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Abstract

A memristor, memory resistor, is a two-terminal nanodevice that can be made as thin
as a single-atom-thick that has become of tremendous interest for its potential to revo-
lutionise electronics, computing, computer architectures, and neuromorphic engineer-
ing. This thesis encompasses two major parts containing original contributions, (Part I)
modelling and fabrication, and (Part II) circuit application and computing. Each part
contains three chapters. The fundamentals necessary for understanding the main idea
of each chapter are provided therein. A background chapter revolving around memris-
tors and memristive devices is given. A system overview links the two parts together.

A brief description of the two parts is as follows:

Part I—modelling and fabrication is relevant to modelling and fabrication of mem-
ristors. A basic modelling approach following the early modelling by Hewlett-
Packard is presented and tested with several simple circuits. Memristor fabrica-
tion process and materials are discussed and two different fabrication runs along
with initial measurement results are presented. SPICE modelling for two mem-
ristive devices, (i) the memristor and (ii) the complementary resistive switch are

also provided.

Part II—nanocrossbar array and memristive-based memory and computing provi-
des an analytical approach for crossbar arrays based on memristive devices.
Proposed designs for memristor-based content addressable memories and their
analysis are given. This part provides a binary/ternary content addressable
memory structure based on a new complementary resistive switch. A number
of fundamental building blocks for analogue and digital computing are also
presented in this section. The observation of implementing a learning process
based on a pair of spikes is also shown and an extension of such a process to a

relatively large scale structure based on SPICE simulation is reported.

In addition to these original contributions, the thesis offers an introductory back-
ground on memristors, in the area of materials and applications. The thesis also prov-

ides a system overview of the targeted system (a CMOS-memristor imager system),
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Abstract

which provides a the link between the two parts of the thesis. In addition to the orig-
inal contributions in the area of modelling and characterisation, an overview on the
understanding of the memristor element via the quasistatic expansion of Maxwell’s

equations is discussed.
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Chapter
e

Introduction

HE memristor, memory-resistor, is a two-terminal nanodevice that

can be made as thin as a single-atom-thick and has become of

tremendous interest for its potential to revolutionise electronics,
computing, computer architectures, and neuromorphic engineering. It is
a relatively unexplored device in terms of modelling, applications, design
methodologies, and underlying physics of its switching mechanism(s) be-
tween two or more stable states is yet to be understood. This novel technol-
ogy roughly situated on the border between nanotechnology and electron-
ics, so called nanoelectronics. The memristor’s application in memory sys-
tems promises a useful implementation of an universal memory, which has
the speed of static random access memories (SRAMs), cost benefits of dy-
namic RAMs (DRAMSs), and non-volatility of flash memories. In a broader
perspective, its capability of storing digital data and performing logic func-
tions has potential to fundamentally change the current general purpose
computing systems, which are mainly based on the von Neumann com-
puter architecture. The recent advent of the memristor and memristive de-
vices also endows researchers with promising access to a device that is able
to mimic biological synaptic behaviour. Therefore, with these wide range of
applications, engineering aspects of memristor devices, memristive-based
circuits, and system design become significantly important. This introduc-
tory chapter offers a brief background of memristor and memristive de-

vices, along with a thesis outline.
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Chapter 1 Introduction

1.1 Definition of memristor

The first concept and realisation of a memory resistor device was proposed by Widrow
(1960), which was named memistor. A memistor is a three-terminal device that sub-
tracts currents feeding through its control and input terminals in its output node. A
memistor’s resistance, which is a variable resistance, is controlled and sensed using
the control (DC current) and sensing (AC current) terminals. The significant difference
between a transistor and a memistor is that the memistor’s resistance is controlled not
by instantaneous control current, but the time integral of this current, which is the to-
tal charge that has been passed through the device (Widrow 1960). The memistor’s
concept was never linked to the fundamentals of circuit theory, but introducing the
memistor was a fundamental and influential breakthrough in realisation of a physical

adaptive neuron. A solid state memistor was later realised by Thakoor et al. (1990).

Bi-stable resistance switching was observed four years after the Widrow (1960) paper.
Gibbons and Beadle (1964) reported the observation of bi-stable resistive switching
in nickel oxide (NiO). This is the first appearance of resistive random access memory
(RRAM) in the literature, however, its fundamental link to circuit theory was still then
unknown. Four years later, through electromagnetic theory, Fano et al. (1968) listed
four fundamental circuit elements: resistor, capacitor, inductor, and an unknown ele-
ment. Later, Chua (1971) published his seminal paper on the memristor’s concept and
its connection to his nonlinear circuit theory (Chua 1969). Traditionally there are only
three fundamental passive circuit elements: capacitors, resistors, and inductors, dis-
covered in 1745, 1827, and 1831, respectively. However, one can set up five different
mathematical relations between the four fundamental circuit variables: electric current
i, voltage V/, electric charge g, and magnetic flux ®. For linear elements, f(V,i) =0,
f(V,q) = 0 where i = Z—? (9 =CV), and f(i,®) = 0 where V = 22 (® = Li), indicate
linear resistors, capacitors, and inductors, respectively. Chua (1971) mathematically
predicted that there is a solid-state device, which defines the missing relationship be-
tween four basic variables. Recall that a resistor establishes a relation between voltage
and current, a capacitor establishes a charge-voltage relation, and an inductor realises
a current-flux relationship, as illustrated in Figure 1.1. Chua (1971) proposed that there
should be a fourth fundamental passive circuit element to set up a mathematical rela-
tionship between g ( ft i) and @ ( ft V), which he named the memristor, a portmanteau of
memory and resistor. He predicted that a class of memristors might be realisable in the

form of a pure solid-state device without an internal power supply. Chua and Kang
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1.1 Definition of memristor

(1976) extended the idea of the memristor to a much broader class of devices and sys-
tems that is called memristive devices and systems. Therefore, the memristor is special
case of a memristive device. Chua (2003) later published one of the fundamental works
on nanodevice modelling and he stated that the fundamental circuit elements are all a

tamily of devices with essentially an infinite number of higher order members.

NOTE:
This figure is included on page 4 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 1.1. The 4™ fundamental circuit element. The four fundamental two-terminal circuit
elements. There are six possible relationships between the four fundamental circuit
variables, current (i), voltage (V'), charge (9), and magnetic flux (®). Out of these,
five relationships are known, comprising i = % and v = "%’ and three circuit elements;
resistor (R), capacitor (C), and inductor (L). Resistance is the rate of voltage change
with current, inductance is the rate of flux change with current, capacitance is the rate
of charge change with voltage. The only missing relationship is the rate of flux change

with voltage (or vice-versa) that leads to the fourth element, the memristor. Adapted
from Strukov et al. (2008).

In 2008, Strukov et al. (2008), at Hewlett-Packard (HP), announced the first physical
realization of a memristor device based on a TiO, thin film doped with oxygen vacan-
cies. The doping process entails removing the negatively charged oxygen atom from its
substitutional site in TiO,, which creates a positively charged oxygen vacancy. These
vacancies are formed at the time of crystallisation. By applying an electric field, ions
move in the direction of current flow. The nonlinearity that characterises a memristor
implies that the charges which flows through a memristor, dynamically changes its
internal state. The new location of the ions can be read out as a change in the resis-
tance (state) of the material thus permitting the realisation of a new class of low power
ultra-dense memories (ITRS 2009).
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Chapter 1 Introduction

Ventra et al. (2009) extend the notion of memristor devices and memristive systems to
capacitors and inductors. These elements are known as the memcapacitor and mem-
inductor and the prefix mem in both stands for memory. Like a memristor, a mem-
capacitor’s or a meminductor’s properties depend on the state and history of the
system. All of these elements are collectively called memelements. All of these mem-
elements show pinched hysteretic loops in the two constitutive variables that define
them: current-voltage for the memristor, charge-voltage for the memcapacitor, and
current-flux for the meminductor. They have claimed that these devices are common
at the nanoscale. Recently, Chua (2011) extended the memristive behaviour further to
all resistance switching memories, which itself emphasises the importance of the HP’s

discovery.

1.2 Applications of memristor

There are many target applications for memristors, ranging from non-volatile memo-
ries to neuromorphic engineering. However, as Herbert Kroemer, a Nobel Laureate in
Physics in 2000, stated (Kroemer 2001):

“The principal applications of any sufficiently new and innovative technology
have always been — and will continue to be — applications created by that tech-

nology.”

These applications may benefit from today’s memristor, but the best is still to come.
It can be argued that the RRAM’s application in neuromorphic engineering is actually
a direct result of HP’s discovery. Therefore, the already developed theoretical frame-
work of the memristor helped in introducing a totally new application for RRAM tech-
nology that has been mainly developed for digital memory applications. Figure 1.2
illustrates an example of the applications that have been created for the already re-

alised RRAM technology by the memristor.

The applications of memristors can be found in many fields, such as programmable
logic, signal processing, neural networks, control systems, sensor networks, radio fre-
quency (RF), reconfigurable electronics, tunable (nano-) antennas, early vision process-
ing, edge detection, data encryption, chaotic circuits, neuro-fuzzy systems, and non-

volatile memories, which is the most straightforward and developed application of
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1.2 Applications of memristor
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Figure 1.2. Number of publications with memristor as a keyword. Google scholar search re-
sults on the number of papers with the keywords: “memristor”, “RRAM", and "“neuro-
morphic”. The top chart shows that the application of RRAM technology in neuro-
morphic engineering has been started since HP Labs identified the link between the
solid-state realisation and the memristor’'s concept. Note that the length of each bar in
the above figure is drawn logarithmically, however, the corresponding linear number of

publications is indicated at the top of each bar.

memristive systems (Pershin and Di Ventra 2011, Kavehei et al. 2010, Snider et al. 2011,
Versace and Chandler 2010, Williams 2008, Xue 2010, Kalinin et al. 2011, Seo et al. 2011,
Park et al. 2011, Buscarino et al. 2011, Kim et al. 2011a, Ebong and Mazumder 2011b, Sac-
chetto et al. 2011, Jeltsema and Do andria Cerezo 2011, Georgiou et al. 2011, Gergel-
Hackett et al. 2011, Rose et al. 2011, Krzysteczko et al. 2012). In addition, one of
the ground shacking applications of memristors and memristive devices proposed by
Borghetti et al. (2010), which is enabling ‘stateful” logic via ‘material implication’. This
concept entirely opposes the conventional von Neumann computer architectures. One
of the most significant problems of the current structure of computers is the grow-
ing gap between the speed of computing units (CPUs) and main memories (DRAMs)
(Alted 2010). This fact resulted in multi-level cache memories appearing next to the
processing or logic units to achieve tighter coupling between memory and logic. How-
ever, the gap is still growing due to the fact that the memory and logic entities are still
naturally different and therefore they need a data bus to be connected together. This

bus creates a bottleneck because of the mentioned speed difference.

The lesson from the last decade of experience tells us a tighter coupling between
memory and logic and ideally eliminating the intermediate data buses will result in
much lower power computing systems (Alted 2010). The memristor offers an ex-
tremely tight coupling between memory and logic owing to its in-situ computational

characteristics, which promises an entirely new computer architecture (Kavehei et al.
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2011b). The is-situ computing capability of memristor and memristive devices have
been observed experimentally and have been already used in building logic gate
(Borghetti et al. 2010, Kavehei et al. 2011b, Rosezin et al. 2011, Sun et al. 2011, Kave-
hei et al. 2011c, Kuekes et al. 2005, Kvatinsky et al. 2011, Kim et al. 2011c, Raja and
Mourad 2009).

Since the emergence of the memristor technology, a variety of memristor-based appli-

cations have been reported. A more complete review is given in Chapter 2.

1.3 Prospects for memristors

Researchers in material, nanotechnology, and electronic groups worldwide have been
working to improve memristor hardware, model, peripheral circuitries, and investi-
gating its potential applications. The Semiconductor Industry Roadmap forecasts that
the future of electronics beyond 2012 is going to be less certain (ITRS 2009). Mouttet
(2010) provides an informative overview on business perspectives of the RRAM tech-
nology. Table 1.1 shows the number of US patents held by major companies around
the world on RRAM technology. These patents cover fabrication techniques, novel
materials, and new designs. Considering this table and data from Figure 1.2 it is clear
that computation, logic, and neuromorphic applications are all right at the beginning
of development. At the same time, the table demonstrates great interest of industry
for developing the technology. On August 31, 2010, HP announced that it signed a
joint development agreement with Hynix Semiconductor Inc., to bring the memristor
to market (Williams 2010). Hynix is a world-leading memory supplier. This agreement

promises a possible memristor commercialisation by 2013.

Although, outcome of the HP-Hynix joint agreement will be very important for the
development and commercialisation of memristor, it can be stated that the future suc-
cess of the memristive electronics is likely to be independent from the success or the
failure of any particular material used in resistive or phase change memories. Accord-
ing to Chua (2011), all resistive memory devices can be classified into a much broader
class of memristive devices. This classification implies that even phase change mem-
ories (PCMs) can be classified as one branch of memristive technologies because their
switching mechanism is also based on resistive switching. Therefore, such predication

does not seem to be far from reality.
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1.4 Thesis outline

Table 1.1. Number of patents on RRAM applications. Number of US patents for memory
resistance applications, until July 28, 2010 (Mouttet 2010). Here, ‘Neuro’ refers to

‘neuromorphic engineering’.

NOTE:
This table is included on page 8 of the print copy of
the thesis held in the University of Adelaide Library.

1.4 Thesis outline

This thesis encompasses two major parts, as outlined in Figure 1.3. The original con-
tributions, included in (Part I) are modelling and fabrication, while Part II relates to
circuit application and computing. Each part contains four independent chapters. The
necessary fundamentals for understanding the main idea of each chapter are provided
therein. A background chapter on memristors and memristive devices is given in
Chapter 2, modelling and fabrications are discussed in Chapters 3, 5, and 4. A system

overview, Chapter 6, linked the two parts together, and circuit application. Computing
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architectures are discussed in Chapters 7, 8, and 9. Finally, Chapter 10 summaries the

entire thesis. The detailed description for each part of the thesis is as follows:

Background, in Chapter 2, provides the background information on memristor from
three aspects, definitions, technologies, and a historical review on applications.
Fundamental and principle definitions of memristors, basic underlying switch-
ing mechanism, and variants of memelements are given in the first section of this
chapter. The second section gives a survey on the emerging non-volatile memory
technologies. The third section discusses applications and research activities in
this field.

Part [—modelling and fabrication, Chapter 3, a very basic modelling approach fol-
lowing the early HP’s modelling is presented and tested with several simple cir-
cuits. In Chapter 4, memristor fabrication process and materials are discussed
and two different fabrications along with early measurement results are pre-
sented. Chapter 5 provides SPICE modelling for two memristive devices, (i) a

memristor and (ii) a complementary resistive switch.

Appendix—memristor through electromagnetic theory provides further detail
on understanding how the memristor element can be seen from the qua-
sistatic expansion of Maxwell’s equations and how this insight resulted in a
clearer understanding of the memristor by exploiting a unified form of Max-
well’s equations based on geometric algebra. These analysis was carried out
in close collaboration with other members of the research group, Drs Azhar

Igbal and James Chappell.

System overview describes a targeted system. The system structure with focus on the
two layers of memristive arrays and a CMOS image sensor are discussed. Dur-
ing the course of this thesis and for prototype testing purposes, two image sen-
sors are fabricated. These two implementations are pulse-width modulated and
pulse-frequency modulated sensors. These sensors are discussed in this chapter
and a possible algorithm to be applied for image feature extraction as part of a
pattern recognition system. The main focus of the thesis, regarding the system
structure, is on the memristive array. The memristive array implements associa-
tive memories, which are discussed in Part II. Generic memristive-based logic
operations for arithmetic operation can also be done through a dense memristive

array, this concept is further discussed in Part II.
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Part II—nanocrossbar array and memristive-based memory and computing

provides an analytical approach for crossbar arrays based on memristive

devices in Chapter 7. Proposed designs for memristor-based content addressable

memories and their analysis are given in Chapter 8. Chapter 7 also provides a

binary/ternary content addressable memory structure based on complementary

resistive switch. A few fundamental building blocks for analogue and digital

computing are presented in Chapter 9. The observation of implementing a

learning process based on a pair of spikes is also shown in Chapter 9 and the

extension of such process to a relatively large scale structure based on SPICE

simulation is reported.

Chapter 1

Introduction

Modelling fundamentals and memristor’s characteristics

Materials and memristor fabrication

Memristor and memristive devices macro-modelling

Memristive-based computing

Thesis summary

Figure 1.3. Thesis outline. The thesis is composed of ten chapters in total, divided into two major

parts, with four chapters in each part. The original contributions are distributed over

these two parts.
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1.5 Summary of original contributions

This thesis involves several original contributions in the field of memristive electronics,

as declared in this section.

Memristors and memristive devices brought a broad range of applications especially
in the field of electronic engineering. To enable electronic circuit designers provid-
ing a memristor model is the first step. A review on the memristor modelling us-
ing a SPICE macromodel are given in Chapters 3 and 5, respectively. For the first
time a model for the complementary resistive device is developed and presented
(Kavehei et al. 2010, Kavehei et al. 2011a). The model allows effective analysis of
nanocrossbar arrays based on the complementary resistive switches. In another con-
tribution, a unique metal-insulator-metal structure is fabricated and tested, which
results in a memristive device with capability of analogue and digital computation
(Kavehei et al. 2011d). The fabrication is followed by the modelling and characterisa-
tion steps that can be found in Chapter 5.

A comprehensive analytical approach for designing and modelling a nanocrossbar
structure is also introduced (Kavehei et al. 2011a). This analysis helped in the design
flow for implementing a memristive-based computing structures. These computing
structures in their simplest form performs comparison. This form of operation is used
to propose the first memristor-based content addressable memory (Eshraghian et al.
2011b) and also the first associative memory based on the complementary resistive
switch (Kavehei et al. 2011c¢).

Another contribution is memristor-based digital computing (Kavehei et al. 2011b). This
contribution provides a basis for an entirely different computer architecture. Further-
more, the ability of the fabricated memristor devices to mimicking the behaviour of
a biological synapse is presented. Also for the first time, a demonstration of how
the memristor is capable of implementing (additive) competitive Hebbian learning
through SPICE simulations. A very basic analogue multiplication-and-accumulation

module is also presented (Kavehei et al. 2011b).

In addition, this thesis demonstrates the design and fabrication of two CMOS image
sensors based on pulse-width and pulse-frequency modulations, which are going to be
used as part of the targeted system in combination with the memristive-based associa-

tive memory and logic (Lee et al. 2010).
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1.5 Summary of original contributions

These original contributions serve to advance subdisciplines of memristive electronics,
non-volatile memory design, associative memory, computer architecture, and neuro-

morphic engineering.

In the next chapter memristor and memristive devices and also characteristics of mem-
capacitor and meminductor are discussed. It also includes an overview on the emerg-

ing memory technologies and a comparison between them.
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Chapterg!

Memristor and Memristive
Devices

EMRISTOR and memristive devices can be used in a
wide range of applications. Since the first attempt for fab-
rication of a memristor device, a large number of research
papers have been published and many ideas have been introduced. There-
fore, this chapter aims to provide a timely review on memristor and mem-
ristive systems from the first theorisation to recent literature. This chapter
also provides an overview and a discussion on emerging non-volatile mem-

ory technologies.
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Chapter 2 Memristor and Memristive Devices

2.1 Introduction

Memristor theory was formulated and named by Chua (1971) in his seminal paper on
the memristor’s concept and its connection to the nonlinear circuit theory (Chua 1969).
Chua (1971) predicted that there is a solid-state device, which defines the missing re-
lationship between four basic variables. In 2008, almost forty years later, a team at HP
Labs announced the development of a switching memristor based on a thin-film of
titanium dioxide (Strukov ef al. 2008).

This chapter consists of four sections. Section 2.2 discusses memristor and memristive
devices as well as a brief overview of a broader class of memelements—memristor,
memcapacitor, and meminductor. A review of emerging memory technologies in gen-
eral, and resistive random access memories in particular as well as a comparison be-
tween the state-of-the-art developments in this area are given in Section 2.3. Section 2.4
reviews the appearance of the memristor in literature since 1971 and discusses its char-

acteristics.

2.2 Memristor and memristive devices

A resistor with memory is not a new concept. For example, a memristive device, by
Choi et al. (2005), exploited a TiO, thin layer, and pre-dated the HP work. If taking
the example of non-volatile memory, it dates back to 1960 when Bernard Widrow in-
troduced a new circuit element named the memistor (Widrow 1960). The rationale for
choosing the name “memistor” is the same as the memristor, a resistor with memory.
However, the memistor has three-terminals and its resistance is controlled by the time
integral of a current signal, which implies that the resistance of the memistor is con-
trolled by charge. Widrow (1960) devised the memistor as an electrolytic memory ele-
ment to form a basic structure for a neural circuit architecture referred to as ADALINE
(ADAptive LInear NEuron) (Widrow 1960). In the 1960s, Simmons (1963) published
the very first report on the Metal-Insulator-Metal (MIM) I-V curve, illustrating the
hysteresis effect associated with a MIM structure, that characterised tunnelling current
behaviour. As we will later see, the physics of “small-scale” therefore, is the foundation

for improved understanding of the dynamics of the memristor.
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2.2 Memristor and memristive devices

2.2.1 Menmristive devices within Chua’s periodic table

As part of the modelling process it is necessary to gain sufficient insight into the phys-
ical characteristics of the device in anticipation of developing better understanding of
the underlying fundamental principle(s) that causes such a device to behave in partic-

ular manner.

In 2003, Chua (2003) introduced a ‘periodic table” of the fundamental passive circuit
elements. The table is based on differentials and integrals of the two basic circuit vari-
ables i and V, which can be extended to higher orders as desired. He contended that
such a general catalogue of fundamental circuit elements will be required to correctly
model molecular and nanodevices of the future. An interesting property of this peri-
odic table, is that vertically it is cyclic with period four. We can see this intuitively, if
using sinusoidal functions of time for g or V, in that after four differentials we return to
the original function. Figure 2.1 presents an alternative simplified view of the periodic
table.

2.2.2 Properties and fundamentals

If we display the memristor behaviour on an I-V graph, a hysteresis loop is obtained,
as opposed to a 1:1 relationship between the variables produced by a ®-q graph. Sim-
ilar arguments regarding their memory behaviour and a unique link between two cir-
cuit variables, indicates that the meminductor and the memcapacitor can also be con-
sidered fundamental elements. Hence, it may be argued that the memristor begins a
subclass of memristive systems (Chua and Kang 1976) based on the integrals of the ap-
propriate circuit variables. Basically, as shown in Figure 2.1, [,i—[,V, [,i—[,®, and

[, V— [, q relationships can be considered as second generation of circuit elements.

This resistance behaviour of memristors can be modelled using highly nonlinear
sinh(-) function as suggested by Strukov and Williams (2009a). Varghese and Gandhi
(2009) proposed an amplifier using memristors that utilises the sinh(-) behaviour. In
Shin et al. (2009) such a structure was also introduced as an example of a memristive
device. The main idea is to characterise a sinh(-) function type circuit that can be used

to linearise a tanh(+) function type circuit behaviour, e.g. CMOS differential amplifier.
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Figure 2.1. Periodic table of the fundamental passive circuit elements. Classification of circuit
elements. The two circuit variables, current i and potential V are placed in a sequence
of differentials as shown above. The three basic circuit elements C, L, and R are
shown in bold and link the four circuit variables V, i, ®, and q. The memristor (R(gq),
R(®)) links flux and charge. The meminductor and the memcapacitor also link the
higher order integrals [,® and [,q (Ventra et al. 2009). The a, and B, are used for
element identification using Chua's periodic table of circuit elements from (Chua 2003).
According to the periodic table, these are two types of negative resistances: Ry, directly

proportional to frequency, whereas Ry; has an inverse relationship.

A theoretical analysis, by Tavakoli and Sarpeshkar (2005), shows that a sinh(+) func-
tion significantly reduces the third harmonic coefficient and as a consequence reduces

the nonlinearity of the circuit.

Consequently, ® = fp(g) or g = gm(P) defines a charge-controlled (flux-controlled)

memristor. Then, ‘i;f = dleq( 1) g 3 or ‘2‘1 dglt\fq() ) do %, which implies V(t) = Mi(t) or

i(t) = dgl;l’[q() )V( t), respectively. Note that, M(q) = dqu( 1 for a charge-controlled mem-

ristor and W(®) = dgM( ) for a flux-controlled memristor, The units of M(g) and W(®)

are Ohms and Slemens (Chua 1971), respectively.
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2.2 Memristor and memristive devices

Memristance, M(q), is the slope of the ®-g curve, which for a simple case, is a piecewise
®-g curve with two different slopes, giving two different values for M(q) at a speci-
fied voltage. This property can be used to encode binary information. For detailed

information regarding typical ®-q curves, the reader is referred to Chua (1971).

It is also obvious that if M(g) > 0, then instantaneous power dissipated by a memristor,
p(i) = M(q)(i(t))?, is always positive so the memristor is a passive device. Thus the
®-g curve is a monotonically-increasing function. This feature was observed in the
HP version of the memristor device (Strukov et al. 2008). Some other properties of the
memristor such as zero-crossing between current and voltage signals can be found in
Chua (1971) and Chua and Kang (1976). The most important feature of a memristor
is its pinched hysteresis loop V-i characteristic (Chua and Kang 1976). A very simple
consequence of this property and M(g) > 0 is that such a device is purely dissipative

like a resistor.

Another important property of a memristor is its excitation frequency. It has been
shown that the pinched hysteresis loop shrinks when the excitation frequency in-
creases (Chua and Kang 1976). In fact, when the frequency increases toward infinity,

the memristor acts as a linear resistor (Chua and Kang 1976).

Five years after Chua (1971) paper on the memristor, him and his graduate student,
Kang, published a paper defining a much broader class of systems, named mem-
ristive systems. From the memristive systems viewpoint, a generalised definition of
a memristor is V(t) = R(w)i(t), where w defines the internal state of the system and
‘%’ = f(w,i) (Chua and Kang 1976). Based on this definition a memristor is a special

case of a memristive system.

The HP memristor (Strukov et al. 2008) can be defined in terms of memristive systems.
It exploits a thin-film TiO, sandwiched between two platinum (Pt) contacts and one
side of the TiO; is doped with oxygen vacancies, which are positively charged ions.
Therefore, there is a TiO, junction where one side is doped and the other is undoped.
Such a doping process results in two different resistances: one is a high resistance (un-
doped) and the other is a low resistance (doped). Hence, HP intentionally established
a device that is illustrated in Figure 2.2. In conventional semiconductor devices doping
is achieved by implantation of ions that are fixed in the lattice. But in the memristor
there is an important difference, the memristor allows ionic drift so the width of the

doped region is allowed to change with bias. The internal state variable, w, is also the

Page 18



Chapter 2 Memristor and Memristive Devices

variable length of the doped region. Roughly speaking, when w — 0 we have non-
conductive channel and when w — L we have conductive channel. The HP memristor

switching mechanism is further discussed in Yang et al. (2008).

NOTE:
This figure is included on page 19 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 2.2. A simple schematic for the memristor and illustrating memristive behaviour.
Schematic of the HP memristor, where L is the device channel length and w is the
length of doped region. The size of doped region is a function of the applied charge and
is responsible for memristive effect as it changes the effective resistance of the device.

Usually w is shown by its normalised counterpart, x = w/L (Strukov et al. 2008).

Memristor device characteristics can be defined using a system of two equations,

I=g(w, V) -V
(2.1)
{ & =rflwV),

where w is a physical variable indicating the internal memristor state that in theory is
such that 0 < w < L. Here, L is the thickness of a thin-film metal-oxide (memristive)
material sandwiched between two metallic electrodes, and I and V represent current
through and voltage across the device, respectively. The g(-) function represents the
memristor’s conductance. The state variable can be expressed using a normalised form
x =1—w/L. In this case, if w — 0 or moving towards higher conductances. On the
other hand, if x = 1 and w — L or moving towards lower conductances then x — 0.
In this work, Ryrs represents high resistance state and Ry rg represents low resistance
state. Eq. (2.1) shows that the output of the system (here I), at a given time, depends on
w and V. State transition conditions are also explained by the function f(-). To measure
this function several time-domain experiments for I and V are required (Pickett et al.
2009).

There are two other elements with memory named the memcapacitor (Memcapacitive,
MC, Systems) and meminductor (Meminductive, MI, Systems). Ventra et al. (2009)
postulated that these two elements also could be someday realised in device form.

The main difference between these three elements, the memristor, memcapacitor, and
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meminductor is that, the memristor is not a lossless memory device and dissipates en-
ergy as heat. However, at least in theory, the memcapacitor and meminductor are loss-
less devices because they do not have resistance. Ventra et al. (2009) also investigated
some examples of using different nanoparticle-based thin-film materials. Memristors
(Memresistive, MR, Systems) are identified by a hysteresis current-voltage character-
istic, whereas MC and MI systems introduce Lissajous curves for charge-voltage and
flux-current, respectively. Similar to memristors, there are two types of these elements,
therefore, the three circuit elements with memory (mem-systems/elements') can be

summarised as follows,

Memristors (MR Systems): A memristor is a one-port element whose instantaneous
electric charge and flux-linkage, denoted by g and ®p,,, respectively, satisfies
the relation Fmr(Gmr, @mr) = 0. It has been proven that these devices are pas-
sive elements (Strukov et al. 2008). As discussed, they cannot store energy, so
Vmr(t) = 0 whenever i (t) = 0 and there is a pinched hysteresis loop between
current and voltage. Thus, charge-flux curve is a monotonically-increasing func-
tion. A memristor acts as a linear resistor when frequency goes toward infinity
and as a nonlinear resistor at low frequencies. Due to the nonlinear resistance
effect, d‘gft‘“ = R(t)d;f?r + ime(t) 4R should be utilised instead of % = R(t)d;%

(Kavehei et al. 2010). There are two types of control process:

I. nth order current-controlled MR systems 2, Gmr = f ime(T)dT,

Ve (£) = R(%,imr, t)ime(t) ,

X = ficmr(x/ imr/t) .
II. nth order voltage-controlled MR systems, @y = [ Vine(T) dT,

Z'mr(t) = R_l(ermr/t)er(t)/
X = fvcmr(xzvmrzt)-

Memcapacitors (MC Systems): A memcapacitor is an one-port element whose

instantaneous flux-linkage and time-integral of electric charge, denoted by

!Memristors, memcapacitors, meminductors, and the corresponding memsystems.
2Current- (and voltage-) controlled is a better definition for memristors because they do not store

any charge (Oster 1974). Ventra et al. (2009) specified it as current- (and voltage-) controlled instead of
charge- (and flux-) controlled in Chua (1971).
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P and omc, respectively, satisfy the relation Fme(®Pmc,0me) = 0. The to-
tal added/removed energy to/from a voltage-controlled MC system, Upmc =
f Vine(T) ime(T) d7, is equal to the linear summation of areas between gmc-Vmc
curve in the first and third quadrants with opposite signs. Due to the nonlin-
ear capacitance effect, qmc = imc(t) = C(t )deC + Vine(t) %€ should be utilised
instead of d[zl‘;” = C(t)dgft““, 80 Umc = [VincCdVme + [VA.dC. In principle a
memcapacitor can be a passive, an active, and even a dissipative3 element
(Kavehei et al. 2010, Ventra et al. 2009). If Vin(t) = Vincocos(27twt) and capac-

itance is varying between two constant values, Con and Corpp, then the mem-

capacitor is a passive element. It is also important to note that, assuming zero
charged initial state for a passive memcapacitor, the amount of removed energy
cannot exceed the amount of previously added energy. A memcapacitor acts as
a linear capacitor when frequency approach infinity and as a nonlinear capacitor

at low frequencies. There are two types of control process:

I. nth order voltage-controlled MC systems, @ = f Vine(T) dT,

qu<t) = C(x/Vmc/t)Vmc(t),
X = fvcmc(x/Vmc;t)-

II. nth order charge-controlled MC systems, 0mc = [mc(7T)dT = [[imc(T)dT,

Vmc(t) = C_l(xlquIt)qu(t)l

X = chmc(xzchnc/t)-

Meminductors (ML Systems): A meminductor is a one-port element whose instan-
taneous electric charge and time-integral of flux-linkage, denoted by g, and

Oml, respectively, satisfy the relation Fyj(0m1,gmi) = 0. In the total stored en-

ergy equation in a ML system, Uy, = [ Vi (T) i (7) d7, the nonlinear inductive
effect, dq’“‘l = Vm(t) = L(t )dlml + i (1) % should be taken into account. Thus,

Uy = f 1m1L digg + | 1'12]nl dL. Similar to MC systems, in principle a ML system

can be a passive, an active, or even a dissipative element and using the same ap-
proach, under some assumptions they behave like passive elements. There are

two types of control process:

3Adding energy to system.
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L. nth order current-controlled ML systems, g = [i(7) dT,

Oi(t) = L(x, i t)imi(t),

x = ficml(x/ imls t) .
II. nth order flux-controlled ML systems, 01 = [P (7)d7T = [[ Vi (1) dT,

im(t) = L7Y(x, @, t)Om(t),
X = ffcml(xrq)mlft)'

The reader is referred to Appendix A for further detail on understanding how the 4
fundamental element can be seen from the quasistatic expansion of Maxwell’s equa-
tions. For the first time, our group showed how this insight can be gained by exploiting

a unified-form of Maxwell’s equations based on Geometric Algebra (GA).

2.3 Emerging non-volatile memory technologies

Scaling of the traditional memory technologies, e.g. static random access memory
(SRAM), dynamic random access memory (DRAM), and flash memory, faces signif-
icant challenges due to the reliability issues, leakage currents (endurance issues), and
profound uncertainty in their performance metrics especially beyond 16 nm technol-
ogy (ITRS 2009).

2.3.1 Significance

Memory processing has been considered as the pace-setter for scaling a technology.
A number of performance parameters including capacity (that relate to area utilisa-
tion), cost, speed (both access time and bandwidth), retention time, READ/WRITE en-
durance, active power dissipation, standby power, robustness such as reliability and
temperature related issues characterise memories. Recent and emerging technologies
such as Phase-Change Memory (PCM), Magnetic RAM (MRAM), Ferroelectric RAM
(FeRAM), Resistive RAM (RRAM)?, and Memristor, have promised SRAM and DRAM
replacement and some are already being considered for implementation into emerging

products.

4Tt can be also called Resistance Chance Memory (RCM).
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2.3.2 Phase change memory (PCM)

PCM technology is based on a structure called a phase change element, a chalcogenide
alloy, which is typically a Ge;—Sby—Tes (GST) material. PCMs offer compatible inte-
gration with CMOS, which makes them a scalable technology. Similar structure can
be found in commonly used optical storage devices, such as compact discs. The stor-
age mechanism in PCM technology is based on switching two different resistances, an
amorphous (high-resistance) and a crystalline (low-resistance) phase of the material.
Furthermore, PCMs offer a denser structure compare to MRAMSs, as shown in Table 2.1,
with 6 ~ 16F? area per memory cell (ITRS 2009), where F is technology feature size. A
capacity of 1 Gb (for single-level cell (Villa et al. 2010)) and 256 Mb (for multi-level cell
(Lee et al. 2008)) are achieved, however, PCM devices need further improvement on
endurance and density (Li and Chen 2010).

2.3.3 Magnetic RAM

Spin-Torque Transfer RAM (STT-RAM), a new type of MRAM that offers a fast switch-
ing speed, non-volatility, and high endurance (Li and Chen 2010, Xie 2011). The core
part of this technology is based on the magnetic tunnelling junction (MT]). In such a
structure, a thin tunnelling dielectric, for example MgO, is sandwiched by two ferro-
magnetic layers. One of them is designed to have its magnetisation pinned, whereas in
the other layer the magnetisation can be flipped. This results in a low resistance if the
magnetisations of the two layers are parallel and in a high resistance if they are anti-
parallel. A new magnetisation mechanism is introduced in STT-RAMs which is called
“polarisation-current-induced magnetization switching” in which the magnetization
of free layer is flipped by an electrical current (Xie 2011). Although, this technology
has shown several potential advantages over PCM and RRAM, its complex structure
is one of the barriers toward its potential role in the next-generation on-chip cache or

memory (Table 4.1).

2.3.4 Resistive RAM (RRAM)

Resistance switching memories can be classified as memristor-based memories (Chua

2011). Many companies around the world, including HP, IMEC, Unity Semiconductor,
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Fujitsu, and Sharp, are working on one or more types of memristive (RRAM) materials.
Its function is fairly simple. Two logical values, logic “1” and logic “0”, are assigned
to its Low Resistance State (LRS) and High Resistance State (HRS), respectively. The
resistance is changed by applying a voltage across the device. If it is a bipolar switch,
a negative voltage should be applied across the device to force the device switch back.
On the other hand, if it is a unipolar switch, two different thresholds exist, hence, there
is a need to exceed those thresholds to force the device to switch from one state to
another (Kavehei et al. 2011d, Kavehei et al. 2010).

The underlying switching mechanism in RRAMs is different from PCMs, which use
heat to change resistance. Therefore, when it comes to low-power applications, power
consumption in PCMs presents a significant disadvantage when compare to RRAMs.
Advantages of RRAMs can be classified as: (i) high density, (ii) relatively low manufac-
turing cost even compared to the available flash technologies, (iii) relatively acceptable
endurance compare to predictions for 16 nm flash technology, (iv) architectural flex-
ibility by using a simple and flexible crossbar array, (v) a variety of materials with
memristive behaviour can be used, and finally (vi) significant potential in implement-
ing learning algorithms and neuromorphic engineering. RRAM can be an answer to
the need for a universal memory device if can be comparable to DRAM’s switching

speed and flash memory retention time.

Resistive switching in transition metal oxides (TMO) was discovered in thin nickel
oxide (NiO) film in 1964 (Gibbons and Beadle 1964). Many materials have been stud-
ied since then, including titanium dioxide (TiOy), strontium titanate (5rTiO3), zirconia
(ZrOy), hafnia (HfO;), etc. These materials can have two types of switching character-
istics, unipolar and bipolar, as observed by Xie (2011).

For the TiO,, an n-type binary oxide, which is the core material in this thesis, both bipo-
lar and unipolar switching can be observed depending on the Schottky barrier height
at the interface between metal electrodes and TiO,. Two mechanisms are available in
the literature for the resistance switching behaviour of the memristive materials: (1)
tilamentary mechanism, where the conduction path is formed and disappears due to
the oxygen vacancy and applied voltage (Kim et al. 2011b), and (2) the effect of the
potential barrier height in a metal-insulator-metal (MIM)° structure from the metal

work function and the Fermi level of the oxide layer. Unfortunately, none of these

5Also known as metal-resistor-metal (MRM).
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two mechanisms explain all the experimental observations. Therefore, more than one

mechanism may be involved (Kim and Rhee 2010).

2.3.5 Discussion of memory technologies

Table 2.1 summarises a range of performance parameters and salient features of a num-
ber of technologies that characterise memories (Freitas 2008, ITRS 2009). A projected
plan for memories, in 2020, is aimed at a capacity greater than 1 TB, READ/WRITE

012

access times of less than 100 ns and endurance in the order of 10*“ or more cycles.

Flash memories suffer from both a slow write/erase times and low endurance cycles.
FeRAMs and MRAMs are poorly scalable. MRAMSs and PCMs require large program-
ming currents during WRITE cycle, hence an increase in dissipation per bit. Further-
more, voltage scaling becomes more difficult. Memristors, however, have demon-
strated promising results in terms of the WRITE operation voltage scaling as demon-
strated by Strukov and Williams (2009a) and Kuekes et al. (2005).

Memristor crossbar-based architecture is highly scalable (Strukov and Williams 2009b)
and shows promise for ultra-high density memories (Vontobel et al. 2009). For example,

2

a memristor with minimum feature sizes of 10 nm and 3 nm yield 250 Gb-cm ™ and

2.5 Tb-cm 2, respectively.

In spite of the high density, (ideally) zero standby power dissipation, and long life time
that have been pointed out for the emerging memory technologies, their long WRITE
latency has a negative impact on memory bandwidth, power consumption, and the

general performance of a memory system.

2.4 A review of the memristor

Based on the International Technology Roadmap for Semiconductors (ITRS) report (ITRS
2009), it is predicted that by 2019, 16 nm half-pitch dynamic random access memory
(DRAM) cells will provide a capacity around 46 GB/cm?, assuming 100% area effi-
ciency. Interestingly, memristors promise high capacity more than 110 GB/cm? and
460 GB/cm? for 10 nm and 5 nm half-pitch devices, respectively (Williams 2008, Lewis
and Lee 2009). In contrast to DRAM memory, memristors provide non-volatile opera-

tion as is the case for flash memories. Hence, such devices can continue the legacy of
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Table 2.1. Performance of emerging memory technologies. Traditional and emerging memory technologies.

Traditional Technologies Emerging Technologies
Improved Flash

DRAM | SRAM | NOR | NAND | FeRAM | MRAM PCM Memristor
Knowledge level mature advanced product advanced | early stage
Cell Elements 1T1C 6T 1T1C 1T1IR 1T1R 1M
Half pitch (F) (nm) 50 65 90 90 180 130 65 3-10
Smallest cell area 6 140 10 5 22 45 16 4
READ time (ns) <1 <03 | <10 < 50 <45 <20 < 60 <50
Write/Erase time (ns) <05 | <03 | 10° 10° 10 20 60 < 250
Retention time (years) | seconds | N/A | >10 > 10 > 10 > 10 > 10 > 10
WRITE op. voltage (V) 2.5 1 12 15 0.9-3.3 15 3 <3
READ op. voltage (V) 1.8 1 2 2 0.9-3.3 1.5 3 <3
WRITE endurance 10t | 10 | 107 10° 10t 106 10° 10"
WRITE energy (f]/bit) 5 0.7 10 10 30 1.5x10° | 6x103 < 50
Density (Gbit-cm™2) 6.67 017 | 1.23 2.47 0.14 0.13 1.48 250
Voltage scaling fairly scalable no poor promising
Highly scalable major technological barriers poor promising | promising
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Moore’s law for another decade. Furthermore, inclusion of molecular electronics and
computing as an alternative to Complementary Metal-Oxide Semiconductor (CMOS)
technologies in the recent ITRS report emphasises the significant challenges of device
scaling (Jones 2009). Moreover, Swaroop et al. (1998) demonstrated that the complex-
ity of a synapse, in an analogue VLSI neural network implementation, is minimised
by using a device called the Programmable Metallisation Cell (PMC). This is an ionic

programmable resistive device and a memristor can be employed to play the same role.

Research on memristor applications in various areas of circuit design, alternative ma-
terials and spintronic memristors, and especially memristor device/circuit modelling
have appeared in the recent literature, (i) SPICE macro-modelling using linear and
non-linear drift models (Chen and Wang 2009, Zhang et al. 2009, Biolek et al. 2009b, Ben-
derli and Wey 2009, Kavehei et al. 2009, Li et al. 2009), (ii) application of memristors in
different circuit configurations and their dynamic behaviour (Li et al. 2009, Sun et al.
2009a, Wang et al. 2009a, Sun et al. 2009b), (iii) application of memristor based dy-
namic systems to image encryption in Lin and Wang (2009), (iv) fine resolution pro-
grammable resistor using a memristor in Shin et al. (2009), (v) memristor-based op-
amp circuit and filter characteristics of memristors by Yu et al. (2009) and Wang et al.
(2009b), respectively, (vi) memristive receiver (MRX) structure for ultra-wide band
(UWB) wireless systems (Itoh and Chua 2008, Witrisal 2009), (vii) memristive system
I/O nonlinearity cancellation in Delgado (2009), (viii) the number of required mem-
ristors to compute a f : R" — R™ function by Borghetti et al. (2010), and its dig-
ital logic implementation using a memristor-based crossbar architecture in Raja and
Mourad (2009), (ix) different physical mechanisms to store information in memris-
tors (Driscoll et al. 2009, Wang et al. 2009c¢), (x) interesting non-volatile memory fab-
ricated using a flexible memristor, which is an inexpensive and low-power device so-
lution is also recently reported (Gergel-Hackett et al. 2009), (xi) using the memductance
concept to develop an equivalent circuit diagram of a transmission-line has been car-
ried out by Mallégol (2003, Appendix 2). Furthermore, an electromagnetic (optical)
transistor/memristor (EMTM) based on carbon nanotube (CNT) device was proposed
in (Sklyar 2009). This magnetometer circuit is a possible through a combination of a su-
perconducting field-effect transistor (SUFET) and molecular nano-wires both operating

at or below room-temperature.
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Among various memristor’s features, two properties have attracted most attention.
Firstly, its memory characteristic, and, secondly, its nanometer dimensions. The mem-
ory property and latching capability enable us to devise new methods for nanocom-
puting. The nanometer scale memristor device provides a very high density and is
less power hungry. In addition, the fabrication process of nanodevices is simpler
and cheaper than conventional CMOS fabrication, at the cost of more device defects
(Strukov and Likharev 2005).

At the architectural level, a crossbar-based implementation appears to be the most
promising realisation of the nanoscale (Bahar et al. 2007). Inherent defect-tolerance
capability, simplicity, flexibility, scalability, and high density are the major advantages
of this architecture by using a memristor at each cross point. In Lewis and Lee (2009)
a comparison between using resistive random access memory (RRAM) and DRAM in
a three-dimensional (3D) die-stacked structure was carried out. Advantages of RRAM
over DRAM, as mentioned, are the extremely high capacity and potentially ultra low-
power operation. As the capacity is growing, the complexity of addressing is also log-
arithmically growing, so the overhead addressing addressing cost is less for extremely

high capacities (Lewis and Lee 2009).

The memristor store-to-write time constant ratio is around 103 cycles (Strukov and
Williams 2009a), which is much lower than the DRAM cells with 10® (ITRS 2009).
Therefore, the switching speed of memristors is still behind DRAMs. However, unlike
DRAM, RRAM is non-volatile. In terms of yield, DRAM and RRAM are almost equal
from a futuristic viewpoint (Lewis and Lee 2009). Generally, endurance becomes very
important once we note that the DRAM cells must be refreshed every 16 ms, which
means at least 10! WRITE cycles in their life time (Lewis and Lee 2009).

Architectural issues of these nanoelectronic systems are also very important. Design-
ing a nanoelectronic system has to be viable and reliable. As already mentioned, a
crossbar architecture delivers a good performance based on its simple structure. How-
ever, one of the main concerns at the architectural level, particularly for using nanode-
vices, is a defect- and fault-tolerance. Fault-tolerance and parallel processing architec-
tural approaches are not in the scope of this thesis. The reader is referred to Han (2004)

and Strukov (2006) for more information on this aspect.

It is interesting to note that there are devices with similar behaviour to a memristor,
e.g. Buot and Rajagopal (1994), Beck et al. (2000), Krieger et al. (2001), Liu et al. (2006),
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Waser and Aono (2007), Ignatiev et al. (2008), Tulina et al. (2008), but the HP scientists
were the only group that found the link between their work and the missing memristor
postulated by Chua (1971). Moreover, it should be noted that physically realised mem-
ristors must meet the mathematical requirements of a memristor device or memristive
systems that are discussed in Kang (1975) and Chua and Kang (1976). For instance,
the hysteresis loop must have a double-valued bow-tie trajectory. However, for exam-
ple in Krieger et al. (2001), the hysteresis loop shows more than two values for some
applied voltage values. Beck et al. (2000) demonstrated one of the perfect examples of
memristor devices. Generic prosperities of memristive devices that clearly distinguish
a memristive device from other devices can be listed as follows (Kang 1975, Chua and
Kang 1976):

Passivity operation. Memristive device is a passive element.

No energy discharge. If the device is a passive device, therefore, the instantaneous

power is always nonnegative.

DC characteristics. Memristive device operation under DC operation is equivalent to

nonlinear resistor.

Double-valued hysteresis [-V loop. Memristive device under periodic operation® al-
ways gives a current-voltage relationship that I (V) is at most a doubled-valued
function of V (I).

Symmetric hysteresis loop. If in a time-invariant voltage-controlled” memristive one-
port device, e.g. Eq. (2.1), g(w, V) = g(w, —V), then the corresponding I-V curve
is not a closed loop whenever the state variable, w(t), is periodic of the same
period as that of the input V(¢) and is half-wave symmetric®. The I-V curve re-
lationship is odd symmetric with respect to the origin whenever w(t) is periodic

of the same period as that of the input V(#) and is quarter-wave symmetric’.

Limiting linear characteristics. If for all ¢y, for all initial states wy, and for all bounded

inputs (V), the state trajectory w(t) is bounded, then the dynamical system,

®1ts operation is periodic when its response and the input are from the same period.

7 All of the properties apply to the dual current-controlled case.

8The state variable function of period T is half-wave symmetric if w(t + kT/2) = w(—t + kT /2) for
k=1,2forallt€[0,T/2].

9The state variable function of period T is quarter-wave symmetric if w(t + kT/4) = w(—t + kT/4)
fork=1,3forallt € [0,T/4].
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Eq. (2.1), is stable and its periodic operation degenerates into a linear invariant

resistor as the input frequency increases toward infinity.

Details on proofs and small-signal properties can be found in Kang (1975). Kim et al.
(2009a) recently introduced a multi-level One-Time Programmable (OTP) oxide diode
for crossbar memories. They focused on a one-time programmable structure that ba-
sically utilises one diode and one resistor, 1D-1R, since obtaining a stable device for
handling multiple programming and erasing processes is much more difficult than a
one-time programmable device. In terms of functionality, OTP devices are very sim-
ilar to memristive elements, but in terms of flexibility, memristors are able to handle

multiple programming and erasing processes.

2.5 Conclusion

This chapter surveyed key aspects of the memristor as a promising nanodevice. It
also reviewed memcapacitor and meminductor elements. A comparison between the
emerging non-volatile memory technologies shows that the biggest rival of RRAM
technology is PCM, given the fact that, the size and the fabrication costs of MRAM
technology is higher than these two technologies. When it come to power dissipa-
tion and size, RRAMs promise better quantities than PCMs. MRAMs promise the best
speed and endurance performance among the technologies, whereas PCMs show a
better outcome in terms of density, cost, and technological compatibility with the cur-
rent CMOS devices. RRAMs demonstrate the least power dissipation. Its READ and
WRITE access times are in an acceptable range and it is very well compatible with the
current integrated circuit technology. It is also important to note that memristive elec-
tronics cover all possible technologies that provide switching behaviour between two
or more stable states by changing the resistance. By this definition, PCMs can also be

classified as memristive elements.

This chapter also provides an overview on several applications for memristive devices.
The different capabilities might create many opportunities as well as engineering chal-
lenges. These challenges should be addressed through modelling and design modifi-
cations, which are the context of following chapters. The next chapter discusses a pre-
liminary SPICE model and its switching behaviour as well as introducing resistance

modulation index and memristor properties through simulation.

Page 30



Chapter
el

Memristor’s Basic
Characteristics and Early
Modelling Approaches

HE non-volatile memory property of a memristor enables the re-

alisation of new approaches for a variety of computational en-

gines ranging from innovative memristive based neuromorphic
circuitry through to advanced memory applications. The nanometer scale
feature of the device also creates a new opportunity for realisation of in-
novative circuits that in some cases are not possible or have an inefficient
realisation in the present and established technologies. The nature of the
boundary, the complexity of the ionic transport and tunnelling mechanism,
and the nanoscale feature of the memristor introduces challenges in model-
ling, characterisation, and simulation of future circuits and systems. These
new challenges require solution via insight from the designers’ perspec-
tive, in order to attain accurate estimation of performance. This chapter
provides basics for the memristor modelling approaches and its behaviour

when combined with other circuit elements.
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Chapter 3 Memristor’s Basic Characteristics and Early Modelling Approaches

3.1 Introduction

This chapter provides models for the memristor and memristive devices. Applications
of these models in circuits and systems will be shown in the next few chapters. An
introduction to the electromagnetic theory of the memristor and a very first demon-
stration of that approach using Maxwell’s equations and geometric algebra can be also
found in the Appendix A. The Appendix presents an argumentation based on electro-
magnetic field theory for the existence of the memristor according to Chua (1971). His
motivation was to interpret the memristor in terms of the so-called quasi-static expan-
sion of Maxwell’s equations. This expansion is usually used to give an explanation to

the elements of circuit theory within the electromagnetic field theory.

This chapter consists of four sections. Sections 3.2 and 3.3 discuss the simplest model
of memristors, which is based on a linear drift model, and a more complicated model
using a nonlinear drift approximation. This section introduces resistance modulation
index and some of the memristor properties through simulation. The next section, Sec-
tion 3.4, presents a basic SPICE model for memristors that shows the basic switching

behaviour.

3.2 Linear drift model

The memristor’s state equation is at the heart of the HP memristive system mecha-
nism (Wang 2008, Joglekar and Wolf 2009). An attractive property of the HP mem-
ristor (Strukov et al. 2008), which is exclusively based on its fabrication process, can be
deduced from the simple HP memristor mathematical model (Strukov et al. 2008) and

is given by,

M(q) = Rurs (1 - %q(ﬂ) , (3.1)

where B¢ has the dimensions of magnetic flux ®(t). Here, o = ﬁ—i in units of sV = Wb,
where yy, is the average drift mobility in unit of cm?/sV and L is the film (TiO,) thick-
ness. Note that Ryrs and Rirs are simply the ‘ON” and ‘OFF’ state resistances as
indicated in Figure 2.2. Also g(t) defines the total charge passing through the mem-

ristor device within a time window, f - t;. Notice that the memristor has an internal
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3.2 Linear drift model

state (Chua and Kang 1976). Furthermore, as stated in Oster (1974), g(t f fo

due to the state variable in a charge-controlled memristor giving the charge passing
through the device and not behaving as charge storage channel as in a capacitor. This
concept is very important from two points of view. Firstly, a memristor is not an
energy-storage element, and secondly, this shows that the memristor is not merely a

nonlinear resistor, but is a nonlinear resistor with charge as a state variable (Oster 1974).

Let us assume a uniform electric field across the device, thus there is a linear relation-
ship between drift-diffusion velocity and the net electric field (Blanc and Staebler 1971).

Therefore the state equation is,

ldw(t) _ Rigs,
L dt  Po

i(t) . (3.2)

Integrating Eq. (3.2) gives,

wf) - w(LtO) + R[;fq(t) , (3.3)

when w(ty) is the initial length of w. Hence, the speed of drift under a uniform electric

dw(t)

field, across the device is given by v, = —;~

this case Qp =i X t also defines the amount of required charge to move the boundary

. In a uniform field we have L = v x t. In

from w(ty), when w — 0, to distance w(ty), where w — L. Therefore, Eq. (3.3) can be
Bo

written using the new definition of Qp = ¢~ as,
t t t
wlt) _wit) |, a(t) -
L L QL

If x(t) = @ then,
x(t) = x(ty) + 9(t) , (3.5)

where Q( ) describes the amount of charge that is passed through the channel over the

required charge for a conductive channel.

Using Strukov et al. (2008) we have,

V(t) = (RLRS @ + R ( - @))i(t) . (3.6)
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Therefore, memristance of a charge controlled memristor'?, M(q), can be written as,

M(q) = Rirs @ + Ryrs (1 - @) . (3.7)
By inserting x(t) = @, Eq. (3.6) can be rewritten as,
V(t) = <RLRS x(t) + Rers (1 —X(t)>>i(t)~ (3.8)

Now assume that g(to) = 0 then w(t) = w(ty), when w(t) # 0, and from Eq. (3.8),

Moy = RiRrs (x(to) +7r (1 — x(to))) , (3.9)

where r = % and M is the memristance, M(q), value at ;. Consequently, the fol-
LRS

lowing equation gives the memristance at time ¢,

M(q) = My — AR (‘g—?> ) (3.10)

where AR = RHRS — RLRS- When RHRS > RLRS/ AR =~ RHRS/ and MO ~ RHRS/ Eq (3.1)
can be derived from Eq. (3.10).

Substituting Eq. (3.10) into V(t) = M(q)i(t), when i(t) = d’Zi—(tt), we have,
V(t) = (Mo — AR (‘g—tL)))di’i—(:) (3.11)
Recalling that M(q) = 242, the solution is
q(t) = Qﬂfo (1 i \/1 - éfAﬁ%@(t) ) . (3.12)

19These equations are also applicable to the dual voltage-controlled case, where memductance W ()

represents overall conductance of a memristor.
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then, a valid solution for g(t), if AR ~ My ~ Rygs, can be written as,

2
q(t) = Q1 (1 - \/1 SRen e > . (3.13)

Consequently, using Eq. (3.5) if Qr = VL—Z

R’ SO the internal state of the memristor is

x(t) = —( 1—% (t)), (3.14)

then, considering Eq. (3.7) and x(f) = @, the current-voltage relationship can be writ-

ten as,

V()

i(t) = .
RHRS( 1- %Cb(t) )

(3.15)

In Eq. (3.15), the inverse square relationship between memristance and TiO, thickness,
L, shows that for smaller values of L, the memristance shows improved characteristics,

and because of this reason the memristor require a small value of L.

In Egs. (3.12)-(3.15), the only term that significantly increases the role of ®(t) is a lower

. . 1 1 o ..
value of Qr. This shows that at the micrometer scale x— - = Be = 712 1S negligible

and the relationship between current and voltage reduces to a resistor equation.

Substituting fe = ﬁ—i that has the same units as magnetic flux into Eq. (3.15), and con-

sidering c(t) = % = %;(t) as a normalised variable, we obtain

V()

RHRS( 1—2c(t) )

where (/1 — %c(t) is what we call the resistance modulation index, (RMI) (Kavehei et al.
2009).

i(t) = (3.16)

Due to the current limitation on the accuracy of fabrication of nano device, variability-

aware modelling approach should always be considered. Two well-know solutions by
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Chen and Wang (2009) were investigated to address the variability problem in mem-
ristive systems: 1) Monte-Carlo simulation for evaluating (almost) complete statistical
behaviour of device, and 2) Corner analysis. Considering the trade-off between time-
complexity and accuracy between these two approaches, demonstrate the importance
of using a simple and reasonably accurate model, because finding the real corners is
highly dependent on the model accuracy (Chen and Wang 2009). The resistance mod-
ulation index, RMI, could be one of the device parameters (v/V dependency) in the
model extraction phase, so it would help to provide a simple model with fewer pa-

rameters.

Joglekar and Wolf (2009) clarified the behaviour of two memristors in series. As shown
in Figure 3.1, they labelled the polarity of a memristor by # = £1, where y = +1 sig-
nifies that w(t) increases with positive voltage or, in other words, the doped region in
memristor is expanding. If the doped region, w(t), is shrinking with positive voltage,
then 7 = —1. In other words, reversing the voltage source terminals implies memristor
polarity switching. In Figure 3.1 (a), the doped regions are simultaneously shrunk so
the overall memristive effect is retained. In Figure 3.1 (b), however, the overall mem-

ristive effect is suppressed (Joglekar and Wolf 2009).

Figure 3.1. Two bipolar memristors in series. Two memristors in series, (a) With the same

Doped Undoped

Doped Undoped Undoped i Doped

Doped Undoped I_<

polarity, both # = —1 or both 7 = +1. (b) With opposite poIarltles, n = —1 and
7 = +1. Where y = +1 signifies that w(f) increases with positive voltage or, in other
words, the doped region in memristor is expanding and 77 = —1 indicates that the doped
region is shrinking with applied positive voltage across the terminals Joglekar and Wolf
(2009).

Using the memristor polarity effect and Eq. (3.2), we thus obtain

1 dZU(t) . RLRS

TR /3q> i(t) . (3.17)
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3.2 Linear drift model

Then with similar approach we have

V(t)

RHRS( 1—n2c(t) )

There is also no phase shift between current and voltage signals, which implies that

i(t) =

(3.18)

the hysteresis loop always crosses the origin as demonstrated in Figure 3.2. For further
investigation, if a voltage, V (t) = Vpsin(wt), is applied across the device, the magnetic
flux would be ®(t) = —% cos(wt). The inverse relation between flux and frequency

shows that at very high frequencies there is only a linear resistor.

Eq. (3.18) was implemented in MATLAB for five different frequencies, where wy =
2?—;/0, using the Strukov et al. (2008) parameter values, L = 10 nm, yy = 10719 cm? 57!
V71, Rirs = 100 Q), Ryrs = 16 kO, Vo =1V, and 1 = —1, the results are shown in
Figure 3.2. The resistance modulation index, RMI = /1 — n%c(t) simulation with the
same parameter values is shown in Figure (3.3).

x10 ">

- - - - = ———— == =

Current

-1 -0.5 0 0.5 1
Voltage

Figure 3.2. Memristor model and its angular frequency response. The hysteresis of a memristor
based on Eq. (3.18). This verifies the hysteresis shrinks at higher frequencies. It also
shows that the effective resistance is changing, so there is a varying memristance with

a monotonically-increasing g-® curve. The current value is in Amps (A) and voltage is
in Volts (V).
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NOTE:
This figure is included on page 39 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 3.3. RMI simulation. The hysteresis characteristics of the memristor. It shows that the
memristance value is varying from a very low to a very high resistance. It is clear that
these values depend on the parameter values, such as Ryrg and Rygrs. The model is

consistent with the HP's model parameters (Strukov et al. 2008).

3.3 Nonlinear drift model

The electrical behaviour of the memristor is directly related to the shift in the bound-
ary between doped and undoped regions, and the effectively variable total resistance
of the device when an electrical field is applied. Basically, a few volts across a very
thin-film, e.g. 10 nm, causes a large electric field. For instance, it could be more than
10° V/cm, which will result in a fast and a significant reduction in energy barrier (Blanc
and Staebler 1971). Therefore, it is reasonable to expect a high nonlinearity in ionic
drift-diffusion (Waser et al. 2009).

One significant problem with the linear drift assumption is the boundaries. The linear
drift model, Eq. (3.2), suffers from a problematic boundary effects. Basically, at the
nanoscale, a few volts causes a large electric field that leads to a significant nonlinearity
in ionic transport (Strukov et al. 2008). A few attempts have been carried out so far
to consider this nonlinearity in the state equation (Strukov et al. 2008, Strukov and
Williams 2009a, Biolek et al. 2009b, Benderli and Wey 2009, Prodromakis et al. 2011). All
of them proposed a window function, f(w,i), which is multiplied by the right-hand side

of Eq. (3.2), where w and i are the memristor’s state variable and current, respectively.
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3.3 Nonlinear drift model

In general, the window function can be multiplied by the right-hand side of the state

variable equation, Eq. (3.2),

B =T f(x(0),p), (19)

where x(f) =w(t) /L is the normalised form of the state variable. The window function
makes a large difference between the model with linear and nonlinear drift assump-
tions at the boundaries. Figure 3.4 shows such a condition considering a nonlinear
drift assumption at the critical, or boundary, states. In other words, when a linear
drift model is used, simulations should consider the boundaries and all constraints on
initial current, initial voltage, maximum and minimum w, and etc. These constraints
cause a large difference in output between linear and nonlinear drift assumptions. For
example, it is impossible to achieve such a realistic curve, as in Figure 3.4, using the

linear drift modelling approach.

0.4[

Current
o
o
|

-04(

Voltage

Figure 3.4. Nonlinear [-V characteristics of the memristor. The hysteresis characteristics using
the nonlinear drift assumption. This hysteresis shows a highly nonlinear relationship
between current and voltage at the boundaries. To model this nonlinearity, there is a
need for an additional term on the right hand side of the memristor’s state equation,
called a window function. Rygs represents the low resistance state and it can be shown
as Gon, ON state conductance, and Rygrs shows the high resistance state and it can

be shown as Gopg, OFF state conductance.
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3.3.1 Window function

In Strukov et al. (2008), the window function is a function of the state variable and it
is defined as f(w) = w(1 — w)/L%. The boundary conditions in this case are f(0) =0
and f(L) = 17E ~ 0. It meets the essential boundary condition f(w — boundaries) =0,
except there is a slight difference when w — L. The problem of this boundary assump-
tion is when a memristor is driven to the terminal states, w — 0 and w — L, then
‘%’ — 0, so no external field can change the memristor state (Biolek et al. 2009b). This is
a fundamental problem of the window function. The second problem of the window
function is it assumes that the memristor remembers the amount of charge that passed
through the device. Basically, this is a direct result of the state equation, Eq. (3.2),

(Biolek et al. 2009b).

In Benderli and Wey (2009), another window function has been proposed that is
slightly different from that in Strukov et al. (2008). This window function, f(w) =
w(L —w)/L?, approaches zero when w — 0 and when w — L then f(w) — 0. Therefore,
this window function meets both the boundary conditions. In fact, the second window
function imitates the first function when we consider x = w/L instead of w. In addi-
tion, there is another problem associated with these two window functions, namely,
the modelling of approximate linear ionic drift when 0 < w < L. Both of the window
functions approximate nonlinear behaviour when the memristor is not in its terminal
states, w = 0 or w = L. This problem is addressed in Joglekar and Wolf (2009) where
they propose an interesting window function to address the nonlinear and approxi-
mately linear ionic drift behaviour at the boundaries and when 0 < w < L, respectively.
Nonlinearity (or linearity) of their function can be controlled with a second parameter,
which we call the control parameter, p. Their window function is f(x) =1 — (2x — 1)??,
where x = w/L and p is a positive integer. Figure 3.5 (a) demonstrates the function
behaviour for different 2 < p < 10 values. This model considers a simple boundary
condition, f(0) = f(1) = 0. As demonstrated, when p > 4, the state variable equation

is an approximation of the linear drift assumption, f(0 <x < 1) ~ 1.

The most important problem associated with this model is revealed at the boundaries.
Based on this model, when a memristor is at the terminal states, no external stimulus
can change its state. Biolek et al. (2009b) tackles this problem with a new window func-
tion that depends on x, p, and memristor current, i. Basically, x and p are playing the

same role in their model and the only new idea is using current as an extra parameter.
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3.3 Nonlinear drift model

The window function is, f(x) =1 — (x — sgn(—i))?/, where i is memristor current and
sgn(i) =1 when i >0, and sgn(i) = 0 when i < 0. As a matter of fact, when the cur-
rent is positive, the doped region length, w, is expanding. Figure 3.5 (b) illustrates the

window function behaviour.

11 1

O-I — T T T T T 1 O-| — T T T *r T 1
0 02 04 06 08 1 O 02 04 06 08 1
X X

@ (b)

Figure 3.5. Window function f(-). Non-linear window functions, (a) f(x) =1 — (2x — 1)?/, (b)

f(x) =1— (x —sgn(—1i))?". There are around four window functions in the literature

but these two are meet the boundary conditions.

All window functions suffer from a serious problem. They are only dependent on the
state variable, x, which implies that the memristor remembers the entire charge that
is passing through it. Moreover, based on the general definition of the time-invariant
memristor’s state equation and current-voltage relation, x = f(x,i) or x = ¢(x,v), f and
g must be continuous n-dimensional vector functions (Kang 1975, chap. 2). However,
the last window function, f(x) =1 — (x — sgn(—i))??, does not provide the continu-
ity condition at the boundaries, x — 0 or x — 1. Biolek ef al. (2009b) did not use the

window function in their recent publication (Biolek et al. 2009a).

In Strukov and Williams (2009a) the overall drift velocity is identified with one linear
equation and one highly nonlinear equation, v = uE, when E < Eyand v = ,quexp(Eﬁo),
for E ~ Ey, where v is the average drift velocity, E is an applied electric field, u is the
mobility, and Ej is the characteristic field for a particular mobile ion. The value of E
is typically about 1 MV /cm at room temperature (Strukov and Williams 2009a). This
equation shows that a very high electric field is needed for exponential ion transport.

They also showed that the high electric field is lower than the critical field for dielectric
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breakdown of the oxide. Reviewing the available window functions indicates that
there is a need for an appropriate model that can define memristor states for strongly

nonlinear behaviour where, E ~ Ej.

In addition to the weakness of nonlinear modelling in the original HP model, there
are some other drawbacks that show the connection between physics and electronic
behaviour was not well established. Moreover, the currently available electronic mod-
els for memristors followed the exact pathway of the HP modelling, which is mostly
due to the fact that the underlying physical conduction mechanism is not fully clear
yet (Kim et al. 2009b). Furthermore, the HP model does not deliver any insight about
capacitive effects, which are naturally associated with memristors. These capacitive
effects will later be explained in terms of a memcapacitive effect in a class of circuit ele-
ments with memory. In Kim et al. (2009b) the memristor behaviour was realised using
infinite number of crystalline magnetite (Fe3O4) nanoparticles. The device behaviour
combines both memristive (time-varying resistance) and memcapacitive (time-varying
capacitance) effects, which deliver a better model for the nonlinear properties. Their

model description for current-voltage relationship is given as,

V(t)
2
t
\/ R2(x,1) + ks (s )

where R(x,t) and C(x,t) are the time-varying resistance and capacitance effects, re-

i(t) = , (3.20)

spectively. The time-dependent capacitor is a function of the state variable, x(t) =
w(t)/L and AC(t), where AC(t) is defined as the additional capacitance caused by

_ Con—AC(t)

changing the value of capacitance (Kim et al. 2009b), C(x,t) = T=x(t] where Coy is

the capacitance at x = 0. The state variable is also given by,

Ya(t)d
x(t) =2 (q(t)RON + cftoq(r) : ) : (3.21)

oN — AC(t)

Kim et al. (2009b) also investigated the impact of temperature variation on their Fe304
nanoparticle memristor assemblies for different L values (9 nm, 12 nm, and 15 nm).
It was reported that the change in electrical resistivity (specific electrical resistance),
pr, as an explicit function of temperature can be defined by, log(p,) =1/ VT, which
means there is a significantly increasing behaviour as temperature decreases. As a

consequence, for example, there is no hysteresis loop signature at room temperature,
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T =295K, (L =12 nm) while at T = 210 K it shows a nice bow-tie trajectory. As they
claimed, the first room temperature reversible switching behaviour was observed in

their nanoparticle memristive system (Kim et al. 2009b).

3.4 Basic SPICE macro-model of memristor

There are, generally, three different ways available to model the electrical characteris-
tics of the memristors. SPICE macro-models, hardware description language (HDL),
and C programming. The first, SPICE macro-models, approach is more appropriate
since it is more readable for most of the readers and available in all SPICE versions.
There is also another reason for choosing SPICE modelling approach. Regardless of
common convergence problems in SPICE modelling, we believe it is more appropriate
way to describe real device operation. Moreover, using a model as a sub-circuit can

highly guarantee a reasonably high flexibility and scalability features.

A memristor can be realised by connecting an appropriate nonlinear resistor, inductor,
or capacitor across port 2 of an M-R mutator, an M-L mutator, or an M-C mutator,
respectively !'. These mutators are nonlinear circuit elements that may be described
by a SPICE macro-model (i.e. an analogue behavioural model of SPICE). The macro
circuit model realisation of a type-1 M-R mutator based on the first realisation of the

memristor is shown in Figure 3.6 (Chua 1971).

In this model, the M-R mutator consists of an integrator, a Current-Controlled Voltage
Source (CCVS) “H”, a differentiator and a Voltage-Controlled Current Source (VCCS)
“G”. The nonlinear resistor is also realised with resistors Ry, Ry, and a switch. There-
fore, the branch resistance is 1 k() for V; <2V and 2 k() for V; > 2 V. The input voltage
of port 1, V3, is integrated and connected to port 2 and the nonlinear resistor current,
I, is sensed with the CCVS “H” and differentiated and converted into current with the
VCCS “G”.

SPICE simulations with the macro-model of the memristor are shown in Figures 3.7
and 3.8. In this particular simulation, a monotonically-increasing and piecewise-linear
g-® function is assumed for the memristor characteristic. This function is shown in

Figure 3.7 (b). The simulated memristor has a value of 1 k() for flux value of less

HFor further detail about the mutator the reader is referred to Chua (1968).
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Figure 3.6. Basic SPICE macro model. The SPICE macro-model of memristor. Here G, H and S

'
i
=

are a Voltage-Controlled Current Source (VCCS), a Current-Controlled Voltage Source
(CCVS), and a Switch (Von = —1.9 V and Vopr = —2 V), respectively. Ry =Ry, =1kQ
and V. = —2 V. The M-R mutator consists of an integrator, a Current-Controlled
Voltage Source (CCVS) “H", a differentiator and a Voltage-Controlled Current Source
(VCCS) “G". The nonlinear resistor is also realised with resistors Ry, Ry, and a switch.

Therefore, the branch resistance is 1 k() for V; <2 V and 2 kQ) for V4 > 2 V.

than 2 Wb, but it becomes 2 k() when the flux is greater than or equal to 2 Wb. The
critical flux (¢.) can be varied with the turn-on voltage of the switch in the macro-
model. Figure 3.7 (a) shows the pinched hysteresis characteristic of the memristor. The
input voltage to the memristor is a ramp with a slope of +1 V/s and —1 V/s. When
the input voltage ramps up, the memristance is 1 k() and the slope of the current-
voltage characteristics is 1 mA/V before the the flux reaches to the ®.. But when
the flux becomes 2 Wb, the memristance value is changed to 2 k() and the I-V curve
slope is now 0.5 mA /V. After the input voltage reaches a maximum point, it ramps
down and the slope is maintained, because the memristance is still 2 k(). Figure 3.8
shows the memristor characteristics when a step input voltage is applied. Initially the
memristance is 1 k(), so the input currentis 1 mA. When the flux reaches to 2 Wb (1 V x
2 s), the memristance is 2 k(2 and so the input current is now 0.5 mA as predicted. The
developed macro-model can be used to understand and predict the characteristics of a

memristor.

Now, if a 1 kHz sinusoidal voltage source is connected across the memristor model, the
flux does not reach to 2 Wb so M = M; =1 kQ) and i = 10 mA. Figure 3.9(I) shows the
memristor characteristics when a sinusoidal input voltage is applied. As it is shown
in Figure 3.9(II), when the voltage source frequency reduces to 10 Hz, the flux linkage
reaches to 2 Wb within 30 ms. Based on the result, there are two levels of memristance,
M = M; =1k and then it changes to M, = 2 k().
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Figure 3.7. Basic memristor characteristics of switching between two high and low resis-

tances. The memristor characteristics. (a) The hysteresis characteristics of the mem-
ristor. (b) A monotonically-increasing and piecewise-linear g-® function as a basic
memristor characteristic, the both axes are normalised to their maximum values. The
simulated memristor has a value of 1 k() when the flux is less than 2 Wb, but it be-
comes 2 k() when the flux is equal or higher than 2 Wb. The critical flux (®.) can be
varied with the turn-on voltage of the switch in the macro-model. The input voltage to

the memristor is a ramp with a slope of +1 V/s.
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Figure 3.8. Response of the memristor to a step voltage input. The memristor characteristics

when a step input voltage is applied. (a) Voltage curve. (b) Flux linkage curve. (c)
Current curve. At the first point the memristance is 1 k(), so the input current is 1 mA.
When the flux reaches to 2 Wb (1 V x 2's, 2 s =50 time steps), the memristance is
2 kQ) and so the input current is now 0.5 mA as predicted.
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Figure 3.9. Response of the memristor to a sine voltage input. The memristor characteristics
when, (I) a 1 kHz sinusoidal voltage is applied. In this case the flux does not reach to
2Wb so M=M; =1kQ and i =10 mA. (lI) When a 10 Hz sinusoidal voltage is
applied. In this case the flux linkage reaches to 2 Wb within 30 ms, or 15 time steps.

(a) Voltage curve. (b) Flux linkage curve. (c) Current curve.

Another interesting study is required to verify that the model is working properly
when there is a parallel, series, RM (Resistor-Memristor), LM (Inductor-Memristor),
or CM (Capacitor-Memristor) network. First of all, let us assume that there are two
memristors with the same characteristic as shown in Figure 3.7. Analysing series and
parallel configurations of these memristors are demonstrated in Figures 3.10(b) and

3.10(a), respectively. In both figures, the left I-V curve shows a single memristor.

The simulation results show that the series and parallel configurations of memristors
are the same as their resistor counterparts. It means the equivalent memristances, Meq,
of a two memristor in series and parallel are Meq = 2M and Meq = M /2, respectively,
where M is memristance of a single memristor. The second step is RM, LM, and CM
networks. In these cases a 10 V step input voltage has been applied to circuits. As
mentioned before for a single memristor based on the proposed model, while the flux
linkage is less than or equal to the critical flux, ® < &,, M = M; =1 k() and when
the flux is more than the critical flux value, ® > ®.,, M = M, = 2 k(). Recall that the
critical flux value based on the g — ® curve is &, = 2 Wb. Figures 3.11 (R), 3.11 (C),
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Figure 3.10. Parallel and serial connections of memristors. The I-V curves for, (a) two mem-
ristors in parallel, (b) two memristor in series, and (c) a single memristor. In all of the
cases there is no difference between a memristor and equivalent resistor in the network.
In other words, two memristors in parallel, with the same characteristics, form a single
memristor with Mequ = M, /2 as the memristance, and two memristors in series form

a single memristor with Mequ = 2M,; as the memristance.

and 3.11 (L) illustrate RM, CM, and LM circuits and their response to the input step
voltage, respectively.

If we assume that the memristance value switches at time T, then for 0 <t < T;, ® <

o, and M = M; =1 k). Therefore, in the RM circuit we have, V) = V%}b{y For

R=1kQO, Vi,y =5V and theniy; =5mA,so T; = % = 0.4 s. Likewise, when t > Ty,

M
o > P, wehave, V=V R—IXII%/IZ = 6.7 V and i)y = 3.3 mA. Both cases have been verified

by the simulation results.

In the LM circuit we have the same situation, so for 0 <t < T;, ® < P, Vj)y =V =
10V, iy =10 mA (R=1k0), and T; = 0.2 s. For t > T;, memristor current is ip; =
5 mA. Memristor’s current changing is clearly shown in Figure 3.11 (L). The CM circuit

simulation also verifies a change in time constant from M;C to MC.

Page 48



Chapter 3 Memristor’s Basic Characteristics and Early Modelling Approaches

Voltage v M(t) V]

(b)

Flux o(t) [Wh]

(@]

Current i(t) [A]

0 20 40 60 80 0 20 40 60 80 0 20 40 60 80

Time steps Time steps Time steps
(R) @ L)

Figure 3.11. Interaction of the memristor with other fundamental elements. Step voltage re-
sponse curves for (R) Resistor-Memristor, (C) Capacitor-Memristor, and (L) Inductor-
Memristor. (a) Memristor voltage curve, Vp(t). (b) Flux linkage curve, ¢(t). (c)
Current curve, ic(t). The memristance value switches at time Ty, then for 0 <t < Ty,
O <P, and M = M; =1 kQ). Therefore, in the RM circuit we have, Vi = VRTM.
For R=1kQ, Vi, =5V and then ips =5 mA, so T; = ‘% = 0.4 s. Likewise, when
t> Ty, @ > D, we have, Vi = Vi = 6.7 V and iy = 3.3 mA. In the LM circuit
we have the same situation, so for 0 <t < Ty, <P, V=V =10V, iy =10 mA

(R=1kQ), and T; =0.2 s. For t > T4, memristor current is iy =5 mA.

As another circuit example of using the new memristor model, an op-amp based in-
tegrator was used. The transient response and circuit configuration is shown in Fig-
ure 3.12. If C =100 uC then we have 0.1 s and 0.2 s as the time constant of the circuit
att < Ty and t > Ty, respectively.

It is worth mentioning that, recently, a few simple SPICE macro-models were proposed
by Benderli and Wey (2009), Biolek et al. (2009b) and Zhang et al. (2009), but none
of their models consider the memristor interaction with other fundamental elements.
Such an interaction is an important step to verify the model correctness and operation

within the context of circuit network.
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Figure 3.12. An integrator circuit using memristor. Memristor-op-amp integrator circuit and its
response to the input step voltage. (a) Output voltage curve, Vout(t). (b) Flux linkage
curve, O(t). If C =100 uC then we have 0.1 s and 0.2 s as the time constant of the
circuit at t < T; and t > Ty, respectively.

3.5 Conclusion

This chapter provided an insight into the basic memristor model, which takes into ac-
count the characterisation of memristor and its switching behaviour. A basic SPICE
macro-model was also presented and its interaction with other fundamental circuit el-
ements and also active circuitries, e.g. operational amplifiers, are studied. Also a study
of boundary impacts on the device operation and its highly nonlinear characteristics.
Further detailed discussion will be presented in Chapter 5. The concept of resistance
modulation index was also introduced. This index explains the resistance changes as
a function of the magnetic flux that emphasises the dependency of such index to the
time integral of applied voltage. Some of the important properties of the memristors

were also discussed in this chapter.

Before discussing further detail on the memristor modelling and applications, it is nec-
essary to understand underlying switching mechanism of memristive devices, fabri-
cation processes, and applications of different materials as well as discussing some

measurement results. These topics are addressed in the next chapter.
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Chapter
L

Materials for Memristive
Devices

ATERIALS and their properties have a strong impact

on the functionality of nanometer scale devices. Different

materials can be used and hence different properties can
be achieved. This chapter introduces memristive materials and reviews the
recent progress in the Resistive Random Access Memory (RRAM) technol-
ogy. This study is important because the traditional scaling scheme cannot
maintain the trend of flash memory miniaturisation. It is observed that for
generations beyond 20 nm, endurance is significantly decreased due to the
phenomenal increase in leakage currents. Therefore, a technological shift is
almost inevitable and it is believed that RRAMs are one of the most promis-
ing emerging non-volatile technologies. During the course of this thesis,
two arrays of memristors were fabricated and tested, which is reported in
this chapter. The aim of this chapter is to provide preliminary informa-
tion on the switching mechanism in conjunction with device fabrication and

measurement.
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Chapter 4 Materials for Memristive Devices

4.1 Introduction

The most attractive feature of RRAM is its compatibility with the CMOS fabrication
process and materials. RRAMs are mostly low-power and have relatively simpler and
cheaper fabrication process (Akinaga and Shima 2010). The processes of forming, SET,
and RESET occur in unipolar and bipolar forms in these devices. The forming process
acts as a soft breakdown of the oxide material. This behaviour has been observed
in a variety of materials including group IV and III-V semiconductors and organic
compounds (Akinaga and Shima 2010, Hayashi 1980, Sun et al. 2004). Figure 4.1 sum-

marised materials that are used in RRAM devices.

This chapter’s focus is on the binary metal oxides. To prevent an overloaded number of
references, a review by Akinaga and Shima (2010) on the binary oxides is summarised
here. This chapter consists of four sections. Section 4.2 summarises different materials
and technologies. Also a comparison between available technologies for nonvolatile
memories. The next section, Section 4.3, discusses a HP-like memristor that was fabri-
cated in collaboration between our group at the University of Adelaide and the Func-
tional Material Research group at RMIT. Section 4.4 elaborates fabrication of another
type of memristors in collaboration with the Chungbuck National University, South
Korea. This memristor is tested and characterised for the rest of chapters in this thesis.

Finally, Section 4.5 summarises this chapter’s content.

4.2 Materials

To illustrate the advantages of RRAMs, a comparison between RRAM and two major
rivals, Phase Change Memory (PCM) and Spin-Transfer Torque Magnetic RAM (STT-
RAM or STT-MRAM) technologies, is carried out and demonstrated in (Sekar 2010) as
presented in Table 4.1. Although, MRAMs (STT-MRAMs) have shown very promis-
ing results, their complex structures made them an expensive alternative. But, PCM
switching time and WRITE operation power are significantly higher than MRAMs and
RRAMs resulting an overall increase in power dissipation. The major weakness of
RRAM technology is its endurance. For example, by the time flash memories scale
down to 20 nm or less, based on the current technology roadmap, their endurance
would not be any better than today’s RRAMSs (ITRS 2009).
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Table 4.1. RRAMs compared with other major emerging technologies. A comparison between

three major technologies for non-volatile memory (Sekar 2010).

NOTE:
This table is included on page 54 of the print copy of
the thesis held in the University of Adelaide Library.

Oxides like Al,O3, NiO, TiO,, TiOy, TaOx, CuOy, ZnO, and ZnO; have been constantly
used in resistive memories with different thicknesses, ranging from 2 nm up to 130 nm,
and electrodes (Akinaga and Shima 2010). Optimising RRAM switching requires a
deep study of different materials and also material engineering. RRAM switching op-
timisation can be carried out through three different steps, (i) optimising the top elec-
trode, (ii) optimising the transition metal-oxide material, (iii) controlling (engineering)
the SET current. Therefore, desirable features of the metal-oxide material can be listed
as: high ionic conductivity, multiple stable oxidation states, simple and fabrication-
friendly material, high Schottky barrier height, and reliability at high temperatures.
The top electrode should also meet some specifications such as fabrication-friendly
material, oxidation resistance, and high work function. According to recent literature,
platinum (Pt) and silver (Ag) are very common (Akinaga and Shima 2010). Titanium
dioxide (TiO;) also shows these properties and it has been widely used for RRAM im-
plementations (Akinaga and Shima 2010).

4.3 Pt/TiO,/Pt memristor

Five different sample arrays of memristors have been fabricated during the course of
this work in collaboration with the RMIT University (Guanrong 2010). In this section,
a brief overview of fabrication steps is presented. Popular fabrication techniques to
deposit the TiO; layer include, sputtering, Atomic Layer Deposition (ALD), and spin-

on sol-gel process.
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Figure 4.1. Periodic table. RRAM materials for the top and bottom electrodes as well as metal-
oxides (memristive) materials. Electrodes are shown in blue colour. Binary oxides are

illustrated in red and (perovskite type) ternary oxides are shown in green.

Each array contains 10 x 10 memristors with contact areas increasing from 20 x 20 ym?
to 100 x 100 um?. Fabrication procedure starts with lithography and preparing masks
for three major layers of the top and bottom Pt electrodes and middle layer of TiO,,
as demonstrated in Figure 4.2. After deposition of a 50 nm thick Pt film on a SiO,/Si
substrate using the electron beam (e-beam) evaporation system, a 50 nm thick TiO,
film was deposited using RF magnetron sputtering as illustrated in Figure 4.3 (f). All
samples contains a thin (5 nm) layer of titanium (Ti) below the top and bottom elec-
trodes. The structure of the device without the Ti layer, Pt/ TiO,/TiOy_« /Pt, acts like a
diode with hysteresis. Therefore, an additional layer is needed to modulate the barrier

height and producing oxygen vacancies at the Pt/TiO; interface. The structure is then
like, Pt/ Ti/TiO, /TiO,_4 /Pt.

Three different TiO;_y films are used for different samples. Samples (1) and (2) contain
50 nm TiO;_y, where x= 0.04, while samples (3) and (4) contain two layers of TiO; and
an oxygen deficient layer of TiO,_y each 25 nm thick. Sputtering was performed on a
titanium target in a reactive oxygen atmosphere to control the oxygen deficiency in the
TiO; layer. Sample (5) has similar structure to samples (3) and (4) but the metal-oxide
layer thickness is 3 nm. Due to the limited time for further analysis these samples are

still under further experimental study. The results, in Figure 4.4, shows the existence
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NOTE:
This figure is included on page 56 of the print copy of
the thesis held in the University of Adelaide Library.

(@) (b) (c)

Figure 4.2. Masks for Pt/TiO,/Pt memristors. The masks (a) and (c) are used for deposition
of the first (top) Pt and second (bottom) Pt electrodes. The mask (b) appears black
because it is continuous and is used to cover the whole array. Everything in the black
region is protected from etching. Outside of the black region is TiO; is etched away in
order to make space for the pads. The red dashed arrow illustrates that the Pt wires’
width is increasing from 20 ym to 100 um by 20 um steps every second wire (Guanrong
2010).

of a sinh(-) characteristics, as discussed in Chapter 5. This implies that further work is

required.

According to a classification of the device operation (Kwon et al. 2010), three steps can
be assumed: FORM, SET, and RESET. At the first step a reduction of TiO, to TiO,_y, is

required for forming. This process can be expressed as:
e FORM: TiO+2xe™ — TiOp ,+xO*~ .

Therefore, with a change in the distribution of O?~ (oxygen vacancies) within the TiO,
nano-layer, a change in resistance occurs. This is the first (irreversible cycle) SET oper-

ation that is known as, forming. For RESET and SET cycles then,

e RESET: TiO;_,+x0?~ — TiOy+2xe™

e SET: TiOy+2xe™ — TiOy_,+xO?%~ .

As a result of this operation, it can be understood that any material or combination
of materials that has impact on the barrier height at the top electrode and TiO, inter-
face plays a key role in the shape and uniformity of switching characteristics of the

memristor device.
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NOTE:
This figure is included on page 57 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 4.3. Fabrication steps for Pt/TiO,/Pt memristor. The cross-section view of the array.
Fabrications steps include, (a) preparing the SiO;/Si substrate, (b) coating photoresist,
(c) the array after patterning, exposure, and development, (d) Pt deposition, (e) Pt
electrodes were patterned onto the substrate by lift-off process using a rinse in acetone,
(f) TiO, deposition, (g) photolithography for TiO; etching, (h) pattern the photoresist,
(i) etching TiOg, (j) Pt deposition and removed undesired regions by repeating the same
lift-off process for the bottom electrodes (Guanrong 2010).
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Figure 4.4. Current-voltage characteristics of the Pt/TiO,/Pt memristor. The existence of
I-V hysteresis loop. Both ON and OFF currents illustrate nonlinear characteristics of
the memristive material. These measurements were carried out on a 80 x 80 um? device

from the sample (3).

4.3.1 Layer definitions for a Pt/TiO, /Pt memristor

Figure 4.5 (a) illustrates a cross-section of Pt, TiO;, and TiO,_, layers over silicon sub-
strate. This very early fabrication is carried out in collaboration with the Korea Na-
tional NanoFab Center (NNFC) at KAIST (Korea Advanced Institute of Science and
Technology) (Eshraghian et al. 2011a). The TiO; layer thickness is restricted below two
nanometers, to prevent separate conduction through the individual layers. The n-type
MOS devices are patterned onto a silicon wafer using normal CMOS processing tech-
niques, which subsequently is covered with a protective oxide layer. The Pt memristor
wires are patterned and connections are made to the n-type MOS devices. The upper
Pt nanowire is patterned and electrical connections made by photolithography and
aluminium metal deposition (Eshraghian et al. 2011a). This structure was used to cre-
ate a memristor-based content addressable memory structure, discussed in Chapter 8,
Figure 8.8 (b).

Figure 4.5 (b) demonstrates a Transmission Electron Microscopy (TEM) microphoto-
graph of a TiO,_, overlay on a silicon substrate in order to explore the controllability
of oxygen ions. The device consists of a top gate Pt, TiO, /TiO,_4 layer and back gate Pt
on SiO; layer of silicon. A TiO;_ thin film with a thickness of 9.4 nm was deposited on

a silicon wafer using sputtering technique. Table 4.2 shows the deposition result with
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TiO2
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Si-Substrate Si-Substrate

(a) Cross section of memristor- (b) TEM microphotograph.
MOS layout.

Figure 4.5. Layer definitions for a Pt/TiO,/Pt memristor. A cross sectional view of the
memristor-MOS implementation and Transmission Electron Microscopy (TEM) mi-
crophotograph of TiO,_y deposition layer. Demonstration of (a) can be better un-

derstood together with Figure 8.8 (b).

Table 4.2. Parameters for sputtering. Deposition results using sputtering technique.

0 Ti |O—2xTi| (O-2xTi)/Ti

% % Normalised Normalised
1| 66.46 | 33.54 —0.62 —1.85
2 | 66.67 | 33.32 0.03 0.09

sputtering technique. Samples show that a 1.85% oxygen (O) vacancy can be achieved,

which is within the 2% tolerance need for this device fabrication (Xia 2011).

4.4 Ag/TiO,/ITO memristor

A memristive device array for experiment and modelling purposes was fabricated in
collaboration with Chungbuk National University, South Korea (Kavehei et al. 2011d).
Experimental devices have been fabricated on a glass substrates, percolated with in-
dium thin oxide (ITO) that has 13.7()/sq sheet resistance. According to Table 1 in
(Akinaga and Shima 2010), this structure was not explored before. The decision to use
Ag was made to obtain another top electrode with less work function (Pt 5.6 eV and
Ag 4.4 eV) and less electrode potential (Pt 1.2 eV and Ag 0.8 eV) which is a fab-friendly
material. The ITO was patterned using chemical wet etching to define the bottom elec-
trode. Then, the substrate was cleaned in sequential ultrasonic baths of soap, acetone,
and isopropanol alcohol for 60 minutes each. Subsequently, two layers of TiO, were

deposited on the cleaned ITO substrate.
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The upper TiO,_ layer was deposited by ALD using titanium tetraisopropoxide and
O; as the precursor and oxygen source, respectively, having 5% oxygen removed. The
lower TiO, formed is 2 nm thick while the upper TiO,_ layer formed is 20 nm thick.
Finally, a 200 nm Ag layer was deposited as a top electrode that was thermally evapo-
rated at room temperature and pressure below 10~ Torr. The side schematic view of
memristor together the micrograph of a fabricated device is shown in Figures 4.6 (a)
and (b), respectively. When we refer to the nanoscale in the context of memristor and
memristive devices we refer to the nanoscale thickness, not the feature size. Note
that expounding the fundamentals of memristors and increasing the understanding
of these devices is an important step at this stage. Nanoscale feature sizes may then be

possible in the future as the technology matures.

Aﬁﬂm fim)

Glagg

(a)

Figure 4.6. Ag/TiO,/ITO memristor. Cross sectional view of a memristor device structure. (a)
ITO and Ag are used as bottom electrode and top electrode, respectively, overlaid
on glass substrate. (b) The fabricated memristor micrograph. Only two devices with
different contact sizes are shown here. Device contact sizes vary from 32 x 32 um? to

100 x 500 wm?2. (c) lllustrates a device under test.

Application of appropriate bias changes the device resistance state from a low resis-
tance state (Rrgrs) to a high resistance state (Rygrs) giving a ratio of r = Ryrs/ Rigs.
Several tests were carried out on different devices to observe their characteristics. It
is important to note that an initial irreversible electroforming process is required to
activate the switching behaviour of the device under test (Miao et al. 2011). The non-
linearity, switching behaviour, and reproducibility of a device under test are believed
to be related to the forming process. We have achieved significantly higher resistances
for the ON and OFF states and higher ratios. However, the functional reproducibil-
ity as well as appropriate forming process are items for future investigation. In these
experiments, electric fields have been created from around 2.3 MV/cm to 6 MV/cm

across devices under test to start the forming step (Kavehei et al. 2011d). Figure 4.7 (a)
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illustrates three steps of a device’s operation. In the forming step, two key phenomena
are, oxygen forms at the anode (Ag) and a conductive filament with oxygen vacan-
cies from cathode (ITO). The oxygen vacancy formation results in electron hopping
from one vacancy to another. This mechanism will be discussed further in Chapter 5.
An atomic Force Microscopy (AFM) image in Joshua Yang et al. (2009) shows oxygen
bubbles for large devices and also a scan over the device surface with applied pressure
increases conductivity close to the filament as shown in Figure 4.7 (e). This is due to the
fact that conductive filaments act as channels that allow current to flow. Figure 4.7 (b)

shows forming of the memristive device using a 5 V triangular applied voltage.

Although, RRAM’s (memristor) switching mechanism is not yet fully understood but,
as Figure 4.7 (a) illustrates, three major steps can be considered: (i) electroforming
(FORM), (ii) OFF switching (OFF), and (iii) ON switching (SET). After the forming step,
which causes a rapid ON switching, we need to break the filament for the first RESET. If
the device shows bipolar behaviour, which is the case in the experiments reported here,
a bias voltage with negative polarity should be applied. In this case, oxygen vacancies
move toward the anode, which is the bottom electrode as it shown in Figure 4.7 (a)-
(iii) and (c)-(iii). This process does not result in putting the device in its fresh mode
before the forming and residual vacancies always remain, the reason for calling the
forming process an irreversible process. A virtual anode is then created that makes the
next switching possible with much less electric field became the travel distance for
the vacancies is now much shorter. A deep study is required on the filament density
for a given device area but it is possible to roughly claim that the minimum contact
area of a RRAM device can be as small as a filament diameter. However, in practice
this is not possible and it is likely that tunnelling can occur between neighbouring
cells. Therefore, there are many filaments but most of them are partial filaments as it is
illustrated in Figure 4.7 (d).

The RESET process can be alternatively discussed as breaking the filament at the top
electrode and TiO, interface. The mechanism is a heat-assisted electrochemical reac-
tion. The reason came from the fact that a high RESET current passing through a tiny
tilament diameter (3 nm to 10 nm) results in a huge current density and as the con-
sequence a high temperature. This process breaks the filament and creates a virtual
anode electrode as shown in Figure 4.7 (a)-(iii). Therefore, the Schottky barrier height
at the interface between the top electrode and TiO, breaks which results in a signifi-

cant change in conductance that is called, OFF switching. In fact, oxygen vacancies at
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the interface reduce the effective barrier height, so when TiO;_ converted to TiO,, the
barrier height increases (Joshua Yang et al. 2009). The SET mechanism is similar to the
forming process but with a smaller required electric field. The barrier height modula-
tion and oxygen vacancies produced at the interface can result in current change from
the nA to mA range (Yang et al. 2008).
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This figure is included on page 62 of the print copy of
the thesis held in the University of Adelaide Library.
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Figure 4.7. Forming and switching mechanism. Memristive device operation and forming. (a)
demonstrates three steps of FORM, RESET, and SET in (i), (ii), and (iii), respectively.
Here A indicates anode and C stands for cathode. (b) Shows experimental results of
the first switching cycle for a Ag/TiO,/ITO device using a 5 V voltage sweep. (c)
shows evidence for the existence of the filament between the anode and the cathode
from Kwon et al. (2010) using TEM after switching. (c)-(ii) and -(iii) are correspond to
(a)-(ii) and -(iii), respectively. The red lines show the filament in the solid electrolyte
material. The figure (d), from Joshua Yang et al. (2009), illustrates further evidence
taken from an Atomic Force Microscopy (AFM) image detecting oxygen bubbles with
the hight of 60 nm and diameter of 2 um for devices with large contact area. The figures
in (e) are adapted from Joshua Yang et al. (2009) which shows that local pressure using

AFM tip modulates conductance.

Two control mechanisms should exist for getting a desirable I-V characteristics from
the fabricated memristor, time and voltage (or current). A closer look at the reported
I-V curve in Figure 4.8 shows that a series of voltage pulses with magnitude of +-0.5V
and —0.85 V result in reliable switching at low voltage. A series of 500 pulses were
applied across a device from the fabricated memristor array during three continuous
days. The device showed a good functional uniformity for the ON and OFF switching

thresholds, Rirs, and Rygrs. Despite this successful experiment, the process to control
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electroforming step, to result in an uniform functionality, is not well described in the
literature (Joshua Yang et al. 2009). This consideration motivated us to test the idea of
asymmetric applied electric field to obtain improved functionality out of the devices.
A better idea to improve the uniform functionality is to eliminate the forming step, a
successful demonstrations have already shown different possibilities (Kwon et al. 2010,
Joshua Yang et al. 2009).

1.5F

Current (mA)

1 Il L
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Figure 4.8. Current-voltage characteristics of the Ag/TiO,/ITO memristor. I-V curve mea-
surements of the Ag/TiO2/ITO memristor using a time-domain measurement using
Keithley 4200-SCS semiconductor parameter analyser and its pulse module, ie. Pulse
Measurement Unit (PMU).

4.5 Conclusion and potential extensions

A review on the materials and the emerging technologies is given in this chapter. Two
memristive devices fabricated in the course of this project are demonstrated and re-
lated fabrication steps and measurement results are discussed. It is also explained that
how a metal-insulator-metal can be optimised using different materials and for obtain-
ing the best possible properties for such a structure. At the same time, the structure
should be compatible with current CMOS technologies. The two memristor structures
satisfy the compatibility. The second memristor, Ag/TiO,/ITO, contains a unique
structure among the fabricated memristors so far and its properties show a uniform

bipolar switching mechanism with a control on the voltage magnitude in positive and
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negative regions. Measurement and experimental results from this chapter is the base

to provide a better SPICE modelling approach for the circuit and system applications.

The next chapter discusses SPICE modelling of memristive devices based on a TiO,
memristor. The following chapter also demonstrates the model against measurement
results using the fabricated devices from this chapter. It also introduces the first set of

simulations for complementary resistive switches (CRSs).

Page 64



Chapterg!

Memristive Macromodel
and SPICE Implementation

PICE implementation of a memristor model is the key for en-
abling circuit designers to work on memristive-based circuits.
This chapter provides modelling approaches for memristors
and reviews memristor model progression. It also introduces modelling
principles, verified through measurements, to extend the memristor cir-
cuits by exploiting two memristive devices in series, which forms a new
memristive-type integrated device. Verification of this unique structure us-

ing simulation and experimental measurement are provided in this chapter.
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Chapter 5 Memristive Macromodel and SPICE Implementation

5.1 Introduction

The memristor and its fundamental behaviour are now among the most promising can-
didates for delivering a significant advantage for constructing an adaptive nanoscale
Cellular Neural Network (CNN) (Chua 2011). As this nanoscale device enables the in-
troduction of new on-chip computation, which is promising for the future of Artificial
Intelligence (AI) (Kavehei et al. 2011b). One of the very first steps toward this vision is
in providing a device model that is compatible with commonly accepted design mod-

elling packages such as SPICE.

This chapter discusses modelling of memristor and memristive devices. The mem-
ristor device is a TiO, type memristor and the memristive device we consider consists
of two memristor devices connected in series with opposite polarity. Section 5.2 de-
scribes the basic modelling approach consisting of a variable resistor and switching
behaviour. Available models and the progression of memristor modelling is discussed
in Section 5.3. Proposed model for memristor dynamic behaviour and I-V character-
istics are explained in Section 5.4. This section includes a comparison between avail-
able models and also highlights analogue behaviour of the proposed model. Section
5.5 compares the model against measurement results from the fabricated memristors.
This chapter also includes a modelling approach for complementary resistive switches

and related measurement, which are discussed in Section 5.6.

5.2 Memristor modelling and characterisation

This section provides a brief review of models available in the community and intro-
duces a new model as well as its verification. This section, is primarily concerned with
the development of simple models that will assist in understanding a memristor-based
circuits and system behaviour by providing the basis whereby system performance, in
terms of signal delays and power dissipation, can be estimated. Here, analytic and em-
pirical models that describe the switching characteristics of a memristor are developed.
These models continue to be of use to understand the parameters that affect memristor
behaviour. More detailed analysis and simulation are necessary to yield models that

accurately predict the performance of today’s memristor technologies.

Strukov et al. (2008) introduced a physical model whereby the memristor is charac-

terised by an equivalent time-dependent resistor, whose value at a time ¢ is linearly

Page 67



5.2 Memristor modelling and characterisation

proportional to the quantity of charge g that has passed through it. This proof-of-
concept implementation consists of a thin nano layer (2 nm) of TiO, and a second
oxygen deficient nano layer of TiO,_, (3 nm) sandwiched between two Pt nanowires,
as shown in Figure 5.1. A change in distribution of the vacancies within the nano
layer changes the resistance by a tunnelling mechanism through the TiO; layer to
Pt (Pickett et al. 2009).

The device conductance then will change by applying either a positive or negative volt-
age. As shown in Figure 3.4, by considering tunnelling as the dominant physical mech-
anism (Waser and Aono 2007), [ introduces the initial tunnelling barrier width, which
is bounded by a maximum (Xmax) and a minimum (Xmin) values, commonly referred
to as state index position, x. The difference between Xmax and Xmin, I = Xmax — Xmin,
is referred to as initial barrier width. As an example, based on the HP measure-
ment (Pickett et al. 2009), when Xmax = 19 A and Xpmin = 11 A, the initial tunnelling
barrier width in the TiO, layer is 8 A. In order to promote consistency between the
tirst description of the fabricated memristor and the tunnelling concept, we assign the
memristor state as a normalised variable. The approach results in a normalised param-
eter that indicates the internal memristor state w = (Xmax — X)/I. The barrier position
can move from x.¢ = 18 A (“OFF” state) down to xon = 12 A (“ON” state). This results
in 0.12 and 0.88 boundaries of the normalised state variable, w, for “OFF” and “ON”
switchings, respectively. Interestingly, this piece of the puzzle confers a physical in-
terpretation upon the position of the normalised state variable published in Szot et al.

(2006), leading to the expected current limits for a 10 nm thin SrTiO3 /Pt device.

Application of Ohm’s law to Figure 5.1 (c) results in V = (Rg + Ry)i. If 6 is the resis-
tivity of the TiO; region and A is the contact area, then Ry = % (Xmax — X), from which
we obtain, fi—f = —%dlé{—t". Thus, ‘Zi—’t‘ = ﬁdd%' where Gy illustrates the variable conduc-
tance. In other words, the rate of change in the device conductance is a strong function
of the rate of change in the position of the barrier and initial conductance. Therefore,
memristor can be treated as a finite state machine. If a uniform distribution of particles
and applied electric field (uniform applied force on each particle) is assumed, a fac-
tor called the conductance modulation index (Kavehei et al. 2010) can be shown to follow

from the very first HP memristor model.

By applying a positive voltage, to the top platinum nanowire, oxygen vacancies drift

from the TiO,_ layer to the TiO, undoped layer, thus changing the boundary between
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the TiO,_4 and TiO, layers. As a consequence, the overall resistance of the layer is re-
duced accordingly till it reaches an “ON" state. When enough charge passes through
the memristor that ions can no longer move, the device enters a hysteresis region and
keeps g at an upper bound with fixed memristance, M (memristor resistance). By re-
versing the process, the oxygen defects diffuse back into the TiO,_ nano layer. The
resistance returns to its original state, which corresponds to an “OFF” state. The signif-
icant aspect to be noted here is that only ionic charges, namely oxygen vacancies (O*")
through the cell, change memristance. The resistance change is non-volatile hence the
cell acts as a memory element that remembers past history of ionic charge flow through
the cell.

XoFF

TiOyx| PT

(b)

Figure 5.1. Memristor’s physical representation. Physical representation of memristor. (a)
Memristor symbol and a 3D view of the Pt/TiO,/Pt structure, (b) Top and side
cross sections of the structure, (c) Switching behaviour of the memristor, whereby
“doped” and "undoped"” regions correspond to Ry, and Rg, respectively, being the
two extreme states for the variable resistance Ry. The Rg is a series resistor around
200 Q) (Pickett et al. 2009). The dopant consists of mobile charges. Assuming the
tunnelling (Waser and Aono 2007), I introduces the initial (maximum) tunnelling bar-
rier width, bounded by two extremes (xmax) and minimum (xmin) possible positions, x
indicates the position of the tunnelling barrier. As an example, with Xmax = 19 A and
Xmin = 11 A, we have | =8 A. At the same time, X, and xo, are 18 A and 12 A,

respectively.
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Despite the current progress, modelling is still in its embryonic stage of development.
A good model, however, builds upon a sound understanding of the underlying fun-
damental principles that facilitates related formulations into a mathematical or be-
havioural form. The very first step is to prepare a SPICE-like model that can mimic
the behaviour of a memristive device. A memristor structure is created by forming a
Pt/TiO;-TiO,_, /Ptlayers. Each layer and the boundary display a particular behaviour
that is critical in estimating the performance of a circuit or a system. There are a num-

ber of approaches that aim to model the memristor behaviour (Prodromakis et al. 2011).

5.3 Progression of memristor modelling

Available memristor or memristive device models attempt to characterise both current-
voltage behaviour and the device dynamics. As already mentioned in this chapter, a
number of memristor models have been introduced. However, only a few address
the highly nonlinear nature of the device. It would be useful to review successful
models thus far and this section compares them from different point of views. The
“normalised” dynamics of a memristive device can be described as the rate of change

in the position of state variable w, which over time can be written as

dw
L — (w0, Xw), (5.1)

where h(-) is a function of the state variable. Either memristor current (i) or voltage
(V) facilitate rate of change in the device resistance (or conductance) and the rate of
change of memristance (or memductance) (Chua 1971, Chua and Kang 1976). A sim-
plified and practical example of a memristor model is h(w,iy) = «- iy, where « is a
constant that depends on device parameters such as the device thickness, carrier mo-
bility, and initial resistance (Strukov et al. 2008), hence, the memristor device dynamic
is linearly related to 7). Basically, there is an initial irreversible manufacturing process
that is called “electroforming”, which is responsible for the dynamic characteristics of
the memristive devices. On the other hand, during the electroforming process, the de-
vice behaviour is transferred from a static resistor to a dynamic memristor by applying
a relatively high voltage or current (Joshua Yang et al. 2009, Kim et al. 2010). In fact, the
existence of different forms of I-V curves depending on the position of the filament,
according to Kim et al. (2010), is another evidence for the existence of a joint mechanism

of tunnelling and ballistic conduction.
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Available models apply a number of techniques to describe the nonlinear dynamics of

the memristor device. These approaches can be simplified in the form of:

dw

= i 2

Frals f(w) -inm, (5.2)
where f(w) is a normalised nonlinear function of the form 1 — (2w — 1)?” , commonly

referred to as a window function, as in Eq. (3.19).

The limitation in adopting the window function is its boundary conditions, whereby
one has to ensure that there is little or no change in the memristance when w
approaches the boundaries (0,1 states for normalised w), f(w — boundaries) ~ 0
(Eshraghian et al. 2011a). This condition implies an infinite state at the boundaries,
identified as a hard switching condition (Kavehei et al. 2010). The second problem with
using such a window function is the highly nonlinear behaviour, obtained at high val-
ues of p, changes the exponential nature of the reported relationship (Pickett ef al. 2009),
with the direct relation that exists between the dw/dt and f(w). It deploys the same
behaviour pattern for both 0 = 1 transitions, which may not be the case based on
recent experimental results for ON and OFF switching (Kavehei et al. 2011d). The
nonlinearity created by the window function does not appear to comply with pres-
ently known physical phenomena. These asymmetries between ON and OFF switch-
ing speeds and also the rate of the state variable change toward ON and OFF imply
an exponential relationship between initial conductance level and the rate of conduc-
tance change (Kavehei et al. 2011d). These limitations are associated with other types
of window functions, such as 1 — (w — stp(—iy))?? (Biolek et al. 2009b), where the
stp(+) function can be either 0 or 1 depending on the current signature, stp(z) =1 if
z > 0 otherwise stp(z) = 0. As a consequence, these models continue to have some
limitations in modelling the device as they do not allow for a consistent prediction of
the memristor behaviour when compared with experimental results. Additionally, a
sinh(y/V) like behaviour has been observed between the rate of change of differen-
tial conductance and the applied voltage at low electric field relative to the tunnelling
barrier width (Kavehei ef al. 2011d).

Generally, the common problem in these models is that there is no threshold consider-
ation, so there is a gap in the knowledge-base for design characterisation. Nonetheless,
the models (Strukov et al. 2008, Biolek et al. 2009b, Joglekar and Wolf 2009) confirm the

behaviour of HP’s memristor. However, Lehtonen and Laiho (2010) introduced a new
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model using the window function of Eq. (5.2). The main advantage of this model is
that it provides a programming threshold by using a nonlinear function g(-), which is

a function of the applied voltage V. The model is described by:

= wflw)g(V). (53)

They concluded that to mimic the behaviour of the memristor reported in Yang et al.
(2008), the g(-) term must be a nonlinear, odd, and monotonically increasing func-
tion. Considering the basic memristor properties discussed in Chua (1971), and Chua
and Kang (1976), the memristor experimental data, and some of the mathematical
approaches from the literature (Pershin et al. 2009, Linares-Barranco and Serrano-
Gotarredona 2009), these features must be met in any memristive device modelling. It

must also meet the zero-crossing requirements of the memristor device, g(V — 0) — 0.

Several options are possible, such as g(V) = VZ~1, where j is a positive constant, and
(V) =cq - sinh(cy - V), where ¢, and ¢, are two constants that depend on device char-
acteristics and experimental results, comparable to that in Yang et al. (2008). Applying
a highly nonlinear g(-) automatically yields a programming threshold voltage. How-
ever, applying this nonlinearity has never been linked to a physical phenomenon in the
modelling context. It is important to note that the models show similar speed for ON
and OFF switching, which seems to be not the case based on the experimental results
reported in Pickett et al. (2009).

Another model introduced by Linares-Barranco and Serrano-Gotarredona (2009) is:

[Vml Vi

g T _ % :
h(w, Vi) = A - sign(Vy) (e o —e 0) VM| > W (5.4)

0 : otherwise ,

where sign(-) is the signum function and the A and V|, parameters can be dependent
on, or independent of the normalised state variable, w. This model describes the ideal
behaviour of a memristor in its OFF mode by taking dw/dt = 0 for an applied voltage
that is less than the threshold, V;. This, however, is not a realistic condition as the
memristor state can change, if V) < V; is retained for sufficient time (Kavehei et al.
2011d).
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A piecewise modelling approach was reported in Pershin et al. (2009). The reported
function is interesting because it is a strong function of the rate of change in mem-
ristor’s resistance (memristance, M), dM/dt, which is the approach that we have taken

in introducing our proposed model.

5.4 Proposed model for memristor dynamic behaviour

The conduction mechanism of metal-insulator-metal (MIM) (or more strictly, metal-
resistor-metal (MRM)) structures can be assumed to be based on tunnelling (Yang et al.
2008, Miao et al. 2009, Stewart et al. 2004, Shkabko et al. 2010). Simmons (1963) in-
troduced a model that describes the I-V characteristics of MIM structures, based on
Simmons tunnelling theory. In the modelled device, depicted in Figure 5.2, the con-
ductance, G, is shown as function of the barrier width based on Simmons theory that
is in agreement with the experimental results reported by Miao et al. (2009). The con-

ductance model is described by:

G=—"—22(ppy—2)el~PP) (5.5)

where g is electron charge, h is Planck’s constant, ¢y is the equilibrium (V' — 0) bar-
rier height in eV, p is the equilibrium shape factor in eV~!, A is the contact area in
ptmz, and L is the energy barrier width (Vilan 2007). The barrier width, L, can be taken
as a function of the state variable, x, L = x — Xpin, Where x € [xon, Xog], Or as a func-
tion of the normalised state variable, w, L = I(1 — w), where w € (0,1). The shape
factor parameter can be related to L using p = BoL/ o, where By is the tunnelling con-
stant (decay parameter) in A1, that is presented in a form of normalised state variable
w=1— (x — Xmin)/Il. The resistance of such devices as a function of w presents an

exponential behaviour R « e1-w) (Hasegawa et al. 2010).

This approach leads to a more in-depth understanding of the underlying mechanism
of the memristor dynamics and enables us to better understand the behaviour of phys-
ical parameters that are involved. Furthermore, the sinh(y/V)-like behaviour at low
electric fields, according to measurements and reported model in Blanc and Staebler
(1971), and the complexity of the available model, in Pickett et al. (2009), motivates us
to explore a different approach. The exponential form of the conductance in Eq. (5.5) is

consistent with the behaviour of characteristics a modified Simmons relation in Vilan
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S0p e odel T (Miao et al 2009)
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Figure 5.2. Exponential relation between memristor’s conductance and junction width. De-
vice conductance, G, in puSiemens (ymho), as a function of junction width, L, in
Angstroms. A highly nonlinear change in conductance of the device can be observed
based on Simmons theory of tunnelling, Eq. (5.5), which confirms the experimental
results shown in Miao et al. (2009).

(2007). Therefore, we apply a new g(-) function as follows:

g(V,p(w), o) =

O A G O )
— (1 + 2—‘(,/)0)exp (p(w)q)o (1 — 1+ 2—‘;0)) . (5.6)

The core part!? of Eq. (5.6) is based on the assumption that in, an asymmetric trape-
zoidal barrier, the averaged potential, (V') = (1efe + Pright) /2 = o + V /2, there is an
asymmetry between the barrier heights at the left and right end of the barrier. How-
ever, such asymmetry can be ignored when the applied bias is less than the maximum
barrier heights (Vilan 2007). The Eq. (5.6) describes the behaviour of the state variable
based on the exponential terms for ON and OFF switching similar to that reported by
HP (Pickett et al. 2009). From Eq. (5.5) we have that the effective barrier width L is pro-
portional to 1 — w. Therefore, if w — 0 results an OFF device whereas if w — 1 results

an ON switch. Thus, the two exponential parts charge and discharge a capacitor, C, in

12Similarity of the term /1 — % when compared with RMI term in Eq. (3.16) highlights the relation
between the modulation index and characterisation of the memristor dynamics.
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the SPICE model. This capacitor carries out integration process to achieve w. Accord-
. . ;o . i —igj . .
ing to the Kirchhoff’s circuit laws "(li—zt" = w, where icharge and igischarge are the

exponential terms in Eq. (5.6) and in the forms of Gyon and Gy opr in Table 5.1.

In this case there is no need for using a window function, f(w), and the rate of change
of the state variable, dw/dt, will be linearly related to the tunnelling phenomenon,
which appears to be the case for a memristor 2. Therefore, Eq. (5.3) can be rewritten

as
dw
ar =V 8V.p(w), o), (5.7)

where v is a constant value to identify ON and OFF switching speeds in a normalised
distance (w € (0,1)) based on experimental results (Strukov and Williams 2009a, Pick-
ett et al. 2009). It has been observed that ON switching is much faster than OFF switch-
ing in a memristive device. The most interesting part of the model is that several
thresholds, can be programmed by tuning the shape factor, which can also be tuned
for a certain range of voltages. It is instructive to note that the g(V,p(w), ¢9) contains
two exponential parts that can be used in symmetric or asymmetric fashion for neg-
ative and positive voltages. Figure 5.3 illustrates the proposed model response to a
1 MHz sinusoid voltage across the device. The normalised state variable, w, is limited
to a maximum of 0.95 and minimum of 0.05 and an initial state of 0.95 is assumed.
These limits can be modified based on experimental results, where the ON and OFF
state limits can be extracted as won = 0.88 and wy¢ = 0.12, respectively, using the avail-
able data in Pickett et al. (2009). These limits guarantee that the model operation is
always within the memristive regions (Shin et al. 2010). Furthermore, there is a thresh-
old around V; = £1.7 V.

Based on the definition, the shape factor parameter, p, linearly depends on the tun-
nelling junction width, L. This relation causes a high nonlinearity in one of the bound-
aries and low nonlinearity on the other and also the function can be unnormalised. To
address this issue and formulate a more robust model, we introduced p(w) as a new

shape factor function defined as:

p(w) =5+ 5(1— 2w - 1)), 5.8)

13The window function can be used to control the exponential nonlinearities at the boundaries by
applying lower values to the shape factor, p(w), at the boundaries. In fact, the double exponential
relation between the tunnelling barrier width and device dynamics equation in Pickett et al. (2009) can

be modeled as a highly nonlinear polynomial equation, introduced by Eq. (5.8).
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where J is an offset (positive) constant and it should be adjusted to retain the mono-
tonically increasing condition for Eq. (5.7), 17 is a positive coefficient to control the p(w)
nonlinearity. The 1 — (2w — 1)?” part is a normalised-nonlinear function, which de-
scribes the nonlinear conditions at the boundaries. Introducing this polynomial form
in Eq. (5.6) approximate the double exponential form of the velocity equation in Pick-
ett et al. (2009). Implementation of this equation in SPICE will not result in a robust
model and contains convergence and current overflow problems of small scale array
can arise. The SPICE (Mentor Graphics Eldo, PSPICE, or LTSpice) implementation of

our model as a sub-circuit is shown in the Table 5.1.

The current-voltage curve, using the model introduced by Yang et al. (2008), can now

be described by the following equation:

iv = w'sesinh (9Viy) + x(e(""™) — 1), (5.9)

where s and ¢ are fitting parameters for characterising the ON state, which is es-
sentially based on electron tunnelling through a barrier (Supplementary material in
Yang et al. (2008)). In the second term, x and <y are used as fitting parameters to char-
acterise net electronic barrier for the OFF state. Using the proposed model for the state
variable it confirms that w is proportional to the history of applied voltage, which is
equivalent to the magnetic flux from Faraday’s law. The first term of Eq. (5.9) is con-
trolled by the exponent n. Therefore, the nonlinearity between the drift velocity and
the ON switching current can be controlled by applying n as a fitting parameter. It
can be concluded that the first modelling approach introduced by Strukov et al. (2008)
is a special case of this particular relation where n = 1. Figure 5.4 demonstrates the
difference between the two current curvatures, for n = 1 (linear HP model) and n = 4

(used for this work).

To identify shape factor, p, and equilibrium conductance, G, from experimental data it
is important to have a polynomial approximation for the I-V curve and dIy;/dV|v,,—0
information. The equilibrium barrier height is usually reported based on the measure-
ments and it can be found in some of the recent works (Miao et al. 2009). There are a
good range of available data for Gy and also impact of temperature on the memristor
internal state (Miao et al. 2009, Borghetti et al. 2009).
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(a) Hysteresis I-V curve using the proposed  (b) A2V, 1MHz sinusoidal voltage is applied.

model for the memristor dynamics.

s ]
_ g (o)) JCRH [ DN N MR DNN N R SN [N MR NEN AR OO NN RSN RN
]
;:L oo SR (N U N R N R Y R A O O R
3 g
8 % (o) SR (R D N N I [ R D 0 Y O Y O R
T T U L T
sl ududugudyL
0 2 4 6 10 =% 2 4 6 10
Time (us) Time (us)
(c) The highly nonlinear memristor current. (d) Normalised state variable, between 0 and 1.

Figure 5.3. Proposed model under test. Memristor compact model response to a 1 MHz sinusoid
applied voltage. (a) The current-voltage characteristic, shows the existence of a thresh-
old voltage around 1.7 V for an applied voltage of 2 V. The plots in (b) and (c) illustrate
the applied voltage and memristor current as a function of time. (d) The normalised
state variable, shows switching between 0 and 1 states. Lower values imply proximity
to the OFF state and higher values indicate a more conductive device. Basically, a
memristor in its digital (binary) regime acts as a two-state device with high and low

regions for ON and OFF states, respectively.

A possible way of characterising a memristive I-V curve is to plot the relation on a
log-log scale. Using this approach the curve will yield two functional (fitting) param-
eters, a (c) and b (d). Basically, this can be considered as another signature of high
nonlinearity at the boundaries and one way to characterise different implementations

of memristors. Figure 5.5 depicts an I-V curve on its log-log scale (Choi et al. 2009).

5.4.1 Comparison of models

Table 5.2 summarizes the comparison between different available models. The

four models provide the threshold programming and SPICE-like model, are V%1,
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Investigating the impact of the parameter n on the nonlinearity. The memristor
current, iy, in Eq. (5.9) as a function of time and normalised state variable, w, in
response to a sine input voltage. The gray scale curve, which its curvature is highlighted
by a dashed line, shows how Eq. (5.9) can mimic the linearity of the model proposed
in Strukov et al. (2008) by applying n =1. The colored curve, on the other hand,

illustrates a highly nonlinear behaviour of this current when n =4.

NOTE:
This figure is included on page 78 of the print copy of
the thesis held in the University of Adelaide Library.

Proposed model [-V characteristics in a log-log scale. The memristor I-V curve
on a log-log scale linearizes the current as a function of applied voltage. In this case
the current-voltage curve can be rewritten as a polynomial function, iy = k1 Vi +
ko V2, where x; and x, are fitting parameters. This graph shows that switching occurs
when the memristor current is highly nonlinear. In other words, at the boundaries a
highly nonlinear behaviour is observed. Due to the limitation of facilities, the state
variable measurements were done using I-V curve as a signature through an iteration

of programming by V pulses and measuring I (Kavehei et al. 2011d).
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sinh(c,V), (Pickett et al. 2009), and this work. Our proposed model is the only ap-
proach that addresses programming threshold, SPICE-friendly approach, adaptation
of Simmons theory of tunnelling, and the memristive operation regime limits. Our ap-
proach significantly improves the robustness of SPICE implementation in terms of con-
vergence and overflows for icharge and igischarge- The model in Pickett et al. (2009) suf-
fers from convergence and current overflow problems in SPICE implementation form,

therefore, it is extremely sensitive to the applied signal (Abdalla and Pickett 2011).

Trimming is another important factor in comparing the models. Basically, a model
without limits for the state variable may introduce complexity with convergence in
SPICE-like simulators and furthermore the modelled device most likely will violate
the boundary conditions (Shin et al. 2010). Only four of the models, (Pickett et al.
2009, Shin et al. 2010, Lehtonen and Laiho 2010), and this work address this issue.
The state variable equation of memristor in Strukov and Williams (2009a), in a more
detail demonstration is equal to ¢ - e_;% . sinh(%), where ¢ is velocity, Uy is acti-
vation energy, V) is thermal voltage, and E is electric field. The Ej in the equation
indicates a point between linear and nonlinear electric field and p, shows the mobil-
ity. This nonlinearity can be large, it is stated that a 20 orders of magnitude of change
in the drift velocity due to a small change in the applied electric field (Strukov and
Williams 2009a).

_p(Fwa—Cp) _ .
et o, are defined

In Pickett et al. (2009) two equations in the form of v - sinh({) - e
to separately explain the OFF and ON switching behaviour. In these equations, v is ON
or OFF switching velocity, ¢ and {;, are dimensionless parameters depending on iy,
and w, and w, are dimensionless parameters based on the device state variable, x, and
ON and OFF limits, xon and x. In the Shin et al. (2010) model, J is a positive constant,
and w, is a normalised memristive charge. The sinh(-) part of the equation cannot
be found in Lehtonen and Laiho (2010). In fact the sinh(-) describes the memristor

behaviour in a more generic way than their proposed V13 function.

It worth noting that the modelling approach presented in this section can be extended
to memcapacitor and meminductor (Ventra et al. 2009) modelling using a similar tech-

nique that has been proposed by Biolek et al. (2011).
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5.4 Proposed model for memristor dynamic behaviour

Table 5.1. Subcircuit model for memristor. SPICE subcircuit of a memristor

.SUBCKT memristor Pos Neg PARAM:
* Parameters:
n=4 al=9 a2=0.01 bl=2 b2=4 1=10n
wmin=0.05 wmax=0.95 p0=1.2 fon=40E-3 foff=40E-3
* Shape factor, sf, can be a function of tunnelling barrier width (normalised state variable)
sfo=4 sfm=20 p=5*** sf(w)=sfo+sfm(1-(2w-1)**2p)
*State variable:
Gvon 0 w value =
signm(wmax-V(w))*signm(V(Pos,Neg))*gon(V(Pos,Neg) ,sf(V(w)),p0)
Gvoff 0 w value =
signm(V(w)-wmin) *signm(V(Neg,Pos))*goff (V(Pos,Neg) ,sf (V(w)) ,p0)
* Initial (internal) state:
.IC V(w) 0.5
*Integration:
Cw w O 8e-5
Rw w O 0.01T
*Current equation:
Gmem Pos Neg value =
1+ ((V(w)**n)*al*sinh (b1*V(Pos,Neg) ) +a2* (exp (b2*V (Pos,Neg))-1))
* Series resistor, Rg, can be implemented here, between two Negl and Neg2 nodes.
*Functions:
.func signm(v) = (sgn(v)+1)/2
.func gon(vi,v2,v3) =
fon* ((1-v1/(2*v3)) *exp (v2*v3* (1-sqrt ((1-v1/(2%v3))))))
.func goff(vli,v2,v3) =
foff*x (= ((1+v1/(2%v3))*exp (v2*v3* (1-sqrt ((1+v1/(2%v3)))))))
.func sf(vl)=sfo+sfm(1-(2*(v1)-1)**2p)

.ENDS memristor
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5.5 Measurements and [-V modelling

5.4.2 Analogue characterisation

The function of biological synapses in the brain can be likened to the behaviour of
memristors (Jo et al. 2010, Kavehei et al. 2011b, Ohno et al. 2011, Snider et al. 2011,
Choi et al. 2009, Linares-Barranco and Serrano-Gotarredona 2009). This implies that
memristor-based systems have the potential to form basic building blocks for neuro-
morphic analogue processors. So device models must be able to adequately simulate
the analogue behaviour of them these devices. Initialisation would be the first step in
programming an analogue memory. The next step is to apply a series of successive
positive voltages. The shape of the applied signal is not important as far as there is
a reasonably good control on the time integral of the applied voltage. The number of
levels that we are able to encode and decode is application dependent. For example,
pattern-recognition presents unique application were enhanced edge information, can
be encoded into a matrix of memristive-states as analogue data. The analogue nature of
the state variable helps to implement a fully analogue pattern recognition structure. In
an oversimplified manner, by using a front-end memristive convolution and analogue
storage layers and a back-end analogue winner-takes all (WTA) layer (Hammerstrom
and Zaveri 2010). This part of the thesis illustrates the application of the proposed
model in mimicking the analogue behaviour of the memristors. The results from this
part will be utilised in the design of a memristor-based circuit designs and simulations
in Chapter 8.

Figure 5.6 (a) highlights the change in the amount of current that can pass through a
memristor after a succession of 10 positive and negative voltage sweeps (5 each). The
magnitude of current can be tuned for a range of microamperes up to a few hundred
milliamperes (Jo et al. 2010). Figure 5.6 (b) demonstrates the internal states of a mem-
ristive device after applying couple of positive and negative signals. This characterises
the behaviour of analogue memristor, which can be synonymous with an analogue mem-
ory. Figure 5.7 illustrates the current-voltage behaviour of a memristive device as an

analogue device.

5.5 Measurements and [-V modelling

It is important to note that an initial irreversible electroforming process is required

to activate switching behaviour of the device under test. The nonlinearity, switching
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Figure 5.6. Memristor response to a number of successive triangular voltages. The magnitude

of the negative applied voltages are 1.2 V, while the positive voltages are 1 V. The reason

for that is to adjust the memristor's state to be in the same position as it was before

the test. Due to the different speeds and current for ON and OFF switching, different

voltage values to adjust the memristor state are expected. It is found that due to the

nanostructure of the memristor and existence of a high electric field by applying a few

hundred millivolts, a large uncertainty in adjusting the memristor’s state is expected.

The memristor mathematical expression allows us to assume that the connection of two

memristors in series can help to compromise the process variation side effects.
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Figure 5.7. Memristor operation in its analogue regime. The memristor I-V curve in its ana-
logue regime of operation. Positive hysteresis loops start from w = 0.5 and by applying
a 1V triangular voltage pulse w changes to 0.58. Successive pulses then change w to
different values. Here the change in w for each positive step are similar. To adjust w
around 0.5 both applied voltage and the time are different from the positive side. When
the last positive voltage pulse is applied maximum current can be observed since w is
close to ON state. The negative hysteresis then starts with a high amount of current
which is gradually decreasing by further application of successive pulses. The existence
of multi-stable memory state are experimentally observed and is shown in the inset fig-
ure. The x and y-axes in the inset are voltage and normalised current (to a maximum
of 35 uA), respectively. It clearly shows that the rate of change in the conductance is
related to the initial conductance in a nonlinear manner. This is the result measured
using a Keithly 4200-SCS for the fabricated Ag/TiO2/ITO memristor in Figure 4.6.

More information about the inset figure is given in Section 9.3.2.

behaviour, and reproducibility of a device under test is related to the forming process
as discussed in Chapter 4. We have achieved significantly higher resistances for the
both ON and OFF states and higher ratios but their functional reproducibility as well
as appropriate forming process continue to be under further investigations. In this
particular case, we have created an electric field around 2.3 MV /cm across the device

(L =22 nm) to carry out the forming step.

The analogue properties of the device are measured at 100 mV incremental steps as
part of presetting the device. Figure 5.8 (b) illustrates several programming steps that
were taken above 500 mV with 100 mV increments. The device is programmed at
its low resistance state. Using this technique, the analogue values can be stored in

the memristor as an internal state. The incremental rate is around 10%. The positive
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sweeps (0 to 200 mV) did not contribute to any noticeable change in the device resis-
tance state. Data were collected using a Keithley 4200-SCS semiconductor parameter
analyser. Both of the graphs in Figure 5.8, confirm the application of the Ag/TiO, /ITO
memristor in digital and analogue applications. The state variable equation confirms
the experimental data in Figure 5.8 (b). Preliminary results of this structure as a synap-
tic connection and a full consideration of a memristor-based spike-timing-dependent
plasticity (mSTDP) are discussed in Chapter 8. It worth mentining that analogue and
digital behaviours of a memristor device can be controlled with a careful control of the

applied voltage (electric field) and integration time.

The model for I-V curve in Eq. (5.9) can be improved to a general form of I = x" Ion +
(1 — x)"Iopr to describe the I-V curve of memristive devices, where Ion and Iogg are
ON (LRS) and OFF (HRS) currents, respectively. Therefore, I-V can be given by:

[=x"(aV+b)+ (1—x)"(crexp(d1V) — coexp(daV)), (5.10)

where a, b, ¢1, c3, d1, and d, are parameters related to the device structure, materials,
and dimensions. Here we fit appropriate values for these parameters for the ON and
OFF currents. The parameter n defines the nonlinearity between x and I. This param-
eter is defined to address the non-uniformity of the step changes in Figure 5.8 (b). For
sake of simplicity, it is assumed that 7 = 1. The SPICE macromodel parameters are pro-
vided in Table 5.3. In several experiments we have set the completion current to 10 mA
to protect the device reaches to the breakdown condition, however, in this particular
case no completion current was set. The approach is consistent with the measurement
results as illustrated in Figure 5.8. From Figure 5.8 it is clear that the presented sim-
ulated device is consistent with measured device characteristics and shows a highly

non-linear behaviour.

5.6 Complementary resistive switch

Although the memristor has introduced new possibilities for memory applications
within the simple and relatively low cost crossbar array architectures, the inherent
interfering current paths between neighbouring cells imposes limitations on the scala-
bility of such arrays (Kavehei ef al. 2011a, Linn et al. 2010). Linn et al. (2010) addressed
these limitations, through adaptation of two series memristive elements connected

with opposing polarities. This structure is referred to as Complementary Resistive
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Figure 5.8. Memristor modelled and measured characteristics. Ag/TiO,/ITO memristor char-

acteristics. (a) current-voltage hysteresis loop. The green and the blue lines illustrate
measured I-V curves at 10 and 100" switching cycles, respectively, using Keithley 4200-
SCS Semiconductor characterisation System. The narrow red curves in (a) shows the
model using our model highlighting good agreement. The top-left corner inset illus-
trates variation of switching threshold for SET (blue) and RESET (red, absolute value)
processes for 100 cycles analysis. The bottom-right corner inset demonstrates log scale
I-linear V and the highlighted region identifies safe region for READ operation (linear
line and no switching). After 100 cycles of switching, a standard deviation of 26 mV in
threshold voltage was observed. (b) analogue memory property. The arrow in (b) shows
that the evaluations commences with a low state to high state. Analogue memory prop-
erty of the fabricated memristor confirms implementation of a multistable states device
which is able to retain its internal state for long term (days) either after disconnecting
power supply or under stress situation of continuous reading using 0.01 V DC. Each
curve was measured two times, just before disconnecting the power supply and after

connection. Inset demonstrates applied voltage up to 500 mV and log scale current.
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Table 5.3. Parameters for the model. Parameters and related values for the model

Parameter Value Parameter | Value
1% —2Vto2V a 1.2e -2
X Normalised state variable b 43¢ —6
Po 1.2 eV (Miao et al. 2009) 1 33e—4
0 6 1) 4.8¢ — 4
1JON 22 di 2.1
1OFF 28 dy 1.6
p 5 v 4.0e — 3

Switch (CRS) as shown in Figure 5.11. The unique aspect of this device is in using
a series of high resistance states (HRS) and low resistance states (LRS) to introduce
logic “0” and logic “1”. As an example, a LRS/HRS combination represents “1” and a
HRS/LRS state represents “0”. Using this approach, the net resistance of the device is
always around the HRS, which helps in reducing parasitic (sneak-path) currents and
at the same time overall currents in the system. The advantage of using CRS as a fun-
damental element originates from its excellent READ voltage margin, even with small
HRS to LRS ratios. Moreover, it facilitates a comparable WRITE margin Yu et al. (2010).
There is also a lack of SPICE model verification for CRS devices and a statistical analy-
sis considering the mentioned operational uncertainties. This section provides the first

model for CRS device using a filamentary-based model for memristors.

An appropriate h(-) function, in Eq. (5.1), seems to be either a double exponential or
related forms (Pickett et al. 2009, Kavehei et al. 2011d, Yu and Wong 2011), or a sinh(-)
function (Strukov and Williams 2009a), for a filamentary-based model, which defines
intrinsic threshold voltages. A commonly accepted sinh(-) function is applied to the
experimental data and the outcome shows a good agreement between the measured
data and the modelled I-V hysteresis.

To address this modelling problem we use the Mott and Gurney (1964, Chap. 2) model
of ionic conduction in terms of the theory of lattice defects that has been already used
in several studies in this area. In this case,

dw

T voe_% sinh(ﬂ) , (5.11)

kT

where vy is initial velocity, U is the potential barrier height, k represents the Boltzmann

constant, T temperature, and V applied voltage in eV. The parameter p = a/2L, which
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is a dimensionless parameter that relates the distance between adjunct lattice positions,

a, and the solid-electrolyte thickness L.

A detailed comparison between the model and experimental data is given
by Heuer et al. (2005). The applied voltage polarity identifies the channel orienta-
tion (Strachan et al. 2011, Valov et al. 2011, Kim et al. 2011b). The forming step (more in-
formation is available in Chapter 4) is carried out by applying an electric field around
6.2 MV /cm across TiO,. This forming step creates a difference in atomic percentage
ratio of oxygen in TiO, close to one of the electrodes. Conduction mechanism is then
stated out through a channel known as conducting filament (CF). The conducting fil-
ament is highly localised (e.g. for a cylindrical CF, like in Figure 5.9, Acr ~ 80 nm? at
the cathode, if R; is 10 nm) compared to the metallic contact area, A, and the filament

(ON) resistance Ry gs is proportional to A&} (Ielmini et al. 2011).

Figure 5.9 represents an alternative switching mechanism, which is a metallic filamen-
tary based (Yu and Wong 2011). In this approach, the electroforming step can be elim-
inated because the top metal can act as an active electrode. The model developed with
this approach is able to produce the expected behaviour of a CRS structure. According
to this mechanism, the active electrode supplies metal ions (Ag™) for migration in the
solid electrolyte during the SET process, as shown in Figure 5.9 (a). The RESET process
can occur when a negative bias is applied to the top electrode. This applied bias forces

the ions in the filament to laterally dissolve into the active electrode again.

A Verilog-A implementation of this model is used as a macro-model in Cadence. The
macro-model implements the function k(-) as I = (x)Ion + (1 — x) Iopg. These exper-
iments show a linear Ion-V, which is in agreement with measurement results for an
area of 100 x 100 ym? memristor device (Kavehei et al. 2011d). This differences be-
tween ON and OFF currents can be even much larger. For instance, Inoue et al. (2005)

reported Iopr o sinh(-) and Ion o« sinh™1(-).

Figure 5.10 illustrates the modelling results for a memristor based on experimental data
from the Ag/TiO,/TiOy_,/ITO measurement implementation (Kavehei et al. 2011d).
This implementation yields a bipolar cell with nearly 200 successful cycles. Besides
asymmetry, recent studies shows that the inherent Joule heating effect is responsible for
(RESET) switching mechanism in a way that sufficient heat induces a crystallization of

the oxide surrounding the channel (Strachan et al. 2011, Russo et al. 2007), which is also
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Figure 5.9. Existence of the metallic filament.

TE e

Ag*$ 3 Ag

[\ ]

BE (ITo)

I
(a)

Active
“ clectrode | TE (Ag)
Metalic g’ [ Ry P 2
filament
Ry
BE (o)

T
(b)

The top electrode ions creates the metallic

filament in which that the diameter at the bottom electrode, Ry, is larger than the

top diameter Ry. This can be considered as a switching mechanism for devices known

as Conducting-Bridge Random-Access Memory (CBRAM). The top electrode here is

known as an active electrode which supplies metal ions to create metallic filament, as

shown in (a). These ions laterally dissolve under a negative voltage bias for the RESET

process, as demonstrated in (b).

Table 5.4. Physical parameters for filamentary-based modelling of the memristor. Physical

parameters for the filamentary model. A basis for CRS modelling approach.

Parameter Value | Unit Reference
a 15| A (Strukov and Williams 2009a)
fe 10'3 | attempts/s | (Strukov and Williams 2009a)
E. 1.1 | eV (Miao et al. 2011)
U 1500 | m/s calculated
L 22 | nm fabricated
Y 0.0034 | no unit calculated
kin 1.5 | W/(Km) (Xia et al. 2011b)
A 100 x 100 | um? fabricated
Acr 10 | nm? (lelmini et al. 2011)
R 4.5 % 10° | K/W calculated
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discussed in Chapter 4. This crystallization time frame is exponentially related to tem-
perature (Strachan et al. 2011). The exact equation can be extracted from Ielmini et al.
(2011). Therefore, as Joule heating increases in the hysteresis, the CF diameter (hot
spot) shrinks and this effect would lead to a reset. We include this effect in the macro-

modelling approach using a relation introduced in Russo et al. (2009),
T —To = PRy, (5.12)

where Ty = 300 K, Ry, = L/ (8ky,Acp) is the thermal resistance, P = IV is Joule dis-
sipation at reset, and ky, is TiO; thin film thermal conductivity. According to experi-
mental data, as Acg decreases, RESET current decreases, so the RESET threshold volt-
age would increase (Russo et al. 2007). In order to increase simulation convergence

Eq. (5.11) can be rewritten as,

d
d—Z::111V+03V3—|—U5V5+..., (5.13)

where vy, v3, and vs are low-field and higher order coefficients. This approach also
combines the effects of Joule heating and L — w (on the effective electric field) in v;
coefficients. Note that dw/dt = vV usually defines a pure memristive behavior, as
described in Chua (1971).

These properties then raise the following questions, (i) how to address the asymmetric
characteristic in WRITE and READ operations, (ii) what is the impact of using more
realistic model for cross-point array evaluation, and (iii) what is the effect of differ-
ent device level I-V characteristics on the array performance? Here we are aiming to
answer the first two questions using the explained model and an answer to the third
question is currently under review by our research group and will be the topic of an-
other paper. The second question can be answered using a worst-case consideration
for Ron. In this case, this a comparison of a memristor array with a CRS-based array
will be given. Using the developed model of the memristor that accurately models the
nonlinear behavior of the device, the CRS operation can be explained as detailed in the

following section.

5.6.1 Complementary resistive switch modelling

A CRS is a resistive switching device that is built using two memristor devices con-

nected in series with opposite polarities (Linn et al. 2010). Figure 5.11 (c) illustrates the
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Figure 5.10. Memristor measurement and its model approximation. Memristor cross-point

implementation and array presentation. (a) Memristor model result verified by ex-
perimental data of a fabricated Ag/TiO,/TiO_,/ITO (Kavehei et al. 2011d). In-
set shows memristor device resistance vs applied voltage. TE and BE represent the
top-electrode and bottom electrode, respectively. The reason for choosing —4 V to
4 V is related to CRS device functionality that is explained in Section 5.6.1. The
curve shows asymmetric characteristics. The measurement data was collected using
a Keithley 4200 Semiconductor Characterisation System. Red paths (inset (a)) show
filament paths, like what is reported in Figure 4.7 (c). The probability that a con-
ductive path is broken can be calculated through a set of (independent) Boltzmann
probabilities (Zhirnov et al. 2010). Due to the internal dynamics of the memristor, we
applied similar voltage (time-domain triangular) signal to the model and device. The
diagram (b) conceptually shows the measurement setup. The arrays in (c) illustrate
three-dimensional (3D) and two-dimensional (2D) view of a RRAM (memristive) array.

RRAMs introduce smaller cell size, 4F2/bit, where F is the lithography feature size.
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Table 5.5. CRS logic and ON states. State transitions in CRS

R AV R’ Output
H(“1") | Vinst <AV < Vgri | L (ON) | pulse
H(“1") Vingt < AV H (“0") | spike
H ("0") | Vinre <AV < Vg2 | L(ON) | pulse
H (“0") AV < Viro H ("1") | spike
L (ON) Vinrl < AV H ("0") -

L (ON) AV < Vihra H("1") -

modelling results. The figure’s inset illustrates a CRS based cross-point array. Each
memristor in the figure follows a I-V curve that is shown in Figure 5.10 (a). The mini-
mum applied voltage for a switch is around £2.0 V. Considering the CRS structure as
a simple voltage divider, for a LRS/LRS situation'* minimum +2 V is applied across
either of the memristors. Please refer to Table 7.1 for the crossbar memory array pa-
rameters. CRS’s ON state resistance is Rcrs1rs = Ron ~ 2R1rs, where Ry gg represents
memristor’s LRS and CRS'’s high resistance, Rcrsars = Rrogic & Rurs, where Ryrs
indicates memristor’s HRS (see Table 5.5). Figure 5.12 highlights the resistance switch-
ing of the CRS device. The initial state is programmed to be slightly below Rcgs HRrs,
so there is a difference at the initial curve and the rest of the sweeps. In a memristor
device, logic “0” and “1” are represented with Ryrs and Rigs, respectively, whereas
a CRS device represents logic “0” and “1” using a combination of low and high resis-

tances which results in overall resistance of Ryrs (Rogr) for the both logical values.

A fresh CRS device shows a HRS/HRS resistance for memristors A and B. This com-
bination occurs only once (this is not shown in the figure) (Valov et al. 2011). After
applying a positive or negative bias, depending on the polarity of memristors, the de-
vice switches to either the “0” or “1” state. In Figure 5.11 (c), red lines are threshold
voltages for SET Vi, g1 and Vi, 5p and for RESET Vi, g1 and Vi, ro. In an ideal CRS de-
vice, Vinser = Vinst = [Vinsz2| and Vin reser = Vinri = |Vinre|- Here Vi spr =24 V and
Vinreser = 3.6 V. A successful READ operation occurs if Vi ser < VREaD < Vin RESET-
For a successful WRITE, Vi, reser < ViwriTe- Consequently, every voltage below Vi, spt
should not contribute any change in the device state. Possible state transitions are

shown in Table 5.5, where R’ shows the next resistance state, R illustrates the initial

14This situation is defined as the ON state. This is not a stable state so it does not represent a logic

state but plays an important role in the switching, READ, and WRITE processes.

Page 92



Chapter 5 Memristive Macromodel and SPICE Implementation

—_ S
< S~
2 S
= ! kS
e : : L
3 : : Q
i i c
i i 3
-2} RS PO RSP v -2
1 1
i i i
i i ;
! i i i
O : 1
-4 L =2 0 2 .4
Vihre Vths2 Voltage (V) Vinsi Vihri

()

Figure 5.11. CRS [-V characteristics. CRS functionality using the described memristor model.
(a) Fundamental behaviour of switching between logic “0" and logic “1". TE, BE, and
ME are the top, bottom, and middle electrodes, respectively. The reading procedure
can be carried out by sensing ME. M and Mg are memristors A and B. Here, (b)
A symbol for the CRS device. (c) I-V sense voltage curve of the simulated device
that shows the characteristics described in Linn et al. (2010). The inset shows a 3D

schematic of a CRS array.
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resistance state, and output is a current pulse or spike. In this table, H represents high

resistance (either logic states, Logic “0” or Logic “1”), and L indicates low resistance.

The simplest analytical model of a CRS can be defined in a relative velocity form, when

dw/dt = dwp /dt + dwp/dt and the two memristors (A and B) form a voltage divider.

e
HRS t :
801 i
g HRS —3HRS
= = _
& o
n:O n:< o
401 1
LRS LRS
0 05 1 15
Time (ms)
LRS t . . , i
-4 -2 0 2 4
Voltage (V)

Figure 5.12. CRS resistance behaviour. CRS effective resistance for a triangular applied voltage.
The inset clearly shows the switching mechanism for memristors A and B. The initial
state is slightly less than Ropp(= Rurs + Rirs). The device is initially programmed
close to its HRS and not exactly the HRS value to highlight the initial state conditions.

The first feature that appears from the CRS simulation, and device fabrica-
tion (Linn et al. 2010, Rosezin et al. 2011), is a perfectly symmetric I-V curve out of
an asymmetric memristor [-V curve. The device is programmed initially at logic “1”,
LRS/HRS, (Ra ~LRS and Rg ~HRS). An appropriate READ pulse creates a high po-
tential difference across Rp while the voltage difference across Rp is not beyond its
memristive threshold. Therefore, Rp switches to LRS and an ON current (pulse) passes
through the CRS device. After a resting time, a negative WRITE pulse is applied to re-
store “1”, which can be defined as refreshing procedure. Figure 5.13 (b) shows that the
Rcrs settled close to HRS with a logic “1” stored in the device. Then a positive WRITE
pulse tends to write logic “0”, which can be defined as programming step. Depending
on the switching speed of the memristors, a short term ON state occurs that causes a

relatively large current spike (encircled by red dots in Figure 5.13 (a)). There are other
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functional characteristics that have to be met. For instance, a HRS/HRS state should

not appear in any of the situations that are demonstrated by the presented simula-
tion (Yu et al. 2010).

5.6.2 CRS measurement using Ag/TiO,/ITO memristor

Figure 5.14 illustrates the behaviour of a three terminal CRS device that uses two mem-
ristors, functioning with +1 V applied voltage, connected in series with opposite po-
larities. The asymmetry of the I-V curve is mainly due to: (1) using two different mem-
ristors instead of one CRS device!®, (2) different contact sizes of the two memristors,
(3) and perhaps fluctuations that affect memristive behaviour during the electroform-
ing process. The structure is more like a memistor device (Widrow 1960). A relatively
high (effective) electric field results CRS behavior. A three-terminal resistive switch
fabrication technique is introduced in Xia et al. (2011a), and Xia (2011).

5.7 Conclusion and potential extensions

Emergence of a new nano devices such as the memristor brings numerous challenges
from the design formulation phase through to its final implementation. This chapter
provided an insight into memristor fundamentals and physical behaviour from which
we addressed an overview of modelling approaches being pursued by the design com-
munity. It compared features of these models using HP’s published TiO, platform and
finally our fabricated memristors in Chapter 4 as the basis of such comparisons. This
chapter reviewed modelling options that have been published over the past three years
to motivate reconciliation of some of the unexpected behaviours of MIM thin films such
as those encountered in a memristor. It also introduced a modelling approach based on
tunnelling, which includes the concept of programming threshold and SPICE-friendly
model. Based on this model a unique device that uses two memristors, commonly
referred to as CRS, was discussed and both simulation and measurements were pre-
sented and discussed. This device will later be utilised in the design of high density

memory array structures.

15The device is an integrated device itself and it is not fabricated using two memristors in series. The

two memristor in series is just one way in simulating the CRS behaviour.
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Figure 5.13. CRS response to a sequence of pulses.
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CRS response to a sequence of pulses

for READ and WRITE operations. (a) Current response to applied voltage pulses.

The dash lines indicate threshold voltages. The 1 us READ pulses lie between the

Vinser and the Vi, respr. A 5 s WRITE pulse provides a voltage amplitude beyond

Vinreser.  (b) lllustrates the total CRS resistance and sense voltage (sensing from

middle electrode). As can be seen from the figure, for most of the time Rcrs ~HRS.

(c) Shows the logic in terms of memristive state for A and B memristors. memristors.

Appropriate READ and WRITE pulse widths have been already discussed in Yu et al.

(2010).
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Current (A)

0.5 1 1.5 2

0
Voltage (V)

Figure 5.14. Three-terminal memistor acting as a CRS. CRS device measurement using two
memristor devices connected in series forming a memistor type device with no control
applied to the middle electrode. The green dot demonstrates starting point and the

red dot shows final point of the experiment.

This project was part of a multi-layer three-dimensional system. The system overview
and my contributions in designing CMOS image sensor layer and connections between

layers of the system and memristive crossbar are discussed in the next chapter.
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Chapter
7

System Overview

YSTEM overview of the targeted structure for the contributions
of this thesis are given in this chapter. This system consists of
several layers of integrated circuits stacked on top of each other
and connected via the Through Silicon Via (TSV) technology. The first and
the second layers are included in the context of this thesis. The firstlayer is a
CMOS image sensor array, which produces digital outputs corresponding
to the incident light. The imager functionality is carried out through two
different concepts, pulse-width and pulse-frequency modulations. Both of

the designs were fabricated and tested and related reports are available in

this chapter. The second layer is a memristive based array that implement
an associative memory as well as memristive-based computational mod-
ules. These two layers will be connected using a hardware interface for im-
age feature generation. The image feature generation algorithm is adopted
from the literature. It is a rotation-invariant scheme that makes it suitable
for any image recognition purposes and in particular the targeted system’s

application.
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Chapter 6 System Overview

6.1 Introduction

Mobile health care monitoring systems and services are rapidly growing as the result
of advances in silicon CMOS scaling as well as rapid improvements in the availabil-
ity of broadband communication systems and networks. Video images such as Mag-
netic Resonance Imaging (MRI), computed tomography (CT), and X-rays introduce
heavy demand on the storage capacity of the memory layer of a processing engine.
The dynamic range and bandwidth requirements of medical sensor data vary signif-
icantly in addition to the fact that medical sensor data rates are increasing exponen-
tially (Lee et al. 2010). The conventional 2D Systems-on-a-Chip (SoC) technology that
has characterised implementation strategies of industry over the last decade has nu-
merous challenges in terms of area utilisation, long signal paths, overload bus data,
complex signal routing large number of I/Os (inputs and outputs) all result in a signif-
icant increase in power consumption. Addressing these challenges present a number
of constraints that limit the design of high speed and low power portable multimedia-

based biomedical imaging systems.

Recent advances in 3D multilayered fabrication together with the progress in vertical
interconnect technology such as that of the Through Silicon Via (TSV) and the emerging
non-volatile memory technologies, makes the 3D architectural mapping a viable option
for gigascale integrated systems demanded by the health care applications. Therefore,
the combination of 3D integrated architectures with multilayer silicon die stacking (Al-
Sarawi et al. 1998) itself is a promising solution to the severe problem faced by the

integrated circuit industry as geometries are scaled below 32 nm.

In this chapter we explore the possibilities for the applications of memristors (RRAMs)
in such system. Figure 6.1 presents a system overview of such system. Although, the
application is in health care monitoring, the contributions in this thesis are not limited
to this system. This work helps to move towards a realisation of a terabit memristor
array, which is able to carry out early processing. Considering the fact that, 3D in-
tegration technology promises and realised many interesting systems, the technology
suffers from a high power density problem (Lee et al. 2010). Therefore, the presented
work is one step forward for the physical realisation of a ultra-low power memory sys-
tems with the ability of storing analogue information and carry out basic computing,

such as pattern matching and early edge detection.
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6.2 CMOS image sensor

As is clear from Figure 6.1 (b), the first layer of this system is an imager. During the
course of this thesis, two CMOS Image Sensors (CIS) were fabricated and tested in or-
der to combine with the memristor layer. Measurement resutls for the CMOS image
sensor are discussed further in Section 6.2. These two image sensors are both digital
and based on the fact that programming of a memristor can be done either through a
pulse-width modulation (PWM) or a pulse-frequency modulation (PEM). This chapter
provides information about the image sensor layer and a general system level descrip-

tion of how the imager and memristor layers are integrated.

A systematic view of how this image sensor can be integrated with an underlying
memristor layer to carry out learning process for patter recognition can be found in
Snider (2011). In this case, the image sensor can act as a light-to-thermometer code
converter. Then this code can be applied to an array of memristive devices (this part
is not covered in this research). The CIS digital output can be even passed through a
memristor-based Content Addressable Memory (CAM), a ternary CAM (TCAM), for
pattern matching purposes. The detail structure of memristor-based CAM and CRS-
based CAM are discussed in Chapter 8.

This chapter consists of three sections. Section 6.2 describes the CMOS image sensor
designs and fabrications and includes parts for PWM and PFM sensors. A hardware
friendly feature generation algorithm is discussed in Section 6.3. Finally, Section 6.4

summarises this chapter’s content.

6.2 CMOS image sensor

Low-voltage operation is essential for working with memristor layer as they need to
an interact without interface. Two types of inverter-based CMOS image sensors are
studied in this section. This structure was selected to allow for low-voltage and low-
power operations. Even though this is not the core part of this thesis, a brief review
on the performance metrics of these CIS chips are provided to highlight the needed

performance requirement.

The light intensity can be encoded via pulse-frequency modulation (PFM), pulse-width
modulation (PWM), pulse-amplitude modulation (PAM), or pulse-phase modulation
(PPM) of the output signal. Since the plan is to pursue an early visual processing

system using a CMOS image sensor and memristor-based crossbar array, two of the
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Figure 6.1. System overview. Targeted system schematic. (a) Logical architecture where domain
of this thesis is highlighted in yellow, and (b) physical implementation using TSVs for
connecting the layers. Our work covers the second layer from the top and the memory
layer. The aim is to implement the memory layer using memristive devices, which give us
the ability to perform an early visual image processing as well as an analogue non-volatile

capability.
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possible options are PWM and PFM sensors. According to Figures 2 and 7 in Ohta et al.
(2000), PWM and PFM sensors can be used for building a vision chip in combination

with a resistive network that uses memristive devices.

6.2.1 Pulse-width modulation sensor

This section proposes a novel pixel architecture based on a single inverter with a small
readout circuitry. The novel architecture requires only 6 transistors per pixel with the
pixel size of 5 x 5 yum?, and present 58% fill factor when fabricated in 130 nm CMOS
technology. In this approach, the inverter performs a one bit analogue to digital con-
verter using “one time” sampling scheme. The small readout circuitry is integrated
within the pixel area, which contains a photodiode (PD) and a select part. This novel
pixel can operate effectively at 500 mV supply voltage with a wide dynamic range and

low power consumption as low as 27 nW /pixel.

The proposed CIS architecture is pixel-based that utilises a single inverter sensor cir-
cuitry. The basic pixel design, depicted in Figure 6.2 (a), includes a photodiode (PD),
reset transistors M1 and M2, nMOS transistors M3 and M4 used for enabling pixel
output, and a single CMOS inverter. The operation sequence is initiated with the re-
set signal being asserted. Node PD (Figure 6.2 (a)) commences to charge up towards
Vpp. This is followed by an integration phase whereby the reset is switched to logic-
0 and the enable signals is switched logic-1. Thus, the photodiode enters a floating
mode. Upon illumination on the photodiode, photocurrent created by the generation
of electron-hole pairs results in the voltage at node PD to decrease from (Vpp — Viy,)
to the ground level. The amount of decrease is a function of the intensity of incident
light that falls on PD. In Figure 6.2 (b), the time duration trigger is modulated by il-
lumination amount as PWM that is converted to a voltage. High illumination results
in a faster voltage drop while low illumination result in a low discharge. The out-
put of the inverter is mapped into a digital pulse with variable width according to the
change of the voltage at node PD. As the consequence, architectures that implement

this approach do not require a high resolution analogue-to-digital converter (ADC).

Dynamic power dissipation is proportion to V3, so by operating at low voltage a sig-
nificant power is achieved, specially when considering a large array. Using a 500 mV

supply voltage the Fixed Pattern Noise (FPN) was evaluated as the standard deviation
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Figure 6.2. PWM CMOS imege sensor. Pulse-width modulation CMOS image sensor. (a) Shows
the circuit structure, (b) timing diagram, and (c) experimental results outputs of a single
pixel for different light intensities. Micrograph of the fabricated 64 x 64 CMOS image
sensor test chip and the single inverter pixel layout are illustrated in (d). (e) shows the
architecture of the design and (f) illustrates (i) the original image, and (ii) captured

image by the sensor.

Page 105



6.2 CMOS image sensor

Table 6.1. Features of fabricated CIS. Main features of the fabricated 64 x 64 CIS array.

Technology 130 nm 6-Metal 1-Poly CMOS
Supply Voltage 500 mV—1.2 V

Pixel Size 5 x 5 um?

Photodiode N-diff/P-sub

Fill-Factor 58%

Dynamic Range 83 dB

Sensitivity 225 LSBs/s-Lux(0.44 V/s-Lux)
FPN < 1xLSB

Power Consumption | 27 nW /pixel

of pixel values from the normalised mean value of a frame data, under flat field illumi-
nation. In order to minimise random noise, 54 frames of the same image were acquired
and averaged from the flat field images. Histogram results are shown in Figure 6.3 (a).
The standard deviation was found to be 1 xLSB for the measured FPN. Off-chip digital
FPN correction could further reduce the level of FPN (Shoushun et al. 2008).

The transfer characteristic of the proposed pixel, shown in Figure 6.2 (b), has a logarith-
mic like response. This is much similar to the response to illumination of human eyes.
There are other reported DPSs having nonlinear transfer behaviour by multiple captur-
ing of the output signal with different integration time (Lai ef al. 2006). The complexity
of some of the approaches necessitate more signal processing circuitry can result in a
more complicated readout and more dynamic power dissipation. The proposed pixel
architecture also provides a nonlinear transfer curve with simple operation within one

single sampling operation.

Figure 6.3 (b) shows dynamic illumination response of the fabricated sensor. It is a
wide dynamic range that have a maximum detectable illumination intensity of higher
than 10,000-Lux. The measured dynamic range with 8-bit resolution has been lim-
ited to 83 dB due to large dark current of the PD fabricated in standard CMOS
process. A captured image from the test chip is illustrated in Figure 6.2 (d) The
chip characteristics and performance are summarised in Tables 6.1 and 6.2. The
later shows performance comparison with the prior works (Lai et al. 2006, Han-
son et al. 2010, Xu et al. 2002, Bermak and Yung 2006). The power consumption for
the 64 x 64 array is 112 yW at 500 mV nominal power supply. This corresponds to a
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measurement. The 3D pattern in (c) illustrates the array’s output under a fixed (dark)
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pixel consumption of approximately 27 nW. Hanson et al. (2010), in Table 6.2, used a
current limiter for every pixel, so lower power consumption can be achieved. Simula-
tion results of their circuit compare pixel response presented in this work shows that
the inclusion of a current limiter in the pixel circuit reduces the output voltage swing of
the comparator and it reduces the dynamic range. Although the approach presented
by Hanson et al. (2010) consumes small energy, it has disadvantage a limited output
voltage dynamic range, and requires an additional ramp signal generator as part of it

operation.

6.2.2 Pulse-frequency modulation sensor

A new inverter-based pulse-frequency modulation (PFM) design is presented to re-
duce power consumption while keeping high dynamic range. The study shows that
in comparison to previous published designs, the proposed design presents a 21% re-
duction in the mean value of total power consumption with a linear dynamic range
of 119 dB. Simulations were performed using 0.13 um technology and 0.75 V supply

voltage.

The core part of a PFM sensor is an oscillator. One of the first oscillators is current-
controlled oscillators. Due to a direct relation between frequency and power in these
oscillators, a large amount of power will be consumed to produce a high rate fre-
quency and, therefore, they are not suitable for biomedical applications. The concep-
tual schematic of the PFM digital pixel, which is also known as light-control oscillator
(LCO), is shown in Figure 6.4 (a). When the voltage across the photodiode is recharged
to Vpp, the V4 voltage decreases in proportion to the incident light intensity. Once the
Vpd reaches to the reference voltage level, Vi.f, the comparator’s output switches from

a high voltage (logic ”1”) to a low voltage (logic ”"0”).

The PWM can be achieved by removing the feedback loop and resetting the photodi-
ode using an external input. One of the basic differences between the two structures is
that there is no initial reset phase in PFM while in PWM the reset signal is controlled
externally so the photodiode can be precharged to Vpp. The operation of a PWM struc-

ture can be defined as

(VoD — Viet) Cpa

Ltot
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6.2 CMOS image sensor

where T,q represents the discharge time of the photodiode capacitor, Cp4, node volt-
age, Vpd, from Vpp to Vi, itot shows the total current which is the sum of photo-
current, ipd, and dark current, i3. Therefore, the pulse width of the comparator’s out-
put can be modulated as a function of the light intensity. Therefore, the comparator’s
output pulls the feedback node (fb) voltage down, so the photodiode is recharged to
Vpp through the reset transistor, Mst. This scheme shows a multiple-reset structure
which reduces the photo-current saturation problem and produces a digital pulse fre-
quency as a result of the iterative resetting scheme. Thus, the operation of a PFM

structure then can be define as

itot
= , 6.2
/ (Vbb — Vier) Cpd (©.2)

where f is the output frequency that acts as input clock for an n-bit in-pixel counter.

There are several advantages of using a PFM pixel. Firstly, the digital output is far
more robust compared to its analogue counterpart in terms of the overall noise effects.
Secondly, it is far less sensitive to the supply voltage scaling since the pixel directly con-
verts the optical energy into the form of digital frequency, so the pixel’s performance
constraints are no longer dependent on the supply voltage range. This advantage sig-
nificantly helps to increase both the dynamic range and linearity of the conversion
(Bermak et al. 2002, Wang et al. 2006, Kagawa et al. 2004, Koppa et al. 2010, Park et al.
2010, Hinckley et al. 2002). These advantages motivated us to design a new PFM pixel
that consumes less power, capable of real-time digital signal processing, and relatively
high frame rate applications. Despite of all these advantages, there is a big disadvan-
tage which is related to the fill-factor (FF) and fixed-pattern noise (FPN). The com-
bination of p-type transistor, comparator, feedback circuitry, and the in-pixel counter
ends up with a relatively low FF and larger pixel size. These drawbacks can increase
the FPN level of PFM structures. Various approaches for designing a PFM image sen-
sor are investigated. These approaches vary in terms of the main signal and feedback
paths comprising components. A new design for an inverter-based PFM (iPFM) which
consumes less power while meet a high dynamic range requirement is proposed. To
obtain this efficient PFM, various Schmitt trigger gates are used in the main signal
path and the power consumption and the dynamic range are investigated. Simulation
results show that, the proposed design which uses a non-symmetric Schmitt trigger,
Figure 6.4 (e), is a low-voltage PFM which can work at 0.75 V and have a low-power

consumption along with a high dynamic range.
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PFM sensors

Several parameters should be considered when choosing a comparator style image
sensor. These parameters includes, offset, voltage gain variation, area, slow rate, min-
imum and maximum detectable illuminations, and low-voltage operation. An exper-
imental study by Wang et al. (2006) shows a two-stage comparator and a symmetric
OTA-based designs. These designs have variable reset delay and the reset delay of
the Schmitt trigger is more constant. However, due to the Schmitt trigger high switch-
ing threshold, there is a need for higher integration time, and hence lower frame rate.
Bermak et al. (2002) proposed an adaptation technique for digital pixel sensors using
an in-pixel analogue-to-digital converter (ADC), which is the basis for the future 3D
sensor structure presented in Figure 6.1. The adaptive integration approach is used
to increase the dynamic range. As result, they improved the low-light performance
of the PFM pixel by adapting a wider counting period. Furthermore, this approach
enables a read-out speed of up to 1K frames/sec for a 32 x 32 array. This high frame
rate obtained at a cost of 85 yW power consumption per pixel with 95% of this power
is consumed in the counting period. They implemented the structure using 0.25 ym
standard CMOS technology and a relatively large pixel size, 45 x 45 ym?, indicating
23% fill-factor. Reference voltage of the comparator in their design was obtained in-
ternally, hence the supply voltage noise has less affect on the reference voltage, so the
design is insensitive to the supply voltage variation. This feature is very important
in the high-resolution images where the voltage variation sensitivity is significantly

higher than low to medium resolution imagers.

In order to design a new low power PEM, previous designs were examined and possi-
ble potential improvements were identified. Firstly, a design that is shown Figure 6.4
(b) and is named “pix-conv1” in simulations (Kagawa et al. 2004). This design employs
conventional inverters. In this design, all inverters are placed in the main signal path.
The first two inverters in this chain are for discharging the photodiode and the last
one is to reset the photodiode and start a new pulse. The other inverter that is out of
the chain is just a signal shaping inverter. This design can be improved if the PMOS
reset transistor is replaced with a NMOS transistor. This replacement helps having
lower power consumption due to removing the short circuit current when the reset
transistor is on, at the cost of using more silicon area. Note that a significant amount of
consumed power is dissipated by the first inverter. Therefore, the first inverter could

be replaced with a controllable conventional Schmitt trigger gate as in Figure 6.4 (c). In
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this figure, only the main path is shown and the photodiode, reset transistor, and the
feedback path are omitted to focus on the main part of the circuits, and named “pix-
conv2”. Simulation result shows that, in order to have a reasonable dynamic range
similar to the conventional designs, the supply voltage should be 0.9 V. Therefore, this
design consumes higher power because of the need for higher voltage drives. Further-
more, the standard deviation of power consumption is relatively high, as shown in

Figure 6.5.

One idea that results in lower power consumption is inserting a simple inverter, as
in Figure 6.4 (d) as “pix1.” This design is also simulated and the results are reported
for the comparison, in Figures 6.5 and 6.6. The simple inverter could be replaced by
either a low power Schmitt trigger in Figure 6.4 (e) (Al-Sarawi 2002) or Figure 6.4 (f)
(Zhang et al. 2003). The inverter-based PEM (iPFM) structure is a promising option for
low-voltage operation and low-power applications such as implantable devices and
mobile applications (Wang et al. 2006, Kagawa et al. 2004). A few types of iPFM pixels
have been introduced in Kagawa et al. (2004), and Uehara et al. (2003) but despite all of
these advantages, all of them suffer from two disadvantages: 1) Considerable power
consumption, 2) Feedback inverters were placed in the main signal path. The design
with the pix2 (Figure 6.4 (e)) circuit shows a better power consumption in terms of
variation and mean value, as demonstrated in Figure 6.5. Figure 6.4 (d) and (e) illus-
trate the application of one single inverter and a low power Schmitt-trigger circuit in
the design of a PFM pixel. According to the available information, the outcomes are

novel and there is no available implementation using these approach.

Comparison of the PFM pixels

The proposed cell was simulated using mixed-signal CMOS 0.13 ym technology. The
operational supply voltage is 0.75 V while the nominal Vpp is 1.2V. The feedback in-
verter chain is also operating at 0.75 V. The control transistor is shared between the
three feedback inverters and is controlled using Vcrry, = 0.6 X Vpp (in Figure 6.4 (a)),
while the reset supply voltage has been set to roughly the same value. Thus, the control
signal can be directly connected to the reset supply voltage. Implemented layout that
is shown in Figure 6.4 (e) demonstrates around 65% fill-factor. A larger photodiode

helps in detecting lower light intensity.
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NOTE:

This figure is included on page 113 of the print copy of
the thesis held in the University of Adelaide Library.
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This figure is included on page 113 of the print copy of
the thesis held in the University of Adelaide Library.
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Figure 6.4. Generic schematic of a PFM pixel and circuit implementations. Pulse-frequency
modulation pixels. (a) A generic implementation, indicating the feedback and the main
path branches. The yellow box illustrates the feedback inverter chain. If the X signal
is shown in green in (c)-(f) the signal passes three inverters and if it is red the signal
passes only two inverters. Voltage control, Vorgrr, is applied to control the speed of
feedback. (b) An inverter-based pixel with all inverters in the main path (pix-convl)
(Kagawa et al. 2004). (c) Schmitt-trigger circuit for replacing the comparator in (a).
This is a conventional implementation of a Schmitt-trigger circuit (pix-conv2). (d) A
single inverter implementation of the main path (pix1). (e) (From Al-Sarawi (2002))
and (f) (From Zhang et al. (2003)) show two types of low power Schmitt-trigger circuits
to be used as a replacement for the first inverter. The designs are called pix2 and pix3
in simulations and experiments. This is the first try to combine the pix2 circuit in (e)
with a PFM pixel implementation. A 10 x 10 um? layout of the PFM pixel based on

(e) is also shown.
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A comparison is carried out among the cells in Figure 6.5. A post-layout simulation
at 0.75 V shows better than 21% reduction in the mean value of total power consump-
tion for the proposed structure while the dynamic range and the frequency response

linearity are still comparable with the conventional design, as illustrated in Figure 6.6.

m— pix—convl
{ == ix—conv2
2L — ix 1

Pl m—iX3
| = = = pix3 mean
------ pix3 std

Density (PDF)

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x10

Total Power Consumption (W) 6

Figure 6.5. Power consumption analysis of the PFM pixels. Power dissipation of the PFM pixels
in Figure 6.5 under a wide range of light intensities. It is clear that the pix2 (Figure 6.4

(e)) and pix3 (Figure 6.4 (f)) are far more improved than the other circuits in terms of

both mean power dissipation and also predictability of power dissipation under a wide

range of light intensities. The pix2 shows the lowest and the pix-conv2 demonstrates

the highest deviation from their mean power consumption.

Low photodiode currents range are not shown in Figure 6.6. The simulations have been
carried out using different light intensities. Low frequencies can be measured (from the
actual fabrication) down to a few Hz but a linear frequency response corresponding to
the log-scale light intensity (mW-cm~?2) starts around 100 Hz. Therefore, early results
show a minimum (detectable) frequency of fmin = 100 Hz and fmax = 50 MHz, which
results a 113 dB dynamic range. The simulations, however, only carried out in the
range of 1 pA to 10 nA to get detectable frequency response from all the circuits. Mov-
ing towards high light intensities causes a large nonlinearity at the output pulse-width

which should ideally keep a constant value. This nonlinearity then causes a significant
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degradation in dynamic range, as Figure 6.6 shows the maximum detectable current
for both of the designs is around 6.7 nA which corresponds to 60 MHz for the pix2.
Clearly, the ratio of the low and high frequencies for all the circuits indicate very close
results in terms of dynamic range. Therefore, the pix2 can be considered as a design
that provides comparable dynamic range with lower power consumption. The pix3,
however, shows a better overall performance in Figures 6.5 and 6.6. The main reason
that the pix3 is not a good option is because of its layout complexity. Connecting body
contacts of the MOSFET transistors to any other voltages than the lowest and high-
est potentials creates a significant complexity in terms of layout implementation'® and

also consumes more silicon area.
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Figure 6.6. Frequency response of the PFM pixels. Dynamic range of the PFM pixels within the
range of 1 pA to 10 nA photocurrent (plus dark current). Clearly, the ratio of the low
and high frequencies for all the circuits indicate very close results in terms of dynamic
range. Therefore, the pix2 can be considered as a design that provides comparable

dynamic range with lower power consumption.

16This design implementation will not be possible in a single well structure.
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6.3 Pattern matching system

6.3 Pattern matching system

Some of the more recent research on human-like vision is derived from the work
of Hubel and Wiesel (1959) based on directional edge detection that forms the basic
part of early information processing in the visual system. Most of the recognition
algorithms like Gabor filters (Porat and Zeevi 1988), fractal-based texture extraction
(Potlapalli and Luo 1998), and spatial spectroscopy-based approaches (Rudolph et al.
1998) are application oriented. A recent overview of a wide range of neuromorphic
implementations can be also found in Indiveri et al. (2011). A more general purpose
“human-like” image recognition approach proposed by Yagi and Shibata (2003) is
based on the projected principal-edge distribution (PPED) algorithm. The algorithm
consists of two steps: feature map generation followed by a vector formation. The
result of the former step is used by an associative processor which can be a “neural-
like” implementation. In the case of this research the matching processor, shown in
Figure 6.7, is a memristor-based content addressable memory (CAM). The CAM im-

plementation is discussed in Chapter 8.

The PPED architecture together with the proposed 3D hardware implementation strat-
egy is conceptualised in Figure 6.7. Directional edge-based processing can be carried
out using a directional convolution kernel. Experimental results for medical images
and face detection and identification have highlighted that identification of four direc-
tional edges (horizontal, vertical, and +45 degree, and -45 degree) provide an accept-
able method for creating feature vectors utilised for image matching, recognition, and
classification (Shibata 2009).

Image data of 5 x 5 pixels obtained from an image sensor together with convolution
kernels act as inputs. The image data flow for PPED algorithm (Yagi and Shibata 2003)
and implementation approach are illustrated in Figure 6.8. For each of the direc-
tions, the convolution given by Eq. (6.3) is performed in parallel for both the positive
and negative kernel weights, where I,(i,j) represents input data for pixel (i,j), the
subscript dr refer to the direction (horizontal, vertical, -45 degree, and +45 degree),
Kar(x,y) is the kernel data for pixel (x,y) and the specified direction, and I} (i,) indi-

cates output pixel data for the specified direction.

2

2
L) =Y. Y Kalxy) xL(i+xj+y), (6.3)
x=—2y=-2
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Back-illuminated CIS (BiCIS)
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Recognition <& PPED Vector Processor -4— Image Capture
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Figure 6.7. A system overview of the feature generation algorithm. 3D multilayered recog-
nition system based on projected principal-edge distribution (PPED) algorithm as part
of the system integration. The CMOS image sensor is a back-illuminated sensor which
helps in increasing sensitivity and fill-factor (Hinckley et al. 2002). The matching pro-

cessor is a memristor-based content addressable memory that is discussed in Chapter 8.

Each input pixel has 8-bit depth corresponding to a grayscale image. At each clock
input, one “column” of the 5 x 5 input images, namely, 8-bitx5 pixels is read and
subsequently is applied to the image buffer. The reading procedure is repeated 4 times
for the input image. For a seamless operation, the threshold Ty, (7,) is available prior
to presenting the image data I, (i, ) to the edge filter. Threshold values are determined
from the differences in the absolute-value between neighbouring pixels. The median is
used as the threshold value Ty, (i,]). For a 5 x 5 input pixels using the first horizontal
and vertical nearest neighbours there is a total of 40 absolute-value differences. The
median value of Ty,(+) is derived from mixed-signal majority voting circuit defined by
Eq.(6.4).

Pd (l ]) _ 0 : If maxdr(lér(i/j)) < Tth(i/j) (64)
Y If maxg,(I3,(i,/)) > Tin(ij) ,
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where F4,(i,j) constitute the feature map for the edge flag buffer and forms the input
to the vector formation processor. To generate a 1D projection, then the number of
ones for each of the horizontal and vertical directions is counted. This results in 64-
1D projections for the horizontal and vertical directions. The objective here is to map
64-1D vector projections for a 64 x 64 input feature map. In the next step the horizon-
tal /vertical vectors are added in groups of 4 which imply that the output is 16 vectors
for each of the horizontal and the vertical directions. Computation of +45 degree direc-
tions is more complex. Initially there are 128 vectors for the two diagonal directions.
By taking an average, these vectors are reduced to 16, which subsequently result in
64 vector projections. The process is repeated in groups of four. At the completion
of the step, smoothing operation takes place by averaging the results. The output of
this step results in a series of 13-bit PPED vectors that present the edge-features of an
input image by means of 1D vector projections. The same procedure using PPED algo-
rithm is implemented to create the image templates. The matching and recognition is
performed by the proposed bottom layer of matching processor shown in Figure 6.7.
Therefore, the output is a (binary) vector that can be compared to the stored template
data in the memory for pattern recognition and classification, for example. Note that
the PPED is a rotation-invariant scheme that makes it suitable for any image recogni-

tion purposes.

6.4 Conclusion and extensions

A system overview of the proposed CMOS based imager with a layer of memristor
was discussed in this chapter and the focus of this work within this system has been
highlighted. The targeted system consists of a three dimensional multi-layer integrated
circuit dice that are stacked on top of each other. As part of the targeted system, two
CMOS image sensor structures, pulse-width and pulse-frequency modulations, are
also discussed. The CMOS image sensors will be connected to a content addressable
memory (CAM) structure which is introduced in Chapter 8. Besides the detail analysis
of CMOS image sensors, a low-voltage operation, interface hardware layer between
the image sensor and memristive layer were added for image feature generation. This
algorithm generates a robust and one dimensional digital output vector that can then

be sent to an associative memory for further processing.
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| Recnition
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58 bit x 25
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Figure 6.8. Projected principal-edge distribution (PPED) algorithm. Data flow model for
feature vector generation using PPED algorithm (Yagi and Shibata 2003).

The next chapter provides a systematic approach for modelling large scale memristor
and CRS arrays. This is important form this perspective that the targeted system, ex-
plained in this chapter, utilises an array of memristive devices for processing informa-

tion and storage.
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Chapter
L

Memristive Crossbar
Architecture and
Challenges

ONVENTIONAL memory technologies are challenged by
their technological physical limits, as a result emerging
nanometer scale technologies, driven by novel materials, are
becoming an attractive option for future memory architectures. Among
these technologies, RRAMs have created new possibilities because of their
nano-features and unique I-V characteristics. One particular problem that
dominates the maximum array size in this technology is interaction be-
tween neighbouring cells due to “sneak-path” currents during the READ
and WRITE operations. Although the storage mechanism for Complemen-

tary Resistive Switch (CRS) based memory is fundamentally different from

what has been reported for memristors, the device basics are similar. This
chapter provides an analytical approach to the design of memristor and
CRS-based memory array. The presented design methodology will assist
designers in implementing CRS and/or memristive based devices for fu-

ture memory systems.
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Chapter 7 Memristors from Architectural Overview

7.1 Introduction

Emerging memory technologies based on new materials have been widely accepted
as alternatives to the current CMOS technology. These technologies are mainly clas-
sified into three subclasses: Spin-Transfer Torque Magnetic Random Access Memory
(STT-MRAM), Phase Change Memories (PCM), and Resistive RAM (RRAM), that are
shown in Table 4.1. Memory applications motivate the need for an evaluation of these
technologies in terms of READ and WRITE bandwidth, latency, and energy dissipa-
tion. The International Technology Roadmap for Semiconductors (ITRS 2009), high-
lights that the performance characteristics of these emerging technologies are rather
promising when compared with the current large memory arrays based on Static RAM
(SRAM) constructs, particularly for large memory capacities. This suggests that emerg-
ing technologies, except PCRAM, will overtake advanced conventional Complemen-
tary Metal Oxide Semiconductor (CMOS) technology. We define a figure of merit as
ER EwTrTiw Nw ref for comparing these technologies—with greater emphasis on the ac-
cess time—the parameters represent READ and WRITE energy (Er, Ew), READ and
WRITE latencies (Tr, Tw), and the number of refresh cycles (Nwcf). This figure of
merit indicates a significant improvement of RRAMs, MRAMs, and PCRAMs, over
SRAM:s for large memory capacities (> 1 GB) (ITRS 2009). The READ and WRITE
access times of MRAMSs show around 41% more and 48% less processing time than
RRAMs. RRAMs introduce smaller cell size, 4F2/bit, where F is the lithographic fea-
ture size, see Figure 5.10 (c), with comparable endurance in comparison with the other
memory technologies. Although a number of strategies that utilize diode and/or tran-
sistor cross-point devices are proposed, their fabrication is relatively more complex
than a RRAM-based crossbar (Flocke and Noll 2007).

Although the memristor has introduced new possibilities for memory applications
within the simple and relatively low cost crossbar array architectures, the inherent
interfering current paths with neighbouring cells impose limitations on the array scal-
ability, a necessary condition for large memory arrays (Linn et al. 2010). The imposed
limitation was addressed by Linn et al. (2010) through the adaptation of two series
memristive elements connected with opposing polarities, and discussed in Chapter 5.
This structure is referred to as Complementary Resistive Switch (CRS) as shown in Fig-

ure 5.11. The unique aspect of this device is in using a series of high resistance states
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7.2 Crossbar memory array

(HRS) and low resistance states (LRS) to introduce logic “0” and logic “1”. For exam-
ple, a LRS/HRS combination represents “1” while a HRS/LRS state represents “0”. Us-
ing this approach, the net resistance of the device is always around HRS, which helps
in reducing sneak-path currents, which is the currents passing through neighbouring
devices during the addressing process, and at the same time main path currents that
passes through the addressed device. The advantage of using CRS as a fundamental
element originates from its excellent READ voltage margin, even at small HRS to LRS

ratios.

Along with addressing the parasitic current path issue, the importance of parasitic
resistors also increases as F reduces. In a practical memory design, the line resis-
tance of a nanowire can be calculated as Rjjne = Pmetal(0-211/F), where n is the num-
ber of cells in the line and ppetq) is the resistivity of metal, which is a function of
F (Zhirnov et al. 2010). Therefore, a mathematical model is developed to consider the

nanowire parasitic resistances in a matrix based analysis of cross-point arrays.

In this chapter Section 7.2 describes crossbar memory array and its nano and CMOS
components. Also introduces a comprehensive approach for memristive-based cross-
bar array modelling. Two memristive-based arrays, memristor-based and CRS-based,
are discussed in this section. Simulation results and also statistical analysis of these
two memristive arrays are provided in Section 7.3. Section 7.4 discusses the simulation

results.

7.2 Crossbar memory array

The crossbar structure shown in Figure 7.1 (a) is used to construct the memory ar-
ray. The cross-point element could be either a CRS device or a memristor. In order to
read any stored bit in R; ;, similar to many other reported schemes (Amsinck et al. 2005,
Flocke and Noll 2007, Flocke et al. 2008, Shin et al. 2011a), here we apply V,y = VRgap to
the ith bit-line, /™ word-line is grounded, and all other word and bit lines are floating.
A direct benefit of this approach is the pull-up resistor (Rpy) can be implemented in
nano domain Flocke and Noll (2007), and Flocke et al. (2008). Then, the stored state of
the device then can be read by sensing V,,; using CMOS sense amplifiers (SAs). Read-
ing “1” creates a current pulse, and as a consequence, a voltage pulse appears on the

middle electrode. Note that the CRS read-out mechanism does not rely on sensing the
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Chapter 7 Memrristors from Architectural Overview

Table 7.1. CRS and memristor device parameters. Parameters of the memristive and CRS
cross-point junctions and array structure. * Array type: (M) Memristor-based, (C) CRS-
based, (B) Applicable for both. T Assumed that bit-lines are directly connected to sense
amplifiers (SAs) and there is no Ry in between. * Assumed that these resistors are
implemented in nano domain. Transistors in Figure 7.1 are used to express a more
general form of a hybrid nano/CMOS memory. ” Lumped parasitic resistance of an

activated pull-down.

Parameter Value | Array* | Description
RiRrs 100 kQ) | (M) low resistance state
RiRs 200 kQ | (C) low resistance state
RHurs 100 MQ) | (B) high resistance state
r 10° | (M) resistance ratio
Ry, 100 O | (B) input resistance of SA'
Ry, 100 O | (B) pull-down resistance”
Rpu Rigrs | (B) pull-up resistort
rw 125 Q/0 | (B) parasitic resistor
VinsET 22V | (M) | SET threshold
| Vi RESET| 1.8V | (M) RESET threshold
VREAD 1V | (M) READ voltage
VWRITE 2V | (M) WRITE voltage
| VinseT| 24V | (O SET threshold
| Vin RESET| 3.6V | (C) RESET threshold
VREAD 28V | (C) read voltage
VWRITE 38V | (C) write voltage

middle electrode (ME) and this electrode is floating. The read-out mechanism detects
the affect of this current pulse on the bit-line’s nanowire capacitor and sense then using

an array of SAs.

Although for memristors the WRITE operation dominates because of its relatively high
voltage/current, for CRS device the READ current dominates the current level. There-
fore, in our case, the READ operation analysis for energy consumption and perfor-
mance characteristics is more critical than WRITE operation. Consequently, the READ
and WRITE simulation results are discussed here. Table 7.1 highlights the cross-point

junction and array parameters.
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Figure 7.1.

Crossbar array and its simplified models. Typical n x m crossbar array. (a) A hybrid
nano/CMOS circuit. Columns show word-lines and rows identify bit-lines. Each R;
show resistive elements that can be a memristor or a CRS device. Nanowire segment
resistance is shown by 7y = Ryjjne /7 (if 1 =m) and the connection between the nanowire
and word-line is shown using R,,. Similarly the bit-line resistance indicated by Ry.
According to the model discussed in Section 7.1, unit resistance of a bit/word line
(nanowire) for F =100 nm and n = 64 is around 1 Q) while it is increased to 32 Q) if F
reduces to 5 nm, which is in consistency with the unit resistance that is reported in ITRS
(2009) (1.25 Q)). The segment resistance of ry, = 1.25 () is taken in our simulations.
The pull-up resistors, Rpy, can be implemented in nano domain. The triangular shape
at the output shows a CMOS amplifier that is assumed to have an acceptable sensitivity
(AV or AI) range of > 100 mV. While READ process is in progress appropriate signals
provided by decoders directs V,; to Vi,t;. Stored pattern in groups (1), (2), and (3)
can be identifed by Rx1, Rx2, and Rys, respectively. (b) The (n'h,m™) cell that can be
identified in red color is the worst case possible cell for any READ and WRITE schemes.
This circuit does not consider sneak-path current. (c) Equivalent circuit for the READ
scheme with sneak-path and parasitic nanowire resistors considerations. (d) Schematic

of a 2 x 2 array that is a good approximation to the array according to the grouping.
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The WRITE scheme that is used is the common accessing method in which the it bit-
line is pulled up, the jth word-line is grounded, and the other lines are all connected to
Vw /2, where V, is the WRITE voltage. This voltage should be high enough to create
sufficient voltage difference across the target cell and at the same time having no un-
wanted affect on the other cells that mainly see a Vi, /2 voltage difference. A control

mechanism for the WRITE process is introduced by Ebong and Mazumder (2011a).

To analyse the structure, we need to provide a simplified equivalent circuit for the
crossbar structure, as can be seen in Figure 7.1 (b) and (c). Note that V\emreAD <
Vers,ReaD and Vi, spt < Vers REaD < Vin reser- Figure 7.1 (c) illustrates the equivalent
circuit considering sneak-path currents for the both memristive and CRS-based array.

For the sake of simplicity, two series resistors, Ry and Ry, are evaluated separately.

The resistor value for the memristive-based and CRS-based circuit can be written as,

Ry = (me11)+rW, (7.1)
R, = (m_f;& —y + 1w (7.2)
R = % (7.3)
Ry = % (7.4)

where Ryx represents the array’s stored pattern in three different groups as seen in
Figure 7.1 (a). For the worst case READ or WRITE in a memristive array Rx; = Rxp =
Rx3 = Ryrs and for a CRS array Rx; = Rxp = logic “1” or logic “0”, whereas Rx3 = logic
“1”. Although a worst case cell selection is considered here, due to the harmonic series
behavior of the overall parallel parasitic resistance, increasing Ry rs and/or decreasing
the array size, n = m, results in better agreement with the analytical approximation for
R; and R;. These equations then can be used for evaluating the impact of parasitic

current paths and parasitic nanowire resistors on the array performance.

The worst case pattern is assumed to be applied when Rirs = logic “1” for either
memristive or CRS arrays. In this case, we have the most significant voltage drop
because of the both parasitic paths and elements. Therefore, a pattern of either logic
“0” or “1” for all the elements except those on j word-line (x;) is assumed, which is
roughly equivalent to a HRS resistance for a CRS device, Rcrs Hrs = Rurs + Rigrs. A
close look at Figure 5.13 (a) and (c) shows if the stored logic in all the CRS devices along
xj, which may or may may not include R; j, is “1” (LRS/HRS), so applying a Vrgap can
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7.2 Crossbar memory array

change their states to an ON condition (LRS/LRS). Therefore, during the READ time,
n — 1 devices along x; comprise the ON resistance, Ron = 2RLRs, in our simulations.

Therefore, for a CRS array, Rx; = Rx2 = Rygrs + Rirs and Rx3 = 2RRs.

Sizing of the pull-up resistor, Rpy, as part of the nano domain implementation is a
very important factor. For instance, low Rirg devices, e.g. magnetic tunneling junc-
tions (MT]s), interconnection impedance should be also taken into account, whereas in
RRAMs, the LRS resistance is normally 2 100 kQ (Yi et al. 2011). Therefore, this equiv-
alent circuit provides a generalised form for a nano-crossbar array. In other words,
if Rprs > (n + m)rw, the nanowire overall resistance will be negligible. These con-
siderations along with taking low output potential, Vo1, and high output potential,
Von, lead to an optimal value for Rpy. We first follow the conventional approach
without considering parasitic currents and the nanowire resistors. Note that in a
more precise analysis, the sense amplifier’s sensitivity is also important to be consid-

ered (Zhirnov et al. 2010). In this situation have,

RL
Vi = ——Vou, 7.5
OL RL + Rpu pu ( )
V. _ __Ru V. (7.6)
OH — Ry + Rpu pu s .

where for a memristive array Ry = Rirs and Ry = Rprs, whereas for a CRS array
Ry = 2R1grs and Ry = Ryrs + Rirs. These equations are applicable for both of the
arrays (memristive and CRS array). Read margin (RM) is defined as AV = Vo — Vor.
An optimal value of Rpy, can be extracted from dAV /dRpy = 0. For a memristive array,

RpuMeEM = Rirs \/r, where r = Ryrs/ Ry rs. Taking parasitic resistors into account (e.g.

M]Ts), and neglecting sneak-paths, results in Ry, MEM = V/TRirs(Rrrs + (1 + m)rw)

as an optimal value for the load resistor. For a CRS array,

Rpu,crs = Rirsy/2(1+7) . (7.7)
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A generalised form can be achieved by solving two Kirchhoff’s current laws (KCLs)

for the equivalent circuit (Figure 7.1 (c)). Therefore, if R1p = Ry + Ry and

Ri2 | Ryp
= — 4+ —==-1, 7.8
X R + Rs (7.8)
1 1 1
y = + (7.9)

R+ Rq Rpu+Ru_R12,
Rip(xRg — (Rpu + Ruy))

Vg = Vou, 7.10

M Ry(1+ xyR1p)(Rpu + Ry) F" (7.10)
Ry

Vo = 2y 7.11

© Rpu+Ru( P M) ’ ( )

where R is a memristor or CRS device to be read. This is similar to the ideal condition,
Rrrs = VoLMmem, 2RLrs = Vor,crs, Rurs = Vou,mem, and Ryrs + Rirs = Vo crs-
A numerical approach helps designers to identify an optimal value for Rpy. The sig-
nificance of this analytical model can be highlighted using a comparison between the
optimal values for Ry, calculated through Egs. (7.5) and (7.6) and the optimal value
calculated via Eq. (7.11) and if parasitic resistors are negligible then Eq. (7.10). The
optimal value for a memristive array, neglecting sneak currents and parasitic resis-
tors, is around 3.16 M() using data from Table 7.1. These parameters are strong func-
tion of array size (n and m) and Rigs. In practical designs, Rpy optimal increases as
n (= m) increases. This rate of change can be significantly reduced by a high Rjgs.
This study shows Ry rs > 3 MQ) results in a significant reduction in dependency of the
optimum value to the array size. This analytical approach also indicates that in our

case Rpy &~ RiRrs for CRS and memristive arrays.

This chapter calculates the voltage pattern using 2mn linear equations from a n x m
array. This mathematical framework can be easily implemented using KCL equations
in a matrix form. Figure 7.2 demonstrates the schematic of how KCL equations work

in the two plates. Basically, it shows that for 1 < (i and j) < n (n = m),

gwVBli T 8wVr2i = GijVij, (7.12)
gwVwij+8wVwa; = —GijVi;, (7.13)

where gw =1/rw, Gij =1/R;j, VB1,i = VB,ij+1 — VB,ij VB2,i = VB,ij—1 — VB,ij, Vw1, =
VW,i—H,j - VW,i,]'/ VWZ,]' = VW,i—l,j - VW,i,]'/ and Vl,] = VB,i,j - VW,i,]'- Therefore, there are
2mn unknowns and 2mn equations. Depending on the READ scheme, the first and last

rows (word-line) and columns (bit-line) should be treated differently.
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AN
N
NN
_mm Bit-lines

N

Figure 7.2. Crosspoint memory element between two plates of bit and word lines. A
schematic of an interconnection network in a crossbar array to illustrate the two KCL
equations that can be achieved from both bit-line and word-line plates. Generally, cur-
rent flow through a cross-point device from the it bit-line is Ig; = Ip1,i + Ipo,i, similarly

for the jth word-line is Iw; = Iw1,; + Iwz,-

Although, the impact of multiple parasitic currents and nanowire resistors are studied
in the literature (Liang and Wong 2010, Flocke and Noll 2007), a comprehensive an-
alytical approach to address these issues, for the both memristive and CRS arrays, is

lacking and it is this issue that is addressed in this section.

7.3 Simulations of the crossbar array

Extensive analytical studies have been carried out in the area of nano crossbar memory
design (Flocke and Noll 2007, Flocke et al. 2008, Liang and Wong 2010, Shin et al. 2011a,
Amsinck et al. 2005). These studies are extended here and also the comprehensive ana-
lytical framework, introduced early in this section, to the simulation of the memristive

and CRS-based memory arrays.

For simulations in this chapter, a range of rectangular array sizes from n =4, 16, and 64
(n = m) and three input patterns, the best case, the worst case, and a random pattern are
considered. Parameter values can be found in Table 7.1 and the simulations results are
as reported in Table 7.2. If AV > 100 mV is used for the CMOS amplifiers, AV /V,y >
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Table 7.2. Crossbar simulation results. Memristor and CRS crossbar array simulation results for

the best, worst, and random patterns in Figure 7.5.

Array | 2% (%) | Energy (pJ) | VeeaD
MEM (> 10%)
16 %16 | Worst | 32.1 1V
16 x 16 Best 526 4.0 1V
16 x 16 | Random NSNS 269 1V

64 x 64 Worst 127.0 1V

CRS (> 3.6%)
16 x 16 Worst 119.9 28V
16 x 16 Best 20.8 28V

243
16 x 16 | Random 89.0 28V
95 |

64 x 64 Worst 483 28V

10% for memristors and AV / Vou > 3.6% for CRS are chosen. The only valid case for
store pattern using memristor array is (16 x 16), while all the results for a CRS array
are valid. This study shows that a memristive array needs substantial reduction in
the amount of sneak leakage currents to be an appropriate candidate for the future

memory applications if Ry rg values are in the order of k().

For a worst case pattern in a CRS-based array, the (16 x 16) — 1 bits are initially pro-
grammed at their LRS/HRS state (Rx1, Rx2, and Rx3), which is effectively equivalent to
a HRS state. There is only 1 bit in the target word-line that programmed with different
logic value and this is just to be able to read Voy and Vg, at the same time. Figure 7.3
illustrates the condition for a worst case occurs when applying an appropriate READ
voltage (here 2.8V) and 15 CRS devices switch to their Roy state, which makes a sig-
nificant difference in terms of the maximum amount of current that can pass through
the device. Consequently, this is the main source of power dissipation for a CRS array.

Similar scenario were observed for a 64 x 64 array.

Figure 7.4 illustrates voltage pattern for a 64 x 64 CRS array for reading 32t word-line.
The magnitude of voltage peak above the settled voltage surface for unselected cells
shows a successful READ process. Similar approach can be taken for WRITE process
to show that the minimum requirement (at least the programming threshold voltage)

is met on the selected cell(s).
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point array after addressing.
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By analysing the results for a range of array sizes from 4 x 4 to 64 x 64, it is observed
that to gain an appropriate and nondestructive READ Virgap for memristors should
be set to 1 V. This is an intermediate voltage and is low enough to avoid significant
change in the device internal state and is high enough to drive a (64 x 64) array for
the last or worst case selected cells. Our simulations indicate that a relatively high
LRS (> 3 M(), as reported in Liang and Wong (2010)) guarantee enough read margin
as well as sufficient potential across a selective cell for a successful WRITE operation
when r > 2. Therefore, the negative contributions of nanowire parasitic resistors and
parasitic (sneak) path currents that are responsible for voltage drop on the selected
lines can be both significantly mitigated to a negligible level by increasing Rjrs and
maintaining r at a level to guarantee a distinguishable high and low state outputs,
whether in terms of AV or Al

Endurance requirement'”

in the CRS will be relaxed by utilising a nondestructive and
scalable read-out techniques, which significantly reduce the total number of refresh-
ing cycles. A nondestructive readout approach for CRS-based arrays can be found in

Tappertzhofen et al. (2011).

7.3.1 Statistical analysis

Recent study on memristive switching behaviour indicates that there is also a log-
normal (long tail) distribution associated with LRS switching (SET) (Yi et al. 2011).
This certainly reduces the impact of interconnection resistors due to the fact that
a significant portion of low resistor states have higher values than the nominal
Rirs, however, the impact of such distribution on the device switching speed is
significant. The lognormal distribution has been also seen in the switching time
RRAMs (Medeiros-Ribeiro et al. 2011). However, despite extensive research about the
mechanism that causes the lognormal distribution, this area is still under intensive

discussion (Medeiros-Ribeiro et al. 2011).

17 An endurance of 10'° cycles is required to either replace SRAM or DRAM (ITRS 2009). There is also
an inverse relationship between endurance and data retention. To support reliable large array products,
memory technologies must be able to retain data over a long lifetime (> 10 years at 85 centigrade) with

a low defect rates.
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Figure 7.5.
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Crosspoint cell and patterns for simulations. A cross-point cell for simulation and
input patterns. (a) Cross-point cell. Horizontal line shows bit-line and vertical wire
illustrates word-line. (b) A possible best case in terms sneak-paths for reading 8t word-
line. A pattern that all the 16 bits in this word are programmed at their OFF state
and there is only one bit with ON state resistance (LRS) is assumed. The worst case
possible is to read from or write in the last word-line. (c) A possible worst case. (d) A
random pattern. In all cases, reading the 8" column is the target. One bit is initially
programmed with different logic to be able to analyse read margin efficiently. It is worth
mentioning that these cases are all relative worst and best cases for comparing the two
technologies. A worst case for reading “1" occurs if selected word line contains only
cells with Ryggrs and the rest of the array are at Rirs. Worst case for reading “0” and
writing happen when all the resistive elements are at their Ry rg state. For a CRS array,
if the array under test is initially programmed to store “0" for all the cells on selected
word line and "“1" for the rest of the array, worst case for reading “1" occurs, otherwise
if the array stores only “1" logic then the worst case for WRITE operation and reading

“0" occurs.
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An analysis has been carried out on a 4 x 4 memristive and a 16 x 16 CRS array sizes
through 1000 Monte Carlo simulations to observe the impact of the uncertainty as-
sociated with Rjgs, device process variation, spatial randomness of the initial state
programming, and unfixed applied voltages. The ON state lognormal distribution
data is extracted from Yi et al. (2011) while a Gaussian distribution is assumed for
the the line edge roughness (LER) for devices, nanowires, and variation on the ap-
plied voltages. According to Hu et al. (2011), (—30,+30) = (—5.4%,4.1%) LER and
(—5.5%,4.8%) thickness fluctuations is assumed for the both Ry g and Rygs. It is as-
sumed that the normal distribution for initial state programming with 6¢ variation is
5% is also assumed. Figure 7.6 demonstrates that the CRS array’s output is less sen-
sitive to the overall uncertainty, whereas the memristive array is widely spread out.
Minimum value for CRS and memristor arrays are 15% and 1%, respectively. As dis-
cussed earlier, AV /Vpy > 3.6% for the CRS cross-point and > 10% for the memristor
array are acceptable. Table 7.2 has already shown that CRS array stored data pattern
sensitivity is much less (11 times) than the memristive array. Similarly here, while a

memristive array read margin is far less than 10%, a CRS array guarantee 12% margin.

In Hu et al. (2011) the impact of such variations is defined as Rxgs - 01 /60LEr, Where
Rxgs is either LRS or HRS resistance and the 61y, /60; gr defines the thickness fluctua-
tions over LER variation. The HRS resistance in a TiO,-based memristor is less affected
by the overall variation, whereas LRS variation shows a significant deviation from its
nominal value. Likewise, since CRS overall resistance of the ON state is 2R gg, so it is

less affected by such variation.

7.4 Discussion

Results of simulations indicate that the most important parameter that should be in-
creased to achieve higher array sizes for a memristive array is Ry rs. This research ver-
ify that a high r (= Ryrs/Rrrs) does not necessarily improve the substantial amount
of parasitic path currents, while a higher Rjrg value guarantees a successful READ
and WRITE operations. This improvement can be achieved at the cost of increasing

the access time.

In a CRS-based cross-point, the results is more significant since for a high Rigg the

effective resistances of HRS and LRS are significantly increased. Assuming a high
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Figure 7.6. Variation analysis of memristor and CRS arrays. The uncertainty associated with
LRS, nanowires process variation, and nonideal initial state programming impact on
memristor and CRS array by 1000 simulation runs, so 1000 arrays. The red and green
lines illustrate minimum read margin for the memristive cross-point and CRS array,

respectively. The y-axis shows the number of arrays out of the total 1000 arrays.

Rigrs = 3 M), Ryrs = 12 MQ) (r = 4), and Vrgap = 1 V, READ operation results in
a AV > 300 mV. Analytically, the read margin (RM) does not depend on the absolute

values of LRS or HRS resistances rather on their ratio, and RM can be calculated using,

1+7r—2yr
RMMEM:Tl\/—'

which means for a 100 mV limitation Ryrs/ Ry gs ratio should be > 1.3. Similarly the

(7.14)

simulations results show that such high value assumption for Ry rs, RM for CRS-based
devices can be written as

(r—1)/2(1+7r)
41471+ B+1)v20+7)

which results » > 1.15 (> 3.6%) minimum requirement for a successful READ.

(7.15)

RMcRs =

Our study also shows that for similar WRITE and READ access time and high Rigs
values, energy dissipation ratio of a CRS array over a memristive array constantly

increases. The total power dissipation for an operation can be calculated using

P total — Prano + P CMOS » (7-16)
Prnano = Psel + Punsel + Ppars ’ (7.17)
where Prano, Pcmos, Psels Punsel, and Ppars are the nano domain, CMOS domain, selected

cells, unselected cells, and parasitic elements (nanowires) power dissipations, respec-

tively. It is assumed that Pcyjos for memristive and CRS arrays are comparable and
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Ppars is negligible. The unselected cells power dissipation can be identified by READ
and WRITE schemes and can be divided into two (or more) subclasses of half-selected
or unselected cells. Here the target is to identify the memory pattern dependency on

the total power dissipation assuming a high Ry gs.

The READ scheme that is discussed earlier, is used as the first READ scheme. Con-
sidering such a scheme and high RiRs the total power dissipated by unselected cells
(groups (1) and (2) in Figure 7.1 (a), through sneak currents) is negligible. Therefore,
the worst case (reading “1”) power consumption for n x m cells nano in the domain

can be calculated through the following equation

P, — "VpuMEM (7.18)
nano,MEM RLRS (1 n \/;) ’ .
while similar approach for an n’ x m’ CRS array results
172
" Vpucrs (7.19)

Phano,crRs = ,
nane Rirs(2++/2(1471))

where in this work V,, Mem =1V and Vi, crs = 2.8 V. To fill the gap between the power
consumption in memristor and CRS arrays and having similar array size (n x m), n’ =
n/cand m’ = mc, where c is a constant that is adjusted to achieve approximately similar
power consumption for the two arrays. Here ¢ = 4, so for example 1 K bits of data can
be stored either in a 32 x 32 memristive array or 8 x 128 CRS array and have roughly

similar power dissipation.

In the programming (WRITE) procedure, if Viymem = 2 V and Vi, crs = 3.8 V, there
are n + m — 2 cells in the both arrays that are half-selected, groups (1) and (3) in Fig-
ure 7.1 (a), and (n — 1)(m — 1) cells that are not selected, ideally 0 V voltage differ-
ence, group (2) in Figure 7.1 (a). The worst case condition is to have all of them at
LRS for memristive array and LRS/HRS (logic “1”) for CRS-based crossbar. Therefore,
one potential problem with the WRITE scheme is to reset one or more half-selected
cross-points. These cells are categorised under unselected cells for the power calcula-
tion. Here, there are 1 V and 1.9 V potential differences across the half-selected cells
in memristor and CRS arrays, respectively, that is sufficiently low to avoid mispro-
gramming. A power consumption analysis for this scheme shows that if n > 16 and
r > 3.5, the total power dissipated in the CRS nano domain is much lower than the
memristive array. The main reason is the all of the half-selected cells have an effective

resistance equivalent to (1 + r)Rpgg in a CRS array, whereas the same cells have RyRs
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in memristor array, which is significantly lower in size. For example, for n = 100 and
r = 4 overall improvement in power dissipation is around 38% while for r = 10 results
70% reduction. This improvement rapidly increases if the number of half-selected cells
increases. For instance, a WRITE scheme that activates all bit-lines (pull-up) and j"
word-line (grounded) and applying V4, /2 on the rest of the word lines, can write n bits

each time and contains n(m — 1) half-selected cells.

This study indicates that if Ry rs < 3 M), more than 65% and 50% of the total power
(and consequently the total energy) is dissipated in half-selected cells during a WRITE
operation for the 1-bit WRITE and multi-bit WRITE schemes, respectively. The contri-
bution of half-selected cells is further increased if R;rs > 3 M(Q). The total power con-
sumption is also rapidly increased as the array size increases. The results also indicate
that writing a word (multi-bit) is much more energy efficient than a bit, particularly
for CRS-based array. Note that for the multi-bit WRITE scheme we applied a two-
step WRITE operation (SET-before-RESET) introduced in Xu et al. (2011). The trade-off

between using several WRITE schemes is still an open question.

Due to the fact that a high Rirs would decrease the energy dissipation and the op-
eration speed at the same time it is very important to note that the nonlinearity of
the memristor characteristics plays an important role in identifying the maximum size

constraint of a memristive array by identifying the effect of half-selected memory cells.

Xu et al. (2011) proposed a nonlinearity coefficient to analyse the nonlinearity effect
using static resistance values of memristor biased at Vi, /p and Vi, as K.(p, V) =
pR(Vw/p)/R(Vy). This factor identifies the upper limit for #n and m in a memristive
array. If parameter « in [ o< sinh(aV') represents memristor nonlinearity, the factor em-
phasizes that either higher « or higher p result in a larger K.(p, Viy). Clearly, the later
option is under the designer’s control. In fact, this technique effectively creates an in-
termediate Rirs, which is larger than its actual value. Note that the resistance does
not necessarily increases if p increases. There is some examples that are not following
similar characteristics, for instance sinh ' (-) behaviour in Inoue et al. (2005). In this
case, larger resistances are achievable by decreasing p. So K.(p, Vi) is used for bit- and
word-lines. Considering the Vi, /2 scheme, this approach is appropriate when p = 2,
K.(2,Vi). For p > 2, however, selected word-lines current cannot be calculated with
I(Vi /p) since the current that passes through an unselected cells on a selected word-

line is a function of V44 (1 — 1/p). Hence, calculating an upper limit for # is a function
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of K;(p, Vi) that can be defined as,

p R(Vu(1—1))
1 R(a) '

Ki(p, Vi) = ; (7.20)

therefore, a higher nonlinearity coefficient would not necessarily result larger upper
limit for memristive array. Furthermore, controlling RESET parameters, such as fila-
ment formation process, electrode material, Joule heating process, and TiO, composi-

tion, play an important role here.

7.5 Conclusion and potential extensions

Simulation results indicate that due to sneak-paths, a memristive array is faced with
misprogramming and misreading that aggressively limit the maximum nano-crossbar
array size. However, the read margin in a CRS array is reliable with technology varia-
tions such as uncertainty in initial state programming, nanowire process variation, and
the associated uncertainty on low resistance state programming. Therefore the pre-
sented work in this chapter provides a foundation and a generic analytical approach

in the design of future CRS based circuits and systems.

The next chapter presents the first memristor-based and CRS-based content address-
able memory implementations as one of the application of crossbar arrays using mem-

ristive devices.
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Associative Memory

IRCUITimplementation based on memristive devices has at-
tracted much of attention during the past few years. The aim
in this chapter is to present the first memristor-based content
addressable memory (MCAM) structure and also the first CRS-based CAM.
The CRS-based CAM can implement binary and/or ternary CAMs, for use
is as a part of a pattern matching system. The memristor-based designs are
compared with the conventional implementations and their advantages are

reported in this chapter.
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Chapter 8 Associative Memory

8.1 Introduction

Large-capacity Content Addressable Memory (CAM) is a key element in a wide vari-
ety of applications, e.g. pattern matching and recognition in particular. The inevitable
complexities of scaling of MOS transistors introduce a major challenge in the realisa-
tion of such systems. Convergence of disparate and significantly different technolo-
gies that are compatible with CMOS processing may allow extension of Moore’s Law
for a few more years. This chapter provides a new approach towards the design and
modelling of Memristor-based Content Addressable Memory (MCAM) using a combi-
nation of memristor and MOS devices to form the core of a memory (or compare logic)
cell that forms the building block of CAM architecture. The non-volatile characteristic
and the nanoscale geometry together with compatibility of the memristor with CMOS
processing technology increases the packing density, providing new approaches to-
ward power management through disabling CAM blocks without loss of stored data
resulting in reduced power dissipation. This approach also has the scope for speed

improvement as the technology matures.

In this chapter, Section 8.2 introduces a memristor-based content addressable memory
with different configurations and their simulations and analysis. Section 8.3 also intro-

duces a content addressable memory based on the complementary resistive switch.

8.2 Conventional CAM and MCAM structures

A content addressable memory illustrated in Figure 8.1 takes a search word and re-
turns the matching memory location. Such an approach can be considered as a map-
ping of the large space of the input search word to that of the smaller space of output
match location in a single clock cycle (Tyshchenko and Sheikholeslami 2008). There
are numerous applications including Translation Lookaside Buffers (TLB), image cod-
ing (Kumaki et al. 2007), classifiers to forward Internet Protocol (IP) packets in network
routers (Kim et al. 2009¢), etc. Inclusion of memristors in the architecture ensures that
data is retained if the power source is interrupted enabling new possibilities in system

design in terms of power failure recovery.
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Figure 8.1. Architecture for content addressable memories. Generic content addressable mem-
ory architecture for n x 1 NAND-type CAM cells. In this structure each data (D) and
search (S) bits share one common bus line (D/S) to reduce the interconnection complex-
ity. The architecture is based on the MCAM cell of Figure 8.4 (d) and the match-lines
(MLs) composed of nMOS pass transistors.

8.2.1 Conventional content addressable memory

To better appreciate some of the benefits of our proposed structure, a brief overview of
the conventional CAM cell using static random access memory (SRAM) is provided,
as shown in Figure 8.2 (a). The two inverters that form the latch use four transistors
including two p-type transistors that normally require more silicon area. Problems
such as relatively high leakage current particularly for nanoscale CMOS technology
(Verma and Chandrakasan 2008) and the need for inclusion of both Vpp and ground
lines in each cell bring further challenges for CAM designers in order to increase the
packing density and still maintain sensible power dissipation. Thus, to satisfy the
combination of ultra dense designs, low-power (low-leakage), and high-performance,

the SRAM cell is the focus of architectural design considerations.

For instance, one of the known problems of the conventional 6-T SRAM for ultra low-

power applications is its static noise margin (SNM) (Verma and Chandrakasan 2008).
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Fundamentally, the main technique used to design an ultra low-power memory is volt-
age scaling that brings CMOS operation down to the subthreshold regime. Verma and
Chandrakasan (2008) demonstrated that at very low supply voltages the static noise
margin for SRAM disappears due to process variation. To address the low SNM for
subthreshold supply voltage Verma and Chandrakasan (2008) proposed 8-T SRAM
cell shown in Figure 8.2 (b). This means, there is a need for a significant increase in

silicon area to reduce possible failure when the supply voltage is scaled down.

Failure is a major issue in designing ultra dense (high capacity) memories. Therefore,
a range of fault tolerance techniques are usually applied (Lu and Hsu 2006). As long
as the defect or failure is within the SRAM structure, a traditional approach such as
replication of memory cells can be implemented. Obviously it results in a large silicon

overhead area, which exacerbates the issue of power consumption.

Some of the specific CAM cells, for example, ternary content addressable memory
(TCAM) are normally used for the design of high-speed lookup-intensive applications
in network routers, such as packet forwarding and classification two SRAM cells, are
required. Thus, the dissipation brought about as the result of leakage becomes a ma-
jor design challenge in TCAMs (Mohan and Sachdev 2009). It should be noted that
the focus in this paper is to address the design of the store/compare core cell only,
leaving out details of CAM’s peripherals such as read /write drivers, encoder, Match-
Line (ML) sensing selective precharge, pipelining, ML segmentation, current saving

technique etc. (Pagiamtzis and Sheikholeslami 2006).

8.2.2 Generic memristor-nMOQOS circuit

Figure 8.3 shows the basic structure for a memristor-nMOS storage cell. For writing
a logic “1”, the memristor receives a positive bias to maintain an “ON” state. This
corresponds to the memristor being programmed as a logic “1”. To program a “0” a
reverse bias is applied to the memristor, which makes the memristor resistance high.

This corresponds to logic “0” being programmed.
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Figure 8.2.
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(b) Subthreshold 8-T SRAM Cell.

Conventional CAM cell structure and SRAM cell. Conventional CAM cell structure
and the design of a SRAM cell for ultra low-power applications. In (a) a conventional
10-T NOR-type CAM circuit is demonstrated. Usually, conventional NOR- or NAND-
type CAM cells have more than 9 transistors (Pagiamtzis and Sheikholeslami 2006). In
(a) and (b), RS, Rbit, WS, ML, bit, and -bit lines are read select, read bit-line, word

select, match-line, data, and complementary data signals.
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Figure 8.3. Memristor-nMOS cell and characteristics. Basic memristor-nMOS storage cell and
the timing diagram. (a) shows write mode part of the i-th cell in a row. (b) Basic
cell circuit without the match-line transistor. (c) “Low” resistance, Rpon;, programming.
Equivalent to logic “1". (d) “High" resistance, Rogr, programming. Equivalent to logic
‘0"

8.2.3 MCAM Cell

In this subsection, variations of MCAM cells as well as a brief architectural perspective
are introduced. The details of read /write operations and their timing issues are also
discussed in the next section. A CAM cell serves two basic functions: “bit storage” and
“bit comparison”. There are a variety of approaches in the design of basic cell such as
NOR based match-line, NAND based match-line, etc. This part of the thesis reviews
the properties of conventional SRAM-based CAM and provides a possible approach

for the design of content addressable memory based on the memristor.
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MCAM cell properties

Figure 8.4 illustrates several variations of the MCAM core whereby bit-storage is im-
plemented by memristors ME1 and ME2. Bit comparison is performed by either NOR
or alternatively NAND based logic as part of the match-line ML; circuitry. The match-
ing operation is equivalent to logical XORing of the search bit (5B) and stored bit (D).
The match-line (ML) transistors in the NOR-type cells can be considered as part of a
pull-down path of a pre-charged NOR gate connected at the end of each individual
ML, row. The NAND-type CAM functions in a similar manner forming the pull-down
of a pre-charged NAND gate. Although each of the selected cells in Figure 8.4 have
their relative merits, the approach in Figure 8.4 (c), where Data bits and Search bits
share a common bus is selected for detailed analysis. The structure of the 7-T NAND-
type, shown in Figure 8.4 (d), and the NOR-type are identical except for the position of
the ML transistor. In the NOR-type, ML makes a connection between shared ML and
ground while in the NAND-type, the ML transistors act as a series of switches between
the ML; and ML, ;.

8.2.4 Simulation results analysis and comparison

Generally, special algorithm is needed depending on the type of operation to be per-
formed, namely “WRITE” and “READ” operations. In this section, the “WRITE” and
“READ” operations of the basic MCAM cell for 7-T NOR-type are reported. In the
following simulations Rygrg = 100 (2 and Rygrs = 100 k(). Both the conventional CAM
and MCAM circuits have been implemented using Dongbu HiTech 0.18 ym technol-
ogy which needs 1.8 V nominal operating voltage for the CAM. The MCAM cell is
implemented using nMOS devices and memristors without the need for Vpp voltage
source. Using the above memristor parameters, satisfactory operation of the MCAM
cell is achieved at 3.0 V. We have referred to this voltage as the nominal voltage for
the MCAM cell. Furthermore, the initial state of the memristors (“ON”, “OFF”, or in

between) is determined by initial resistance, Rnr-

Write operation

At the write phase, the memristor ME1 is programmed based on the data bit on the

D line. The complementary data is also stored in ME2. During the write operation,
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Figure 8.4. MCAM circuits. Cell configurations of possible MCAM structures.

the select line is zero and an appropriate write voltage is applied on VL. The magni-
tude of this voltage is half of supply voltage. The pulse width is determined by the
time required for the memristor to change its state from logic “1” (Rygs) to logic “0”
(Rurs) or vice versa. Waveforms in Figure 8.5 illustrate the write operation. In this
case RiniT = 40 kQ) and the initial state is around x = 0.6, where x = w/L from Chap-
ter 3. The diagrams show two write operations, for both when D is “1” and when it
is “0”. By applying Vpp/2 to VL line, there will be a —Vpp /2 potential voltage across

the memristor ME2 and Vpp — Vi, m1 across the memristor MEL.

The highlighted area in Figure 8.5 (b) shows the difference in the write operation be-
tween ME1 and ME2. When D = 0 and D = Vpp, there is a threshold voltage (Vy,) drop
at the SB node. Thus, the potential voltage across the memristor will be Vpp /2 — Vi mo-
At the same time, —Vpp /2 is the voltage across the ME1, so the change in state in ME1

occurs faster than memristor ME2. The time for a state change is approximately 75 ns
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for ME1 and 220 ns for ME2. Therefore, 145 ns delay is imposed because of the volt-
age drop across ME2. Figure 8.5 (b) present simulation results carried out using a

behavioural SPICE macro-model.
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(a) Data (D) and Word Select (WS) signals. WS pulse width is 1.2 us.
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(b) Write enable, VL, and memristors state, xy(g; and xygp, signals.

Figure 8.5. MCAM write simulation. Write operation timing diagram. The highlighted area in
(b) shows the minimum time for writing, which is the maximum for both memristors,
around 220 ns. In (b) xpE1 and xygp are dimensionless parameters and both are varying
between 0 and 1. The rational for showing VL and xymg1 and xyvgp together is that V0L

acts as a trigger for the state variables. VL0yctive = 1.5 V (Vpp/2) for write operation.

Read operation

Let us assume that ME1 and ME2 were programmed as a logic “1” and logic “0”, re-
spectively. Therefore, ME1 and ME2 are in the “ON” and “OFF” states and RiNttmE1 =
200 2 and Rinitme2 = 99 kQ). In this case, the search line, S, is activated first. At the
same time search select signal, SS, is activated to turn on the two select transistors, M5
and M6. The word select (WS) is disabled during the read operation. Figure 8.6 shows
the waveforms for a complete read cycle. Read operation requires higher voltage for
a short period of time. The VL pulse width (PW) for read operation is 12 ns as illus-
trated in Figure 8.6 (b) which is the “minimum” pulse width necessary to retain the

memristor’s state.
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For matching “1” (when S=Vpp), the sequence of operations are as follows: (i) match-

line, ML, is pre-charged, (ii) SS is activated, and (iii) VL is enabled as is shown in

Figure 8.6 (a)-(c). A logic “1” is transferred to the bit-match node, which discharges

the match-line, ML;, through transistor ML. At this point x);g; commences to decrease

its state from 1 to 0.84, and xpgp increases its state from 0 to 0.05. Thus, there is a

match between stored data and search data. The following read operation for S="0"

follows a similar pattern as shown in Figure 8.6 (c). The simulation results confirm the

functionality of proposed MCAM circuitry.
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Figure 8.6. MCAM read simulation. Read operation timing diagram: (a) Search signal (S). For

matching “1” S=Vpp and for matching “0" S=0, (b) Search select (SS) and read
enable (VL) signals. VLactive =3.0 V (Vpp), (c) Bit-match, read, and match-line (ML)
signals. Read=ML, (d) ME1 and ME2 state variable signals. In (b) and (c), R1, R2,
P1, and P2 represent two read and match-line pre-charge phases, respectively. The final
(stable) values for xy\E1 and xygp after two read operations are around 0.7 and 0.09.

The difference between xyg1 and xpgp, in terms of time is also shown in (d).
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8.2.5 Simulation results analysis

Table 8.1 provides a comparison between the various MCAM cells that are proposed
in Figure 8.4. It is worth noting that these simulations are based on a single cell. There-
fore there are no differences in characteristics between 7-T NAND and 7-T NOR cells.
The difference in minimum VL pulse width for read operation (VLyin pwRr), between
different MCAM cells, is relatively significant and is brought about as the result of
pass-transistors in the path from search line to the bit-match node. One important
issue in the design of MCAM cells is endurance. For instance, DRAM cells must be
refreshed at least every 16 ms, which corresponds to at least 101” write cycles in their
life cycle (Lewis and Lee 2009). Analysing a WRITE operation followed by two serial
read operations shows that 5-T, 6-T, and 7-T NOR/NAND cells deliver a promising
result. After two serial read operations the memristor state values for xy; and xyvpn
are, 0.74 and 0.06, and 0.71 and 0.09, for 5-T, 6-T, and 7-T NOR/NAND cell, respec-
tively. The overall conclusion from the simulation results shows that in terms of speed,
the 6-T NOR-type MCAM cell has improved in performance, but it uses separate Data
and Search lines. The 7-T NOR/NAND cell shares the same line for Data and Search
inputs. However, it is slightly slower VLpyin pwr = 12 ns, while the voltage swing on
the match-line is reduced by a threshold voltage (Vy,) drop. In Table 8.1, PW,W and
PW,R stand for Pulse Width for WRITE and READ operations, respectively.

Power analysis

A behavioural model was used to estimate the peak, average, and RMS power dissi-
pation of an MCAM cell compared to the conventional SRAM-based cell showing in
Figure 8.2. The power consumption is the sum of the static and dynamic power dis-
sipations. A reduction of around 96% in average power consumption of the MCAM
cell was archived. This is also practically feasible with a very low RESET switching
current (10-100 nA) devices, as reported in Raghavan et al. (2011), and Ahn et al. (2008).
The maximum power dissipation reduction is also better than 74% for the memristor-
based structure. The Root Mean Square (RMS) value of current, which is sunk from the
supply rail for the MCAM, is around 47 puA less than the conventional SRAM-based

circuitry, which also shows more than 95% reduction in sink current.
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8.2.6 A 2 x2 MCAM structure verification

Figure 8.7 presents an implementation of a 2 x 2 structure whereby the 7-T NAND-
type (Figure 8.4 (d)) was used. As stated before, for the NOR-type, ML makes a con-
nection between shared ML and ground while in the NAND-type, the ML transistors
act as a series of switches between the MLt and ground. The ML; and ML; match
signals, illustrated in Figure 8.7 (a), are these MLy signals. The cells are initially pro-
grammed to be “0” or “1” and the search bit vector is “10”. The first row cells are pro-
grammed “10”. As a consequence, ML, is discharged since there is a match between
the stored and search bit vectors. Figure 8.7 (c) and (d) demonstrate the ML; and ML,
outputs, respectively. Basically, using the ML transistors as an array of pass-transistors
in a NAND-type structure imposes a significant delay, but using the proposed MCAM

cells, the timing information shows a small delay of matching process is around 12 ns.

8.2.7 Physical layout

Layout of conventional 10-T NOR-type CAM and 7-T NOR-type MCAM cells are
shown in Figure 8.8. The MCAM cell dimension are of 4.8 x 4.36 um?, while the di-
mensions for the conventional SRAM-based cell is 6.0 x 6.5 ymz. Thus, the reduction
in silicon area is in the order of 46%. The 2 x 2 structure also shows over a 46% area
reduction. The two memristors, shown in highlighted regions of Figure 8.8 (b), were

implemented between metal-3 and metal-4 layers as part of CMOS post processing.

8.3 CRS-based B/TCAM

This section presents a novel resistive-only Binary and Ternary Content Address-
able Memory (B/TCAM) cell that consists of two Complementary Resistive Switches
(CRSs), based on CRS model, presented in Section 5.6. The current section introduces
two read-out method, namely logic—logic and logic—ON state transitions. The op-
eration of such a CRS-based B/TCAM cell relies on a logic—ON state transition that
enables this novel CRS application for future pattern matching and recognition sys-
tems. The nanometer scale, high scalability (along the third dimension), and relatively

more robust functionality of the CRS cell compare to classic RRAM devices, pave the
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Figure 8.7. Small array of MCAM cells. A 2 x 2 MCAM structure: (a) 2 x 2 architecture and

its layout implementation in (b) that shows over a 46% area reduction compare to

a conventional implementation. (c) lllustrates ML; signal and (d) shows ML; signal.

The search data (“10") is matched with the first row stored information so the ML; =0

shows the search data is matched with row; and ML, =1 shows the data is not matched

with the stored information in the second row.
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D/S DB/SB Memristor

(a) Conventional 10-T NOR-type CAM cell. (b) 7-T, 2-M NOR-type MCAM cell.

Figure 8.8. Layout implementations of memristor-based and SRAM-based CAM cells. Layout
implementation (a) conventional SRAM-based and (b) proposed MCAM cells. In (a)
Vpp line is required. In (b), highlighted regions show the two memristors in the upper

layer.

way for high-density RRAM structures. Due to the fact that the ON and OFF resis-
tances of a device can be identified through material engineering, the leakage problem
(voltage drop along an addressed line) can be significantly mitigated by increasing LRS
resistance, Ry rs as was addressed analytically in Chapter 7. According to the analyti-
cal analysis in Chapter 7, implementing such array is practically feasible if memristor
devices provide sufficiently large Ryrs. The content here is an application of ‘mate-
rial implication” logic which is explained in Section 8.3.2. The application of ‘material

implication” for Boolean logic implementation is discussed in Chapter 9.

8.3.1 Memristive arrays and scalability

Scalability (2D and 3D) of CRS-based crossbar memory array can be significantly in-
creased by having a forming free device. Such devices quite popular for digital type
RRAMs (Linn et al. 2010). A Rgrs/Rigs = 10° results in 5000 x 5000 CRS array which
is quite promising outlook for realising a Tera-bit memory (Kavehei et al. 2011a). A
study by Strukov and Likharev (2007) shows that even if 3% of devices in a crossbar
memory array are faulty a 2 Tbit-cm 2 density at 10 ns access time can be achieved.

Defect tolerant mechanism is out of the scope of this research, but it can be addressed
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using conventional codes, e.g. Error Correcting Code (ECC), Reed-Solomon, and
Bose-Chaudhuri-Hocquenghem (BCH) codes (Roberts 2011). That analytical analy-
sis also shows if 3% of the total devices are faulty, the density of crossbar memory,
can be 6 times more than the density of ideal CMOS array, for Fcpmos/ Frano = 3.3 even
when considering CMOS feature size, Fcpios, as advance as 32 nm and access time of
10 ns. The study shows that the crossbar superiority will be significantly increased as
Femos/ Frano increases. Therefore, introducing a memory cell using a crosspoint struc-
ture is an important contribution particularly when it uses a device which creates a

new viewpoint for digital storage.

8.3.2 CRS read-out methods and material implication

Following the discussions in Section 5.6, CRS’s structure is similar to a memistor (note
the missing “r”) (Widrow 1960, Thakoor et al. 1990, Xia et al. 2011a). A (digital) CRS
uses a combination of a High Resistance State (HRS) and a Low Resistance State (LRS)
to encode logic “0” and logic “1”. Consequently, the overall resistance of such device is
always around HRS, resulting in a significant reduction in the parasitic current paths
through neighbouring devices. Figure 8.9 summaries the CRS states. If p and g indicate
resistances of the memristors M1 and M2, respectively, four different states can be ob-
served. For example, p/q <-L/H indicates that LRS is written in p (memristor M1) and
HRS in g (memristor M2). Two transitions are possible: logic—logic and logic—ON.
The first transition indicates a change from L/H (“1”) to H/L (“0”) or vice versa, where
L and H represent LRS and HRS states for memristors. Combinations L/H and H/L
for p and q represent logic “1” and logic “0”, respectively. Note that the H/H state only
occurs once in a “fresh” device. According to Figure 5.11 (c) any transition between the
states occurs if the applied voltage exceed, the SET thresholds, Vi, 51 or Vi, 5 and the
device’s initial state supports the transition. Possible state transitions are shown in Ta-
ble 8.2, where p’ /g’ shows the next state, p/q illustrates the initial state, and output
is a current pulse or spike. These outputs enable us to have two different read-out
mechanisms, logic—+ON or logic—logic. Considering the input-output relation, it is
clear that CRS acts as a (Mealy) Finite State Machine (FSM) as has been experimentally
demonstrated by Rosezin et al. (2011).

Conditional transitions between logical or non-logical states, as shown in Table 8.2

for the CRS, can be defined through material implication logic, IMP. It has been proven
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M1
M2

Figure 8.9. CRS device possible state configuration. CRS device structure and logical definition
of each combination. A demonstration of all the operational states. Figure 5.11 (c)

illustrates the crossbar view, and CRS functionality.

that the implication and FALSE operation are a complete set for logical operations
(Borghetti et al. 2010, Rosezin et al. 2011). This logical operation results in a change of
g depending on the state of p (or vise versa), known as p IMP g, ‘p implies g or ‘if
p then g’. Therefore, p NIMP g represent ‘p not imply g’, Table 8.2 (i), for example,
represents g <—H and we say the conditions (initial p/g and AV) not implies g. A full
description of material implication logic is given in Borghetti et al. (2010), Bickerstaff
and Swartzlander (2011), Kim et al. (2011c), Lehtonen et al. (2010), Xia et al. (2011a),
and Kvatinsky et al. (2011), and from a new perspective for Ovonic devices in Ovshin-
sky (2011), however, this is the first application of NIMP operation that is shown here
for a CRS device (Kavehei et al. 2011b, Kavehei et al. 2011c). There is some criticism
around the CRS device operation which is mainly about the destructive read-out prop-
erty and mimicking the behaviour of Goto pairs'® (Rose and Manem 2010, Strukov and
Likharev 2011). Although, the CRS structure might look like the Goto pairs, the middle
electrode (shown in Figure 5.11 (a) with ME) must not be connected to any other cross-
point, which a big advantage for this device as having the middle electrode connected
result in new parasitic current paths as it is the case with the structures proposed by
Chen et al. (2011) and Shin et al. (2011b). Therefore, there is no meaningful difference
between a memristive array and a complementary array in the available (CRS) form.
For example, if a memristor array creates odd number (> 3) of elements in each sneak

path, using the middle electrode results in an even number of elements (> 2) in each

18Goto pairs are known as a replacement for transistors (Kuekes et al. 2005). A two-terminal latching
switch which is ran into several problems, e.g. retention time and switching speed. Relatively high
switching speed in order to compete with the advanced MOS devices and relatively long retention in

order to complete computing, e.g. ideally years or in some cases a few hours (Likharev and Strukov
2005).
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Table 8.2. CRS states. State transitions in a CRS.

p/q AV =V, — Vi p'/q | Output
i) | "1" | Vinst <AV <Vipri | ON pulse
i) | "1 Vinrt < AV “0" | spike
i) | 0" | Vihre <AV <Vips | ON pulse
iv) | “0" AV < Vinro “1” spike
v) | ON Vinrt < AV “0" -
vi) | ON AV < Vinro “1” -

sneak path, hence reduced memory performance in terms of power consumption and

functionality.

The transition from L/H (“1”) to H/L (“0”) or vice versa needs a high applied voltage
(> Vinreser) that result in a current spike. While a logic—+ON transition requires a
voltage that lies between the SET and the RESET thresholds. These transitions condi-

tionally occur depending on the device initial state and the polarity of applied voltage.

8.3.3 Proposed CRS-based CAM cell

The proposed structure functionality is similar to the other CAM cells. Here, how-
ever, it is compatible with the (four-dimensional) CMOL (CMOS MOLecular scale de-
vices) architecture that is described in Strukov and Williams (2009b) and as its unique
feature, it contains CRS devices that are stacked on top of the silicon substrate. Fig-
ure 8.10 summarises the idea. The grey and white modules in Figure 8.10 (a) rep-
resent the CMOS domain and the nano domain implementations, respectively. The
red (rectangular) and blue (circle) dots correspond to via connections from the CMOS
domain to the nano domain. The implementation is compatible with the CMOL archi-
tecture using a Field Programmable Gate Array (FPGA) type structure (Strukov and
Williams 2009b, Strukov and Likharev 2007). The trade-off analysis between system
performance and system partitioning using CMOS and the nano domain is beyond the
scope of this research. Nonetheless, each cell represents a CAM cell that is entirely
implemented in the nano domain. This is one of the differences between the proposed
structure and other non-volatile CAM structures that basically rely on floating-gate
transistors. Figure 8.10 (b) illustrates the CAM cell structure that works for binary
CAM and a more flexible type, ternary CAM, applications. For simplicity, the dot
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colours are chosen to be identical with the via colours in Strukov and Likharev (2007).
It has to be stated that connecting the middle electrode (the black line in the CRS sym-
bol) is not allowed because it, firstly, creates new sneak-path currents and, secondly,
affects the expected functionality of the proposed CRS devices. Although the CAM

functionality is observed, the readout mechanism is destructive.

Figure 8.10 (c) demonstrates the cell functionality. Possible combinations are shown in
Figure 8.10 (c) (i) to (v). If the stored data (D) in the complementary cell (consisting
of D and D) is “1” and it is matched with the complementary select lines (SL and SL)
during the evaluation phase (active En), no path is between the pre-charged ML and
SLs. Likewise, if D = SL ="0”, ML remains charged (for D and SL vectors all the
elements must be matched). The only possibility to discharge ML is the in situation
that has been defined as logic—ON implication. This situation can only happen either
when D ="1” and SL ="0” or D =”0” and SL ="1”. This path is shown with the
dashed red arrows and the corresponding ON state device is also highlighted. Either
of the combinations indicates a mismatched situation a voltage drop occurs on the
corresponding ML. Details of the crossbar design and applied voltages are described
in Kavehei et al. (2011a).

The proposed cell can handle TCAM operation, if a protocol for storing “don’t care”

(X) bits can be approved. The total CAM capacity can be calculated through

MCCAM:(mxn)-h/Z, (81)

where m and n identify the array size, I indicates the number of layers and the ap-
pearance of 2 is due to the fact that we need complementary cells. Apart from the
very high density capability of the proposed CAM cell, A 64 x 8 CAM is simulated
and its function is confirmed. In this implementation 16 select lines and 64 match-lines
are required. Figure 8.11 illustrates simulation inputs and results. The stored memory
pattern and the search stream are randomly generated and shown in Figure 8.11 (a)
and (b). For simplicity, in the presentation, we intentionally addressed only one (the
1%') match-line, therefore, the expectation is to see ML; remains unchanged while all
other match-lines are dropped. The voltage drop must be detectable by the sense am-
plifier (SA) chain (Kavehei et al. 2011a). Nano-wire parasitic resistors are also taken

into account as reported in Chapter 7.
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compatible with CMOL architecture. The blue and red via contacts between the CMOL

type array and CRS-based array highlights this compatibility. The logical operation of
the B/TCAM cell is shown in (c¢). ML =C and d demonstrate charged and discharged

ML, respectively.

Page 161



8.3 CRS-based B/TCAM

Figures 8.11 (c) and (e) illustrate matched (solid line) and mismatched (dashed lines)
MLs and the evaluation signals, En (dashed line with circle symbols). The only match-
line that remains unchanged after activating the enable is the red one. The voltage
drop right after activating En occurs due to the fact that each ML acts as the middle
node of a voltage divider with an effective pull-up and pull-down resistors. There-
fore, another advantage of CRS-based CAM is that the pull-down resistors are initially
Ryrs, whereas a memristor-based array is highly pattern dependent. One issue with
the design of a CRS-based CAM is the reverse leakage. In this case, leaked currents
through matched MLs and mismatched MLs pull-up the voltage on mismatched MLs.

This problem can be addressed using a feedback mechanism from MLs to SLs.

Figure 8.11 (d) demonstrates resistances of two CRS devices, with stored logic “0” or
“1” (dashed line) and ON states (solid line). In the mismatched cells a logic—ON
transition is observed. The ON resistance of a CRS device is equivalent to 2Ry rs. The
outputs then feed into an array of SAs through the red via connections. The design of
these Sense Amplifiers (SAs) requires a detail analysis of the array output for finding

optimum values for crossbar memory parameters (Kavehei et al. 2011a).

Increasing access time and decreasing energy dissipation of B/TCAMSs are two trends
that have been aggressively pursued. Although, comparing today’s mature or ad-
vanced technologies with the emerging technologies is not quite fair, a switching speed
and energy analysis of fabricated devices in Kavehei et al. (2011a), and Borghetti et al.
(2010) illustrates that applying higher voltage pulses exponentially increases the
switching speed and it reduces overall energy dissipation. It is also observed that more
than 80% of the total power is consumed by the nanowires, while the device itself con-
sumes 10-100 pJ dynamic energy (30 ns switching time) (Borghetti et al. 2010), which is
not an outstanding result compared to low-power B/TCAMs. Resistive memories and
in particular, CRS devices, present a relatively robust operation, non-volatile memory,
high scalability, and small switching time, while maintaining a relatively low switch-
ing energy, which make such device a serious alternative to the conventional CMOS
technology (Linn et al. 2010, Kavehei et al. 2011a, Rosezin et al. 2011). In addition, as
the CRS technology matures and the advanced transistor technologies continue to face
more challenges, the combination of these two technologies will result in significantly

more efficient and denser designs (Strukov and Likharev 2007).
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— M I-matched
M I-mis-matched

Figure 8.11. Simulation of a 64 x 8 CRS-based B/TCAM . CRS-based CAM simulation results
(using Cadence Spectre). The stored and input patterns are shown in (a) and (b),
respectively. (c) demonstrates matched and mismatched MLs and the evaluation, En,
signal. The yellow region highlights a pre-charge step. (e) demonstrates a more clear
picture of (c). Approximately, 80 pus for the worst-case ML to reaches the minimum
detectable AV. (d) lllustrates two resistor samples (logic -either “0” or “1"- and ON

states).

8.4 Conclusions and future work

The idea of a circuit element, which relates the charge g and the magnetic flux ® realis-
able only at the nanoscale with the ability to remember the past history of charge flow,
creates interesting approaches in future CAM-based architectures as we approach the
domain of multi-technology hyperintegration where optimization of disparate tech-
nologies becomes the new challenge. The scaling of CMOS technology is challenging
below 10 nm and thus nanoscale features of the memristor can be significantly ex-

ploited. The memristor is thus a strong candidate for tera-bit memory/compare logic.
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The non-volatile characteristic and nanoscale geometry of the memristor together with
its compatibility with CMOS process technology increases the memory cell packing
density, reduces power dissipation and provides for new approaches towards power
reduction and management through disabling blocks of MCAM cells without loss of
stored data. The simulation results show that the MCAM approach provides a 45%
reduction in silicon area when compared with the SRAM equivalent cell. The Read
operation of the MCAM ranges between 5 ns to 12 ns, for various implementations,

and is comparable with current SRAM and DRAM approaches.

Simulation results indicate a reduction of some 96% in average power dissipation
with the MCAM cell. The maximum power reduction is over 74% for the memristor-
based structure. The RMS value of current sunk from the supply rail for the MCAM
is also approximately 47 pA, which correspond to over a 95% reduction when com-
pared to SRAM-based circuitry. To the best of our knowledge this is the first power
consumption analysis of a memristor-based structure that has been presented using a
behavioural modelling approach. As the technology is better understood and matures

further improvements in performance can be expected.

Besides memory applications, memristors have shown a promising outlook for ana-
logue and digital computing. This topic is discussed in the next chapter where this
application is explored in forms of ‘analogue memristor” and ‘digital memristor” as
well as limitations of the fabricated memristor device in addressing a reliable ana-
logue computing. The next chapter also discusses application of memristive devices in
neuromorphic computing and its extension to a basic simulation of learning process in

memristor networks.
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HE classical von Neumann machine suffers from a large sequen-
tial (fetch-execute-store cycle) processing overload due to the ex-
istence of the data bus between memory and logic. Neuromorphic
engineering introduces a more efficient (event driven) implementation but
not necessarily low-power. Software techniques are power hungry and
traditionally there is no low-power hardware device (switch) to provide
tighter coupling between memory and logic. The memristor is an emerging
technology that combines non-volatile memory and in-situ computational
characteristics in one device promising an entirely new computer architec-

ture.
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Chapter 9 Computing with Memristive Devices

9.1 Introduction

This chapter presents new computational building blocks based on memristive de-
vices. These blocks, can be used to implement either supervised or unsupervised
learning modules. This is achieved using a crosspoint architecture, which is an effi-
cient array implementation for nanoscale two-terminal memristive devices. Based on
these blocks and an experimentally verified SPICE macromodel for the memristor, it
is demonstrated that firstly, a Spike-Timing-Dependent Plasticity (STDP)-like circuits
can be implemented by a single memristor device and secondly, a memristor-based
competitive Hebbian learning through STDP using a 1 x 1000 synaptic network. This
is achieved by adjusting the memristor’s conductance values (weights) as a function of
the timing difference between presynaptic and postsynaptic spikes. These implemen-
tations have a number of shortcomings due to the memristor’s characteristics such as
memory decay, highly nonlinear switching behaviour as a function of applied volt-
age/current, and functional uniformity. These shortcomings of the analogue approach
can be addressed by utilising a digital approach that can be used for biomimetic com-
putation approach. The digital implementations in this chapter use in-situ computa-
tional capability of the memristor that is used in a similar way to CAM cells implemen-

tation in Chapter 8.

In this chapter, Section 9.2 describes in-situ computing capability of the memristive
devices. This section proposes a novel way of carrying out logical operations using
CRS devices and simulation results. The method that is applied to a simple struc-
ture in order to express its flexibility in implementing different logic gates. Section
9.3 presents a memristor-based building block for analogue computing, which is a
multiply-accumulation circuit (MAC), and its simulation results. This section also
presents experimental results to highlights multiple stable state programming, sharp
switching characteristics, memristor-based STDP (mSTDP) implementation, and learn-
ing capability of a memristor network using 1000 pre-synaptic neurons and 1 post-

synaptic neuron.
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9.2 Digital in-situ computing

9.2.1 CRS-based logical operations

Here, CRS-based logical operation and a logic—ON transition dependent PLA (pro-
grammable logic array), which is explained in Chapter 8, are introduced. The pre-
sented approach relies on crossbar memory array structure discussed in Chapter 7.
This is achieved by charging the bit-line in a crossbar, then applying inputs to its word
lines. The inherent implication property of the device causes a change under certain
conditions that has been already discussed in Subsection 8.3.2. Rosezin et al. (2011) pro-
posed AND and NOR operations using the logic—logic transition and current spike
read-out process. This method is very dependent on the current spike as a result of
the transient ON state between two logic states. In their implementation, two combi-
nations have been evaluated out of two possible combinations for two CRS devices.
Assume voltage, AV, is applied across a CRS device that is exceeded its RESET thresh-
old, in this situation this device changes its stored logic, D, if D is a certain logic de-
pends on the signature of AV. Furthermore, if two CRS devices are connected together,
that intermediate point can be connected to either ground or power supply to generate
NOR/AND gate. That is the reason that no more possible state can be assumed using

such approach.

Here two comprehensive forms of building logical gates are introduced. The first form,
allows storing one or more inputs as device state and the second method does not.
Figure 9.1 illustrates how CRS works as an implementation of a not implication, NIMP,
operation and how NAND and OR operations can be implemented using a single CRS
device. A better description of NIMP operation can be found in Section 8.3.2. Figure 9.1
(a)-(d) are well explained in the figure’s caption and their operations are also described.
Figure 9.1 (e) and (f) follow similar phenomenon but in a form of a PLA. The proposed
approach relies having a logic—ON transition in the OR-plane whenever an output
product term is addressed. From the NIMP operation, it is clear that if the applied
inputs are part of the output product terms, that bit-line does not discharge so there
will be enough voltage across the output CRS device with stored logic “1” (green) to

turn to ON and conduct significantly more current to charge the output load.

Here we applied Vpy = 2.8 V and V,q =0V, so we used 0.25 ym CMOS transistors in

our CMOS domain. Therefore, equivalent input voltage for logics “1” is 2.8 V and for
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Figure 9.1. CRS-based logic gates and PLA structures. CRS-based logic gate structures. (a) D

represents stored data, X is an input, and Rpy is pull-up resistor. The output is initially
charged and it is discharged depends on D and X. (b) Shows how a “not implication”,
NIMP, can be implemented. Here g’ <~ D NIMP X. (c) Two inputs NAND gate is
implemented by storing one input as device state and another one as an actual input.
Here, complementary signal of X is applied to the device. (d) Similar to NAND but
complementary of D stored in the CRS and X is applied as an input. Therefore, an OR
operation is implemented, simply by a single CRS device. It is clear that the presented
operations are sequential and they requires one (or several) initialisation, which is an
inherent limitation of Boolean logic operations reported in Rosezin et al. (2011), and
Borghetti et al. (2010). Pull-up (charge) voltage is enough to push a device to its
ON state and not writing a logic, Vg < Vpu < Vir. NOT function can also be
implemented using a single CRS if D stores (the data) A and X =0, F = A. (e) and
(d) are PLA implementations of the two logic gates. Here, the complementary output
signals, AND and NOR are removed. The yellow colour highlights the OR-plane and

the rest of the crossbar represents the AND-plane.
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logics “0” is 0 V. Both, the pull-up and pull-down resistors, Ry, and Rpq, are both equal
to Rirsy/2(r + 1), where r = Ryrs/ Rirs (Kavehei et al. 2011a). The used peripheral
CMOS circuitries can be found in Qureshi et al. (2011), and it is briefly highlighted in

Fig. 9.2. The sense amplifier was designed for voltage sensitivity of more than 100 mV.

NOTE:
This figure is included on page 170 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 9.2. Peripheral CMOS circuitries for multiplexing. CMQOS switches and multiplexers to
control and apply READ and WRITE modes. Adapted from Qureshi et al. (2011).

Assuming we have two inputs, X; and X5, and two CRS devices, Dy and D,, connected
to these inputs and a charged bit-line. A number of functions can be implemented by
writing F = D1 - Xj + Dy - Xp, hence, F=D; - Dy + Dy - X5 + Dy - X1 + X1 - Xp. The first
term, D; - D,, indicates that if both CRSs store “0” TRUE (F = 1) is implemented. Some
other functions that are implemented using this configuration are shown in Table 9.1.
In Section 8.3.3, a demonstration of a CRS-based content addressable memory based on
the XOR/XNOR function was shown, which is basically an XNOR (XOR) implemen-

tation in Table 9.1. Figure 9.3 (a) illustrates simulation of a two input NAND function.
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Table 9.1. CRS-based logic gates. CRS-based logic implementation with two inputs and two CRS
devices, F=D;-Dy, +Dy-Xo + D, - X1 + X1 - X».

Dy | Dy | Xq | Xp Function
A|A| 0| B | A-B(AND)
A| A| 0| B | A+B(NOR)
A| A| B | B | A®B (XOR)
A| A| B | B | A®B (XNOR)

The most significant advantage of this method is that the initialisation step (step 1) is
that the data is written into CRS arrays and not represented by a simple refresh cycle,

as it is shown in Figure 9.3 (b).

9.3 Analogue memory and computing

9.3.1 Memristor device characteristics for analogue computing

According to Eq. (5.1) in Chapter 5, memristor device characteristics can be defined

using a system of two equations,

{ I=g(w,V) -V ©.1)

= flw,V),

where w is a physical variable indicating the internal memristor state that in theory
can have a value between 0 and L (0 < w < L), where L is the thickness of a thin-
film metal-oxide (memristive) material sandwiched between two metallic electrodes,
and I and V represent current and voltage, respectively. The g(-) function represents
the memristor’s conductance. The state variable can be expressed using a normalised
form x =1 — w/L. In this case, w — 0 or moving towards higher conductances can be
expressed as x — 1 and w — L or moving towards lower conductances can be shown as
x — 0. Eq. (9.1) shows that the output of the system (here I), at a given time, depends on
wand V. State transition conditions are also explained by the function f(-). To measure
this function, several time-domain experiments for I and V are required. According to
our measurements, a sinh(-) like behaviour plus an additional term can be used to

explain the dynamics of the device.
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Figure 9.3. Two sample gate simulations for CRS-based logic. CRS-based logic gate simula-
tions. (a) A 2-input NAND gate (Figure 9.1 (c)) simulation. In this style, we are allowed
to store one input as the CRS state. (b) A 3-input XOR (SUM) function, implemented
in a PLA structure. In both cases, (a) and (b), dashed red line show worst-case low
and high output voltages that are sent to the sense amplifiers. Due to limited space,
complementary output signals of the XNOR are not shown. Initialisation in (b) means,
the array should be initialised before the next logical operation and this is the main
reason that the first approach (in (a)) is by far more efficient implementation in terms

of both hardware and number of steps. No initialisation is required in (a), because

'writing D' effectively means writing one of the inputs into the device.
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The sinh(-) term defines the dependency of velocity, dw/dt, to the effective applied
electric field that has been described as an ionic crystal behaviour in an external elec-
tric field (Mott and Gurney 1964), as discussed in Section 5.6. The additional term
highlights the dependency of conductance, G, on previous conductance, G;_1. Intu-
itively, an exponential form function h(w) is used to define dw/dt as a function of w
based on Figure 3 in Pickett et al. (2009). The h(w) function then should be multiplied
by the sinh(-). The conductance behaviour as a function of w is also shown in Fig-
ure 2 of Kavehei et al. (2011d). Due to the asymmetric behaviour of w — 0 and w — L
(Pickett et al. 2009), we have used two different /1(w) definition to have a more accurate
switching properties (Pickett et al. 2009, Kavehei et al. 2011d).

The state variable equation then can be defined as

dw

S = h@)f(V) +d(w). 9.2)

This demonstration is similar to Eq. (5.13) and helps to easily extract the linear approx-
imation of the memristor model presented in Strukov ef al. (2008). The function d(w)
represents the decay term which can be weeks, months, or more. The decay term ap-
pears to be very similar to synaptic weight update (learning) rule (Snider 2011, Snider
2008b, Snider 2008a, Strukov 2011). The first term of Eq. (9.2), represents a voltage
dependent, highly nonlinear characteristics that makes high-speed digital computing
possible (Rosezin et al. 2011). This property originated from the fact that resistance
modulation inside the metal-oxide occurs via electron-ion interactions. This term cre-
ates a significant problem for learning applications in the current form and also limits
new opportunities for the future of biomimetic circuits and systems as these two re-
cent studies on the short-term and long-term memory transitions in a nanodevices
(Ohno et al. 2011, Chang et al. 2011).

This problem can be addressed by taking advantage of the high nonlinearity of the
memristor devices. As the nonlinear behaviour in the device produces a threshold-like
region that voltages below that threshold do not change the conductance. Considering
the fact that, memristor’s conductance, G, can be tuned by a series of pulses in voltage
form with appropriate pulse widths and a voltage around the threshold, obviously.
Applying a voltage around the threshold slightly changes x (or w) if it is maintained
for a few ps. It is observed that such voltage cannot change the device state if the
duration is around a few tens of nanoseconds. However, a slight increase in the applied

voltage increases the switching speed by several orders of magnitude, which makes
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nanosecond (digital) switching possible. Therefore, a series of few us pulses with an
appropriate pulse shape can be used to implement Hebbian learning rule (Zamarrefio-
Ramos et al. 2011).

9.3.2 Muti-stable state memory

Here we demonstrate such behaviour in Ag/TiO,/ITO experiment, which is an iden-
tification for existence of an ionic drift. Figure 9.4 illustrates the existence of the multi-
stable memory levels. The experiments carried out using a Keithley 4200-SCS. Trian-
gular input voltage was swept from 0 V to —0.9 V and vice versa. Current compliance
of 500 A was applied to avoid any damage to the device. At the end of each cycle

device was disconnected from inputs.

The most critical limitation of analogue memristor is its state decay. The problem is
once the analogue state is vanished, it is extremely hard, if not possible, to refresh it to
its previous state. Although many stable state can be observed, our measurements for
five conductance levels showed decay distribution ranging from a few hours up to a

few days. More measurements were not possible with our limited time.

Normalised Current

-0.8 -0.6 -0.4 -0.2 0
Voltage (V)
Figure 9.4. Multi-stable state memory existence in the memristor device. Memristor analogue
behaviour. Experimental result from Ag/TiO,/ITO memristor. Current values are
normalised to their maximum value (35 pA). Inset shows a device under test (DUT).

The red and the green areas highlight a memristor device.
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9.3.3 Existence of a threshold-like switching

The existence of a switching threshold in a TiO,-based memristor is demonstrated.
According to Chua’s definition (Chua 1971), memristor links electrical charge to flux,
¢, and ¢ = [Vdt. Therefore, the amount of flux passing through the device can be
controlled by V and/or time. So, low pulse widths should not change the conductance
if the voltage is lower than a certain value and small voltages similarly do not change
the conductance if the applied pulse width is not sufficient. The analysis started from
the amorphous (RESET) state and a crystallisation window created above 0.8 V and
100 ps. Figure 9.5 illustrates the results from a Pt/TiO, /Pt memristor. It is observed
that the area of crystallisation window decreases as Ryrs increases in different devices
(Kavehei et al. 2011d).

Normalised w

Weviiis -
10

05— ]
0.5
1 -4th 6
Voltage (y 14 1 pulse Wid

Figure 9.5. Sharp switching behaviour of the memristor. Existance of a switching threshold in

the memristor material. The pulse widths are from 10 us to 1 s.

9.3.4 Menristive, plasticity, and learning

The connection can be drawn between memristive devices and biological synaptic up-
date rule, known as STDP, that has been observed in the brain Jo et al. (2010). This
can be achieved by collecting data from a memristive device based on the time differ-
ence, At, between two signals, so called pre- and post-synaptic signals. The results are
shown in Figure 9.6 (a), which shows how the device under test (DUT) weight (resis-

tance) changes as a function of At. The intermediate states vanish after a certain decay
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duration whereas a significantly higher potentiation (x — 1) will be kept as a long term
memory. So, the existence of intermediate states decay helps in mimicking the long-
term potentiation and short-term plasticity (LTP and LTP) behaviour (Ohno et al. 2011).

The collected information is then used as stimuli for a network of 1 x 1000 memristors
are connected to one neuron being implemented and pre- and post-synaptic spikes
shape is the same as Zamarrefio-Ramos et al. (2011), implementing the competitive
Hebbian learning rule (Song et al. 2000). Initial states have been shown in Figure 9.6 (c)
are shown in red. Intentionally, a Gaussian distribution has been employed for the
memristors’ initial state values. After running the simulation for 35 minutes, the net-
work results in a population distribution of weights similar to a previously published
competitive Hebbian learning rules (Song et al. 2000). The additive and multiplicative
features of a memristive network strictly depends on the device and its nonlinearity
parameters. Figure 9.6 (b) demonstrates a Poissonian ISI distribution which is applied
to the array. To the best of the author knowledge, this is the first circuit demonstra-
tion a memristor-based array that shows an implementation of competitive Hebbian

learning rules (Kavehei et al. 2011b).

9.3.5 Programmable analogue circuits

Although neural plasticity plays an important role for adaptation and development,
networks with fixed synaptic weight pattern should be also studied. Therefore, one
of the challenges for this emerging technology is to integrate learning and unlearn-
ing hardware as part of a neural computational platform. Since memristors pos-
sess a threshold-like behaviour, usually low- or very low-voltage operations do not
change the memristor’s initial state. This fact helps developing programmable ana-
logue computing circuits (Pershin and Di Ventra 2010). There is also a similar design
in Mouttet (2009), however the design presents neither simulation nor experimental

results.

This section introduces the use of a memristive array for implementing a multiplica-
tion of inputs and the memristor’s internal state, w, which represents the memristor’s
conductance. Figure 9.7 (a) illustrates a single row of the array and Figure 9.7 (b) shows
its simulation results for two elements, M1 and M2, connected to two inputs, In; and

Iny. In this case, first a voltage pulse to M1 was applied to read its conductance, then a
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pulse to M2 for the same reason. When two voltage pulses are simultaneously applied

to M1 and M2, accumulation operation can be clearly observed.

(a) Nano domain
XY} YY) b an,- > W
i
ni In2 In3 Ini Inm

CMOS domain

| n

| (b)
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Figure 9.7. A memristor-based multiply-accumulate module for biomimetic applications.
Multiply-accumulate module. (a) Shows a single row of multiply elements (mem-
ristors), In; - w;. (b) Demonstrates simulation results for two memristors, M1 and
M2. In this simulation, memristor M2 programmed at x = 0.5, which is equivalent
to (Ruygrs + Rrrs)/2. Then memristor M1 changes its resistance from Rprs to Rygs
in three steps. Each step is a simulation that is shown with different colours. Blue
for Ryin = Rigs, green for Ry close to (Ryrs + Rirs)/2, and red for Ry close to

Ryrs. The summing amplifier can be replaced by any threshold module for different

applications.

9.4 Conclusion and future work

This chapter introduced basic functional blocks for analogue and digital computation
based on memristive devices. It is difficult to have a fair comparison between emerg-
ing and the conventional devices as the emerging technologies are at their early stages.
Moreover, architectural aspects for future computers seems to be dependent on the
concept of universal memory and computational capability of one individual device or

nano-system that is entirely different with the classical von Neumann computational
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framework. Therefore, introducing more compatible circuits and algorithms with these
futuristic technologies could play an important role. This work presented the existence
of ionic drift in the fabricated memristors. This chapter was also illustrated how the
memristor can be used to implement competitive Hebbian learning (additive STDP).
An analogue multiplication-accumulation circuit (MAC) was introduced that is able
to implement a low precision multiplication and addition. This circuit combines in-
herent non-volatile memory and dynamics of a memristor as a synapse. The problem
of state decay can be addressed by using a digital version of such learning system.
A complete implementation of such algorithm in digital domain is out of the scope
for this thesis. However, the concept of digital computing using a more robust mem-
ristive device, CRS, was explained and two methods for implementing logical blocks
were introduced. The next chapter concludes the thesis and summarises the original

contributions.
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ONCLUSION and outlook of the integration of resistance

switching materials into a hybrid CMOS/Nano structure and

ultimately in entirely passive nanocrossbar arrays are sum-
marised in this chapter. A common conclusion that can be found in
all publications on emerging and advanced device technologies is that
RRAM, CRS, Programmable Metallization Cell (PMC) or Conductive Bridg-
ing RAM (CBRAM), PCM, STT-MRAM, Ferromagnetic RAM (FeRAM),
graphene, Carbon Nano Tube (CNT), Single Electron Transistor (SET),
molecular two- or three-terminal device, organic switch, Resonant Tun-
nelling Devices (RTD), spin transistor, or any other emerging technology
will be limited as scaling rate cannot continue for ever. This fact and the in-
herent properties of memristors motivated the author to carry out research
on this emerging topic. According to the presented measurement and sim-
ulation results, this thesis has presented a comprehensive analysis of fun-
damental circuit and system blocks based on memristive devices that pave
the way for the future research in this area toward numerous new applica-
tions. This study mainly focused on the modelling and circuit applications
of crosspoint junctions as single memory elements and crossbar arrays as

the most promising architecture of the future memories.
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Chapter 10 Summary and Future Work

10.1 Part I—modelling and fabrication

Introducing the concept of resistance modulation index and an early SPICE macro-

model of memristive device: Chapters 2 and 3

Background: Among various memristor features, two key properties have attracted
significant attention. First, its non-volatile memory characteristic and, second, its nano-
meter scale dimensions. In the case of resistor and memristor the equations are similar
apart from the inclusion of an integral sign on both side of the equation for memristor.
For simplicity, this constant can be viewed as the parameter that permits the mem-
ristor to remember its “last resistance” it had, or in other words, the device’s new state
is strongly depend on the history of device states. In analogy to the early days of sil-
icon CMOS technology, modelling methodologies are evolutionary as the memristive
technology matures. Accordingly a deeper insight is gained by understanding of the
device operation, leading to the development of practical models that can be imple-

mented in current CAD tools.

Methodology: The modelling approach is based on the constitutive relationship be-
tween the charge and the flux. A direct consequence of the HP’s first model can be
the resistance modulation index which simply defines the changes of resistance as a
function of history of applied voltage at a given time. The early SPICE model imple-
ments the relationship between the history of current () and the history of voltage (P)
through a macro-model. In this model switching is modelled by switching between

two different resistances.

Result: The method has a moderate success. It has shown that the model meets the
requirements from Chua and Kang (1976) to be named a memristor model. It was also
tested in circuits with different passive circuit elements and has confirmed expecta-
tions. It has also simulated with an operational amplifier to implement a multi-time

constant integrator circuit.

Future work: Although, the model is working properly for digital applications, an
improvement to the proposed method is required to deal with the memristor’s non-
linearity that cannot be modelled accurately using such basic structure. The concept

of resistor-memristor (RM), capacitor-memristor (CM), inductor-memristor (LM), and
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resistor-inductor-capacitor-memristor (RLCM) circuits have been presented and well
defined mathematically by Lam (1972), however, there has been very little effort to-
ward releasing nanometer scale nonlinear networks containing memristors to exper-
imentally confirm those theoretical information. The sensitivity and stability of this
new class of networks cannot be directly gained from the conventional nonlinear net-
work analysis without memristor (Lam 1972). Therefore, the future work here can
be define as a comprehensive sensitivity and stability analysis of nonlinear networks

containing memristor, e.g. resistive (memristive) networks for early vision processing.

Original contribution: For the first time, the concept of resistance modulation in-
dex is introduced and SPICE simulation of CM and LM networks are carried out
(Kavehei et al. 2010). Fundamental switching characteristics of memristor is explained
and modelled using SPICE.
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Observation of memristive behaviour in the fabricated Ag/TiO,/ITO memristor:
Chapter 4

Background: Different materials can be used and hence different properties can
be achieved. This chapter introduces memristive materials and reviews the recent
progress in the Resistive Random Access Memory (RRAM) technology. The traditional
scaling scheme cannot maintain the progression of flash memories. It is observed that
for generations beyond 20 nm, flash’s endurance is significantly decreased due to the
phenomenal increase in leakage currents. Therefore, a technological shift is almost
inevitable and it is believed that RRAMs is one of the most promising emerging non-

volatile technologies.

Methodology: Due to the fact that it is assumed that the conduction mechanism of
Metal-Insulator-Metal (MIM) structure is based on the change in the distribution of
oxygen vacancies within the nano-layer memristive material and a coupled ionic and
electronic transport, the top electrode’s properties, e.g. electrode potential and work
function, play an important role during the switching process. The decision to use Ag
was made on the grounds of using another top electrode with a lower work function
(than Pt), which is more fabrication-friendly. As a result, it can be understood that any
material or combination of materials that has impact on the barrier height at the top

electrode-TiO; interface plays a key role in the shape and uniformity of switching.

Result: The fabricated devices have exhibited bipolar ON and OFF switching as well
as multi-stable state behaviour. It is observed that decay does not seem to be a big
problem for digital application of such memory devices, whereas functional unifor-
mity does create the main source of issue. According to the bipolar behaviour of the
device and also memristive fundamentals, intuitively (see Figure 4 (b) in Kim et al.
(2011d)), asymmetric applied voltages in this case (or asymmetric applied pulse width)
should improve the switching uniformity for digital applications. It has been observed
that such understanding from memristor’s fundamentals helps in improving switch-

ing behaviour of the devices under test.

Future work: The selection of a new material set and using their different properties
have strong impact on the functionality of nanometer scale devices. A fairly straight-

forward future direction is device optimisation based on the previous understanding
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and the available knowledge about materials. fabrication-friendly, high oxidation re-
sistance, and high work function are only three properties that a top electrode is ex-
pected to have. These properties is very much like gate metal’s properties of the ad-
vanced MOS transistors, e.g. titanium aluminium nitride (TiAIN) and titanium ni-
tride (TiN) coatings. Application of these materials as electrodes is not well explored
(Akinaga and Shima 2010). On the other hand, the barrier height at the top electrode
and resistance (memristive) material interface depends oxygen vacancy concentration
in the memristive material. At the same time, the metal oxide material should prov-
ide a simple and fabrication-friendly process, high ionic conductivity, high Schottky
barrier height, and reliable operation at high temperature. This list would lead to the
use of hafnium oxide (HfO;) and zirconium oxide (ZrO,), for example. Another re-
search path can be considered according to the possibilities introduced by Gao et al.
(2009). They claimed that more oxygen vacancies would supposedly lead to more
uniform conductive filaments in terms of LRS and HRS resistances, forming voltages,
and threshold voltages. They used a doped metal oxide, in this case Al-doped HfO,.
The mechanism is to have a more systematic filament path rather than the random
filaments in an undoped HfO,. This approach can be combined with the explained re-
search path to improve robustness, endurance, retention, and energy efficiency of the
future memory devices. In addition, control mechanisms on the SET current is neces-
sary due to the fact that normally higher SET currents needs higher RESET currents to
break filaments. These control mechanisms can be used as an additional circuitry in

the programming phase.

Original contribution: The structure is unique among many implemented mem-
ristive devices. The measured switching behaviour has shown a good functional
uniformity as well as the existence of a non-volatile bistable and multi-stable mem-
ory that is remarkably important for the rest of the contributions of this thesis
(Kavehei et al. 2011d).
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SPICE macromodel for memristor based on its underlying switching behaviour:

Chapter 5

Background: Memristor modelling is the key point for assisting circuit designers to
work on memristive-based circuits. The significance of this modelling comes from the
fact that this nanoscale device enables us to introduce new on-chip computation, which
is promising for the future of artificial intelligence and radically different computer
architectures. One of the very first steps toward this vision is in providing a device
model that is compatible with commonly accepted design modelling packages such as
SPICE. The fact that some of the memristive elements, e.g. Complementary Resistive
Switch (CRS), do not have available a SPICE model motivated the author to extend the

use of memristor model for CRS modelling.

Methodology: This part of the thesis is primarily concerned with the development
of simple models that will assist us in the understanding of circuits and system behav-
iour providing the basis whereby system performance, in terms of signal delays and
power dissipation can be estimated. The model is an analytical and empirical model
that describes the switching characteristics of a memristor. The model is tested against
measured data and has shown a good agreement with experimental results. Accord-
ing to the available information in Chapter 5, back-to-back connection of two bipolar
memristors in series should results in a CRS device. This fact is tested for the first time

on a Ag/TiO, /ITO memristor and results were demonstrated.

Result: The introduced modelis in a good agreement with the measured data. Exper-
imental results from connecting two bipolar memristors is also resulted in a CRS-like
function. It has been stated here that CRS device can be treated like a memistor with
a floating control node. A CRS model is also presented according to the fundamental

switching characteristics of the memristor.

Future work: Improving the presented model to be more coupled with the device
geometry is the next step. In addition, switching asymmetry and dependency of the
conductance change to the initial conductance can be considered for future work. Us-
ing a series of applied pulses it has been primarily observed that this relationship is
in fact a high nonlinear (exponential) relationship. It is also observed that at low-
voltages, memristor’s conductance depends on sinh(\/V ), therefore, it will create is-

sues for some of the applications, such as the linearised differential pair (Varghese
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and Gandhi 2009). These properties emphasis the need for more detailed models.
Furthermore, despite several applications for the inherent decay of the device state
(Ohno et al. 2011, Chang et al. 2011), the source of such mechanism is neither well stud-

ied nor well characterised.

Original contribution: A new memristor model was introduced and its functionality
was confirmed with the experimental data (Kavehei et al. 2011d). For the first time, a
CRS model was developed and its functionality was achieved using a back-to-back

connection between two different bipolar memristive elements (Kavehei et al. 2011a).
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10.2 System overview

Introducing overall perspective of the targeted system and implementation of CMOS

image sensor: Chapters 6

Methodology: System overview of the targeted structure for the contributions of this
thesis was given. The system consists of several layers of integrated circuits stacked on
top of each other. The first and the second layers, CMOS image sensor and memristive
memory and logic, are included in the context of this thesis. The image sensor array
produces digital outputs corresponding to the incident light. The imager function-
ality is carried out through two different concepts, pulse-width and pulse-frequency
modulation. Both of the designs were fabricated and tested and related reports are
verified. The memristive based array consists of an associative memory as well as
memristive-based computational modules. These two layers will be connected using
a hardware interface for image feature generation. The image feature generation al-
gorithm is adopted from the literature. It is a rotation-invariant scheme that makes
it suitable for any image recognition purposes and in particular the targeted system’s

application.

Result: A system overview was reviewed and the unique properties of such system
were discussed. Two separated layers of image sensors and memristors are introduced
and the link between the two was also identified. The results in this part are mainly
around the functionality and performance of the two type of CMOS image sensors. The
pulse-width modulation (PWM) has shown an acceptable dynamic range at a very low
operation, which shows an improvement in comparison with other available designs.
In the design of pulse-frequency modulation (PFM) cells a new type of Schmitt trigger
circuit is used to reduce power consumption while maintaining the low-voltage op-
eration. The result successfully shows a relatively low power consumption compare
to other implementations and a very robust performance under a wide range of light

intensities.

Ongoing work: A joint implementation of such structure is an ongoing project which
is underpins of further research. The expected full system will be used to carry out
early vision processing tasks such as edge detection and smoothing as well as feature

generation for pattern matching applications.
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Original contribution: The system structure and the type of application are new
(Lee et al. 2010). The need for a massive memory-logic implementation required a rad-
ically different memory array with high density and low-power properties. The single
inverter PWM structure and the application of new type of Schmitt trigger circuits in

the PFM pixel are also two further contributions.
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10.3 Part Il—nanocrossbar array properties and

memristive-based memory and computing

Nanocrossbar array and a comprehensive modelling approach: Chapter 7

Background: One particular problem that dominates the maximum crossbar array
size is interaction between selected cell with neighbouring cells due to sneak-path cur-
rents. A possible device level solution to compensate this issue is to implement mem-
ory array using CRS. Therefore, it is very important to verify, through simulations,

fabrication, and analytical approach, that how significant are these improvements.

Methodology: Two types of memristive arrays were implemented: (i) memristor-
based without a diode or any selective device in series, and (ii) CRS based. For each
one, a comprehensive approach for modelling a crossbar array including all parasitic
resistors for bit- and word-lines was presented. This approach can be combined with
a system of linear equations that enable designers to determine voltage value at each
particular node. This combination has led to a comprehensive analytical approach that

allows designers to find optimum values for particular design parameters.

Result: Simulation results indicated that due to sneak-paths, a memristive array is
faced with an inaccurate write or reading, which aggressively limit the maximum
nanocrossbar array size. However, the read margin in a CRS array is robust against
process and programming variations such as uncertainty in the initial state program-
ming, nanowire process variation, and the associated uncertainty on the low resistance
state programming. Results of simulations also indicated that the most important pa-
rameter that should be increased to achieve higher array sizes for a memristive array is
Rigs. This research verified that a high 7 (= Ryrs/ R1rs) does not substantially reduce
the amount of parasitic path currents, while a high Ry rs value (> 3 M()) guarantees a
successful READ and WRITE operations.

Future work: Perhaps the most important problem with the CRS based memory ar-
ray is the destructive read-out. This would lead to a high number of refresh cycles
(WRITE) for each READ (1.5 programming and refreshing cycles for each read access
cycle). This shortcoming can be improved using a new read-out technique from Tap-
pertzhofen et al. (2011).
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Original contribution: Introducing a comprehensive analytical method which in-
cluded: (i) parasitic element in the crossbar array, (ii) system of linear equations for
tinding voltage pattern in the array, (iii) SPICE implementation of a memristor and
CRS based arrays, (iv) a detail comparison based on the SPICE simulations between

CRS based and memristor based arrays (Kavehei et al. 2011a).
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Memristor-MOS content addressable memory (MCAM) and CRS-CAM: Chapter 8

Background: Large-capacity Content Addressable Memory (CAM) is a key element
in a wide variety of applications, e.g. pattern matching and recognition in particular.
The inevitable complexities of scaling of MOS transistors introduce a major challenge
in the realisation of such systems. Convergence of disparate and significantly different
technologies and that are compatible with CMOS processing would allow extension of

Moore’s Law for a few more years.

Methodology: We consider a memristor as a resistor with two different resistances
combined with MOS transistor parasitic capacitors. Different resistance results in dif-
ferent time constants, which can be used to implement a memristor-MOS type struc-
ture. In such implementation, transistors are part of the CAM cells and acting as
switches, while memristors are responsible for keeping data. In this approach, a non-
volatile CAM implementation can be achieved. Although, the design is very promis-
ing, the combination of transistors in the nano domain to act as the selective device
limits scaling of this design. An ultimate goal is to eliminate transistors and diodes
from the nano domain and include only resistive elements, such as two back-to-back
memristors (CRS). The first step toward such structure is done by introducing the CRS-
CAM. This cell works based on the material implication logic implementation of XOR
and XNOR gates.

Result: The simulation results show that the MCAM approach provides a 45% reduc-
tion in silicon area when compared with the SRAM equivalent cell. The Read operation
of the MCAM ranges between 5 ns to 12 ns, for various implementations, and is com-
parable with current SRAM and DRAM approaches. However, the Write operation
is significantly longer, which can be improved by applying higher voltage potentials.
This approach would result in using larger transistors which also can be solved by a
differential applied voltage approach. The CRS-CAM also showed the functionality of
both binary and ternary CAM which is quite useful for the targeted application. The
inclusion of only two resistors (2R) in the nano domain together with the promising
results on the CRS-based array size and the non-destructive read-out method in Tap-

pertzhofen et al. (2011) results in a clear picture toward the future of CRS-CAM.
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Future =~ work: Addressing  the  non-destructive  read-out  technique
(Tappertzhofen et al. 2011) of the CRS-CAM will be of prime interest and will

allow for a much faster memory operation.

Original contribution: The memristor-based CAM and CRS-CAM designs are intro-
duced for the first time. The concept of logic—ON state transitions together with the
implementation of ‘material implication” for such transitions are also introduced for
the first time (Eshraghian et al. 2011b, Kavehei et al. 2011c).
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Memristive based in-situ computing properties: Chapter 9

Background: The classical von Neumann machine suffers from large sequential
(fetch-execute-store cycle) processing overload due to the existence of the data bus
between memory and logic. On the other hand, a biologically-inspired computing
system needs extraordinary number of elements (neurons and synapses). Therefore,
the classical methods do not certainly lead to an answer for future of computing and

neuromorphic engineering.

Methodology: This part has introduced a method, which is based on the inherent
computing capability of memristors that can be shown experimentally in the context
of material implication logic. The concept of ‘material implication” together with the
non-volatile memory capability and multi-stable state characteristics of memristors has
led to a radically different technique in computing in the both forms of analogue and
digital. The analogue and biomimetic circuits implementations are also implemented
by adjusting the memristor’s conductance values (weights) as a function of the timing

difference between presynaptic and postsynaptic spikes.

Result: This part presented new computational building blocks based on memristive
devices. Based on these blocks and an experimentally verified SPICE macromodel for
the memristor, the implementation of the spike timing-dependent plasticity (STDP)
was demonstrated using a single memristor device and the competitive Hebbian learn-
ing through STDP using a 1 x 1000 synaptic network. These implementations had a
number of shortcomings due to the memristor’s characteristics such as memory decay,
highly nonlinear switching behaviour as a function of applied voltage, and functional
uniformity. These shortcomings can be addressed by utilising a digital approach that
can be used in conjunction with the analogue behaviour for biomimetic computation.
The digital implementations also used the in-situ computational capability of the mem-

ristor that is used in similar way to implement CRS-CAM cells in Chapter 8.

Future work: This is just the starting point for the CRS-based logic. This technol-
ogy enables energy efficient and ultra-high density nonvolatile memory and digital

computing.
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Original contribution: CRS-based logical operations were introduced. This thesis in-
troduced a flexible technique in implementing logical gates using CRS devices, which
bypassed the shortcomings of the recent technique introduced by Rosezin et al. (2011).
Their technique is fairly limited and it is very difficult to extend such method to build
logic gates other than a NOR and an AND. The non-destructive read-out is also not
an issue here due to the fact that the device must be initially programmed by the
logic value of one of the inputs. For the first time, a memristor-based multiplication-
accumulation (MAC) operator module is simulated. The demonstration of STDP learn-
ing rule by a single memristor is also shown and for the first time a large array of mem-
ristors showed the implementation of an (additive) competitive Hebbian learning rule
through SPICE simulation.
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Electromagnetic Theory of

Memrristors

LECTROMAGNETIC theory of memristors provides an un-
E derstanding how the 4™ fundamental element can be seen from
the quasistatic expansion of Maxwell’s equations. For the first
time, we show how this insight can be gained in a clearer way by exploiting

a unified form of Maxwell’s equations based on Geometric Algebra (GA).
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Appendix A Electromagnetic Theory of Memristors

A.1 The link to Maxwell’s equations

Regarding the very first memristor argument (Chua 1971), using the quasistatic ex-
pansion of Maxwell’s equations, proposing a link between the first order terms in the
expansion Dq and Bj, which are the first order electric and magnetic flux densities,
respectively, we can now identify these elements as connecting ‘fi—‘t/ and %, as shown
in Figure 2.1. For linear systems, the memristor becomes equivalent to a resistor, and

hence the memristor can be seen as a special case that relates Dy to By.

Beginning from the electrostatic field in conjunction with the relativity principle and
Maxwell’s equations, we show how the fundamental circuit elements can be derived.
Table A.1 in fact, can be seen as an underlying motivation to Figure 2.1. It was first
shown by Einstein, that an electrostatic field will register magnetic fields, when viewed
by an observer from a relatively moving frame. Hence, the most fundamental aspect
of Maxwell’s equations is the electrostatic field, defined by the single parameter charge
g, creating an electrostatic potential V. However this is sufficient to define capacitance
with the relation g = CV. The field can then be found from E = —VV, or we can
calculate the field directly from the charge distribution p, according to Maxwell’s first
equation V - E = £. We can thus view capacitance as the first fundamental circuit

element, shown in Table A.1.

For the non-electrostatic case, we have the magnetic field, which is described by the
flux calculated from the inductance L, given by ® = Li (Ampere’s law, Maxwell’s third
equation). We have ® = [Vdt = Li = LZ—’Z and hence, differentiating with respect to
time, V = L%1.
and this relation therefore presents inductance as the second generation of fundamen-

Thus, a, and B, in Figure 2.1 increase one unit by the differentiation

tal circuit element, as shown in Table A.1. During steady currents, inductors have
no reactance, but AC currents produce a fluctuating magnetic field in the inductor
that according to Faraday’s law (Maxwell’s second equation) will produce a back emf
proportional to 9B, as given by V x E = —0;B, which is shown in the third line of
Table A.1.
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A.1.1 Resistance in the Maxwell picture

Based on Maxwell’s equations, the first two fundamental circuit components are loss-
less. In order to identify the third fundamental element we need to allow energy dissi-
pation. We might expect from the Lorentz force law that charges will accelerate in an
electric field because of the relation F = g(E + v x B). In a dielectric the electrons soon
hit terminal velocity, and will drift at a constant velocity v;. Here, due to the relatively
low velocities, we can neglect the magnetic force in circuits. The new law is simply
Ohm’s law, V = Ri, where the steady current i = A,0E, ¢ is the conductance of the
material and A, is the cross-sectional area of the element. Hence we have V = R%,
linking potential with the first time derivative of charge. Hence we can consider R as
the third fundamental element. Even though resistance depends on Ohm’s law and not
Maxwell’s electromagnetic equations, a steady current can be simulated with a moving
reference frame past a static charge and hence from this perspective resistance can be

considered fundamental.

A.1.2 Questions surrounding the 4" element

From Figure 2.1, it can be seen that the memristor completes the square of circuit vari-
ables ®,V,i,q, with a link between ® and g. Moreover, it may be argued that the con-
cept of memristive systems developed later, which include meminductors and mem-
capacitors, leads us to classify the memristor as the first new element in a second gen-

eration of circuit elements based on the integrals of the circuit variables q,V,i, and ®.

It appears that there are two threads to Chua’s original argument for a memristor:
a) memristor as a basic two-terminal circuit element that establishes a link between
charge g and magnetic flux ®, b) a circuit theory perspective, along the line that a mem-
ristor in fact links the quantities D1 and B4 in the quasistatic expansion of Maxwell’s
equations. A natural question would be then how these two seemingly distinct ap-
proaches to the basic physical principles of a memristor are related with each other? In
particular, how the link between g and ® can be re-expressed in terms of D1 and B; and
vice versa? Fano et al. (1968) stated ‘Quasi-static fields involving both first-order fields
fall outside the scope of circuit theory’. However, Chua was expecting an element link-

ing the first order electric and magnetic fields. A possible answer to this conflict, is the
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Table A.1. Fundamental circuit elements. Electromagnetic interpretation of the fundamental

passive circuit elements.

Physical level Variables | Element | Field Property Relation
1. Electrostatic q,V gq=CV | E=-VV Capacitance | V = %q
2. Accel. charge | T4 =4 | ®=1Li | VxE=—2 | Inductance | V=L%4
3. Diffusion a9 V=Ri |J=/ =cE |Resistance | V=R

D and By relation points to a resistive type component, but lying between the vari-
able pairs ‘fj—‘t/, % as opposed to the variable pairs ®,q for HP’s memristor. Alternatively,
there is also perhaps scope for a new circuit element using Ampere’s law (Maxwell’s
third equation) using the property of a changing electric field related to changing the

N . oD __
magnetic field givenby V x H — a_lt) =].

A.2 Quasi-static expansion of Maxwell’s equations

Circuit theory can be treated as a special case of electromagnetic field theory, using
the quasi-static expansion of Maxwell’s equations (Chua 1971, Kavehei et al. 2010). Al-
though, in order for the expansion to converge we require the dimensions of the circuit
elements to be smaller than the wavelength of the highest frequency being applied
(Fano et al. 1968). In the presence of dielectrics, Maxwell’s equations are typically writ-

ten, in S.I. units, as

V-D = p (Gauss'slaw),
0

V x E+ %—]: = (Faraday’s law) ,
V xH-— aa_[t) = J (Ampere'slaw),
V-B = 0 (Gauss'slaw of magnetism),

where we use the constitutive relations to allow for the polarization P and magnetiza-

tion M of dielectrics
D = ¢E+P=D(E),
B = puo(H+M)=B(H),

so that p and J refer to free charges and currents respectively and E,B are the vector

tields with V the vector gradient.
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Maxwell’s four equations along with the Lorentz force law
F=g(E+vxB),

completely summarize classical electrodynamics (Griffiths and Inglefield 1999). The
charge continuity equation V - J = — 3—? is contained within Ampere’s law. If we assume
the behaviour of charges in a dielectric is governed by Ohm’s law, then we also have

J = ¢E, where we have ignored the magnetic component of the Lorentz force.

If we include a time rate parameter «, then we define the family time T = at, then
Maxwell’s equations, which include a time derivative, become (Fano et al. 1968, Kave-
hei et al. 2010)

VXE+ad:B = 0,
VxH-aD = J.

We can define the vector fields, as a power series in «, for example using the electric

field we have

E - E_,4a0F +uc282E N
-0 o lo=0 2 da?la=0
+o¢k8kE
k! 9ok la=0
—Eo+ aE; +a’Ey+ -+ aEp + ... (A.1)
where
1 o¥E

E,=—— .

k k! aock a=0

Therefore the relevant Maxwell’s equations become

V x Eg+ a(V x E; +0:Bg) + a*(V x Ep + 9:B1)
4+...=0

V x Ho +a(V x Hy —9:Dy) + a*(V x Hy — 9,:D)
=Jo+aJi + o+ ...

Jo+aJi +a?Jo+ - =0 (Eo+ aEy +a’Ex +...).

Equating orders we find firstly, the zero order Maxwell’s equations

VXEO :0,
VxHy =Jo,
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and first order Maxwell’s equations

VxE+9d:Byg = 0
Vle—afDo = Jl- (AZ)

In the standard approach, we would start with the zero order fields, solving in the
static case and by substituting these results into the first order equations we can then
solve these equations and so on, up to as many orders as required to converge to the
exact solution. These are then substituted into equations of the form Eq. (A.1) to find

an approximation to the full time varying field.

Chua (1971) argued for a new electrical component, that established a link between
D; and By, which are the first order fields in the quasistatic expansion, and that these
quantities are evaluated instantaneously. From Ohm’s law and constitutive relations,

Chua writes the relationships between the first order fields as

Jl - j(El)/
B, = B(Hy),
D; = D(Ey),

where J, B, and D are one-to-one continuous functions defined over space coordinates
only. When Ey, Dy, By and Jj are negligible in the quasistatic expansion of Maxwell’s
equations, using Egs. (A.2) we are then led to a relationship between D; and B;, which

Chua used as a basis to postulate the memristor.

A.2.1 Derivation of memristor category

From the relation D1 = F(B1) we find in terms of the scalar magnitudes
JE Jf(B 0B
LB _ .

e_

o o =f( )5

where f(w), dependent on a state variable w, must not be a function of B or the time

scale a. Hence edE = f(w)dB or for a circuit element assuming E = V /D we have

€y il
where f(s,z) ~ 1/s gives the spatial distribution of B, where s is the radius in cylindri-
cal coordinates. Hence we find

d
v:R(w)d—Z.
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Hence Chua’s relationship between Dy and By implies a memristor type element de-

pending on a state variable w. The HP memristor, for example, has w proportional to

q.

A.3 Quasi-static expansion of Maxwell’s equations using

geometric algebra

The quasi-static expansion of Maxwell’s equations was used by Chua in order justify
the existence of a new circuit element he called the memristor. Geometric algebra (GA)
(Doran et al. 2003) is known to produce a very efficient representation of Maxwell’s
four equations, requiring just a single equation, and so by producing the quasi-static
expansion in GA, clearer insights may be forthcoming. It should be noted that the
expansion series is not guaranteed to converge and so perhaps not too much should
be read into different components of a perturbation series, however it does provide

insights into possible field and current relationships.

In GA, Maxwell’s equations can be written in single equation in linear isotropic media
(Vold 1993) as

where F = cD +iH, | = cp — J and c being the speed of light. Geometric algebra typi-
cally represents multivector variables such as F and J, in plain type, as opposed to pure
vectors which are identified with bold type. Using the expansion given in Eq. (A.1),

we can write

(%BT+V)(F0—|—0¢F1-|-0¢2P2—|—_,,)
=(o+ai+a’h+...).

Hence it is easy to see that the orders of the quasistatic expansion become
VFE = Jo,
d0clp+VE = |,
och +VEH = Ja,
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The process of solution is now very clear in GA. From the zeroeth order fields we

calculate Fy, which is substituted into the first order fields to find F;, and so on.

Chua also states that Dy = Hy = 0 and hence Fy = 0. Therefore, we have the relation
VF =];.

This equation fixes the value of F;, and hence there must be a relationship between

D1 and Hj or equivalently, D1 and B4, as deduced by (Chua 1971), which again is the

memristor element.

Confirm equivalence of GA with vector calculus form

The geometric product between two vectors is given by (Doran et al. 2003)
uv=u-v+iuxv.

Expanding and equating scalars, vectors, bivectors and trivectors parts in the zeroeth

order case, we find

V-Dy = po (scalar),

-V xHy = —Jo (vector),
VxDy = 0 (bivector) ,
V-Hy = 0 (trivector) ,

the expected zeroeth order equations. The magnetic component of force is much
smaller than the electric component, and hence we can write J = ¢E. Hence for the
case with steady currents, inspecting the vector equation, we form a link between Hj

and Ey. The first order equations are

V-D;y = p1 (scalar),
oDy
dt
oH,
cdt

—VXHl = _Jl (VeCtOI‘),

+VxD; = 0 (bivector),
iV-Hy = 0 (trivector),

in agreement with the quasi-static expansion in Chua (1971).
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Glossary

The physical constants used in this thesis are in accordance with a recommendation

of the Committee on Data for Science and Technology (Mohr and Taylor 2005). For
example:

Quantity Symbol Value

Boltzmann constant kg 1.380 6505(24) x 10~ J /K
8.617 343(15)x10~° eV /K
electron volt eV  1.60217653(14)x107 197
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Acronyms

ADALINE
ADC
ADC
AFM

Al

ALD
B/TCAM
CAM
CBRAM
CF

CIS
CMOS
CNN
CNT
CRS

CT
DRAM
EMTM
FeRAM
FF

FPGA

Adaptive linear neuron, 15

Analogue-to-digital converter, 104
Analogue-to-digital converter, 111

Atomic force microscopy, 62

Artificial intelligence, 67

Atomic layer deposition, 54

Binary and ternary content addressable memory, 154
Content addressable memory, 102
Conducting-bridge random-access memory, 89
Conducting filament, 88

CMOS image sensor, 102

Complementary metal-oxide semiconductor, 27
Cellular neural network, 67

Carbon nanotube, 27

Complementary resistive switch, 87

Computed tomography, 101

Dynamic random access memory, 25
Electromagnetic (optical) transistor /memristor, 27
Ferromagnetic random access memory, 181
Fill-factor, 110

Field programmable gate array, 159
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Acronyms

FPN
FSM
HfO,
HfO,
HRS
P

ISI
ITO
KCL
LCO
LER
LRS
LTM
LTP
MCAM
MIM
MRI
MRM
mSTDP
NiO
OTP
PCM
PD

PFM

Fixed pattern noise, 104

Finite state machine, 157

Hafnia, 24

Hafnium oxide, 186

High resistance state, 60

Internet protocol, 143

Inter-spike interval, 177

Indium thin oxide, 59
Kirchhoff’s current law, 129
Light-control oscillator, 108

Line edge roughness, 135

Low resistance state, 60
Long-term memory, 173
Long-term potentiation, 176
Memristor-based content addressable memory, 143
Metal-insulator-metal, 15
Magnetic resonance imaging, 101
Metal-resistor-metal, 73
Memristor-based spike-timing-dependent plasticity, 85
Nickel oxide, 24

One-time programmable, 30
Phase change memory, 53
Photodiode, 104

Pulse-frequency modulation, 108
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Acronyms

PLA
PMC
PMU
PPED
PWM
RLCM
RMS
RRAM
RTD
SA
SET
SNM
SoC
SPICE
SrTiO;
STDP
STM
STP
STT-MRAM
SuFET
TCAM
TEM
TiAIN

TiN

Programmable logic array, 168

Programmable metallisation cell, 27

Pulse measurement unit, 63

Projected principal-edge distribution, 116
Pulse-width modulation, 102

Resistor inductor capacitor memristor network, 184
Root mean square, 152

Resistive random access memory, 51

Resonant tunnelling devices, 181

Sense amplifier, 162

Single electron transistor, 181

Static noise margin, 144

Systems-on-a-chip, 101

Simulation program with integrated circuit emphasis, 67
Strontium titanate, 24

Spike-timing-dependent plasticity, 167

Short-term memory, 173

Short-term plasticity, 176

Spin-transfer torque magnetic random access memory, 53
Superconducting field-effect transistor, 27

Ternary content addressable memory, 145
Transmission electron microscopy, 58

Titanium aluminium nitride, 186

Titanium nitride, 186

Page 227



Acronyms

TiO, Titanium dioxide, 24

TLB Translation lookaside buffer, 143
TMO Transition metal oxides, 24
UWB Ultra-wide band, 27

71O, Zirconia, 24

71O, Zirconium oxide, 186
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Index

Active electrode, 88

ADAptive LInear NEuron (ADALINE), 15
Additive, 176

Analogue-to-digital converter (ADC), 104, 111
Artificial intelligence (Al), 67

Atomic force microscopy (AFM), 62

Atomic layer deposition (ALD), 54

Binary and ternary content addressable mem-
ory (B/TCAM), 154

Cadence, 88

Carbon nanotube (CNT), 27

Cellular neural network (CNN), 67

CMOS image sensor (CIS), 102

Competitive Hebbian learning, 167

Complementary metal-oxide semiconductor
(CMOS), 27

Complementary resistive switch (CRS), 87

Computed tomography (CT), 101

Conductance modulation index, 68

Conducting filament (CF), 88

Conducting-bridge random-access memory
(CBRAM), 89

Conductive bridging random access memory
(CBRAM), 181

Content addressable memory (CAM), 102

Crossbar architecture, 27

Current controlled oscillator, 108

Drift mobility, 33
Dynamic random access memory (DRAM), 22,
25

Electroforming, 60
Electromagnetic (optical) transistor/memristor
(EMTM), 27

Electronic, 1

Ferromagnetic ~random access memory
(FeRAM), 181

Field programmable gate array (FPGA), 159
Fill-factor (FF), 110

Finite state machine (FSM), 157

Fixed pattern noise (FPN), 104
Fixed-pattern noise (FPN), 110
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