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Abstract

Volatile threshold switching, or current controlled negative differential resistance
(CC-NDR), has been observed in a range of transition metal oxides. Threshold
switching devices exhibit a large non-linear change in electrical conductivity, switch-
ing from an insulating to a metallic state under external stimuli. Compact, scalable
and low power threshold switching devices are of significant interest for use in ex-
isting and emerging technologies, including as a selector element in high-density
memory arrays and as solid-state oscillators for hardware-based neuromorphic com-

puting.

This thesis explores the threshold switching in amorphous NbO, and the prop-
erties of individual and coupled oscillators based on this response. The study begins
with an investigation of threshold switching in Pt/NbO, /TiN devices as a function
device area, NbO, film thickness and temperature, which provides important in-
sight into the structure of the self-assembled switching region. The devices exhibit
combined threshold-memory behaviour after an initial voltage-controlled forming
process, but exhibit symmetric threshold switching when the RESET and SET cur-
rents are kept below a critical value. In this mode, the threshold and hold voltages
are shown to be independent of the device area and film thickness, and the threshold
power, while independent of device area, is shown to decrease with increasing film
thickness. These results are shown to be consistent with a structure in which the
threshold switching volume is confined, both laterally and vertically, to the region
between the residual memory filament and the electrode, and where the memory
filament has a core-shell structure comprising a metallic core and a semiconducting
shell. The veracity of this structure is demonstrated by comparing experimental

results with the predictions of a resistor network model, and detailed finite element
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simulations.

The next study focuses on electrical self-oscillation of an NbO, threshold switch-
ing device incorporated into a Pearson-Anson circuit configuration. Measurements
confirm stable operation of the oscillator at source voltages as low as 1.06 V, and
demonstrate frequency control in the range from 2.5 to 20.5 MHz with maximum
frequency tuning range of 18 MHz/V. The oscillator exhibit three distinct oscillation
regimes: sporadic spiking, stable oscillation and damped oscillation. The oscillation
frequency, peak-to-peak amplitude and frequency are shown to be temperature and
voltage dependent with stable oscillation achieved for temperatures up to ~380 K. A
physics-based threshold switching model with inclusion of device and circuit para-
meters is shown to explain the oscillation waveform and characteristic.

The final study explores the oscillation dynamics of capacitively coupled
Nb/Nb,O; relaxation oscillators. The coupled system exhibits rich collective beha-
viour, from weak coupling to synchronisation, depending on the negative differential
resistance response of the individual devices, the operating voltage and the coupling
capacitance. These coupled oscillators are shown to exhibit stable frequency and
phase locking states at source voltages as low as 2.2 V with MHz frequency tunable
range. The numerical simulation of the coupled system highlights the role of source
voltage, and circuit and device capacitance in controlling the coupling modes and

dynamics.
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Chapter 1

Motivation and Outline

1.1 Motivation

Conventional digital computing is fundamentally based on the von Neumann archi-
tecture which requires a basic sequential cycle of fetching instructions from memory,
decoding instructions, executing instructions and storing results. Despite rapid pro-
gress in improving computing speed and processing complexity, the most advanced
supercomputer is still unable to compete on the same level of adaptability, error-
tolerance, space and power efficiency as the brain. This has been demonstrated by
IBM using the Blue Gene supercomputer to simulate the cortical activity if a cat’s
brain. Even when the cortical activity was simulated with neuron firing rate 100
times slower than real time, it still required 147, 456 processors, 144 TB of memory
and 1.4 MW power to perform the task [1]. In contrast, the human brain, which has
higher biological complexity than the cat brain, uses only 20 W of power. That is,
for massively parallel computing, the human brain is over six orders of magnitude

more energy efficient than the Blue Gene supercomputer [2].

The configuration of the biological brain is fundamentally different from the von
Neumann architecture where neurons are interconnected via synapses to form highly
complex and parallel three dimensional neural networks [2]. Therefore, there has
been growing research interest in developing alternative brain-inspired computing
architectures. Solid-state neural networks are particularly suitable for application
in a complex real-world environment, such as spatio-temporal recognition and pro-

cessing video data, where inputs and outputs are not clearly defined.
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Within the central nervous system, a typical neuron comprises three main parts: a
soma, dendrites and an axon [2]. Each neuron receives input signals from other neur-
ons and electrical spikes (action potential) is generated by the soma if the sum of
the integrated stimuli exceeds a certain threshold value. The generated spikes travel
down the axon and activate the synaptic terminals to transmit electrical or chemical
signals to other neurons. The connectivity of biological neural networks is complex as
one neuron has 10? to 10* synapses that interconnect with other neurons [3]. The ef-
fectiveness of communication among neurons depends on the synaptic strength. The
ability of synapses to modify their connection strength is known as synaptic plas-
ticity which is considered to be the principal mechanism responsible for learning
and memory [4]. Spike-timing dependent plasticity (STDP) is an asymmetric form
of synaptic modification where the connection strength is enhanced or depressed
by the order and precise temporal difference between the pre- and postsynaptic
spikes [5]. The synaptic connection is strengthened when the presynaptic cell re-
peatedly fires spikes before the postsynaptic spikes. This phenomenon is known as
long-term potentiation (LTP). The opposite of LTP is long-term depression (LTD)
where synaptic efficacy is weakened due to arrival of presynaptic input after post-
synaptic spikes [2].

Recently, two-terminal non-volatile resistive switching devices have been pro-
posed to mimic important synaptic functions such as STDP. An artificial syn-
aptic device based on ReRAM can emulate the strengthening and weakening be-
haviour between pre- and postsynaptic cells by continuous modification of device
resistance states with electrical stimuli due to their dynamic switching characterist-
ics [6,7]. Synaptic devices based on binary oxides, including NbO_, HfO_, WO_, A1O,
and TiO,, have been reported [8-12]. Individual two-terminal synaptic devices can
be implemented in an integrated synapse-neuron circuit with a crossbar structure to
achieve high connectivity and density. Such hybrid artificial neural networks have
demonstrated robust tolerance to synaptic device variation and adaptive learning

capability in both experimental realisation and simulation [13, 14].
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An action potential pulse is initiated due to significant conductance modulation
of voltage-gated sodium and potassium ion channels when a neuron cell body is
sufficiently stimulated by the summation of inputs from other neurons [2, 15]. The
neuron spike is considered to be a fundamental means of communication in the cent-
ral nervous system. The generation and propagation of action potentials is captured
in the Hodgkin-Huxley model which describes conductance of these two channels
by a set of four nonlinear differential equations with four state variables [16]. The
concept of a neuristor was proposed in 1960 to emulate the biological neural func-

tions of the Hodgkin-Huxley model using hardware [17].

A recent study by Pickett et al. experimentally demonstrated a highly scal-
able solid-state neuristor based on two locally-active NbO, memristors that exhib-
ited threshold switching behaviour [18]. The studied neuristor circuit, as shown
in Fig. 1.1(c), includes two distinct memristors with a parallel capacitor for each
device which are mathematically equivalent to the two ion channels of the Hodgkin-
Huxley axon circuit model from a circuit-theoretic perspective [19]. The theoretical
study by Chua introduced the local activity principle, which can explain the abil-
ity of a nonlinear dynamical system to amplify signal fluctuations [21,23]. Local
acitvity forms a fundamental basis for emergence of complex phenomena. In the
Hodgkin-Huxley model, the emergence of the nonlinear behaviour of action poten-

tial is associated with the edge of chaos, which serves as a small subset of the local

(a) Single Oscillator (b) Coupled Oscillators (c) Neuristor

Figure 1.1: Schematic circuit diagram of single, coupled and neuristor models.
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activity [20-22].

As shown in Fig. 1.1(c), the resting potential of each ion channel is represented
by a DC voltage with opposite polarities. The input voltage pulse imitates the total
stimulus from other neurons. The device parallel capacitors start charging when an
excitation signal is received. If the excitation reaches the switching threshold, the
devices will transit from an insulating state to a metallic state. Subsequently, the
parallel capacitors discharge due to the drop in device resistance. The dynamical
changes of device conductance are analogous to the opening and closing of ion chan-
nels in the Hodgkin-Huxley model. An electrical spike, akin to an action potential,
is generated as an output signal. If the input signal is sub-threshold, the neuristor
generates an attenuated output. The interval between spikes and the width of each
spike can be modulated by tuning the parallel capacitors. Identical neuristors can
be connected in series to behave like an axon to transmit the action potential pulse.

Synchronisation of coupled dynamic systems is a collective rhythmic response of
individual elements in a small or large complex environment. Synchronous oscillat-
ory systems exhibit rich coupling dynamics that have attracted consistent scientific
interest for understanding the main mechanisms responsible for such kinds of non-
linear response [24-26]. In the brain, neurons form a network of coupled oscillators
where they can achieve frequency or phase synchronization [27-29]. The process of
neural oscillations and synchronization is believed to link to important cognitive
functions, such as information processing, conscious awareness, memory or learn-
ing [28-32].

The neural oscillatory system motivates the development of biologically inspired
solid-state coupled oscillator arrays for applications in non-Boolean computing. It
has been demonstrated that assemblies of synchronous oscillator arrays werer cap-
able of performing associative processing, such as pattern recognition and image
restoration [33,34]. A single self-sustained oscillator acts as an oscillator neuron that
forms the basis of oscillation as shown in Fig. 1.1(a). Conventional CMOS oscillators

require a cluster of active components which sets challenges for integration due to
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the approaching limits, such as device downscaling and high power dissipation [35].

Transition metal oxide based volatile threshold switching devices have been pro-
posed for a wide range of applications, including as selector devices in a crossbar
memory and a random number generator, due to their simple MIM device struc-
ture, high scalability, fast switching time and low energy consumption [36-38]. Under
a current source excitation, the quasi-static current-voltage characteristics of such
device exhibit a negative differential resistance region (CC-NDR) as the occurrence
of local activity that underlies the threshold switching effect [39]. The CC-NDR
device is capable of sustaining self-oscillation with a series resistor and can be eas-
ily controlled by tuning the resistive and/or capacitive components. The single and
coupled systems of such relaxation oscillators is an important fundamental building
block for developing alternative computing methods.

There are two examples of hardware implementations that have been recently
demonstrated by using oxide-based CC-NDR driven oscillators as solutions for NP-
hard (non-deterministic polynomial-time hard) problems, specifically solving the
vertex colouring and travelling salesman problems [40,41]. The first approach, pro-
posed by Parihar et al., used a system of capacitively coupled VO, based relaxation
oscillators to offer an approximate solution for graph colouring by leveraging the
combined repelling effect in a stable state [40]. Such effect is a result when two dir-
ectly connected oscillators are in frequency synchronisation, but showing anti-phase
locking. Graph coloring can be used in a number of specific applications, including
register allocation and scheduling [42]. The second approach, reported by Kumar
et al., proposed to integrate NbO, chaotic oscillators into the Hopfield networks to
enhance the computational efficiency and accuracy for solving global optimization
problems [41]. Since firstly introduced by John Hopfield in 1982 [43], the Hopfield
networks have been applied to solve a broad range of optimisation problems [44,45].
However, one of common issues is that the networks are likely trapped in sub-
optimal local minima. This underlying issue can be mitigated by computing the

threshold function with incorporation of the chaotic behaviours in NbO, memristor
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for convergence to a global minimum.

Fig. 1.1(b) shows a schematic of coupled oscillator circuit configuration where
two oxide based CC-NDR devices are in series with a resistor each and coupled
via a mutual external capacitor. The devices are initially in a high-resistance state.
When a sufficient electrical input is applied, one device is able to switch from a high-
resistance state to a low-resistance state. Concurrently, a voltage potential difference
across the coupling capacitor is created and results in a current flow through the
counterpart device and the associated series resistor. This induces voltage changes
across the devices. The coupling strength is controlled via the variable coupling
capacitor. The experimental realization of such compact and scalable coupled oscil-
lation systems has been demonstrated in NbO, and VO, based relaxation oscillators
and is of particular significance for design and implementation of large oscillator ar-

rays for applications in non-Boolean computing [46,47].

1.2 Thesis outline

This study aims to investigate the nature of threshold switching (current-controlled
negative differential resistance) behaviour in amorphous niobium oxide and under-
stand oscillation dynamics of isolated and coupled devices for applications in non-
Boolean computing.

This dissertation is structured in seven chapters. Chapter 1 introduces basic
concepts for the balance of the thesis. The chapter starts with reviewing the fun-
damental conduction mechanism in dielectric films and an overview of two types
of metal-insulator transitions. We then proceed to cover fundamental knowledge on
the general operations and switching mechanisms of resistive random access memory.
With a specific research focus on niobium oxide, we review material properties and
switching behaviour in niobium-oxygen systems. The chapter concludes with a re-
view of recent progress in transition metal oxide based single and coupled oscillators.

In Chapter 2 we provide a brief description of experimental techniques used for
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device fabrication and characterisation, and numerical modelling methods. Evolu-
tion of the numerical models are discussed. The characterised physical and electrical
properties of NbO, thin films are discussed in Chapter 3. The explored physical
properties include surface morphology, physical structures and stoichiometry. From
the electrical characterisation, we demonstrate that a diverse range of switching
behaviours are observed in NbO, .

Chapter 4 investigates the threshold switching anatomy within a self-assembled
threshold-memory device as a function of device area and NbO_ layer thickness. The
invariance of the threshold and hold voltages with area and thickness was shown to
be consistent with the formation of a localized threshold switching volume at the
residual conductive filament/electrode interface. The reduction in threshold power
with increasing film thickness suggests the existence of a semiconducting shell around
a filamentary core. A physical model based on the core/shell structure is developed
and the veracity is demonstrated by comparing experimental results with the predic-
tions of a resistor network model and more complex finite element simulations. The
sub-threshold conduction mechanism is subsequently studied as a function of tem-
perature.

Understanding the self-oscillation behaviour of NbO, threshold switching devices
is the focus of Chapter 5. We show that the NbO, based oscillator exhibit low power
operation, large frequency tunable range, high endurance and high temperature
tolerance. The effects of source voltage and load resistance on oscillation frequency
and tunability can be predicted with the Schimdt model and load-line analysis.
Finally, we demonstrate that a finite element model that accounts for threshold
switching behaviour can provide the basis for studying the interdependence between
the switching response and oscillation characteristics.

In Chapter 6, we demonstrate the experimental realisation of compact, scalable
and low power coupled oscillator systems. The coupled oscillators show rich collect-
ive dynamics, from weak to strongly coupling with phase locking and synchronised

frequency. Three distinct coupling regions are identified. We show that the coup-
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ling dynamics and modes can be captured with a physics-based finite element model
with inclusion of circuit parameters.
The thesis is concluded with a summary of the experimental and simulation

results, significance of the findings and discussions on future research directions.



Chapter 2

Background

This chapter begins by introducing the basic concepts of volatile threshold switching
and non-volatile resistive switching in transition metal oxides, conduction mechan-
ism in dielectric thin films, and the basics of metal-insulator transitions. It follows
with a discussion of the switching phenomena in niobium oxides and reviews the

recent progress of electrical self-oscillation in transition metal oxides.

2.1 Volatile threshold switching in transition

metal oxides

Electrical switching in dielectric films has attracted research interest for more
than half a century. The phenomenon can be classified into two types: volatile
threshold switching and non-volatile resistive switching. Both result from a
nonlinear change in electrical conductivity where the material transits from a
high-resistance insulating state to a low-resistance metallic state [48-52]. In
general, the transitions can be triggered by various external stimuli, including
electrical, thermal, magnetic and mechanical excitations [53]. The low resistance
state of volatile threshold switching devices is only sustained while sufficient power
is applied and reverts back to the initial high resistance state when the excita-
tion source is removed. Two terminal devices can be considered a memristor if it

displays either volatile threshold switching or non-volatile resistive switching [54,55].
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Historically, Morin was one of the first researchers to report volatile threshold
switching in polycrystalline and single crystal forms of vanadium and titanium ox-
ide systems [56]. A wider range of binary oxide systems (e.g. NbO,, TaO,, FeO,)
have been subsequently shown to exhibit volatile threshold switching behaviour in
both amorphous and crystalline forms [57-65]. The transition temperature of such
materials ranges from ~70 K to ~1070 K with a change of electrical conductivity
up to seven orders of magnitude. Within these materials, crystalline NbO,, is well
known for a relatively high transition temperature, ~1070 K, with up to three or-
ders magnitude change in electrical conductivity [66-68]. It is worth mentioning
that threshold switching has also been reported in amorphous NbO, (x = 2 to 2.5)

with or without an electroforming process [69].

Despite prolonged experimental and theoretical study, the physical origin of
threshold switching in NbO, thin films remains uncertain. A wide range of meth-
ods have been employed to synthesize crystalline or amorphous NbO,_ that exhibit
threshold switching response, including: sputtering, reactive bias target ion beam
deposition, thermal oxidation and pulsed laser deposition [51,70-72]. The unclear
switching mechanism and its highly non-linear switching response make NbO_ of

great scientific and technological interests.

2.2 Electrical transport properties of thin films

The conduction mechanisms in MIM structures can be broadly classified into in-
terface/electrode dominated and bulk dominated conduction. Electrode-dominated
conduction mechanisms include Schottky emission, Fowler-Nordheim tunnelling
and direct tunnelling, while bulk dominated conduction mechanism include Poole-
Frenkel emission, hopping conduction, ohmic conduction, space-charge-limited con-

duction and ionic conduction.
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2.2.1 Electrode-limited conduction
Schottky emission

Schottky emission is a thermally-activated conduction mechanism in which elec-
trons from the metal electrode can be emitted into the dielectric layer over a Schot-
tky barrier. The schematic energy band diagram of the Schottky emission is shown
in Fig. 2.1. The current density, J, from the Schottky emission in relation to temper-
ature, T', electric field, E,,, and the Schottky barrier height, ¢® g, can be expressed
as the following [73]:

—q® E,. /4
JS:AT2€$p q b+ q oa:/ Wfrfo

(2.1)

where A is the Richardson constant expressed as A = 4mwgk*m*/h3, E is the
electric field across the dielectric layer, T is the temperature. The current density

of the Schottky emission has a dependence on both temperature and electric field.

Schottky emission

qo,

Fowler-Nordheim tunneling

-

Metal Insulator Metal

Figure 2.1: Schematic energy band diagram of Schottky emission and Fowler-
Nordheim tunneling in a metal-insulator-metal structure.
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Fowler-Nordheim tunnelling

Fowler-Nordheim (F-N) tunnelling is a conduction process that occurs in thin oxides,
electric field reduced tunnelling barrier with schematic energy band diagram as
shown in Fig. 2.1. Electrons from the metal electrode tunnel through the potential
triangular barrier to the conduction band of the dielectric subject to the presence
of applied high electric field [74]. The basic expression of F-N tunnelling current

density can be represented as the following [75]:

Jpn = ozEOxQexp<;j—ﬁ) (2.2)

where

7 81/ 2qm*®,°

4= 8mhd, P 3qh

Behaviour of the F-N tunnelling current as a function of voltage can be measured
at low temperature as the field-driven emission will be dominant due to suppression

of the thermally-driven emission.

Direct tunnelling

Direct tunnelling only becomes dominant in ultra-thin dielectric where electrons

directly tunnel through the films [76]. The tunnelling can be approximated as [73]:

(2.3)

81/ 2qgm* Dy, )
B

Jpr ~ exp(—

where the tunnelling current Jpr is dependent on the s value of the dielectric

material, equivalent oxide thickness, ., ¢4, and the tunnelling barrier height, ®,.
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2.2.2 Bulk-limited conduction

Poole-Frenkel emission

Poole-Frenkel (P-F) emission is due to electrons under an electric field emitted from
traps into the conduction band of the dielectric. When an electric field is applied
across the insulator, the field-induced barrier lowering increases the probability of
electron emission as illustrated in Fig. 2.2 [77]. The current density has the form

of [73]:

qq)T -V qum/ﬂ-frfo (24)

JPF = QHNCon(%p - knT
B

where p is the electron mobility, /N, is the density of allowed states in the con-

duction band, ® is the level of trap energy.

Ohmic conduction

Metal Insulator Metal

Figure 2.2: Schematic energy band diagram of Poole-Frenkel emission, nearest-
neighbour (NN) hopping, variable-range (VR) hopping and Ohmic conduction in a
metal-insulator-metal structure.
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Hopping conduction

Hopping conduction occurs when trapped electrons hop from one trap site to an-
other within a dielectric layer. There are two types of hopping mechanisms, including
nearest-neighbour hopping (NNH) [78,79] and variable-range hopping (VRH) [80,81]
as shown in the schematic energy band diagram of Fig. 2.2. In the NNH scheme,
electron hopping occurs between nearest neighbours and the the current density ex-
hibits as Arrhenius-like temperature dependence as shown in Equation (2.5), where
E, is the activation energy. For the VRH conduction, electrons can hop to trap sites
that are further away with lower trap energy. Equation (2.6) shows the temperature

dependence of the current density, where T is the characteristic temperature.

E
J = J - 2.5
NNH 0ETP ( k:BT) ( )
T 1/4
JVRH = Joexp (—%) (26)

Ohmic conduction

Despite the relatively large energy band gap of the dielectrics, a small concentra-
tion of thermally-induced mobile electrons can generate a current that is linearly
proportional to the applied electric field. The schematic energy band diagram of
Ohmic emission is shown in Fig. 2.2. For Ohmic conduction, the current density can

be expressed as:

E,
Jo = quN¢gE,exp [— kBT} (2.7)



§2.2 Electrical transport properties of thin films 15

Space-charge-limited conduction

Space-charge-limited (SCL) conduction occurs when the current is dominated
by electron injection from electrodes [82,83]. At low field, the rate of electron in-
jection is relatively low and the current is largely determined by the intrinsic free
electron density. The low-field current and voltage exhibit an Ohmic relation. With
increasing electric field, the density of mobile carriers injected from the electrode
increases and eventually dominates the conduction. At high field, trap-free current
voltage characteristics may apply as all traps are filled up and injected mobile car-
riers are able to freely move within the dielectric. In the absence of traps and only
considering a single type of carriers, the current density can be described by the
Mott-Gurney relation as shown in Eq. 2.8 [84]:
2
Jscro = guﬁo&% (2.8)
where d is the dielectric film thickness. Eq. 2.9 is the modified form of Eq. 2.8
which includes the case of a single set of traps with energy level below the conduction

band. 0 is the ratio between free and total charge densities.

V2

= (2.9)

9
Jscre = 3 n&oé 0

Tonic conduction

Tonic conduction is due to movement of ions under the influence of an electric
field. The movement arises through field-induced potential barrier lowering and lat-

tice defects. The ionic conduction current density can be expressed as [73]:

200+ — Fad
Ty = Joeap [_u]

2.10
2kgT ( )



16 Background

where Jy is the pre-exponential factor and d is the distance between two adjacent
lattice sites. At low field, the current density has a linear dependence with electric

field and an exponential relation is shown at high field.

2.3 Metal-insulator transition

Metal-insulator transitions (MIT) can arise from electron-ion interaction or electron-
electron interaction. In the first category, the MIT triggered by electron-ion inter-
action comprise the Anderson transition and Peierls transition. The second cat-
egory constitute Mott or Mott-Hubbard transition where the MIT is dominated by
electron-correlation effects.

Anderson transition shows a continuous MIT between metallic and insulating
states induced by disorder. Several decades ago, Anderson reported that electron
localisations can be induced by randomly distributed lattice defects or impurities in
which results in an insulating state [85-87]. The localised electrons lead to the rise
of a mobility edge that has the energy to set apart the localized and non-localised
states [87]. Insulating state generally occurs when the Fermi energy underlies within
a band and its associated mobility edge [87]. The Anderson transition commonly
exists in strongly disordered material systems, such as phosphorus-doped silicon
(Si:P) or selenium-doped germanium (Ge:Se) [87].

Peierls transition or Peierls instability is an electron-phonon (electron-lattice)
induced structural transformation of a material between a periodic crystal lattice and
a distorted phase [88,89]. The symmetry breaking of the original lattice occurs at a
critical transition temperature and is accompanied by the formation of new periodic
potential which changes the electronic band structure. This consequently gives rise
to modifications of material intrinsic properties, such as electrical conductivity and
bandgap. K, ;MoO, and (TaSe,),I are two classical examples of Peierls insulators
[87]. The electrical resistivity of these two materials increases exponentially with

reduced temperature and undergo MIT, accompanied by structural change, at 181
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K for K, ;MoO, and 265 K for (TaSe,),I. The Peierls instability is also believed to
be responsible for the MIT in crystalline NbO, which exhibits an abrupt increase in
electricity conductivity at ~1070 K. More details on the transition mechanisms will
be discussed further.

In addition to the electron-ion interaction (single particle), MIT phenomenon
can also arise from many-body effect that includes the electron-electron interac-
tions. Mott proposed a model to describe the electron correlation effect several
decades ago. In the simplest scenario, a material exhibits insulating behaviour with
a sufficiently large lattice constant where electrons are bound by the nuclei [90,91].
As the spacing between atoms decreases, the electron density increases and screened
Coulomb (Yukawa) potentials appear. With the carrier density higher than a crit-
ical value, the material transits to metallic conduction as bound states no longer
exist for the outer electrons which leads to generation of delocalized electrons for
electrical conduction. The criterion for Mott transition is given by n.'/3/ag o< 0.2,
where n, is the critical carrier density and ag is the Bohr radius [90,91]. The insulat-
ors formed by strong electron correlations are categorized as Mott or Mott-Hubbard
insulators. A classical and well-studied example that exhibits metal-Mott insulator
transition is V,04 [90,92]. The material undergoes a first-order transition from
a low-temperature antiferromagnetic insulating phase to a paramagnetic metallic

phase when the temperature exceeds ~160 K.

2.4 Resistive random access memory in oxides

Consumers’ ever-growing demand for information in electronic devices requires fast
information processing and high-density data storage. This drives continuing im-
provement of computing performance which leads to rapid advancement of memory
technologies. Non-volatile memory (NVM) is one of the most important sub-systems
within computer chips and secondary information storage that is partially respons-

ible for computing speed, reliability and energy consumption.
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Currently, FLASH memory is the most widely-adopted NVM technologies due
to its fast innovation and competitive device scability. FLASH memory consists of
an array of memory cells. The basic operation of each cell involves a floating gate
transistor where the electrically isolated floating gate allows charge to be trapped
or removed. The current FLASH memory devices have been scaled down to ~15
nm in pursuit of lower power consumption, faster program time and higher device
density [93]. Further downscaling will soon approach a bottleneck due to the rise of
a number of significant issues, such as charge leak and voltage stress induced defect
formation. The potential challenges can reduce device reliability, endurance and
impose a physical limit on device density.

Due to the upcoming challenges associated with FLASH memory, several emer-
ging non-volatile memory technologies have been explored and proposed as future
solutions. These candidates include ferroelectric random access memory (FeRAM),
magnetoresistive RAM (MRAM) [94], phase change RAM (PCRAM) [49], and res-
istive RAM (ReRAM) [95].

Among these emerging memory technologies, ReRAM has been shown to be
one of the promising emerging non-volatile memory technologies due to excellent
switching performance, including low energy consumption, fast programming speed,
excellent scalability, long retention time and endurance [95]. ReRAM devices based
on transition metal oxides are based on a simple metal-insulator-metal (MIM) struc-
ture that can be switched between a high resistance state (HRS) and a low resistance
state (LRS). The broad taxonomy of the ReRAM conduction and switching mechan-
isms is highlighted in the recent reviews by Wong et al. [96], Waser et al. [97], Sawa
et al. [98] and Akinaga et al. [99]. Thermochemical memory (TCM) and valence
change memory (VCM) are the two types of ReRAM presented and discussed in
this section. In addition to the practical interest of replacing the current FLASH
memory technology, recent studies have also investigated the emerging application
of ReRAM as artificial synapses for neuromorphic computing [6, 7].

Prior to operation, the binary oxide ReRAM devices are typically in a highly
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insulating state and an electroforming process is required to initiate non-volatile
resistive switching. This is realised by applying a sufficiently high voltage across the
top and bottom electrodes and device resistance will be modified by several orders
of magnitude due to a dielectric soft-breakdown process [99]. During the forming
process, a current compliance is generally applied to prevent the ReRAM devices
from permanent breakdown. A localised conduction filament is created with oxygen
vacancies [100-102]. Device resistance remains in its current state without external
electrical power. The resistance of the device can be changed with applied voltage
in the same or opposite polarity. The transition from LRS to HRS is known as
“RESET” process and the device is in “OFF” state. Conversely, the switching from
HRS to LRS is described as a “SET” operation. The SET and RESET processes

correspond to the formation and rupture of a localised conduction filament.

ReRAM devices can generally be classified into two types of resistive modes, uni-
polar and bipolar [95]. Unipolar switching is independent of voltage polarity which
means that devices can be SET and RESET by applying the same voltage polarity
to control the type of operation [95]. Fig. 2.3(a) shows the typical unipolar switching

[-V characteristics. The underlying switching mechanism in unipolar switching is be-

(a) (b)
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Figure 2.3: Typical current-voltage characteristics of (a) unipolar switching and
(b) bipolar switching.
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lieved to predominantly result from the TCM mechanism. During the SET process,
a metal-rich conductive filament is formed by local oxide reduction [103,104]. For
the RESET process, the conduction filament is partially dissolved due to local Joule-
heating induced thermal oxidation [105]. The typical RESET process in unipolar
switching has an abrupt change in current-voltage characteristic. For the VCM-type
bipolar switching, the SET and RESET operations are dependent on the polarity of
the applied voltage. As shown in Fig. 2.3(b), a device is SET with a positive bias,
but can only be RESET by applying a negative bias. The SET process involves form-
ation of an oxygen-deficient filamentary conduction path where a valence change of
cation sublattice occurs. For the RESET process, an opposite electric field is re-
quired to assist the migration of oxygen ions and vacancies and a gap is opened
within the conductive filament [106].

The type of switching mode in ReRAM devices can be determined by several
factors, including nature of the binary oxide systems, fabrication process, active
or inert electrode materials, and operating voltage and current. In the subsequent
section, a general overview of non-volatile resistive switching in the niobium-oxygen

systems will be discussed.

2.5 Switching phenomena in niobium oxides

2.5.1 Niobium-oxygen system

The properties of the niobium-oxygen (Nb-O) system have been extensively stud-
ied since the 1940s. There are three main stable niobium oxides: niobium monox-
ide (NbO) [107-111], niobium dioxide (NbO,) [112-117] and niobium pentoxide
(NbyOy) [118-121]. Fig. 2.4 shows the phase diagram for the Nb-O system proposed
by Elliot. A range of metastable NbO, (0<x<1 and 2<x<2.5) have also been re-
ported by a number of independent studies [122-128]. An overview of the stable

oxides and pure niobium metal characteristics with technological implications are
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presented in the subsequent sections.
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Figure 2.4: Phase diagram of Niobium-Oxygen system [129].

Niobium is one of the group 5 elements in the periodic table, along with vana-
dium and tantalum. Pure niobium metal has a body-centred cubic crystal structure
and a density of ~8.57 g/cm?® [130]. Niobium is highly conductive with electrical
conductivity reported between 2.5x10° and 5.9x 107 S/m [131,132] and a relatively
high thermal conductivity of ~52 W m~t K~! [131]. With exposure to oxygen, a
niobium oxide layer is inevitably formed due to the high affinity and binding en-

ergy for oxygen [126,133,134]. Niobium has been used in numerous technological



22 Background

areas, including as an element to optimise the steel properties, a wear and corrosion
resistance coating layer and niobium based superconducting applications.

Stable niobium monoxide (NbO) has a defective rocksalt structure which contains
up to a quarter of ordered vacancies on both niobium and oxygen sublattices [109,
110,122]. Despite a decrease in electron density, NbO presents highly conductive
metallic behaviour with reported electrical conductivity of ~4.8x10% S/m at room
temperature [135]. Stoichiometric NbO exhibits superconducting characteristics at
~1.4 K [135]. Apart from being used as superconductor, NbO has been used as a
gate electrode in n-channel metal-oxide-semiconductor field-effect transistor [136].

Niobium dioxide (NbO,) is an n-type semiconducting material that can exist in
the form of either an amorphous or crystalline structure [137-139]. Single crystal
NbO, has a density of ~5.9 g/cm? [68,140] with a deformed tetragonal rutile lattice
at room temperature and a band gap ~0.5 eV [141]. At room temperature, the
electrical conductivity has a range between 1.25x10° and 5x10° S/m [142]. The
unit cell consists of edge-sharing pairs of distorted octahedral NbOg that are cross-
linked by corner-sharing. Stoichiometric crystalline NbO,, exhibits a metal-insulator
transition at approximately 1070 K with an abrupt change in electrical conduct-
ivity [68,115]. The MIT mechanism is generally understood as the Mott-Peierls
transitions where a concurrent change of crystal structure occurs from a distorted
rutile structure to a regular rutile structure. NbO, has been of great interest in
current and emerging technologies, including voltage-controlled oscillators, optical
modulation and neuromorphic computing applications [18, 143, 144].

Stoichiometric niobium pentoxide (Nb,O;) is generally considered to be an in-
sulating oxide, and exists in amorphous and numerous crystalline forms. Nb,Oj is
the most thermodynamically stable oxide within the Nb-O system due to the largest
negative Gibbs free energy of formation [145]. Nb,Os is optically transparent due to
its large band gap, between 3.3 eV and 3.9 eV [146-148], and has a reported dens-
ity ~4.5 g/cm® [140]. The polymorphism of NbyO; results from collective effects,

including synthesis methods, annealing temperature and sample substrate. Approx-
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imately 15 Nb,O; polymorphs have been reported. Four frequently observed forms
of crystal phases are identified as tetragonal (M-Nb,O;), monoclinic (H-Nb,Oy), or-
thorhombic (T-Nb,O;) and pseudohexagonal (TT-Nb,O;) [118-121,149,150]. Each
crystalline phase can be obtained at different temperatures from amorphous Nb,O5.
At temperature of approximately 500 °C, the amorphous phase crystallizes into T'T
or T phases. As temperature increases to ~800 °C, Nb,O; transforms into the M
phase, and for temperatures above 1000 °C, it stabilizes into the H phase. The
H-Nb,O; structure is composed of a chain of blocks where each block consists of
4x3 or 5x3 groups of corner-linked NbOg4 octahedron. The medium temperature
M phase incorporates 4x4 groups of NbO; octahedron within each block. The low
temperature TT and T phase comprises corner or edge-sharing NbOy and NbO,
polyhedra in each lattice. The physical properties of Nb,O; are strongly affected by
the precise stoichiometry and structure, with the electrical conductivity of Nb,O,
varying over 7 orders of magnitude from 1073 to 107® S/m, with small deviations
in stoichiometry [151-155]. Nb,Oy is of technological interest as a memristor, sensor

and MIM capacitor [156-158].

2.5.2 Non-volatile resistive switching in NbO,

Within the Nb-O system, the non-volatile switching in Nb,Oj is the most well stud-
ied and exploited due to its high thermodynamic stability and commonly observed
memory switching effect. The other two stable forms of oxides, NbO and NbO,
are dominated by their metallic conduction and volatile threshold switching char-
acteristics. Memory effect of Nb,O, was discovered in the 1960s and subsequent
studies have investigated the switching characteristics and the underlying switching
mechanisms [159-162]. Both unipolar switching and bipolar switching have been ob-
served in Nb,O, based MIM devices. Bipolar resistive switching is generally achieved
when an oxygen gradient occurs within the device stacks. This requires at least one

reactive metal at the top or bottom electrode to reduce oxygen concentration at
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the metal-oxide interface by forming a sub-stoichiometric oxide layer [163,164]. The
oxygen deficiency at the interface enriches defect concentration. The inhomogeneous
oxygen concentration throughout the oxide layer enhances the device switching to be
dominated by electric field dependent mechanism. Unipolar switching is commonly

realised with inert top and bottom electrodes [163-166].

2.5.3 Volatile threshold switching in NbO,

Thermal and electric field induced threshold switching have been observed in
NbO, and nonstoichiometric NbO, phases. The highly nonlinear change of elec-
trical conductivity was first observed in the 1960s by Geppert [167]. NbO, exhib-
its a thermally-induced threshold switching at ~1070 K which is associated with
a spontaneous structural transformation from a low-temperature distorted rutile
structure (space group 14;/a) to a rutile structure with a body-centered tetragonal
lattice (space group P4,/mnm) at high-temperature [66,67, 137-139,168] as shown
in Fig. 2.5. The transition has been reported for electrical stimulation and thermal
excitation, with up to three orders of magnitude change in electrical conductivity
and sub-nanosecond switch time [37,114]. With electrical stimulation, the trans-
ition occurs when the input power exceeds a certain threshold point. While the
precise underlying mechanism remains uncertain, there is growing consensus that
the abrupt transition in crystalline NbO, results from Mott-Peierls transition type
where dimerization occurs between pairs of niobium atoms during the structural
change [67,168].

Threshold switching has also been observed in amorphous NbO, thin films with
a MIM device structure from micro- to nano-scale. An electroforming step is gen-
erally required for pristine thin films in order to initiate the nonlinear response.
However, reports on necessity of a soft-breakdown process is mixed with depend-
ence on stoichiometry and thickness of the oxide layer [69,170]. Several filamentary

based switching models have been studied and these can be categorised into two
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@ (b)

Figure 2.5: (a) Unit cell of NbO,, at the low-temperature distorted rutile structure.
(b) Unit cell of NbO, at the high-temperature rutile structure. [169].

main mechanisms. The first model was proposed by Pickett et al. based on localised
Joule heating induced filamentary phase transformation [37]. In this interpretation,
an electroforming process is required to form a cylindrical NbO, volume. As cur-
rent flows through this volume, an inner metallic core is formed when the internal
temperature is Joule heated above the MIT (~1070 K) transition temperature [37].
The metallic core is then surrounded by a cooler NbO,, insulating channel. As higher
current flows through the metallic filament, more heat will be generated for the ex-

pansion of the filament so as to reduce the overall device resistance.

The Poole-Frenkel assisted thermal runaway process with a combination of self-
heating and exponential temperature and electric field dependence was recently
proposed as an alternative switching mechanism [69, 171-173]. At low electric
fields, Joule heating is relatively low. With further increases in field, the device
current increases exponentially and is associated with a reduction in device resist-
ance and a significant increase in the filament temperature due to a Joule-heating
induced thermal runaway. The PF dominated threshold switching occurs in the
range between 400 K and 450 K which is substantially below the 1070 K MIT
transition temperature and the minimum crystallization temperature of niobium ox-
ides [69,170,172]. The reported transition ON/OFF ratio is smaller than observed

in single crystal and polycrystalline NbO, samples [115]. The difference can be at-
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tributed to various factors, including quality of as-deposited material and deviations

from stoichiometry.

2.6 Electrical self-oscillation in transition metal

oxides

2.6.1 Single oscillator

Electrical self-sustained oscillations have been observed in a broad range of trans-
ition metal oxides that exhibit S-type current-controlled negative differential resist-
ance (CC-NDR), including VO,, NbO,, TaO, and TiO, [58,144,174-176]. Under
particular electrical excitation, two terminal metal-insulator-metal (MIM) device
structures based on such materials are capable of sustaining self-oscillation between
their bistable resistance states with a passive element (e.g. a load resistor). The
properties of these CC-NDR driven oscillators make them suitable for applica-
tions such as voltage-controlled oscillators, electronic switches, neuristors, and os-
cillator neurons [18,177-180]. Among these oxides, vanadium dioxide (VO,) is one
of the most well studied materials for the CC-NDR element in relaxation oscillat-
ors [174,175,178,181] and has been shown to operate at frequencies in the range
from 1 kHz to 9 MHz [174, 175, 178, 181-183]. However, its relatively low trans-
ition temperature (~340 K) precludes its use in many microelectronics applications,
where the expectation is that devices will operate at temperatures approaching 400
K. Recent interest has focussed on other oxides with higher operating temperatures,
including NbO, and TaO,. TaO, has been reported with higher operating frequen-
cies and tunable range, but it requires integration with a pMOS transistor which
limits the oscillator scalability [176].

Self-oscillations were first demonstrated in bulk niobium oxide based two ter-
minal devices by Geppert in 1963 [167]. Subsequent follow-up studies by Lalevic
and Chopra reported stable and periodic oscillations up to ~600 kHz in polycrys-
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talline and single-crystal NbO, thin films. However, the oscillators presented in the
earlier studies required high operating voltage and current. Although recent studies
by Pickett et al. [37] have been able to show significant reduction in device operating
power and increase in oscillation frequency with downscale in device area, it still
requires more systemic and in-depth study on understanding the general oscillation
characteristics and exploring the suitability of NbO, threshold switching devices
as self-sustained oscillators. The oscillator circuit set-up used in this study will be

discussed with details in the subsequent chapters.

2.6.2 Coupled oscillators

Coupled oscillator networks stimulate the advancement of understanding the com-
putational capability of the nervous system and developing biologically inspired
solid-state coupled oscillator arrays for applications in non-Boolean computing
[33,34]. Coupled systems based on CC-NDR driven oscillators in transition metal
oxides have attracted recent research interest as an emerging technology to re-
place CMOS integrated oscillatory networks due to its compact network structures,
flexible device scalability and low power consumption [18,46]. The earlier work in
coupled oscillators have mainly focused on theoretical understanding [34, 184]. Re-
cent studies have experimentally investigated the coupling dynamics and demon-
strated the potential of CC-NDR devices in VO, for use as coupled oscillators
[46, 185, 186]. However, experimental study on coupling dynamics of NbO, based
CC-NDR driven oscillators have received far less attention despite its low power
operation, broad frequency tunability, higher operating frequency and tolerance to
higher operating temperature [144,187]. The experimental realisation of such com-
pact, scalable and low power coupled-oscillator systems is of particular significance
for development and implementation of large oscillatory network for neuromorphic

computing applications.
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Chapter 3

Experimental and Modelling
Methods

This chapter presents a brief overview of the device fabrication procedures, char-
acterisation techniques and numerical modelling methods which were used for the
studies in the subsequent chapters. The studied thin films were prepared by using
DC and RF sputtering. The methods of Rutherford back scattering (RBS), trans-
mission electron microscopy (TEM), X-ray diffraction (XRD), and atomic force mi-
croscopy (AFM) were deployed to analyse the stoichiometry, thickness, crystallinity
and roughness of the materials. The electrical response and underlying switching
mechanisms were characterised using a semiconductor device analyser and detailed

numerical modelling.

3.1 Device fabrication

3.1.1 Microscale device structure

Microscale devices (15 to 200 pum in diameter) used in this research were fabric-
ated by successive layer deposition that consisted of metal-insulator-metal (MIM)
capacitor structures. A thin insulating layer was firstly prepared on a Si substrate
by either thermal oxidation (SiO,) or plasma-enhanced chemical vapour deposition
(PECVD) of SiyN, as shown in Fig. 3.1(a). Prior to the deposition of bottom elec-
trode, a Ti wetting layer was required in certain device structures to provide good

adhesion between the electrode and the insulating layer. In the case of metals de-
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(a) (b)
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Figure 3.1: Schematics of micro-scale device fabrication procedures: (a) thermal
oxidation or deposition of Si;N, insulating layer (b) subsequent deposition of adhe-
sion layer and bottom electrode (¢) NbO, thin films by sputtering deposition and
(d) deposition of top electrode (TE) deposited with shadow mask.

posited onto SizN,, sufficient adhesion was obtained by using in-situ cleaning with
Ar-ion bombardment in the electron beam evaporation system. The bottom elec-
trode was subsequently deposited by electron beam evaporation as bottom elec-
trode, as illustrated in Fig. 3.1(b). NbO, films were then sputtered onto the bot-
tom electrode with part of the area masked for bottom electrode access as shown
in Fig. 3.1(c). Fig. 3.1(d) shows that the devices were completed by depositing the

circular top electrode through a shadow mask by electron-beam evaporation.

3.1.2 Nanoscale device structure

Nanoscale MIM devices were fabricated with nanovia bottom electrode as shown
in Fig. 3.2. The TiN bottom electrode was sputtered onto thermally oxidized wafers
with oxide thickness of 500 nm (supplied by Hionix). An insulating layer of 65 nm
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Figure 3.2: Schematic illustration of fabrication process for nanovia devices.

SizN, was then sputter deposited on TiN with an area masked for bottom electrode
access (Step 1). Patterns of nanovia holes with a diameter of 400 nm were defined
in photoresist by electron-beam (e-beam) lithography and etched through the Si;N,
layer by reactive ion etching to the TiN bottom electrode layer (Step 2). Radio
frequency sputtered TiN was subsequently deposited and the TiN nanovia bottom
electrodes were completed after the lift-off process (Step 3).

Top electrode patterns were directly written onto the the Si;N, and TiN nanovia
layer with e-beam lithography (Step 4). 50 nm thick films of NbO, oxide were
deposited onto the developed top-electrode patterns by reactive sputter deposition
with a metallic Nb source and an Ar/O, gas mixture in the ratio of 17.5/2.5. A 50
nm Pt layer was then deposited on the oxide (Step 5). The nanovia devices were
completed after the photoresist and the undesired NbO, and Pt were removed in
acetone at 60 °C (Step 6). Fig. 3.3(a) shows a top viewed SEM image for a block of 6
nanovia devices. A zoom-in view of top electrode and nanovia hole for an individual

device is shown in Fig. 3.3(b).
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(b)

Figure 3.3: (a) Top-view SEM image of representative NbO, devices. (b) Zoom-in
SEM image of top electrode area for a single nanovia device.

3.2 Thin film synthesis and characterisations

3.2.1 Sputter deposition

The sputtering system used in this research was a commercial deposition system,
AJA ATC 2400 UHV. NbO, thin-film layer was prepared by using reactive sputtering
with a Nb metal target (99.99% purity) and a DC power source. The deposition was
performed at room temperature with processing pressure sustained at 4 mTorr and
constant sputtering power of 150 W. The stoichiometry was controlled by the ratio
of argon to oxygen between 18/2 and 17.5/2.5 with total flow rate at 20 standard
cubic centimeters per minute. Stoichiometric Nb,Oy thin films were deposited at
room temperature by radio frequency sputtering with Nb, O target (99.993% purity)

under Ar gas flow.
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3.2.2 Electron beam deposition

The top and bottom electrode metals (Pt, Nb and Ti) were deposited using electron-
beam physical evaporation, Temescal BJD-2000. During the deposition process, a
concentrated electron beam, generated from the electron gun, is directed towards the
targeted material. The desired material is struck and vaporised by the beam with a
base pressure of mid 107% Torr and working pressure of ~10~> Torr. The depositions

were performed with a substrate temperature between 296.15 and 333.15 K.

3.2.3 Stoichiometry analysis

The composition of the NbO, thin films were determined by Rutherford backscatter-
ing spectrometry (RBS) which is a widely adopted technique. The thin films with a
typical thickness between (100 to 200 nm) were prepared on a carbon substrate and
bombarded with high-energy (2 MeV) helium ions. A profile of energy versus yield
of the backscattered ions at a given angle was recorded for each element contained
in the sample. The stoichiometry was confirmed by simulating and fitting the RBS
spectra in RUMP software [188].

3.2.4 Electrical measurement

Electrical characterisation of the NbO, devices was performed using a Keysight
B1500A Semiconductor Device Parameter Analyzer and Measurement Modules. The
standard Source Monitor Unit (SMU) supports voltage-controlled and current-
controlled sweeps and quasi-static capacitance-voltage measurements. Pulse/dy-
namic measurements were conducted with an embedded waveform generator/fast
measurement unit (WGFMU). The electrical and temperature dependent measure-
ments were performed in conjunction with a Signatone s-1060 thermal probing sys-

tem with heated sample stage.
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3.2.5 Surface morphology

The roughness of the NbO_ thin films was measured by using atomic force micro-
scopy (AFM). The scans were taken over 1x1 pum? area at 1 Hz in tapping mode
and the thickness of the thin-film samples was between 20 and 60 nm. In the tapping
mode, the oscillating cantilever probe tip only touches the sample surface lightly to
minimise the effect of lateral forces and drags on the surface. Morphology was im-
aged with a Bruker Multimode VIII AFM and the Gwyddion modular program was

used to analyse the measurements and calculate the root-mean-squared roughness.

3.2.6 Crystallinity of thin films

The crystalline structures of the as-deposited and thermally-annealed samples were
examined using grazing incident X-ray diffraction (GIXRD) with conventional 6/26
scanning methods. The NbO, thin films were deposited on a Pt/Si;N,/Si sub-
strate. The X-ray (CuKa radition = 1.545 A) strikes at the sample with a fixed
grazing angle of 0.6 °C to avoid intense signal from the substrate. The measurements
were carried out in a Hi-Resolution PANalytical X' Pert PRO MRD system. The
X'Pert HighScore software was used to analyse the measured spectra and compare

them with the known material crystalline phases.

3.3 Numerical modelling

Finite element simulations of the threshold switching behaviour in NbO, devices
were performed using the COMSOL Multiphysics software package by coupling elec-
tric current and heat transfer in the solids physics modules. DC switching charac-
teristics were calculated by assuming an increasing voltage/current sweep for the
nonlinear change in electrical conductivity from high-resistance insulating state to
low-resistance metallic state. The two dimensional (2D) axisymmetric model was

further coupled with the electrical circuit module included with the DC supply,



§3.3 Numerical modelling 35

load resistor, and capacitor to model the self-oscillation characteristics and coupling
dynamics in NbO, devices.

A threshold switching model based on a thermally-driven and filamentary
insulator-to-metal phase transition in NbO, was first established by Pickett and
Willams in 2012 [37]. The analytical model assumes a NbO, volume is formed after
the initial electroforming process. A metallic core with high conductivity is formed
once a fraction of the NbO, volume is Joule-heated above the MIT transition temper-
ature of ~1070 K which lead to an abrupt reduction in device resistance. Although
the analytical simulation in SPICE shows good agreement with the general non-
linear behaviour of the experimental data, it is unable to adequately describe the
threshold switching characteristics of our measurements. Therefore, a finite element
model based the thermally-driven MIT was developed to address these limitations.

Recently, an alternative conduction mechanism based on the bulk-limited Poole-
Frenkel (P-F) emission with a combination of exponential electric field and tem-
perature dependence has been proposed to explain the threshold switching effect in
NbO,, [69,172,173]. The threshold switching response is attributed to a localised
thermal runaway process which is associated with a significant increase in filament
current and temperature. There is growing concensus that P-F conduction can ac-
count for the switching behaviour, but the recent direct-temperature mapping study
has demonstrated the switching process is more complicated. The existence of two
distinct negative differential resistance regions was observed with one attributed to
a P-F conduction (~400 K) and the other to a Mott MIT (~1000 K) [170]. The
findings suggest that while both mechanisms can result in threshold switching, the
P-F conduction with transition temperature ~400 K is of primary interest for low-
temperature threshold switching. A P-F type numerical model based on the finite

element method was also explored.
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Chapter 4

Physical and Electrical
Characterisations of NbOyx Thin

Films

4.1 Introduction

This chapter reports the physical properties of NbO, thin films and illustrate the
range of electrical behaviour of interest in this thesis. NbO, samples were charac-
terised using atomic force microscopy (AFM) and grazing incident X-ray diffraction
(GIXRD) was deployed to characterise the physical structures with increasing an-
nealing temperature. The structures and materials of the devices were confirmed
with transmission electron microscopy (TEM). Diverse switching responses, includ-
ing unipolar switching, bipolar switching, self-assembled selector-memory switching,
S-type and snap-back current-controlled negative differential resistance (CC-NDR)

were observed.

4.2 Experimental details

Two types of NbO, thin films were prepared in this study. The first set was fabricated
by dc reactive sputtering from a Nb metallic target at room temperature with fixed
argon-to-oxygen gas mixture in the ratio range between 19/1 (5 % O,) and 17.5/2.5

(12.5 % O,). The total gas flow was maintained at 20 sccm and the deposition was

37
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performed with a constant DC power of 150 W and a working chamber pressure of 4
mTorr. The second set was deposited using RF magnetron sputtering from a Nb,O;
target with 20 sccem Ar gas flow and rf power of 300 W. Different substrate and device
structures were fabricated for testing purposes and the specific fabrication details
are described in each Section. All depositions were performed with the substrate at

room temperature.

4.3 Microstructure analysis
4.3.1 Surface morphology

(a) (b)

(d)

Figure 4.1: 3D AFM topography maps of (a) 20 nm (b) 30 nm (c) 40 nm (d) 50
nm as-deposited NbO, thin films on TiN/SiO,/Si substrate.

Surface roughness is an important parameter in device fabrication and can have
a direct impact on the oxide breakdown and switching characteristics [189]. The

surface topography of DC reactive sputtered (Ar/0,:17.5/2.5) NbO, thin films on



(a)
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TiN/Si substrate was characterised using an atomic force microscopy (AFM). The
AFM topography scans were performed as a function of oxide thickness over 1 pum?
selected areas in different locations. The quantitative analysis of the oxide surface
topography is illustrated in Fig. 4.1 from the thinnest 20 nm layer (Fig. 4.1(a))
to the thickest 50 nm (Fig. 4.1(d)). It is observed that the oxide becomes rougher
with increasing film thickness. The dependence between the roughness and the oxide
thickness of NbO, films is confirmed and more clearly illustrated in Fig. 4.2(a). The
plot shows the root mean square (RMS) roughness as a function of NbO, thin-film
thickness and benchmarked with the TiN bottom electrode RMS roughness. The
NbO, film is observed to undergo a 40% increase from 0.75 nm (20 nm thickness)
to 1.05 nm (50 nm thickness) in RMS roughness. In comparison, the TiN bottom
electrode was measured to have a mean RMS roughness of 0.68 nm. The measured
peak height distribution of the NbO, film surface is shown in Fig. 4.2(b). The peak
height is calculated between the lowest and the highest points on the surface. The
results show that the peak height distribution is broadened with the increasing film

thickness.
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Figure 4.2: (a) RMS roughness of the TiN bottom electrode and NbO, thin films
as a function of thickness. The error bars represent the standard deviation from
scans of 3 different locations for each film thickness. (b) Peak height distribution
for each film thickness.
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4.3.2 X-ray diffraction

The structural analysis and thermal stability of the sub-stoichiometric NbO, and
stoichiometric Nb,O, thin films at different annealing temperature was investigated
by using a grazing incidence X-ray diffraction (GIXRD) as shown in Fig. 4.3. The DC
reactive sputtered (Ar/0,:18/2) NbO, and RF sputtered Nb,O; films were deposited
on a (100) oriented silicon substrates at room temperature. Samples were subjected
to a rapid thermal anneal at a temperature from 300 °C to 600 °C for 5 minutes under
500 scem Ar gas flow. For the as-deposited films, the films exhibit a broad peak. The
absence of diffraction peaks from the samples confirms the amorphous nature of the
films. After thermal anneal at 300 °C, 400 °C and 500 °C, the NbO, films remained
amorphous as no distinct diffraction peaks were noted. Crystallisation in the NbO,
and Nb,O; films was observed at 600 °C with diffraction peaks corresponding to the
formation of pseudohexagonal TT-Nb,O;. A weak diffraction peak is observed in the
GIXRD patterns of the Nb,O; films as shown in Fig. 4.3(b). This peak corresponds
to the Si (100) phase from the substrate due to the thinner Nb,O; films.
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Figure 4.3: (a) GIXRD patterns of the DC reactively sputtered NbO, thin films
as a function of temperature. (b) GIXRD patterns of the RF sputtered Nb,O; thin
films as a function of temperature.
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4.3.3 Stoichiometry analysis

Rutherford backscattering spectrometry (RBS) measurements were performed by 2
MeV He™ ions for the NbO, thin film samples deposited on carbon substrates. Two
types of samples were prepared for the stoichiometric measurements. The first set
were grown by DC reactive sputtering from a Nb metallic target with O, flow ratio
varied between 6.25 % and 12.5 %. The second series used RF sputtering from a
stoichiometric Nb,O, target. Films were deposited onto carbon substrates which
enables direct analysis of O and Nb ratios. The backscattered ions were detected at

a scattering angle of 165 © in high vacuum with a base pressure of 2x10~7 Torr.

Fig. 4.4 displays the representative measured (black) and simulated (red) RBS
spectra for NbO, films DC reactively sputtered at different argon-oxygen ratios. The
front edges of the oxygen and niobium peaks are marked with blue arrows. The sim-
ulated curves in the RUMP software shows good agreement with the experimental
results. The NbO, composition (O/Nb) is plotted as a function of the oxygen con-
tent as shown in Fig. 4.5. An increase in oxygen content from 6.25 % to 12.5 %

leads to a rise in O/Nb ratio from 2.05+0.02 to 2.8740.03. The results show that
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Figure 4.4: Representative RBS spectra obtained from the DC reactively sputtered
NbO, thin film samples with different oxygen content: (a) 6.25 % (b) 12.5 %.
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Figure 4.5: Niobium to oxygen ratio as a function of oxygen content.

the NbO, stoichiometry is very sensitive to the available oxygen during the depos-
ition process and has an exponential dependence to the oxygen content within the
examined percentage. The RF sputtered NbO, sample was analysed and obtained

with O/Nb ratio of 2.5440.02 which is near-stoichiometric composition to Nb,Os.

4.3.4 Transmission electron microscopy

Three devices structures, including Pt/Ti/NbO,/Pt, Pt/NbO,/TiN, and
Pt/Nb,O/Nb/Pt, employed in this study for TEM cross section characterisation
to confirm the device layers and physical structure of the oxide.

Fig. 4.6(a) shows a Pt/Ti/NbO, /Pt structure fabricated on plasma-enhanced
chemical vapour deposited (PECVD) Si;N,. The thickness of the NbO, thin films
were confirmed in TEM to be ~75 nm and deposited by reactive dc magnetron
sputtering from a Nb metallic target with stoichiometry controlled by the ratio of
argon to oxygen (18/2 sccm). The 50 nm Pt bottom electrode (Pt) and Ti (~10

nm)/Pt (50 nm) top electrode were prepared by electron-beam (e-beam) evapor-
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Sio,

Figure 4.6: Representative bright-field TEM images of NbO, device cross sections
with different test structures (a) Device with Pt/Ti/NbO, /Pt structures on Si/SizN,
substrate. (b) TEM bright field image of Pt/NbO_/TiN device structures on Si/SiO,
substrate. (c¢) Cross sectional TEM bright field image of Pt/Nb,O;/Nb/Pt structures
with a Ti adhesion layer on Si/Si;N, substrate. (d) Electron diffraction of NbO, thin
films within the device structures.
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ator. The fabricated devices were subject to a rapid thermal annealing at 300 °C for
5 min before electrical measurements were performed and the annealed NbO, films
confirmed to be amorphous by XRD in Section 4.3.2.

The TEM image of Fig. 4.6(b) was taken from a cross section of a Pt/NbO, /TiN
device structure on thermally oxidized Si wafer. The DC reactive sputtered NbO,
layer (Ar/0,:17.5/2.5) has stoichiometry near Nb,O;, with sputtered TiN (50 nm)
bottom electrode and e-beam deposited Pt (50 nm) top electrode. The NbO, layer
was confirmed to be amorphous by selected area diffraction as shown in Fig. 4.6(d).

Devices with a multi-stack structure of Pt/Nb,O;/Nb/Pt were fabricated on
thermally oxidized Si wafer with a 10 nm Ti wetting layer as shown in Fig. 4.6(c). The
Nb,O; thin films were rf sputtered from a stoichiometric Nb,O; oxide target un-
der 20 sccm Ar gas flow. A Si;N, encapsulation layer was deposited on the room-
temperature-fabricated devices at 300°C for 2 min in a vacuum chamber to enhance
layer contacts and minimise the effect of the ambient environment. In the post-
annealed devices, an additional NbO, layer with 5 nm thickness was observed at the

Nb,O;/Nb interface. The initial Nb layer was reduced from 10 nm to 5 nm.

4.4 Switching behaviour in NbO,

This section provides an overview of the switching behaviour observed in NbO,
based metal-insulator-metal (MIM) devices. All devices were subjected to an elec-
troforming process before operation. The switching responses can be generally clas-
sified into six switching modes: unipolar resistive switching, bipolar resistive switch-
ing, threshold switching, self-assembled threshold-memory switching, co-existence of
threshold and memory switching, and co-existence of S-type smooth and abrupt box-
like NDRs in various device structures.

Unipolar switching is generally observed in NbO, devices with inert top and
bottom electrodes as used in the present study. In this case, the unipolar switch-

ing devices employed a Pt/NbO, /Pt device structure. The 30 nm NbO, layer was



—~
Q
N

§4.4 Switching behaviour in NbOy 45

(b)

Current (mA)

of . 4r T
—~ 3 B T
5t - <
E 2} ]
10+ - -—
5 -
15+ . g 0
(@)
20} | -1 4
2t J
_25 1 1 1 1 1 1 1 1 1 Il
-30 25 20 15 1.0 -05 0.0 -1 0 1
Voltage (V) Voltage (V)

Figure 4.7: (a) I-V characteristics of unipolar switching in Pt/NbO, /Pt device
structures. (b) I-V characteristics of bipolar switching in Pt/Nb/NbO, /Pt device
structures.

dc reactively sputtered with Ar/O, gas ratio of 18/2. The typical switching be-
haviour is illustrated in Fig. 4.7(a) where the SET and RESET operations were
performed independent of voltage polarity. The thermal-dominated mechanism in
unipolar switching requires a larger SET voltage in comparison to RESET opera-
tion. However, a higher RESET current is needed to abruptly dissolve the conduction

filament.

Fig. 4.7(b) shows typical bipolar switching characteristics with Pt/Nb/NbO,_ /Pt
device stacks. The NbO, films were prepared by RF sputtering of a Nb,O; target
and have a thickness of 20 nm. As discussed in Section 2.5.2; bipolar switching in
NbO, can be achieved by introducing a reactive metal to create inhomogeneous
oxygen concentration within the device stacks. A 10 nm Nb reactive top electrode
was deposited in this case to form an oxygen exchange layer. During operation, the
device was SET into the low resistance state with a negative bias and can only
be RESET back to the high resistance state in the positive polarity. The polarity
dependent resistive switching behaviour is attributed to an electric field driven ion

migration.
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Figure 4.8: (a) Threshold switching -characteristics in Pt/Ti/NbO, /Pt
device structures. (b) Self-assembled threshold-memory switching behaviour in

Pt/NbO, /TiN devices.

Volatile symmetric threshold switching was observed without any memory effect
in devices with a Pt/Ti/NbO, /Pt structure as shown in Fig. 4.8(a). In this case,
the amorphous NbO, layer was deposited by reactive sputtering of metallic Nb in
gas mixture of Ar/0,:18/2. Threshold switching was initiated by a forming process
that consisted of scanning the voltage on the top electrode from 0 to -8 V with 20
mA compliance current. After the forming process, reproducible threshold switching
behaviour was observed during DC voltage scans in the range -2 V to +2 V. The
resistance of the device is observed to switch from a high resistance state to a low
resistance state above the critical threshold point (P, ). Based on the Arrhenius
plot of the device resistance in Fig. 5.15(b), the high and low resistance states
are referred as insulating and metallic states for the context of the studies in the
remaining thesis. When the voltage is subsequently reduced below the hold point
(Py), the resistance of the device reverts back to the high resistance state. The
device showed stable switching and good reliability over the course of 500 switching

cycles.

A self-assembled threshold-memory switching response, which is a series combin-
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ation of the threshold switching and memory elements, was found in Pt/NbO, /TiN
devices as shown in Fig. 4.8(b). In this case, the NbO, thin films were DC reactive
sputtered with the argon to oxygen gas ratio of 17.5/2.5. During the initial RESET
process after forming, the devices self-assemble into a hybrid threshold-memory
structure. For the voltage sweep in the negative polarity, as the applied bias in-
creases to reach V,, the threshold switching element switches from the insulating
state to the metallic state and the memory element simultaneously SET into a low
resistance state. As the voltage is reduced to V,, the threshold switching element
reverts back to its insulating state, but the memory element remains in the low res-
istance state. In order to RESET the memory element, a subsequent voltage sweep in
the positive polarity is needed. Once the voltage arrives at V, the threshold switch
transits to a metallic state. As the voltage is further increased to V,, the memory
element RESETSs back to a high resistance state while the threshold switch remains
in the metallic state. Such devices also exhibit stable symmetric threshold switching
when the memory element is in low resistance state. This is achieved by preventing

the memory from being RESET back to a high resistance state. In this case, the
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Figure 4.9: (a) I-V charactersitics of the hybrid threshold-memory structure with
RESET and SET tuning. (b) Co-existence of unipolar and threshold switching in
Pt/NbO, /Pt devices.
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resistance state of the memory component can be tuned by using different RESET
voltages as illustrated in Fig. 4.9(a). With larger reset voltages, the gap between the
memory filament and the TiN electrode increases. This is reflected in a higher SET
voltage immediately following the RESET. The threshold voltage stablises at £1.0
V after limiting the RESET current to < 1.2 mA.

Fig. 4.9(b) shows a case where both threshold and memory switching beha-
viour that co-exists within a single device. The devices has the same structure
(Pt/NbO, /Pt) as described for the unipolar resistive switching, and was initially
SET into a low resistance state (blue coloured) under a voltage controlled sweep. The
device can be RESET back to a high resistance with a higher operating current in
a lower voltage (red coloured). However, if the voltage scan was further increased
after the RESET process, a volatile threshold switching cycle was observed where
the device experiences an abrupt reduction in resistance the applied voltage ex-
ceeds the threshold point (P, ). Once the applied voltage is reduced below the hold
point (Py), the devices revert back to a high resistance state. After the RESET and
threshold switching cycle, the devices still remain in the high resistance state. This
co-existence of unipolar and threshold switching can be repeated for several cycles
and hasn’t been reported elsewhere in the literature. The anatomy of the filament
and the underlying mechanism are not still clear. Further experimental character-
isations will be needed to further understand the physical origin responsible for this
switching behaviour.

Threshold switching devices exhibit negative differential resistance (NDR) under
current-controlled sweeps. The NDRs can be classified into two types: S-type smooth
NDR and abrupt box-like NDRs. Fig. 4.10(a) shows typical S-type behaviour: the
device shows a reduction in voltage once the device current exceeds the threshold
point, P, . The reduction in device voltage saturates at the hold point, Py and for
higher currents the device resistance remains in the metallic resistance state. S-type
NDR is commonly observed in NbO, devices [37,69,172,173,187]. Fig. 4.10(a) shows
the co-existence of smooth S-type NDR and abrupt box-like NDRs. As the device
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Figure 4.10: (a) A typical current-voltage curve of devices that exhibit S-type
negative differential resistance (NDR) under current-controlled sweep. The inset
shows the electrical response in voltage-controlled sweep mode. (b) Current-voltage
curve of devices that show both S-type smooth NDR and abrupt box-like NDRs.

current increases above P, the voltage starts decreasing. As the device current is
further increased up to the second threshold point, P, ,, the voltage shows a sudden
reduction and the resistance stabilises in a metallic state. When the device current
is reduced below the hold point, Py, the device shows an abrupt increase in voltage
and then followed the current-voltage curve of the S-type NDR back to the high
resistance state. Recent direct temperature mapping demonstrated that the S-type
NDR is attributed to the Poole-Frenekel conduction with transition temperature
~400 K while the abrupt box-like NDRs correspond to temperature ~1000 K which
is attributed to a MIT [170].

4.5 Summary

In summary, we have shown that surface morphology of the sputtered NbO, thin
films is relatively smooth with a slight increase in RMS roughness with increasing
oxide thickness. XRD analysis confirmed the film remain amorphous up to 500°C

anneal. The stoichiometry of the thin oxide films was determined by RBS and TEM
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was deployed to confirm the device structures and layer thickness. Electrical response
showed that devices exhibit a diverse range of switching behaviours with dependence
on sample structure and testing procedure. Unipolar resistive switching is commonly
observed in device structure with both inert top and bottom electrodes. Stable bi-
polar resistive switching, threshold switching and self-assembled threshold-memory

effect generally require a reactive electrode to act as an oxygen exchange layer.



Chapter 5

Threshold Switching Anatomy

5.1 Introduction

Threshold switching, or current controlled (S-type) negative differential resistance
(CC-NDR) is observed in a range of transition metal oxides (eg., NbO,, VO, and
TiO,) [51-53, 5759, 61-65, 116]. Threshold switching devices exhibit a change in
electrical conductivity from an insulating state to a metallic state under external
stimulus. The metallic state is only sustained with sufficient current flow and reverts

back to its insulating state when the external excitation is removed.

One of the technological interests in such behaviour is to utilise the nonlin-
ear response in resistive random access memory (ReRAM) crossbar arrays. ReRAM
devices with a simple MIM structure is a promising candidate for future non-volatile
memory technology [95,190, 191]. ReRAM devices exhibit excellent switching per-
formance, but a passive array of such devices encounters a fundamental drawback
called sneak-path problem. The sneak-path problem is caused by parasitic current
flowing through unselected memory cells that are in low resistance state and can
limit the crossbar array size and create reading and writing errors [192-194]. In or-
der to overcome this shortcoming, one of the simplest and promising options is to
integrate a ReRAM device in series with a threshold switching device, also known as
selector [36,195]. The highly nonlinear threshold switching response of the selector
devices allow leakage currents in cells at subthreshold voltages to be suppressed
and enable unambiguous memory cell addressing at voltages above the threshold

value [50,196,197].

51
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Threshold switching devices have also been shown to be an effective way to emu-
late certain properties of a biological neural network based on the self-oscillation be-
haviour. Important nerual and neural-network functions have recently been demon-
strated, including synchronisation of coupled oscillatory systems, chaotic oscillations
and generation of action potential in a neuristor, on a single- or coupled-device level
for applications in neuromorphic computing [18,41,46,47,144]. This hardware-based
approach to neuromorphic computing has the potential to provide systems with low
power consumption, adaptive learning capability, high fault tolerance and massive
parallel processing power.

The physical origin of threshold switching in amorphous NbO, thin films remains
under debate, with two fundamental mechanisms receiving particular attention in
recent studies, namely: Poole-Frenkel (PF) conduction and a metal-insulator trans-
ition (MIT) [37,69,172,173,187]. The former relies on trap-mediated carrier trans-
port and is applicable to both crystalline and amorphous oxides, while the latter is
generally attributed to a thermally induced metal-insulator transition in NbO, that
is associated with a specific Mott-Peierls transition, from a distorted rutile structure
to a regular rutile structure, at temperatures around 1070 K [66-68]. Although this
MIT is not expected in amorphous films, studies have shown that NbO, can nucle-
ate within these film during electroforming at high compliance currents [69]. Direct-
temperature mapping has also recently been used to identify two distinct threshold
switching regimes in a single device, one corresponding to temperatures ~400 K and
attributed to PF conduction, and a second corresponding to temperature ~1000 K
and attributed to a MIT [170]. While this suggests that both mechanisms can play
a role, the lower temperature PF regime is of primary interest for low current, low
power device operation.

In this chapter, we investigate the threshold switching characteristics of
Pt/NbO, /TiN devices as a function of device area and NbO, layer thickness, and
use these results to understand the anatomy of the switching region. To test the

veracity of the deduced structure, the experimental data is compared with predic-
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tions of a simple resistor network model and with more detailed finite-element sim-
ulations. The threshold switching characteristics of the microscale devices are also
compared with the nanoscale devices. Furthermore, the devices’ threshold switching
response is subsequently studied as a function of temperature to provide insight into

the dominant conduction mechanism.

5.2 Experimental details

Devices used in this study consisted of MIM capacitor structures, fabricated by
successive layer deposition. Bottom electrodes consisted of 50 nm thick TiN layers,
sputter deposited onto thermally oxidized (500 nm SiO,) (100) Si wafers (supplied
by Hionix). NbO, films of various thicknesses (20 nm to 60 nm) were subsequently
deposited by reactive sputter deposition. This was undertaken by DC sputtering
of a Nb metal target in an Ar/O, ambient, using an Ar:02 gas ratio of 17.5/2.5, a
chamber pressure of 4 mTorr and 150 W power. Circular top electrodes with various
diameters (15 to 150 pm diameter) were subsequently deposited by electron-beam

evaporation with Pt thickness of 50 nm.

(@)

50 100
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Figure 5.1: (a) A TEM cross section of the fabricated Pt/NbO, /TiN devices. (b)
A representative EDX line scan of the device with corresponding element profiles.
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A transmission electron microscope (TEM) image of a device with a 50 nm NbO,
film is shown in Fig. 5.1(a)(a), together with an energy dispersive X-ray spectro-
scopy (EDX) line scan of the structure shown in Fig. 5.1(b). The deposited NbO,
films were found to have a stoichiometry near Nb,O; (i.e. x=2.5) as determined by
the Rutherford backscattering spectrometry, and were amorphous, as confirmed by
electron diffraction in TEM. It is important to note that the niobium-oxide system
has been extensively studied and, like many other oxides, its physical properties are
strongly affected by the precise stoichiometry. For example, the electrical conduct-
ivity of Nb,O5 have been shown to vary over 7 orders of magnitude from 1073 to

1075 S/m, with small deviations in stoichiometry [151-155].

5.3 Electrical switching behaviour

As-fabricated devices were initially in a high resistance state and an electroforming
process was required to initiate threshold switching. This was achieved by applying
a negative voltage to the top electrode, using a 2 k{2 series resistor and a current

compliance of 4 mA to prevent permanent breakdown. Electroforming was observed
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Figure 5.2: (a) Initial electroforming process for the Pt/NbO, /TiN devices (b)
The first RESET/SET cycle after forming process.
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at a critical electric field of ~2.5 MV /cm, and set devices into a non-volatile, low
resistance state (LRS) with near-metallic conductivity as shown in Fig. 5.2(a). The
devices can be reset back to a high resistance state by applying a voltage sweep in
the opposite polarity as shown in Fig. 5.2(b). During subsequent SET/RESET
cycles the devices exhibit a hybrid 1S1R response, with typical I-V characteristics
as shown in Fig. 5.3(a). The forming process permanently modified the initial device
resistance for an initial value of the order of ~10° Q before forming to the order
of ~10% Q after forming and reset operations. This has previously been attributed
to self-assembly of an interlayer at the oxide/electrode interface, with the filament

acting as a virtual cathode for threshold switching within the interlayer [198].
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Figure 5.3: (a) Evolution of the device I-V response, from a hybrid selector-
memory response to threshold switching response. Stable threshold switching (T'S)
and current-controlled NDR (CC-NDR) are observed in the negative polarity after
the memory element is SET to a LRS. The inset shows the threshold switching
response under both voltage and current controlled sweep modes. (b) Symmetric
volatile threshold switching with 1.2 mA compliance current.

The RESET cycle of the 1S1R behavior is highlighted with blue colored solid
line in Fig. 5.3(a). When the voltage reaches the threshold point, the threshold
switching layer switches from an insulating state to a metallic state, causing a sudden

increase in current. Increasing the voltage further causes the memory filament to
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RESET to a HRS, the resistance of which can be finely tuned by varying the reset
voltage as shown in Fig. 5.4. As the voltage is then reduced from its maximum,
the device initially exhibits near-Ohmic behavior, reflecting the HRS of the memory
element, before exhibiting a sudden increase in resistance (decrease in current) as the
threshold element switches back to its insulating state. Significantly, the resistance
at sub-threshold voltages is similar before and after the RESET event, suggesting
that it is dominated by the resistance of the volatile threshold element. For a
subsequent SET cycle (red colored dash line), negative voltages are applied to the
top electrode. This results in a simultaneous SET and threshold switching event at
around -1.5V. The volatile threshold switch then reverts to its insulating state as
the voltage is reduced below the hold voltage. A detailed explanation of such 1S1R

behavior can be found in our earlier study [198].
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Figure 5.4: [-V charactersitics of the integrated selector-memory structure. The
resistance state of the memory component can be tuned by using different reset
voltages. With larger reset voltages, the gap between the memory filament and
the TiN electrode increases. This is reflected in a higher set voltage immediately
following the RESET. The threshold voltage stablises ~ +1.0 V.

The devices show stable and uniform symmetric threshold switching when the
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non-volatile memory element is maintained in its LRS. This is realized by applying a
negative voltage sweep to SET the memory element into a LRS, and then limiting the
current < 1.2 mA during subsequent positive voltage sweeps to prevent the memory
element from being RESET back to a HRS. The inset in Fig. 5.3(a) shows the
stable threshold switching under both voltage and current controlled sweep modes,
where the slight difference in hold voltage is due to the variation of sweep rate
between the two modes. Fig. 5.3(b) shows typical symmetric threshold switching I-
V characteristics. The devices experience a sudden reduction in resistance when the
applied voltage exceeds the threshold voltage, V., , in either polarity. The metallic
state is volatile, and is only sustained while the voltage exceeds the hold voltage,
Vi, Once the applied voltage is reduced below the hold voltage, the devices revert
back to their insulating state. Since the LRS of the memory element shows metal-
like conductivity, it can be regarded as a temperature-independent resistor whose

value depends only on the oxide film thickness.

5.4 Device area dependence

The effect of device area on threshold switching characteristics was studied for top
electrode sizes ranging from 15 pm to 150 ym diameter, and for a fixed Nb,O; layer
thickness of 50 nm. The initial electroforming voltage, and switching characteristics
were found to be independent of device area which is consistent with a filamentary
conduction mechanism. The effect of device area on the threshold voltage (V,,) and
hold voltage (V,,,) is summarized in Fig. 5.5(a), and shows that their mean values
also remain relatively constant at -1.0 V and -0.9 V| respectively. The corresponding
threshold switching power (i.e. Py, = [;;,Vj,) is shown in Fig. 5.5(b), and is also
found to be independent of electrode area. The measured mean threshold power
in our micro-size devices is ~66 1W, which is of the same order of magnitude as
that reported for nano-size devices with electrode contacts of ranging from 50 to

200 nm diameter [69, 173, 199]. The independence of device area is also applied
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to both the insulating- and metallic-state resistances of the device. The measured
mean insulating-state resistance is ~66 k{2 and the metallic-state resistance is ~200
Q). These observations confirm that threshold switching occurs within a laterally
confined region of the device, and suggest that this region has dimensions < 10~°

m.
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Figure 5.5: (a) Threshold voltage and hold voltages as a function of top electrode
area. (b) Threshold power as a function of top electrode area. The error bar heights
represent the standard deviation over >7 samples for each electrode area.

5.5 NbOy thickness dependence

The effect of Nb,O thickness on forming and threshold switching characteristics
was studied for film thicknesses in the range from 20 nm to 60 nm with a fixed top
electrode diameter of 100 um. The effect on the forming voltage is shown in Figure
4(a), which shows a linear increase in forming voltage with increasing oxide thickness.
This is consistent with field-induced breakdown of the oxide layer at a critical field
of 2.5 MV /cm, similar to the behaviour reported for other oxide films [200, 201].
The effect on the threshold voltage, threshold current and hold voltage, is shown

in Fig. 5.6(b). These data represent the average values for ten devices of each
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thickness, and show that the threshold and hold voltages remain constant with
increasing film thickness, while the threshold current decreases monotonically. The
invariance of the threshold and hold voltages is interesting as it implies that the
thickness of the threshold switching region is independent of film thickness, and is
therefore locally confined both laterally and vertically within the device. The 1S1R
switching characteristics observed at higher compliance currents further suggests
that this switching volume is located between the residual memory filament and
the TiN electrode. Interestingly, a recent study of threshold switching in NbO,
reported that the threshold voltage did depend on the NbO, layer thickness. No
detailed explanation of this dependence was offered, but since no 1S1R behaviour
was reported it is conceivable that threshold switching volume extended through the

entire film in this case.
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Figure 5.6: (a) Forming voltage as a function of niobium oxide film thickness. (b)
Threshold and hold voltages, threshold current as a function of niobium oxide film
thickness. The error bar heights represent the standard deviation over >7 samples
for each film thickness.

The reduction in mean threshold current with increasing film thickness, from 267
pA for a 20 nm film to 75 pA for a 60 nm film, is particularly interesting as it implies
that a significant contribution to the device resistance scales with film thickness.

At first sight, this appears to contradict our proposed filamentary model in which

ly, (LA)
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the resistance is dominated by a fixed threshold switching volume at the end of a
conductive filament. However, given the nature of the electroforming process, it is
expected that the conductive filament will have a graded composition profile with an
oxygen vacancy concentration that peaks at its core and decreases radially over some
distance. The filament will therefore comprise a metallic core and a semiconducting
shell with a conductivity that decreases with increasing distance from the core. We
speculate that this semiconducting shell provides a parallel conduction path through

the oxide film, and accounts for the thickness dependence of the threshold current.

5.6 Resistor network model

The general veracity of this core/shell model can be assessed by using the simple
circuit model shown in Fig. 5.7(a). This uses resistors to represent the threshold
switching volume (Rg), the memory core (R¢), the semiconducting shell (Rg) and
the surrounding insulating matrix (R,;). From the pre-formed resistance of the
device (GS2), and the area independence of the threshold current, the resistance of
the surrounding Nb,O; matrix, R,;, is much higher than that of the active device
region and is assumed infinite. The equivalent resistance is then given by:
(Rrs + Re) Rs

R,, — 5.1
“  Rs+ Rc + Rrs (5.1)

and the threshold power by:

Do ngs (RS + Re + RTS)
rs (Rrs + Rc) Rs

(5.2)

To compare this with experimental data we assume that the shell resistance,
Rg, varies linearly with film thickness. Based on the device resistance immediately
after electroforming where the filament effectively straddles the full film thickness,
the memory core resistance, R, is further estimated to be in the range 200-500 €.

Using this insight, Equation (5.2) can be directly compared with the experimental
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data which shows a decrease of the mean threshold power from 243 W to 75 W
for a three-fold thickness increase from 20nm to 60nm, as shown in Fig. 5.7(b). The
fitted curve (green colored dash line) assumes Rpg = 30 k, R, = 500 €2, and an Rg
increasing from 4.7 kQ2 to 14.1 k(2 as the film increases in thickness from 20 to 60
nm. These values are consistent with the experimental data and demonstrate the

plausibility of the core/shell model.

5.7 Numerical simulation

To further test the validity of proposed model, the threshold switching characteristics
of two distinct structures were compared using finite element modelling: the first
(Model 1) considered a structure where the threshold switching region extended
through the entire film, while the second (Model 2) considered a localized switching
volume within the proposed core-shell structure. Both models were based on a 50nm
Nb,O; film with a 50 nm thick TiN bottom electrode and a 50 nm Pt top electrode,
with threshold switching assumed to result from PF conduction due to local Joule-
heating. The PF model was based on the high trap-density expression derived by
Ielmini et. al. [48], which has the form:

J(F,T) = aexp <_]£—;) sinh (2£:T) (5.3)

where the prefactor, a, depends on the trap density, F, is the activation energy
for carrier hopping,  is a field enhancement factor, F' is the local electric field, kg
denotes the Boltzmann constant and 7' is the temperature. This model was found
to reproduce the measured temperature dependence of sub-threshold I-V charac-
teristics of devices. For comparison, simulations were also performed for the MIT
mechanisms, in which switching results from a thermally induced Mott transition.

The essential simulation details for this mechanism have been discussed in earlier
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Figure 5.7: (a) Schematic of equivalent circuit model for threshold switching when
memory is SET in a LRS. (b) Measured, calculated and simulated threshold power
as a function of niobium oxide film thicknesses. The error bar heights represent the
standard deviation over >7 measured samples for each film thickness.

work [187,202].

The device structure for the first model (Model 1) is shown in Fig. 5.8(a), and
considered a threshold switching region defined by a cylindrical filament of 50 nm
diameter embedded within a surrounding insulating Nb,O; matrix of 600 nm dia-

meter. The second structure (Model 2) is shown in Fig. 5.8(b), and assumed an
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Figure 5.8: (a) Axisymmetric 2D simulation geometry for a MIM structure with
a cylindrical threshold-switching volume exhibiting PF-type conduction (1S). (b)
Axisymmetric 2D simulation geometry for a MIM structure with a core-shell geo-
metry comprising a cylindrical low-resistance memory element and a fixed threshold
switching volume exhibiting PF-type conduction, and a surrounding semiconducting
shell also exhibiting PF-type conduction (1S1R). (c¢) Simulated thickness depend-
ence of the threshold and hold voltages for the 1S model. (d) Simulated thickness
dependence of the threshold and hold voltages for the 1S1R model. The inset shows
the comparison between the experimental and simulated I-V curves.

integrated 1S1R structure, where the threshold switching volume is represented by
a cylindrical volume of 50 nm diameter and length 10 nm, located between a re-
sidual conductive filament and the TiN bottom electrode. In addition, the 1S1R

structure is surrounded by a semiconducting Nb,O; ¢ shell with a diameter of 420

TIK]
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Table 5.1: Key material parameters for the simulation models.

Parameter description Symbol Value

Thermal conductivity of Nb,O; K NbyOs 1.0 Wm™ K™!
Electrical conductivity of NbyO, ONbyo, 1078 S m™!
Thermal conductivity of the semiconducting shell (Nb,Oj ) KNbos_, 1.2 Wm ! K™
Electrical conductivity of the semiconducting shell (Nb,O; ) ONby0s_, 36 Sm™?
Thermal conductivity of the memory core (NbO) KNbO 10.0 Wmt Kt
Electrical conductivity of the memory core (NbO) ONbO 10° Sm™!

Thermal conductivity of the threshold switching layer (Nb,Os ) knpo._, 1.5 Wm™! K™

Minimum electrical conductivity of NbO, s Cmin 36 Sm™!
Maximum electrical conductivity of NbO, ; O max 2x10* S m™!
Activation energy of NbO, s E, 0.25 eV
Ambient temperature Tomb 295 K

nm. The conductivities of the different device areas were adjusted to match meas-
ured resistances and reproduce the measured CC-NDR response of devices, as shown
in inset in Fig. 5.8(d). The simulation parameters for the 1S and 1S1R models are
summarised in Table 5.1.

Fig. 5.8(a) and Fig. 5.8(b) show the simulated temperature distributions within
the two device structures during operation at the threshold point. These data show
that Joule heating is largely confined to the threshold switching volume, and that
threshold switching is initiated at a temperature in the range 400 to 450 K for
PF-type conduction. Having matched the measured device characteristics for a 50
nm oxide layer, simulations were then performed for different oxide thicknesses,

assuming that the threshold switching volume remained unchanged in the 1S1R
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Figure 5.9: (a) Current density of Model 1 (1S structure) at the threshold point.
(b) Current density of Model 2 (1S1R structure with semiconducting shell) at the
threshold point.

device structure (i.e. only the memory element increased in length in this struc-
ture). Materials properties were kept the same for all simulations. The calculated
changes in threshold and hold voltages are shown for the 1S (Model 1) and 1S1R
(Model 2) structures in Fig. 5.8(c) and Fig. 5.8(d), respectively. Both voltages are

observed to increase significantly with increasing film thickness for the 1S structure,
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but to remain relatively constant for the 1S1R structures, as observed experiment-
ally (see Fig. 5.6(b)). The simulated threshold power of the 1S structure (Model
1) and the 1S1R structure (Model 2) are shown in Fig. 5.7(b). The 1S1R structure
shows a monotonic decrease in the mean threshold power that is consistent with
the experimental measurements and the resistor network model. In contrast, the 1S
model predicts a near constant threshold switch power. Fig. 5.9(a) and Fig. 5.9(b)
shows the simulated device current density at the threshold point. It clearly illus-
trates the significant parallel leakage current through the semiconducting shell in
Model 2 (1S1R) in comparison to Model 1 (1S). This accounts for the reduction in
threshold current (power) with increasing thickness of the oxide layer. The proposed

1S1R core-shell structure clearly provides a better match to the experimental data.
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Figure 5.10: Simulated local maximum temperature as function of device current
of the CC-NDR response from Model 2 compared between PF-type conduction and
MIT mechanism. The structure consists of a filamentary core of 50 nm diameter
with threshold switching region and memory element.

Simulations based on the MIT mechanism are included in Fig. 5.7(b) and Fig. 5.8

for comparison, and show that the general behavior is largely independent of the



§5.8 Nanoscale device 67

switching mechanism, even though the onset temperature for the MIT mechan-
ism (~1070 K) is much higher than that for the PF mechanism (400-450 K). The
maximum temperature of the current-controlled negative differential resistance (CC-
NDR), compared between PF conduction and MIT mechanism, is shown as a func-
tion of device current in Fig. 5.10. The threshold temperature is highlighted with
green colored dash line. This reflects the strong positive feedback mechanism as-
sociated with the temperature-dependent conductivity change and associated Joule

heating.

5.8 Nanoscale device

Nanovia devices with effective electrode size of 400 nm diameter were fabricated
in order to compare the threshold switching behaviour in micro-size devices. The
devices consist of Pt/NbO, /TiN structure with 50 nm electrodes and a 50 nm
layer of amorphous NbO, which was deposited by reactively sputtering under
the same condition. Threshold switching was initiated by an electroforming pro-
cess. This consisted of scanning the voltage on the top electrode from 0 to -6 V
with compliance current of 300 A to induce a soft breakdown of the NbO, film,
as shown in Fig. 5.11(a). Devices exhibit stable threshold switching after the sub-
sequent switching cycles at a slightly higher compliance current of 500 pyA as shown
in Fig. 5.11(b). Repeated current-controlled and voltage-controlled sweeps were per-
formed to confirm the device switching stability and reliability. The I-V character-
istics are illustrated in Fig. 5.11(a) and Fig. 5.11(b).

In comparison to the operation of devices with electrode sizes ranging between
15 pm to 150 pm diameter, the nanovia devices require much lower forming power
and operating current. The devices exhibit threshold and hold voltages at ~1.35 V
and ~1.25 V| respectively, which are similar to the micro-size devices and confirmed
the formation of a localized threshold switching volume. The nanovia devices show

a significant increase in on/off ratio from 10 to 50. A reduction of threshold cur-
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Figure 5.11: (a) Electroforming process for the Pt/NbO, /TiN nanodevices. (b)
Subsequent cycle prior to stable threshold switching.
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Figure 5.12: (a) I-V characteristics under current-controlled sweep. (b) I-V char-
acteristics under voltage-controlled sweep.

rent (power) is observed with downscaling device area. The decrease in threshold
current is attributed to the confinement of parallel leakage current through the semi-
conducting shell around a filamentary core as the comparable dimension between
the nanovia device area and the shell. The nanodevices show improved switching
characteristics with reduction in forming power, current and significant increase of

on/off switching ratio.
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5.9 Temperature dependence

The temperature dependence of the threshold switching response provides import-
ant information about device reliability and endurance, as well as providing insight
into the dominant conduction mechanisms. Device characteristics were measured
under voltage-controlled and current-controlled sweep as a function of temperat-
ure in the range between 296 K to 413 K. The current compliance is capped at 1
mA. Fig. 5.13 shows measured [-V characteristics as a function of temperature. With
further increase in temperature, NDR is suppressed due to the rise in parallel leakage
current. Both the threshold and hold voltages decrease with increasing temperat-
ure, as does the hysteresis between them as shown in Fig. 5.14. The reduction in
threshold voltage is a direct result of the Joule-heating effect as a lower thermal
power is required to achieve the transition temperature when the device temperat-
ure is increased. As a consequence, the CC-NDR region decreases with increasing

temperature, and is effectively eliminated for temperatures above 378 K.
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Figure 5.13: (a) I-V characteristics of CC-NDR as a function of temperature. (b)
[-V characteristics under voltage-controlled sweep as a function of temperature.

Fig. 5.15(a) shows the measured and calculated I-V profiles of the devices be-

low the critical threshold value with increasing temperature in the range from 296
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Figure 5.14: (a) Hold and threshold voltage as a function of temperature. (b)
Hold and threshold current as a function of temperature.
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Figure 5.15: (a) Subthreshold conduction and calculated fitting with Poole-Frenkel

emission. (b) Arrhenius plot of device resistance in both subthreshold and metallic
states.

to 373 K. The measured temperature dependence of conduction in the insulating
state shows good agreement with the analytical model based on the Poole-Frenkel
emission. The activation energy of the insulating state and the metallic state are
determined from the Arrhenius plot by measuring the temperature dependence of

the device resistance. The resistance of the insulating state is extracted at 0.2 V and



§5.10 Summary 71

the resistance of the metallic state is calculated from the gradient of the I-V curve.
The device resistance, calculated based the local slope of the I-V curve, is plotted
as a function of 1/kT as shown in Fig. 5.15(b), where k is the Boltmann constant
and T is the ambient temperature. The extracted activation energy of the integ-
rated threshold switching element and the LRS memory element is ~0.1 eV for the
insulating state and -5.4x 1073 eV for the metallic state which reflects the difference
between the band edge relevant for carrier transport and the Fermi level. Similar
activation energy measurements were conducted on other NbO,_ based threshold
switching devices. The measured activation energy of their insulating state (at 0.2
V) shows variation between 0.1 eV to 0.22 eV. The differences can be contributed
from the forming conditions, electrode effect and film stoichiometry. Understanding

the exact underlying mechanism is subject to future studies.

5.10 Summary

In summary, Pt/NbO, /TiN thin-film structures were shown to exhibit an integrated
selector-memory (1S1R) response after an initial electroforming step and successive
SET/RESET operations, and to subsequently exhibit symmetric threshold switch-
ing when suitable compliance currents were employed. In the symmetric switch-
ing mode, the threshold and hold voltages were found to be independent of NbO,
thickness and device area, but the threshold current (power) was found to decrease
with increasing film thickness. The independence of the threshold and hold voltages
was shown to be consistent with the formation of a localized threshold switching
volume at the residual conductive filament/electrode interface, while the reduction
in threshold current (power) was consistent with the existence of a semiconduct-
ing shell around a filamentary core. The veracity of this proposed structure was
demonstrated by comparing experimental results with the predictions of a resistor
network model, and detailed finite element simulations. The comparison of switch-

ing characteristics between the nano-scale and the micro-scale devices confirms that
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the threshold switching occurs within a localised volume. With area downscaling to
nano-scale, devices show considerable improvements in switching properties, includ-
ing reduction in switching power and increase in on/off ratio. Temperature depend-
ence of threshold switching response was studied to show a reduction in voltage
and an increase in current of threshold and hold values with increasing temper-
ature. Temperature and field dependent conduction of the subthreshold region is
well described by the Poole-Frenkel conduction which supports the finite element
modelling. These results provide further insights into the design and implementa-
tion of NbO, threshold switching devices for emerging memory and neuromorphic

computing applications.



Chapter 6

NbOyx Relaxation Oscillators

6.1 Introduction

Threshold switching devices and self-sustained electrical oscillators have attracted
particular attention due to their potential as selector elements in emerging non-
volatile memory and as building blocks for bioinspired neuromorphic computing,
respectively [18,46,191,203]. Among these, devices based on metal-oxide-metal
(MIM) structures offer the advantage of device simplicity and scalability, and have
been used to realize systems of nano-crossbar array memory and coupled nano-
oscillators [18,46,204]. The systems of particular interest in the present study display
current-controlled negative differential resistance (CC-NDR), also called threshold
switching. The devices are able to transit from an insulating state to a metallic
state with external excitation and revert back back the insulating state when the

simulation is removed.

Vanadium dioxide (VO,) is a well studied prototypic material for the CC-NDR
element in relaxation oscillators and the resulting oscillators have been shown to op-
erate at frequencies in the range from 1 kHz to 9 MHz [174,175,178,181-183]. How-
ever, the CC-NDR in VO, results from a Mott-Peierls transition at a temperature of
~340 K. This precludes its use in many microelectronics applications, where the ex-
pectation is that devices will operate at temperatures approaching 400 K. To address
this limitation, recent interest has been focused on NbO, which has demonstrated

higher operating temperatures [51,71,205], extending the possible temperature range

73
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of applications.

Although there are some early reports on NbO,, self-oscillation [167,206], Lalevic
and Shoga first reported stable and reproducible oscillations with frequency up to
~600 kHz in single crystal NbO, and polycrystalline NbO, films in 1981 [207].
Several reports have highlighted the nonlinear current—voltage (I-V) characteristics
of electrically switched NbO, thin films [196, 202,208, 209] and the occurrence of
periodic oscillation signals maintained across two-terminal devices [37,39, 144]. A
unique feature of these CC-NDR based oscillators is that they do not require any
inductive elements or transistors as required in conventional electrical oscillators
[37,144]. These features are particularly attractive for making scalable, low-power
devices.

In this chapter, we investigate the self-oscillation behavior of NbO, threshold
switching devices and introduce a finite element model of threshold switching that
accounts for the CC-NDR response of devices and provides the basis for studying
the relationship between the materials response and oscillator dynamics. The model
is extended to include the effect of circuit elements in a simple Pearson—Anson elec-
trical circuit and shown to capture the periodicity and waveform of device currents
and voltages as a function of the circuit parameters. The temperature dependent
oscillation dynamics were also investigated to provide insights on temperature toler-
ance and tuning variability. These results provide an in-depth understanding of the

nature of oxide oscillators and their dependencies.

6.2 Experimental details

Pt/Ti(10 nm)/NbOx/Pt test structures were employed for this study, as shown
in Fig. 6.1. To fabricate devices, a 100 nm Si;N, was first deposited on a Si sub-
strate by plasma-enhanced chemical vapour deposition (PECVD) at 300 °C. Pt (50

nm) bottom electrodes (BEs) were then deposited on the Si;N, by electron beam
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evaporation. The Si;N, surface was cleaned in-situ by Ar-ion bombardment prior to
Pt deposition to obtain good adhesion between Pt and Si;N,. 75 nm thick films of
NbO, oxide were deposited onto the Pt BEs at room temperature using DC reactive
sputtering from a metallic niobium target, in which the stoichiometry was controlled
by the ratio of argon to oxygen (18/2 at 20 sccm) at a constant total pressure of
4 mTorr and sputtering power of 150 W. Patterned top electrodes (150-250 pm in
diameter) were then deposited through a shadow mask by e-beam evaporation in
a vacuum better than 107 Torr. These comprised a ~10 nm Ti layer followed by
a 50 nm Pt layer to provide more robust contact pads and to protect the Ti from
oxidation. After fabrication devices were subjected to a rapid thermal anneal at 300

°C for 5 min.

The stoichiometry of the NbO, films were determined by the electron Ruther-
ford backscattering (eRBS) technique [202,210] and X-ray diffraction confirmed that
they were amorphous, both as-deposited and after annealing at 300 °C [51]. Elec-
trical measurements were carried out in air using an Agilent B1500A semiconductor

parameter analyser attached to a Signatone probe station.

150 pm I_

Filament¥ ~_#%
NbOX 75 nm

Pt (BE)
Si,N,/Si =

Figure 6.1: Schematic of the fabricated Pt/Ti/NbO, /Pt test devices and the
measuring conditions.
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6.3 Analysis of self-sustained oscillation

6.3.1 Oscillation dynamics

Fig. 6.2 shows typical DC current-voltage (I-V) characteristics of devices during
voltage-controlled (Fig. 6.2(a)) and current-controlled (Fig. 6.2(b)) sweeps. The
former shows threshold switching behaviour in which the oxide layer transforms
to a metallic state as the voltage is increased beyond a threshold value (P1) and
returns to an insulating state as it is reduced below a critical hold point (P2). In this

case the threshold switching is believed to result from Joule heating of a filamentary
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Figure 6.2: Typical current-voltage characteristics of the device. (a) positive
voltage sweep and (b) positive current sweep. Insets show symmetric, non-polar
nature of voltage and current sweeps.
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conduction path in the oxide layer and its nonpolar switching nature is illustrated in
the inset of Fig. 6.2(a). In this context, it should be noted that threshold switching
is only observed after an initial forming process in which the voltage is scanned from

0 to -8 V with 20 mA compliance current.
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Figure 6.3: (a) Electrical oscillatory responses of Vi, and I, during a 2 ps 2.6
V pulse. Inset shows detail of the initial response. (b) Expanded view of a single
device voltage oscillation. Inset shows the equivalent circuit used for analysis.

The current-controlled I-V sweep (Fig. 6.2(b)) provide additional insight into the
switching process, and clearly highlights the NDR response of these devices. This was
measured by scanning the current from 0 mA to 5 mA and back to 0 mA in 50 pA
steps. The voltage and current at the threshold (Viy,, Iyy,) and hold (Vy, I;) points
were measured as ~0.3 mA and ~0.88 V, and ~1.95 mA and ~0.76 V, respectively.
The symmetric, nonpolar nature of the characteristics is again highlighted in the
inset. This NDR response provides the basis for a relaxation oscillator and is the
focus of the following discussion.

The oscillation dynamics of NbO, devices were studied by including the devices
in a series circuit as shown in the inset to Fig. 6.3(b). The circuit consists of source
voltage (Vg), a load resistor (R;), a 50 € monitoring resistor (R,,) and the device
under test. Rectangular voltage pulses were generated with a Waveform Generat-

or/Fast Measurement Unit (WGFMU) as part of the B1500A analyser, and the
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resulting electrical response was recorded by monitoring the voltage drop across the
50 2 resistor using a Tektronix TPS2024B oscilloscope.

Fig. 6.3(a) shows the device voltage (V) and device current (I) during excita-
tion with a pulse of amplitude of 2.6 V and width of 2 us, with R; equal to 1 k2.
Oscillations begin as Vp, reaches ~0.82 V, as illustrated in the inset to Fig. 6.3(a),
which is close to the threshold voltage reported in Fig. 6.2(b). Stable, periodic os-
cillations are observed once Vg reaches its specified value of 2.6 V. For this case,
the peak-to-peak voltage and current amplitudes were measured as ~0.3 V and
~0.26 mA, respectively. The oscillation frequency was determined from fast Fourier
transform analysis to be 19 MHz in this case.

The oscillator circuit depicted in Fig. 6.3(b) is of the Pearson-Anson form and its
response is determined by the device NDR characteristics (Fig. 6.2(b)) and by V¢ and
R; [211]. The oscillation of V[, shows an exponential rise and sharp fall as illustrated
in Fig. 6.3(b). The time constant for charging is given by R;C; where C; is the
overall capacitance associated with the intrinsic device capacitance (Cp,,;.) and
). C
i.e., coaxial cables, the voltage source, and probes. Rr=(R; +Ry)Rp/(R; +Ry+Rp)

the parasitic capacitance (C arises from the measurement system,

Parasitic Parasitic

with Ry, representing the high resistance state of the NbO, device. The time constant
for charging was ~42 ns in this case. As V|, approaches its maximum value, the
device switches to its low resistance state and Vi, begins to drop with an R;C
time constant in which R now represents the low resistance state of the device.

The discharging time constant was ~11 ns.

6.3.2 Voltage and load resistance dependence

Fig. 6.4 depicts the oscillation range of Vg and R, for both polarities, and compares
values determined from direct measurement with those derived from the data in
Fig. 6.2(b) using load-line analysis [212]. The region bounded by the solid lines

represents Vg and R; values for which stable oscillation was observed. Load line
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Figure 6.4: (a) Loadline analysis based on the CC-NDR response obtained
in Fig. 6.2(b). (b) Oscillation window defined by Vg and R; with oscillation fre-
quency depicted by shading. The color-coded region is the effect of these parameters
on the oscillation frequency. The solid triangle and rectangle data points of the lower
and upper limits were obtained through experimental measurements.

analysis shows that the voltage window for stable oscillation is from Vg ., to Vg .0,
where Vi pmin = Vi + (Rr + 50) Iy, and Vi pae = Vi + (R + 50) 1.

A 2-ps-long bias pulse with voltage amplitude in the range of (Vg i, Vs max)
was applied, during which voltage oscillations across the Ti/NbO, device were ob-
served. With R; of 1 k{2, load-line analysis indicates that the oscillation genera-
tion window is between 1.1 and 2.9 V. Fig. 6.5 shows the measured device current
(IDevice = Ison = Vs0a/50) at various Vg values ranging from 1.0 to 2.8 V. Three fea-
tures are evident. The first feature is sporadic oscillations with an ill-defined period
for Vg around 1.17 V, which is the threshold for inducing the transition. Interest-
ingly, even when using the same operation conditions, a different number of peaks
is observed, an effect related to the stochastic nature of the switching process and
intrinsic material inhomogeneities. stable relaxation oscillations were observed with
Vg between 1.17 V and 2.6 V. With further increase in applied voltage, damped os-
cillation is observed for Vg > 2.6 V where the device tends to remain in the metallic
state during the pulse period. This damped oscillation is typical for a circuit with

CC-NDR elements when the source voltage is close to the upper limit. These fea-
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Vg =190V ! Vg =240V |~ Vg =280V

Time (ns)

Figure 6.5: Measured oscillation waveform of the device current (I, ) in the 50
(2 resistor for 2 ps source voltage (Vg) pulses in the range from 1.0 to 2.8 V and a
series resistor of 1 k).

tures can also be observed for different Vg with R; = 500 €2, 2 k2, and 4 k2, as
shown in Fig. 6.6.

The frequency of the NbO, oscillator was observed to increase as Vg increased,
with a voltage tuning sensitivity of f . from 22.6 MHz/V with R of 0.5 k2 to
2.5MHz/V with R; of 4 kQ. This is shown more explicitly in Fig. 6.7 which also
demonstrates the near linear scaling of frequency with Vq. This dependence is con-
sistent with that expected for the Pearson-Anson oscillator shown inset in Fig. 6.3(b)

which predicts a dependence of the form [212].

Vs =V \]1™
o= |aR,Cln | —— 1
/. |:Oé .C n(VS—VTh)] (6.1)
where Vo, and Vy; are the threshold and hold voltages, and « is a scaling para-

meter, that accounts for factors such as parasitic capacitance. The solid lines in
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Figure 6.6: The measured oscillation of device current I, .., as a function of source

voltage Vg for different load resistors Ry : (a) 0.5 k€2, (b) 2 kQ, and (c¢) 4 k2. Three
features are evident: (1) Sporadic oscillations with an ill-defined period; (2) Stable
relaxation oscillation; and (3) Damped oscillations.

Fig. 6.7 represent a fit of this equation to the data, with a fixed « value of 55 for all

curves.

Device endurance and stability are important for practical applications. These
were tested by running oscillators for 96 minutes with a pulse amplitude of 2.2 V|
which corresponds to ~6.5x10° oscillation cycles. The oscillation characteristics
were monitored after 1, 6, 36 and 96 minutes by recording the oscillator output.
The stability of the peak-to-peak device current and oscillation frequency are shown
in Fig. 6.8. The peak-to-peak current is observed to undergo a 20% reduction in
amplitude during the first ~8x10% (1 minute) cycles but to remain reasonably con-
stant thereafter. In contrast, the oscillation frequency decreases almost linearly with
increasing cycle number, decreasing by around 25% over the full testing period,

~6.5x10%. The relative changes in the peak-to-peak current and frequency are
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Figure 6.7: Oscillation frequency as a function of Vg for different values of R; .
Solid lines represent fits of Equation (6.1).

similar (~25%) over the full testing period, but their trend with increasing cycle
number is clearly quite different. The only variables in the circuit, once V¢ and Ry,
are fixed, are the device capacitance and resistance. It is therefore clear that the

device structure changes with time during continuous operation.

For the simple equivalent circuit depicted in Fig. 6.3(b) the device current de-
pends only on changes in the device resistance, while the frequency is affected by
changes in both the resistance and capacitance. While it is possible to construct
schemes where specific changes in resistance and capacitance account for the changes
reported in Fig. 6.8 this remains speculative. Chemical reactions at the NbO, /Ti
interface or modification of the threshold switching volume are likely to occur due to
local Joule-heating. Further work is required to understand the physical evolution
associates with the changes in frequency and peak-to-peak amplitude occurring in

the device.
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Figure 6.8: Change in oscillation frequency and peak-to-peak amplitude as a func-
tion of oscillation cycle number. The data points represents measurements after 1,
6, 36 and 96 minutes. The error bar heights represent the standard deviation over 8
individual pulses for each timestamp.

6.4 Temperature dependent oscillation

The temperature dependence of threshold switching (CC-NDR) has been studied in
VO,, Ti,O4, Ta,O5 and NbO,, systems [58,176,209,213,214]. However, the temper-
ature dependence of self-oscillation in these transition-metal-oxides has received far
less attention. Kim et. al. showed that the oscillation frequency of planar VO, two
terminal devices increased with increasing temperature [215], but provided little
insight into the effect of temperature on frequency tuning (increase in frequency
with applied voltage), or the frequency range. In this section, we investigate the
temperature dependence of CC-NDR in Pt/NbO, /TiN devices, and its effect on
the dynamics of a Pearson-Anson relaxation oscillator based on these devices. The
details of device fabrication and the electroforming process are described in Sec-
tion 5.2.

Fig. 6.9 shows a current-controlled I-V sweep for the device after stabiliza-
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Figure 6.9: Measured [-V characteristics during current-controlled sweeps show-
ing clear NDR characteristics. The NDR region forms the basis of the relaxation
oscillator. The inset is the symmetric voltage controlled threshold switching.

tion. The region of CC-NDR is bounded by the threshold point P1 (Vi I1,,) and
the hold point P2 (Vy, I;;), and corresponds to a region in which the conductivity of
the sample increases rapidly. For currents above the hold-current, Iy, the conduct-
ivity reaches a maximum and the device exhibits near-Ohmic behaviour. The device
therefore exhibits three distint regimes as the current increases, a pre-threshold re-
gime, a negative differential regime and a saturation regime. For a device voltage of

1.05 V, the resistances in these regimes are 3.8 k€2, -436 2 and +407 €, respectively.

Oscillator dynamics were studied by incorporating the device-under-test (DUT)
in a simple Pearson-Anson oscillator circuit, as shown schematically in Fig. 6.3(b)
and discussed previously in Section 6.3. The conditions for stable oscillation
are determined from the measured I-V characteristics using standard load line
analysis. The corresponding Vg¢-R; oscillation window and frequency are shown
in Fig. 6.10(a) for room temperature operation. For a given load resistance, the

oscillation frequency is observed to increase from around 1.2 to 8.8 MHz as the
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Figure 6.10: (a) Oscillation window defined by Vg and R; with oscillation fre-
quency depicted by shading. The black squares are from load line analysis. (b) Os-
cillation as a function of temperature for an applied pulse of 2.4 V and 3 ps.

voltage is varied from Vg . to Vg ... Since the voltage window increases with in-
creasing load resistance, the voltage-tuning sensitivity decreases from 7.57 MHz/V

for R;, equal to 2 k2, to 1.77 MHz/V for R, equal to 8 k€.

The measured I-V characteristics and corresponding threshold- and hold-voltages
and currents as a function of device temperature are shown in Fig. 5.13(a) and
Fig. 5.14. The effect of these changes on the oscillation behaviour was studied using
the circuit of Fig. 6.2(b) with a load resistance of 4 k2. The choice of load resistance is
largely arbitrary as it is temperature independent, but it does determines the voltage
range over which oscillations are observed, as shown in Fig. 6.10(a). Fig. 6.10(b)
shows the oscillator response as a function of temperature for an applied bias of
2.4 V. This shows that the oscillation frequency increases, and that the oscillation
amplitude decreases with increasing temperature. The reduction in amplitude is
consistent with the observed reduction in the threshold- and hold-voltages, and the
oscillation window can be determined from the CC-NDR curves shown in Fig. 5.13(a)
using load line analysis. In this figure, the points indicate the window-boundaries
determined from load-line analysis, and the color-coded data defines the region in

which oscillations were directly measured. In this case, oscillations were found to
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Figure 6.11: (a) Measured oscillation window as a function of temperature with a
constant load resistor of 4 k2. The oscillation frequency depicted by colour shading
and the green/red circles are from load line analysis for corresponding temperat-
ure. The error bar heights represent the standard deviation over 3 pulses for tem-
perature. (b) Frequency as a function of applied bias at three different temperatures.

disappear for temperature above 378 K.

The effect of temperature on the oscillation frequency is shown color-coded
in Fig. 6.11(a), and explicitly in Fig. 6.11(b). For a fixed source voltage and load
resistance, the frequency is observed to increase with increasing temperature, as
expected from the change in the CC-NDR characteristics. For example, by assum-
ing that the oscillation frequency is limited by the slower, low-to-high transition,
and that the monitor resistor can be ignored, the low-frequency behavior has the

form [212]

M)] B (6.2)

f, = [R'CD In (
BVs — Vra,

where, R = RpR;/(Rp+Ry), and f = Rp/(Rp+Ry). Since Vo, decreases more
rapidly with temperature than Vy, as shown in Fig. 5.14, the frequency is predicted
to increase with temperature. However, this simple analysis ignores the temperature

dependence of device resistance (Rp) and capacitance (Cp), and therefore overes-

timates the temperature sensitivity. It also fails to account for the dynamics of the
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resistive and capacitive device currents, as previously discussed.

The data in Fig. 6.10(b) and Fig. 6.11 highlight the important functionalty of
these relaxation oscillators, including the temperature dependent oscillation fre-
quency, the ability to program the oscillator frequency and its temperature coeffient
using the source voltage. The latter is evident from the data in Fig. 6.11(b), which
shows an increasing frequency span as the voltage increases. For example, in the
temperature range 296-328 K, the temperature coefficient ranges from 39.6 kHz/K
at a source voltage of 2 V, to 110 kHz/K at a source voltage of 3 V.

6.4.1 Oscillation in nanoscale device
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Figure 6.12: (a) I-V characteristics of nanovia devices with 400 nm diameter.

(b) Stable periodic oscillations with a 10 k2 series resistor during a 2 pus -2.6 V
pulse.
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Nanovia devices with effective device area of 400 nm diameter were fabricated so
as to compare the oscillation response with the micro-size devices. The device fabric-
ation and details of initial forming process are described in Section 5.8. Fig. 6.12(a)
illustrates the typical device electrical response under voltage-controlled and current-
controlled sweeps where the slight difference in hold voltage is due to the vari-
ation of sweep rate between the two modes. The periodic oscillation of device cur-
rent in Fig. 6.12(b) corresponds to the transitions of device conductance. The expan-
ded view in Fig. 6.13(a) demonstrates the transition process from insulating state to
metallic state with ~6 ns switching time (AT yy). The switching time is significantly
reduced in comparison to the micro-size devices due to the downscale in device area
which results reduction in device capacitance. The switch-off time (AT ypp) is ~46
ns. Fig. 6.13(b) shows oscillation frequency scales with source voltage from 2.6 to
10.66 MHz which are similar to the behaviour observed in micro-size devices. Al-
though there is a significant reduction in device capacitance from downscaling device
area, the minimum and maximum operating frequency still remains consistent as to
the microscale devices. This suggests that the oscillation frequency is largely limited

by the circuit capacitance which determines the RC time constant.
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Figure 6.13: (a) Expanded view of transition process from insulating to metallic
state. (b) Oscillation frequency as function of source voltage with a 10 k) series
resistor.
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6.5 Numerical modelling of oscillation behaviour

6.5.1 Modelling details

Pickett and Williams established a compact analytical model of threshold switch-
ing based on Joule heating of a volume that undergoes an insulator-to-metal trans-
ition, and used a SPICE simulation to obtain good agreement with the experimental
measurements of the static and dynamic behaviour of devices [37]. However, a large
departure between the experimental and the model I-V curves was observed, espe-
cially in the low current region below the threshold voltage [37]. This departure was
believed to arise from the most aggressive assumption of their model where the elec-
trical resistance of the insulating phase is constant and temperature independent,
and the temperature within the metallic filament is uniform. Furthermore, using
these simple material and geometric parameters, this model is unable to adequately
describe our data, in particular, the feature of the NDR region in the quasi-static
current-sweeping [-V curves. To address these limitations and more accurately de-
scribe Joule heating and thermal transport between the metallic filament and the
surrounding device, the Pickett model was extended using a finite-element model.
A two dimensional (2D) axis-symmetric finite element simulation model was
solved self-consistently in a time-dependent solver with the I-V charactersitics as
shown in Fig. 6.14(b). In relation to our micro-meter sized devices with 75 nm
thick films and the high compliance current (~20 mA) forming process, the model
considers a NbO/NbO, current channel (filament) surrounded by oxygen-deficient
Nb,O; , as the simulated cell, where the effective NbO, zone is a small active region
with 100 nm diameter and 30 nm thickness, as shown in Fig. 6.14(a). The threshold
switching response of NbQO, is assumed to result from a thermally induced MIT as
proposed by Pickett and Williams [37]. The time-dependent heat equation is solved,
along with the continuity equation for temperature T and potential V [202,216], i.e.,

pmCLOT /0t —VEVT = J* /o (6.3)
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Figure 6.14: (a) Geometry of the simulated device structure assuming a cylindrical
conductive channel (filament) comprised of NbO/NbO2 zones and surrounded by an
Nb,O; , matrix. (b) The comparison of simulated and experimental I-V character-
istics of Pt/Ti/NbO, /Pt devices. (c¢) Calculated 2-D maps of temperature for states
A, B, C, D, and E as depicted in the [-V curve of the simulation results. The red
color represents the high-temperature metallic regions during the MIT.

VJ=VoVV =0 (6.4)

where p,,,, Cp, k, J, and o denote mass density, heat capacity, thermal conductiv-
ity, local current density, and electric conductivity, respectively. The k£ and o values
of NbO, film depend on device temperature and its conduction state. Simply, we use
Einsutator = 0.07, kmetar = 1.5 W m™ K™ and onsutator = 0o€2p(—Eo/kpT), Ometal =
1x10* Q7! m~!. Here, o, is a pre-exponential factor, and E, is the activation energy

for carrier transport. We further assumed that the Nb,O; . zone represented the
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high resistance state of the memory [217], and that the temperature dependence of
k and o were given by: onp,0, = 0oexp(—FE,/kpT) and kynp,0, = kino(1+ AT —1Tp)),
where 0, = 100 Q' m~!, E, = 0.048 eV, ko = 0.035 Wm™ K~ and A = 0.01
K=!. The k and o values of the NbO zone represented the low resistance state of
the memory, and were assumed as oo =7.5x10* Q1 em™! and knyo = 10 W m™!
K~! [217]. For the k and o values of Pt and Ti and other key material parameters
(e.g. mass density and heat capacity), we used the build-in material parameters in

COMSOL software.

The metal-insulator transition temperature (T;r) for thermally induced phase
transitions in transition metal oxides can differ during heating and cooling branches
[218]. However, no such hysteresis is reported for NbO, films [68]. To simplify the
analysis, we therefore assumed the same transition temperature in the calculation,
with the MIT transition modelled by temperature-dependent thermal and electrical
conductivities that vary between those of the insulating and metallic phases over
a temperature range of 100 K, centered at the nominal transition temperature of
1073K. These parameters were chosen to match the published data on the MIT
in NbO, [37,202]. This allowed a quantitative analysis of field and temperature
contributions and accounts accurately for the CC-NDR characteristics of the DC

response [195,198,202].

6.5.2 I-V characteristics

The calculated I-V characteristics for the best fit of the model to the experimental
data are shown in Fig. 6.14(b). Both the low and high current regions are matched
reasonably well except for a deviation in the multi-NDR region. The on/off ratio for
the current jump across the transition is around one order of magnitude, which is
close to the resistance change across the thermal transition in NbO,. The threshold
and hold voltage points are (V.,~0.89 V; L, ~0.2 mA) and (Vy~0.74 V; I;~1.6
mA), respectively, with the hold current being slightly less than the experimental
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value (2.1 mA). The fact that the model reproduces the CC-NDR response of the
device means that it can be used as a predictive tool for circuit design as well as
for simulating the parametric behaviour of oxide threshold switching. Fig. 6.14(c)
shows the calculated 2D map of temperature for states A, B, C, D, and E as labelled
in Fig. 6.14(b). Initially, at low biases, the device is resistive and the current con-
ducts through the NbO, zone, then the temperature increases with the increasing
current due to Joule heating (A-B in Fig. 6.14(c)). As the device current increases
above I, (B in Fig. 6.14(c)), the conductivity of the filament decreases and the
local MIT is induced in the central hot spot of NbO,, zone, as shown in the red color
region, which results in the CC-NDR shown in the [-V curve. A complete metallic
NbO, zone emerged around Ij; (D in Fig. 6.14(c)), and as the current increases fur-
ther, the NbO, zone remains in the metallic state, and the temperature increases
further (D-E in Fig. 6.14(c)).

The I-V curves for different devices show some variability due to the simple
device structures employed (i.e., direct probing onto contact pads) and due to the
statistical variability in the electro-forming process. The resulting -V curves can
be fitted using the proposed MIT model by changing the “effective” geometry of the
filament (i.e., the diameter and relative thickness of the filamentary oxide layers),
as might be expected to result from different electroforming conditions. Indeed, the
model has general applicability and can also be used to model devices with small
active regions such as that in Pickett’s paper [37]. From an experimental perspective,
improvements in uniformity were demonstrated for Pt/NbO, /TiN structures using
more controlled electroforming (series resistance to reduce current overshoot).

Alternative models of the NDR response in NbO, have also recently been pro-
posed [69,172,173]. These are based on the temperature and field dependence of PF
conduction rather than the thermally induced MIT in crystalline t-NbO, [37,68].
However, the calculated NDR response in these models critically depends on the
assumed temperature and field dependence of the film conductivity as well as ac-

curate modelling of local Joule heating. The uncertainty associated with these
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assumptions and the sensitivity of the calculated temperature rise to such paramet-
ers makes it difficult to distinguish between the various PF and MIT models. For
example, the current MIT model can also generate the NDR response reported by
Funck [173]. Recent studies have demonstrated the existence of two distinct NDR
regions with dependence on device operating current, one attributed to PF con-
duction at a low temperature (~400 K) and the other to a Mott-Peierls transition

(~1000 K).

6.5.3 Oscillation characteristics

To simulate the dynamics of the device in an oscillator circuit, including the fre-
quency and waveform of the device current, the model was extended to include device
) as shown in the schematic

capacitance (C ) and circuit capacitance (C

Device Parasitic

of Fig. 6.16(a). Here, Cp, e 1S marked in the circuit schematic which plays an
important role in determining the oscillation waveform. The simulation paramet-
ers were obtained by fitting the I-V measurement of Fig. 6.14(b) and the current

oscillation curves as shown in in Fig. 6.15(a).

The device current oscillations shown in Fig. 6.15(a) are for Vg=1.2 V with a 2 ps
pulse. The current waveform in one oscillation period consists of two parts: a rapid
current spike followed by a slower decay where the order is opposite to the waveforms
of device voltage. Each spike component is associated with the transition of the
threshold switching device. In this case, the peak-to-peak amplitudes of the current
waveforms (Al,,) were measured as ~0.4 mA, which is ~21% of the difference
between the I, and Iy (Al = I — I, =1.9 mA). This is not the case in VO,
devices reported by Kim et al., where the Al,, is almost the same as Al. This
and C

difference is related to the ratio between C in the circuit and will

Device Parasitic

be discussed further later. The decay part of the current oscillation can be fitted

with an exponential decay curve derived from simple circuit analysis
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Figure 6.15: (a) Waveforms of device current oscillation. The decay part of the
current waveform with fitted exponential decay curves from simple circuit analysis.
(b) The total capacitance C determined from fits to experimental and simulated
waveforms, and the sum of the simulated device capacitance Cp;., and circuit capa-
citance Cp, ... @ a function of the source voltage. The error bar heights represent
the standard deviation over >6 oscillation cycles for each voltage.

Rp t— 1o
Ipevice X Vg |1 + =———— — 6.5
e e | (05)

-
where Ipeyice 18 the current across the device, Vg is the source voltage, and 7 is
the RC time constant of the circuit. In Fig. 6.15(a), the orange dashed lines show
fits to the data with the exponential decay curve of Equation (6.5). Based on the
fitted results, C; was estimated as ~265 pF for a bias voltage of 1.2 V and was
found to decrease with the increasing voltage, as shown in Fig. 6.15(b). A similar
phenomenon of negative differential capacitance has also been observed in VO, films
and interpreted as an increase in the fraction of metallic nano-domains within the
switching region with increasing voltage [183].
As shown in Fig. 6.16(b), the model captures the periodicity and waveform of the
oscillations and reproduces the experimental behaviour very well with the optimal
value of Cp, e = 240 pF, which is close to the value determined from complex

impedance spectra reported for micro-sized NbO,_ devices [219], and the optimal
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Figure 6.16: (a) Schematic of the electrical circuit used in simulation to study
the dynamics of self-oscillations. (b) Measured (black squares) and simulated (red
curves) oscillation waveforms of the current through the 50 € resistor for a source
voltage of Vg=1.2 V (2 ps) and the series resistance of R; =1 k2. The green lines
show the simulation data for Cp, ;=0 for comparison, where no current spike was
observed in the current waveform. (c¢) Magnification of the dashed rectangle region
in (b). (d) Measurements (black curves) and simulation (red curves) of time traces
of the current through the device when excited with source voltages ranging from
1.5 V (bottom) to 2.6 V (top) with 1k series.

value of C = 33 pF, which is comparable to the measured open circuit capa-

Parasitic

citance of the measuring system. The calculations show that the current waveform
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is sensitive to the value of C For example, for C =0, the current spike

Parasitic* Parasitic

disappears, resulting in a sawtooth waveform with the same fundamental frequency,
as shown by the red-coloured line included in Fig. 6.16(b).

An expanded view of the current spike region is shown in Fig. 6.16(c). Both the
experimental and calculated off-to-on-transition times are ATpy = 14 ns, which is
consistent with a previous experimental report (~22 ns) but two orders of magnitude
larger than that (~700 ps) reported by Pickett and Williams [37]. This highlights
the effect of the measurement system and device structure on the observed rise time.
Measurement of the on-to-off-transition time is complicated in the present case by
a sub-peak in the current oscillation which appears to result from the multi-NDR
regions in the I-V curves in Fig. 6.2(b). An estimate of ~4.0 pJ for the total energy
input during on-switching can be obtained by noting that the voltage across the
device was ~0.9 V and that numerical integration of the measured current over the
transition time is ~4.4 pC. This is more than one order of magnitude larger than
that obtained from Pickett’s experiments due to the energy consumption from the
intrinsic capacitance [37].

To match the measured pulse characteristics for source voltages above 1.5 V the
and C

values of C were first set as constant at 240 pF and 33 pF, respect-

Device Parasitic

ively. However, the frequency and waveform of simulated device current deviate from

the with measured oscillation characteristics as the source voltage increases. The

value of C and C were then adjusted to match the measured oscillation

Device Parasitic

waveforms for other load resistance and source voltages as shown in Fig. 6.16(d)

and Fig. 6.17. The sum of C + C was plotted in Fig. 6.15(b) as a func-

Device Parasitic

tion of source voltages.

Moreover, we fitted our calculated waveforms with the exponential decay curve
of Equation (6.5) from simple circuit analysis. Then the obtained C; for different
Vg from the simulation shows the same trend as that from the experimental data,
as shown in Fig. 6.15(d). However, these calculated C values are not equal to the
sum of C

+ C due to circuit dynamics. For the voltage pulse of 2.6 V,

Device Parasitic’
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the simulated device current does not show oscillation behaviour: this is due to the
fact that the voltage exceeds the upper limit of the stable oscillation window, which
is limited to the voltage range 1.1 to 2.5 V from load-line analysis of the calculated
[-V curve in Fig. 6.14(b). This model can also be used to simulate other measured
pulse characteristics for different source voltages with of R; = 0.5 k2, 2 k2, and 4
k2, as can be seen in Fig. 6.16.

6.5.4 Waveforms and limit cycles

To better understand the device behaviour and the dynamics associated with oscil-

lations, Fig. 6.18(a) shows the relationship between the device voltage V and

Device

various current components for a single oscillation period in terms of simulation data
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Figure 6.17: Measurements (black curves) and simulations (red curves) of time
traces of the oscillation current through the device when excited with source voltages

and different series resistor: (a) 0.5 k2, (b) 2 k2, and (c) 4 k2.



98 NbO, Relaxation Oscillators

for Vg = 1.2 V. The latter include the current due to the resistance of the device
(IR device)s the current due to the capacitance of device (I jovice), the total device

current [ and the current due to parasitic capacitance(I The sequen-

Device’ C_parasitic) .

tial charging and discharging stages are evident in the V trace which is related

Device

to the low and high current regions of the I signal. Note that I is posit-

R_device R_device

is negative, and the sum of the two currents is the current through

=1

ive while I+ govice

the device: I +1 This is the origin of the deviation mentioned

Device R_device C_device*

above where the AT, is less than the current difference between the I, and I;;. The
oscillation waveforms for the total device current have a roughly trapezoidal shape,
which is also observed in other experiments [37,204,220]. The current through the

parasitic capacitance, I is also negative due to the charging and discharging

of C
of I

C_parasitic

which also influences the waveform of I As a consequence, the peak

Parasitic’ Device*

occurs concurrently with the minimum of I but it has ~6 ns delay

Device C_parasitic’

compared with the maximum of | as shown in Fig. 6.18(a). Consequently,

R_device?

the peak-to-peak current amp-

and C

the oscillation frequency, the waveform of I ;...

litude, and even the off-to-on-transition time are affected by C

Device Parasitic’

as discussed later.

Replotting the I “Vpevice Tesponse for Vg = 1.2 V defines a limit cycle as

Device

shown by the red line in Fig. 6.18(b), which is a characteristic of self-sustained

oscillators [39, 221, 222]. The I Y% response (blue line) is also plotted

R_device Y Device

in Fig. 6.16(b), and is shown to roughly match the hysteresis region of the voltage
sweeping I-V curves (dashed line). In relation to the current sweeping I-V curves

(dotted line), four characteristic points for a cycle of 1 oscillation are marked

R_device
in Fig. 6.18(b), which corresponds to those in Fig. 6.14(b). Region B-E represents
the transition from insulating to metallic state, E-D corresponds to the device in a
metallic state, D-A represents the transition from metallic to insulating state, and
A-B corresponds to the device in its insulating state. The oscillation mechanism can

then be described as follows: (a) Starting from the threshold-bias point B, the cur-

rent rises to the on-state point E upon switching as a result of the total capacitance
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Figure 6.18: (a) Calculated device voltage, Vi, .., and related current compon-
ents: Iy gevicer Lo devicer Devicer A0 I parasitic fOT @ source voltage of Vg = 1.2 V and
load resistance of R; = 1kQ. (b) and (c) Show the limit cycles of I, o= Viovice
(red lines) for Vg = 1.2 V and 2.2 V, respectively. The green lines show the sim-
ulation data of Ip, ice Vpevice With Cparasitic = 0, where the limit cycles collapse to
straight lines. The blue lines show the Iy j.vice Vpevice Characteristics. The black
lines show the I-V response of the device under voltage-controlled (dashed) and
current-controlled (dotted) operation for comparison.

(Cr) in the circuit; (b) the current decreases to point D of the I \Y%

acteristic as the capacitance discharges, and then, the current falls to the off-state

char-

R_device Y Device

point A due to the MIT; (c) then the voltage increases as the capacitance charges,
and a new cycle of oscillation begins once the threshold-bias point B is reached.

The corresponding four characteristic points are also marked in Fig. 6.18(a) to

determine the transition time. The rise time of 14 ns from B to E in the simulation of
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| and | is consistent with the experimental value as shown in Fig. 6.16(c).

R_device Device

Here, each spike component can be related to the insulator-to-metal transition (B-E),
metal (E-D), and metal-to-insulator transition (D-A), while each decay component
can be related to the insulator state (A-B) of the device. The corresponding time
For the case of Vg = 1.2 Vand R; =
= 144-17+10+266

was deﬁned as tIMT’ tmetal’ tMIT’ and tinsulator'

1k€2, the oscillation period is Ty, = tpttoea v T binsulator
= 307 ns. All four stages can be tuned by appropriate control of the bias voltage,
a series resistor, and an external capacitance. The oscillation frequency f .. can be

tuned accordingly.

Similarly, the I V response for Vg = 1.2 V and R, = 1k(2, also defines a

Device Y Device

limit cycle as shown by the red line in Fig. 6.18(c). In relation to the voltage sweeping
I-V curves (dashed line), the Iy joice Vbevice F€SPONSE represents a deformed hyster-
esis region as shown by the blue line in Fig. 6.18(c), which is a dynamic feature due

to the high frequency. Note that if the C = 0, the limit cycle collapses to a

Parasitic

straight line for both Vg = 1.2 V and 2.2 V case with R;, = 1 k{2, as shown by the
green lines in Fig. 6.18(b) and Fig. 6.18(c).

6.5.5 Capacitance dependence

The tunability of this Ti/NbO, oscillator, including the effect of device and parasitic
capacitances on the operating frequency, is explored through two sets of simulations:

(1) CDeVice
(Vg =12V, R, =1kQ, and C

is varied from 1 pF to 2 nF and the other parameters are kept constant
=33 pF); (2) C
to 5 nF and the other parameters are kept constant (Vg = 1.2 V, R, = 1kQ, and
C

is varied from 1 pF

Parasitic Parasitic

= 240 pF). Results show that both the oscillation wave shape and frequency
and C Fig. 6.19(a) and (b) show the current-

Device

depend strongly on C

Device Parasitic*

time characteristics of simulated, self-sustained oscillations for various capacitance
values, where the effects of capacitance can be clearly observed. The peak-to-peak

amplitudes of the total device current (Al,,) decrease significantly when Cp_ ;..
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reaches 500 pF (Fig. 6.19(a)), since a larger device capacitance stores and discharges

more charge. By increasing C I increases accordingly and AI,, decreases.

Device’ ~C_device

In contrast, Al,, increases significantly when C changes from 1 pF to 1 nF

Parasitic

(Fig. 6.19(b)). Finally, Al,, increases proportionally with the ratio of C and

Parasitic

Cpevice and then tends to saturate, as shown in Fig. 6.19(c).
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Figure 6.19: (a) Waveforms of I, ;.. as a function of the device capacitance C
and (b) as a function of the parasitic capacitance Cp, ... (¢) The dependence of the
peak-to-peak device current on the ratio of Cp, ..iic = Cpeviee: (d) The dependence
of the oscillation frequency on the sum of CDevice and CParasitic.

Device’

The physical transition times in a nanoscale NbO, device between on and off
states have been reported to be ~700 ps for the insulator-to-metal transition and
2.3 ns for the metal-to-insulator transition [37], which indicates that the maximum
achievable frequency for these oscillators is expected to be ~GHz. However, the
oscillation frequency is determined by the resistor-capacitor time constant associ-

ated with charging/discharging, and in most cases, the peak frequency is limited by
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C and C Fig. 6.19(d) indicates that the frequency is inversely propor-

and C

Parasitic Device*

tional to the sum of C

the C and C

To increase the frequency, clearly both

Parasitic Device*

should be reduced. This suggested as the advantage of

Parasitic Device

nanoscale devices for high-frequency operation.

6.6 Summary

The electrical self-oscillation behaviour of an NbO, CC-NDR device was investig-
ated experimentally and with reference to a finite element model of the switching
response based on a thermally induced MIT. Room temperature electrical oscil-
lation was demonstrated for a circuit containing the NbO, device, and shown to
be directly related to the presence of the NDR region in the I-V characteristic of
the device operated in the current mode. Devices were further shown to display
sporadic, relaxation, and damped oscillations depending on the applied voltage and
series resistance. The voltage range over which CC-NDR is observed, decreases with
increasing temperature, up to 378 K. Up to this temperature, relaxation oscillators
exhibit voltage and temperature dependent oscillation frequencies and the sensitivity
of the frequency to temperature changes was found to be voltage-dependent.

A Joule-heating induced electro-thermal threshold switching model based on the
finite element method was presented and shown to reproduce the I-V characteristic
of the device. Based on this model, the switching dynamics of the electrical circuit
which included the CC-NDR device were investigated. The waveform of the device
voltage and current were discussed in detail with reference to the model predictions.
The model highlighted the role of circuit and device capacitance in controlling the

oscillation frequency and current amplitude.



Chapter 7

Coupled NbOy Oscillators

7.1 Introduction

Coupled oscillatory systems exhibit rich dynamics that have attracted consider-
able scientific interest over many years [25,223,224]. The process of synchronisa-
tion not only governs fundamental physical, chemical and biological systems in
nature, including neural oscillations, circadian rhythms and thalamo-cortical sys-
tems [225-228], but also underpins the development of a diverse range of novel
applications in physics and engineering [184,229,230].

A particular focus in recent years has been the development of compact, low-
power solid-state relaxation oscillatory networks for neuromorphic computing applic-
ations, such as real-time spatio-temporal recognition [231]. This is based on the fact
that such networks have been shown to emulate the functionality of computational
neurons [18,186,232]. Devices of interest include those based on threshold switching,
or current-controlled negative differential resistance (CC-NDR), in strongly correl-

ated oxides.

In this chapter, we experimentally investigate the coupling dynamics between
two Nb/Nb,O, CC-NDR driven oscillators. The oscillation characteristics of each
isolated oscillator are studied and their distinct differences are examined. The be-
haviour of the coupled systems is explored experimentally by introducing a coup-
ling capacitor and studied as a function of source voltage and coupling capacit-
ance. The experimentally measured coupling modes were compared and explained

with a physics-based finite element model.
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7.2 Experimental details

Devices were fabricated on a thermally oxidised Si wafer, with a bottom electrode
comprised of a 10 nm Ti wetting layer, a 25 nm Pt layer and a 10 nm Nb layer
deposited by electron beam evaporation without breaking vacuum. A 20 nm Nb,O;
layer was subsequently deposited on the bottom contact by RF sputter deposition
using an Nb,O; target as the source. Circular Pt top contacts (50 nm thick and
150 um diameter) were then deposited by electron beam evaporation through a
shadow mask to complete the test devices. Completed devices were subsequently
encapsulated with a 40 nm SiNx layer deposited by plasma enhanced chemical vapor
deposition at 300 °C (2 min). This served to protect the devices from the ambient
and provided a low temperature anneal to sinter the contacts and stabilize the
structures. A cross sectional transmission electron microscope (TEM) view of a

complete device structure is shown in the inset of Fig. 7.1(a).

00 02 04 06 08 10 2
Voltage (V)

Figure 7.1: (a) NDR responses of isolated devices under a [-V sweep. Inset shows
TEM cross section of the device structure. (b) Circuit configuration for single-device
oscillator (c¢) Circuit configuration for coupled oscillator systems.

Before electrical measurements top electrodes were opened by wet etching and the
initial I-V curves of the devices in their pre-switching state exhibit rectifying char-
acteristics, as shown in Fig. 7.2(a). To initiate the threshold switching, an electro-

forming process is necessary, as shown in Fig. 7.2(b). This involved a voltage sweep
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from 0 V to -5 V with a 200 nA compliance current to induce soft breakdown. Stable
CC-NDR was then achieved after several stabilising switching cycles. The CC-NDR
response is believed to result from the development of an interlayer at the Nb/Nb,O,
interface in the vicinity of the residual conductive filament. The development and
stabilisation of this interlayer is enhanced by local Joule heating during electroform-
ing and the first few switching cycles, and is limited to the region around the filament
due to its current confining effect. Stabilisation of the interlayer is expected after the
first few switching cycles and devices then show reproducible CC-NDR characterist-
ics. Current-voltage (I-V) characteristics were measured using an Agilent B1500A
semiconductor parametric analyzer attached to a Signatone probe station.

Fig. 7.1(a) shows quasi-DC I-V characteristics for two Nb/Nb,O; devices under
current-controlled sweeps. As the current through the device-under-test (DUT) in-
creases, the voltage also initially increases up to a threshold value after which it
decreases with increasing current. The latter response corresponds to a region of
negative differential resistance due to an increase in conductivity with increasing
current. This region is bounded by the threshold voltage, V., ; and V., and the

hold voltage, Vy;; and Vyy,. Under voltage-controlled I-V measurements the current

(b)
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Figure 7.2: ((a) The initial I-V curves of the two Pt/Nb,O,/Nb/Pt devices in their
virgin (pre-switching) state exhibit a rectifying characteristic. (b) Electroforming
process with 200 pA compliance current for the two devices.
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increases rapidly at the threshold voltage due to the positive feedback created by
the nonlinear increase in conductivity [51]. In both cases the change is volatile, with

the conductivity returning to its initial state when the current (voltage) is reduced.

7.3 Individual oscillator response

(a) (b)
i 3.0 2 o 5.85 MHz
25 S S 7.69 MHz
< 20/ 20 8 £
E 2 &
— 15} 1.5 5 ©
5 > s
= 1.0 © =
S o [}
@) 05 > 1S
Source Voltage : (?) <
0 1 2 3 4 2 4 6 8 10
Time (us) Frequency (MHz)

Figure 7.3: (a) Device current of isolated oscillators during excitation with 4 ps,
-3 V pulse. D#1 current has been vertically offset upwards by 0.7 mA for clar-
ity. (b) FFT amplitude spectra of accompanying current signals for D#1 and D#2
with -3 V excitation.

To study the individual oscillator response, devices were incorporated in a simple
Pearson-Anson circuit as shown in Fig. 7.1(b). This comprised a load resistor R; and
a 50 © monitoring resistor (R,;) in series with the DUT. The source voltage,Vgq, was
applied as a pulse of 4 us duration. The resulting oscillation waveforms are shown
in Fig. 7.3(a) for R;, = 1 kQ and Vg = -3 V. The rise and fall of the device current
corresponds to the dynamic transition between low and high resistance states in
the DUT. Device 1 (D#1) and Device 2 (D#2) exhibit their own natural oscillation
frequencies at 5.85 MHz and 7.69 MHz, respectively as shown in Fig. 7.3(b). The dif-
ferences in natural oscillation frequency and device peak-to-peak currents reflect the
different CC-NDR characteristics of the individual devices shown in Fig. 7.1(a). More

detailed analysis of these single oscillator dynamics was described in Chapter 6. Suf-
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Figure 7.4: (a) Plot of the isolated oscillator frequency as a function of source
voltage. (b) Oscillation window defined by Vg and R, for D#1 and D#2.

fice it to say that oscillation is the result of the switching response of the DUT in
combination with the voltage divider created by the load resistor, with the oscilla-
tion frequency determined largely by the bias voltage and the RC time constant of
the circuit, including both intrinsic and parasitic contributions. As a consequence,
the frequency of the individual devices can be tuned by adjusting the load resistor,

R;,, and source voltage, Vg.

The fundamental frequencies of each oscillator as function of the applied voltage
are shown in Fig. 7.4(a). This shows an approximately linear dependence on Vg for
frequencies up to 8~10 MHz, and a more rapid increase at higher frequencies due
to a reduction in the capacitive reactance. The minimum and maximum frequency
limits for D#1 are between 1.69 MHz and 17.04 MHz and for D#2 they are 2 MHz
to 16.59 MHz, respectively. Fig. 7.4(b) shows the bounded region as the oscillation
window for D#1 and D#2. It clearly illustrates the distinct differences between
their oscillation windows. For instance, with a fixed load resistance of 1 k{2, D#1 is
capable of sustaining self-oscillation for voltages in the range from -1.8 V to -4.85 V
while D#2 has a voltage tunable range from -1.4 V and -4 V. The distinct oscillation
frequency and voltage tunability are particularly interesting for capacitive coupling

between D#1 and D#2.
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7.4 Voltage and coupling capacitance effect

The effect of coupling these two devices was investigated using the circuit config-
uration shown in Fig. 7.1(c), where the external variable capacitor (Cg,,) was used
to control the coupling strength. The variable capacitor is configured to have a
minimum value of 35 pF and to increment in 100 pF steps. For the measurements
presented here, the load resistors, R;; and R;,, had the same fixed value of 1 k{2,
and the switching dynamics of the individual oscillators were monitored through

50 €2 resistors in series with each device. A typical synchronisation mode is shown
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Figure 7.5: (a) Device currents for oscillators coupled with a 2035 pF external
capacitor during excitation with an 8 us, -3 V voltage pulse. (b) FFT amplitude
spectra of the accompanying current signals for -3 V excitation. Inset shows a
current phase-space diagram for the coupled devices. ((c¢) Individual device currents
for oscillators coupled with a 2035 pF external capacitor during excitation with an
8 us, -3.6 V voltage pulse. (d) FFT amplitude spectra of accompanying current
signals for -3.6 V excitation. Inset shows a current phase space diagram for the
coupled devices.
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in Fig. 7.5(a) for Cy,, = 2035 pF and V¢ = -3 V. In this case, the oscillators exhibit
antiphase oscillations and have a peak-to-peak current in the range ~0.2 mA to 2
mA. The underlying dynamics are such that when device D#1 switches from a LRS
to a HRS, device D#2 concurrently transits from a HRS to a LRS, producing a
180° phase relationship in device current between the two oscillators. Fast Fourier
Transform (FFT) spectra of the coupled oscillators are presented in Fig. 7.5(b) and
show that the coupled system operates with a unique synchronised frequency of
0.9 MHz, much lower than that of the isolated oscillators in this case. The inset in
Fig. 7.5(b) shows phase-space trajectories for the device currents. These trace closed
loop trajectories, consistent with synchronisation, but have a complex form due to

the fine structure in the current oscillation waveforms.

When the source voltage is increased to -3.6 V, the oscillation frequency increases
and the relative phase difference between the individual oscillators decreases, as
shown in Fig. 7.5(c). The accompanying FFT spectra (see Fig. 7.5(d)) show that
the oscillators now have a mutual frequency of 9.08 MHz which is between their
natural frequencies of 8 MHz and 10.28 MHz, respectively. The inset in Fig. 7.5(d)
shows the phase-space trajectories for this case, again highlighting a closed loop
structure consistent with coupled oscillation, and a simplified form compared to
that in Fig. 7.5(b) due to the simpler current waveforms. This behavior can be
broadly understood by noting that the reactance of the coupling capacitor decreases
with increasing frequency (or increasing capacitance) thereby leading to more direct,
(i.e. lower impedance) coupling.

The effect of source voltage and coupling capacitance on individual oscillator fre-
quencies is shown more generally in Fig. 7.6. Fig. 7.6(a) plots the oscillator frequen-
cies as a function of source voltage for a fixed coupling capacitance of 2035 pF and
highlights three distinct coupling regimes. This behaviour can be understood con-
ceptually by considering the response of device D#2 to changes in device D#1 (see
the circuit in Fig. 7.1(c)). When device D#1 switches from one state to another it

produces a voltage difference across the coupling capacitor. This induces a current to
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flow through R;, and device D#2 and changes the voltage across device D#2. For
the lowest source voltages (Region I) this contribution has little effect on switching
and the devices switch at their natural frequencies. As the source voltage increases,
the coupling contribution also increases to the point where it affects switching in
device D#2. Device switching then becomes more interdependent, with switching
in device D#1 influencing switching in device D#2, and vice versa. While such
arguments underpin the general trends in Fig. 7.6(a) the behaviour is much more
complex due to the mutual interaction of the oscillators and can only be captured
by more detailed modelling. This is particularly evident from the discontinuous be-
haviour between Regions I and IT and Regions II and III. Specifically, in Region II
the mutual operating frequency is found to be relatively independent of the source
voltage and is lower than that of the individual oscillators, having a frequency equals
to (fe — f1)/2 where f; is the frequency of device D#1 and f> is the frequency of
device D#2, and the device currents are frequency- and phase-locked with a phase
difference of 180°. In contrast, at higher source voltages (Region III), the mutual

frequency is (f1 + f2)/2 and a constant phase-difference of approximately 130°.

Fig. 7.6(b) shows the coupling frequency as a function of coupling capacitance
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Figure 7.6: (a) Frequency of coupled oscillators as a function of source voltage for
Cgy = 2035 pF. (b) Change in the coupling frequency and the coupling strength
(inset) as a function of Cg,, for Vg =-3 V.
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for a fixed source voltage of -3 V. For relative low capacitances (<235 pF) the os-
cillators are only weakly coupled and oscillate with different frequencies. As the
capacitance increases to >235 pF, the devices synchronise and oscillate with a com-
mon frequency that decreases with increasing capacitance due to longer charging and
discharging cycles. The inset in Fig. 7.6(b) shows the full width at half maximum
(FWHM) of the dominant FFT peak as a function of coupling capacitance. The re-
duced FWHM reflects the stronger coupling interaction and stable synchronisation

due to the mutual feedback [233].

7.5 Numerical modelling of coupling dynamics

For further understanding of the coupling mechanism, different synchronisation
modes of the coupled systems have been simulated based on the extension of our
previous modelling work [187]. A Joule-heating induced electro-thermal threshold
switching model based on the finite element method (FEM) was presented and
shown to reproduce the current-voltage (I-V) characteristic of the device. We exten-
ded our previous work to explore synchronization of NbO, coupled oscillators for
computational applications.

Fig. 7.7(a) shows the schematic structure of the Pt/Nb,O;(25 nm)/Nb(10
nm)/Pt test device and the electrical measuring conditions. To reproduce the -V
curves, a two dimensional (2D) axis-symmetric finite element simulation model was
solved self-consistently in a time-dependent solver. The details of the simulation
parameters are previously discussed in Section 6.5. Similar with our previous simu-
lation conditions, the model considers a NbO,/NbO current channel (filament) sur-
rounded by oxygen-deficient Nb,O . as the simulated cell as shown in Fig. 7.7(b),
where the size of the effective NbO, zone is adjustable according to the [V curves
after electroforming. Here, the effective NbO, zone for D#1 is used as a small active
region with 100 nm diameter and 20 nm thickness, while the effective NbO, zone

for D#2 is used as a small active region with 90 nm diameter and 25 nm thickness.
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As shown in Fig. 7.8(a) and Fig. 7.8(b), the calculated I-V characteristics are able
to match the threshold and hold points within the NDR region which provides the

fundamental basis of self-sustained oscillation in each device.

To reproduce the waveforms and dynamics of an isolated oscillator, the same
circuit configuration was adopted in the simulation as described in Section 6.5 of
Fig. 6.16(a). The oscillator is composed of a NbO, device in series with a load
resistor (R;). The NbO, device is assumed to be composed of a variable resistance
(Rp) and an intrinsic capacitance (Cp). Sufficient amount of source voltage (V) was
applied in order to initiate the oscllation. A parasitic capacitance (Cp) is assumed in
the circuit. The waveforms and dynamics of an isolated oscillator were reproduced
when the NDR device based on the FEM model is combined with circuit elements,
as shown in Fig. 7.9(a) and Fig. 7.9(b). Here, the Cp; =847 pF and Cp, = 178 pF
were used for D#1, while the Cp, =485 pF and Cp, = 70 pF were used for D#2.

To study the dynamics of coupled oscillators, the electrical circuit configuration

used in the simulation is shown in Fig. 7.10. Electrical coupling of two oscillators

2D equivalent
plane

Figure 7.7: (a) Schematic of the fabricated Pt/Nb,O,/Nb/Pt test devices and
the measuring conditions. (b) Geometry of the simulated device structure assum-
ing a cylindrical conductive channel (filament) comprised of NbO2/NbO zones and
surrounded by an Nb,O, , matrix.
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Figure 7.8: Measured and simulated I-V curves with clear NDR characteristics in
current-sweeping mode for (a) D#1 and (b) D#2.
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Figure 7.9: (a) Measured and simulated oscillation waveforms of current through
the 50 2 resistor for D#1 with a source voltage of Vg =-3.0 V and R; = 1 k2. (b)
Measured and simulated oscillation waveforms of the current for D#2.

is enabled through a coupling capacitor (C

Ext)- The FEM simulation demonstrated
the dependence of coupling modes on Cy,,.

Fig. 7.11 shows simulated current dynamics for oscillators coupled with two dif-

ferent coupling capacitances and operated with a fixed source voltage of -3 V. The

coupled oscillators exhibit antiphase synchronisation with a 835 pF coupling capa-
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citor (see Fig. 7.11(a)), and a reduced phase offset when the coupling capacitance
is increased to 1535 pF (see Fig. 7.11(c)). The corresponding FFT spectra and cur-
rent flow trajectories are shown in Figs. 7.11(b) and (d), respectively. The data in
Fig. 7.5 and Fig. 7.11 highlight the fact that the synchronisation dynamics depend
on source voltage (oscillator frequency) and coupling capacitance, consistent with
expected changes in the coupling reactance (i.e. X¢ = [27fC] ") where an increase
in frequency or capacitance leads to a decrease in reactance of the coupling capa-
citor. Fig. 7.12(a) shows the corresponding dynamics of time domain waveforms (V,
and V,) for the two NbO, oscillators with capacitively coupling (Cg,,=835 pF).
After an initial unsynchronized period of ~1 us, they frequency lock and converge
to a single resonant frequency (3.28 MHz). Fig. 7.12(b) shows voltage flow diagrams
in phase space. In contrast to the disordered trajectory for Cg,, < 75 pF, a steady
state butterfly shaped orbit is obtained in the synchronized case. Fig. 7.13(a) shows

the simulated time domain waveforms (V; and V,) for the two NbO, oscillators with

Cpi = — Cpz

"
o
o
@) py)
N
||

Figure 7.10: Schematic of coupled oscillators, where each individual oscillator is
composed of a NbO, device in series with a load resistor (R, ) and electrical coupling
is enabled through a coupling capacitance (Cpg,,)-
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Figure 7.11: (a) Simulated device currents for oscillators coupled with a 835 pF
external capacitor with —3 V voltage pulse. (b) Corresponding FFT amplitude
spectra of the accompanying current signals for —3 V excitation. Inset shows a
current phase—space diagram for the coupled devices. (c¢) Simulated device currents
for oscillators coupled with a 1535 pF external capacitor during excitation with —3
V voltage pulse. (d) FFT amplitude spectra of accompanying current signals for —3
V excitation. Inset shows a current phase space diagram for the coupled devices.

the coupling strength (Cg,,=1535 pF). After an initial unsynchronized period of ~1
us, the frequency and phase of the two NbO, oscillators are both completely locked.
The synchronized frequency is 6.52 MHz. Fig. 7.13(b) shows voltage flow diagrams
in phase space. In contrast to the disordered trajectory for Cg,, < 75 pF and steady
state butterfly shaped orbit for 75 < Cg,, < 1035 pF, a steady state linear shaped
orbit is obtained in this synchronized case. The results are consistent with results

reported for VO, based coupled oscillators [46].

Fig. 7.14 shows the coupling frequency as a function of coupling capacitance for a

fixed source voltage of -3.0 V. The coupling interaction can be grouped into 3 regions.
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Figure 7.12: (a) The simulated time domain waveform (V, and V,) of the two
NbO, oscillators with a coupling capacitance of 835 pF. (b) Voltage flow diagram
in phase space for coupled oscillations. The arrows show the flow direction of the
electrical trajectory for the coupled configuration. A steady state butterfly shaped
orbit is obtained in the synchronized case.
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Figure 7.13: (a) The simulated time domain waveform (V, and V,) of the two
NbO, oscillators with a coupling capacitance of 1535 pF. (b) Voltage flow diagram
in phase space for coupled oscillations. The arrows show the flow direction of the
electrical trajectory for the coupled configuration. The steady state periodic orbit
is almost a straight line.

For relative low coupling capacitance region (<75 pF, Region I), the two oscillators
are only weakly coupled and oscillate with different frequencies. For coupling capa-
citance in the middle range (75 < Cp,, < 1035 pF, region II), the two oscillators

exhibit stable anti-phase coupled oscillations. The two oscillators synchronize and
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Figure 7.14: The frequencies of V; and V, nodes for both oscillators change with
increasing coupling capacitance (Cpg,,).

oscillate with a common frequency that decreases with increasing capacitance due
to longer charging and discharging cycles. As the capacitance is increased further
(>1100 pF, Region III), the coupled oscillators transit to a higher mutual frequency
that lies between the natural frequencies of the isolated oscillators. Simulations re-
veal that the synchronized frequency from the region II and to III exhibits an abrupt

increase which is attributed to the increase in coupling capacitance.

7.6 Summary

In summary, we have shown that two non-identical Nb/Nb,O; relaxation oscillators
can be capacitively coupled to produce reliable functional devices with high oper-
ating frequency, low operating voltage and broad tunability. The coupled system
was shown to exhibit rich collective behaviour, from weak coupling with individual
device frequencies and phases, to strongly-coupled, synchronised responses, depend-

ing on the magnitude of the source voltage and coupling capacitor. Stable frequency
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and phase locking states were demonstrated with broad MHz tunable range and
low operating voltage. The physical realisation and understanding of such simple
coupled oscillatory system are crucial for future development of large-scale coupled

oscillatory networks for non-Boolean computing.



Chapter 8

Conclusion and Outlook

8.1 Conclusion and summary

This dissertation has investigated the volatile threshold switching, or current-
controlled negative differential resistance (CC-NDR) behaviour, in amorphous NbO_
based metal-insulator-metal (MIM) devices. The thesis began by examining the ma-
terial properties of NbO, thin films and then studied the following three areas of
interest: 1) threshold switching characteristics and anatomy within a self-assembled
threshold-memory structure, 2) suitability of NbO, threshold switching device as
a self-sustained oscillator and corresponding oscillation behaviour, 3) dynamics of

capacitively coupled CC-NDR driven oscillators.

In Chapter 3, the physical and electrical properties of NbO, thin films were stud-
ied. Roughness of the sputtered NbO, samples was found to be relatively smooth
and have an exponential dependence on film thickness. The XRD characterisation
showed that the film remained amorphous for temperatures up to 500 °C and formed
pseudohexagonal TT-Nb,O, at 600 °C. The composition analysis by RBS showed
that an increase in oxygen from 5 % to 12.5 % resulted in a variation in NbO,
composition (O/Nb ratio) from 2.05+0.02 (semiconducting) to 2.87£0.03 (highly
insulating). For electrical characterisation, six switching modes in NbO, were found,
including: unipolar resistive switching, bipolar resistive switching, threshold switch-
ing, self-assembled threshold-memory switching, co-existence of threshold-memory
switching, and co-existence of smooth S-type and abrupt box-like NDRs. Devices

with both inert top and bottom electrodes commonly exhibit unipolar resistive
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switching while bipolar resistive switching needed to be initiated with a reactive
electrode as an oxygen exchange layer.

Chapter 4 focused on understanding the threshold switching behaviour and
anatomy of Pt/NbO,/TiN device structures. The devices exhibited self-assembled
threshold-memory switching after a forming process and a subsequent SET/RESET
cycle. Symmetric and stable threshold switching was achieved when a compliance
current limit was applied. The symmetric threshold switching was studied as a func-
tion of device area and NbO, thickness. The threshold and hold voltages were found
to be relatively constant, but the threshold power (current) decreased monotonically
with increasing film thickness. The invariant threshold and hold voltages suggested
that the threshold switching volume is both laterally and vertically confined at the
oxide/electrode interface while the change in threshold power is contributed from
a semiconducting shell surrounding the filamentary core. The proposed core/shell
structure was supported by the predictions of a resistor network model and detailed
numerical modelling. With downscaling device area to the nanoscale, devices ex-
hibited considerable reduction in threshold current and significant improvement in
on/off ratio. Localised switching and the core/shell structure were verified by com-
parison with the threshold switching response between the micro- and nano-scale
devices. With increase in ambient temperature, the threshold and hold voltages were
reduced while the currents increased. The findings are direct results of lower thermal
power required to reach the transition temperature. The temperature and field de-
pendent conduction of the subthreshold region was found to be attributed to the
trap-assisted Poole-Frenkel emission.

Chapter 5 experimentally studied the characteristics of a high-frequency elec-
trical oscillation behaviour in NbO, based threshold switching devices and investig-
ated the suitability of such devices as self-sustained oscillators with reference to a nu-
merical model. Devices are capable of sustaining self-oscillation in a Pearson-Anson
circuit configuration within the CC-NDR region. The voltage and load resistance

dependent oscillation window and frequency profile can be predicted with the load-
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line analysis and the Schmidt model. Three distinct oscillation regimes, sporadic
oscillation at the lower boundary, relaxation oscillation, and damped oscillation at
the upper boundary, were observed. Oscillators exhibit stable relaxation oscillation
for more than ~6.5x10'° cycles with a minimal source voltage of 1.06 V and a
maximum operating temperature up to ~380 K. Temperature dependent measure-
ments showed an increase in oscillation frequency and frequency tunability, and a
decrease in peak-to-peak amplitude with rising ambient temperature. The oscilla-
tion dynamics were also investigated by finite element modelling in a Pearson-Anson
circuit which was able to well describe the oscillation characteristics with inclusion
of the circuit and device capacitance. The model underlines the significant effects
of the intrinsic and external capacitance on oscillation frequency and peak-to-peak
amplitude.

The dynamics of two capacitively coupled CC-NDR driven oscillators were ex-
perimentally demonstrated and studied in Chapter 6. The compact and scalable
coupled systems were shown to exhibit low power operation and broad MHz tun-
able range. A diverse range of coupling modes were observed by tuning the source
voltage and the coupling capacitance, from weak coupling to strong synchronisa-
tion. With a constant coupling capacitance, the coupled oscillators exhibited three
coupling regions with increasing source voltage which began with the distinct nat-
ural frequency and phase of each oscillator, and then transited to a mutual frequency
and phase locking state. The developed finite element model was able to predict and
describe the voltage and capacitance dependent nonlinear coupling behaviours.

In summary, the results of these studies have contributed to the advancement of
current understanding of threshold switching in amorphous NbO, thin films. The
experimental findings from the systemic device area and thickness study sugges-
ted that the localised conduction path consisted of a core/shell structure and was
validated with the resistor network model and detailed numerical modelling. We fur-
ther experimentally demonstrated that the NbO, based threshold switching devices

are promising to be used as scalable and low power self-sustained oscillators with
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MHz frequency tunable range, high endurance and high operating temperature tol-
erance. Finally, the coupled system was physically realised with two NbO, based
CC-NDR driven oscillators and was shown to exhibit rich coupling dynamics which
provide a crucial fundamental basis for further development of large-scale coupled

networks for non-Boolean computing.

8.2 Future research directions

There are several opportunities for future research:

e The systemic device area and oxide thickness study suggests that the threshold
switching occurs in a localised core/shell structure with a fixed threshold
switching volume at the oxide/electrode interface. However, direct physical
characterisations, including temperature mapping, microstructural analysis
and chemical composition, are important to confirm the filamentary nature
and examine the oxygen-deficient phases. Evolution of the filament formation
process and the threshold switching dynamics can be unravelled by performing
in situ current-voltage measurements in horizontally aligned MIM devices with
real-time high-resolution transmission electron microscopy imaging. Although
direct physical characterisation of the switching process can be complicated
and even inconclusive, this type of analysis would be highly important work

to pursue.

e The current study has mainly focused on understanding the S-type smooth
NDR and its associated self-sustained oscillation behaviour. However, several
other NDR responses, including abrupt box-like NDRs, co-existence of smooth
S-type and abrupt box-like NDRs, and double S-type smooth NDRs, were also
observed during the electrical measurements which demonstrate the switching

behaviour in niobium oxide is more complicated. Future systematic study is



§8.2  Future research directions 123

needed to unfold the full mechanism, evaluate the NDR stability and under-

stand its implication on oscillation characteristics.

The oscillation dynamics of single and coupled CC-NDR driven oscillators were
addressed with relatively large microscale devices. While the present study is
adequate to understand the general behaviour and demonstrate the potential
to be used in emerging technologies, it is essential to thoroughly investigate the
behaviour in nanoscale devices as higher density and lower power consump-
tion are expected. Device capacitance, leakage current, forming and operating
conditions will be changed when device area is scaled down to 10’s — 100’s
nm which is likely to impact the oscillation and coupling responses. Moreover,
studies can be extended to investigate alternative coupling methods (e.g. res-
istor, resistive switching element and transistor), optimise coupling efficiency
for two and more devices and examine the implications of device variability
and phase noise on coupling response. Further work is clearly required to be

carried out in the domain of nanoscale oscillator network.

From an application perspective, the present study primarily concentrated on
understanding the basic properties of NbO, coupled oscillators for considera-
tion as a fundamental building block in non-Boolean computing application.
In the space of brain-inspired computing systems, there are several dynamical
systems and hardware implementation designs that can leverage the switching
properties in NbO, and the complex dynamics of such oscillator, including
template matching, vertex colouring, Hopfield networks, feed-forward artifi-
cial neural network and reservoir computing. Although these computational
frameworks all rely on the oscillator-based approach, compatibility, computa-
tional efficiency and other specific implementation requirements remain to be

explored.
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