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Abstract

In this thesis aspects of a novel nanoparticle synthesis method and a unique multi-level
resistance switching memory device are introduced. The dichotomy of the two programmes is
addressed and a rationale for the transition between the projects is presented based on practical
instrumental and material limitations. The nanoparticle synthesis method referred to as the
surface energy driven growth (SEDG) is introduced and its physical principles explained. The
SEDG method is especially suited for producing single-crystal metallic nanowires that cannot
be produced via the similar vapour-solid-liquid method. The method has various applications
in new nanomaterial discovery, binary alloy phase diagram dynamics and real time crystal
growth kinetics.

The development and realisation of a single TiO2 nanowire based multi-level memory device
is also presented. TiO2 has commanded much interest as a resistance switching material due to
its intrinsic self-doping ability under applied bias voltage. When electrically stressed, oxygen
molecules are liberated from the lattice leaving n-type oxygen vacancies behind. These
vacancies are mobile and may drift in response to an applied voltage which offers a degree of
control on their distribution throughout the material. In this work a single TiO; nanowire
contacted with Au electrodes is developed into a multi-level resistance device through
electroforming and pulsed voltage application. The device can be tuned to display either six
individual conductance states or a continuum of conductance levels defined by the user.
Finally, UV light which is also known to produce oxygen vacancies in TiO> is synchronously
pulsed with voltage bias to produce an emergent neuromorphic learning response not
previously reported for dissimilar pulse stimuli. The response can be likened to that of

associative learning — a phenomena predominantly observed in biological neural systems.



Summary

To advance the field of nanoscience it is necessary to develop novel synthesis methods that can
increase the catalogue of unique nanoparticles. It is not sufficient to simply produce new
nanoparticles however. They must be incorporated into functioning devices before their
inherent properties can be used to the benefit of wider society. The scope of this thesis captures
both synthesis and nanoparticle device topics. There are two main topics covered in this thesis
including single crystal nanoparticle synthesis and single nanowire semiconducting device
characterisation as unique memory resistors (memristors).

In Chapter 3 a relatively new nanoparticle synthesis method is introduced in the wider context
of nanoparticle synthesis. A general design flow is also presented to enable the wider
community begin to synthesize particles with this method. The surface energy driven growth
(SEDG) method is a stand alone synthesis technique that has some similarities to the various
stages of vapour liquid solid (VLS) growth. The SEDG method exploits the inherent difference
in surface energy of coupled binary alloys that display a deep eutectic point. The eutectic point
in the binary alloy phase diagram represents a fully miscible liquidus alloy composed to both
alloy components. By their nature these eutectic points are often far below the melting point of
the pure components individually which means the SEDG method can be realised at moderately
high temperatures. After forming the liquidus binary alloy a spontaneous complex enrichment
process manifests to ultimately produce a single crystal of the high surface energy alloy
component. The SEDG method also offers new opportunities to study nucleation phenomena
in real time.

In Chapter 4 the SEDG method is applied to the Fe-Nd binary alloy system. As predicted by
the SEDG design flow introduced in Chapter 3, single crystal Fe nanocubes are produced. We
demonstrate that the size of the nanocubes can be controlled by the initial film thickness of Fe.
TEM and selected area electron diffraction confirmed the crystalline nature of cubes. Real time
cube growth is observed during growth using SEM hot stage annealing. In less than 120
seconds the cube approaches 300 nm in size — an eight fold increase in size from that of its
initial observed size. High resolution magnetic force microscopy (MFM) was carried out on
single cubes to probe their magnetic properties. The MFM data revealed the presence of two
distinct magnetic domain patterns including ‘bow-tie’ and ‘windmill’ patterns. The patterns are

not induced by grain boundaries in the cubes but may be linked to the dimensions of the cubes.



Fabrication and characterisation of individual TiO; nanowire devices are the focus of Chapters
5 and 6. Dilute solutions of TiO> nanowires are spray deposited before being electrically
contacted using e-beam lithography (EBL). The choice of contact metai was found to affect
the ability of the device to display a dynamic evolutionary response. Gold electrodes proved
the most successful at producing consistent device characteristics with Ti electrodes suffering
from electro-induced deformation. Once the devices are formed, it is possible to define an
arbitrary number of conductance states in the device via the voltage pulse amplitude and width.
The continuum resistance of the device is leveraged to demonstrate six individual conductance
states in a single nanowire device. The six conductance states in the wire may be used as six
level memory device which could be developed into a new six state computational logic to
replace current two state binary logic used in computers today.

The device behaviour is based on the dynamic introduction of intrinsic defects into the device
during forming. These defects are thought to be oxygen vacancies which are reported to act as
n-type dopants in TiO> When generated at the metal interface, these defects dynamically dope
and alter the band structure of the metal-wire interface which displays characteristics of a
Schottky barrier. The voltage pulses alter the defect concentration at the interface which in turn
sets the ability of the barrier to conduct current.

In Chapter 6 the single nanowire devices are exposed to UV laser stimulus as a mechanism for
developing additional oxygen vacancy defects within the wire. Applying both UV laser light
and voltage during forming is shown to bring the device to saturation current faster than holding
voltage alone on the device. The dynamic response of UV stimulus is catalogued. When the
device is brought to a steady state using voltage the laser stimulus is used to generate an excess
photocurrent in the device. The magnitude and length of time this excess current persists is
shown to be related to applied bias with higher voltages causing the current to decay faster. We
also note a saturation of photocurrent at high voltages.

Finally, in what is perhaps the most profound result in this thesis we demonstrate associative
memory and learning in the TiO> nanowire. The nanowire essentially behaves similarly to a
biological neuron in its response to correlated stimuli. UV laser pulse stimulus is coupled with
voltage pulse stimulus to produce this memory effect which produces a greater current response
from the device than the sum of each stimuli applied individually. Associative memory is
demonstrated when a subsequent voltage only stimulus produces a high current response from

the device.
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Chapter 1

Introduction

1.1 Historical Context

The field of nanoscience began to rise to prominence in the last half of the 20™ century. The
roots of the concept may be attributed to Richard Feynman who, in 1959 attempted to rally his
peers in a talk about the scaling effects of different physical phenomena [1]. Despite his talk
the field of nanoscience did not gather much interest until the 1980s, when several key enabling
tools reached maturity. This toolset included the scanning tunnelling microscope (STM),
transmission electron microscopy (TEM) and the atomic force microscope (AFM). STM and
AFM were introduced in 1981 and 1986 respectively with early commercial TEM available
from 1940 [2]. Together these tools succeeded in overcoming the optical diffraction limits to
reveal for the first time rows of atomic planes, crystalline defects and even individual atoms
themselves [3].

Nanosized objected could now be directly visualised. This enabled researchers to gather precise
detailed information about their experiments that would in turn allow them to produce viable
devices and demonstrate novel phenomena. Thus the field of nanoscience was born. The field
was embraced by governments and funding bodies around the world, most notably with the
$500 million National Nanotechnology Initiative (NNI) president Bill Clinton announced at
the turn of the century [4]. Since then nanoscience has grown in popularity across all scientific
disciplines. The term nanotechnology was coined originally by Norio Taniguchi and
popularised by Eric Drexler in 1981 [5]. It describes any technology or device whose operation
or functionality is dependent on nanosized objects. Today nanotechnology is an incorporated
element of many aspects of modern living including smart TVs, laptops, mobile phones and
tablets. Beyond electronics, nanotechnology is becoming increasingly important in the field of
medical diagnostics and the development of new devices for lab on chip applications in
healthcare as well as novel methods for drug delivery and the treatment of disease. Overall, the
societal impact that the development of nanoscience has had cannot be understated. Further

still, the field is set to flourish over the rest of the 21*' century as there is a growing convergence
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that will see micro and nanoscale electronics become increasingly incorporated in medical,

energy and environmental applications.

1.2 Size Dependent Phenomena — Why Nano?

Nanosize particles display many unique properties when compared to bulk objects made of the
same material. Their inherent low dimensionality has a dramatic effect on the electronic
structure of the particle as the electrons are confined by the critical dimensions of the particle.
This confinement produces unique distribution of energy states for so called 0D quantum dots,
1D wires and 2D atomic layer nanomaterials. Shown in Figure 1.1, is the relevant density of
states for each dimensionality compared to that of the bulk. Particles consisting of tens (up to
thousands) of atoms are considered pseudo-zero dimensional. Their electronic structure reflects
that of a molecule with discrete energy levels but with energy level spacings determined by the
size of the quantum dot. The size dependent electronic structure of QDs gives them unique
optical properties while displaying many solid-like properties of metals, semiconductors and
insulators. This effect is best captured by the CdS semiconductor QDs whose inherent colour
is solely due to their size which affects the electronic structure of the particle and how it
interacts with light [6].

For the case of 1D nanowires, the electrons movement is constrained in two axes (x-y) but has
unbounded movement along the length of the wire (z-axis). This translates to a continuum of
states along the wire length with highly quantized states in the two directions. Physically, the
wires are defined by their high aspect ratio (length/width) which is typically upwards of ~ 1000.
1D materials are attractive for many electronic devices due their channel-like character and the
ability to modulate the conductivity along the length of the wire. This is achieved either through
a back gate electrode or surface adsorption onto the wire which disrupts and scatters carrier
movement [7]. Other applications include lasers [8], sensing and drug delivery [9, 10]. In 2D
materials, the movement of carriers is free in two dimensions and confined in the other. 2D
materials have become the subject of intense research interest over the last decade since the
discovery of atomically thin sheets of carbon known as graphene [11]. Hailed as a wonder
material with high strength, graphene also has exceptional electrical properties and ultra-high
electron mobility [12]. Since graphene’s discovery, the breadth of 2D material systems has
increased with MoS: and GasS the topic of much research at the moment [13]. The promise of

2D materials stems from their “all surface’ characteristics. This leads to unique carrier transport
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characteristics, enhanced sensitivity and some anomalous properties only observed in 2D

materials such the quantum hall effect.

0D 1D 2D
bN

Figure 1.1 Electronic density of states for each dimensionality of semiconductor nanoparticle
compared to that of bulk material where Ecgis the conduction band.

1.3 Semiconductor Materials

Semiconductor materials technology is the cornerstone of the microelectronic industry, as
evidenced by its role in field effect transistor technology and the original bipolar device
technology first introduced 1948 [14]. A semiconducting material has electronic conduction
properties between that of a conductor (metal) and an insulator (SiO2). A semiconductor is
unique in its ability to offer precise control over its levels of conduction in relation to
conductors and insulators. This stems from the ability to control the electronic band structure
via doping - the deliberate introduction of extrinsic atoms into the semiconductor material. It
is well established that solid crystal materials form a distinct energy band structure which is
generated from the combination of individual atomic orbitals of each atom within the solid
lattice [15]. In semiconducting materials, an energy gap exists between the highest energy
valence electrons that contribute to the solid bonding from the energy band with the lowest
energy conduction comprised of anti-bonding energy levels. The separation is called the
bandgap of the semiconductor and is one of the most important properties of a semiconductor.
The presence of a bandgap prohibits electrons from moving freely through the lattice under

lowest temperature conditions.



Above zero Kelvin there remain a small but non-negligible number of electrons with sufficient
energy to traverse the energy gap into the unoccupied conduction band, creating the
corresponding number of electron holes in the valence band. The number of electrons in the
conduction band can be determined statistically via the Fermi-Dirac distribution with the
systems thermal energy (k7) greatly affecting the free electron distribution. The concentration
of carriers may be estimated using the concept of the Fermi energy level and its relative position
in the energy gap. Insulating materials also possess an energy gap that is relatively larger than
semiconductors and as a result there are an insignificant number of electrons in the conduction
band at room temperature. Figure 1.2 captures the differences between the three types of energy
band structures. Some bandgap energy values for common semiconductors include Si — 1.12
eV, GaAs — 1.52 eV with insulator band gaps typically larger than 4 eV, e.g. Si0,—-9 eV.
Conduction is defined as the movement of electrons in a material that gives rise to current,
depends heavily on the band structure of the material. In the case of metals, the Fermi energy
level lies within the valence band itself or the overlapping of the valence and conduction bands.
Thus the electrons at the Fermi energy are free to respond to an applied field and gain energy
by transitioning into any number of nearby empty states. The energy gap in semiconductors
and insulators separates the valence band from the conduction band. Since the valence band is
completely full of electrons, electrons cannot move and contribute to conduction as there are
no unoccupied states for them to move into. Only electrons promoted to the conduction band
by thermal energy or another external stimulus, such as light, can contribute to the measured
current in the material. The Fermi energy level is a very important reference energy used to
illustrate the population distribution of electrons (and holes) in a material. It is defined at
thermal equilibrium as the energy level of the state whose occupancy by an electron is equal to
one half. Its position can be used to estimate the concentration of carriers in the conduction
band or valence band and also how the concentration changes as extrinsic atoms known as
dopants are introduced to the lattice of the semiconductor material.
There are two types of dopant atoms that may be introduced into a semiconductor. They are
characterised by the number of valence electrons they contain relative to the host
semiconductor. Donor atoms including group V materials such as As and P are termed n-type
dopants because when they are incorporated into the Si crystal lattice, they have one loosely
bound electron that is easily removed from its parent atom, allowing it to move freely about
the lattice. Physically an n-type atom introduces an energy level in the bandgap slightly below
the conduction band of the bulk material. The energy difference between the conduction band
and the dopant impurity energy level is small, 0.054 and 0.046 eV respectively for As and P

4



Metal

Semiconductor

Insulator

Figure 1.2 Comparison of the band structure of metal, semiconductor and insulator materials.
The presence of a bandgap Eg differentiates semiconductors and insulators from metals. Ecs,
Evs and Er are defined as the conduction band, valence band and Fermi level.

dopants in Si. Thermal energy is sufficient to ionise electrons from dopant atoms to the
conduction band leaving a positive ion remaining in the lattice (Exr = 0.04 eV at 300 K).

The second extrinsic dopant is an acceptor or p-type atom. P-type dopant atoms consist of
group III materials such as Ga and B. When incorporated into a semiconductor lattice, the atom
captures an electron from the semiconductor bulk to satisfy its own valence bonding
requirement. This electron is supplied by the valence band and its absence is often called an
electron hole. The hole has many inherent properties similar to that of an electron but with
opposite charge and distinct mobility. P-type dopants set up energy levels band in the bandgap
above the valence band, where again the energy required to ionise a valence band electron to
these impurity states is on the order of thermal energy. In the absence of doping the number
of electrons and holes is identical; n-type doping provides additional electrons, whereas p-type
doping provide additional holes. The free electrons and holes that are the charge carriers in

semiconductors are characterised by various parameters describing how they behave in the



lattice material. The drift velocity vq or speed of carriers in a material under low field is

proportional to the strength of the electric field £ through the mobility u:
vy = UE (1.1)
Mobility can be defined in relation to mean free time by:

atm _ qm

m* V3kTm*

u= (1.2)

Where 7, 1s the mean free time between collisions, m”" is the effective mass of the carrier, ¢ is

the elementary charge of an electron and A,,, is the mean free path defined as:
Am = VinTm (1.3)

Thermal velocity vy, is given by:

These elementary equations are used to determine two important parameters: the drift velocity
and mobility of the carrier. GaAs doped with 10'* dopants at 300 K has an electron and hole
mobility of 1x10* and 3x10% cm?/V-s respectively.

The total drift current under an applied field is due to both electrons and holes. The current

density of mobile carriers is given by the relation:

(1.5)
Where / is the measured current, 4 is the cross sectional area and the conductivity o is,

0 = q(Upn + ppp) (1.6)



With » and p the concentration of electron and hole carriers respectively. However if n is much
greater than p, which is the case for n-type semiconductors, the conductivity can be expressed

as.

g = q,n (1.7)

Typically, the conductivity and resistivity (p=1/0) are measured and reported for new material
systems. These equations will be relevant in chapters 5 and 6 where carrier mobility and current

density of semiconductor like devices will be discussed.

1.4 Metal-Semiconductor Contacts

Every semiconducting material must be contacted with a metal for integration into a working
circuit. Connecting a metal to a semiconductor is a simple prospect but the contact between
the two may display some undesired effects which detract from the function of the overall
device. To form an electrical contact between the semiconductor and metal they must be
brought into physical contact with each other. If current is allowed to flow between the two,
electrons will move into the metal from the semiconductor conduction band (provided the
Fermi energy is higher relative to the metal) until thermal equilibrium is obtained. At thermal
equilibrium the Fermi level should be uniform throughout the contact and into the bulk
materials on either side. For this to be the case the energy of the semiconductor bands must
shift and bend relative to the vacuum energy level. This process is described in Figure 1.3 and
includes many relevant parameters such as the metal work function g¢,, which is the difference
in energy between the vacuum level and the Fermi level, the semiconductor work function
q(x+¢n) with gy defined as the electron affinity measured from the bottom of the semiconductor
conduction band to the vacuum level and g¢, is the difference between the conduction band

energy and the Fermi level.



Figure 1.3 Energy band diagram of a metal (black) semiconductor (blue) contact formation for
an n-type semiconductor. As the distance d between the two materials approaches zero
electrons in the conduction band of the semiconductor move into the metal until thermal
equilibrium is established and the Fermi level is continuous through the contact. Band bending
occurs in the semiconductor as a large negative charge is built up on the metal for which an
equal but opposite positive charge must exist in the depletion region of the semiconductor.
The depletion layer has a corresponding width W, and built in voltage qs..

The final important parameter is the ideal barrier height g¢z which is equal to g(¢»— y). The
ideal barrier height is rarely realised in a metal-semiconductor contact however and is typically
less than the value calculated by the previous equation. The deviation from ideal behaviour is
due to Fermi level pinning by interface states between the metal and the semiconductor contact.
Electrons from the metal occupy interface states which pin the Fermi level prior to full contact
formation. The pinning alters the calculated barrier height of the contact, of particular
importance as it represents a potential energy barrier electrons must overcome to be injected
into the metal from the semiconductor.

Electrons captured by the metal during contact formation leave ionised dopants at the interface
region which generate the depletion layer in the semiconductor at the interface region. It is
these positively ionised dopants and the negative charge at the metal interface that is
responsible for the band bending. The high electric field produced via the separation of charge

has an intrinsic built in voltage gys. The contact type shown in Figure 1.3 is described as a



Schottky barrier (for n-type Si). For many practical purposes such as microelectronic
fabrication, the presence of this type of contact interface is detrimental to the overall function
of the wider device. The Schottky barrier may be reduced by introducing a thin layer of heavily
doped material between the metal and semiconductor. This decreases the barrier height and
increases band bending such that electrons can tunnel through the barrier, producing an ohmic
electrical contact.

The Schottky barrier can be useful however as it displays some current rectifying behaviour
similar to that of a P-N diode with subtle differences. As a device its operation is based on a
single charge carrier (electrons in the case of n-type) which make it useful for fast switching
operation as there are no stored charge effects like that of a P-N junction. The operation of the
Schottky diode under an applied external is are described in Figure 1.4. By convention the
forward bias direction is defined as the direction in which the Schottky diode produces the
greatest current response (for both n and p type diodes). This convention will be challenged by
the device introduced in chapter 5 which can have “forward bias’ current levels at both positive
and negative polarities. Nevertheless, the application of a forward bias (positive bias to a n-
type Schottky diode) increases the current though the device. A positive bias applied to the
metal reduces the energy barrier in the semiconductor by ¢q(Vs -Vr) which allows more
electrons to overcome the barrier and appear in the metal as current. The depletion layer width
is narrower relative to the initial state with no bias applied (W, > Wyr), as more electrons from
the bulk of the semiconductor diffuse up to the contact to replace those that are extracted as
current.

Under reverse bias the energy barrier height for the electron in the semiconductor is increased
to q(Vsi+Vg). In turn, the increased barrier height prevents electrons in the semiconductor
moving through the contact. The applied reverse bias voltage increases the depletion layer
width and number of ionised donors as electrons drift away from the contact. It is important to
note that the ionised donor atoms are frozen in the lattice throughout operation and despite their
charge, do not drift under applied. The depletion layer width changes in response to applied
bias for reasons mentioned above. The implications of donor atoms that are mobile in the lattice
are considered in chapters 5 and 6, and how donor atom mobility affects the built in voltage

and width of the depletion region.
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Figure 1.4 Schematic illustration of a Schottky diode under forward bias VF (a) and reverse
bias Vr (b). Under forward bias (positive bias applied to the metal) the energy of the
semiconductor is shifted upwards. As a result the barrier for injection into the metal is lowered
allowing more carriers to reach the metal for current conduction. There is a decrease in
depletion layer width and built in voltage as the number of ionised donor atoms in the depletion
region is decreased. Under reverse bias (negative bias applied to the metal) the barrier for
injection into the metal is increased which prevents electrons moving across the contact
inhibiting current. The number of donor atoms increases as the depletion region width
increases, as electrons are drawn away from the contact under the applied voltage.

Carrier transport mechanisms present in a Schottky diode under applied bias include emission
of carriers over the potential barrier height into the metal — thermionic emission (TE). Quantum
mechanical tunnelling of carriers through the barrier into the metal — field emission (FE). TE
and FE processes together — thermionic field emission (TFE). Recombination of charge carriers
and diffusion of electrons and holes. For moderately doped Schottky diodes TE captures the
device operation adequately. FE and TFE are more prevalent in heavily doped Schottky diodes
and provide ohmic conduction. Recombination and diffusion of carriers are present largely in
p-n diodes. Current density in Schottky diode under the TE conduction mechanism is described

by:
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With 4" the Richardson constant and » the ideality factor which captures non ideal contact
deviations such as barrier height inhomogeneity or the presence of an interfacial layer.
Conduction is heavily dependent on the barrier height ¢ of the contact which is assumed to
remain constant regardless of applied bias. This is not always the case however due to image

force lowering and the Schottky effect which are discussed in chapter 5.

1.5 Interaction of Light with Semiconductors

Photoexcitation is the mechanism by which light incident on a semiconductor creates an
electron-hole pair. Light photons with energy equal to or greater than that of the semiconductor
bandgap energy can excite a valence band electron into the conduction band to produce the
electron-hole pair. It offers an additional route to increase the number of charge carriers in a
semiconductor which is typically given by the temperature dependent statistical distribution
(Fermi-Dirac distribution) mentioned in the previous section. Electron-hole pairs may become
bound to each other by their attractive Coulombic interaction. In this case the pair are
collectively known as an exciton which can exist as either weakly bound essentially free
carriers (Wannier-Mott excitons) or tightly bound highly localised carriers (Frenkel excitons)
[16]. In most cases they behave similarly to other carriers with unique effective mass, mobility
and lifetimes.

Semiconductor materials that display strong absorption of light are known as photoconductors.
Typically photoconductors are used in solar cells as a mechanism to convert light energy into
solar power. The excess current these materials produce under illumination is called the
photocurrent /pn which is defined as the difference between device current without light
stimulus (/park) and the current when light is incident on the device /iiuminateds (/Ph=/liluminated -
Ipak). Before the electron-hole pair can contribute to the device current the pair must be
separated and extracted from the device before they recombine. The carrier lifetime t is defined

as:
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n is the excess carrier density and Ge is the carrier generation rate:

Po
@:n%vAD (1.10)

Where 5 is the quantum efficiency, Pop is the optical power, 4 is the device area under
illumination and D is the depth or height of the device. The separation of charge occurs readily
for electron-hole pairs created in the depletion region of the semiconductor and also for carrier
pairs that diffuse into it. The intrinsic electric field in the depletion region sweeps the carriers
away from each other and into the circuit generating the photocurrent. Therefore a wide
depletion region increases device sensitivity as more of the photogenerated carriers in the
material are extracted. A large depletion region however will increase the transit time - the time
it takes carriers to traverse the depletion region. This will slow the response of the
photodetector. Thus there is a trade-off in photodetectors between speed (response time),

sensitivity and gain.

Intrinsic Extrinsic

Figure 1.5 An illustration of the two types of photoexcitation in semiconductors by the
interaction of light. Intrinsic band to band photoexcitation takes place at photon energies equal
to or greater than the bandgap of the semiconductor. Extrinsic photoexcitation takes places
between impurity energy levels in the bandgap of the semiconductor and accounts for spectral
absorption at sub bandgap photon energies.
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Typically photoexcitation occurs as band-to-band transitions of carriers in a process known as
intrinsic photoexcitation. Photoexcitation may also take place between impurity energy level
states within the semiconductor bandgap as illustrated in Figure 1.5. This process of
photoexcitation between the impurity level and energy band is called extrinsic photoexcitation.
Extrinsic photoexcitation is an important process for evacuating carriers defect states and other
states within the forbidden energy zone such that they can contribute to conduction.

The concentration of charge carriers in a semiconductor can be increased above levels
established under thermal equilibrium when external stimulus such as light or voltage bias are
applied to the material. There are processes within the material that act to restore the thermal
equilibrium concentrations which are known as recombination process. Band-to-band electron-
hole recombination is the inverse of intrinsic photoexcitation. An electron-hole pair can
recombine in a radiative process to emit a photon with energy equal the bandgap of the
semiconductor. Electron-hole recombination may also occur radiatively between impurity or
trap levels. Non-radiative recombination occurs when the energy of an electron in transition
from the conduction band to the valence band is conserved by the generation of a phonon or

by transfer of energy to another free electron or hole.

1.6 Microelectronic Nanotechnology: Smaller, Cheaper, Faster

The microelectronics industry has perhaps benefitted the most from embracing
nanotechnology. The iterative increase in computational power over the past 50 years is a direct
result of successfully scaling down transistor components to the nanoscale. This process is best
captured by Moore’s law, which predicts the number of transistors per chip doubling every two
years [17]. Additionally, the increased number of transistors per wafer produced also drives
down the price of each individual chip. Moore’s law has proved remarkably accurate over many
decades, with the International Technology Roadmap for Semiconductors (ITRS) predicting
the introduction of 5 nm nodes by the year 2020 based on conventional technology [18].
Beyond 5 nm nodes, the industry has yet to produce an action plan with some speculators
foreseeing the end of Moore’s law [19].

Current state of the art processors use a six transistor configuration with metal oxide
semiconductor field effect transistor (MOSFET) transistors as the base unit. The technology is

known as static random access memory (SRAM) and is the fastest type of semiconductor
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memory currently available. It is attractive because of its speed and low power consumption
due to of its flip-flop transistor configuration. Scaling this technology is becoming increasingly
difficult however. As a result, SRAM remains relatively expensive and reserved only for use
in desktop/high power computing. Smaller size features (nodes) in the MOSFET unit cells will
continue to develop this technology but short channel effects such as drain induced band
bending and gate induced drain leakage will become increasingly prominent as the node size
decreases.

Currently there are many other RAM technologies under development which have the potential
to surpass the functionality of the SRAM processor. Resistance switching RAM (RRAM) is
the frontrunner for low power, low cost processing. RRAM devices operate a non-volatile
memory (NVM) - an inherent property that retains information without consuming external
power. This type of technology is therefore perfect for emerging mobile platforms, including
tablets and mobile phones. Together these markets are set to increase rapidly over the coming
years as the proliferation of mobile technology continues.

The original reports of resistive switching were in 1960 for insulator materials sandwiched
between metal contacts (MIM) [20, 21]. It was recognised early on that there was some
controlled breakdown phenomena taking place in the insulator under large applied electric
fields producing a measured change in device resistance (resistance switch). The mechanisms
behind these transitional effects was not well understood at the time. As these breakdown
phenomena were studied, a class of so-called resistance switching phenomena were identified
based on device characteristics [22]. These characteristics primarily included current-voltage
hysteresis loops that were pinched at the origin [23]. As more and more devices were reported,
resistance switching emerged to have two basic modes of operation in devices — bipolar and
unipolar device operation [24].

Bipolar switching involves actively changing the device resistance by applying a voltage with
polarity (positive or negative in magnitude) opposite to that of the polarity used to produce the
initial resistance change. Unipolar switching takes place under one polarity (either positive or
negative). Figure 1.6 captures this process schematically for both switching types. Typically a
pristine resistive switching device will be in a high resistance state known as the ‘off” state. In
order to switch to the low resistance state a sufficient voltage must be applied to the device to
induce or ‘set’ the transition. The set operation is prevalent in both bipolar and unipolar
switching. The difference between the two becomes apparent when the device is switched back
into the high resistance state or ‘reset’ of the device. With unipolar resistance switches, reset
occurs once a certain threshold current level is reached under one bias polarity applied in the
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same direction as the set bias. With bipolar devices, reset must occur at the opposite polarity
to that to the set bias polarity. The nature of each is defined by the material and the type of

mechanism causing the change in resistance.
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Figure 1.6 (a) Bipolar switching. The device is reset under opposite polarity of the set bias. (b)
Unipolar switching display switching between set and reset at one polarity. Comp. is a user
defined compliance current used to prevent device damage.

There are various physical phenomena that can induce a large resistance change within a
material including phase change, magnetic polarisation and magnetoresistance change [25, 26].
For this introduction our discussion will be confined to the main three phenomena reported to
be responsible for RRAM switching however. Each of these is driven by the application of an
external voltage. The first type of phenomena that can induce resistance switching is the so
called ‘thermochemical mechanism’ (TCM), which involves current induced heating in a
material known as Joule heating. Joule heating is a process by which heat is dissipated by
current flow, the movement of electrons in a material causes them to exchange energy with
lattice atoms in the material. The amount of heat released via Joule heating P, in Watts is
proportional to the resistance of the material times the square of the current P=RF. Many
resistance switching materials are transition metal oxides (TMO) that display high levels of

resistivity in the pristine state, typically between 107" Ohm/m. Therefore, any modest current
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through the device will produce a large build up of local heat in the material. The local heat
promotes electromigration of lattice atoms (from the metal or TMO) under the applied electric
field leading to the formation of low resistance pathways called conductive filaments (CF). In
this switching regime the CF may be composed of electrode metal transported into the TMO
or a partially dielectrically broken down TMO. The device is Reset by allowing sufficient
current to pass along the CF such that the heat ruptures the CF, switching the device back to
the off state.

TCM resistive switching is considered unipolar. The strength of the filament is determined by
the compliance current manually assigned by the user during the initial forming set step.
Forming the device is non-trivial and is often performed iteratively. Attempting to produce a
strong filament with low resistance in one step can result in huge power dissipation spikes the
instant the filament bridges the electrodes resulting in damage to the probing setup and the
device. This effect can be offset by driving the forming with current as opposed to voltage
[27]. This type of RS has been predominately reported for NiO materials although there are
many reported instances where other TMOs are reported to switch via a Joule heating

mechanism [28-30].

The next type of RS mechanism that will be discussed is commonly referred to as
electrochemical metallization or ECM. It is realised by the reduction of anode metal atoms
followed by their deposition on the cathode to again form a conductive filament bridging the
two electrodes of a MIM device. Of the two cell electrodes one is made of an electroactive
metal (Ag, Ni, Cu) that contributes atoms to the insulator. The insulator is considered a solid
electrolyte that facilitates mobile ionic transport to each electrode. To complete the cell an inert
metal such as A<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>