. The electron-hole pairs generated in the water splitting reaction can be effectively 

separated and stored with the presence of Pt nanoclusters, while the increase in Pt loading as a 

promoter can enhance the reaction by providing a large number of electrons for H2 evolution. 

However, loading too much Pt nanoclusters could actually reduce the photoresponse, which is due to 

blocking of photosensitive TaOx surface by excess Pt nanoclusters. In both cases, the photoconversion 

efficiency could potentially be enhanced at least 5 times by increasing the amount of nanocluster 

loading from 20% coverage to a monolayer coverage (e.g., by increasing the amount of deposition 

time for TiO2 and TaOx nanoclusters). Even higher photoconversion efficiency can be obtained with 

multiple layers of nanoclusters and by employing nanoclusters with even smaller size and/or with 

modification by chemical functionalization. These potential improvements could dramatically 

increase the photoconversion efficiency, making these nanocluster samples to be among the top 

photoelectrochemical catalysis performers. 

In the second part of the present work, we employ defect-rich nanocrystalline TiOx and TaOx thin 

films as active materials for resistive switching for memory application. Based on resistive switching 

principle, memristive devices (or memristors) provide the unique capability of multistep information 

storage. The development of memristors has often been hailed as the next evolution in non-volatile 

memories, low-power remote sensing, and adaptive intelligent prototypes including neuromorphic 

and biological systems. One major obstacle in achieving high switching performance is the 

irreversible electroforming step that is required to create oxygen vacancies for resistive switching. 

Using magnetron sputtering film deposition technique, we have fabricated the heterojunction 

memristor devices based on nanocrystalline TiOx and TaOx thin films (10-60 nm thick) with a high 

density of built-in oxygen vacancies, sandwiched between a pair of metallic Pt electrodes (30 nm 

thick). To avoid the destructive electroforming process and to achieve a high switching performance 

in the memristor device, we carefully manipulate the chamber pressure and ambient in deposition 

chamber during deposition to generate the required highly oxygen deficient semiconducting films. 

The films, as-deposited at room temperature, exhibit a crystallite size of 4-5 nm. In the fabricated 

Pt/TiOx/Pt memristors, a high electric field gradient can be generated in the TiOx film at a much lower 

electroforming voltage of +1.5 V, due in part to the nanocrystalline nature, which causes localization 

of this electric field and consequently enhanced reproducibility and repeatability in the device 

performance. After the first switching, consecutive 250 switching cycles can be achieved with a low 
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programing voltage of ±1.0 V, along with a high ON/OFF current ratio, and long retention (up to 10
5
 

s).  

We further improve this TiOx memristor device by totally removing the electroforming step by 

fabricating an electroforming-free memristive device based on a heterojunction interface of TiOx and 

TaOx layers. In the Pt/TiOx/TaOx/Pt architecture structure (with Pt serving as the top and bottom 

electrodes), a high-κ dielectric TaOx layer is used to facilitate trapping and release of the electronic 

carriers, while a TiOx layer provides low-bias rectification as an additional oxygen vacancy source. 

With the incorporation of TaOx layer, the need for the electroforming step can be eliminated. More 

importantly, the resistance states of the device can be tuned such that switching between the high 

resistance state and the low resistance state can be achieved even smaller programming voltage of 

+0.8 V. With the low leakage current properties of TaOx, the high endurance (10
4
 repeated cycles) 

and high retention capabilities (up to 10
8
 s) can be enhanced manifold with highly stable ON/OFF 

current ratio.  

In both memristor devices, four different junction sizes (5×5, 10×10, 20×20 and 50×50 μm
2
) have 

been evaluated according to their ON/OFF current ratio. We observe that the smaller is the junction 

size is, the higher is the current ratio. For the Pt/TiOx/TaOx/Pt memristor, we have also analyzed the 

thickness dependent effect of the switching behavior of devices with four different TaOx layer 

thicknesses (10, 20, 40 and 60 nm) and a TiOx layer thickness constant at 10 nm. The device with 10 

nm thick TaOx (being amorphous in nature) shows unipolar switching with two SETs and two 

RESETs in one sweep cycle. This is in contrast to the bipolar resistive switching found in devices 

with the thicker TaOx films with a SET in the positive sweep and a RESET during the negative 

sweep. We further demonstrate that resistive switching can also occur at very low programming 

voltage (~50 mV), thus qualifying it as an ultralow power consumption device (~nW). The stable 

non-volatile bipolar switching characteristics with high ON/OFF current ratio and low power 

consumption make our devices best suitable for various analog and discrete programmable electric 

pulses. With the simplicity in the construction, the performance achieved for our memristors 

represents the best reported to date. 

This new class of defect-rich metal oxides nanomaterials with an ultrananocrystalline nature shows 

solid promises for various catalytic and electronic applications and, also, the simple, scalable room-

temperature device fabrication process makes this approach easily migratable further to transparent 

and/or flexible devices. 
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Chapter 1 

Introduction 

Atoms are building blocks for all matters in our universe. Atoms and molecules combine together 

because of their complementary shapes and charges that attract each another. During the past decade, 

the reduction in size of functional architectures has been the predominant trend in many fields of 

science and technology. Structural size down to the nanometer scale leads not only to a 

miniaturization of functional units but also to the development of new materials and systems with 

unique physical and chemical properties. It is because at nanoscale, where the dimension regime is as 

low as a billionth of a meter (10
-9

 m), the nanomaterials have a much larger surface area to volume 

ratio (or specific surface area) than their bulk counterpart, which along with the quantum size effect 

forms the basis of their unique physiochemical properties.
1
 Nanotechnology, in traditional sense, 

involves building materials, devices, and appliances in the 1-100 nm size regimes from bottom up, 

with atomic precision.
2
 Numerous applications particularly in the field of energy and electronics 

make nanotechnology an important attraction among researchers in various fields. There are whole 

different classes of nanomaterials but the general categories are divided into zero dimensional 

(nanoparticles and nanoclusters), one dimensional (nanowires, nanotubes, nanobelts etc.), two 

dimensional (thin films, nanowalls etc.) and three dimensional (nanoflowers, nanocages etc.) based 

on their nanostructures. Our work is mostly focused on zero dimensional and two dimensional 

nanostructures. 

1.1 Nanomaterials and Nanoclusters 

One of the widely accepted unique properties of the metal nanoparticles  such as Au and Ag (below 

50 nm) is the surface plasmon resonance behavior,
3
 where the noble metal nanoparticles on the 

surface of a dielectric produce collective coherent oscillation of free electrons in the conduction band 

by the interactive electromagnetic field at a metal/dielectric interface.
4–6

 Recently, magnetic 

nanoparticles have been used as magnetic resonance imaging contrasting agents to study signal 

amplification in surface plasmon resonance. They can also be used to conveniently conjugate with the 

desired biomolecules on their surface because of their ability to offer the surface modification 

chemistry, therefore making these nanoparticles the ideal candidates for chemical (methanol, ethanol 

and hydrogen) sensors
7,8

 and biological (proteins, DNAs, peptides, viruses) sensors.
9
 Transition metal 

nanoparticles can also be used for magnetic separation of water pollutants. 
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Nanoclusters are collection of atoms (more than one to a few thousands of atoms together), and 

depending on the atomic sizes the size of the nanoclusters could range from sub-nanometer to 10 nm 

in the diameter.
10

 Nanoclusters provide a direct link between the distinct behavior of atoms and 

nanoparticles and that of bulk materials. Transition metal and metal oxide nanoclusters (NCs) have 

attracted a lot of recent attention due to their numerous applications in catalysis,
11,12

 information 

storage,
13

 biomedical,
14

 sensors,
15

 and optoelectronic
16,17

 and magnetic devices.
18–20

 Nanocluster 

assemblies can be used to tune the materials properties and lattice parameters through careful 

selection of the constituent building blocks by coupling physical and chemical properties. 

Nanoclusters could be categorized, based on their constituents, as single metallic, bimetallic or hybrid 

nanoclusters. Depending on their synthesis techniques, the nanoclusters may have different shape and 

crystalline phases. Accordingly, amorphous or crystalline nanoclusters can be created for different 

application purposes. For example, amorphous NCs with high density of surface defects can be used 

for defect-driven processes while crystalline surface can be used for processes in which defects would 

degrade or adversely affect the efficiency. It is also possible to form NCs with a crystalline core 

covered by an amorphous surface layer of a few nanometers.  

Size selectivity is one of the key parameters to study size-dependent functional catalytic properties 

of these nanoclusters corresponding to their specific surface area.
2,5,21–25

 In the early 1980s, the 

development of precise size-selected nanocluster molecular beam system has enabled cluster 

formation with a well-defined size distribution, which has opened up new opportunities for 

understanding gas-phase reaction dynamics and catalysts. More recently, there is a growing interest in 

the deposition of a three-dimensional array of size-selected nanoclusters (with a nearly monosized 

distribution) on to different surfaces because of emerging applications in nanotechnology.
26–28

 Our 

work will focus on isolated size-selected nanoclusters (below 10 nm in dia.) and on thin film making 

up of nanocrystallites (below 10 nm in size) based on transition metal oxides. 

1.2 Transition metal oxides 

Transition metals are the Group 3-12 elements in the periodic table with partially filled d sub-shell 

(often called d-block elements). They have various characteristic properties such as colored 

compounds due to d-d electronic transition (charge transfer), multiple oxidation states due to small 

energy differences between different metastable ionic states, and high capacity for binding with a 

variety of ligands to provide transition metal complexes. The transition metal and their oxides, at 

nanoscale, have been extensively used in the area of homogeneous and heterogeneous catalysis 

because of their ability to adopt multiple oxidation states and to produce complexes by forming bonds 

between their surface atoms and the molecular reactants.
9
 There is also a variety of other applications 
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of nanostructured transition metal oxides. TiO2 nanostructures (nanoparticles and nanowires) and 

their composites with other metal oxides have been investigated to enhance the conductivity and 

diffusion coefficient of the Li-ion in lithium ion batteries.
29

 It was observed that the diffusion length 

of the Li-ion is strongly dependent on the size of the nanoparticles because of the increasing specific 

surface area with decreasing particle size and thus with improving capacity and conductivity. 

Nanoporous TiO2 was found to improve the diffusion length of Li ions, leading to a higher capacity. 

Various chemical sensors have been fabricated using ZnO,
30

 CuO
31

 and SnO2
32

 nanostructures 

(nanowires, nanobelts, nanotubes) due to their easy synthesis, high sensitivity and good stability 

compared to other metal oxide nanomaterials. CuO and ZnO nanostructures have also been studied 

for their photovoltaic application, in which dye sensitized solar cells (DSSCs) were fabricated using 

the CuO/ZnO heterojunctions on ITO. SnO2 is also well known for its low UV degradation and high 

thermal stability, which is strongly preferred in photovoltaic applications.
33

 Initially, Ta2O5 

nanomaterials were used as an antireflective layer in optical and photovoltaic devices, but in the last 

decade its  high dielectric constant made it a well-known dielectric material in the electronic 

industry.
34

 Transition metal oxides have also been widely investigated in solar cell applications for 

their tunable electrode work functions in maximizing the open circuit voltage.  For example, TiO2, 

ZnO, Ta2O5 and ZrO2 can be used as cathode buffer layer because of their low work functions while 

MoO3, NiO, CuO and V2O5 can be used as anode buffer layers due to their high work functions. 

Transition metal oxides are given more importance over metals in the electronic applications because 

their work functions are higher than those of metals and they are considerably less expensive than 

metals such as gold (Au) and platinum (Pt). Among all the metals, Pt has the highest work function 

(5.3 eV), while V2O5 has a work function of ~7.0 eV. 

The present work is based on two of the most popular transition metal oxides: TiO2 and Ta2O5. 

Some of the physical and chemical properties of TiO2 and Ta2O5 are listed in Table 1.1. 

. 
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Table 1.1 Important physical properties of TiO2 and Ta2O5. 

 

Properties TiO2 Ta2O5 

Molar mass (amu) 79.866 441.893 

Density 4.23 g/cm
3
 8.37 g/cm

3
 

Band gap 3.05 eV (Rutile) 

3.12 eV (Anatase) 

3.9 eV 

Crystal structure Tetragonal Orthorhombic 

Dielectric constant 83-100 90-110 

Refractive index (n) 2.488 (Anatase) 

2.609 (Rutile) 

2.275 

 

1.2.1 Nanostructured titanium dioxide (TiO2) 

TiO2 is a well-known binary compound semiconductor that can form three different phases: rutile, 

anatase and brookite. Most of the TiO2 physical and chemical properties are obtained in either the 

rutile or anatase phase (Figure 1.1a&b) with the respective indirect bandgaps of 3.05 eV and 3.12 eV. 

Due to its compatible band-edge positions, high photocatalytic activity, high resistance to 

photocorrosion, low cost, and lack of toxicity (high biocompatibility), TiO2 is also one of the most 

studied transparent conductive oxides.
35

 Synthesis of TiO2 nanostructures has been conducted on 

different substrates, including silicon, glass, sapphire, diamond and graphene by using either wet 

chemistry methods including sol-gel,
36

 hydrothermal
37

 and electrochemical methods, or dry synthesis 

techniques such as sputter coating
38

 chemical vapor deposition,
39

 pulsed laser deposition
40

 and metal 

organic chemical vapor deposition.
41

 A variety of TiO2 nanostructures, including nanowires, 

nanoparticles, nanotubes, and nanowalls have been used in various applications such as cosmetics, 

food industry, catalysis, hydrogen production by photoelectrochemical water splitting, chemical and 

biosensors, and field effect transistors.
42–44
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Figure 1.1 Crystal structures of TiO2. (a) Thermodynamic stable bulk Rutile unit cell of TiO2 and (b) 

Anatase unit cell.
45*

  

  

1.2.2 Nanostructured tantalum oxide (Ta2O5) 

In recent years, Ta2O5 has emerged as an interesting semiconducting material for various applications 

in different fields of research. Its higher chemical stability than other transition metal oxides and its 

high dielectric constant make Ta2O5 a great candidate for use as a photocatalyst and as an electronic 

component in thin film transistors and field effect transistors. Different deposition methods, such as 

sputtering and physical/chemical vapor deposition, have been used to prepare various Ta2O5 

nanostructures such as nanowires, nanobelts and many other hierarchical structures which have been 

employed in sensing and lithium battery storage applications.
46

 

                                                      

*
 Reproduced with permission from: Austin et.al. PNAS 2008, 105, 17217-17221. Copyright (2008) 

by The National Academy of Sciences of the USA. 
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1.3 Preparation Methods of nanoclusters/nanoparticles 

A wide variety of techniques have been used for the synthesis of metal and metal oxide nanoclusters 

and nanoparticles. They can be generally divided into chemical solution based deposition and 

physical vapor deposition methods. 

1.3.1 Chemical solutions based deposition methods 

Colloidal based wet-chemistry methods, sol-gel method and electrodeposition methods are some of 

the more commonly used techniques to prepare metal and metal oxide nanoclusters in solutions. 

Colloidal based methods (first proposed by Faraday in 1857)
47

 are based on the synthesis of 

nanoclusters in the size range of 1-30 nm, and they involve reduction of metal ions in solution in the 

presence of polymeric ligands or surfactants. The resulting colloidal metal particles (produced by 

chemical reduction of metal salt) generally consist of a metallic core surrounded by a ligand shell, 

protecting the particle from coalescence. The method was further modified by Turkevich
48

 in 1950, 

who proposed that the mechanism involves stepwise nucleation, growth and agglomeration under 

suitable conditions. Bimetallic and hybrid nanoclusters can also be prepared using this technique in 

two different ways as follows. During the growth of bimetallic nanoparticles, the second step of 

growth takes place by using the first metal seed layer as the nuclei for further growth while the hybrid 

nanoparticles can be synthesized by preforming co-reduction in the solution containing both types of 

colloidal metal particles. This process comes with an unavoidable drawback that the remaining 

residue inside the nanoparticle film could affect the purity of the product and therefore material-

sensitive applications. 

Another common preparation method for metal and metal oxide nanoparticles is the sol-gel method 

(initially developed in 1960s), in which the material of interest is dissolved in a liquid in order to 

bring the product back as a solid in a controlled manner.
36

 The process begins with sol formation of 

the sol, a liquid with insoluble colloidal nanoparticles, followed by development of the nanoparticles 

based gel induced by aggregation of the these nanoparticles. Various semiconductor nanostructures 

with different morphologies have been prepared using the sol-gel synthesis.
12,49

 However, the main 

disadvantage of this method is the use of a large quantity of organic solvent, which becomes 

impractical for large-scale production in the industry. 

Electrochemical method is a cost-effective method for preparing different types of metal and metal 

oxide nanomaterials that are found in many applications.
50

 The relatively low-temperature synthesis 

process offers potential for large-scale production. This process is based on anodic electrodeposition 

in an electrolyte medium using a conventional three-electrode electrochemical cell that consists of a 
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working electrode (the substrate), a reference electrode (generally Ag/AgCl (3M KCl)) and a counter 

electrode (typically a platinum wire). The one-step process follows the reaction: 

M
n+

(aq) + mH2O ⇌ Mn/2On(s) + 2mH
+
(aq) + ne

–
 

Different deposition parameters, including the electrolyte concentration, deposition temperature, 

deposition time, and pH of the solution, can be optimized to achieve different sizes, shapes and 

morphologies. This process could be time-consuming because of the slow deposition rate, and 

depending on the electrolyte the final product could also come with unavoidable reaction residues that 

may affect the properties. 

1.3.2 Physical deposition methods 

The wet-chemistry methods do not always provide the best reproducibility and consistency and the 

resulting products are highly sensitive to the deposition parameters. Synthesis of nanoclusters (1-10 

nm) and nanoparticles (10-100 nm) using the physical vapor deposition techniques has gained 

immense interest because of its reproducible outcome. In physical vapor deposition, the source 

material is promoted (atom by atom) into the vapor phase followed by their deposition onto the 

substrates. Metal oxide nanoclusters can be created by the reaction between the vapor phases of these 

desired metal and the oxygen gas during the deposition. Parameters such as the type of substrate, 

deposition (or substrate) temperature, and the chamber pressure, flow rates and nature of the reactive 

gases can all be used to control the morphology, dimension and crystallinity of the resulting metal 

oxide nanoclusters.  

Among the common physical deposition techniques for preparing nanostructured materials are 

pulsed laser deposition, supersonic expansion through a pulsed valve, thermal and e-beam 

evaporation, and magnetron sputtering. In the pulsed laser deposition technique, the source material is 

struck and ejected by the application of a powerful pulsed laser beam, and with the help of argon (Ar) 

as a carrier gas the source atoms get deposited on the substrates.
40

 The laser-driven metal vaporization 

occurs within a supersonic nozzle and the ejected metal vapor is carried out with a high-density 

helium (He) carrier gas prior to the full expansion of the vapor further downstream.
51

 Thermal 

evaporation and e-beam evaporation techniques also work on the same principle where the source is 

irradiated with heat and electron beam, respectively, and the metal particles are ejected and deposited 

on the substrates.
52,53

 

Magnetron sputtering is a well-known technique used for large-scale production in industry, An 

inert gas such as Ar is used as the medium to create a self-sustaining plasma (energetic neutrals, ions 

and electrons) by a high-voltage power supply, and the energetic particles in the plasma are used to 
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bombard a solid target to eject the source atoms into the gas phase. The source atoms collide with one 

another in the gas phase because of their short mean free path and they tend to agglomerate and form 

clusters around the nucleation point created by some of the Ar ions. A large fraction of the Ar gas is 

non-ionized and they further help in carrying the generated clusters towards the substrate. There are 

two different types of sputtering methods: direct current (DC) sputtering and radio frequency (RF) 

sputtering. DC sputtering is only used for conducting sources such as metals, while RF sputtering is 

useful for sputtering materials from the conducting, insulating, and semiconducting targets such as 

metal oxides. Physical vapor deposition techniques, such as magnetron sputtering, are relatively 

expensive as compared to solutions-based techniques but they have great advantages in terms of 

purity, selectivity and reproducibility, in addition to the easy control of the deposition parameters. 

Among all the physical deposition techniques, the magnetron sputtering technique is the most 

commonly used thin film deposition method, because it can sputter materials with high melting point 

even at room temperature and it offers high yield. A large variety of materials can be easily deposited 

using this technique and a high purity film can be achieved due to the required high vacuum 

environment. Another advantage of this technique is that it preserves the composition close to that of 

source material during the sputtering process because different elements spread differently (according 

to their masses) but difference is constant. Once the source material arrives at the substrate, different 

nanostructures can be synthesized depending on the substrate morphology and geometry. This 

technique has enabled creation of one-dimensional nanostructures by catalyst assisted vapor-liquid-

solid (VLS) and vapor-solid (VS) growth on various substrates by controlling such parameters as 

target-to-substrate separation, carrier gas flow rate, nature of the catalysts, deposition temperature and 

chamber pressure, and the magnetron input power.
54–56

 

A novel nanocluster generation instrument (Nanogen 500) developed by Mantis Deposition Ltd. is 

based on the magnetron sputtering process in which an aggregation zone (condensation zone) is 

coupled with the source. The ejected particles from the source material (usually a metal) travel in the 

long aggregation zone filled with Ar-gas where they collide with one another and agglomerate to 

form the nanoclusters. These clusters exit the aggregation zone through a 5 mm nozzle and pass 

through a quadrupole mass filter before they are deposited onto the substrates. The mass filter can be 

used to allow only clusters with a particular size to pass through it and to filter out the other clusters, 

therefore enabling a precisely size-selected monosized cluster film to be deposited on a variety of 

substrates. The size and shape of the nanoclusters are dependent on such factors as Ar-gas flow rate in 

the aggregation zone, aggregation zone length (condensation volume), magnetron input power, and 
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the AC/DC pole voltage ratio of the quadrupole mass filter. Details of the synthesis processes and 

effects of various physical parameters are discussed in the experimental chapter. 

1.4 Photoelectrochemical water splitting 

Efficient utilization of solar energy is one of the primary goals in green energy technology and in the 

quest for reducing the consumption of fossil fuels and the harmful effects of global warming. While 

semiconductor materials employed in a photovoltaic device are used for solar light to electricity 

generation, semiconductor materials can also be used to convert solar energy directly to chemical 

energy for hydrogen production and such a process is known as the photoelectrochemical water 

splitting reaction. Unlike photovoltaics, this is a water-based process, in which the semiconductor 

material, used as an electrode, is immersed in an aqueous electrolyte, and sunlight is used to 

illuminate the entire photoelectrochemical cell to supply energy for the water-splitting reaction. When 

the semiconductor absorbs photons with energies greater than its bandgap energy, electrons in the 

valence band are excited to the conduction band. As a result, excited electrons and holes are 

generated in the conduction and valence bands, respectively. These photogenerated charge carriers 

then undergo the appropriate redox reactions. The semiconductor material, to be used as the 

photocatalyst for the photoelectrochemical water splitting reaction, must have an bandgap that 

overlaps the reduction and oxidation potentials H
+
/H2 (0 V vs. RHE) and O2/H2O (+1.23 V vs. RHE), 

respectively. When a semiconductor electrode is immersed in an electrolyte solution (such as water), 

electron transfer takes place between the semiconductor and the electrolyte solution so that the fermi 

level is equilibrated with the redox potential of the electrolyte solution. Figure 1.2 shows a schematic 

diagram of the water splitting mechanism. Grӓtzel
57

 has summarized the effect of different metal 

oxide systems on the photoelectrochemical water splitting reactions, as presented in the Figure 1.3. 
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Figure 1.2 Schematic diagram depicting the photoelectrochemical water splitting mechanism where 

the oxidation occurs at the working electrode to produce O2 whereas reduction occurs on counter (Pt) 

electrode to produce H2.
57†

 

                                                      
†
 Reproduced with permission from: Grӓtzel M., Nature 2001, 414, 338-344. Copyright (2001) by 

Nature Publishing Group. 
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Figure 1.3 Band positions of several semiconductors in contact with an aqueous electrolyte. The 

valence band (lower edge) and the conduction band (upper edge) are separated with the bandgap (in 

eV). The energy scale is with respect to the reversible hydrogen electrode (RHE).
57‡

 

 

1.5 Photoelectrochemical properties of TiO2 and Ta2O5 

1.5.1 TiO2 

Among all the photocatalyst materials developed to date, TiO2 remains the most promising material 

for use as a photoanode for photoelectrochemical water splitting reaction because of its high chemical 

stability and low-cost production.
58

 In the 1970s, Fujishima and Honda investigated the water 

photolysis, for the first time, by electrochemical decomposition of water using an electrochemical cell 

with TiO2 as the photoanode and platinum (Pt) as the photocathode.
59

 Their success has motivated 

researchers to study the photoelectrochemical properties of TiO2 nanostructures for solar light 

                                                      
‡
 Reproduced with permission from: Grӓtzel M., Nature 2001, 414, 338-344. Copyright (2001) by 

Nature publishing Group. 
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harvesting for green energy application. They suggested that water can be decomposed into hydrogen 

and oxygen by visible light without any external applied voltage following the scheme: 

 

TiO2 + 2 hυ → TiO2 + 2e−  + 2p+          (excitation of TiO2 by light)                                            (1) 

2p+  + H2O →
1

2
O2 + 2H+                       (at the TiO2 photoanode)                                                 (2) 

2e−  +  2H+  → H2                                    (at the platinum photocathode)                                        (3) 

 

In the past three decades, researchers have given enormous efforts on advancing the 

photoelectrochemical water splitting properties of TiO2 nanostructures (nanotubes, nanowires and 

other hierarchical nanostructures) by developing various techniques. Khan et al. reported that 

chemically modified TiO2 nanoparticles, employing as the photocathode, exhibit higher 

photoconversion efficiency as compared to the as-prepared TiO2 nanoparticles.
60,61

 Park et al. studied 

the doping effect on the photoelectrochemical water splitting properties of TiO2 nanotubes and they 

observed that carbon-doped TiO2 nanotubes array can significantly enhance the photoconversion 

efficiency.
62

 Kitano et al. investigated the effect of Pt nanoparticles deposited on TiO2 thin film for 

photoconversion enhancement and they observed that with the Pt-loading, the water can be 

decomposed under visible light.
63

  Lin et al. created a TiO2/TiSi2 heterostructure system for high-

efficiency photoelectrochemical water splitting process.
64

 Hartmann et al. conducted a comparative 

study of the photolysis reactions by using TiO2 thin film photocathodes prepared by two different 

mechanisms (nanoparticle based and sol-gel based) and they observed that the sol-gel based 

mesoporous TiO2 electrode provides 10 times higher photoconversion efficiency than their 

counterpart, crystalline nanoparticles based photoelectrode. Several studies reported the active surface 

dependency of the photoelectrochemical properties of TiO2 nanomaterials, where different surfaces 

were observed to exhibits different activities towards the water photolysis reaction.
37

 Allam and 

coworkers performed the nitrogen doping and palladium (Pd) alloying study on TiO2 nanotube film 

and attributed that the better enhancement in the photoelectrochemical water splitting properties is 

achieved combinatorially.
65

 Cho et al. have compared the performance of plain TiO2 nanorods with 

branched TiO2 nanorods for hydrogen production during water splitting.
66

 They observed that the 

branched TiO2 nanorods exhibit manifold increase in the photoconversion efficiency as a result of the 

four times increase in their specific surface area of the branching, as shown in Figure 1.4.  
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Figure 1.4 SEM images of TiO2 plain nanorods and branched nanorods, along with their 

photoelectrochemical water splitting properties.
66§

 

 

Wang and coworkers have shown the enhancement in water splitting properties of TiO2 nanowires 

upon annealing in hydrogen environment at different temperatures.
67

 Recently, our group has 

compared the photoelectrochemical water splitting properties of different TiO2 nanostructures and 

demonstrated that the photoelectrochemical water splitting properties can be greatly enhanced in the 

visible solar spectrum by synthesizing and using defect-rich nanoparticle-decorated TiO2 nanowires 

as the photoanode, as shown in Figure 1.5.
40

 To date, there has been no study on water photolysis 

based on ultra-small TiO2 nanostructures and their size-dependent behavior in the water splitting 

mechanism. Our work in the water splitting reaction is based on TiO2 nanoclusters in the size range of 

4-10 nm, which we will present detailed size-dependent photolysis study for the first time. 

                                                      
§
 Reproduced with permission from: Cho, I. S. et al., Nano Lett. 2011, 11, 4978-4984. Copyright 

(2011) by American Chemical Society. 
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Figure 1.5 Modified TiO2 nanowire (NW) and nanobelt structures and their photoelectrochemical 

water splitting performance. (a) Photographs showing different appearance of these one-dimensional 

nanostructured films, (b) and (c) are photocurrent densities and photoconversion efficiencies of the 

corresponding nanostructures as a function of applied potential.
40**

 

  

                                                      
**

 Reproduced with permission from: Rahman et al., Energy Environ. Sci. 2015, 8, 3363-3373, 

Copyright (2015) by Royal Society of Chemistry. 
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1.5.2 Ta2O5 

On the other hand, Ta2O5, with a bandgap of ~3.9 eV, has attracted much recent interest as an 

alternative semiconductor material for photocatalytic reactions. As the redox potentials of H
+
/H2 and 

O2/H2O are well within the valence band maximum and conduction band minimum of Ta2O5, Ta2O5 

promises to be an high-performance catalyst material for solar water splitting.
68

 Many different 

approaches have been extensively investigated in order to achieve efficient photocatalysis with Ta2O5, 

and these include developing nanostructures with different morphologies exhibiting large specific 

surface area with small dimension and bandgap engineering by doping to harvest the visible part of 

the solar spectrum. The photcatalytic activities of different material forms of Ta2O5 are shown in 

Table 1.2. Zhou et al. have studied water splitting properties assisted by visible light for an Indium 

(In) doped Ta2O5 thin film.
69

 In our work, we synthesize Ta2O5 nanoclusters using the Nanogen and 

deposit them on a H-terminated Si (H-Si) substrate. The resulting photocathode has been found to 

show enhanced photoelectrochemical water splitting efficiency with extremely small amount of 

material. 

 

Table 1.2 Ta2O5 photocatalysts for solar water splitting.
68††

 

 

 

  

                                                      
††

 Reproduced with permission from: Zhang et al., Chem. Soc. Rev. 2014, 43, 4395-4422. Copyright 

(2014) by Royal Society of Chemistry. 
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1.6 Memristors 

In addition to the aforementioned remarkable photocatalytic properties, TiO2 nanostructures also 

exhibit novel nanoelectronics properties.  Until 2005, there has been little interest on their electronic 

properties, especially the applications of TiO2 nanostructures as a memory material. After the first 

ever demonstration of a memory device based on TiO2 thin film by Strukov et al.,
70

 there has been an 

explosive interest in developing similar memory devices based on the nanostructures of TiO2. 

Memristors, a concatenation of “memory resistors”, are two-terminal devices categorized as a type 

of passive circuit elements that maintain a relationship between the time integrals of current and 

voltage across the terminals. First postulated by Leon Chua
71

 in 1971, memristors are the fourth basic 

circuit elements in the group of other three classical circuit elements, i.e., resistors, inductors and 

capacitors. From the circuit point of view, three basic two-terminal circuit elements are defined in 

terms of an interrelationship between two of the four fundamental circuit variables such as the current 

(i), the voltage (V), the charge (q) and the electronic flux (φ). Out of the six possible combinations of 

these four variables, five have been well-known for their interrelationships as represented below and 

schematically shown in Figure 1.6a: 

Resistor between V and i (dV = Rdi) 

Inductor between φ and i (dφ = Ldi) 

Capacitor between q and V (dq = CdV) 

Only one relationship between φ and q is undefined. Like the other three, the memristor also 

exhibits the impedance in the circuit but it is not constant as R, L and C. The memristance, M, is 

defined by: 

dφ = Mdq 

where M is a function of q and therefore the circuit shows a nonlinear behavior. 

The hallmark of all memristors is that when a sweep voltage cycle is applied to one of the terminals 

while keeping the other one grounded, the device shows a pinched hysteresis loop.
‡‡

 The most basic 

mathematical definition of a current-controlled memristor for circuit analysis is the differential form 

with respect to time: 

V = R(q) i 

                                                      
‡‡

 Pinched hysteresis loop is a hysteresis loop where the I-V curves never intersect the x and y-axes 

except the origin, i.e. the current waveform should show zero when the applied sweep voltage is set to 

zero.  
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dq/dt = i 

where q is the state variable of the device and R is the generalized resistance that depends upon the 

internal state of the device. 

 

 

Figure 1.6 (a) Schematic block diagram for all four fundamental two-terminal circuit elements: 

resistor (R), capacitor (C), inductor (L) and memristor (M). Note that R, C, L and M are the functions 

of the independent variable, yielding nonlinear elements. In the case of a charge controlled memristor, 

this variable is a single-valued function M(q). (b) Schematic diagrams of a memristor device with two 

different regions of oxide material (doped and undoped) when operated in the ON and OFF states. 

RON(w/D) and ROFF(1-w/D) are the resistances in doped and undoped regions, respectively, where w is 

the width of doped region and D is the width of the dielectric.
70§§

 

         

Electrical switching in thin-film devices (especially metal oxide semiconductors) has recently 

attracted a lot of attention because of its functional scaling capabilities. Memristors are basically the 

electrical switches that provide two different resistance states with respect to the voltage applied to 

the circuit. Based on the switching mechanism, the memristors can be largely divided into two 

categories. Anion-based devices include the oxide insulators, such as transition metal oxides, complex 

oxides, large bandgap dielectrics and some non-oxides such as nitrides and chalcogenides.
72–74

 In this 

category, the oxygen vacancies are the mobile species and the switching mechanism is therefore 

based on the resistance change in the oxide material where changes in the valence states in electrode 

                                                      
§§

 Reproduced with permission from: Strukov et al., Nature 2008, 453, 80-83. Copyright (2008) by 

Nature Publishing Group. 
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metal occur as a result of the motion of these vacancies. We have listed various functional metal 

oxides and categorized them according to their unipolar or bipolar switching
***

 characteristics along 

with their performance data, as shown in Table 1.3. Our motivation behind fabricating bipolar 

memristive devices based on TiOx and TaOx is the resistance ratios between high resistance state and 

low resistance state (ΔR) and the retention time along with endurance which are enhanced multifold 

in our experiments. For example, ΔR in our devices is 260, the retention times are 10
8
 s whereas the 

endurances are over 10
5
.  

In cation-based devices, one of the electrodes is made of an electrochemically active material and 

the mobile species in this case are metallic cations. The insulating materials in this category are 

electrolytes such as sulphides, iodides, and selenides.
75–77

 

 

Table 1.3 List of functional oxides used in redox resistive devices suitable for adaptive electronics 

applications. TE and BE represent top electrode and bottom electrode, respectively. 

 

Oxide TE-BE ΔR = RON/ROFF Switching Speed Retention Time (s) Endurance Ref. 

Binary, Bipolar 

CoO Ta-Pt 10
3
 20 ns - 100 78 

HfOx/

TiOx 

TiN-TiN 10
3
 5 ns 10

5
 @ 27 °C 10

5
 79 

TiO2 Pt-TiN 10
3
 5 ns 10

5
 @ 85 °C 10

6
 80 

ZrO2 TiN-Pt 10 1 µs 10
5
 @ 27 °C 10

3
 81 

Binary, Unipolar 

HfO2 Pt-Pt 10
2
 - 10

6
 @ 27 °C 140 82 

NiO Pt-Pt 10
2
 5 µs 10

7
 @ 90 °C 10

6
 72 

TaOx Cu-Pt 10
2
 80 ns 10

6
 @ 90 °C 100 83 

TiOx Pt-Pt 10
4
 - - 25 84 

WOx TiN-W 4 300 ns 10
4
 @ 100 °C 10

7
 85 

ZnO Pt-Pt 10
4
 - - 100 86 

 

 

A typical memristor device consists of an electrochemically active metal oxide thin film 

sandwiched between a pair of top and bottom metal electrodes, where the sandwiched layer is 

responsible for switching. After three decades of theorizing the existence of the memristors, Strukov 

et al. in 2008 were able to produce, for the first time, a working model of memristor device based on a 

sandwiched TiO2 thin film between a pair of Pt layers. They found that the switching mechanism in 

                                                      
***

 In unipolar switching, the device switches to ON and OFF with the same voltage polarity while in 

bipolar switching, an opposite voltage polarity is required to switch the device ON and OFF. 
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the device between the ON and OFF states are due to the flow of oxygen vacancies within the TiO2 

matrix between the top and bottom Pt layers.
70

 As the oxygen vacancies are positively charged, they 

act like n-type dopants. The area with the higher density of vacancies behaves as a doped region and 

is conducting in nature, while the counterpart is undoped and is therefore insulating. Figure 1.6b 

shows the behavior of the switching matrix with the flow of oxygen vacancies with the voltage 

applied at one electrode with the respective electrode grounded, which lead to two resistance 

variables, RON and ROFF. As the doped region increases or decreases with the applied voltage sweep, 

the device is in the ON state when the full length, D (corresponding to the film thickness of the 

sandwiched layer) has a high concentration of dopants, and vice versa for the OFF state. The total 

resistance of the device can be calculated using RON and ROFF and the thickness of the doped region, 

w(t). 

𝑣(𝑡) = (𝑅𝑂𝑁  
𝑤(𝑡)

𝐷
+  𝑅𝑂𝐹𝐹  (1 −

𝑤(𝑡)

𝐷
)) 𝑖(𝑡)                                              (1) 

𝑑𝑤(𝑡)

𝑑𝑡
=  𝜇𝑉

𝑅𝑂𝑁

𝐷
𝑖(𝑡)                                                                (2) 

which yields the following formula for w(t) 

𝑤(𝑡) =  µ𝑣 
𝑅𝑂𝑁

𝐷
 𝑞(𝑡)                                                               (3) 

where µv is the dopant mobility.  By combining Equations 1 and 3, the memristance M(q) of the 

device can be obtained. Since ROFF >> RON, the equation simplifies to: 

𝑀(𝑞) =  𝑅𝑂𝐹𝐹  (1 −
µ𝑣𝑅𝑂𝑁

𝐷2  𝑞(𝑡))                                                    (4) 

M(q) becomes very large and significant when the thickness of the film scales down. It therefore 

becomes very important for understanding the electronic characteristics of the devices in the 

nanoscale.
†††

 

 

Yang et al.
87

 performed a set of experiments on a single-crystalline rutile TiO2 bulk crystal with the 

bandgap of 3.0 eV in a Pt/TiO2/Pt memristor. They first created an oxygen-deficient TiO2 layer near 

the surface by annealing the crystal in a reducing environment. These oxygen vacancies then 

transformed the wide bandgap insulating oxide into an electrically conductive doped semiconductor. 

After the deposition of Pt pads on the top and bottom surfaces, the electrical characterization was 

                                                      
†††

 Equations are reproduced with permission form: Strukov et al., Nature 2008, 453, 80-83. 

Copyright (2008) by Nature Publishing Group. 
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performed by applying the voltage on one Pt electrode with the other Pt electrode grounded. All four 

possible combinations were tried and the resulting four different quasi-static electrical end-states of 

the devices are shown in Figure 1.7. 

 

Figure 1.7 A family of device states exists when two dynamic metal (Pt)/semiconductor (TiOx) 

junctions are operated in series exhibiting four different current-voltage characteristics. The interface 

with metal and insulating oxide interface led with low oxygen vacancy concentration behaves as the 

Schottky junction where the device works as open rectifier. The metal and conducting oxide interface 

behaves as Ohmic junction led by high oxygen vacancy concentration, where the band bending 

facilitates the drift of charge carriers and the device exhibits shunted rectifier 
88‡‡‡

 

 

The same group later expanded on the concept and fabricated a 1×17 array of crosspoint 

nanodevices with a 30 nm thick Pt film and 120 nm thick TiO2 film and showed that the nonlinear 

electronic transport is controlled by the oxygen vacancy doped metal/oxide interfaces (Figure 1.8). 

 

                                                      
‡‡‡

 Reproduced with permission from: Yang et al., Adv. Mat. 2009, 21, 3754-3758. Copyright (2009) 

by Wiley Publications. 



21 

 

 

Figure 1.8 (a) An AFM image of an array of 17 crosspoint nanodevices with a 50 nm half-pitch. The 

thickness of the insulating TiO2 layer is 50 nm. (b) The initial I-V curve of the device in its virgin 

state (pre-switching state) exhibits a rectifying state. (c) Experimental (solid) and modelled (dotted) I-

V switching curves of the device for 50 cycles showing the pinched hysteresis loop for the ON and 

OFF states (bottom inset shows the log-scale switching) with the top inset depicting the equivalent 

circuit.
87§§§

 

 

There are various reports describing the switching mechanism based on different types of 

sandwiched thin films. Generally, there are two types of switching mechanisms in the memristor 

devices. One is based on drift and diffusion of the oxygen vacancies, which are thermally created by 

Joule heating. The other mechanism involves the formation and rupture of a conducting filament (a 

small vertical column between the top and bottom Pt electrodes) of the oxygen-deficient phase. It is 

possible that both mechanisms could co-exist and different mechanisms could become the 

predominant one in different material systems. Transition metal oxide films have proven to be the 

best materials for the memristive applications as they possess many thermodynamically metastable 

intermediate oxide phases which are conducting in nature, and the resistance state of the oxides can 

therefore be tuned by creating and manipulating these phases. 

According to the driving forces during the memristive switching, the switching behavior of 

memristors can be divided into four categories as described by Yang et al. in their review article.
89

 

Depending on whether the switching is thermal dominated or electric-field dominated, the respective 

                                                      
§§§

 Reproduced with permission from: Yang et al., Nature Nanotechnology 2008, 3, 429-433. 

Copyright (2008) by Nature Publishing Group.  
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switching behavior could become unipolar/non-polar or bipolar. Schematic diagrams of these 

switching scenarios are shown in Figure 1.9. Generally speaking, the switching tends to be bipolar if 

the electric field plays a significant role and nonpolar if the thermal effects are dominant. 

 

 

Figure 1.9 Schematic diagrams of the internal switching phenomena as governed by the nature of the 

conduction channel: (a) Electric-field-dominating bipolar nonlinear, (b) electric-field -dominating 

bipolar linear, (c) Joule-heating-driven nonpolar bi-stable, and (d) Joule-heating-driven nonpolar 

threshold. Inset of each schematic shows the current-voltage loops corresponding to the switching 

behavior.
89****

 

 

An essential feature of the memristive switching device is the electroforming step, in which a 

relatively high voltage (6-10 V) is applied to the device in its virgin state to create the oxygen 

vacancies as a result of Joule heating in the perfect crystal. Once the electroforming step is over, the 

device is activated and stable switching between the ON and OFF states is enabled with appropriate 

applied sweep voltage. 

Recently, there has been an increasing interest towards the advancement in the memristive 

switching properties of the metal oxide films sandwiched between a pair of metal electrodes. As 

stated above, the TiO2 based memristors show nonpolar/unipolar resistive switching dominated by the 

Joule heating at a high applied bias. Using high resolution transmission electron microscope, Kwon et 

al. observed that due to Joule heating at high temperature, a small vertical column of the TiO2 film is 

converted to a conducting  oxygen-deficient TinO2n-1 phase (often known as the Magnèli phase), 

which is responsible for the device transitioning from the high resistance state (HRS) to the low 

resistance state (LRS) i.e. the device switches from the OFF to ON state.
90

 They concluded that the 

Magnèli phase is a thermodynamically stable phase with a uniform distribution of oxygen vacancies, 

                                                      
****

 Reprinted with permission from: Yang et al., Nature Nanotechnology 2013, 8, 13-24. Copyright 

(2013) by Nature Publishing Group. 
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and therefore with increasing oxygen vacancies the formation of Magnèli phase will be 

thermodynamically favorable. Celano et al. used conducting AFM tomography to image the surface 

upon slicing the metal oxide film (Al2O3) layer by layer, in order to identify the region of the 

conductive filament, as shown in Figure 1.10.
91

 

 

 

Figure 1.10 Layer by layer conductive AFM tomography to observe the filamentary structure in 

Al2O3 based memristors. The scale bar in Figure 1.10d is 80 nm and the average space between each 

slice is ~ 0.5 nm.
91††††

 

 

Many reports have discussed the presence of a negative differential resistance during the resistive 

switching due to the metal-insulator phase transition. Pickett et al. and Alexandrov et al. proposed a 

model for the coexistence of memristance and current-controlled negative differential resistance in 

the metal/oxide metal system, and further suggested that the evolution of the negative differential 

resistance is a thermodynamic process from the locally conductive filaments parallel to the current 

flow.
92,93

 

The thermal dominating electroforming process for the conductive filament formation is less 

desirable in the switching mechanism due to the asymmetric distribution of temperature during Joule 

heating.  The subsequent device behavior may completely change with the repeated cycles and the 

device performance could degrade faster.
90,94

 The result is that in effect each and every device has to 

                                                      
††††

 Reprinted with permission from: Celano et al., Nano Lett. 2014, 14, 2401-2406. Copyright (2014) 

by American Chemical Society. 



24 

 

go through the electroforming step in order to perform the switching afterwards, which is a high-

power consumption process. Since high-temperature electroforming is basically uncontrollable and it 

varies significantly from sample to sample or even within devices on the same chip, there are intense 

efforts to reduce the electroforming voltage in order to fabricate a long lasting memristive device with 

low power consumption and stable performance.
95,96

 In an effort to increase the stability and 

performance of the memristors, nanoparticles such as ZnO nanocrystals
13

, Pt nanocrystals
97,98

, and 

iron oxide (Fe2O3) nanoparticles
99

 have been used as the sandwiched materials or used for embedding 

into metal oxide thin film.  

Though, TiO2 based memristors have been proven to be excellent memory devices in terms of 

ON/OFF resistance ratio and switching speed,
80

 they lag behind in terms of the lifetime and 

endurance because of leakage current in every repeated cycle due to oxygen evolution. As a result, 

the performance degrades in successive cycles due to this corrosion effect. Recently, many groups 

have attempted to incorporate high-k dielectric materials such as Ta2O5, V2O3, and HfO2 to overcome 

the issue with the leakage current and thus to improve the endurance of the devices.
100–102

 Miao et al. 

have shown a high repeatability in the switching behavior by using a TaOx layer as the switching 

material that contains a high density of built-in oxygen vacancies but each device has to go through 

the high-bias electroforming process.
103

 Kim et al. have reported the near-electroforming-free 

switching behavior by doping Si into the Ta2O5 based memristors.
104

 Other groups have also been 

trying to create an electroforming-free memristor device to avoid the high-bias electroforming step 

and to lower the power consumption. However, these efforts could only lead to operating voltage 

range of still up to a few volts, which remain too high
105,106

 Several of the key steps towards making 

the electroforming-free memristors involve creating built-in oxygen vacancies, doping and multilayer 

stacking (Figure 1.11).
102,107

 The present work will address the challenges towards fabricating the low 

power consumption electroforming-free memristive devices based on TiOx and TiOx/TaOx 

heterojunction multilayer structures with high repeatability and lifetime.  
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Figure 1.11 Resistive switching structure of the Ta2O5-x/TaO2-x device. (a) Schematic representation 

of the multilayer structure with the movement of internal oxygen vacancies responsible for switching. 

(b) SEM images of the 30-nm crossbar device array. (c) TEM image of the crossbar device stacking 

(d) typical bipolar I-V switching behavior.
107‡‡‡‡

 

                                                      
‡‡‡‡

 Reproduced with permission from: Lee et al., Nature Materials 2011, 10, 625-630. Copyright 

(2011) Nature Publication Group. 
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1.7 Scope of the Thesis 

The general objective of the present work is to develop novel nanoarchitectures based on transition 

metal and metal oxide materials, particularly TiO2 and Ta2O5, and to develop their applications as 

photocatalysts and memristor components. The common goals for these materials are to create defect-

rich crystal structures with controlled oxygen-vacancy concentration and hybrid materials to be used 

in various applications. In the first part, we prepare ultra-small nanoclusters of TiO2, with different 

morphologies and nanocrystalline behaviors, and investigate their application as photocatalysts for 

photoelectrochemical water splitting. In the second part, we fabricate memristor devices based on 

metal/metal oxide/metal device structure and evaluate their current-voltage behavior based on the 

transition metal oxides as the switching material sandwiched between two metal electrodes. In this 

chapter (Chapter 1), we present a short introduction to transition metal oxides and their unique 

properties, along with a brief literature review focusing on the common physical and chemical 

synthesis methods to produce metal and metal oxide nanoclusters. After a brief introduction to the 

photoelectrochemical water splitting process and the key parameters, we then reviewed recent 

important studies of TiO2 and Ta2O5 nanostructures used for photoelectrochemical water splitting 

reaction. In the latter half of Chapter 1, we discussed the memristors and their material-based 

switching mechanisms, along with a review of recent studies on achievable device performance. In 

Chapter 2, we briefly describe the experimental procedure used to synthesize the metal/metal oxide 

nanoclusters and thin films, along with a more detailed discussion about the deposition parameters. 

We briefly outline the working principle of the characterization techniques used to study their 

morphologies, crystal structures, and chemical-state composition properties. Characterization 

techniques for investigating the optical, electrical and photoelectrochemical properties are also given. 

We have also described the micro/nanodevices fabrication techniques and the process parameters 

relevant for memristor device work. 

We present our data in the next four chapters. We describe the synthesis and characterization of 

precisely size-selected TiO2 nanoclusters (Chapter 3), Ta2O5 nanoclusters and co-deposited (TaOx, Pt) 

nanoclusters (Chapter 4) deposited on various substrates using the gas-condensation technique via DC 

magnetron sputtering. Detailed studies of the resulting morphology, crystal structure and chemical-

state composition properties of these nanoclusters obtained by manipulating key growth parameters, 

including Ar-gas flow, condensation zone length (aggregation length), deposition time, input power 

and AC/DC voltage sets on the quadrupole mass filter, are given. We then investigate and evaluate 

the size-dependent photoelectrochemical water splitting properties of TiO2, and TaOx and (TaOx, Pt) 

nanoclusters. The density of Pt nanoclusters has also been varied in the latter case in order to examine 
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their effect on water splitting. Our results show one of the highest photoconversion efficiencies for 

such nanocluster systems with a very low amount of material loading which is also well comparable 

to the other photocatalytic materials without any post modification. The performances could easily be 

improved by increasing the nanocluster loading onto the substrate or chemically modifying the 

nanocluster surface or both. 

Chapter 5 presents the study of non-volatile memristor devices based on nanocrystalline TiOx thin 

film as the switching material in the Pt/TiOx/Pt system. After detailed discussion of the fabrication 

process and the parameters used for the multilayer stacking, we present the underlying mechanism of 

resistive switching with high ON/OFF current ratios. A special interest is the dependence of switching 

behavior on the junction size and this aspect will be investigated with devices with appropriately 

fabricated junction sizes. Our result shows the lowest electroforming voltage (1.5 V) ever reported for 

the TiOx based system, with remarkably high retention capabilities (10
8
 s). The high repeatability, 

high endurance and very high retention qualities are attributed to the low electroforming voltage 

because of the nanocrystalline nature of the TiOx film. 

In Chapter 6, we present the further studies on the enhancement of the memristive switching 

properties by incorporating a highly oxygen deficient TaOx layer as a source of oxygen vacancies. 

The current-voltage characteristics of the devices exhibit an electroforming-free nature, where a high 

bias is not required to perform the high power consumption, irreversible electroforming step to turn 

the device ON for the first time. This is a significant result where the combine effect of TiOx and 

TaOx layers are stacked together to form the electroforming-free memristive devices for the first time. 

The high repeatability, very high endurance and ultra-high retention capabilities of the 

Pt/TiOx/TaOx/Pt device is attributed to the nanocrystalline nature of all the films and to the high 

dielectric constant of TaOx film, which significantly reduces the leakage current and thus enhancing 

the performance stability. The similar SET voltages for hundreds of devices fabricated on the same 

chip describe the reproducibility of the memristors. In addition, the thickness variation of the TaOx 

layer, while keeping the TiOx layer thickness same, leads to two different switching mechanisms, 

which are elaborated further in this chapter. 

Finally, we summarize, in Chapter 7, our conclusions and comments on future work. 
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Chapter 2 

Experimental Details 

This chapter summarizes the experimental techniques that are used for synthesis and characterization 

of metal/metal oxide nanoclusters and thin films, and the fabrication techniques used to fabricate 

micro/nanodevices. 

2.1 Synthesis and Deposition of Metal/Metal Oxide Nanoclusters (NCs) 

The metal/metal oxide nanoclusters are deposited by using a novel NC generation source based on a 

gas-phase aggregation technique, in which the source atoms are sputtered off the source target by DC 

magnetron sputtering into an aggregation zone where they condense and aggregate to form clusters in 

nanoscale range.
108

 There are many parameters that can be optimized to achieve the selectivity in 

terms of size, shape and properties of these NCs. A high-resolution quadrupole mass filter is coupled 

with the system to perform the size selection on the nanoclusters in the gas phase before depositing 

onto the substrate. Depending on the material, the range of the NC size (diameter) can be varied from 

as small as 1 nm to 15 nm by varying the deposition parameters. These parameters are carrier gas 

flow, aggregation (condensation) zone length, source current supply, deposition or sample 

temperature, pressure and AC/DC voltage ratio (U/V ratio) on the quadrupole mass filter. The 

working principle and effect of each parameter will be explained in the following sections. Figure 2.1 

shows the photographs of the nanocluster generation source (Nanogen 500, Mantis Deposition 

Ltd.)
109

 used in the present work. Housed in the bottom chamber of the Nanogen system (Figure 2.1a) 

is the NC generation source that consists of a trio head where three different metallic sources (each 5 

mm dia., 3 mm thick) can be installed and they can be ignited one by one for multilayer deposition or 

simultaneously for co-deposition. The quadrupole mass filter is housed in the top chamber of the 

Nanogen system (Figure 2.1b) and is used for the precise size-selection of the NCs. 

Gas-phase aggregation technique is based on the principle of emission of source atoms under 

plasma sputtering. A plasma is generated when the molecules of an inert gas, such as Argon (Ar), are 

field ionized with the applied bias. Guided by a DC magnetic field, the Ar
+
 ions strike the source 

material and sputter off the source atoms. These source atoms then travel through the aggregation 

zone where they collide with one another and agglomerate together to form the nanoclusters, which 

then leave the aggregation zone through a 5 mm orifice. Precise size selection of the nanoclusters is 

achieved just before exiting from the orifice by applying a set of appropriate AC and DC voltages on 
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the diagonal pole pairs of the quadrupole mass filter. The size distribution curve corresponds to the 

collector current collected as a function of the nanocluster size on the quadrupole mass filter. A 

particular set of AC-DC voltages allow clusters of a particular size to follow an appropriate 

oscillatory path to pass through the quadrupole, exit the orifice, and deposit on the substrate placed at 

30 cm above the quadrupole mass filter. Clusters of all other sizes follow different oscillating paths 

that do not lead to the orifice and these clusters are lost inside the Nanogen chamber. 

 

Figure 2.1 Photographs of different parts of Nanogen nanocluster generation source. (a) The bottom 

chamber (top left) houses the source head (bottom left). (b) The top chamber (top right) contains the 

quadrupole mass filter (bottom right). The NCs get deposited onto a substrate placed 30 cm in front of 

the exit (orifice).
§§§§

 

 

2.1.1 Effects of Nanogen parameters on the nanocluster synthesis 

2.1.1.1 Gas flow: 

Argon flow plays an important role during the growth of NCs in three ways. A certain amount of the 

Ar atoms, depending on the applied bias, undergo field ionization to generate the plasma for 

sputtering the source material, while some act as the nucleation seeds in the gas phase for the 

nanoclusters to grow and the majority of the atoms work as the carriers to transport the nanoclusters 

towards the orifice. Low Ar gas flow rate provides less seeds for NCs to grow while at the same time 

                                                      
§§§§

 www.mantisdeposition.com/. 
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the kinetic energy of the as-grown NCs becomes smaller inside the aggregation zone. Consequently, 

the clusters stay in the aggregation chamber for a longer time and become bigger, which leads to a 

larger cluster size. On the other hand, high Ar-flow rate causes the as-grown clusters to sweep away 

quickly through the orifice and they do not have sufficient time to agglomerate further, which leads to 

a smaller NC size. 

2.1.1.2 Aggregation zone length: 

Aggregation zone length is the second most important parameter that controls the NC size. Large 

aggregation zone facilitates a greater number of collisions among the NCs before they exit from the 

orifice, which results in the larger size of the NCs so produced due to agglomeration. A smaller 

aggregation zone length does not provide enough time for a high number of collisions and therefore 

the size of the NCs becomes smaller. 

2.1.1.3 Source current supply: 

Source bias also plays a decisive role for the size and shape of the as-grown nanoclusters. A lower 

applied bias creates a lower intensity plasma and therefore a smaller amount of sputtered source 

material, which leads to a lower number of atoms available for collisions and agglomeration to form 

bigger NCs. A low bias therefore generally produces smaller NCs and conversely a high bias creates 

larger NCs. In terms of cluster density, a high bias generates a higher cluster density because of the 

higher sputtering rate. 

2.1.1.4 Deposition temperature: 

Nanocluster agglomeration rate during deposition on a substrate depends upon the deposition 

temperature (i.e., substrate temperature). A higher substrate temperature provides more energy to the 

NCs impinging at the substrate surface, enabling the NCs to more efficiently self-organize on the 

substrate. On the other hand, at low temperature or room temperature, the as-grown nanoclusters 

undergo soft landing on the substrate with minimal further movement. 

2.1.1.5 AC/DC voltage ratio of quadrupole mass filter: 

A quadrupole mass filter is used to perform size selection of NCs obtained by gas-phase aggregation 

according to their mass-to-charge ratio. The quadrupole mass filter consists of four cylindrical 

metallic poles of equal length and diameter appropriately placed to create an oscillating field. A set of 

AC and DC voltages can be applied to diagonal pole pairs to create the electrostatic field that 

facilitates a charge particle with a specific charge-to-mass ratio to follow a well-defined oscillating 

path. As the as-grown NCs leave the aggregation zone and enter the mass filter region, only NCs of a 
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particular charge-to-mass ratio (preselected by the appropriate AC and DC voltages) are allowed to 

pass through the mass filter following the appropriate oscillating path, while others would impinge 

into the mass filter and other parts of the chamber and would therefore be blocked from reaching the 

substrate. Only the nanoclusters with the correct charge-to-mass ratio could reach the substrate and 

the resulting NCs so deposited are essentially mono-sized within ±0.2 nm. The size distribution of the 

NCs corresponds to the collector current measured on the mass filter. By monitoring the collector 

current, size selection can be performed in real time by applying AC and DC voltages with the 

appropriate ratio that corresponds to the mode cluster size during deposition. 

Once the nanoclusters pass through the mass filter, they are collected on the substrate positioned in 

front of the quadrupole mass filter. Different physical parameters can also be varied on the substrates 

to control how the nanoclusters arrange themselves upon landing. These parameters are deposition 

time, substrate temperature, bias and conductivity. 

2.2 Deposition of metal or metal oxide thin film 

The main vacuum system connected to the Nanogen source used for depositing nanoclusters also 

houses two RF and two DC magnetron sputtering sources that are used for ultrathin film deposition. 

Due to the availability of the RF bias (and the RF sputtering sources), even metal oxide targets can 

easily be sputtered, allowing metal oxides (and dielectrics and insulator materials) to be deposited. 

Four different source targets can be sputtered in various combinations simultaneously or all together 

to achieve controlled intermixing and/or sequentially one by one to create multilayer heterojunctions. 

Multiple mass flow controllers are connected to the sputtering sources in order to control the various 

gas flow rates and ratios in the chamber during deposition. Some gases (such as N2 or He) can be 

used for doping purposes as well. Figure 2.2 shows the physical vapor deposition system (Mantis 

Deposition Ltd.) that contains the four magnetron sputtering sources and the Nanogen source. The 

physical properties of the deposited films depend on a few important parameters such as Ar gas flow, 

Ar/O2 ratio, substrate temperature and deposition time, which can be chosen appropriately to achieve 

the desired quality and properties. A quartz crystal monitor, attached just below the substrate holder, 

is used to measure the deposition rate of the growing film. 
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Figure 2.2 Photograph of the physical vapor deposition system based on the magnetron sputtering 

technique that is used for both thin film deposition and clusters generation via the Nanogen source 

(Mantis Deposition Ltd.). (a) Two RF and two DC sputtering sources, along with a quartz crystal 

monitor (QCM) are installed, along with (b) controlled electronics. 

 

2.3 Characterization of the synthesized nanostructures using scanning 

electron microscopy (SEM), transmission electron microscopy (TEM) and 

atomic force microscopy (AFM) 

The structure-property relations and shape/size-dependent properties of the samples are investigated 

by using different electron microscopic techniques to image the surface and structure of metal/metal-

oxide nanoclusters, thin films and nanowires.
110

 Field-emission Scanning Electron Microscopy (SEM) 

is always the first tool to be used to examine the surface morphology of the samples. Figure 2.3 

shows the Merlin SEM microscope, which is equipped with a field-emission source and the Gemini-II 

advanced electron optics column capable of an acceleration t voltage up to 30 kV. The Merlin has 

been used to examine the nanocluster size distribution on the substrate and their surface morphology 

at high magnification, and also the surface morphologies of thin films and nanowires in the present 

work. In SEM, a high-energy electron beam is focused on the sample with a typical spot size of 1 nm. 

The electron beam interacts with the sample, creating secondary electrons (with kinetic energy less 

than 50 eV). The secondary electrons emitted near the surface are then collected by using an 

appropriate detector upon scanning this fast incident electron beam across selected area of the sample. 

Various detectors are employed in the microscope and they include Everhart-Thornley type in-lens 
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and out-of-lens detectors for secondary electron imaging and energy-selective and angle-selective 

detectors (AMETEK) for backscattered electron imaging. 

 

 

Figure 2.3 Photograph of the MERLIN field-emission scanning electron microscope (FESEM), 

equipped with secondary electron in-lens and out-of-lens (SE2) detectors, and backscattered electron 

detector (BSD) as well as an EDAX energy-dispersive X-ray analysis system. 

 

The system is also equipped with an EDAX energy-dispersive X-ray (EDX) analysis system, which 

provides elemental composition characterization of the sample based on detection of element-specific 

X-ray emission from the sample, upon excitation by the high-energy electron beam. The X-ray 

emission spectra can be used for quantification of the composition of the elements in the sample 

through the intensities of their characteristic X-ray emission lines.
111

 

Transmission electron microscopy (TEM) measurements
112,113

 have been performed by using a 

JOEL 2010F microscope at McMaster University and more recently a Zeiss Libra 200 MC 

microscope at the University of Waterloo, both operated at 200 kV (Figure 2.4). The nature of the 

crystalline structure and identification of the crystal planes of the individual nanostructures are 

investigated by using TEM. The samples for TEM analysis are generally prepared by either directly 

depositing the material onto the lacey carbon coated copper grid (in case of thin film and 

nanoclusters) or by scrapping with a sharp blade the nanowires off the substrate and transferring them 

on the TEM grid. 
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Figure 2.4 Photograph of a Zeiss Libra 200 MC transmission electron microscope. 

 

Atomic force microscopy (AFM)
114

 is conducted in a Digital Instruments Dimension 3100 

Nanoman Nanoscope IV (Figure 2.5). AFM is used to characterize the nanocluster size distribution 

on the substrate and the surface roughness of the nanocluster film and thin films. The samples are 

scanned in tapping mode using a silicon nitride (Si3N4) tip. Since AFM has a lateral resolution limit of 

>10 nm and is usually too large for the nanoclusters (with diameters less than 8 nm), the vertical 

height profile is used to measure the size distribution of the nanoclusters due to much higher height 

resolution (few Å) in AFM. 
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Figure 2.5 Photograph of Digital Instruments Dimension 3100 Scanning Probe Microscope used for 

atomic force microscopy. 

 

2.4 Composition Analysis by X-ray Photoelectron Spectroscopy (XPS) and 

Secondary Ion Mass Spectroscopy (SIMS) 

2.4.1 XPS Chemical-State Composition Analysis 

In order to examine the chemical-state composition of the as-prepared metal and metal oxide 

nanoclusters and thin films, X-ray photoelectron spectroscopy is used.
115

 XPS spectra have also been 

collected in the depth-profiling mode to understand the chemical-state compositional changes in the 

near-surface region as a function of sputtering depth using an Argon ion source to sputter away 

materials interleavingly between XPS spectral measurements. The XPS system used in this project is 

Thermo-VG Scientific ESCALab 250 Microprobe (Figure 2.6), which is equipped with an Al Kα 

monochromatic X-ray source (1486.6 eV) and is capable of a typical energy resolution of 0.4-0.5 eV 

full width half maximum (FWHM). When the incident X-ray impacts the sample, the subsequent de-

excitation by emission of an electron from either the core or valence levels of the sample produces the 

photoelectron. The kinetic energy of these photoelectrons is analyzed by using a hemispherical 
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energy analyzer and can be used to determine the corresponding binding energy by the Einstein 

equation: 

Ebinding = Ehυ – (Ekinetic + φ) 

where Ebinding is the binding energy of the electron, hυ is the photon energy (i.e. 1486.6 eV for Al Kα; 

h is the Planck constant and υ is the light frequency), Ekinetic is the kinetic energy of the photoelectron 

as measured by the analyzer, and φ is the work function dependent on both the spectrometer and the 

material. 

The electrons photo-ejected from the atomic core-levels or from the valence band of the material 

when illuminated with the monochromatic X-rays have typical kinetic energies that correspond to an 

inelastic mean free path (i.e., escape depth) of less than 10 nm, making XPS an extremely surface-

sensitive technique. By comparing the binding energy of specific chemical states with the 

corresponding references, we can infer information about the local chemical environment by 

determining the chemical shifts. 

 

 

Figure 2.6 Photograph of the Thermo-VG Scientific ESCALab 250 Microprobe used for chemical-

state composition analysis of the nanoclusters and thin films. 
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2.4.2 SIMS Chemical Mapping 

Time of flight secondary ion mass spectrometry (ION-TOF-SIMS 5) is a surface analysis technique 

that can produce three-dimensional high-resolution chemical images.
116

 SIMS can also be used for 

analyzing soft materials and biomaterials nowadays because of the recently introduced Argon cluster 

sputtering ion source technology. SIMS works on the principle of ion-based imaging where emission 

of secondary ions is triggered by bombarding the sample surface with a focused high-energy primary 

ion beam (1-40 keV). Based on the time-of-flight of secondary ions travelled in the TOF analyzer, the 

nature of the secondary ions can be identified.
117

 Selected peaks in the resulting mass spectra 

collected point by point on the surface by rastering the primary ion beam across the surface can be 

used to construct the chemical maps of specific ions (chemical species) of interest. 

In the ION-TOF SIMS 5 system (Figure 2.7), the Bi
3+

 primary ion source (analysis beam) 

positioned at 45° to the sample is operated at 30 keV beam energy with a 0.4 pA beam current and a 

100 μs pulse width. Secondary ions are electrostatically directed to the TOF analyzer by biasing the 

sample stage at 2.5 kV with the extraction lens set at 4.5 kV at an opposite polarity. Appropriate 

secondary ions are collected over a rastered sampling area usually of 100×100 μm
2
 to obtain a 2D 

map. The sample could also be sputtered with a Cs
+
 ion beam or an Argon cluster ion beam (each 

generated from a separate sputtering ion source) alternating with the Bi
3+

 primary ion beam to remove 

the sample layer by layer at a well-defined sputtering rate.  

 

 

Figure 2.7 Photograph of ION-TOF SIMS-5 system used for chemical analysis of the metal/metal 

oxide heterostructures. 
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2.5 X-ray Diffraction Crystallography and Ultraviolet/Visible (UV/Vis) 

Spectroscopy 

2.5.1 X-ray Diffraction Crystallography 

X-ray diffraction (XRD) is a powerful tool for determining the crystallography of the bulk as a hard 

X-ray beam (e.g. Cu Kα) could penetrate deep into the materials in order of micrometers.
118

 Crystal 

structures of metal or metal oxide nanomaterials are analyzed by using a Panalytical X’pert Pro MRD 

X-ray diffractometer, capable of various optics and diffraction geometries (Figure 2.8). Since the 

amount of nanomaterial on the substrate surface is mostly very small, the intensity from the 

nanomaterial is low and is overwhelmed by the substrate signal (Si in our case). In this case, glancing 

incidence X-ray diffraction (GIXRD) technique is used to capture more signal from the nanomaterials 

and less from the substrate. In GIXRD, the detector is moved from 0 to 2θ angle while the incidence 

angle of the X-ray beam is maintained at a very shallow angle (close to the critical angle of the 

sample). As the incidence angle is below the critical angle, an evanescent wave is formed, and it 

penetrates less than 100 nm of the surface and therefore produces enhanced signal from the very thin 

top layer of the nanomaterial, overcoming the substrate signal. For this purpose, a parallel beam 

geometry with an X-ray mirror on the incident beam side and a parallel-plate collimator on the 

diffracted beam side is used. This configuration allows GIXRD measurements at a typical incidence 

angle of 0.4° for most samples. 

To analyze the grain size, we perform the Scherrer analysis. The Scherrer formula used for 

calculating the average crystallite size is given by:  

Crystallite Size =  
K × λ

(BObserved − BInstrument) × Cos θ
 

where K is the shape factor of the nanocrystallites (typical value close to 1), λ is the wavelength of 

the X-ray used for obtaining the diffraction pattern, θ is the peak position, BObserved is the peak width 

(or FWHM) of the most intense XRD peak of the sample, and BInstrument is the peak width observed for 

the standard stress-free sample, which arises due to instrumental effects. For the X-ray optics used in 

our GIXRD system, the observed BInstrument is 0.40° (or 0.0022 rad). 
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Figure 2.8 Photograph of the Panalytical X’pert Pro MRD X-ray diffractometer used for crystal 

structure characterization of thin films. The instrument is set up in the parallel beam geometry with an 

X-ray mirror and a parallel plate collimator used for the incident and diffracted beam optics, 

respectively. 

 

2.5.2 Ultraviolet/Visible (UV/Vis) Spectroscopy 

Spectroscopic techniques are commonly used to analyze the optical behavior of the metal and metal 

oxide nanocluster film and thin films.
119

 The optical properties of the metal and metal oxide 

nanocluster film (deposited by using the Nanogen source) and thin films (deposited by using RF 

magnetron sputtering sources) as-deposited and annealed on glass substrates are investigated by using 

a UV/Vis spectrophotometer (Perkin-Elmer Lambda 1050) with a wavelength range of 175-3300 nm 

and a bandwidth of 2 nm, and with a monochromator for reducing stray light and also for enhancing 

the resolution (Figure 2.9). The system has high sensitivity photomultiplier, peltier-controlled InGaS 

and PbS detectors to provide the full UV/Vis/NIR range. All the measurements are performed in 

transmittance mode within the wavelength range 200-600 nm. The transmittance (T) can be converted 

to absorbance A by using the formula, A= –log T. The band gap of the material can be calculated 

using the formula Eg = 1240/λmax, where λmax (in nm) is the wavelength of maximum absorption and 

Eg (in eV) is the band gap. 
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Figure 2.9 Photograph of Perkin Elmer Lambda 1050 NIR/UV/Vis Spectrometer used for the 

transmittance/reflectance measurements for thin films. 

 

2.6 Photoelectrochemical analysis 

In this work, linear sweep voltammetry is used to investigate the photoelectrochemical water splitting 

behavior of the nanomaterials deposited on the substrates by using a CH Instruments 660A 

electrochemical station (Figure 2.10).
40

 A three-electrode system is used in this process, in which an 

Ag/AgCl (3M KCl) electrode is used as the reference electrode (RE), a Pt wire is used as the counter 

electrode (CE) and the sample is used as the working electrode (WE). The experiment is performed in 

an aqueous electrolyte solution (KOH in this project) in a quartz beaker. A 300 W Xenon lamp (300-

1000 nm, Oriel Instruments 6258) with different optical filters (low-pass, high-pass and AM 1.5G) is 

used to deliver UV and visible light onto the sample during the photocurrent measurements with a 

power density of 50 mA/cm
2
. More details about the experimental technique are described in 

forthcoming chapters. 
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Figure 2.10 Photographs of various components of the water splitting experiment including the 

electrochemical analyzer, illumination station, all the electrodes and combined experimental setup. 

 

2.7 Micro/Nanodevices fabrication techniques 

Different micro/nanodevices are fabricated in this work for different application purposes. A novel 

maskless photolithography system from Intelligent Micro Patterning Ltd.
120

 is used to pattern 

microscale devices (Figure 2.11a). The patterns are created in bitmap (.bmp) format using paint. A 

20× optics is used to provide the magnification to achieve the smallest minimal feature size (1 μm). A 

high-performance photoresist Shipley S 1827, along with MCC primer (both purchased from 

Microchem), is used. Since the photoresist layer is quite thin (~500 nm), the MCC primer serves as an 

adhesive layer for the photoresist. The coating of the primer and photoresist is performed in a spin 

coater (Laurell Tech. Corp.) at 4500 rpm for 40 s consecutively to achieve a coating thickness of 500 

nm each. The sample is baked at 120 °C on a hot plate after each of the spin coating steps. Once the 

pattern writing is completed, the sample is developed in the MF-24 developer for 30 s to dissolve the 

UV exposed area. After development, the sample is then deposited with different materials 

accordingly by using RF or DC magnetron sputtering in a physical vapor deposition system (Mantis 

Deposition Ltd.) or/and tabletop sputter coater (EMS). The last step in the device fabrication process 

is the lift-off, which is performed by dipping the coated samples in HPLC-grade acetone (Sigma 

Aldrich) for 1-5 min to remove the undeveloped area of the sample, leaving only the desired device 

pattern behind. For multilayer device fabrication, the same procedure is repeated for as many layer as 

necessary, while proper alignments by means of appropriately placed alignment marks is performed 

in between in order to achieve the precise stacking (and overlaying) of the multilayers. For nano-sized 

junctions, a novel ion beam lithography system (Raith IONLine) is used (Figure 2.11b).
121
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Figure 2.11 Photographs of (a) an Intelligent Micro Patterning SF-100 Xpress maskless optical 

lithography system used to fabricate the memristive devices, and (b) Raith IONLine ion beam 

lithography system used to fabricate the memristive devices with nano-sized junctions. 
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2.8 Electrical characterization 

All of the fabricated devices are tested using a semiconductor device analyzer (Agilent Technologies 

B1500) coupled with a probe station (Signatone, S1160A) (Figure 2.12).
122

 Tungsten probes with 10 

μm tip width are used for making the contact with the device and all the measurements are taken at 

room temperature. In most of the cases, a two-probe testing scheme is employed, where voltage is 

applied on one probe while the other probe is kept grounded and the current is measured between the 

electrodes. 

 

Figure 2.12 Photograph of Signatone probe station coupled with an Agilent B1500 semiconductor 

parameter analyzer used for electrical characterization of the memristor devices. Inset shows the 

measurement setup where two probes are connected to the two electrodes of the memristor device. 
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Chapter 3 

Size-Selected TiO2 Nanocluster Catalysts for Efficient 

Photoelectrochemical Water Splitting***** 

3.1 Introduction 

Transition metal and metal oxide nanoclusters (NCs) have attracted a lot of recent attention due to 

their numerous applications in catalysis, sensors, optoelectronic and magnetic devices.
7,10,20,123–127

 In 

the early 1980s, the development of precise mass (or size) selected nanocluster molecular beam 

systems has enabled cluster formation with a well-defined size distribution, which has opened up new 

opportunities for understanding gas-phase reaction dynamics and catalysts.
51,128,129

 More recently, 

there has been renewed interest in the deposition of transition metal NCs and the assembly of three-

dimensional arrays of discrete size-selected NCs or nanoparticles onto surfaces.
9,26–28,130–132

 These NC 

assemblies (i.e. nanosystems) allow the chemical properties of these materials to be tuned by 

controlling their nanoscale cluster/particle size and structure, with further optimization made possible 

by modifying the nature of nanoconstituents often combinatorially. Since molecular beam technique 

has enabled the study of free, unsupported NCs in the gas phase,
133,134

 various procedures have been 

developed to deposit transition metal NCs onto substrates (or supports) by gas phase aggregation 

techinque.
9,27,28,132

 The objective of this deposition approach is to preserve the size of the as-formed 

NCs on the surfaces.  However, acquiring nearly monosized NCs at a few nanometer scale remains a 

difficult task.  Size-tuning of supported transition metal NCs can be used to enhance the catalytic 

activity at the NC surface and interfacial regions.
135

 A major challenge in the synthesis of stable and 

well-controlled arrays of size-specific NCs is the inhibition of aggregation on the surface. Early 

studies have largely focused on metal NCs, including Ag,
9,26

 Au,
130

 Cu,
27

 Pd
28

 and Zn
136

 NCs. In 

contrast, there are considerably fewer studies on metal oxide NCs, particularly titanium dioxide 

(TiO2) NCs, and on their size tuning with a narrow size distribution produced by using the general 

technique of gas-phase aggregation.
38,137–139

 Lambert’s group deposited doped TiO2 NCs using a gas 

condensation technique in an oxygen and methane ambient.
132

 Using a gas-aggregation source, 

Drabik et al. produced Ti NCs in lower vacuum condition, which then became oxidized in ambient.
137

 

High chemical stability and low-cost production have made TiO2 one of the most widely used 

photocatalytic materials since the first report of water splitting using TiO2 by Fujishima and Honda 

                                                      

*****
 This section is made from one of my publications: Srivastava et al., ACS Nano 2014, 8, 11891-

11898. Copyright (2014) by the American Chemical Society. 
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over 30 years ago.
140

 TiO2 is also one of the most studied transparent conductive oxides, with band 

gaps of 3.02 eV for rutile and 3.2 eV for anatase structures.
141

 With the bottom of the conduction 

band more negative than the redox potential of H2/H2O (0 V) and the top of the valence band more 

positive than the redox potential of H2O/O2 (–1.23 V),
60,140–142

 TiO2 is possibly the “ideal” 

photocatalyst for the photoelectrochemical water splitting reaction. Different types of TiO2 

nanostructures, including nanoparticles and nanowires, and thin films have been tested for the water 

splitting reaction but found to produce a photocurrent density no greater than 0.1 mA/cm
2
.
142–144

 An 

assembly of discrete NCs would be of great interest because of its high specific surface area that 

provides a large number of reaction sites (per volume) for electron-hole pair generation for water 

splitting reaction upon light illumination. 

As Ti and its oxides are of great importance to catalysis and nanoelectronics, the synthesis of stable, 

size-selected Ti and TiO2 NCs in a controlled way could offer new prospect for creating novel 

cluster-assembled materials with desirable properties for electronic and optoelectronic applications, 

including memory devices, fuel cells and solar cells. Here, we present a new fabrication process to 

produce well-ordered, precisely size-selected, monosized NCs with excellent uniformity over a large 

area using a novel NC magnetron sputter source with a quadrupole mass filter built-in. We further 

demonstrate the exceptional photoelectrochemical catalytic performance of these high quality TiO2 

NCs as photoanodes in a water splitting reaction.  

3.2 Experimental Details 

Size-selected TiO2 NCs are produced using a gas condensation technique with a gas-aggregation 

cluster source based on DC magnetron sputtering (Nanogen 500, Mantis Deposition Ltd.),
145

 which 

employs the Haberland concept of cluster formation.
133,134

 A schematic diagram of the Nanogen 

source is shown in Figure 3.1. A titanium target (99.95% purity, ACI Alloys) is mounted in the 

cluster source chamber with a base pressure of 1×10
-8

 mbar. A broad beam of Ti atoms is generated 

by DC magnetron sputtering (at 55 mA) in Ar and these sputtered atoms condense into clusters under 

high collision-prone ambient condition. The cluster growth involves two basic steps: (a) generation of 

Ti atoms, particle fragments and ions by magnetron sputtering, which then undergo (b) collisional 

condensation, involving nucleation and gas-phase aggregation leading to cluster formation.
134

 Cluster 

growth can be controlled by varying the Ar gas pressure and the aggregation length in the 

condensation zone of the aggregation chamber (where cluster formation occurs as a result of 

collisions of atoms with one another). Since a large fraction of the NCs so generated by the Nanogen 

source is negatively charged, it is possible to provide precise mass selection of NCs of a particular 

size based on their mass-to-charge ratios by using a quadrupole mass filter in the NC source. A set of 
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AC and DC voltages is applied to the quadrupole filter, with 2% mass resolution and throughput up to 

10
6
 amu, to facilitate an oscillating path that allows passage of cluster ions of the selected size. After 

exiting the aggregation chamber through an orifice (3 mm dia.), the cluster ions are neutralized and 

collected on the substrate positioned 70 mm in front of the orifice in the deposition chamber. The 

input flow rate of the Ar gas in the Nanogen source is used to control the (deposition) chamber 

pressure (10
-4

 – 10
-3

 mbar) at which the deposition process occurs. In particular, the input Ar flow rate 

directly affects the processes in the condensation zone and the efficiency of the clusters emerging 

from the aggregation chamber.
28

 Cluster sizes of 2-15 nm (dia.) can be produced using the Nanogen 

source, and monosized clusters smaller than 8 nm are the focus of the present work. The substrates 

used for the present work are H-terminated Si(100) (denoted as H-Si), quartz and float glass. All the 

substrates are cleaned ultrasonically in acetone and isopropanol before use, while the Si substrate is 

also rinsed in 2% HF for 10 min to remove the native oxide layer and to produce H-termination on the 

Si substrate (H-Si). 

The surface morphology and the size of the NCs are characterized ex-situ by atomic force 

microscopy (AFM) operated in tapping mode in a Digital Instruments Dimension 3100 Nanoman 

Nanoscope IV microscope, while the crystallinity of the NCs is determined by transmission electron 

microscopy (TEM) in a JEOL 2010F microscope operated at 200 kV. TEM samples are prepared by 

directly depositing the NCs onto a holey carbon TEM grid. Chemical-state composition is analyzed 

by X-ray photoelectron spectroscopy (XPS) as a function of Ar ion sputtering time in a Thermo-VG 

Scientific ESCALab 250 Microprobe, equipped with a monochromatic Al Kα X-ray source (1486.6 

eV). Ar ion sputtering is performed over a raster area of 3×3 mm
2
 at an ion beam energy of 3 keV and 

a typical sample current density of 110 nA/mm
2
. The XPS data is fitted by using Casa XPS software 

with a Shirley background. The photoelectrochemical water splitting experiments are performed by 

using a CH Instruments 660A electrochemical station in a three-electrode quartz cell with an 

electrolyte solution of 5 M KOH (prepared from analytical grade KOH and Millipore water at room 

temperature). Photocurrents are measured with the size-selected NCs deposited on a substrate as the 

working electrode (i.e., the photoanode), both in the dark and under the illumination of a 300 W 

Xenon lamp (300-1000 nm, Oriel Instruments 6258) with an AM 1.5 filter. A minimum power 

density of 50 mA/cm
2
 is delivered to the sample. Ag/AgCl (3M KCl) and Pt are used as the reference 

and counter electrodes, respectively. 
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Figure 3.1 Schematic diagram of the production of a size-selected cluster beam in the Nanogen 

cluster source (not drawn to scale), which involves the following steps: (a) generation of Tin moieties 

and their ions by magnetron sputtering, (b) collisional condensation that leads to nucleation and gas 

aggregation, and eventually to Tin and Tin
-
 cluster formation, and (c) size selection of Tin

-
 clusters 

ions by a quadrupole mass filter. The Tin
-
 cluster ions exiting the aggregation (or Nanogen source) 

chamber from a 3 mm dia. aperture become oxidized by the ambient in the deposition chamber and 

the resulting TiO2 cluster ions are then deposited and neutralized on the substrate under soft-landing 

condition to produce the size-selected TiO2 nanoclusters. The aggregation length (AL), defined as the 

separation between the front face of the target and the entrance plane of the quadrupole, and the Ar 

gas flow are the main parameters used to control the overall cluster size distribution before size 

selection.  No bias is applied to the substrate to ensure soft landing of the nanoclusters. 

 

3.3 Results and Discussion 

In our experiment, size-selected NCs with specified mass-to-charge ratios are successfully 

synthesized by using the Nanogen source (shown schematically in Figure 3.1). Figure 3.2a shows the 

average NC size (diameter) as a function of the Ar gas flow for different aggregation lengths (ALs). 

In spite of the small exit aperture (3 mm dia) of the Nanogen source, the pressure at which the NCs 

are deposited on the substrate (in the deposition chamber) depends linearly on the Ar gas flow during 

growth (Figure 3.2a). The Ar gas pressure is found to have the largest effect on the growth kinetics of 

the NCs. The system can therefore be optimized to provide the desired cluster size by controlling the 

Ar flow rate in the aggregation chamber. Not only does the Ar gas flow help to initiate the plasma for 

sputtering to occur, Ar also works as a carrier gas to support the growth of the NCs by providing them 

nucleation centers in the gas phase and to carry them towards the substrate. The aggregation chamber 

provides the important space needed for the target source atoms to undergo collisional 
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condensation.
145

 This space can be physically adjusted by changing the AL, which corresponds to the 

target-to-quadrupole separation (Figure 3.1). As a general rule, an increase in the Ar flow causes a 

decrease in the NC size because the clusters are swept out of the aggregation chamber faster before 

the clusters have sufficient time to self-condense to a larger size. Figure 3.2a shows an almost linear 

decrease in cluster size with increasing Ar flow rate for all ALs from 10 to 90 mm. We observe that 

AL also affects the size distribution of resulting NCs. For a fixed Ar flow rate, the cluster size 

increases with increasing AL (Figure 3.2a). This is consistent with our expectation that a bigger 

aggregation volume provided by a larger AL allows the Ti atoms in transit to reside in the aggregation 

chamber longer, thereby facilitating more collisional encounters to form larger clusters. Our present 

study, therefore, shows that the smallest cluster size can be achieved by maintaining a high Ar-flow 

for a short AL. Conversely, the larger cluster size can be obtained by employing a lower carrier gas 

flow for a longer AL. As illustrated in Figure 3.2a, the cluster size can be tuned in the range below 10 

nm and a cluster size as small as 3 nm can be easily obtained. This size regime is smaller than the 

TiO2 NCs reported earlier.
9,23,27,28,132,138

  

Figure 3.2b shows the relative populations of NCs as-formed in the gas phase as a function of NC 

size for three typical (AL, Ar-flow) combinations: A = (80 mm, 30 sccm), B = (60 mm, 35 sccm) and 

C = (20 mm, 55 sccm). The relative population of the NCs is indicated by the quadrupole collector 

current. A near-Gaussian size distribution is clearly observed for all (AL, Ar-flow) sets. As the mode 

cluster size (marked by the peak maximum) increases, the peak collector current decreases with 

concomitant increase in the width of its distribution, from set C to set B to set A. Upon applying an 

appropriate set of voltages to the quadrupole mass filter, the cluster size distribution can be 

dramatically narrowed to a sharp profile as defined by the mass resolution of the quadrupole, which 

demonstrates the effectiveness of mass selection by the quadrupole mass filter. Figure 3.2b also 

shows that the cluster mass increases quadratically with increasing cluster size. 
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Figure 3.2 (a) Cluster size (left axis) and deposition chamber pressure (right axis) as a function of Ar 

flow rate for different aggregation length (AL) from 10 to 90 mm, in steps of 10 mm; and (b) typical 

nanocluster size distributions, as represented by quadrupole collector current (left axis), obtained with 

three typical combinations of (AL, Ar flow rate) as marked by large open circles in (a): A = (80 mm, 

30 sccm), B = (60 mm, 35 sccm) and C (20 mm, 55 sccm). The vertical dashed line marks the 

respective mode cluster size of each nanocluster distribution, while the corresponding sharpen peak 

marked by the darken area corresponds to the distribution of nanoclusters mass-selected (within 2% 

of the mode cluster size) by applying an appropriate set of DC and AC voltages to the quadrupole 

mass filter. The total mass (right axis) as a function of nanocluster size produced by the Nanogen 

cluster source is also shown. 

  

Figure 3.3a-c shows tapping-mode AFM images of TiO2 NCs deposited on H-Si substrates along 

with their size distributions at mode cluster sizes of 3.5, 5.0 and 6.2 nm, respectively, obtained with 

appropriate (AL, Ar flow rate) settings.  With the spatial resolution of AFM generally larger than 10 

nm, we estimate the size (diameter) of the as-deposited NCs from their respective height profiles, 

assuming a spherical shape for these NCs. A near-Gaussian size distribution (obtained without the use 

of the quadrupole mass filter) is clearly observed for all three mode sizes. The size distributions 

obtained from our AFM measurements for the as-deposited NCs are also found to be in good accord 

with and therefore validate those as reflected by the collector current profiles of the quadrupole mass 

filter (Figure 3.2b). 

The impact energy of the NCs is one of the key parameters in cluster-surface collisions. Given the 

kinematics of the system, the TiO2 NCs should undergo soft-landing onto the substrate because the 

NCs impinging onto the substrate are very small in size and their kinetic energy at room temperature 
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is less than 0.1 eV.
134,146

 The NCs so deposited should therefore have their stoichiometry preserved, 

without any change to their chemical or physical properties, and they are not expected to undergo 

further diffusion into the bulk upon physisorption. In the present work, no bias is applied on the 

substrate to maintain low impinging energy of the NCs to the substrate, thereby ensuring soft-landing 

condition. Furthermore, it should be possible to produce TiO2 NCs of the same cluster size but with 

different areal density by simply manipulating different (AL, Ar-flow) combinations for the same 

deposition time. To demonstrate this unique control provided by the present technique of NC 

generation, we show, in Figure 3.3d-f, three different densities obtained for NCs with essentially the 

same mode cluster size of 5 nm. The variation in the densities of these NCs with the same mode size 

can be understood in terms of the kinematics of the NCs produced under different conditions. In 

particular, the kinetic energy of the impinging NCs could significantly affect the nature/type of the 

event that follows. For a high Ar flow rate and a larger AL, less energetic NCs will be produced. This 

is because of the resulting larger number of collisions among clusters themselves and/or with the wall 

of the aggregation chamber over a longer period of time. This low kinetic energy regime ensures soft 

landing without any subsequent diffusion on the surface and/or into the bulk. On the other hand, in 

the other limit of a low Ar flow rate and a smaller AL, more energetic NCs will be generated because 

of less resulting collisional encounters. Some of the NCs could also bounce backward due to head-on 

collisions with the surface, thereby reducing the cluster density on the surface. The areal density can 

also be controlled by the amount of deposition time, while keeping other preparation conditions the 

same to ensure that the clusters physisorb under soft-landing condition and without any cluster 

aggregation (Figure 3.4) and also without any deformation from spherical shape (as observed by 

TEM, Figure 3.8d) on the surface. The present technique of NC generation therefore provides a 

sensitive control of the relative kinetic energy of NCs in the gas phase in the soft-landing regime. 
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Figure 3.3 AFM images of size-selected TiO2 nanoclusters obtained with mode sizes of (a) 3.5 nm, 

(b) 5 nm and (c) 6.2 nm (deposited with appropriate growth conditions) and with a mode size of 5 nm 

deposited with three different growth conditions (AL, Ar- flow): (d) (80 mm, 40 sccm), (e) (60 mm, 

35 sccm), and (f) (20 mm, 30 sccm), all on H-Si substrates. AFM images of size-selected TiO2 

nanoclusters with a mode size of 6 nm deposited on three different substrates: (g) H-Si, (h) glass, and 

(i) quartz. All AFM images are obtained for a scanned area of 1×1 µm
2
. Insets show the 

corresponding histograms for the cluster size distributions of the nanoclusters from 2 to 8 nm 

obtained under appropriate (AL, Ar-flow) combinations, with the peak marked by the numbers of the 

clusters with the respective mode sizes. 

  

The adhesion properties of TiO2 towards different types of substrate surfaces are further 

investigated by depositing TiO2 NCs on three different substrates simultaneously under the same 

deposition condition. Figure 3.3g-i compares the areal densities of TiO2 NCs deposited on H-Si, 

glass, and quartz substrates. The sizes of NCs on all three substrates are found to be similar (6 nm), 

consistent with the mode size as selected by the appropriate (AL, Ar-flow) combination of (80 mm, 

30 sccm). Interestingly, the areal density of the NCs on H-Si (~ 750/µm
2
) is considerably higher than 

those on glass (~ 180/µm
2
) and quartz substrates (~ 170/µm

2
). This is consistent with the higher 

sticking coefficient of TiO2 thin film on H-Si when compared to those on the other two oxide 

surfaces. The NC densities for glass and quartz are similar because of the similar chemical nature of 
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these oxide surfaces. Despite the expected high propensity of TiO2 on the oxide surface to aggregate 

due to its higher enthalpy than those of the oxide surfaces,
133

 we see no evidence of cluster 

aggregation on the surface even after deposition for a longer time (Figure 3.4a&b), with individual 

NCs remaining uniformly distributed over the entire surface. This further confirms the soft-landing 

condition provided by the Nanogen cluster source. The deposition time can therefore be used to 

control the surface coverage, i.e. the areal density of the NCs (which is important to their application 

as catalysts), and therefore the resulting surface roughness. The RMS surface roughness is estimated 

from AFM measurement for samples obtained with different deposition times (Table 3.1), and found 

to increase with increasing deposition time from 15 to 20 to 30 min, followed by a decrease after 60 

min of deposition. The latter reduction in RMS roughness could be due to increase in the packing 

efficiency. 

 

 

Figure 3.4 AFM images of the TiO2 nanoclusters deposited on H-Si substrates for (a) 15 and (b) 60 

minutes.  All AFM images are obtained with a scanned area of 1×1 µm
2
.  Evidently, no clear increase 

in the cluster size as a result of cluster agglomeration on the substrate is observed even for the longer 

deposition time, which confirms the soft-landing deposition condition of nanoclusters with low 

kinetic energies. 
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Table 3.1 RMS surface roughness over 1×1 µm
2
 area as a function of deposition time for TiO2 

nanoclusters deposited on H-Si substrates with an Ar flow rate of 20 sccm and aggregation length of 

50 mm. 

Deposition Time 

(min) 

RMS Surface 

Roughness (nm) 

15 1.220 

20 1.250 

30 1.713 

60 1.344 

 

 

To characterize the chemical nature of the nanoclusters, we show, in Figure 3.5, the XPS spectra of 

the Ti 2p region collected as a function of sputtering time for a typical TiO2 NC film deposited with a 

mode size of 6 nm on H-Si for 60 min. The prominent Ti 2p3/2 peak at 459.2 eV corresponds to the 

Ti
4+

 state attributable to TiO2 in good accord with an earlier report.
147

 The minor shift in the spectrum 

to a higher binding energy after a brief 5 s of sputtering is due to the removal of surface hydrocarbons 

commonly present as a result of ambient handling. Upon sputtering for a total of 20 s, a weak Ti 2p3/2 

feature emerges at 457.5 eV and becomes more intense while the Ti
4+

 feature is weaken upon 

sputtering for 90 s. This intermediate feature at 457.5 eV, tentatively assigned to Ti
3+

, becomes 

reduced in intensity and appears to shift toward a lower binding energy (454.3 eV) upon further 

sputtering for 270 s. Continued sputtering for 450 s and 650 s causes emergence of a well-defined Ti 

2p3/2 feature at 454.3 eV, which could be assigned to TiO. The Ti 2p3/2 features located at the 

intermediate peak position (between Ti
4+

 and Ti
2+

 states) could therefore be attributed to TiOx (2 ≥ x ≥ 

1), which corresponds to non-stoichiometric Ti oxide phases due to the reduction of Ti
4+

 to Ti
3+

 and 

Ti
2+

 by Ar-ion bombardment.
147

 This ion-induced reduction is also confirmed, in our separate 

experiment, by depth-profiling XPS analysis of commercial TiO2 powders (Aldrich, 99.99% purity) 

(Figure 3.6). The corresponding XPS spectrum of the O 1s region Figure 3.7a for the NC sample 

(after removing the surface carbonaceous layer by sputtering for 5s) exhibits two peaks at 530.6 eV 

and 532.8 eV, which are consistent with the assignment to TiO2 and TiOx, respectively. The 

corresponding Si 2p spectrum is found to be dominated by a major Si peak at 99.3 eV and a minor 

SiOx peak at 103.2 eV due to native oxide Figure 3.7b. 
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Figure 3.5 XPS spectra of Ti 2p region for TiO2 nanoclusters as-deposited on a H-Si substrate, and as 

a function of sputtering time. Only the Ti 2p3/2 region is used here to identify various chemical states 

of the nanoclusters.  
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Figure 3.6 XPS spectra of Ti 2p region for commercial TiO2 powder (anatase) as a function of 

sputtering time. The reduction of Ti
4+

 phase is observed in the commercial anatase powder sample 

after 270 s of Ar-ion bombardment, which corresponds to the emergence of non-stoichiometric Ti 

oxide phases. Commercial rutile powder is also found to exhibit similar result as anatase powder (data 

not shown). 

 

 

 

Figure 3.7 Corresponding XPS spectra of (a) O 1s and (b) Si 2p regions for the as-prepared TiO2 

nanocluster (6 nm) film shown in Figure 3.5. 
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To demonstrate the photoelectrochemical catalytic properties, we employ the TiO2 NCs deposited 

with different mode sizes on H-Si as the photoanode in a water splitting reaction. All the photocurrent 

measurements are conducted for an illumination area of 5×5 mm
2
 with a power density of 50 

mW/cm
2
. The photoelectrochemical water splitting mechanism is described schematically in Figure 

3.8a. In a water splitting reaction, photoexcitation occurs at the TiO2 NC photoanode, which is 

immersed in an aqueous electrolyte along with the Pt counter-electrode (and an Ag/AgCl reference 

electrode). Electrons and holes are generated when TiO2 NC is illuminated with UV-vis light, which 

facilitates redox reactions (oxidation at the photoanode and reduction at the counter electrode) at the 

NC-water interface in the electrolyte and leads to hydrogen (H2) evolution. Figure 3.8b shows the 

photocurrent density as a function of applied potential for the TiO2 NC/H-Si working electrode in 5M 

KOH in the dark and under illumination of a Xenon lamp. Nanoclusters with three different NC sizes 

(4, 6 and 8 nm), preselected by using the quadrupole mass filter, are chosen to illustrate the cluster 

size effect on the photoelectrochemical performance. Evidently, a significant enhancement in the 

photocurrent density with decreasing NC size is observed. We attribute this to the interplay between 

the effect of the increase in the specific surface area and that of the increase in the amount of active 

sites due to the increased amorphicity of the NCs with decreasing size. The TEM images shown in 

Figure 3.8c illustrates the remarkable homogeneity of the NCs, all with nearly identical size, which 

further verifies the precise size-selection achieved by using the quadrupole mass filter. Furthermore, 

the larger NC (8 nm) is found to consist of a crystalline core surrounded by an amorphous shell, while 

the smaller NCs (6 and 4 nm) below a critical size appear to be completely amorphous. The 

amorphous nature of the smaller NCs gives rise to a higher density of defects, which work as trapping 

and recombination centers for the photogenerated electron-hole pairs. To confirm that amorphous 

TiO2 NCs are better suited for water splitting reaction, we prepare, in a separate experiment, a 

“post˗annealed” TiO2 NC sample by annealing the as-deposited 6-nm NCs at 800 
o
C for 90 min in air. 

A substantial drop in the photocurrent density is observed for the post-annealed sample (Figure 3.8b). 

This is due to the reduction in the defect density as a result of improved crystallinity caused by 

annealing at a high temperature.
 
 The increase in the photocurrent density of the totally amorphous 6-

nm NCs with respect to that of the crystalline-core amorphous-shell 8-nm NCs is attributed to both of 

the aforementioned effects, while the further enhancement found for the 4-nm NCs with respect to the 

6-nm NCs, both of which are totally amorphous, is due to the effect arising from increase in the 

specific surface area. Since the surface area plays an important role in photoelectrochemical catalysis, 

substrate coverages (i.e. the amount of NC loading on the substrate) by TiO2 nanoclusters for all three 

samples deposited for 15 min on H-Si substrates are calculated by using the Image J software. 
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Approximately 20% coverage is observed for all three samples, which suggests that there is a lot of 

room for potential improvement in the photoelectrochemical performance. 

The saturation voltage for the 4-nm NCs is observed to be –0.22 V vs Ag/AgCl (or 0.78 V vs 

RHE), which is well within the range of the typical values of 0.5-0.8 V vs RHE found for other TiO2 

nanomaterials.
62,67,142,148

 We obtain a photoconversion efficiency (PCE) of ~ 0.43% (Figure 3.9a) and 

a total PCE, as-estimated according to earlier reports,
60,149

 of ~ 1.0%, at an applied potential of 0.78 V 

vs RHE. For TiO2 nanotubes and other nanostructures, their corresponding total PCEs are in the range 

of 0.2 ˗ 3.0%. For TiO2 NCs, the present PCE of 1.0% is the highest ever observed for this type of 

nanoclusters and it is comparable to the most of these nanomaterials reported in the 

literature.
36,64,65,67,150,151

 This performance is especially remarkable when considering the very tiny 

amount of TiO2 NCs on the substrate, all of which are prepared without any post-synthesis 

modification or treatment (as often required in earlier work). It should be noted that most of the 

samples reported in the literature
36,64,65,67,150,151

 are based on TiO2 or other metal oxide nanowires or 

nanotubes with post modification and these samples contain a significant (large) amount of materials, 

which provide a large number of active sites for the photoelectrochemical reaction. In our case, the 

PCE could potentially be enhanced at least 5 times by increasing the amount of cluster loading from 

20% coverage to a monolayer coverage (e.g., by increasing the amount of deposition time). Indeed, a 

theoretical PCE of 5% would put our NC samples (with just one monolayer of coverage) to be among 

the top photoelectrochemical catalysis performers based on TiO2 nanomaterials for the water-splitting 

reaction. Even higher PCE can be obtained with multiple layers of TiO2 NCs (as was commonly 

employed for other TiO2 nanomaterials in earlier reports). Figure 3.9b shows a comparison between 

the photocurrent densities for different range of solar spectrum, using different filters. Furthermore, 

we can also potentially increase the PCE further by employing nanoclusters with even smaller size, 

and by modifying the clusters with chemical functionalization. Fabricating hybrid and/or core-shell 

NCs and synthesizing binary or tertiary NC systems could also enhance the PCE, and can be easily 

realized using the present Nanogen cluster source (equipped with the triple target capability). 
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Figure 3.8 (a) Schematic diagram of the mechanism of a photoelectrochemical water splitting 

reaction. An expanded view of a TiO2 nanocluster (NC, red sphere), consisting of Ti (green spheres), 

O (pink spheres) and H atoms (brown spheres), is shown as the bottom inset. The top inset shows the 

electron-hole pair generation in TiO2 upon UV-vis light illumination, which supplies holes (h
+
) for 

the oxidation of OH
-
 leading to O2 evolution at the photoanode and electrons (e

-
), upon travelling to 

the counter electrode through an external circuit, for reduction leading to H2 generation. (b) 

Photocurrent densities as a function of applied potential obtained in a photoelectrochemical water 

splitting reaction in a 5M KOH electrolyte, using TiO2 nanoclusters of different sizes (4, 6 and 8 nm) 

and the post-annealed TiO2 nanoclusters (6 nm), all on H-Si, as the photoanodes, all with an 

illumination area of 5×5 mm
2
 under a 300 W Xe-lamp at a power density of 50 mW/cm

2
. (c) TEM 

images of 4 nm (left), 6 nm (center) and 8 nm nanoclusters (right) deposited directly on holey carbon 

TEM grids, along with high resolution images shown as insets illustrating their respective degrees of 

crystallinity. 
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Figure 3.9 (a) Photoconversion efficiency (PCE) as a function of applied potential, Eapp, for TiO2 

nanoclusters with three different sizes as deposited on H-Si under illumination from a Xe lamp with a 

power density of 50 mW/cm
2
. (b) Photocurrent density, Jp, as a function of Eapp for 6-nm TiO2 

nanocluster in the dark (bottom line) and under illumination by UV light (obtained with a low pass 

filter, second top line), visible light (obtained with an AM 1.5 filter, third top line), and the full 

spectrum (without any filter, top line). The photoconversion efficiency of the water splitting reaction 

in the presence of external applied potential is calculated by using the equation: 

𝑃𝐶𝐸 =
𝐽𝑝(𝐸𝑟𝑒𝑣

𝑜 − 𝐸𝑎𝑝𝑝)

𝐼0
 

where Jp is the observed photocurrent density, E
o
rev is the standard reversible potential, which is 1.23 

V vs RHE for the water splitting reaction, Eapp is the applied potential (vs RHE), and Io is the power 

density of the incident light.  Total photoconversion efficiency is calculated by setting Eapp to zero in 

the above equation. For efficiency calculation, Eapp vs Ag/AgCl can be converted to Eapp vs RHE by 

using Nernst equation (ERHE = EAg/AgCl + 0.059 pH + E
o
Ag/AgCl), where EAg/AgCl is the applied potential 

vs Ag/AgCl, pH for 5M KOH is 13.8 and E
o

Ag/AgCl is standard Ag/AgCl electrode potential (0.197 V). 

 

3.4 Conclusions 

We have successfully fabricated and deposited size-selected TiO2 NCs on three different substrates 

(H-Si, glass, and quartz) at room temperature under soft-landing condition using a magnetron-based 

nanocluster source equipped with a quadrupole mass filter. The growth process of the NCs is studied 

by depositing the nanoclusters under different growth conditions and by studying their growth 

environment.  On all the substrates employed in the present work, the TiO2 NCs are found to be 

essentially monosized and uniformly distributed over the entire surface (without agglomeration), and 

no surface diffusion of the NCs is observed. The use of a high vacuum system and the precise control 

over aggregation length and Ar-flow have enabled us to produce TiO2 NCs with unprecedented high 
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degree of purity (as verified by XPS) and excellent uniformity in size and distribution (as 

demonstrated by AFM and TEM). Size-tuning experiments on H-Si substrates indicate that we also 

have excellent control and reproducibility for the desired NC size. A higher photoelectrochemical 

catalytic activity for the water splitting reaction is obtained when the NC size is below 6 nm. As the 

NC size is reduced, the increase in specific surface area and the greater amorphicity of the NCs both 

contribute to the enhanced photoelectrochemical performance. The Nanogen magnetron cluster 

source coupled with a quadrupole mass filter is therefore a promising versatile tool for producing 

high-purity, size-selected, ultra-small TiO2 NCs (below 10 nm) for application in catalysis, 

nanoelectronics and nanobiosensors. 
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Chapter 4 

Size-selected, Ultra-small, Defect-rich (TaOx, Pt) Nanocluster 

Composite for Promoter-Enhanced Photocatalysis 

4.1 Introduction 

Nanoscience deals with the generation and investigation of nanosized materials.
2
 The term 

“nanocluster” (more than one to a few thousands of atoms) is used for a particle with size greater than 

individual atoms and molecules but not sufficiently large to exhibit the characteristic properties of 

bulk matter.
10

 They are a direct link between the distinct behaviors of isolated atoms and molecules 

on the one hand and their bulk counterparts on the other. Nanoclusters have much larger surface area 

to volume ratio (specific surface area) than bulk matter. In the past decade, transition metal oxide 

nanoclusters (NCs) have been used in numerous applications in catalysis, sensors, optoelectronic and 

magnetic devices.
11,13,17,123,124,127

 These applications all require the creation of stable arrays of 

nanoclusters that could maintain their properties with respect to the relevant operating environment. 

While most of the transition metal and metal oxides have exhibited these properties separately on 

their own, combination of two or more types of NCs on a single substrate could lead to cooperative, 

parallel or sequential catalytic processes, which may open up new opportunities of novel cluster 

applications.
37,63

 With the development of nanocluster molecular beam systems, which has been 

providing fundamental understanding of gas-phase reaction dynamics and catalysts in the past several 

decades,
51,128

 there has been a recent surge in interest in producing three-dimensional arrays of 

discrete size-selected NCs onto different surfaces.
9,137,152,153

 Among the various techniques used for 

depositing transition metal NCs onto surfaces, gas-phase aggregation technique has shown the most 

promise in the synthesis of isolated and supported NCs.
27,132,154

 There are many studies focused on the 

nanoclusters of transition metals (Cu
27

, Ag
26

, Au
135

, Pd
28

), metal alloys (Au/Pd
155

, Cu/Au
156

) and 

metal oxides (TiO2
38

, ZnO
136

).  

In recent years, Ta2O5 (with a band gap of 3.9 eV) has emerged as an important new material for 

various applications. Its higher chemical stability than other transition metal oxides (e.g. TiO2, Fe2O3, 

CuO) and its high dielectric constant make Ta2O5 an alternative candidate for photocatalytic 

reactions. The redox potentials of H
+
/H2 (0 V vs. RHE) and O2/H2O (+1.23 V vs. RHE) are well 

within the valence band maximum and conduction band minimum of Ta2O5, which makes Ta2O5 a 

promising high-performance catalyst material for solar water splitting, while Ta2O5 rich with surface 

and bulk defects (often termed as TaOx) offers potential enhancement in the photocatalytic 

performance particularly in the visible light region. An assembly of discrete TaOx NCs would be of 
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great interest because of its high specific surface area, which provides a large number of reaction sites 

(per volume) for electron-hole (e
-
-h

+
) pair generation for photoelectrochemical water splitting 

reaction. All the studies have thus far been limited to structural modification of Ta2O5 nanostructures 

to increase the solar harvesting.
68

 However, one potential limit on the performance is the high 

recombination rate of photogenerated electron-hole pairs. We have described a new approach here to 

further enhance the photocatalytic performance of the semiconductor-based photocatalysts by 

introducing a reaction promoter. The high recombination rate problem can be alleviated with the 

deposition of noble metals by taking advantage of their plasmonic properties. Metallic NCs (Pt in our 

case) support collective electron oscillations, known as surface plasmons, which help in concentrating 

and scattering the light near the semiconductor/liquid interface that leads to more effective light 

trapping inside the semiconductor and therefore better solar light harvesting. 

In the present work, we focus on size-selected ultrasmall TaOx and Pt nanoclusters (both ~5 nm in 

dia), created and deposited or co-deposited using a unique gas-phase aggregation technique, coupled 

with a built-in quadrupole mass filter for precise size-selection (Ta, Z = 73, 180.945 amu & Pt, Z = 

78, 195.078 amu). A major challenge in depositing monosized NCs on substrates is the tendency of 

the NCs to agglomerate on the surface, which is alleviated by ensuring soft-landing of NCs onto the 

substrates. We further demonstrate the photoelectrochemical catalytic performance of the (TaOx, Pt) 

NC composite film deposited on silicon substrates. As a high density of surface defects is inherently 

beneficial to potential applications in surface-dependent catalysis and nanoelectronics, the synthesis 

of stable, precisely size-selected TaOx and Pt NC composite promises novel nanocluster composite 

systems with desirable synergetic physiochemical properties for emerging photoelectrochemical, 

electronic and optoelectronic applications. 

4.2 Experimental Details 

Size-selected TaOx and co-deposited (TaOx, Pt) nanoclusters have been produced by using a novel 

nanocluster generation system (Nanogen 500, Mantis Deposition Ltd.). A DC magnetron sputtering 

process coupled with gas-phase aggregation, based on Haberland
133,134

 concept of cluster formation, is 

used to deposit the source materials from the metallic Ta and Pt targets (99.95% purity, ACS alloy). 

Plasmas containing Ta and Pt atoms and ions are generated upon magnetron sputtering in Ar (at 60 

mA), and the sputtered atoms condense into clusters under high collision-prone ambient. Details of 

the cluster growth mechanism have been given in our previous work.
153

 Briefly, the cluster growth 

involves two basic steps: (i) generation of source atoms and ions by sputtering, which then undergo 

(ii) collisional condensation, involving nucleation and gas-phase aggregation leading to cluster 

formation.
134

 Based on their mass-to-charge ratio, precise mass selection of NCs with a particular size 
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is achieved by using a quadrupole mass filter with 2% mass resolution before their landing onto the 

substrate. H-terminated Si(100) (H-Si) substrates are used for the present work. Prior to nanocluster 

deposition, all the substrates are cleaned ultrasonically in acetone and isopropanol and also rinsed in 

2% HF for 10 minutes to remove the native oxide layer and to produce H-termination on the Si 

substrate. After the deposition, the Ta NCs undergo oxidization in ambient (when the sample is 

brought out from the deposition chamber), producing TaOx. The Pt NCs, on the other hand, remain 

metallic and stable in air. 

The surface morphology, size and crystalline structure of the NCs are characterized by atomic force 

microscopy (AFM) operated in tapping mode in a Digital Instruments Dimension 3100 Nanoman 

Nanoscope IV microscope, field-emission scanning electron microscopy (SEM) in a Zeiss Merlin 

microscope, and transmission electron microscopy (TEM) in a Zeiss Libra 200 MC microscope. TEM 

samples are prepared by directly depositing the NCs onto a lacey carbon coated TEM copper grid. 

The chemical-state composition is analyzed by X-ray photoelectron spectroscopy (XPS) in a Thermo-

VG Scientific ESCALab 250 Microprobe, equipped with a monochromatic Al Kα X-ray source 

(1486.6 eV). The XPS data is fitted by using the CasaXPS software with a Shirley background. The 

photoelectrochemical water splitting measurements are performed in a three-electrode system in a 

quartz cell, where the nanocluster film supported on H-Si is used as the photoanode, and Ag/AgCl (3 

M KCl) and Pt are used as the reference and counter electrodes, respectively. The experiments are 

carried out in an electrolyte solution of 1 M KOH (Sigma Aldrich), prepared in Millipore water at 

room temperature. The photocurrents are measured with a CH Instruments 660A electrochemical 

workstation, both in the dark and under illumination of a 300 W Xenon lamp (300-1000 nm, Oriel 

Instruments 6258) coupled with an AM 1.5 G filter that delivers simulated sunlight with a power 

density of 50 mW/cm
2
. 

4.3 Results and Discussion 

Size-selected Ta (TaOx after oxidization) and Pt NCs with specific mass-to-charge ratios are 

successfully synthesized using the nanocluster generation source (Nanogen), shown schematically in 

Figure 4.1a. Figure 4.1b shows the average cluster size (diameter) of Ta NCs as functions of Ar-gas 

flow rate (15-50 sccm) and aggregation length (10-90 mm). Evidently, the longer the aggregation 

length in the gas-condensation zone, the larger is the NC size. Depending on the aggregation length 

(AL), increasing the Ar-gas flow rate could decrease (for AL = 90 mm), decrease and then increase 

(for AL = 20-80 mm) and have minor effect on (for AL = 10 mm) the NC size, which suggests that 

both the Ar-gas flow rate and the AL could affect the growth kinetics. Ar flow could affect the NC 

growth not just by initiating the plasma that sputters the source to remove the source atoms into the 
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condensation zone (aggregation zone), and also by providing nucleation seeds for NC growth and 

serving as a carrier gas for transporting the as-grown NCs towards the substrate. Figure 4.1c shows 

the size distributions as represented by the collector currents as functions of NC size in diameter for 

the Ta NCs. The collector current peak maximum is found to decrease with increasing aggregation 

length, while at the same time its peak width (corresponding to the size distribution) broadens. After 

size selection, the broad NC size distribution (Figure 4.1c) can be typically restricted to within 2% 

mass resolution (i.e. 2% of the full width of the distribution, Figure 4.2) by applying an appropriate 

set of AC and DC voltages to the quadrupole mass filter. Further details about parameter optimization 

and size selection have been discussed elsewhere.
153

 

 

 

 

Figure 4.1 (a) Schematic diagram of the nanocluster generation source coupled with a quadrupole 

mass filter for precise size selection (not drawn to scale). Two sources can be ignited simultaneously 

to create a composite plasma consisting of two materials (Ta and Pt in this work) through magnetron 

sputtering. The constituent atoms combine together in the aggregation zone to form Tan and Ptn 

clusters, which are transported out of the aggregation chamber through a 3 mm orifice by the Ar gas 

flow. Generally, a large fraction of the clusters are positively charged (Tan
-
 and Ptn

-
) so that a 

quadrupole mass filter can be used to perform size selection of the nanoclusters (after exiting through 

the orifice) based on their mass-to-charge ratio. The size-selected nanoclusters then enter into the 
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main chamber where they become partially oxidized and neutralized to form TaOx, and deposit onto 

the substrate under soft-landing condition. The aggregation length (AL) corresponds to the distance 

between the source and the 3 mm orifice, which can be varied to obtain different nanocluster sizes. 

(b) Cluster size as a function of Ar-gas flow rate for different aggregation lengths from 10 to 90 mm 

(in step of 10 mm). (c) Size distribution as represented by the quadrupole collector current as a 

function of nanocluster diameter for a fixed Ar flow rate of 20 sccm and variable aggregation lengths 

from 10 to 90 mm (in step of 10 mm). The mode cluster size is defined as the size for the peak 

maximum of each distribution curve. 

 

Co-deposition is started by igniting the plasma to sputter both Ta and Pt targets simultaneously and 

then collecting the resulting NCs onto the substrate. The sizes of both Ta and Pt NCs are kept fixed at 

5 nm (dia) with appropriate setting of the quadrupole mass filter. Figure 4.2 compares the near 

Gaussian size distribution profiles of Ta and Pt NCs obtained separately for the same (Ar flow rate, 

AL) combination of (40 sccm, 60 mm). At this combination, both NCs have approximately the same 

mode size (4.7 nm), because of their similar atomic masses. It is therefore possible to conduct size 

selection for both Ta and Pt NCs of 4.7 nm by using the same appropriate set of AC and DC voltages 

on the diagonal poles of the quadrupole mass filter. The vertical shaded region in Figure 4.2 

corresponds to parts of the nanocluster distributions that are mass-selected within 2% of the 

respective mode cluster sizes. The respective total mass profiles (right axis) as a function of 

nanocluster size for Ta and Pt NCs produced by Nanogen cluster source are also shown in Figure 4.2. 
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Figure 4.2 Near Gaussian nanocluster size distribution profiles for the Ta and Pt nanoclusters 

obtained separately at (40 sccm, 60 mm) with the mode size of 4.7 nm each, where the quadrupole 

collector current (left axis) is proportional to the cluster population of specific cluster size. The total 

masses of the nanoclusters (right axis) are also shown as functions of their diameters. The vertical 

shaded area correspond to the segment of the cluster size distribution within 2% mass resolution as 

selected by applying an appropriate set of AC and DC voltages on the quadrupole mass filter. 

 

Figure 4.3a shows the secondary electron SEM image of co-deposited TaOx and Pt NCs, with 

respective total deposition times of 30 min and 15 min, on a H-Si substrate. We then increase the Pt 

deposition time to 30 min (Figure 4.3b) and 45 min (Figure 4.3c) while keeping the Ta deposition 

time fixed at 30 min during the (TaOx, Pt) co-deposition. As expected, the population of Pt clusters 

(brighter spots) increases with increasing Pt deposition time. The near Gaussian size distribution with 

a mode size of 5 nm is illustrated for the Ta (30 min) and Pt (30 min) co-deposition in Figure 4.3b, 

inset. Figure 4.3d shows the tapping-mode AFM image of the (TaOx, Pt) NCs co-deposited for 30 min 

on a H-Si substrate. With the spatial resolution of AFM generally larger than 10 nm, the size of the 

as-deposited NCs can be estimated from their respective height profile, assuming a spherical shape 

for the NCs. The size distributions obtained from our ex-situ SEM and AFM measurements for the as-
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deposited NCs are found to be in good accord with the collector current profiles of the quadrupole 

mass filter (Figure 4.2). 

 

 

Figure 4.3 Secondary electron SEM images of the co-deposited Ta and Pt nanoclusters with 

deposition parameters (30 sccm, 60 mm) obtained for Ta deposition for 30 min and Pt deposition for 

(a) 15 min, (c) 30 min and (d) 45 min.  Inset of (b) shows the corresponding size distribution before 

size selection, while the shaded area marks the portion of the nanoclusters size-selected by the 

quadrupole mass filter. (d) AFM image used to estimate the nanocluster size distribution by using the 

heights of the nanoclusters. 

 

The TEM image of the size-selected (TaOx, Pt) NCs co-deposited for 30 min directly on a TEM 

grid is shown in Figure 4.4. Evidently, the size of both TaOx and Pt NCs are found to be quite similar 

(~5 nm), and the excellent uniformity of the nanocluster size is clearly evident. High-resolution TEM 

images of typical nanoclusters reveal the crystalline nature of Pt NCs (top inset) and amorphous 

nature of the TaOx NCs (bottom inset). The interplanar spacing of the (111) planes in the Pt NC as 

determined from the high-resolution image is 2.27 Å, which is in good accord with the FCC Pt 

crystal.
157
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Figure 4.4 TEM image of the (TaOx, Pt) nanoclusters directly co-deposited on lacey carbon coated 

TEM grid. The corresponding high-resolution TEM images of a Pt and a TaOx nanocluster, each of 5 

nm dia, are shown in top right and bottom right panels, respectively. The Pt nanocluster depicting the 

interplanar spacing corresponds to Pt(111) plane, while the TaOx nanocluster is found to be 

amorphous.  

 

Figure 4.5 shows the depth-profiling XPS spectra of the O 1s, Ta 4f and Pt 4f regions of a typical 

(TaOx, Pt) co-deposited NC film (Figure 4.3c) with a common mode size of 5 nm on H-Si. Before 

sputtering, the O 1s spectrum (Figure 4.5a) exhibits an intense SiO2 peak at 532.8 eV, with a rather 

weak shoulder at 530.8 eV consistent with the assignment to Ta2O5.
158

 Upon sputtering, the maximum 

of the strong O 1s feature appears to shift to a lower binding energy as the peak becomes less intense 

and broader, which suggests the emergence of other oxygen-deficient TaOx phase at a lower binding 

energy. The prominent Pt 4f7/2 (4f5/2) peak at 71.2 (74.5) eV in Figure 4.5b is attributed to metallic Pt. 

After 15 s of Ar sputtering, a weak 4f7/2 (4f5/2) peak appears at 72.6 (75.9) eV, which becomes more 

prominent upon further sputtering. This feature can be assigned as Pt2Si, i.e. Pt silicide appearing at 

the interface between the Pt NCs and Si. In contrast, no Ta silicide feature is observed. The prominent 

Ta 4f7/2 (4f5/2) peak at 26.9 (28.8) eV corresponds to the Ta2O5 (Figure 4.5c), in good accord with the 

earlier report.
159

 The presence of the strong Ta2O5 feature and the absence of metal silicide feature 

confirm that the as-grown Ta NCs have been completely oxidized at least in the near-surface region 

of the NCs. The minor shift in the spectrum towards the lower binding energy is due to the removal of 

surface hydrocarbons commonly present as a result of ambient handling. A well-defined Ta 4f7/2 

(4f5/2) peak begins to emerge at 22.6 (24.5) eV after 30 s of sputtering, and it can be attributed to the 
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TaOx phase (1 < x < 2.5). Upon further sputtering to 60 sec, sharper and more intense Ta 4f7/2 (4f5/2) 

peak appears at 22.4 (24.4) eV, which corresponds to the emergence of the metallic Ta phase. This 

peak migration is similar to that found for the O 1s feature in Figure 4.5a, indicating the 

transformation of Ta2O5 to oxygen-deficient TaOx (1< x < 2.5) and to metallic Ta as a result of ion-

induced reduction of Ta2O5 due to Ar-ion bombardment.
158

 

 

 

Figure 4.5 XPS spectra of (a) O 1s (b) Pt 4f and (c) Ta 4f regions for the (TaOx, Pt) nanoclusters co-

deposited on a H-Si substrate as a function of Ar sputtering time. 

 

The photoelectrochemical water splitting properties of the co-deposited (TaOx, Pt) NC samples are 

studied under simulated sunlight (with an AM 1.5 G filter) using a three-electrode system connected 

to an electrochemical workstation. H-Si substrates coated with a fixed TaOx NC amount and three 

different Pt NC loading amounts (as shown in Figure 4.3), with a mode size of ~5 nm for both TaOx 

and Pt NCs, are used as the photoanodes, while a Pt wire and Ag/AgCl (3M KCl) solution are used as 

the counter and reference electrodes, respectively. All the photocurrent measurements are conducted 

for an illumination area of 5×5 mm
2 
with a power density of 50 mW/cm

2
 (half a sun), in accord to our 
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previous work.
153

 1 M KOH is used as the aqueous electrolyte and the light is flashed on the sample 

immersed in the electrolyte. Before discussing the photocatalytic reactions of the NCs, it is important 

to emphasize that the substrate (H-Si) shows no photoresponse in dark or upon illumination with the 

simulated sunlight (data not shown). Figure 4.6a and 6b show the schematic diagrams for the transfer 

and separation of photogenerated electrons and holes on the TaOx NC semiconductor surface, 

respectively, with and without the presence of metallic Pt NCs. The presence of Pt NCs in the system 

promotes the water splitting reaction by efficiently concentrating and scattering the intense light near 

the semiconductor surface. In effect, it increases the number of photogenerated carriers that can reach 

the semiconductor/electrolyte interface and participate in the desired photoelectrochemical water 

splitting reaction to produce O2 and H2. With the absence of Pt NCs (Figure 4.6a), the actual amount 

of separated electrons and holes are less because of their fast recombination and therefore the 

photocatalytic activity is limited. In contrast, with the presence of Pt NCs (Figure 4.6b), the electron-

hole pairs are separated efficiently with the transfer of electrons to the nearby Pt NC surface (before 

recombination could occur), leading to H2 production, while he holes remaining onto the 

semiconducting TaOx surface promote the production of O2. The Pt NCs in effect serve as the 

promoters to the TaOx photocatalysts by providing temporary charge holding tanks to arrest the quick 

recombination process at the semiconductor surface. Figure 4.6c compares the photoresponse profiles 

observed for the three different (TaOx, Pt) NC composite samples, consisting of a fixed amount of 

TaOx NCs and different amount of co-deposited Pt NCs (Figure 4.3). Evidently, increasing the 

relative amount of the Pt NC promoters from 0 to 15 to 30 min deposition has increased the 

photocurrent density from 0.24 to 0.33 to 0.46 mA/cm
2
 at 0.4 V vs Ag/AgCl.  For Pt loading with 45 

min deposition, however, the photocurrent density has discernibly decreased. This reduction could 

likely be due to overload of the Pt NCs in the composite system, the excess of which starts to 

physically block the photosensitive TaOx surface, consequently reducing the surface concentration of 

electrons and holes available for the reaction. 
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Figure 4.6 Schematic diagrams of the mechanism of photoelectrochemical water splitting reactions 

for TaOx NCs (5 nm dia.) (a) without and (b) with Pt NCs (5 nm dia.) co-deposited on H-Si. (c) 

Photocurrent density and (d) photoconversion efficiency as functions of applied potential obtained for 

a photoelectrochemical water splitting reaction in a 1 M KOH electrolyte, using the (TaOx, Pt) 

nanoclusters supported on H-Si substrates as the photoanodes, all with an illumination area of 5×5 

mm
2
 under a 300 W Xe lamp coupled with an AM 1.5 G filter at a power density of 50 mW/cm

2 
(half 

sun). 

 

The photoconversion efficiency is dependent on the amount of material loading on the substrate 

because of the availability of active surface sites. For the (TaOx , Pt) NC composite with co-

deposition for 30 min, we obtain the highest photoconversion efficiency of ~0.1% (Figure 4.6d), and 

correspondingly a total photoconversion efficiency of ~0.4%, as estimated based on earlier reports,
153

 

at an applied potential of 0.92 V vs RHE. This corresponds to the highest ever photoconversion 

efficiency observed for such a nanocluster system, and it is also comparable to that observed other 
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types of Ta2O5 nanostructures (with the photoconversion efficiency in the range of 0.01-2.0%).
160,161

 

This performance is especially remarkable because the NCs have less than a monolayer and only 

~20% coverage on the substrate, in marked contrast to all other reported cases which employ a 

significantly larger amount of materials and therefore provides a potentially much larger number of 

active sites for the same reaction.
68,161

 The most significant result in the present work is that the 

performance can be enhanced multifold by incorporating a promoter such as Pt NCs in the 

semiconducting photocatalytic system. Furthermore, no post-synthesis modification is necessary for 

the present photocatalyst system, in marked contrast to other reported catalysts, where different 

chemical treatments of the materials have been used to modify the morphology and/or structure of the 

active surfaces in order to enhance the water splitting reaction and to achieve better solar 

harvesting.
162,163

 Using a linear extrapolation of the coverage of these defect-rich TaOx NCs to a 

monolayer, we estimate our photoconversion efficiency to be 2% (5 times higher than what we 

observe in this work), which will make our co-deposited nanocluster system a top 

photoelectrochemical performer in tantalum oxide based photocatalysis. As the amount of active 

surface sites increases with increasing TaOx NC coverage, more Pt NC promoters can also be loaded 

to further enhance the photocatalytic performance. Furthermore, we could also potentially extend the 

work to nanoclusters with even smaller size and to clusters appropriately chemically functionalized, 

also suggested our previous work,
153

 both of which promise new opportunities for other nanosize-

dependent emerging applications such as nanoelectronics and solar cells.  

4.4 Conclusion 

We have successfully synthesized and co-deposited size-selected TaOx and Pt NCs on H-Si substrates 

at room temperature under soft landing conditions using a magnetron-based nanocluster source 

equipped with a quadrupole mass filter. The as-grown NCs are found to be nearly monosized and 

uniformly distributed over the entire surface (without surface agglomeration), where defect-rich, 

amorphous TaOx NCs (with a typical mode size of 5 nm) are well mixed with nanocrystalline Pt NCs 

(also with a mode size of 5 nm). Using a different amount of deposition time for each sputtering 

target, the amount of material loading can be effectively controlled and their effects are studied in a 

photoelectrochemical water splitting reaction. In the present work, we have described a new approach 

of introducing a promoter in the photoelectrochemical water splitting reaction to reduce the higher 

recombination rates of electron-hole pairs generated in the semiconductor photocatalysts and thus 

enhancing the water splitting performance. The defect-rich TaOx NC photocatalysts with high specific 

surface area, along with the crystalline metallic Pt NC promoters, contribute to the observed enhanced 

photoelectrochemical performance. The highest photocatalytic activity for the water splitting reaction 
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is observed when the amount of Pt NCs is almost the same as TaOx NCs, while a higher Pt NC 

loading leads to blockage of photoelectrochemically active surface of TaOx, thereby reducing the 

observed photocatalytic activity. Along with the concept of reaction promoters, the use of size-

selected, ultrasmall metal/metal oxide nanoclusters below 10 nm (as produced by the novel Nanogen 

nanocluster source coupled with the quadrupole mass filter) can be extended to other applications in 

catalysis, chemical sensing, and nanoelectronics. 
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Chapter 5 

Bipolar Memristors Based on Defect-Rich Ultra-Nanocrystalline 

TiOx Film 

5.1 Introduction 

Resistive random access memory (ReRAM), or memristor, based on transition metal oxides has been 

demonstrated as the fourth passive circuit element with potential application as the next-generation 

non-volatile memory devices.
70,71,87,90,91,164–168

 Properties such as low power consumption, sub-

nanosecond switching speed and high switching endurance
87,90

 make the memristor an attractive 

candidate for such adaptive systems as logic circuits, neuromorphic devices and artificial biological 

systems. With a simple metal/semiconductor-oxide/metal multilayer architecture that is independent 

of the substrate material, the memristor operates on the principle of binary resistive switching
169

 

between two discrete resistance states, mediated by an ionic transport process. Inspired by the first 

successful synthesis of TiO2 based memristor by Strukov et al. in 2008,
70

 a large class of transition 

metal oxides
87,88,90,93,95,170–174

 along with chalcogenides
175

 and organic polymers
176

 have been widely 

studied as the switching materials. Depending on the layered structures and the physical and chemical 

properties of these materials, there have been several proposed switching mechanisms, such as charge 

trapping,
95

 formation/dissolution of one or more conducting filaments,
91

 and electromigration of 

oxygen vacancies driven by an applied field.
87,88,172

 The charge trapping mechanism involves the 

change in the Schottky barrier height (or width) by the presence of trapped charge carriers (holes or 

electrons or both) at the metal/oxide interface introduced by the metallic dopants in the switching 

material.
177–179

 Filament-type switching is a widely accepted mechanism for the transition-metal oxide 

based switches, which are based on the emergence of one or more a few nanometer-wide vertical 

columns (filaments) of either the electrode metal or oxygen vacancies transported through the 

insulating oxide layer.
88,90,100

 A filamentary system based on an insulating oxide switching layer 

generally exhibits unipolar (i.e. nonpolar) switching dominated by the Joule heating effect,
93,180

 in 

which an irreversible electroforming process induced by a high bias (generally greater than ±10 V) is 

required to soft-break the metal-oxide electrolyte in order to create a temperature-dependent, oxygen-

vacancy-defect-rich conducting phase for resistive tuning.  

Alternatively, resistive switching can also be achieved by ionic drift of the electronically charged 

oxygen vacancies between the two metal-insulator (oxide) interfaces induced by an electric field 

gradient, thereby tuning the resistance states of the device. This so-called interface-type switching is 

usually bipolar in nature, where the oxygen vacancies migrate towards or away from the interface 
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(depending on the voltage polarity) through an oxygen vacancy defect rich conducting conduit with 

the size of the entire device junction. While a very high electric field (10
6
 V cm

–1
)

181
 is generally 

required to move these vacancies in bulk material, such a field can be easily created by applying a 

few volts (6-10 V) across a film of a few nanometer thick. Depending on the nature of the switching 

and electrode materials and the layer stacking arrangement, the switching mechanism could be 

thermal dominating (filament type) or electric-field dominating (interface type). Of the various 

obstacles to fabricating a low power consumption memristor device, the high-bias electroforming step 

is recognized as the root cause behind the poor reproducibility and short life-time of the 

memristor.
87,88,106,165

 While Joule heating cannot be avoided completely during resistive switching, it 

is the least desirable in terms of electronic stability of the device, because it could change the device 

behavior completely with time and could potentially damage or even destroy the device due to 

internal heating.
90

 Furthermore, the formation and dissolution of the filamentary channel could vary 

from sample to sample in an unpredictable fashion, which leads to unreliable performance and low 

reproducibility and production yield. This remains to be a major challenge and there is therefore an 

urgent need for a new strategy that could mitigate the adverse Joule heating effect and enable the 

device to electroform at a much lower applied bias while reducing power consumption.  

Here, we report a novel interface-type memristive device comprised of an oxygen-vacancy-defect-

rich TiOx (1≤x<2) ultrananocrystalline film with nanocrystallite size of 4-5 nm, stacked between a top 

and a bottom Pt electrodes. Unlike the earlier studies, all of which have focused on starting with a 

“perfect” material (mostly single-crystalline) and then followed by manipulating the defects such as 

oxygen vacancies or dopants, our approach is to introduce defects directly from the beginning. We 

have shown that by creating a defect-rich nanocrystalline TiOx film grown at room temperature, the 

built-in defects at the edges and along structural dislocations could produce highly active non-

stoichiometric regions. This enables localization of the electric field to smaller footprints that not only 

store the carrier charges in discrete locations but also, more importantly, create a constricted, high 

electric field gradient with just a small electroforming voltage. We demonstrate, for the first time, 

dynamic resistive switching of a high-performance TiOx-based memristor that electroforms at a bias 

as low as +1.5 V (which is the lowest ever reported). Not only does this device provide greater 

control and reliability but also higher reproducibility in its endurance and retention capacities. With 

the nonlinear (Schottky) OFF state and linear (Ohmic) ON state, this device also shows stable non-

volatile bipolar switching characteristics with a high ON-to-OFF current ratio and low power 

consumption within ±1.0 V, where the device can be accessed with various analog and discrete 

programmable READ voltages. Together with the simplicity in the device construction, the 

performance achieved for our memristor promises a new generation of ReRAM device applications.   
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5.2 Materials and Methods 

5.2.1 Device fabrication 

The memristor devices were fabricated as a crossbar structure on a SiO2/Si substrate by using a three-

layer photolithographical procedure with a maskless photolithography system (SF-100 Xpress, 

Intelligent Micropatterning Inc.). The device fabrication steps are schematically shown in Figure 5.1a. 

Shipley 1805 photoresist (MicroChem) was spin-coated on the substrate and the pattern was written 

under the exposure of UV light (434 nm). The thickness of the photoresist layer was kept at 500 nm 

in order to achieve high-resolution lithographical features. A 500 nm thick layer of MCC primer 

(MicroChem) was spin-coated on the substrate before depositing the photoresist. Spin-coating 

parameters for the primer and photoresist layers were set to 4500 rpm for 40 s, and both layers were 

baked after the deposition on a hot plate set at 90 °C for 90 s. After the UV lithographical step with a 

1.10 s exposure time, the written pattern was developed in a MF-24 developer (MicroChem) for 30 s 

and then rinsed with Millipore water. For the bottom electrode, a 5 nm thick Ti layer was pre-

deposited as an adhesion layer before sputter-deposited a 60 nm thick Pt layer at room temperature, 

followed by the lift-off process. For the middle active layer, a high-purity TiOx layer (60 nm thick) 

was produced at room temperature by in-situ oxidation of Ti deposited by using a magnetron 

sputtering source from a Ti metal target (99.95 % purity, ACI Alloys) in a high vacuum physical 

vapor deposition system (Mantis Deposition Ltd.), followed by the lift-off process. The Ar-flow was 

kept at 20 sccm to maintain the pressure of the deposition chamber (with a base pressure of 1×10
–8

 

mbar) at 7.5×10
–3

 mbar. A quartz crystal microbalance was used to monitor the thickness of the TiOx 

film. Finally, a 30 nm thick Pt layer was deposited as the top electrode, following the same procedure 

used for the bottom electrode but for a shorter deposition time. All the layer thicknesses were 

confirmed by using a profilometer (KLA Tencor P6). For physical characterization, we deposited, in 

separate experiments, TiOx films on SiO2/Si, Pt-coated SiO2/Si and glass substrates using the same 

parameters as those used for the actual devices. All the substrates used in this work were cleaned 

ultrasonically in HPLC grade acetone, isopropyl alcohol and Millipore water (~18.2 MΩ). The SiO2 

layers (50 nm thick) were grown on Si substrates by annealing in an oxygen atmosphere in a quartz 

tube furnace, with oxygen flow rate set to 50 sccm and the temperature set to 900 °C for 90 min. 

5.2.2 Characterization 

The device morphology was characterized by field emission scanning electron microscopy (SEM) in 

a Zeiss Merlin electron microscope. Secondary ion mass spectroscopy (SIMS) was used to analyze 

the elemental composition of the fabricated devices in depth-profiling mode in an ION-TOF SIMS 5 
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system. The crystalline structures of the as-deposited and annealed TiOx films were determined by 

using a PANalytical MRD X’pert Pro X-ray diffractometer with a Cu Kα X-ray source. UV-Visible 

spectroscopy on the as-deposited and annealed TiOx film was performed in a Perkin-Elmer Lambda 

1050 spectrophotometer. For the electrical characterization studies, the resistive switching behavior of 

the fabricated devices was measured in I-V sweep mode with a two-probe DC measurement 

configuration by using an Agilent B1500 semiconductor analyzer coupled with an electrical probing 

station (Signatone Series 1160). Tungsten probe tips with a 10 µm tip size were used for connecting 

to the electrodes. 

 

Figure 5.1 Device fabrication and electron microscopic analysis. (a) Schematic representation of 

device fabrication involving three maskless lithography (ML) steps. In ML1, an I bar pattern for the 

bottom electrode is exposed to the photoresist. This is then followed by development in MF-24 to 

remove the photoresist for the pattern, sputter-coating with Pt, and finally the lift-off to remove the 

remaining photoresist. This process is then repeated in ML2 where a 60 nm TiOx junction layer is 

deposited in the patterned area whereas in ML3 is repeated with the same parameters for the Pt top 

layer deposition. Once the device stacking structure is fabricated, the electrical characterization is 

performed by connecting the microprobes to the top and bottom Pt electrodes while the switching 

process is observed in the TiOx layer. (b) SEM image of the array of devices with different junction 

sizes (5×5 µm
2
, 10×10 µm

2
, 20×20 µm

2
 and 50×50 µm

2
) fabricated on the same chip, and (c) selected 

TiOx surface morphology in high magnification. (d) Photograph of the actual device array. 
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5.3 Results and Discussion 

A high-resolution maskless photolithography technique is used to fabricate the three-layer Pt/TiOx/Pt 

memristor device on a SiO2/Si substrate (Figure 5.1a). Magnetron sputtering is used to deposit each 

layer at room temperature. An array of memristor devices with four typical junction sizes (5×5 µm
2
, 

10×10 µm
2
, 20×20 µm

2
 and 50×50 µm

2
, Figure 5.1b) is constructed on a 10×10 mm

2
 substrate 

(Figure 5.1d). For each device, the layer thickness of the top Pt electrode is 30 nm, while those for the 

TiOx active layer and the bottom Pt electrode are 60 nm (Figure 5.2a). A 5 nm thick Ti layer is pre-

deposited immediately before depositing the bottom Pt layer electrode on the SiO2/Si substrate in 

order to provide better Pt adhesion to the substrate, as suggested in earlier reports.
87,182

 The cross-

sectional TEM image and the corresponding EDX elemental map of the multilayer device structure 

(Figure 1b) validate the layer thickness dimensions, while the high-resolution TEM images of 

selected Pt and TiOx areas depict the nanocrystalline nature of both films (Figure 5.2b), which is also 

confirmed by X-ray diffraction (XRD) analysis (Figure 5.2c). Using the Scherrer analysis and the 

linewidths of the most intense Pt(111) and TiOx(103) features, we estimate the crystallite sizes of the 

Pt and TiOx films to be both 4.5 nm. In contrast, the TiOx film deposited directly on a SiO2/Si 

substrate (in a separate experiment) does not exhibit any well-defined peaks and is therefore 

amorphous. As the deposited Pt layer is ultrananocrystalline, it evidently provides a natural template 

to facilitate the growth of the defect-rich ultrananocrystalline TiOx layer. Precise manipulation of the 

Ar-gas flow rate provides good control of the oxygen vacancy defect concentration to make the TiOx 

active layer suitable for electronic transport. The weak feature at 77.95° in the XRD profile 

corresponds to the metallic Ti adhesion layer, which is also confirmed by depth-profiling X-ray 

photoelectron spectroscopy (XPS, Figure 5.2d). 

As Ti
n+

 (in TiOx) could be reduced to metallic Ti by ion sputtering, we limit the sputtering only to 

no more than 10 s (Figure 5.2d). The broad Ti 2p3/2 band between the intense Ti
4+

 feature at 459.3 eV 

and the weak metallic feature at 454.3 eV, emerged after very brief sputtering, could be attributed to 

the presence of Ti
3+

 (at 457.6 eV) and Ti
2+ 

(at 455.3 eV).  The increasing strengths of these latter 

features with sputtering confirm the presence of highly oxygen-deficient TiOx in the near surface, 

which tends to further reduce to Ti
2+

 after 10 s of sputtering. The well distinguished Pt/TiOx/Pt 

structure with a 50×50 µm
2
 junction size is also confirmed by secondary ion mass spectrometry 

(Figure 5.3a). The minor reduction in TiO
–
 with increasing depth (i.e. from the top electrode to the 

bottom electrode) suggests minor intermixing at the interface. UV-Vis transmission spectroscopy 

(Figure 5.3b) conducted on the larger-area films, deposited on 10×10 mm
2
 glass substrates under the 

same deposition conditions in separate experiments, shows that the transmittance of the as-deposited 
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film has increased from 8% to 30% in the 400-600 nm region upon annealing, which supports that the 

as-deposited oxygen-deficient TiOx film has become more stoichiometric TiO2 upon annealing in air 

at 600 °C.  

 

 

Figure 5.2 Physical characterization for TiOx based memristor devices. (a) Schematic cross-sectional 

view of the Pt/TiOx/Pt device architecture supported on a SiO2/Si substrate. (b) TEM  image of a 

cross section of a typical memristor device, with the corresponding EDX elemental maps (top right) 

and high-resolution TEM images of selected Pt and TiOx regions (bottom right). For each device, the 

layer thickness of the top Pt electrode is 30 nm, while those for the TiOx active layer and the bottom 

Pt electrode are 60 nm. A 5 nm thick Ti layer is pre-deposited immediately before depositing the 

bottom Pt layer electrode on the SiO2/Si substrate in order to provide better Pt adhesion to the 

substrate. (c) XRD profile and (d) depth-profiling XPS spectra of Ti 2p region of a TiOx film as-

deposited on the Pt bottom electrode pre-deposited with a Ti adhesion layer, all supported on a 

SiO2/Si substrate, shown along with the reference patterns for Pt FCC (PDF# 01-087-0644) and TiOx 

tetragonal phase (PDF# 00-008-0386) in c and with the binding energy locations of relevant Ti ionic 

states in d. As Ti
n+

 (in TiOx) could be reduced to metallic Ti by ion sputtering, we limit the sputtering 

only to no more than 10 s. Precise manipulation of the Ar-gas flow rate provides good control of the 

oxygen vacancy defect concentration to make the TiOx active layer suitable for electronic transport. 
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Figure 5.3 (a) SIMS depth profiles for the Pt/TiOx/Pt memristor with junction size of 50×50 µm
2
.  

Secondary ion mass spectrometry is used to examine the changes in the elemental composition in the 

multilayered device as a function of sputtering depth. Different colored regions correspond to 

different layers as mentioned on the top of each colored region. Evidently, there is a uniform 

distribution of oxygen within the TiOx matrix while there is no oxygen diffusion into the Pt layer, 

which accounts for the stability of the electrode. (b) UV-Vis spectra in transmittance mode for the 

TiOx film as-deposited and annealed on glass substrates. The difference in the transmittance is due to 

the phase change with oxidation during annealing step.  The as-deposited film is semi-transparent 

with the observed transmittance at ~8%, while annealing causes the sample to become more 

transparent, with the transmittance increased up to ~30 %. This can be correlated with the phase 

change from the more conducting TiOx to the more insulating TiO2 due to further oxidation during 

annealing. 

 

5.3.1 Switching behavior 

Prior to any applied bias, the TiOx film stays in the virgin state, exhibiting very high resistance of 

~MΩ, with oxygen vacancies distributed uniformly throughout the film thickness. The conduction 

mechanism of the device in the virgin state is therefore governed by the low oxygen vacancy 

concentration at the Pt/TiOx interface, which leads to Schottky-like rectifying behavior in the current-

voltage (I-V) curve over the ±1.0 V range (Figure 5.4a, inset). To “activate” the device for the first 

time from its virgin state to the ON state, the device must undergo an irreversible electroforming 

process, in which the applied bias is increased in small increments to generate an electric field 

gradient just sufficient to enable ionic drift (electromigration of oxygen vacancies in our case) 

between the electrodes (Figure 5.4b). In the positive sweep (starting from zero applied voltage), the I-

V characteristic changes dramatically from the exponential behavior (of the virgin state, Figure 5.4a, 

inset) at +1.5 V. At this so-called electroforming voltage, the device, for the first time, undergoes a 

sharp transition from the high resistance state (HRS) to the low resistance state (LRS) with a 
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significant increase in the corresponding current (Figure 5.4a, top panel). To ensure the safe operation 

of the device, a compliance current is set to 10 mA. Once activated, the corresponding I-V profile of 

the device shows a symmetrical Ohmic behavior until –0.92 V, during negative sweep. At –0.92 V, 

the device exhibits a voltage-controlled negative differential resistance over a small range (from –

0.92 V to –1.08 V) before it returns to the OFF state (i.e. the device undergoes a reverse transition 

from LRS to HRS) at the negative threshold (–1.5 V). This corresponds to the inhomogeneity in the 

electric field arising from scattered oxygen vacancies during the negative sweep. Due to this 

inhomogeneity, the interface could provide oxygen vacancy trapping sites created by electric field 

localization in the ultrananocrystalline film, which causes the difference in oxygen vacancy diffusion 

capacity and leads to the self-organized spatial pattern formation of the electric field domains
171

 and 

interface-type (isothermal) switching.
172

 In a schematic representation of the complete switching 

mechanism (Figure 5.4b), the activation of the virgin state is followed by initialization in the 

electroforming (first) cycle, after which the device can be used in subsequent SET/RESET cycles 

during normal operation. During activation (the first positive sweep), a conduit made up of oxygen 

vacancies within the TiOx matrix is formed to enable the ionic drift, and at this stage some oxygen 

vacancies are permanently trapped at the bottom TiOx/Pt interface. In the first negative sweep (the 

initialization step), the oxygen vacancies are driven away from the bottom electrode, which opens up 

a small gap between the trapped vacancies at the bottom electrode and the vacancies attracted towards 

the top electrode in the conduit (referred here as the conduit gap, Figure 5.4b). Because of the single-

phase TiOx film, this switching behavior is irrespective of the directional bias, i.e. the I-V curve 

obtained with bias applied on the top electrode (and the bottom electrode grounded) is a mirror image 

of that obtained with the bias applied on the bottom electrode (and the top electrode grounded) 

(Figure 5.5). This is an important result because almost all of the memristor devices reported to date 

are unidirectional,
88,166

 where one of the interfaces is Ohmic with the other Schottky by default. This 

unidirectional switching characteristic is due to the presence of an additional TiO2 layer in their 

device architecture,
102,107

 which imposes the filament-type switching mechanism based on Joule 

heating. As the oxygen vacancies have to cross the insulating TiO2 barrier by forming a filament (or 

filaments) via a tunneling process, a significantly higher applied bias is required. In our case, the 

Schottky and Ohmic interfaces are created with the ionic drift in the single-phase oxygen-deficient 

TiOx layer, which removes the need of tunneling. This in turn enables the activation of the device at a 

much lower voltage and the device to be operated in a bi-directional fashion. 

The corresponding |I| vs V profiles (Figure 5.4a, middle panel) demonstrate the two orders of 

magnitude difference between the current obtained in the virgin state (over the sweep voltage range of 

±1.0 V) and that in the electroforming step (sweep voltage range of ±1.5 V), while the resistance 
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profile (obtained based on Ohm’s law) for the electroforming step (Figure 5.4a, bottom panel) 

illustrates the significant resistance difference between HRS (~MΩ) and LRS (~kΩ).  The latter also 

confirms the Schottky to Ohmic Pt/TiOx interface exchange during the electric field induced ionic 

drift in the electroforming process. In contrast to the thermal dominated Chua’s memristor,
71

 where a 

critical temperature (induced by Joule heating) is required for filament formation, our memristor 

shows an extremely sharp transition between the HRS and LRS. This is because the low 

electroforming voltage (1.5 V) achieved in our case minimizes any excess heat such that the vacancy 

drift could occur at temperature much lower than the critical temperature. This lower temperature 

freezes the resistance state, which induces a sharp transition between the HRS and LRS, illustrating 

the ultrafast switching capability. This is a significant result because the electroforming voltage in our 

case is much smaller than those in previous reports (6-10 V).
91,94,102,183,184

 Even with the so-called 

electroforming-free devices, their switching (SET) voltages are reported to be 5 V
106

 and 10 V,
102

 

which are at least 5 times the SET voltage of our present device (1 V). Further, the strongly nonlinear 

and linear I-V curves for the respective OFF and ON states provide much better sensitivity during the 

READ operation, where an almost constant ON-to-OFF current ratio can be achieved irrespective of 

the READ voltage. We attribute this to the increase of localized electric field density as a result of the 

ultrananocrystalline nature of our TiOx film, and to the inherently high concentration of built-in 

oxygen vacancies, which reduces the need for further oxygen vacancy evolution at high bias through 

Joule heating. 

After the first sweep cycle, the device does not require the electroforming voltage to tune its 

resistance anymore because the device never returns to its virgin state after this irreversible 

electroforming step. The device switching (Figure 5.4c) can then be described as transitions between 

two dynamic states (the ON and OFF states) enabled by two processes (SET and RESET). Starting 

with the OFF state, the device encounters high resistance and therefore provides a very small 

rectifying current. During the SET process, the device undergoes transition from the HRS (i.e. the 

OFF state) to LRS (i.e. the ON state), at which the device enters a conducting state that follows the 

Ohmic behavior. During RESET, the memristor device switches back from the LRS (ON state) to 

HRS (OFF state), and the device does not return its virgin state ever again. Carrier transport is 

disturbed only up to a small extent by creating a conduit gap (Figure 5.4b). In the next SET/RESET 

cycle, it only requires +1.0 V (VSET) to extend the conduit again for switching to the ON state and –

1.0 V (VRESET) to retract the conduit for switching back to the OFF state. The SET and RESET can 

therefore be repeated within ±1.0 V in the subsequent sweep cycles. 
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Figure 5.4 Memristive switching characteristics and mechanism of a typical Pt/TiOx/Pt device with a 

5×5 μm
2
 junction size. (a) (Upper) Current (I) vs voltage (V) curve for the first positive (activation) 

sweep involving resistive switching at the electroforming voltage of +1.5 V. In the first negative 

(initialization) sweep, the voltage-controlled negative differential resistance (NDR) observed at –

0.92-–1.08 V is due to inhomogeneity in the electric field caused by vacancy gradient. Inset shows the 

same I-V curve for the virgin state of the device (prior to electroforming). (Middle) |I| vs V profiles 

(with |I| in a semilog scale) for the virgin and electroforming states, and (lower) corresponding 

resistance vs V profile for the high resistance state (HRS) and low resistance state (LRS) in the 

electroforming step. The resistance is observed to be of the order of MΩ in HRS vs. kΩ in LRS. (b) 

Schematic representation of the bipolar switching in the memory element. With the device initially 

stayed in an equipotential state (the virgin state) with uniformly distributed oxygen vacancies prior to 

any electrical bias, a positive bias (VElectroforming) is applied to create an electric potential gradient in 

order to induce ionic drift of the oxygen vacancies. After this irreversible electroforming process, a 

negative bias is applied to return the device from the LRS to HRS. Following the interface-type 

switching mechanism, the positively charged oxygen vacancies can be pushed towards (SET) and 

away from (RESET) the interface through a conduit that covers the whole junction size, respectively, 

by the positive and negative sweep biases. (c) Typical I-V switching loop observed (without any 

evidence of negative differential resistance) in normal SET (OFF to ON) and RESET (ON to OFF) 

operations after the first electroforming process.  
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During the negative sweep, the corresponding I-V profile of the device shows a symmetrical Ohmic 

behavior until -0.92 V where the memristive device exhibits voltage-controlled negative differential 

resistance over a small range, from –0.92 V to –1.08 V, before it returns to an OFF state (i.e. the 

device undergoes into a reverse transition from LRS to HRS) at the negative threshold (–1.5 V). This 

corresponds to the inhomogeneity in the electric field arising from scattered oxygen vacancies within 

the conduit gap. Due to this inhomogeneity, the interface could provide oxygen trapping sites, causing 

the difference in oxygen diffusion capacity, which leads to the self-organized spatial pattern 

formation of electric field domains
171

 and isothermal switching.
172

 It should be noted that because of 

the single phase TiOx film, this switching behavior is irrespective of the directional bias, i.e. the I-V 

profile obtained with bias applied on the top electrode (and the bottom electrode grounded) is a mirror 

image of that obtained with the bias applied on the bottom electrode (and the top electrode grounded) 

(Figure 5.5a&b). 

 

 

Figure 5.5 Virgin and activation states of the memory devices with a 5×5 µm
2
 junction size. (a) In the 

virgin state, the I-V curve is obtained with a sweep voltage (±1.0 V) applied on either of the top or 

bottom electrodes while keeping the respective other electrode grounded. Because of the single-phase 

TiOx film, this interface-type switching behavior is irrespective of the directional bias, i.e. the I-V 

curve obtained with the bias applied on the top electrode (TE) [and the bottom electrode (BE) 

grounded] is a mirror image of that obtained with the bias applied on the bottom electrode (and the 

top electrode grounded). (b) During the device activation step, resistive switching is obtained at an 

electroforming voltage of +1.5 V and –1.5 V for the device operated with BE and TE grounded, 

respectively. The corresponding I-V behavior also exhibits a negative differential resistance region 

starting at –0.92 V and +0.92 V, respectively. The similar resistive switching behavior of the device 

found when operated with both directions of the applied bias reveals the similar nature of the top 

Pt/TiOx and the bottom TiOx/Pt interfaces. 
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The bipolar resistive behavior observed for our memristive devices, with oxygen-vacancy-defect-

rich ultrananocrystalline TiOx as the switching matrix, indicates the switching mechanism to be the 

interface-type, in which ionic drift is driven by electric field through the spatially-formed conduit.
87–89

 

This is contrary to the popular belief that the switching mechanism in TiOx based memristor devices 

involves conducting filament formation within the oxide matrix along with a unipolar characteristics 

(unlike bipolar switching that usually occurs in asymmetric devices).
84,90,185

 The thermally driven 

filament-type and bias-driven interface-type resistive switching mechanisms can be differentiated by 

considering the area dependence of the current density for four different junction sizes (5×5 µm
2
, 

10×10 µm
2
, 20×20 µm

2
 and 50×50 µm

2
). While the VSET (+1.0 V) and VRESET (–1.0 V) are found to 

be independent of the junction size, the ON-to-OFF current density ratio is inversely proportional to 

the junction size (Figure 5.6a). These results indicate that resistive switching in the Pt/TiOx/Pt devices 

involves the entire junction area of the cell, i.e. the entire interface. As the typical filament size is a 

few tens of nanometer,
186,187

 filament formation does not depend on the junction size and conducting-

filament-based switching is therefore junction-size independent. This is clearly not the case for our 

devices here. The smaller current and higher ON-to-OFF current density ratio for smaller junction 

size suggests lower power consumption and an even higher ON-to-OFF current density ratio can be 

achieved with a nanoscale junction size. As shown by the nearly overlapping I-V profiles of over 250 

consecutive switching cycles (Figure 5.6b), our Pt/TiOx/Pt memristor devices also exhibit a high level 

of durability in term of its switching repeatability. Each switching cycle is clearly marked by its sharp 

transition between the HRS and LRS and the process is extremely reversible. The resistance of the 

HRS and LRS can be READ at a small voltage, which does not affect the resistance state. For the 

corresponding ON and OFF currents obtained at a small READ voltage of +0.25 V for the 

aforementioned 250 switching cycles (Figure 5.6c), the small variation (0.25 mA) found for the ON 

current (~2.0 mA) and the OFF current (~0.1 mA) over the 250 cycles clearly demonstrates the 

remarkable stability of our memristor devices. It is important to  that due to Ohmic (linear) behavior 

of the ON state, the resistance remains the same in LRS (throughout the bias range), which enables 

the use of a READ voltage (as small as 10 mV, data is not shown) with less than 10 % error. The 

minimal power requirement for switching and reading operations makes the device highly desirable 

for building environment-friendly ultralow power consumption systems. The retention characteristic 

of a memristive device can be evaluated by monitoring the degradation in the current at a particular 

applied READ voltage for an extended period of time (Figure 5.6d). At a READ voltage of 0.25 V, 

the current obtained for the ON state is remarkably stable for at least 10
5
 s (with less than 1% 

variation of the average current of 2.0 mA), especially when compared to that in OFF state (with 
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more than 10% variation) which can be extrapolated to an estimated device lifetime of well over 10 

years.  

 

Figure 5.6 Junction size dependency, resistive switching endurance, and resistance state retention. (a) 

|J| vs V profiles of memristor devices with four different junction sizes (5×5 µm
2
, 10×10 µm

2
, 20×20 

µm
2
 and 50×50 µm

2
) after the electroforming step. The current densities (J) are found to be inversely 

proportional to the junction size, which supports the interface-type memristive switching mechanism. 

Among all four junction sizes, the best (i.e. highest) ON-to-OFF current density ratio is obtained with 

the 5×5 µm
2
 junction. The lower current obtained for the device with the smaller junction size 

promises lower power consumption as the device continues to be miniaturized. This is also 

particularly promising for high density device manufacturing involving discrete SET and RESET 

processes.  The corresponding |I| vs V profiles in the 0.60-0.95 V region for all four junction sizes 

(inset) illustrate the lower current but higher ON-to-OFF current ratio found for the smaller junction 

sizes, thus validating the lower power consumption performance for the device with a smaller 

junction. (b) I˗V curves and corresponding |I| vs V profiles (inset) within the sweep voltage range of 

±1.0 V for over 250 consecutive SET/RESET cycles for the memristor device with a 5×5 µm
2 

junction size. (c) ON and OFF currents obtained at a small READ voltage of +0.25 V for the 250 

switching cycles, where the writing is performed at VSET (+1.0 V) and erasing at VRESET (–1.0 V). The 

currents for both the LRS and HRS are observed to be very stable throughout the sweep cycles. (d) 

Current vs time plots to illustrate the retention characteristics of the memristive device observed at a 

constant READ voltage of 0.25 V for the virgin state (before activation) and the ON state (after 

activation). The current obtained after the activation is extremely stable for over 10
5
 s, with a 

projected device lifetime to be well over 10 years.  
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In analogy to the biological synapse, the device also shows very quick response between the ON 

and OFF states when triggered with the READ voltage pulses applied for 0.5 s with a repetition 

interval of 5 s (Figure 5.7a).  The ON current is observed to maintain a constant value for the duration 

and then rapidly returns to its OFF-state value. Such very short response time and very high switching 

speed are characteristic of excellent short-term potentiation (that can potentially be reduced to the 

nanosecond or shorter regime), the device could serve as a key building block in advanced computer 

logic and neuromorphic circuits. Further, the device is also capable of maintaining its ON-state and 

OFF-state current values for an overall testing period of over 10
5
 s, with repeated cycles of respective 

ON-state and OFF-state voltages when applied with a longer interval duration of 300 s (Figure 5.7b), 

which demonstrates the outstanding long-term potentiation of the device. This dual potentiation 

behavior of the device facilitates greater flexibility in achieving quick ON/OFF switching response at 

sequential VSET and VRESET cycles and small READ voltage. Upon further analysis of the switching 

behavior of this memristor device based on different sweep rates, VSET is found to be highly 

dependent on and nearly proportional to the sweep rate, with smaller VSET obtained for smaller sweep 

rates and vice versa (Figure 5.7c). When the alternating electrical pulses of +1.0 V and –1.0 V are 

applied for different time periods (i.e. at different frequencies), the SET/RESET window 

(corresponding to the difference in current between the ON and OFF states) changes with frequencies 

during the binary switching (Figure 5.7d). The ON-state and OFF-state currents are found to be 

extremely stable at and above 8 Hz but become dramatically disrupted for the lower frequencies (i.e. 

for 1 Hz and 0.1 Hz).  This indicates that our memristor device is inherently more compatible with 

voltage switching at high frequency but not low frequency. 
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Figure 5.7 Memristor response to electric pulses with short and long time widths. (a) Resistive 

switching of the Pt/TiOx/Pt device indicating stable current response upon short-term potentiation 

obtained with short electric pulses of +0.25 V amplitude (read voltage) applied for 0.5 s in a 5 s 

interval. (b) The corresponding current response upon long-term potentiation obtained with stable ON 

and OFF states for read voltages (0.25 V) applied for 300 s in a 300 s interval over a testing period of 

10
5
 s. (c) SET voltages of the Pt/TiOx/Pt device obtained at different sweep rates. VSET tends to 

become smaller almost linearly with the smaller sweep rate. (d) Binary ON-OFF operation with 

alternating +1.0 V and –1.0 V pulses at different switching frequencies (30, 8, 1 and 0.1 Hz) and 

corresponding pulse durations (0.03, 0.125, 1 and 10 s). Switching between the ON and OFF states is 

highly dependent on the input parameters, where the SET/RESET window is found to be stable for 

frequencies above a particular value (8 Hz in our case) i.e. for smaller pulse duration (less than 0.125 

s). 
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5.4 Conclusion 

In conclusion, we have successfully introduced a new ultrananocrystalline TiOx material for 

fabricating low-bias electroformed Pt/TiOx/Pt memristor devices. Combined with the 

ultrananocrystalline nature (with an average crystallite size below 5 nm), the built-in oxygen 

vacancies in the defect-rich TiOx matrix are found to be responsible for the electric field localization 

that enables oxygen vacancy trapping at discrete grain locations. This makes possible activation of the 

memory element at a much lower electroforming voltage (1.5 V) than those reported in the literature. 

Our devices follow the interface-type switching mechanism, consistent with the observed inverse 

current density dependency on the junction size. High endurance for large number of repeated cycles 

and high retention capacity of the device provides an estimated device lifetime of well over 10 years. 

Along with the operating voltages and the resulting low power consumption advantage, the short-term 

and long-term potentiation at much smaller READ voltages makes these devices highly suitable for 

neuromorphic systems. The simple, completely room-temperature fabrication procedure for such 

high-quality, high-performance memristor devices promises scalable manufacturing of the next-

generation ReRAM devices that are easily integrable into a 3D stacking device architecture. 
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Chapter 6 

Programmable, Electroforming-free TiOx/TaOx Heterojunction-

Based Non-Volatile Memories 

6.1 Introduction 

Memristors are the pillars of the aspiring futuristic electronic industry, which will soon be used as a 

fundamentally new class of non-volatile memories in adaptive circuits such as neuromorphic circuits 

and artificial biological systems. Ultrafast switching, along with low power consumption and very 

high endurance/retention performance, are the most basic requirements of any future non-volatile 

memories (memristors).
70,71,103,107,185,188–190

 In the past decade, the commonly used memristors were 

based on valence change memories, where resistive switching is believed to involve mechanisms such 

as electromigration of oxygen vacancies,
87,88

 charge trapping
100

 and conducting filaments
90,91,191

 

depending on electric-field or thermal dominating effects. Currently, the remaining obstacles that 

need to be overcome in these memory devices include the large variability in electrical performance, 

the requirement of an electroforming step, and high density integration of the memory cells with 

lower power consumption. In large part, these obstacles are inter-related, and they come from the of 

Fowler-Nordheim tunneling,
97,175,184

 where a high voltage (±6-10 V) is required to create a sufficient 

electric field for soft breakdown of the dielectric material in the metal-insulator-metal three-

dimensional stacking structures.
102

 The Fowler-Nordheim tunneling is closely related to the formation 

and rupture of a conducting filaments within the switching matrix between two metal electrodes, and 

is usually initiated by an irreversible electroforming step, in which a single material phase in the 

oxide semiconductor is converted into two phases: a conducting oxygen-deficient phase in an 

insulating matrix. 

After the electroforming step, the device shows a pinched hysteresis loop in its current-voltage 

characteristics, where the device shows a distinct current level shift from a high resistance state 

(HRS) to a low resistance state (LRS). The major disadvantages of the electroforming process are: (a) 

time-consuming as each device must go through the electroforming step before commencing normal 

operation, (b) high variance between the devices, even on the same wafer, and (c) unreliable 

endurance of the device. These drawbacks are primarily caused by excessive Joule heating,
90,94

 and 

therefore the electroforming voltage can vary uncontrollably from sample to sample. Also, with the 

further oxygen evolution in each cycle, the conducting channel can become damaged in each write-

erase cycle resulting in low reproducibility over a large number of devices on the same chip. 

Electroforming-free switching behavior is therefore important to facilitate high density device 
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integration and non-destructive reliable operation at low power with long retention time and high 

switching speed.
105

 The search for a material system that does not require electroforming, and 

therefore the need for the local conducting filament mechanism, is a crucial next step for further 

advancement of the memristors. Recently, a few research groups have focused on the use of 

doping
104

, nanostructure formation
106

 and multilayer stacking
166,192–195

 in the switching matrix to 

create an electroforming-free memristor, but the efforts remain limited by the high switching voltages 

and by the short lifetime (endurance) and retention capabilities caused by non-uniformity of these 

processes. Here, we demonstrate the exceptional performance of a memristor device based on a novel, 

hybrid TiOx/TaOx switching matrix. 

Ta2O5 is a well-known high-κ dielectric material commonly used in field-effect transistors,
196–198

 

but it is attracting a lot of interest for its use in memristor technology.
103,188,190,199–201

 While single 

Ta2O5 layer based devices have exhibited the characteristic memristive switching (especially in its 

oxygen deficient phase, often referred as TaOx), their performance is limited by the need for a high 

voltage electroforming process (prior to the switching), in which the device in its virgin state must be 

subjected to a high irreversible electroforming voltage. The electroforming voltage is always much 

higher than the SET and RESET voltages required for the repeated switching cycles.
107

 As each layer 

could play a significant role in the switching mechanism, heterojunction devices have become very 

important device architecture for the memristors. For the first time, we present a memristive 

switching device based on the TiOx/TaOx heterojunction, with Pt serving as the top and bottom 

electrode material. In its metastable state, TaOx serves as the reservoir for the oxygen vacancies, 

while the switching occurs in the TiOx layer. By varying the TaOx thickness while keeping the TiOx 

film thickness constant at 10 nm, we could control the switching behavior and optimize the device to 

achieve electroforming-free switching operation with high reproducibility. The first switching occurs 

at a much smaller voltage of +0.8 V than previously reported devices,
107,194

 with the subsequent 10
4
 

switching cycles at similarly low voltages, yielding a high performance device that is significantly 

better than others. We further demonstrate that the resistive switching can also occur at very 

programming voltage (~ 50 mV), which makes it an ultralow power consumption device (~nW).  
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6.2 Materials and Methods 

6.2.1 Device fabrication: 

The memristor devices are fabricated in a crossbar structure on SiO2/Si substrates in three layer 

photolithographical steps by using a maskless lithography system (Intelligent Micropatterning Inc.). 

Shipley 1827 photoresist (MicroChem) was spin-coated on the substrate to perform photolithography 

under the exposure of the UV-light (434 nm). The thickness of the photoresist layer was maintained at 

2.5 µm in order to achieve high resolution lithographical features. Spin-coating parameters for the 

photoresist layer were set to 3500 rpm for 40 s, and the coated film was subsequently baked on a hot 

plate set at 90 °C for 60 s. After the UV lithographical step, the written pattern was developed in a 

MF-24 developer (MicroChem) for 60 s and then rinsed with Millipore water. For the bottom 

electrode, a 30 nm thick Pt layer was sputter-deposited on SiO2/Si substrate at room temperature 

followed by lift-off process. For the middle active layer, a high purity TaOx (60 nm thick) layer was 

deposited at room temperature using a radio frequency (RF) magnetron sputtering source from a Ta 

metal target (99.95 % purity, ACI Alloy) in a physical vapor deposition system (Mantis Deposition 

Ltd.) with a base pressure of 1×10
-8

 mbar, followed by lift-off process. The Ar-flow was kept at 20 

sccm to maintain the chamber pressure at 7.45×10
-3

 mbar. A quartz crystal microbalance was used to 

monitor the thickness of the films. Finally, the top Pt electrode (oriented at 90° with respect to the 

bottom electrode) was deposited using the same procedure as the bottom electrode. A high purity 

TiOx (10 nm thick) layer is deposited during the top Pt layer deposition. The film thicknesses of all 

the layers were determined by using a profilometer (KLA Tencor P6). For the physical 

characterization, the TaOx films were deposited on Pt-coated SiO2/Si substrates using the same 

parameters as those used for the actual devices. All the substrates used in this work were cleaned 

ultrasonically in HPLC grade acetone, isopropyl alcohol and Millipore water (~18.2 MΩ). The native 

oxide layer (~100 nm) was grown on Si substrates by annealing in an oxygen atmosphere in a quartz 

tube furnace, with oxygen flow rate set to 50 sccm and the temperature set to 900 °C for 90 min. 

6.2.2 Characterization 

The device morphology is characterized by transmission electron microscopy (TEM) in a Zeiss Libra 

200MC microscope and field-emission scanning electron microscopy (SEM) in a Zeiss Merlin 

electron microscope coupled with an EDAX energy-dispersive X-ray (EDX) analysis system for 

elemental mapping. X-ray photoelectron spectroscopy (XPS) is conducted in depth-profiling mode in 

order to characterize the chemical-state composition of the fabricated devices, in a Thermo-VG 

Scientific ESCALab 250 microprobe equipped with a monochromatic Al Kα X-ray source (1486.6 
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eV). Argon ion sputtering is performed over a raster area of 3×3 mm
2
 at an ion beam energy of 3 keV 

and a typical sample current density of 110 nA/mm
2
. The XPS data are fitted by using the CasaXPS 

software after removing the Shirley background. The crystalline structures of the as-deposited TaOx 

films with different film thicknesses are determined by glancing-incidence X-ray diffraction in a 

PANalytical X’pert Pro MRD diffractometer using a Cu Kα X-ray source. For the electrical 

characterization studies, the resistive switching behavior of the fabricated devices was measured in 

I˗V sweep mode using two probes with a Signatone Series 1160 four-probe dc measurement system 

coupled to an Agilent B1500 semiconductor analyzer. Tungsten probe tips with a 10 µm tip size were 

used for connecting to the electrodes. 

6.3 Results and Discussion 

6.3.1 Pt/TiOx/TaOx/Pt device architecture 

The device structure of a typical multilayer memristor has been fabricated on SiO2/Si substrates by 

using a high resolution maskless lithography. The area of TiOx/TaOx layer sandwiched between top 

and bottom Pt electrodes defines the junction size or cell size. The TiOx and TaOx layer are deposited 

by RF magnetron sputtering of the respective Ti and Ta metal targets. The TiOx film thickness is kept 

constant at 10 nm while four different TaOx film thicknesses (10, 20, 40 and 60 nm) are used by 

appropriate deposition times. Figure 6.1a&b show the SEM images and the corresponding EDX 

elemental maps of the memristor device with a junction size of 10×10 µm
2
 where the EDAX mapping 

verifies that the oxygen is confined only within the sandwiched layers between the top and bottom Pt 

layers (that do not get oxidized). The three dimensional device structure is schematically represented 

in Figure 6.1c. 

To examine the TaOx film on the Pt electrode (i.e. without the TiOx layer and the top Pt electrode), 

we deposit, in separate experiments, individual TaOx films, each with a different film thickness, over 

a large area on Pt-coated SiO2/Si substrates. The corresponding glancing-incidence X-ray diffraction 

patterns for TaOx films with different film thicknesses are shown in Figure 6.1d. For the 10 nm thick 

TaOx film, its XRD pattern only shows features corresponding to the underlying nanocrystalline Pt 

film (with a crystallite size of ~5 nm, as estimated by the Scherrer analysis, See Supporting 

Information for calculations), which indicates that the 10 nm thick TaOx film is largely amorphous.  

All other thicker TaOx films exhibit a nanocrystalline nature with the crystallite size less than 5 nm. 

The nanocrystalline structure in thicker TaOx film is likely to be induced by the underlying Pt layer, 

which provides the template for the nanocrystalline growth with longer deposition time. Depth-

profiling XPS analysis has been performed on the 60 nm thick TaOx film deposited on a Pt-coated 
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SiO2/Si substrate. The Ta 4f spectrum for the as-deposited film (Figure 6.1e) shows an intense Ta 4f7/2 

(4f5/2) peak at 27.01 (28.93) eV and a weaker Ta 4f7/2 (4f5/2) feature at 22.31 (24.23) eV, which could 

be attributed to Ta2O5 and TaOx (1 ≤  x ≤ 2.5), respectively.
102

  The Ta2O5 layer, likely due to surface 

oxidation in air, is reduced, while the oxygen-deficient TaOx layer appears to increase in intensity 

upon sputtering for 30-60 s. Further sputtering for 300 s leads to ion-induced reduction of TaOx to 

metallic Ta with Ta 4f7/2 (4f5/2) feature at 21.98 (23.84) eV.  The intensity change in the O 1s feature 

at 531.45 eV is consistent with the initial removal of surface Ta2O5 in the first 60 s of sputtering, 

followed by steady O 1s intensity after reaching the TaOx layer upon 300 s sputtering (Figure 6.1f). 

6.3.2 Memrister Performance and Switching Mechanism 

Tantalum oxide has become a popular material choice for memristors lately due to impressive 

performance in the areas of endurance, switching speed, and power consumption.
107

 According to the 

equilibrium binary phase diagram of Ta-O, there are only two stable phases in the solid state, 

conducting TaO and insulating Ta2O5.
202

 During the resistive switching of Ta2O5 based memristors, 

the insulating Ta2O5 phase transforms into the conducting TaO phase with the evolution of oxygen 

vacancies initiated by Joule heating at high applied bias.
107,194

 It could, therefore, be possible to 

achieve the electroforming-free characteristics in the memristor devices if the Joule heating step could 

somehow be avoided by clever structural modification to the multilayer device structure. To 

accomplish this, the two preferred approaches would be (i) to create in-built oxygen vacancies in the 

tantalum oxide film during deposition, and (ii) to create a heterojunction multilayer structure (with 

different electronegativity). From our previous experience with TiOx based memristors (chapter 5), 

we adapt the latter approach to fabricate a heterojunction between TiOx and TaOx. The choice of 

metal electrode is also a crucial consideration for achieving stable memory cells, and Pt is the most 

suitable electrode material in this case because its work function correlates in such way that its Fermi 

level is almost a perfect match to the defect states of TaOx. Our heterojunction memristor therefore 

has three different interfaces; Pt/TiOx (top), TiOx/TaOx (middle) and TaOx/Pt (bottom), and each 

interface has a significant contribution to the overall resistive switching event. In its virgin state (prior 

to any electrical bias), the device remains in a high resistance state (HRS) (~MΩ), consistent with the 

oxygen vacancies uniformly distributed in the bulk of the TaOx film.
90,165

 The virgin state of the 

device can be determined by applying small voltages and measuring the resistance, and then stepping 

up the voltage gradually to determine the set voltage.  
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Figure 6.1 Device schematics and physical characterization of the Pt/TiOx/TaOx/Pt heterojunction. 

(a) SEM images of the device with 10×10 µm
2
 junction size along with the corresponding EDX 

elemental mapping (b) indicating the relative quantities of Pt, Ti, Ta, and O. (c) Schematic diagram of 

the multilayer architecture of the Pt/TiOx/TaOx/Pt memristor device with specified thicknesses for 

each layer. The thickness of the TaOx layer is varied from 10-60 nm, while keeping the TiOx 

thickness the same (10 nm), to observe the TaOx layer thickness dependency on the electrical 

behavior of the memristor devices. (d) XRD spectra of unpatterned TaOx films with four different 

thicknesses (10, 20, 40 and 60 nm), as deposited on the Pt coated SiO2/Si substrates (peaks are 

labeled with the ref. 00-015-0244 for TaOx and 00-001-1311 for Pt). It is observed that the 10 nm 

thick film is amorphous in nature while the other films show nanocrystalline behavior, with similar 

nanocrystallite size (~ 4.5 nm). (e) & (f) Depth profile with respect to Ar-ion sputtering in XPS 

spectra for Ta 4f and O1s for the larger area of TaOx/Pt layer deposited on SiO2/Si substrate.  

 

In the virgin state, an intrinsic Schottky barrier exists between the Pt and the TaOx layers and the 

device exhibits an exponential current-voltage behavior. The resistance state can be tuned by applying 

bias between the metal electrodes to create an electric field that causes these positively charged 

oxygen vacancies to drift towards the metal electrodes. The low-bias, electroforming-free resistive 

switching in the TiOx/TaOx heterojunction memristor can therefore be understood in terms of drift of 

in-built oxygen vacancies and ions through cationic transport in the TaOx layer followed by diffusion 

into the TiOx layer due to the more electronegative TiOx than TaOx. Such process is often known as 
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valence change memory.
189

 When a positive bias is applied to the bottom Pt electrode, the cations are 

pushed towards the TiOx layer and reach to the top Pt layer. In present case, the more electronegative 

TiOx layer can attract the vacancies efficiently even at low bias, while the leakage current remains 

very low because of the high-κ nature of the TaOx layer. The process in which the device goes from 

HRS to LRS is called SET, with the corresponding voltage VSET. Similarly, RESET is the reverse 

process when the device goes from LRS to HRS with voltage VRESET. Figure 6.2 shows a schematic 

diagram for the switching mechanism based on the band structure where the oxygen vacancies are 

uniformly distributed in both TiOx and TaOx films in its virgin state (Figure 6.2a). The band bending 

in TiOx and TaOx films is due to the built-in oxygen vacancy defects. When a positive voltage is 

applied to the bottom Pt electrode, the Pt Fermi level is brought to coincide with the conduction band 

edge of the TaOx film and vacancy drift occurs. Below a certain voltage, the generated field is not 

sufficiently strong for the vacancies to diffuse through the TiOx layer and the device remains in the 

HRS (Figure 6.2b&c). When the applied voltage on the bottom Pt electrode is sufficiently high, i.e. at 

or above VSET, the conduction band edge is further lowered to below the Pt Fermi level. In this SET 

process, tunneling and diffusion of oxygen vacancies occur and the vacancies could be pushed easily 

towards the top Pt electrode, switching the device to the LRS (Figure 6.2d). In the reverse sweep, the 

oxygen vacancies are pushed away from the top electrode and the device goes back to the HRS. In 

this RESET process, a no-vacancy zone in the TiOx layer is created and a deep trap level occurs in the 

TaOx layer, capturing some charge carriers for the next cycles (Figure 6.2e). After the first cycle, the 

SET and RESET processes could be repeated by setting the applied voltage appropriately to VSET and 

VRESET. 
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Figure 6.2 Schematic diagrams of band structures in various states during the switching mechanism 

in a Pt/TiOx/TaOx/Pt heterojunction memristor for (a) Virgin state under zero bias condition: For TiOx 

and TaOx (solid line), band bending occurs due to smaller energy gaps of the vacancy defects in the 

films (Red dotted lines shows the actual band structure of pure TiO2 and Ta2O5). (b) & (c) the drift of 

oxygen vacancies with the applied positive voltage below VSET at BE. (d) At VSET, the conduction 

band edge lowers further where oxygen vacancies may easily migrate to TE via tunneling and the 

device switches to LRS. (e) When the voltage is swept back, at VRESET, the oxygen vacancies are 

pushed away from TE and the device switches back to HRS. The role of TiOx layer between TE and 

TaOx layer is to provide an intermediate bandgap for the vacancies flow at lower energy. During 

RESET, a trap level is created in the TaOx film which remains afterwards to facilitate the repeated 

switching cycles by trapping some charge carriers.  

 

Typical switching I-V curve of the TiOx/TaOx heterojunction device is shown in linear and semilog 

scale (inset) in Figure 6.3a. When a positive sweep voltage is applied on the Pt/TaOx interface side 

(i.e. to the bottom electrode), the device switches its resistance from HRS (low current region to LRS 

(high current region) at VSET (+0.8 V), i.e from a distinct binary state 0 (OFF) to a binary state 1 (ON). 

During the reverse sweep, the device follows the Ohmic characteristic until VRESET (-2.0 V), at which 

the device goes to HRS with RESET. An exponential I-V behavior is observed between VRESET and 

VSET (forward sweep) and a linear I-V behavior between VSET and VRESET (reverse sweep), respectively. 

The resistive switching from HRS to LRS at low SET voltage, demonstrated in the present 

heterojunction device, is most desirable for the low power consumption, high performance COMS 

technology.  
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To evaluate the junction size effect on the resistive switching behavior, we fabricate TiOx/TaOx 

heterojunction devices with four different junction sizes. Their corresponding current density vs. 

voltage curves (Figure 6.3b) show that the smaller the junction size is, the larger (better) is the ON to 

OFF current density ratio with almost the same VSET. As the dimension of the junction area becomes 

smaller, the oxygen vacancies are more constricted to flow vertically by the same applied electric 

field (due to a higher electric field density). We have also demonstrated that with the control over the 

compliance current, the switching from HRS to LRS can occur in the low current region (~ µA) at the 

programing voltage as low as 50 mV where the power consumption of the device can be lowered up 

to nW range. Figure 6.3c shows the ultralow bias switching with a small compliance current (~10 

µA). Within the sweep voltage range of ±100 mV we don’t see the RESET (OFF state) because the 

RESET in our heterojunction device always occurs at little higher VRESET than VSET (Figure 6.3a for 

ref.) 

In a separate experiment, we fabricate a Pt/TaOx/Pt memristor device with only the TaOx layer 

sandwiched between top and bottom Pt electrodes (i.e. without the TiOx layer). Evidently, the 

corresponding I-V curve shows that there is no clear switching onset from the HRS to LRS, at least 

within the sweep range of ±2.0 V, in marked contrast to the Pt/TiOx/TaOx/Pt  memristor that exhibits 

discrete ON and OFF states with VSET at +0.8 V and VRESET at -2.0 V. 
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Figure 6.3 Electrical I-V characteristics of TiOx/TaOx based memory cell. (a) Electrical switching 

characteristics of the 5×5 µm
2
 cell exhibiting the bipolar resistive switching with four different states, 

inset shows the semi-log scale. (b) Current density vs. voltage plot for demonstrating the cell-size 

dependency on the switching (SET) voltage. (c) The device could also be switched at ultimate low 

programing voltage as low as 50 mV with around 300 nW power consumption. (d) Resistive 

switching characteristic of the Pt/TaOx/Pt memristors for comparison with the TiOx/TaOx 

heterostructure based memristors. It could clearly be noticed that it I-V characteristic follows the 

exponential (Schottky) behavior within ±2.0 V in case of TaOx based memristors while for TiOx/TaOx 

based memristors, the SET states is achieved at +0.8 V. 

 

We also investigate the effects of film thickness of the TaOx base layer on the current voltage 

behavior of the Pt/TiOx/TaOx/Pt heterojunction device. The thickness of the base TaOx layer is varied 

from 10 to 60 nm by varying the sputter-deposition time. As the thickness of the switching layer 

exceeds a particular thickness, two different switching behaviors are evident and they appear to 

correlate with their different crystalline nature (Figure 6.4). The devices with the thicker TaOx 

nanocrystalline films (20, 40 & 60 nm) show bipolar switching with one SET step during the positive 

sweep and one RESET step during the negative sweep. On the other hand, the 10 nm thick TaOx film, 

being amorphous in nature, exhibits the complementary unipolar switching with one pair of SET and 
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RESET steps in each of the positive and negative sweeps (Figure 6.4a). Unlike the other thicker 

nanocrystalline films, the device with the 10 nm thick TaOx amorphous film does not switch and 

undergoes the SET process until +1.7 V. With further increase in the applied bias, the current starts to 

drop (at ~+2.5 V) and the device undergoes the RESET process. During the negative sweep, the 

device enters the SET process near -1.0 V and the drops back to RESET near –2.0 V. This behavior 

could be due to the depletion of conductive defects such as metallic Ta or oxygen vacancies in TaOx 

films below a particular thickness. During the positive sweep, these defects migrate towards the top 

electrode forming the conducting channel at the SET voltage, and they become depleted at high 

voltage. Similarly, during the reverse sweep the evolution and depletion of the channel occurs at the 

bottom electrode and the device goes back to its initial state. It is important to note here that each 

sweep cycle ends up with a RESET step and therefore the channel is always in the HRS at the end, 

which suppresses the leakage current in the smaller voltage range during successive operations. The 

device behavior can therefore be changed from bipolar to unipolar or non-polar and vice versa simply 

by controlling the thickness of the trapping layer which will offer advantages in further scaling. We 

compare the ON and OFF currents at applied bias of +0.5 V for devices with different TaOx film 

thickness in Figure 6.4b. 

 

 

Figure 6.4 SET and RESET states dependency on physical parameters for TiOx/TaOx memristors. (a) 

Two different switching mechanism for two different thicknesses of TaOx layer. (b) HRS and LRS 

currents vs. TaOx layer thickness for a 10×10 um
2
 memory cell at +0.5 V applied bias. 

 

Based on our studies, we find that the Pt/TiOx/TaOx/Pt device with an optimized TaOx film 

thickness of 60 nm and junction size of 10×10 µm
2
 provides the best (highest) ON to OFF current 

ratios. Using this optimized memristor device, we evaluate the device stability and endurance. Our 
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memristor device with a 10×10 µm
2
 junction size is found to exhibit highly stable repeatability in the 

I-V profiles, with the same SET and RESET voltages, over 10
4
 cycles following the first switching 

cycle (Figure 6.5a). Out of these 10
4
 cycles, the remarkably stable ON to OFF current ratio over 10

3
 

switching cycles at a small switching voltage of +0.5 V is shown in Figure 6.5b. As the repeated 

cycling between two states does not involve any further evolution of oxygen vacancies (and 

consequently corrosion) due to Joule heating, there is therefore no degradation in the device behavior. 

Since there is no difference between the VSET for the first switching cycle from HRS to LRS and those 

for the subsequent repeated cycles, it is confirmed that no high bias electroforming step is required to 

initiate the device operation. The device is also found to maintain similar ON and OFF currents up to 

10
5
 s at an applied voltage of +0.5 V (Figure 6.5c). This indicates that the retention capacity of TaOx 

based memristors is extremely high as compared to other metal oxides due to very low leakage 

current. Figure 6.5d shows the essentially the same switching voltage VSET found for over 300 

memristor devices with a junction size 10×10 µm
2
 fabricated on the same chip, which demonstrates 

the high  reproducibility of our accurate fabrication technique.  
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Figure 6.5 Repeatability, endurance and retention capabilities of the TiOx/TaOx memristor. (a) 

Extremely high switching repeatability of over 10
4
 cycles for the electroforming-free cell with 

junction sixe 10×10 µm
2
 and TaOx film thickness 60 nm. (b) Plot between current vs switching cycles 

for HRS and LRS states showing the almost constant ON/OFF current ratio for over 1000 cycles at 

the applied bias +0.5 V. (c) Remarkable retention capabilities of the 10×10 µm
2
 cell with 60 nm TaOx 

layer in HRS and LRS at a small applied voltage (+0.5 V). (d) The highly reproducible electrical 

behavior of the arrays of cells with same cell size, over the same chip showing the similar switching 

voltages. 

 

The stopping voltage (the max limit of positive voltage during I-V sweep) can be controlled to tune 

the SET and RESET voltages of the cell as shown in Figure 6.6a, where the SET and RESET voltages 

are observed to be decreased with decreasing stopping voltage. This characteristic could be important 

for the integration of programmable circuits, in which the behavior of the device can be programmed 

by simply setting the desired stopping voltages. Furthermore, binary switching with a stable ON to 

OFF ratio is obtained in both the virgin state and the switching state by applying a pulsed DC voltage 

instead of the analog DC voltage with 0.5 s intervals (Figure 6.6b). Additionally, this memristive 
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behavior is similar to the behavior of synaptic connections between neurons that can be made stronger 

or weaker through polarity, strength and duration of the chemical or electrical signals. 

 

 

Figure 6.6 Programmable switching modes of TiOx/TaOx memristors. (a) RESET states of the 10x10 

um
2
 cell with 60 nm TaOx layer corresponding to different stopping voltages (+0.75-2.5 V). Inset 

shows the corresponding SET voltages for different stopping voltage. The SET and RESET states can 

be manually programed by using different stopping voltages. (b) Binary switching in virgin state and 

switching state exhibiting short term potentiation at an applied voltage of +0.5 V with 0.5 s interval 

for 10×10 µm
2
 cell with 60 nm thick TaOx layer. 

 

6.4 Conclusion 

In summary, we have presented a heterostructure based materials system for non-volatile memory, 

which meets the criteria of an electroforming-free low-bias memristive switching device with low 

power consumption. We have demonstrated the remarkable performance of employing such 

nanocrystalline switching matrix in the memristor device structure and account for its switching 

mechanism. We have further shown the low SET and RESET voltages and their junction size 

dependency as well as control of bipolar or unipolar switching through the fabrication parameters. 

The programmable switching behavior using both analog and pulsed signals by controlling the 

stopping voltages make them potential candidates for advanced logic components for computers and 

neuromorphic circuits. The fabrication of multilayer stacking using high κ-dielectric materials such as 

TaOx and its interfacial combination with higher electronegative TiOx layer and non-corrosive 

electrode material such as Pt makes it an exceptional memory device with extremely high 

repeatability/endurance, stable ON/OFF ratio and ultrafast switching speed. There remain a few 

challenges, such as further reducing the SET/RESET window to lower the power consumption even 
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further and more detailed mechanism coupled with quantitative modelling, which can be addressed by 

exploiting size reduction by nanoscale lithography techniques. 
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Chapter 7 

Concluding Remarks and Outlook 

7.1 Summary 

The goal of the present research is to develop size-selected nanoclusters and nanocrystalline films of 

transition metal and metal oxides (especially semiconducting TiO2 and Ta2O5) and to exploit their 

applications as high-efficiency photocatalysts for photoelectrochemical water splitting and as 

electroforming-free active layers for resistive switching memory. Using a novel nanocluster 

generation source based on the gas-phase aggregation technique, we have successfully created 

ultrasmall (< 5 nm) semiconducting oxide nanoclusters of TiO2 and TaOx (as well as metallic 

nanoclusters of Pt). With precise control over such deposition parameters as aggregation zone length 

and Ar gas flow rate, nanoclusters with different mode sizes have been generated with a narrow size 

distribution. Based on their mass-to-charge ratio, precise size-selection of the as-grown nanoclusters 

has been performed by applying an appropriate set of AC and DC voltages on the quadrupole mass 

filter that is coupled with the nanocluster generation system. The resulting nearly monosized 

nanoclusters are then deposited on H-Si substrates. The growth mechanism, effect of various 

deposition parameters, materials crystallinity have been investigated by performing the extensive 

characterization on these supported nanoclusters. The outstanding photocatalytic properties of the 

resulting samples are demonstrated in the photoelectrochemical water splitting reactions (Chapters 3 

and 4). In the second part of the present work, we exploit the application of ultrasmall TiOx and TaOx 

nanocrystallites (with similar size as the nanoclusters) in the form of defect-rich nanocrystalline thin 

films for resistive switching memristive devices. These memristors are based on a simple crossbar 

architecture, in which the oxide semiconducting thin film is sandwiched between a pair of metallic Pt 

electrodes (Chapters 5 and 6). We have greatly extended the present state-of-the-art for memristor 

technology by either significantly lowering the electroforming voltage or totally removing the 

requirement for electroforming.  

Nearly monosized TiO2 nanoclusters with three different sizes (4, 6 and 8 nm) are synthesized and 

deposited on H-terminated Si(100), quartz and glass substrates using three different combinations of 

Ar flow rate and aggregation length. By controlling the ambient in the deposition chamber, it is 

possible to produce surface defect-rich nanoclusters. We show that these nanoclusters can be 

deposited with uniform distribution, with minimal aggregation, on the substrate under soft-landing 

condition, and that nanoclusters smaller than 8 nm (in dia.) are completely amorphous while the 

bigger nanoclusters have a crystalline core with an amorphous shell. As photoanode materials for the 
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photoelectrochemical water splitting reaction, these supported nanoclusters exhibit remarkable 

photocatalytic activities because of their high specific surface area and large amounts of surface 

defects. We show that the photoconversion efficiency increases with the decreasing nanocluster size, 

with the highest total photoconversion efficiency (~1%) found for the 4-nm TiO2 nanoclusters at a 

low saturation voltage (–0.22 V vs Ag/AgCl). 

Using a similar approach we deposit defect-rich, ultrasmall TaOx nanocluster photocatalysts (5 nm 

in dia), along with Pt nanoclusters (also 5 nm in dia) to be used as promoters. Upon soft-landing on 

the H-Si substrate, the as-grown TaOx nanoclusters are found to be amorphous, while Pt nanoclusters 

are crystalline.  As the relative amount of material loading of Pt nanoclusters increases from 50% 

(deposition time 15 min) to 100% (30 min) with respect to the TaOx amount, the total 

photoconversion efficiency is found to increase dramatically (from 0.1% for TaOx NCs without Pt NC 

promotors to 0.4% for TaOx NCs with equal amount of Pt NC promoters). The presence of the 

metallic promoters therefore provides effective separation of electron and holes generated during the 

water splitting reaction. Interestingly, further increase of Pt NC loading to 150% decreases the 

efficiency, which is attributed to the blocking of photosensitive TaOx surface due to high density of Pt 

nanoclusters. The photoconversion efficiencies obtained for these defect-rich TiOx and TaOx NC 

photocatalysts (with and without Pt NC promoters) represent the best nanocluster catalysts to date. 

Their exceptional photocatalytic performance is especially remarkable, considering the relatively 

small amount of material loading on the substrate (20% coverage), These efficiencies can be 

enhanced at least five time by simply increasing the amount of NC loading to near a monolayer and 

by the use of metal promoters (as demonstrated in the TaOx work). 

In the second half of this thesis, we focus on TiOx and TaOx nanocrystallites in the form of thin 

films for memristor application. Using a crossbar device architecture consisting of the metal oxide 

film sandwiched between a pair of Pt electrodes, we study the resistive switching behaviour of the 

defect-rich TiOx or/and TaOx nanocrystalline films. Defect-rich nanocrystalline films (with crystallite 

size of 4-5 nm) are deposited in a physical vapor deposition chamber using a RF magnetron 

sputtering technique, upon proper optimization of such deposition parameters as Ar gas flow rate, 

chamber pressure and deposition temperature. 

In order to alleviate the requirement of high bias electroforming step during the resistive switching 

from the high resistance OFF state to low resistance ON state, we intentionally introduce a large 

amount of built-in oxygen vacancy defects in our nanocrystalline semiconducting films. In the 

Pt/TiOx/Pt memristor device, we observe bipolar resistive switching behavior at a low electroforming 

voltage of +1.5 V, which represents the smallest electroforming voltage reported to date. The device 
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not only exhibits remarkably high endurance and reliability, upon 250 consecutive switching cycles 

within ±1.0 V, but also show a high degree of stability with similar ON/OFF current ratio and high 

retention capabilities (10
5
 s) with high switching speed (~ns). The quick response of the device to 

applied electric pulses offer potential application of such a device for simulating biological synaptic 

behavior. 

By adding a defect-rich TaOx layer, we created a heterojunction between the TiOx and TaOx layers. 

In our Pt/TiOx/TaOx/Pt memristor device, we demonstrate that the oxygen-deficient TaOx layer could 

serve as the source of oxygen vacancies while the actual switching occurs in the TiOx layer as a result 

of the drift and diffusion of these oxygen vacancies induced by the applied bias. The incorporation of 

the TaOx layer (a high-κ dielectric material with low leakage current) enables this Pt/TiOx/TaOx/Pt 

device to be electroforming-free, thus removing a major obstacle in memristor device development. 

More remarkable is that this device can be switched on, i.e. from the high resistance OFF state to low 

resistance ON state, at an even lower programming voltage of +0.8 V and switched off at –0.2 V. 

These switching voltages of this device are much lower than any previously reported memristors. 

This device also exhibits highly stable repeatability and endurance (over 10
4
 switching cycles), and 

very high retention capabilities (10
8
 s), which makes this new device structure an even better 

candidate for non-volatile memory applications. We further investigate the effect of compliance 

current on the switching behavior of the device. By setting compliance current in μA range, it is 

possible to switch the device with an ultralow programming voltage, as low as 50 mV. This is an 

important result because it demonstrates the feasibility of an ultralow power consumption (~nW) 

memristor device. We also show that the thickness of the TaOx layer can be used to preselect the 

switching mechanism between unipolar switching for a TaOx film thinner than 10 nm and bipolar 

switching for a thicker TaOx film. With appropriate settings of sweep voltage range, we again can 

tune the SET and RESET voltages. The Pt/TiOx/TaOx/Pt heterojunction memristor therefore 

represents the most robust and adaptable resistive switching device constructed to date.  

7.2 Future Work 

7.2.1 Nanoclusters 

In the present work, we utilize the size-selected nanoclusters based on TiO2 and Ta2O5 to exploit their 

application as photocatalysts in photoelectrochemical water splitting reaction. The following future 

work involving size-selected nanoclusters could be pursued not just to provide further improvements 

to their photocatalytic performance but indeed to develop other applications and better fundamental 

understanding of these novel nanomaterials.  
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1. Creating even smaller nanoclusters (below 5 nm) with controlled dimensions could offer even 

better size-specific photoconversion efficiencies. We have demonstrated the Nanogen source 

could produce TiO2 nanoclusters as small as 3.5 nm using the existing parameter space. Some 

other possible options could be changing sputtering gas from Ar to Ne or Kr and also using He 

gas along with the sputtering gas to enhance the condensation process by providing low 

temperature nucleation seeds for cluster growth. 

2. Modification of the as-grown nanoclusters by chemical post-treatment such as 

functionalization could be applied to enhance the surface structure of the nanoclusters, which 

could be potentially beneficial for specific catalytic activities. 

3. Making hybrid nanoclusters, such as binary or tertiary alloys of various photoactive transition 

metals and transition metal oxides or creating core-shell nanoclusters could offer another 

revenue to performance enhancement. 

4. Large-scale ab-initio quantum mechanical calculations based on Density Functional Theory not 

only could offer new insights to the growth mechanisms of nanoclusters but also could be used 

to determine to novel structural, electronic and chemical properties of these nanoclusters.  

5. These size-selected ultrasmall nanoclusters can be used to decorate other nanostructured 

materials, including nanowires, nanotubes, and nanosheets. As these latter nanostructured 

materials can be used to massively increase the total surface area of the substrate when 

compared to a flat planar substrate such as H-Si, this combination could provide significant 

enhancement to their catalytic performance. As example, we show in Figure 7.1a the TiO2 

nanowires uniformly decorated by 5 nm Pt nanoclusters and in Figure 7.1b the CuO nanowires 

uniformly decorated by 3 nm Ta nanoclusters.  

6. In addition to nanocatalysis, other applications of these nanoclusters, including protein 

immobilization, gas and chemical sensing, nanoplasmonics and quantum confinement, can be 

developed.  
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Figure 7.1 (a) TiO2 nanowires decorated by 5 nm Pt nanoclusters and (b) CuO nanowires decorated 

by 3 nm Ta nanoclusters. 

7.2.2 Nanocrystalline Thin Films 

In the present work, we have focussed on the use of defect-rich TiOx and TaOx nanocrystalline films 

deposited at room temperature for building memristor devices. Future work to improve the switching 

performance may include the following efforts: 

1. Exploring the possibilities of achieving better switching performance by further reducing the 

thickness of the films (to below 10 nm). Further control over the dimensionality of the device 

junction size and stacking arrangements as well as reduction of the overall size to the nanoscale 

regime by using e-beam lithography and ion beam lithography could open up new quantum 

properties not observed before. This would also allow us to further evaluate the feasibility of 

continued miniaturization of the memristor device and of further optimization of size-

dependent properties. 

2. Incorporating other high-κ dielectric materials, such as Hafnium (Hf), Vanadium (V), and 

Lanthanum (La), into the existing system to create different heterojunctions offers new 

prospect of creating more stable memristive devices with better switching performance with 

even smaller leakage currents. 

3. Band structure engineering using different carrier dopants could modify their electronic 

structures, particularly their bandgaps, which would in turn affect the switching behaviour. 

4. The ultrasmall nanoclusters, obtained with the Nanogen nanocluster source, can be used to 

provide perhaps the smallest junction size (3-5 nm) that is significantly smaller than those 

currently achievable with electron beam or ion beam lithographical techniques. These quantum 

size junctions may allow us to explore new quantum electronics not possible before. 

5. The use of nanostructures such as nanowires, instead of the present planar nanocrystalline 

films, as the active layer could provide some insight into any possible morphology effects on 
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memristor properties. One possible advantage of using one dimensional structure could be the 

flow of oxygen vacancies restricted to one direction for better control. 

6. Theoretical study of the memristive switching behavior related to specific material systems 

could offer further insight and better understanding of the switching mechanism and could 

provide useful predictions about the device characteristics and performance. 
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