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Memristori on yksi elektroniikan peruskomponenteista vastuksen, kondensaattorin ja ke-
lan lisdksi. Se on passiivinen komponentti, jonka teorian kehitti Leon Chua vuonna 1971.
Kesti kuitenkin yli kolmekymmenta vuotta ennen kuin teoria pystyttiin yhdistdmé&an ko-
keellisiin tuloksiin. Vuonna 2008 Hewlett Packard julkaisi artikkelin, jossa he vaittivat
valmistaneensa ensimmaisen toimivan memristorin.

Memristori eli muistivastus on resistiivinen komponentti, jonka vastusarvoa pystytaan
muuttamaan. Nimensad mukaisesti memristori kykenee myo6s siilyttaméan vastusarvonsa
ilman jatkuvaa virtaa ja jannitettd. Tyypillisesti memristorilla on vahintaan kaksi vas-
tusarvoa, joista kumpikin pystytdan valitsemaan syottamalla komponentille jannitetta tai
virtaa. Tamén vuoksi memristoreita kutsutaankin usein resistiivisiksi kytkimiksi.

Resistiivisia kytkimia tutkitaan nykyaan paljon erityisesti niiden mahdollistaman muis-
titeknologian takia. Resistiivisistd kytkimistd rakennettua muistia kutsutaan ReRAM-
muistiksi (lyhenne sanoista resistive random access memory). ReRAM-muisti on Flash-
muistin tapaan haihtumaton muisti, jota voidaan sdhkoisesti ohjelmoida tai tyhjentaé.
Flash-muistia kaytetaan talld hetkelld esimerkiksi muistitikuissa. ReRAM-muisti mahdol-
listaa kuitenkin nopeamman ja vahévirtaiseman toiminnan Flashiin verrattuna, joten se
on tulevaisuudessa varteenotettava kilpailija markkinoilla.

ReRAM-muisti mahdollistaa my6s useammin bitin tallentamisen yhteen muistisoluun
bindérisen (70” tai ”1”) toiminnan sijaan. Tyypillisesti ReRAM-muistisolulla on kaksi
rajoittavaa vastusarvoa, mutta naiden kahden tilan vélille pystytddn mahdollisesti ohjel-
moimaan useampia tiloja. Muistisoluja voidaan kutsua analogisiksi, jos tilojen maaraa ei
ole rajoitettu. Analogisilla muistisoluilla olisi mahdollista rakentaa tehokkaasti esimerkiksi
neuroverkkoja. Neuroverkoilla pyritdan mallintamaan aivojen toimintaa ja suorittamaan
tehtavia, jotka ovat tyypillisesti vaikeita perinteisille tietokoneohjelmille. Neuroverkkoja
kaytetadn esimerkiksi puheentunnistuksessa tai tekoalytoteutuksissa.

Téasséa diplomityOssé tarkastellaan TasOs-perustuvan ReRAM-muistisolun analogista
toimintaa pitden mielessé soveltuvuus neuroverkkoihin. ReRAM-muistisolun valmistus ja
mittaustulokset kdydaan lapi. Muistisolun toiminta on harvoin taysin analogista, koska
kahden rajoittavan vastusarvon vililld on usein rajattu méaara tiloja. Tamaéan vuoksi toim-
intaa kutsutaan pseudoanalogiseksi. Mittaustulokset osoittavat, ettd yksittdinen ReRAM-
muistisolu kykenee bindariseen toimintaan hyvin. Joiltain osin yksittdinen solu kykenee
tallentamaan useampia tiloja, mutta vastusarvoissa on perakkéisten ohjelmointisyklien
valilla suurta vaihtelevuutta, joka hankaloittaa tulkintaa. Valmistettu ReRAM-muistisolu
ei sellaisenaan kykene toimimaan pseudoanalogisena muistina, vaan se vaati rinnalleen
virtaa rajoittavan komponentin. My6s valmistusprosessin kehittdminen véahentaisi yk-
sittdisen solun toiminnassa esiintyvad varianssia, jolloin sen toiminta muistuttaisi en-
emman pseudoanalogista muistia.

Avainsanat: memristori, ReRAM, analoginen muisti, neuroverkot
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The memristor is one of the fundamental circuit elements in addition to a resistor, capacitor
and an inductor. It is a passive component whose theory was postulated by Leon Chua
in 1971. It took over 30 years before any known physical examples were discovered. In
2008 Hewlett Packard published an article where they manufactured a device which they
claimed to be the first memristor found.

The memristor, which is a concatenation of memory resistor, is a resistive component
that has an ability to change its resistance. It can also remember its resistance value
without continuous current or voltage. Typically, a memristor has at least two resistance
states that can be altered. This is the reason why memristors are also called resistive
switches.

Resistive switches can be used in memory technologies. A memory array that has
been built using resistive switches is called ReRAM (resistive random access memory).
ReRAM, like Flash memory, is a non-volatile memory that can be programmed or erased
electrically. Flash memories are currently used e.g. in memory sticks. However, compared
to Flash, ReRAM has faster operating speed and lower power consumption, for instance.
It could potentially replace current memory standards in future.

A ReRAM memory cell can also store multiple bits instead of binary operation (70"
or 71”). Typically there exists multiple intermediate resistance states between ReRAM’s
limiting resistances that could be utilized. Such memory could be called analog, if the
amount of intermediate states is not limited to discrete levels. Analog memories make
it possible to build artificial neural networks (ANN) efficiently, for instance. ANNs try
to model the behaviour of brain and to perform tasks that are difficult for traditional
computer programs such as speech recognition or artificial intelligence.

This thesis studies the analog behaviour of TasOs-based ReRAM cell. Manufacturing
process and measurement results are presented. The operation of ReRAM cell is rarely
fully analog as there exists limited amount of intermediate resistance states. This is the
reason why operation is called pseudo-analog. Measurement results show that a single
ReRAM cell is suitable for binary operation. In some cases, a single cell can store mul-
tiple resistance values but there exists significant variance in resistance states between
subsequent programming cycles. The proposed ReRAM cell cannot operate as pseudo-
analog ReRAM cell in itself as it needs an external current limiting component. Improving
the manufacturing process should reduce the variability such that the operation would be
more like a pseudo-analog memory.

Keywords: memristor, ReRAM, analog memory operation, artificial neural network
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The following lists the symbols and the acronyms used in this thesis. If some symbol or
acronym has other meaning or is missing from this listing, its definition should become

clear from the context.

— Material implication operation in Boolean algebra
A Logical AND operation in Boolean algebra
V

Logical OR operation in Boolean algebra

]

Logical NOT operation in Boolean algebra

a; Input parameter of ANN
Amem Area of memory matrix
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B Magnitude of magnetic field
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e Elementary charge

e~ Electron

E Electrical potential energy
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E. Energy of conduction band
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By Trap level energy

E, Energy of valence band

€0 Vacuum permittivity

€r Relative permittivity

F Fabrication feature size
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VG
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vg

Wi,j
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Quantized unit of electrical conductance
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Electric current

Electric current density

Inductance
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Average mobility of charge carriers
Concentration of free carriers in thermal equilibrium
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1 INTRODUCTION

Fundamental physics behind electricity and magnetism are necessary to understand elec-
tronics and circuit theory. Discoveries such as resistance, capacitance and inductance
serve as a basis for basic and complex circuit elements. Capacitor — an insulator between
two conductors — was invented by German scientist Ewald Georg Von Kleist in 1745. Re-
sistance and resistor were discovered in 1827 by Georg Ohm. Ohm deduced mathematical
laws of resistance better known as Ohm’s law which is one of the earliest concept in circuit
theory. Soon after Ohm’s findings, inductance, which is used in inductors and transformers
was discovered separately in 1831 by two different scientists, Michael Faraday and Joseph
Henry.

The three passive fundamental circuit elements: resistor, capacitor and inductor can
be defined using four basic circuit variables: charge, current, voltage and magnetic fluz.
Passive elements do not need any external power supply to operate. Active circuit elements
such as transistors make it possible to build complex circuits that are currently present
everywhere around us but they are not called fundamental circuit elements. However,
Leon Chua postulated existence of the fourth fundamental circuit element in 1971 [1],
that would complete the symmetry of the four basic circuit variables.

Chua named his theoretical component as a memristor which is a concatenation of
words memory resistor. As the name suggest, a memristor is similar to a non-linear
resistor but the fundamental difference is that memristor can change and remember its
resistance value even when no external voltage or current is applied to it. This kind of
behaviour may be hard to understand intuitively. Also, the strange behaviour in voltage-
current plane reveals a pinched hysteresis loop figure. There was no known physical
examples of passive memristors for over 30 years after Chua’s first publication but in
2008, Hewlett Packard successfully manufactured a device which they claimed to be the
first memristor discovered [2]. Soon after their finding many other research groups reported

memristor like behaviour in their experimental devices. It has to be noted that memristive



like behaviour was already observed in 1960s and Sharp and Samsung were conducting
research on resistive switching memories in early 2000s. However, no one was able or did
not try to apply memristive theory to experimental results. Currently memristor theory
is a very active research field with many potential applications.

HP’s memristor and also discoveries by other research groups are capacitor like thin-
film structures where a very thin layer of insulator material is manufactured between metal
electrodes. The phenomena that triggers resistance change in materials is called resistive
switching and many times these components are called resistive switches instead of mem-
ristors. Currently the exact physical mechanisms that occur inside resistive switches are
not known. It is totally possible that there are multiple different mechanisms happening
simultaneously which makes it hard to understand this phenomenon.

Naturally the memristor and resistive switches have an application field in memory
technologies. Most of the research is towards resistive random access memory. Resistive
random access memories have many different names in literature: ReRAM, RRAM or
CBRAM but essentially they refer to the same thing. In this thesis the term ReRAM is
used. Memory technologies can be divided into two categories; volatile memories need
continuous power to store data and non-volatile memories can store their information for
a long time after power is cut-off. ReRAM falls into a non-volatile memory category and
it could replace current industry standard memory technologies like FLASH-memory that
is commonly used e.g. in memory sticks. ReRAM could provide better energy efficiency,
faster operating speed and longer retention time in smaller size, for instance [3]. There is
also a possibility to store multiple bits in a single ReRAM cell instead of one bit (”0” or
”17). The possible application field of ReRAM is not only limited to memory technologies.
There are attempts to use ReRAMs to perform similar computations than transistors
perform in logic gates or to provide reconfigurability into analog integrated circuits. One
interesting idea is to use ReRAMs for neuromorphic computing purposes like in artificial
neural networks. Currently software implementations of artificial neural networks are used
in image recognition, speech recognition or realizing artificial intelligence, for instance.
ReRAMSs could provide an efficient way to implement neural networks in hardware level.

Reliable operation is one of the big challenges in realizing resistive switching compo-
nents. Materials and manufacturing process have an effect on resistive switching which
is the reason why no single material combination is superior to any other. ReRAM’s

voltage-current behaviour as well as voltage impulse response should be analysed in order



to understand its performance suitability for proposed applications.

1.1 Motivation and Approach

The purpose of the research is to achieve pseudo-analog memory characteristics by the
use of ReRAMs. Instead of digital operation, pseudo-analog operation allows continuous
resistance levels to be utilized in memory. Functionality of such a device is not limited only
to memory but it can be also used in computational purposes. The motivation is to realize
a ReRAM cell whose resistance levels can be used as connection strength of synapses in
artificial neural network systems. The electrical characteristics of one ReRAM cell should
be reliable enough to make neural network like structure realistically achievable.

Tantalum pentoxide (TazOs5) based ReRAM cell is proposed to achieve the necessary
device requirements for analog memory. ReRAM cell’s structure has tantalum top elec-
trode, tantalum pentoxide insulating layer and titanium nitrate bottom electrode. The
metal-insulator-metal test structures are fabricated on a silicon wafer with silicon diox-
ide layer by the use of RF sputtering, lithography and dry etching processes. Different
oxide layer thicknesses as well as ReRAM cell areas are studied to see how they affect
on ReRAM’s electrical properties. The main method is to investigate voltage vs. cur-
rent characteristics by the use of semiconductor parameter analyser. The measurement
equipment provides limitation current that is necessary to prevent ReRAM’s breakdown.
Limitation current should be changed so that the ReRAM cell is able to achieve hysteresis
memory characteristics.

In this study, the first step is to analyse the general characteristics of ReRAM cell.
Understanding device’s behaviour is crucial in order to realize analog operation. The
method to achieve analog operation is to control negative reset voltage by modulating
them with voltage sweeps. The next step is to investigate the resistance control by the
voltage pulses considering the pulse-coupled neural network. Here the basic control factors
are the pulse width and height. If the results are satisfactory, the following step is to control
the resistance of ReRAM by the number of pulses, in which the control factor should be
appropriately chosen.

Since the semiconductor parameter analyzer’s limitation current was found to be in-
sufficient for analog memory, a ReRAM cell with a MOSFET is examined. MOSFET

provides another way to control the ReRAM’s current by controlling the MOSFET’s gate



voltage. MOSFET is also proposed in literature to be a good selector in memory arrays
that have a crossbar like structure. Artificial neural networks can be also implemented
in crossbar arrays which is the reason that MOSFET-ReRAM structure and its electrical

characteristics are studied in the same way as a single ReRAM cell.

1.2 Organization of Thesis

The structure of this thesis is the following:

In Chapter 2 the mathematical background as well as necessary terminology of mem-
ristor theory is given. The ideal voltage vs. current characteristics is presented. This
chapter is mostly based on Chua’s work [1,4].

Chapter 3 presents the physical processes that occur inside resistive switching. It
begins with a short introduction of HP’s memristor model and physical explanation. HP’s
device is chosen because their publication [2], was the first one that connected memristor
theory with experimental results. The rest of the chapter presents the terminology and
theory of filamentary and interfacial type resistive switching. The switching mechanisms
known as redox-based effects that are observed in ReRAMs are also described.

A short introduction of different applications of resistive switching devices is presented
in Chapter 4. Digital and analog applications are discussed. The main focus is on resistive
random access memories and its comparison to other memory technologies. A very brief
introduction to artificial neural networks and their realization using ReRAMs’ is also given.

The Chapters 5, 6 and 7 are the practical part of this thesis. First, the manufacturing
process is explained in sufficient detail. The general characteristics and measurement
results are presented in Chapter 6. The important performance metrics are studied to
understand how well the ReRAM cell can operate if analog operation is considered. There
is also a brief section about the physical mechanisms that could be present in the ReRAM
cell. Finally, the analog operation measurements are presented and analyzed. Chapter 7
describes the manufacturing process of MOSFET-ReRAM structure where measurement

results before the final conclusions of this work are given.

In this thesis I manufactured and measured the proposed ReRAM cell. The aim
of this thesis is to give a broad overview about memristive theory, physical processes
behind resistive switching, ReRAM’s practical applications and presenting experimental

results of manufactured ReRAM cell. The theoretical background and physical switching



mechanisms are crucial to understand the electrical behaviour of the proposed ReRAM
cell. The main scope of this thesis are the measurement results of TasOs5-based ReRAM
cells and the analog memory characteristics. If the results are considered good enough
for analog memory operation, this work could act as a base for further investigations of

ReRAM based artificial neural networks.



2 FUNDAMENTAL CIRCUIT

ELEMENTS

2.1 Four Basic Circuit Variables

The elementary charge e is a fundamental physical constant that defines a charge that a
single electron (or proton) carries. It is measured in coulombs (C) and its approximate

value is

e = 1.6021766208 - 10717 C (2.1)

according to NIST Reference on Constants, Units and Uncertainty. Elementary charge
must not be confused with electric charge ¢. Electric charge is a quantity of charge carriers

that flow through some cross section in time ¢

q= /z’dt. (2.2)

The flow of charge carriers is called an electric current ¢ and it is measured in amperes

(A)

= %

= (2.3)

A quantity of one ampere is also defined by The International System of Units (SI) to be

" The constant current which, if maintained in two straight parallel conductors of in-
finite length, of negligible circular cross-section, and placed one meter apart in vacuum,
would produce between these conductors a force equal to 2 - 1077 newtons per metre of

length.”

but current of one ampere can be presented using another SI-unit called coulomb. In that



case, one ampere is one coulomb of charge going through a cross section in one second’s
time.

The electric voltage v is a difference of electric potential energy E between two points
per unit electric charge. The electric voltage drives charge carriers between two points

thus creating a current. In circuits voltage is measured in volts (V)

— (2.4)

The fourth basic circuit variable is called magnetic flur (or fluz linkage) @. The

magnetic flux is a time integral of electric voltage

d
(p—/vdtorv—df (2.5)

Now the four circuit variables {i,q,v, ¢} have been defined and it can be seen that

there exist six different pairwise relations between them
{(v,9), (v,9), (i, ), (v, @) (v, ), (i, 9) } (2.6)

2.2 Three Basic Circuit Elements

Out of six relations presented in (2.6) three of them are well known. The basic two-terminal
passive circuit elements are resistor, capacitor and inductor whose circuit variable relations
are (v,1), (v,q) and (i, ) respectively. It’s not necessary to present any equations of their
physical behaviour here, but it is assumed that there exist implicit equations that define

their properties. The following functions define the three fundamental circuit elements:

fr(v,i) =0 (2.7)
fe(v,q) =0 (2.8)
fr(i, o) =0 (2.9)

where R, C and L stand for resistance, capacitance and inductance respectively.
The previous three equations generalize non-linear fundamental circuit elements but

they can be written as voltage or current derivatives of voltage, charge and flux:



dg = C(v)dv (2.11)
do = L(i)di (2.12)

If the values of R(i), C(v) and L(i) are constant, the circuit elements are called linear.
For example, a transistor is not a fundamental element because it is a three terminal
externally driven component. On the other hand, a diode can be called a fundamental
component because it is a non-linear version of resistor thus it belongs to the group of
resistors. The unit values for resistance is ohm (Q2), for capacitance it is farad (F), and
for inductance it is henry (H).

If (2.2) and (2.5) are written in the form where the current and voltage are integrated
over infinite past, relations between inductors (i, ¢) and capacitors (v, ¢) have the following

expressions respectively

o(t) :/ v(r)dr = <,00+/0 v(T)dT, (2.13)

¢ t
q(t) = / i(T)dr = qo +/0 i(7)dr, (2.14)

—o0
where ¢g and gg are initial state of flux and charge at the initial time ¢t = 0. The two
of these relations, namely those between (v,y) and (i,q) are not constitutive relations
because they are related with (2.13) and (2.14).

Out of six relations only one, namely (¢, q) has not been defined. In Chua’s 1971

paper [1], he noticed this missing relation and postulated an existence of the memristor.

2.3 The Fourth Element — Memristor

Chua’s memristor is a two-terminal passive device which is also known as fluz-charge
memristor. Memristor is the final constitutive relation thus completing the symmetry
that is represented in Figure 2.1. The implicit function of memristor is defined in the

same manner as in the case of other non-linear circuit elements

fu(p,q) = 0. (2.15)



dv = Rdi

dp = Mdq

Figure 2.1: Four fundamental circuit elements and their relations to circuit variables. Memristor
symbol used in this thesis is shown in the bottom.

The charge derivative presentation is

_d

dp = M(q)dq or M(q) = e (2.16)

If (2.16) is substituted with dt, using (2.3) and (2.5) the following relation is obtained

M(q(t)) = % = 1;((;) (2.17)
which can be written in the form
o(t) = M(q(t))i(?). (2.18)

Memristor has a function called memristance, M, it’s unit value is ohm (€2). The

inverse of memristance is called memductance, W and it’s unit value is siemens (S)

Wiq(t)) = =5 (2.19)

The previous equations are important to understand the ¢ — ¢ and i — v properties
of memristor. For example, if M is constant a memristor would be exactly the same as
a linear resistor. However non-linear behaviour of M reveals some interesting properties.

If (2.5) is used in (2.17) it is easy to see that memristor has a property of remembering



its resistance (memristor is a concatenation of memory resistor) which depends on the

history of charge that has passed through it

o(®) :M< /_ i(T)dT)i(t). (2.20)

Memristance keeps changing its value as long as input signal is applied to it. Removing
input current (or voltage) makes memristor to keep its state indefinitely. Equation (2.20)
defines a current controlled memristor.

It is important to understand that Chua’s definition of memristor is a classification
of ideal and passive component. Passivity means that component has no internal energy

suppliers. Such component must satisfy the following properties in ¢ — ¢ plane [1,5]:

Criteria 1: ¢ — ¢ curve must be unique. Memristor behaves the same way regardless of
input waveform. In the same initial condition (g, po) memristor changes it’s value

always the same way if certain amount of charge (or flux) is applied to it.

Criteria 2: ¢ — ¢ curve must be non-linear. Non-linearity ensures that memristor differ-
entiates from resistor. If the ¢ — ¢ curve is linear, memristance would be constant
and memristor is indistinguishable from resistor. This does not contradict with pre-
viously claimed existence of four fundamental elements. A linear memristor belongs
to the group of resistors but a non-linear (or linear) resistor does not belong to the

group of non-linear memristors thus they are different fundamental elements.

Criteria 3: ¢ — ¢ curve must be continuously differentiable and increasing. Continuously
differentiable curve guarantees that memristance does not have any discontinuities
and it’s differentiable in every point thus M (q), Vq has finite value. Increasing curve
M(q) > 0,Vq ensures that ideal memristor will be passive. If the ¢ — ¢ curve is not
increasing there is some point g,, where M(q,) = %ga) < 0, from which follows that
voltage can have different polarity than current that is applied to component because
instantaneous memristance M (q(t)) = % < 0= ov(t) <0 while i(t) > 0 (or vice
versa). This contradicts with the passivity criteria because such component must
have some internal power sources to keep the current flowing through same direction
while the voltage over component is inverted. Also instantaneous power dissipated
by passive memristor can not be negative, p(t) = v(t)i(t) = M(q(t))[i(¢)]?> > 0 thus

M (q) must be always positive. This criteria could be expanded to monotonically
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increasing M (q) > 0, Vq which limits the i — v curve to have exactly one point where

v(t) = 0 < i(t) = 0. Such criteria could be called a strict passivity criteria.

Years later after Chua’s first theorem of memristor it became clear that a single equa-
tion dp = M(q)dq is not enough to explain its physical behaviour in the real world
completely. Chua improved his theory on memristors with his former student Kang to
generalize memristor to be a subset of memristive systems [4]. Memristive systems have
input, output and most importantly a n-dimensional state variable w. Memristor actually
needs two equations to characterize it completely. The general equations of memristive

systems are

y = g(w,u,t)u (2.21)

w = f(w,u,t) (2.22)

where functions f and ¢ are continuous, y is the output signal, u is the input signal,
t is time and w is n-state derivative of w. Chua noticed that some previously observed
phenomena and devices would classify as memristive system. One example of such device is
a component called thermistor whose resistance is dependent on its temperature. Another
famous example is a circuit model of the North Atlantic squid’s giant axon also known
as Hodgkin-Huzley model [6]. Model’s inventors Alan Lloyd Hodgkin and Andrew Huxley
were awarded the Nobel Prize in physiology in 1965 and Chua proved that their model
had a circuit equivalent where two memristors were used.

As mentioned previously, a passive memristor is a special case in memristive systems.
Memristor’s state depends on it’s previous state and current or voltage input. Because
there is no linear relation between current and voltage, memristor should have defini-
tion that is related to the physical realization of such device. General nth-order current

controlled and voltage controlled memristors are represented by

v = R(w,i,t)i (2.23)

W = f(w,i,t) (2.24)
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and

i=G(w,v,t)v (2.25)

w = f(w,v,1) (2.26)

Previous implicit equations do not describe behaviour of real physical devices. Most man-
ufactured memristors are thin-film structures and their behaviour can not be categorized
the same as flux-charge memristor. Chua mentioned in his memristive systems paper [4],

that there are special cases where one-port device is time-invariant.

v = R(w)i (2:27)

W = f(w,i) (2.28)

After HP’s discovery in 2008 [2], it became more evident that the previous two equa-
tions were very useful in modelling their memristor’s behaviour. The detailed equations
are presented in Section 3.1 which include process and dimensional parameters. Physical
models of two-terminal memristor typically have more limited state variable w € R.

Previously mentioned criteria and equations guarantee that memristor’s i — v curve is
a pinched hysteresis (Lissajous) curve with a zero crossing point. Chua proved mathemati-
cally that memristors can not be constructed using other passive fundamental components:

resistors, capacitors and inductors.

2.4 Pinched Hysteresis of Memristor

The relations between g — ¢ and i —v are easy to see with help of graphical representations.
The continuous pinched hysteresis loop curve is also called the fingerprint of memristor.
Hysteresis loop gives more intuitive information about memristor’s behaviour while it is
driven by a sinusoidal input signal. Based on the previously presented criteria memristor’s
1 — v curve has some important properties. It is restricted in 1st and 3rd quadrant and it
has only one point, a zero crossing point, where both current and voltage are zero.
Figure 2.2 shows an example of memristor’s characteristics in ¢ — ¢ and in ¢ — v plane.
The g — ¢ curve satisfies all three criteria and it has an initial point (qo, ¢o). Memristance
at point P is a charge derivative of ¢(gq). The pinched hysteresis which is shown in i — v

plane is symmetric and has a zero crossing point at the origin. At P is the memristance at
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Figure 2.2: ¢ — ¢ and ¢ — v relations of memristor. Adapted from [1].

instantaneous time ¢, which is exactly the same as instantaneous resistance. Resistance
R(i) = dv(i)/di can be calculated by taking a derivative from the ¢ — v curve at point
(ia,vq). Memristor’s output can not be predicted by looking at it’s ¢ — v curve only.

Memristor’s response is defined by it’s ¢ — ¢ curve uniquely and it’s state depends on

charge that has passed through it.

If one of the criteria is not fulfilled a component would no longer be a memristor.
An another example is shown in Figure 2.3. In this case the ¢ — ¢ is unique, non-linear,
continuously differentiable but not increasing. At P the memristance M(q) < 0 which
makes the ¢ — v curve to spread in all four quadrants and there exists three v = 0 crossing

points. This means that a memristor is no longer passive because such 7 — v curve is only

formed when some internal power source is included.

o
=
S R P
o 4 3
do Qa
Charge
Figure 2.3:

q — ¢ and ¢ — v relations of non-memristor. Adapted from [1].

13

Current




in(t)

—>

+
Vo sin(wjpt) E\/ vp(t)

Current
<

1

Voltage

Figure 2.4: Frequency response of memristor. Voltage and current axis are swapped in this figure
and subsequent figures to be consistent with existing literature.

The pinched hysteresis loops’ waveforms are directly related to input signal frequency.
A simple schematic is demonstrated in Figure 2.4 where a memristor is driven by an
input v(t) = vpsin (wint), with amplitude of vy and angular frequency wiy. Alternating
voltage over memristor at time ¢ is vps(t) and alternating current through memristor
is ipr(t). When input signal’s frequency approaches to zero, wi, — 0 in other words
signal has only dc-value, memristor will eventually saturate to act like a linear resistor.
The situation is similar when wj, — oco. The memristor degenerates to a linear resistor
but with different resistance value than it is in dc-input’s case which is mathematically
proved in [4]. Infinitely fast alternating voltage does not allow magnetic flux to change its
value because time over one signal period becomes infinitely small. The resistance values
depends on a process and materials used on manufactured memristor but basically every
ideal memristor will have two limiting memristances, Ron and Ropr. The frequency
response of memristor shows behaviour where increasing frequency ”tightens” hysteresis
loops. The ¢ —v curve shows that there are two linear stages between the ” transition arcs”.
These states are typically referred in literature as on-resistance, Ron and off-resistance,
Rorr, where Ron < Rorr. [9]

The mathematical definition of memristor presented in this chapter differs very much
from real devices. Real memristor do not necessarily have clean pinched hysteresis curves
in ¢—wv plane or they are not categorized as true flux-charge memristors. The manufactured
devices belong to a totally different subset than memristor in memristive systems. There

is ongoing debate in scientific field whether manufactured memristors are real memristors
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or are they part of some broad class of resistive systems. One paper published on Nature
argues that memristors are impossible to manufacture in real world without using magnetic
induction [7], and it may be possible that real memristor will be found in other physical
structures than thin-film structures. Chua’s mathematical definition is not under criticism
but there exists disapproval against HP’s device and other thin-film structures because
they lack magnetic flux property, yet they are referred as memristors.

Existing literature mixes up terms memristor and memristive systems repeatedly. In
this thesis term memristor is used although the device does not necessarily meet all the

mathematical criteria that is set to it.
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3 PHYSICAL REALIZATION OF MEMRISTOR

This chapter gives a brief overview of mechanisms behind resistive switching phenomenon
as they are necessary to understand the behaviour and material choices of resistive switches.
First, a short introduction of the history behind the switching observations and the HP’s
memristor model is presented. Further sections should give the basic idea of different
switching types and models. Especially the redox-based effects behind resistive switching

mechanisms are explained.

There may be a misconception in public that HP’s device was the first memristor
manufactured. Actually the resistive switching phenomenon was already reported in the
1960s. Some metal oxides such as NiO [8], and TasOs [9], were reported to have forming
process produced by electrical field and after forming they showed switching properties
with two different resistance levels and some memory effects. However, those devices were
not robust enough to have any practical use and it took many decades until the interest
on resistive switching rouse again among scientific field.

In the early 2000s there were more successful attempts to manufacture resistive switches.
Materials like NiO [10], and TiOq [11], showed very promising switching properties. In 2002
Sharp published a paper [12], where they presented their colossal magnetoresistive (CMR)
device that was manufactured using 0.5pm complementary metal-ozide-semiconductor
(CMOS) process. Sharp’s memory architecture was a 64-bit array where the memory
component was connected in series with a transistor or diode. These configurations are
called one-transistor-one-resistor (1T1R) and one-diode—one-resistor (1D1R) correspond-
ingly. The memory cell showed resistive switching when 3 V voltage pulse for programming
and erasing was applied. Write and erase times were reported to be 20ns and 10ns while
peak operating current was 200 pA. Using different pulse widths Sharp’s researchers no-
ticed that the device was able to have multiple resistance states which could be used in

multi-bit storage. However they did not publish any information of endurance or retention
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time. Sharp referred their device as resistance random access memory (RRAM) which was
the first publication to use this term.

A small breakthrough was also made in 2004 when Samsung published a paper about
their resistive memory [13]. Samsung accomplished to manufacture a NiO memory cell on
0.18 pm CMOS process using a 1T1R structure. They referred their memory structure as
transition metal-oxide resistive random access memory which was shortened to OxRRAM.
Samsung made memory technology oriented tests to their device where they showed that
voltage pulses were necessary to switch from low-resistance state (LRS) to high-resistance
state (HRS). They used operating voltage below 3V and controlled current of 2mA while
running 10° set/reset cycles and 10'? read operations. However Samsung had problems
with failing endurance after one million set/reset operation. Also their high temperature
baking test resulted many defunct memory cells mainly due soft errors. It is interesting
to note that none of the papers about resistive switching did not refer to the original
memristor paper. Maybe this was because Chua’s papers were full of complex mathematics
and his interests did not meet with experimental material scientists.

In 2008 HP Labs finally connected the dots and manufactured a device which they
referred as a memristor. Their sandwich like structure used two platinum electrodes
between titanium dioxide insulator. It was a beginning of multiple thin-film memristor
implementations using different electrode and oxide materials. However it is impossible
to give a single comprehensive equation or explanation of how thin-film memristor works
because it’s switching behaviour is dependant on not only materials used but also their
combination [3].

In the next section HP’s thin-film memristor is presented because it was the first to
connect memristor theory to experimental observations that resulted multiple publica-
tions! from many research groups that observed resistive switching in metal-oxide nano

structures.

3.1 HP’s Device Model and Physical Properties

HP Labs presented their physical model of their two terminal memristor-like device in [2].

The first mathematical model of their device is very simple and some improved and more

'Search report from Web of Science (http://apps.webofknowledge.com) results 936 articles between
years 1971-2007 and 14 902 articles between years 2008-2015 using keywords "memristor OR memristive
OR resistive switching”.
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complex modelling equations have been presented and studied [14,15]. HP’s model is pre-
sented in Figure 3.1. External sinusoidal voltage v(t) = vg sin (wint) changes the boundary
area between doped and undoped regions. Strukov et al. [2], tried to induce mathematical
model of their device which would match Chua’s definition for memristive systems. They

obtained the following equations

o(t) = (RON“’I()” + Rogr (1 - 7“”1()“) ) i(t) (3.1)

dw(t) Ron .

) (3.2)

where D is the width of oxide material, uy is average ion mobility and formula for w(t) is

w(t) = m g 1), (3.3)

Equations (3.1) and (3.2) are modifications of equations v = R(w)i and w = f(w,7).
Because Ron < Rorr it follows that inserting w(t) to (3.1) following approximation is

obtained

v(t) = Roprp (1 - “VRONq(t))i(t). (3.4)

These equations show that HP’s device belonged to group of resistive systems. They
had to show that their device was memristor and it should also have charge dependent
memristance. This was indeed the case because memristance can be written in the form

v(t) = M(q(t))i(t) which results memristance equation

M(q(t)) = Rorr (1 - ”VliONq(t)). (3.5)

It is true that previous equations lack direct connection to magnetic flux that was
crucial in defining a memristor. Because there were no clear indications of magnetic fields
inside small resistive switching components it was hard for researchers to intentionally
manufacture memristive devices. This confusion can be avoided by using a term flux
linkage instead of magnetic flux as both equations are defined exactly the same in (2.5).
Magnetic flux’s physical explanation is ¢pp = B - S where magnitude of magnetic field
B passes through surface of vector area S. Flux linkage does not represent any physical
magnetic field but only a time integral over voltage.

HP’s model assumes that Ropr, Ron and D are independent of ¢ and ¢, which may
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Figure 3.1: A simplified model of HP’s memristive device shows a sandwich structure where
width of TiO4.« doped area defines the state variable w. A circuit equivalent is shown on the right
where two variable resistances Ron and Ropp represent materials TiOo_ and TiOs respectively.

not be the case in practise. Also HP’s claim of memristor discovery led their first model
to define memristive behaviour rather than explaining physical mechanisms behind phe-
nomena.

A state variable w in the model has more limited range than Chua’s mathematical
definition where w € R™. Theoretically, a state variable that is a width of doped region
could only vary between platinum electrodes in other words w € [0, D]. It is proportional

to ¢ that passes through TiO9 region.

A brief physical explanation of how resistive switching happens in TiOs is presented in
this section. At the time when HP was doing experiments on their device using micro-scale
and nano-scale devices they noticed that memristance was more noticeable in very small
structures. Because any real component e.g. resistor or capacitor also have parasitics
inside them (such as parasitic resistances or parasitic inductances) it may be possible that
they contain parasitic memristances also. However this parasitic element is undetectable
in large scale devices which made the discovery of memristor to be a very difficult task. As
electrical devices started to shrink in size, memristance became more noticeable. There
are papers which misinterpreted memristance as tunnel effect [9], or anomalous capac-
itance [16]. Currently, memristance is known to be a dominant element in nano-scale
thin-film metal-oxide structures. In theory, a memristance in nanometer devices is one
million times larger than in micrometer devices. This happens because a memristance e.g.
in TiOy devices has a factor of 1/D? as shown in simplified model in (3.5).

Strukov and Williams investigated switching speeds of Pt/ TiO2/TiO2./Pt device [17].
In their model the motion of atomic particles caused the resistive switching. Charge

carriers could be ions, molecules or vacancies. Even relatively small non-stoichiometric of
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Figure 3.2: (a) A simplified cross cut of the device which shows Ti;O7 channel. Resistance
switching happens when this channel is modulated using electric field. (b) X-ray absorption spec-
trum revels three different materials present in device. (¢) Colour mapped STXM image of the
device shows the formation of conductive channel. Partially taken from [18].

0.1 % in TiOg., which is equivalent approximately 5-10'? dopants/cm? makes the oxygen
deficient layer highly conductive [15].

The first manufactured devices used a electroforming step to create a conducting chan-
nel in TiOy region. Strachan et al. studied [18], forming process and material changes
inside the device. Before the forming step the device showed strong rectifying behaviour
that could be interpreted as Schottky like contacts at bottom and top interfaces. It
turned out that after initial forming step there exists a 10nm to 200nm wide channel
that would form in a random location inside TiO5. Researchers probed TiO region with
x-ray absorption spectroscopy. The spectrum, which is shown in Figure 3.2, revealed three
different phases or sub-oxides of titanium dioxide and the width of conducting channel.
Spectral analysis revealed that the material in conducting channel was actually a sub-
oxide of TiOg. Transmission electron microscopy (TEM) of reduced TiO4.x region showed
that the diffraction pattern figure was the same as the crystal form of TiyOr which is also

known as Magnéli phase. The on-off switching happens when the width of region between
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TisO7 and Pt changes. This modulation which is only in range of couple nanometer causes
significant changes in resistance in spite of the fact that the conducting channel is never
fully shorted with electrode. A scanning transmission z-ray microscope (STXM) analysis
of the device showed that the formed channel had an approximate width of 100 nm which
is color mapped in STXM image in Figure 3.2. The resistive switching mechanism of TiO»
was confirmed by other independent groups especially Kwon et al. [19]. They concluded
that increasing concentration of oxygen vacancies would result strong Joule heating effect

and high temperatures drive thermodynamic forces to form the Magnéli phase.

3.2 Resistive Switching

When knowledge and observations of resistive switching mechanisms and materials in-
creased, one can argue, that the terms memristance and memristor are good for explaining
and defining all the discovered devices. Many times the pinched hysteresis curves are far
from being clear and beautiful ”butterfly” or ”bow-tie” shaped figures. In some devices
the pinched hysteresis in two different quarters of ¢ — v plane is totally missing because
the switching happens only on positive voltage. However, the fact is that currently new
devices and materials are researched extensively and part of this happened because there
was an attempt to discover the Chua’s fundamental circuit element. Some papers might
still refer Chua’s 1971 paper but nowadays many authors do not find it necessary as their
device and research is more concerned to have use in practical applications instead of
proving Chua’s theory of postulated memristor. The term resistive switching is often used
in literature and it is in many cases more illustrative word for the whole phenomenon.

As noted previously, a single comprehensive equation or model that would explain the
behaviour of all different thin-film devices is practically impossible. Resistive switching
does not only depend on materials that are used but it is also dependent on their different
combination [3]. Resistive switching behaviour can be classified into two different types:
unipolar or bipolar.

In unipolar (or non-polar) case, resistive switching happens when amount of applied
voltage (or current) exceeds certain level. This means that change from HRS to LRS
which is also called as set phase and correspondingly the change from LRS to HRS which
is called reset phase happens in the same voltage polarity. In bipolar switching setting

and resetting mechanism does not only depend on amplitude but also polarity of applied
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Figure 3.3: The i — v curves of (a) unipolar mode and (b) bipolar mode. In unipolar mode it is
possible to change device state between HRS and LRS with both negative or positive voltage. In
bipolar mode only the opposite polarity of voltage have the effect of state change. In both cases
the current is limited by the compliance current (CC).

voltage. For example, set phase happens on positive voltage when amplitude reaches
certain level. Applying increased positive voltage would not cause any change in device’s
resistance state. However, a subsequent negative voltage will cause a change in device
thus resetting it back to its previous state. Figure 3.3 shows the typical ¢ — v curves of
two switching modes. Some devices may have the set happening on negative voltage and
reset on positive voltage and the curves may be far from being clean hysteresis curves.
They are more likely to be distorted or "noisy” between different cycles, so this figure is
only used to present and give the understanding of basic behaviour.

Typically a fresh sample of manufactured device has some initial resistance which
might be different from the resistance states that are present after applying multiple
switching cycles [3]. The initial resistance state might need a higher voltage to trigger
resistive switching behaviour in device. This is usually called a forming voltage and the
phenomenon is referred in literature as forming or electroforming.

The initial forming and following set phases are usually very fast and abrupt processes
so it is necessary to prevent device breakdown by limiting the current when device changes
it’s state to LRS. The compliance current is achieved having a transistor, a diode or
another resistor in series with resistive switching component. If the manufactured device
lacks the mentioned components, compliance current is provided by measurement devices
like semiconductor parameter analysers or other corresponding equipment. However, in

some cases the switching time is so fast that measurement equipment is not fast enough
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Figure 3.4: Classification of resistive switching mechanisms based on physical driving forces.
Unipolar and bipolar operation of resistive random access memories are typically associated with
three redox based mechanisms: ECM, VCM and TCM. Adapted from [20].

to react to set process and in such cases the device may break down unintentionally.

Some external ambient conditions such as temperature have also effect in resistive
switching. Even the fabrication conditions and process have some effect because the
structure of metal-oxide material is never totally ideal and uniform. Possible methods to
manufacture oxide based devices include reactive sputtering, pulse laser deposition (PLD),
and atomic layer deposition (ALD). Especially the ALD shows promising results because
it has an ability to control the uniformity and thickness of the oxide film which reduces
the variance between devices as well as variability in single device. [3]

A large variety of different physical phenomena are observed that lead to resistive
switching. Waser et al. presented a very comprehensive review [20], where different
switching mechanisms are divided into nine categories that are shown in Figure 3.4. Some
of the physical driving forces are related to unipolar switching while others contribute to
bipolar switching. Waser’s paper focused on redoz-related chemical effects that are typi-

cally associated with resistive random access memories (ReRAM). A more recent review
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about switching mechanisms was introduced by Pan et al. [21], where they focused on ion
migration, charge trapping and thermochemical reactions in inorganic and also organic
materials. Different switching mechanisms are utilized in different memory technologies
such as phase change random access memory (PCRAM) or magnetoresistive random access
memory (MRAM). Redox (reduction-oxidation) based mechanism include electrochemical
metallization effect (ECM), valency change memory effect (VCM) and thermochemical
memory effect (TCM). These effects are explained in Section 3.4.

3.3 Filamentary and Interface Type Switching
Models

In previous section it was mentioned that resistive switching can be classified into two
different categories, unipolar and bip