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Palavras-chave Transporte elétrico, resistive switching, ReRAM, filamentos condutores,
TaOx, metal desordenado

Resumo Novas aplicações, tais como computação neuromórfica, e as limitações da
tecnologia de semicondutores atual exigem uma revolução nos dispositivos
eletrónicos. Sendo uma peça chave para um novo paradigma da eletrónica,
a memória ReRAM (redox-based resistive switching random access mem-
ory) tem sido alvo de muita investigação e desenvolvimento. O Ta2O5 é um
dos materiais mais populares para usar em dispositivos ReRAM, permitindo
alta durabilidade e velocidades de comutação elevadas. As ReRAM com
Ta2O5 baseiam-se na mudança não volátil da resistência elétrica através
da modulação da quantidade de oxigénio em filamentos condutores, como
é descrito no mecanismo de alteração de valência (valence change mecha-
nism). No entanto, a estrutura dos filamentos e a sua composição química
exata, são ainda alvo de intenso debate, limitando o desenvolvimento de
melhores receitas de fabricação de dispositivos. Os dois modelos atuais na
literatura consideram filamentos compostos por lacunas de oxigénio e fila-
mentos com Ta metálico. Este trabalho procura resolver esta disputa ao
reportar um estudo detalhado do transporte elétrico através de filamentos
condutores em dispositivos ReRAM de Ta2O5. Paralelamente, foi estudado
em detalhe o transporte elétrico e a estrutura de filmes finos de TaOx sub-
estequiométrico, depositados de forma a emular o material dos filamentos.
Foi encontrada uma forte correlação entre os mecanismos de transporte
nos filamentos condutores dentro dos dispositivos ReRAM de Ta2O5 e nos
filmes finos de TaOx com x ∼ 1. Isto estabelece uma ligação clara en-
tre as propriedades físicas dos materiais que compõem tanto os filamentos
como os filmes finos de TaOx. A análise estrutural efetuada nos filmes de
TaOx revela a presença de aglomerados de Ta. Por outro lado, o transporte
elétrico em filmes finos de Ta é dominado pelos mesmos mecanismos de
condução observados nos filmes de TaOx com x ∼ 1, para a maior parte da
gama de temperatura de 2 K a 300 K. Ambos os casos partilham ainda uma
concentração de portadores da ordem de 1022 cm−3 e uma magnetoresistên-
cia positiva associada a anti-localização fraca para T < 30 K. Portanto, é
concluído que o transporte em filmes de TaOx com x ∼ 1 é dominado por
uma cadeia de percolação de aglomerados de Ta embutidos numa matriz
isoladora de Ta2O5. Estes aglomerados exibem um comportamento típico
de metais desordenados, para os quais a condução é dominada por correções
quânticas ao transporte de Boltzmann.
Em conclusão, o transporte elétrico em filamentos condutores dentro de
dispositivos ReRAM baseados em Ta2O5 é dominado pela percolação de
aglomerados de Ta, o que corrobora observações independentes de Ta
metálico nos filamentos. Assim, este trabalho suporta o modelo baseado no
filamento metálico de Ta.





Keywords Electrical transport, resistive switching, ReRAM, conductive filaments,
TaOx, disordered metal

Abstract New applications, such as neuromorphic computing, and the limitations of
current semiconductor technologies demand a revolution in electronic de-
vices. As one of the key enablers of a new electronics paradigm, redox-based
resistive switching random access memory (ReRAM) has been the focus of
much research and development. Among the ReRAM research community,
Ta2O5 has emerged as one of the most popular materials, for enabling high
endurance and high switching speed. Ta2O5-based ReRAM rely on the non-
volatile change of the resistance via the modulation of the oxygen content
in conductive filaments, as it is described in the valence change mechanism.
However, the filaments’ structure and exact composition are currently un-
der intense debate, which hinders the development of better device design
rules. The two current models in the literature consider filaments composed
of oxygen vacancies and those containing metallic Ta. This work attempts
to solve this dispute by reporting a detailed study of the electrical transport
through the conductive filaments inside Ta2O5-based ReRAM. In parallel,
the electrical transport and structure of substoichiometric TaOx thin films,
grown to try and match the material of the filaments, was studied in detail.
A strong correlation between the transport mechanisms in the conductive fil-
aments inside the Ta2O5 ReRAM and in the TaOx thin films with x ∼ 1 was
found. This clearly links the physical properties of the materials composing
the filaments and the substoichiometric TaOx thin films. Structural analy-
sis performed on the TaOx films reveals the presence of Ta clusters inside
the films. Moreover, the electrical transport of metallic Ta films shows the
same transport mechanism as TaOx with x ∼ 1, for most of the measured
temperature range, from 2 K to 300 K. Beyond the transport mechanisms,
both cases share a carrier concentration on the order of 1022 cm−3 and a
positive magnetoresistance associated with weak antilocalization at T < 30
K. Therefore, it is concluded that the transport in the TaOx films with
x ∼ 1 is dominated by a percolation chain of Ta clusters embedded in an
insulating Ta2O5 matrix. These clusters exhibit disordered metal-like be-
haviour, where quantum corrections to the Boltzmann transport dominate
the conduction.
In conclusion, the electrical transport in the conductive filaments inside
Ta2O5-based ReRAM devices is determined by percolation through Ta clus-
ters, which is in line with independent observations of metallic Ta in the
filaments. This work strongly supports the metallic Ta filament model.





“It is good to have an end to journey towards;
but it is the journey that matters, in the end”

— Ursula K. Le Guin,
The Left Hand of Darkness
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Introduction

The technological advancements of the last decades in the field of electronics revolution-
ized the world as we conceive it today. The youngest generations can hardly imagine living
without computers, smartphones and touchscreens. Ubiquitous to all these applications is the
transfer of huge amounts of data between the different components of each individual tech
product or between each other. Every time, everywhere. Moreover, the increasing demand
for artificial intelligence, machine learning and other data-centric applications will soon make
the total energy consumption reach the total amount of electrical energy produced in the
world. The situation will soon be unsustainable. In order to continue this trend of techno-
logical development, it is then absolutely crucial to change the paradigm and invest in new
technologies with a higher energy efficiency.

The largely advertised end of Moore’s law catalysed the research on emerging technolo-
gies that could overcome the limitations of the current semiconductor memories based on the
complementary metal-oxide-semiconductor (CMOS) fabrication process. However, the persis-
tence and inertia of CMOS technology is maintaining the new technologies’ emerging status.
Initially pointed out to surpass the CMOS-based memories, such as dynamic random access
memory (DRAM) and Flash, these emerging technologies have been kept at research level or
relegated to niche applications. Realizing the potential of emerging memories to bridge the
gap between the fast, volatile DRAM and the slow, non-volatile Flash, researchers developed
the concept of Storage Class Memory and started to advocate the emerging technologies for
this purpose.

On the other hand, the devices underlying these emerging memories are now understood
as examples of memristive systems. These are named after the memristor, a passive funda-
mental circuit element theoretically proposed in the 1970s. The response of such memristive
systems/devices closely resembles the biochemical behaviour of synapses between neurons.
This characteristic promoted the idea of achieving neuromorphic computing at the hardware
level, in stark contrast with software-based artificial intelligence (AI), most common nowa-
days. The paradigm shift from software-based AI to hardware-based AI is extremely relevant
in terms of energy efficiency, taking advantage of the efficient architecture of the brain when
compared to software-based AI in brain-like computing applications.

One of the top contenders in the emerging memory category is the redox-based resistive
random access memory (ReRAM). The technology relies on the non-volatile change of the
resistance of a metal-insulator-metal structure upon application of an electric field, a phe-
nomenon known as resistive switching. The switching is most commonly triggered by redox
reactions that create a filamentary path inside the oxide with a higher conductivity. The
localized disruption and restoration of this filament enables the change in resistance.

Asymmetric structures with transition metal oxides and two different metal electrodes,
in which one of these is more affine to oxygen, normally lead to the so-called valence change
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mechanism (VCM) type of resistive switching. The vast majority of the cases involve the
formation of oxygen-deficient conductive filaments. A particularly popular insulator material
for VCM-based resistive switching is Ta2O5, as it holds the record for highest endurance and
highest switching speed devices among transition metal oxides. Research on VCM-specific
systems led to many important conclusions. The key role of the movement of oxygen species
inside the oxide enabled by both local heating and electric field acceleration, and the conse-
quent changes of the valence states of the metal cations in the oxide are examples of such
conclusions. There is, however, no consensus in the exact nature of the filaments: are they
composed of an oxygen deficient oxide phase, such as a suboxide, or is there a precipitation
of metallic phases? Most device models assume the existence of oxygen vacancies in the oxide
phase and all the other physical properties (such as electrical transport) are explained by
these defects. Despite this theory, electron microscopy and spectromicroscopy studies indi-
cate the occurrence of metallic particles inside the oxide layer of resistive switching devices.
The work reported in this thesis aimed at unravelling this question through a thorough elec-
trical transport study of conductive filaments in Ta2O5-based ReRAM devices. The chosen
approach focused not only on studying the transport in the filaments inside Ta2O5-based
resistive switching devices, but also on producing and studying TaOx in thin film form that
could mirror the material of the filament. After having achieved this, the latter can then be
subject to further analytical studies in order to clarify the origin of the transport mechanisms
exhibited by the conductive filaments. Therefore, the work is naturally divided in two roads: a
"device-oriented road", where operating Ta2O5-based resistive switching devices are the focus
of the experiments, and a "fundamental physics-oriented road", where the substoichiometric
TaOx thin films are analysed.

This thesis is divided in five main chapters and a final chapter where the main conclu-
sions are summarized and future work is discussed. Chapter 1 largely extends and supports
this introduction. The phenomenon of resistive switching is described, including a brief his-
tory of important events in the field, the most relevant physical mechanisms discussed in
the literature are presented, and the main applications are introduced. The thesis topic is
then properly contextualized in the presented framework. Chapter 2 reviews the theoretical
framework needed for the analysis of the transport experiments carried out in this work. This
chapter also includes a general overview of the Ta-O material system, with an introduction of
some specific material phases that are relevant for the discussion. Chapter 3 introduces and
briefly describes the experimental techniques used in the course of the reported work. Empha-
sis is naturally given to the main techniques employed, while auxiliary techniques are mostly
given a very brief definition. The original contribution of this thesis is then presented in the
two following chapters. Chapter 4 focuses firstly on the resistive switching obtained in the
Ta/Ta2O5/Pt ReRAM devices under study, and later characterizes the electrical transport in
the different resistance states. The focus then switches slightly to the other road, where the
electrical transport data for the TaOx thin films is presented and compared to the data of the
devices. A correlation between the transport mechanisms is clearly observed. Taking advan-
tage of this last point, Chapter 5 delves deeper into the structure and electrical transport
properties of the TaOx films. This enabled a discussion of the transport mechanisms in light
of the microscopic characteristics of the materials involved. The thesis is completed with a
summary of the main conclusions and a description of possible future developments.

Fig. 1 shows a schematic diagram that summarizes the research approach reported in this
thesis, hopefully making the organization of the thesis clearer.
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Figure 1: General scheme of the thesis. Starting from the main questions that were targeted,
the work was divided in two parallel roads of experimental work. The results of the two paths
were compared in order to gain information and attempt to answer the initial questions. On
the right side of the scheme, the schematic blocks are mapped to the different thesis chapters.
Chapters 4 and 5, containing the main experimental results and discussion, are highlighted
in colour to match the colour of the blocks in the scheme.
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Chapter 1

Resistive switching and ReRAM

This chapter introduces the physical phenomenon of resistive switching, the related tech-
nologies and their most relevant applications. It starts with a definition of resistive
switching and the necessary terminology. A brief summary of the most important mile-
stones in the history of resistive switching research are then described, followed by the
introduction of the concept of memristor and memristive systems, closely tied with re-
sistive switching. The chapter continues with the introduction of the main redox-based
switching mechanisms, of which the valence change mechanism is highlighted. The par-
ticular case of TaOx-based ReRAM devices is then discussed and the experimental work
of the thesis is introduced in the presented framework. Finally the main applications of
resistive switching devices are introduced.

1.1 Definition and terminology

The phenomenon of resistive switching (RS) consists in the change of the resistance of a
material induced by an electrical stimulus through atomic reconfigurations and/or nanoscale
redox processes [1, 2]. This term is mostly ascribed to a non-volatile change, in the sense that
the resistance is retained if the electrical stimulus is removed. Nevertheless, the change can
also be volatile, phenomenon normally termed threshold switching. The simplest and more
common case of resistive switching occurs between two different resistance states, a low-
resistance state (LRS) and a high-resistance state (HRS). In many systems, multiple states
can be achieved and even quasi-analogue behaviour can be obtained, with a very gradual
change of the resistance. The operation causing the switching from the HRS to the LRS
is termed SET, while the transition from the LRS to the HRS is called RESET. The SET
operation is normally controlled by the imposition of a current compliance (CC) that limits
the maximum current through the resistive switch.

The RS is distinguished in different types in terms of the relative polarity of the electrical
stimulus necessary to induce SET and RESET. Fig. 1.1 shows the typical current-voltage
(I − V ) characteristics that can be observed when the RS elements are subjected to a quasi-
static voltage sweep. This is the most common way of electrically characterizing the RS, and
consists in the successive application of a fixed voltage during a short amount of time for
different voltage values. In the most common approach, one measures a full cycle, where the
voltage is swept from 0 V to a maximum value, then to a minimum (negative) value crossing 0
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V and then finally back to 0 V (or vice-versa). For practical applications, a pulsed operation
is preferred, where a single (or multiple) voltage pulse(s) of a specific value is(are) used to
switch the resistance. In the case that both SET and RESET can be induced by the same
voltage polarity, the RS is said to be unipolar (Fig. 1.1a). If, on the contrary, the SET and
RESET occur for different voltage polarities, then the RS is said to be bipolar (Fig. 1.1b).
More recently, other kinds of RS have been reported where the overall I − V curves show a
more complicated shape. This is the case for complementary resistive switching (CRS) and
complementary switching (CS), shown in Fig. 1.1(c) and (d). The small difference in the two
names is used here to highlight the origin of the complementary behaviour: as can be seen
in Fig. 1.1, the material stack used for both cases is different. The CRS was first proposed
to solve the sneak current path problem in crossbar arrays [3] and involves the use of two
RS elements stacked anti-serially. On the other hand, the CS allows a similar I − V curve
but it can be obtained in a single stack [4, 5], therefore decreasing the number of fabrication
steps needed. The CRS and CS can look like volatile switching because of the appearance
of a hysteresis at higher voltage and the non-existence of one at low voltage. However, the
switching is indeed non-volatile, although the state must be read in a specific way [6].

Unipolar RS is advantageous in terms of the peripheral circuitry involved in integrated
systems. However, the differences in the physical mechanisms involved in the RS for redox-
based systems make the bipolar RS more reliable and durable, when compared to the unipolar
case. This will be highlighted in a following section where the main model mechanisms of
redox-based RS are introduced.

1.2 Brief history of resistive switching

The first reports of the RS phenomenon go way back to the 1960s. In 1962, Hickmott
showed negative differential resistance in metal-oxide-metal structures for five different oxides,
some of which are still the most used RS materials nowadays: SiO, Al2O3, Ta2O5, ZrO2 and
TiO2 [7]. In the next two years, Bashara and Nielsen showed reversible voltage-induced
resistance change in Au/SiO/Au structures and suggested the use of this device structure as
a memory element [8, 9]. In 1964, NiO was also introduced as switching oxide and shown
to switch its resistance between 100-200 Ω and 10-20 MΩ with switching times as low as
100 ns [10]. By the end of the 1960s, the term “resistive memory” had already been coined
and even analogue memory behaviour had been shown [11]. However, RS memories based
on these earlier studies were never developed because of problems in stability and scaling of
the devices, but also mainly due to the emergence and consequent explosion of the Si-based
memories, which still dominate the memory market nowadays.

By the end of the 1990s, the resistive switching phenomenon reappeared in the litera-
ture, sometimes as a side effect in structures for magnetic applications, like magnetoresistive
manganites [12]. The research into resistive switching had then a revival in the 1990s. In
2000, a group from IBM Zürich showed important improvements in the resistive memory
technology by presenting reproducible non-volatile switching with voltage pulses with time
duration shorter than 100 ns [13]. In 2002, the term RRAM, standing for Resistance Random
Access Memory, was coined and a 1D1R (1 diode, 1 resistor) structure was proposed [14]. In
2004, a group from Samsung showed the first integration of resistive switching devices with
CMOS technology, showing the feasibility of the integration of these devices and showing
good prospects in terms of scalability [15]. This work was done with NiO and also coined the
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Figure 1.1: Illustration of the different current-voltage (I−V ) characteristics obtained for the
different types of resistive switching: (a) Unipolar resistive switching (URS) (b) Bipolar re-
sistive switching (BRS) (c) Complementary resistive switching (CRS), using two anti-serially
connected devices (d) Complementary switching (CS) using only one device. The I − V
characteristics are accompanied by typical materials stacks used to obtain the different be-
haviour in Ta2O5-based ReRAM. The BRS with the polarity shown in (b), with a positive
SET and negative RESET, is obtained when the voltage is applied to the Ta top electrode,
while grounding the Pt electrode. As can be seen, the stacks in (b) and (d) are identical in
terms of the employed layers. However, the obtained behaviour can be controlled by tuning
the thickness of the Ta layer, as will be discussed in section 1.5.2.
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term OxRAM to define transition metal oxide-based RRAM.
An even bigger interest in the field was raised by a paper in 2008 from a group in HP Labs

that established a link between the long known resistive switching effect and the memristor
[16], a fundamental passive circuit element theoretically predicted by Leon Chua in 1971 [17].

1.3 The memristor and memristive systems

The memristor, acronym for memory resistor, is a fundamental passive circuit element
theoretically predicted by Leon Chua in 1971 [17]. Chua analysed the mathematical relations
between the four fundamental electric circuit quantities: the voltage v, the current i, the
electric charge q and the magnetic flux φ. With these four variables it is possible to obtain
six different mathematical relations, of which only five were already known: the relation
between q and i, the relation between φ and v (Faraday’s law) and the axiomatic definitions
of the resistance (relation between v and i), the capacitor (q and v) and the inductor (φ and
i), the three known fundamental circuit elements. Chua stated in his paper that from the
logical, as well as axiomatic, point of view, it is necessary, for the sake of completeness, to
consider a fourth fundamental circuit element that he named memristor. This element is
then defined by the relation between φ and q and its name stems from its behaviour, which
resembles a nonlinear resistor with memory. Fig. 1.2(a) summarizes the representation of the
aforementioned quantities, their inter-relations and the four fundamental circuit elements.

The memristor is characterized by a quantity with dimensions of resistance named mem-
ristance, defined as:

M(q) = dφ(q)
dq

. (1.1)

This expression can be transformed considering the other fundamental relations, in order to
show a relation between the voltage and the current involving the memristance:

V = R (q) I
q̇ = I,

(1.2)

where the resistance R(q) represents the memristance M .
The concept of the memristor is purely mathematical and thus, ideal. By the time of

its conception, no simple physical device fulfilled all the requirements to be classified as a
memristor. However, the concept was further generalized to a class of dynamical systems,
called memristive systems, for which some physical devices were immediately associated with:
thermistors, the Hodgkin-Huxley membrane circuit model and discharge tubes [19]. The
memristive systems are described by:

ẋ = f (x, u, t)
y = g (x, u, t)u,

(1.3)

where u and y represent the input and output of a system and x is the state variable. For a
current-controlled memristive system, these equations transform into:

ẋ = f (x, I, t)
V (t) = R (x, I, t) I (t) ,

(1.4)



1. Resistive switching and ReRAM 9

Figure 1.2: (a) Schematic picture of the four fundamental passive circuit elements: the re-
sistor, the capacitor, the inductor and the memristor, according to Leon Chua. (b) Typical
pinched hysteresis loop in the I − V characteristic of an ideal memristor response to an AC
voltage signal for two different frequencies, 0.5 and 1 Hz. Taken from [16] and adapted from
[18], respectively.

A characteristic of these systems is the fact that they exhibit Lissajous figures with hystere-
sis in the current-voltage (I − V ) plot, like the ones shown in Fig. 1.2(b). This characteristic
fingerprint helped the group at HP Labs to establish the link between the memristor and
the already known resistive switching phenomenon [16]. More recently, Chua himself stated
that all two-terminal non-volatile memory devices based on resistive switching are memris-
tors, regardless of the device material and physical mechanisms [20]. Despite this, a part of
the scientific community is still sceptic regarding this link, especially because of the formal
mathematical definition initially given by Chua that does not seem to be directly related to
the experimentally reported RS [21]. Some have claimed that the memristor has indeed not
been found and may not be even possible [22]. Other groups claim that the fourth element is
a different one named transtor, where the link between the magnetic flux and the charge is
more evident [23, 24]. Corinto et al. have also clarified that φ can be understood as voltage-
momentum so that it does not necessarily have to be a magnetic flux [25]. Nevertheless,
the popularity of the name memristor led to its almost indiscriminate use in the scientific
community. All the different phenomena that induce similar change in the resistance of ma-
terials now fit under the denomination “memristive phenomena” and are presented in Fig.
1.3. In this thesis, the term “memristive device” will be used to describe electronic devices
that exhibit some kind of memristive phenomena and that can be understood as memristive
systems under certain additional conditions. For non-volatile resistive switching devices, the
additional conditions are [26]:

1. The state variable x must have a material-dependent component, for example the mag-
netization (in MRAM), the crystallographic phase (PCM), or the length of a conducting
filament formed by an internal redox process (ReRAM);

2. The state variable x must have a lower and upper limit, xmin < x < xmax;

3. Since ẋ describes the kinetics of the switching process, the function f in ẋ = f (x, I, t)
must be highly nonlinear due to the voltage-time dilemma [27].
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Figure 1.3: Survey of the different types of memristive phenomena. Taken from [26].

1.4 Redox-based resistive switching mechanisms

Most of the research done in RS is based on oxides and higher chalchogenides. In the
majority of these systems, reduction-oxidation (redox) reactions play a pivotal role in the RS
phenomenon [28]. The systems, either elements, cells or devices that function on this basis
are generally termed redox-based resistive switching random access memory (ReRAM), which
will be a generic term frequently used throughout this document. However, there are many
phenomena that also lead to similar switching in the resistance of materials stacks via very
different physical mechanisms. Fig. 1.3 summarizes the majority of phenomena that can be
considered. These include magnetic memories such as spin-transfer torque magnetic random
access memory (STT-MRAM), ferroelectric memory based on ferroelectric tunnel junctions,
as well as phase change memory (PCM). All these emergent memory technologies have been
proposed as alternatives to the current memory paradigm. Other interesting phenomena are
based on purely electronic effects that include charge trapping- and Mott transition-induced
RS [29]. A particular case of charge trapping is the so-called nanometallic resistive switching,
where the insulator layer is “doped” with metallic particles [30–32]. Here, the charge trapping
induces a metal-insulator transition. The Mott transition is also based on a metal-insulator
transition. However, for this case, the transition is induced by electronic correlations that
are only possible for a restricted group of materials. Two of the most popular for resistive
switching applications are the metal oxides Cr:V2O3 and NbOx [33, 34]. Although very
different physics underlies these technologies, the overall result is a change of the electrical
resistance of the device. For clarification, the term resistive switching (RS) will be used
throughout the text to refer to the redox-based phenomena only.

The RS is normally obtained in metal-insulator-metal (MIM) structures. Metal oxides
are the most common choice for the insulator layer. Three major classes of redox-based RS
mechanisms were identified [28]: the thermochemical mechanism (TCM), the electrochemical



1. Resistive switching and ReRAM 11

mechanism (ECM) and the valence change mechanism (VCM). The dominant mechanism
is determined by the balance between thermochemical and electrochemical redox reactions
[35]. In these mechanisms, the change in resistance is normally ascribed to the formation of
conductive filaments in the insulator layer. Although all three redox-based mechanisms are
being widely studied, two of them seem more suitable for applications: the ECM and the
VCM. The RS associated with these two mechanisms is favoured since it shows lower power
consumption and superior reliability compared to the TCM-based RS devices [36]. However,
the ECM is much better understood than the VCM due to the more elaborated existing
physics-based device models [37].

All the three mechanisms share some common features. Namely, the RS is caused by
atomic reconfiguration and redox reactions at the nanoscale. Also, the RS is preceded by
an initiation step known as electroforming (EF, or just forming), which redistributes the
atoms/ions in the insulator layer and enables the RS. The RS is most of the times filamentary
in nature, in that a filament with a higher conductivity is formed in the insulator layer during
EF and is the main enabler of the RS process.

1.4.1 TCM - Thermochemical Mechanism

When thermochemical redox reactions dominate the switching, it can be understood
through the thermochemical mechanism (TCM). The TCM is based on redox reactions and
stoichiometry changes driven by high temperatures achieved via the Joule effect [35]. Due to
inhomogeneities in the material it is more probable that these reactions occur very locally,
giving rise to the formation of a filament with a higher conductivity. This establishes the
LRS. The disruption of the filament and consequent transition to the HRS, is also achieved
with local heating of the filament. The RS is thus intrinsically unipolar, because it depends
only on the square of the current through the Joule effect. Limiting the maximum current is
very important to control the SET transition, especially the dimensions of the filament that
is created and to prevent a total breakdown of the oxide that would otherwise ruin the device.

In more detail, the RS is preceded by a thermally induced electroforming process, which
corresponds to the first SET transition. As the current is flowing through the insulator, the
Joule heating promotes a local increase in the temperature T , according to the equation:

σE 2 = cV
∂T

∂t
−∇ · (κ∇T ) , (1.5)

where σ and κ represent, respectively, the electrical and thermal conductivities of the insula-
tor, cV is the specific heat of the same material and E the applied electric field. The last term
of the equation represents the heat conduction in the insulator. The electrical conductivity
in insulators and semiconductors is generically given as a function of the temperature as

σ ∝ exp
(
− Ea
kBT

)
, (1.6)

where Ea represents the activation energy of the process that promotes the conduction and
kB is the Boltzmann constant. The combination of the processes described by equations (1.5)
and (1.6) leads to an uncontrolled increase of the electrical current, which is called thermal
runaway. This runaway induces a soft dielectric breakdown, controllable via the CC, that
occurs in a filamentary way, as already mentioned. The temperature increase promotes the
formation of transition metal oxides with lower valence of the cations through the motion of
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oxygen anions out of the heated region. The Ellingham diagram, shown in Fig. 1.4, which
represents a plot of the Gibbs free energy of formation of the oxides as a function of the
temperature, helps predict the behaviour of the transition metal oxides with the increase
in temperature [35]. In TiO2, for example, Magnéli phases of the type TinO2n−1, which are
thermodynamically more stable above a critical temperature, were observed in the conductive
filament through high resolution transmission electron microscopy [38].

TCM-type ReRAM cells are normally achieved with symmetrical MIM structures with
oxides that show a lower resistivity in reduced states such as ZrOx, TiOx, Fe2O3, CoO, CuO,
NiO, Al2O3 and SiO2 and with inert metallic electrodes such as Pt or Ir. In this mechanism
the role of the electrodes is not as significant as for the other two, so in principle almost
all metals or electron conductors can be used, except electrochemically active metals, which
should give rise to the ECM. The most prominent structure has been the Pt/NiO/Pt stack
[2].

Figure 1.4: (a) Ellingham diagram. Adapted from [35]. (b) Model of the thermochemical
mechanism for the prototypical structure Pt/NiO/Pt: in the centre there is a plot of the
typical I − V characteristics observed in TCM systems; around the central plot there are
schematic depictions of the evolution of the atomic configuration throughout the different
stages of the RS process. The green spheres represent the Ni ions, while the blue spheres
represent Ni atoms (or at least NiO with lower oxygen content). Adapted from [2].
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Figure 1.5: Schematic model of the electrochemical mechanism: in the center there is a plot
of the typical I−V characteristics observed in ECM systems, here exemplified for a Ag/solid
electrolyte/Pt system where the Pt electrode is grounded and Ag is the biased electrode;
sketches of the different stages of the RS in ECM systems are depicted around the central
graph. The green spheres represent Ag+ cations, while the blue spheres represent Ag atoms.
Taken from [39].

1.4.2 ECM - Electrochemical Mechanism

The electrochemical mechanism (ECM) is proposed to explain the bipolar RS in a MIM
structure composed of an electrochemically active electrode, a solid electrolyte as the insulator
layer and an electrochemically inert electrode. A solid electrolyte is a good ionic conductor,
a material where the ions have a high ionic mobility. In this case, the filament responsible
for the RS is metallic and is formed as a result of electrochemical reactions occurring along
the structure. While one polarity reconstitutes the filament, leading to the LRS, the opposite
polarity induces its dissolution, resulting in the HRS [39]. Fig. 1.5 shows a typical I − V
characteristic obtained in ECM systems, as well as schematic depictions of the switching
mechanism.

The SET transition is initiated with the anodic dissolution of the electrochemically active
metal Ma, described by the reaction

Ma →M z+
a + ze−, (1.7)

where M z+
a represents the metallic cations in the solid electrolyte and z defines the total

charge of the cation. Under the action of the high electric field, the M z+
a ions drift across

the solid electrolyte towards the inert electrode. On the surface of the latter electrode, there
is the reduction and electro-crystallization of the metal according to the cathodic deposition
reaction given by

M z+
a + ze− →Ma. (1.8)

This last process is electric-field-enhanced and leads to the formation of a metallic filament
that grows in the direction of the active electrode, eventually bridging the two electrodes and
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leaving the resistive cell in the LRS. This state is maintained until a sufficiently high voltage
of the opposite polarity is applied between the electrodes. This induces the dissolution of the
filament, which corresponds to the RESET process. The first creation of the filament, during
the EF, differs from the subsequent SET operations, usually showing different switching
parameters, such as higher voltage. One suggestion is that the EF creates a channel in the
electrolyte that later serves as a template for the following filaments [39].

Typical ECM structures use a reactive metal, such as Ag, Cu or Ni, as active electrode,
while non-reactive metals such as Pt, Au or Ir are common for the inert electrode. For the
insulator layer, either a solid electrolyte or an oxide is needed. Common examples of the
former are Ag2S, amorphous Si, C, GeSe, GeS, (Zn,Cd)S, while popular oxides are SiO2,
ZrO2, Al2O3, Ta2O5 and WO3 [1, 28].

The RS based on the ECM is likely the most mature for large scale industrial imple-
mentation. This type of ReRAM is also known as Conductive Bridge RAM (CB-RAM) or
Programmable Metallization Cells [39].

1.4.3 VCM - Valence Change Mechanism

Similarly to the ECM, the valence change mechanism (VCM) is based on ion migration.
The RS is thus also bipolar, caused by the motion of the charged ions under the electric field.
The main ionic species responsible for the RS are the oxygen anions, which induce redox
processes [28]. However, it is now understood that also the metal cations can play a role in
the switching process [40]. The motion of the oxygen anions is more commonly described by
the opposite motion of oxygen vacancies, represented by V••O , according to the Kröger-Vink
notation [41]. The cations most probably occur as interstitials in the oxide [40]. Both oxygen
vacancies and cation interstitials can act as mobile donors in the metal oxide [40], thus giving
rise to an increased conductivity in the conductive filament. Similarly to the ECM case,
also an assymetrical MIM structure is normally required. In this case, a transition metal
oxide is sandwiched between an active electrode (AE) and an ohmic electrode (OE), where
the AE has a low oxygen affinity and a high work function, and the OE has a high oxygen
affinity and a low work function. Examples for AE are Pt, Ir and TiN, whereas for the OE
it is common to use metals such as Ta, Hf, W or Ti. It is very common to use the metallic
element correspondent to the metal oxide as OE, for example, Hf for a HfO2 insulator layer
and Ta for a Ta2O5 layer.

The VCM owes its name to the change of the valence state of the metal cations in metal
oxide-based RS. This was directly observed several times through techniques based on X-
rays that are sensitive to the local chemical environment, such as X-ray absorption near-edge
structure spectroscopy (XANES) [42], or X-ray photoemission electron microscopy (XPEEM),
a spectromicroscopy technique [43, 44]. The valence change occurs due to the redistribution
of the defects in the insulator layer, such as the oxygen vacancies and the cation interstitials.
Direct experimental evidences of the existence of conductive filaments in VCM systems have
been obtained via spectromicroscopy [45], atomic force microscopy-related techniques [46, 47]
and transmission electron microscopy [48, 49].

Besides the more frequent filamentary-type switching, some VCM systems exhibit a ho-
mogeneous change of the resistance along the whole area of the active interface [50]. This
area-dependent or interfacial RS is normally obtained in bi-layered structures, for exam-
ple in devices based on Sm0.7Ca0.3MnO3/La0.7Sr0.3MnO3 [51], Pr1−xCaxMnO3/ZrO2(Y) or
TaOx/HfOx heterostructures [52]. In some cases both filamentary and area-dependent switch-
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ing can be observed in the same structure [53, 54]. An additional feature that distinguishes
different kinds of VCM systems is the polarity of the bipolar RS, i.e. the voltage polarity that
induces the SET or RESET transitions. The polarity can be distinguished by the way the
RS I − V curve is obtained. Some groups use the designations eightwise (8W) and counter-
eightwise (C8W) in relation to the way we hand draw a figure of “8” [26]. Equivalently, one
can use the designations “positive-set-negative-reset” and “negative-set-positive-reset”, if the
voltage is applied to the active electrode and the ohmic electrode is grounded, in the same
sense as 8W and C8W, respectively [55]. Coexistence of both 8W and C8W has also been
reported several times [53–58]. The more common switching mode, and the one that will be
of interest to the discussion of this work, is the filamentary C8W switching. Therefore, this
specific mode will be introduced in more detail.

Mechanism for filamentary C8W-switching

The proposed mechanism for the filamentary C8W VCM switching is schematically de-
picted in Fig. 1.6, along with a typical I − V characteristic obtained in a Pt/ZrOx/Zr RS
cell. As can be seen in the lower right corner of Fig. 1.6, after the EF the cell is composed
of two main components: the plug and the disc. The plug is the formed filament, composed
of a highly oxygen deficient material, that does not change significantly thereafter. The disc
corresponds to the interfacial region between the plug and the active electrode where the
switching takes place. As pointed out already, the switching occurs due to the motion of
oxygen vacancies in the oxide during the SET and RESET processes, respectively (b) and (d)
in Fig. 1.6. The accumulation of oxygen vacancies in the disc leads to the LRS, shown in (c)
of Fig. 1.6. Their depletion from the same region leads to the HRS, shown in (a) of Fig. 1.6
[2].

According to this mechanism, the oxygen vacancies play a key role in the RS. The filament
that constitutes the plug is rich in oxygen vacancies, which serve as donors in transition metal
oxides. A higher concentration of oxygen vacancies leads to a change of the valence states
of the transition metal cations, through reduction of the oxide, and consequently to a higher
n-type conductivity. This type of conductivity is favoured because for most MOx oxides, the
native donors, V••O , have shallow energy levels, while the native acceptors, such as V′′M, have
energy levels which are deep in the band gap [2]. The oxygen ions move by hopping from
site to vacant site within the oxide layer. The hopping is achieved by overcoming an energy
barrier ∆Ghop. The ionic transport can be mathematically described by the Mott-Gurney
law of ion hopping:

jhop = 2zecaf exp
(
−∆Ghop

kBT

)
sinh

(
aze

2kBT
E

)
, (1.9)

where a is the mean hopping distance, f the attempt frequency, z the charge number of
the hopping ion, c the ion concentration and E the electric field. This expression, however,
overestimates the ion mobility in very high electric fields, which can probably occur locally
during resistive switching. In such cases, an extension of this law is more adequate [59]. The
hopping distance varies with the structural order of the oxide and is in the range of atomic
distances in crystals [60]. The degree of the structural order of the oxides used in the MIM
structures is also an important aspect for the understanding of other processes involved in the
RS. The amorphous, polycrystalline or single crystalline character of the oxides should lead
to differences in the mechanisms, specially on the diffusion and on the electrical and thermal
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Figure 1.6: Schematics of the proposed mechanism for filamentary C8W VCM switching along
with a typical I−V characteristic measured for a Pt/ZrO2/Zr cell where the AE Pt is biased
and Zr, the OE, is grounded. Around the central plot, the different stages of the RS process
are schematically depicted. These stages are: (a) HRS (b) SET process (c) LRS (d) RESET
process. The green spheres represent the mobile oxygen vacancies and the purple spheres the
immobile Zr ions with a lower valence state. The configuration of the cell after EF is also
schematically depicted with the plug and disc regions that are the responsible for the RS.
Taken from [2].

conductivity [61]. For example, the electromigration of the oxygen vacancies in SrTiO3 single
crystals can occur through dislocations [62].

At the AE/oxide interface, there is normally a Schottky barrier due to the high work
function of the metal and/or to the higher or lower capacity of the metal to reduce the oxide.
The change of the oxygen vacancy concentration in the disc leads to a modulation of the height
of the Schottky barrier. A higher concentration of these defects on the interface decreases the
barrier height, resulting in the LRS. On the other hand, the HRS is obtained with a lower
concentration of the same species of defects at the interface [63]. RS models based on the
modulation of this Schottky barrier have enabled very good prediction of the RS behaviour
[64, 65].

The VCM is not only an electric field-induced phenomenon, as the temperature also plays
a key role in enabling the switching. Simulations of VCM cells with typical materials indicate
a drastic increase of the temperature in the plug and in the disc relatively to the remaining
cell [27]. This temperature increase strongly affects the mobility of the oxygen vacancies,
leading to the highly nonlinear switching kinetics observed for VCM cells. The electric field
acceleration is not enough to explain the kinetics data. Both field and temperature accel-
erations are needed to explain the experimental data. The SET time varies many orders of
magnitude as the voltage is increased [27]. Experimentally, temperatures over 1000 K due to
Joule heating in the conductive filaments have been measured [66–70].
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Electroforming

The electroforming (EF) is also an important first step towards the achievement of VCM-
type RS. It enables the creation of oxygen vacancies in the oxide and the formation of the
plug that comes in the vicinity of the AE, as was directly observed by conductive atomic
force microscopy [53]. The generation of oxygen vacancies can happen simultaneously with
the release of oxygen gas, according to the oxygen exchange reaction in the Kröger-Vink
notation given by [28]:

OO 

1
2O2 (g) + V••O + 2e′. (1.10)

This reaction occurs in a localized region at the oxide/OE interface and corresponds to a
reduction of the oxide [28]. The release of oxygen gas has actually been observed, with the
accumulation of gas bubbles underneath the surface of the MIM structures [62, 71]. Depending
on the voltage polarity used during the EF, the device can end up in the LRS or in the HRS,
due to the polarity-dependent motion of the oxygen vacancies [72]. The presence of the V••O
changes the valence state of the neighbouring metal cations of the metal oxide film, giving
the name to the mechanism [73].

Additionally, the forming procedure can be facilitated by promoting an oxygen exchange
between the oxide layer and the OE. The oxygen is extracted from the oxide and oxidises the
OE metal. This reaction introduces oxygen vacancies in the oxide film close to the interface
with the OE, which reduces the voltage needed for the EF. This exchange reaction should
occur during deposition of the OE on top of the oxide layer [73]. For some cases, the right
engineering of the layers’ thickness can even avoid the need for the EF, enabling a forming-free
device, as shown for SrTiO3 with a Ti OE [57]. This is very relevant for practical applications
due to the normally high voltages needed to form the devices, the inherent stochasticity
imposed by the EF and the sometimes irreversible degradation caused by the procedure.
The EF can also be avoided if the device stack includes a highly oxygen-deficient oxide layer
adjacent to the stoichiometric oxide where the RS occurs. The former serves as an oxygen
vacancy reservoir, avoiding the need for the defect generation [74]. Other ways to eliminate
the need for EF include special annealing procedures, creating impurity doping profiles [57]
and decreasing the dimensions of the oxide layer, as shown for HfOx with a thickness below
2.5 nm [75]. Ion implantation is another useful tool to prepare forming-free devices, either
during device fabrication [76] or as a post-fabrication treatment [77].

1.5 The particular case of TaOx-based ReRAM

1.5.1 From TiOx to TaOx

The 2008 paper by Strukov et al. [16] linking the experimentally observed RS phenomenon
to the memristor theoretical framework increased the visibility of the research topic. Besides
that, the material that was used to produce the RS devices shown in the paper was TiO2.
This, in conjunction with the vast literature on the electronic and crystallographic structures
of this material, led to it being considered a prototypical memristive material [61]. However,
the rich phase diagram of the Ti-O material system, with multiple intermediate phases, could
be responsible for the big variability and low endurance observed in TiOx-based ReRAM
[78, 79]. Therefore, the research on this system has decreased lately. On the other hand,
TaOx-based ReRAM got the focus of the RS community due to the very high endurance
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and fast switching speed obtained in such devices. First, Wei et al. from Panasonic showed
an endurance of up to 109 cycles in Pt/TaOx/Pt [80]. This record was later surpassed by
Yang et al. that reported 1.5 × 1010 cycles [78]. The absolute maximum so far in TaOx-
based devices was achieved by Lee et al. in 2011, with over 1012 cycles obtained in bi-
layered Pt/Ta2O5−x/TaO2−xPt structures [81]. The high endurance of TaOx-based ReRAM
is probably related to its more stable amorphous phase and adaptive lattice rearrangements
of the oxygen vacancies when compared to other metal oxides [82]. On the other hand, the
TaOx proved to be not only reliable in terms of switching endurance, but also in terms of
operation speed. Torrezan et al. reported sub-nanosecond switching in Ta/Ta2O5/Pt devices,
with SET and RESET being achieved with pulses as short as 105 and 120 ps, respectively [83].
These high performance characteristics made TaOx the most popular RS material systems
in the research environment. The popularity of TaOx devices culminated in the world’s first
mass production of ReRAM-based products implemented by Panasonic in 2013, where TaOx

ReRAM was used as memory in 8-bit microcontroller units for embedded applications [84,
85].

1.5.2 Overview of TaOx-based ReRAM

TaOx is thus a highly popular material to be used as the insulator layer in ReRAM devices.
Although it is also sometimes used as the solid electrolyte layer in ECM devices [39], most of
the times, the switching mechanism involved in TaOx-based devices is the VCM.

Pt is by far the most used active electrode material [46, 73, 86, 87]. Due to its compatibility
with the CMOS fabs, TiN is also used several times [48, 88]. Regarding the ohmic electrode, an
oxygen scavenging layer (oxygen exchange layer) is normally the choice. The material chosen
for this layer is important in defining the retention properties of the devices. Electrodes such
as Ti lead to short retention, as the HRS drifts to the LRS due to the constant movement of
oxygen towards the Ti electrode. This occurs because it is thermodynamically more favourable
to form TiOx than TaOx [88]. A similar behaviour occurs with a Hf electrode [73]. On the
other hand, using Ta as the ohmic electrode enables good retention, especially for a sufficiently
thick Ta layer [88]. Therefore, the structure Ta/Ta2O5/Pt is one of the standard structures for
TaOx-based VCM-type RS. Besides having a determinant effect on controlling the retention
properties, the thickness of the Ta electrode can toggle the switching mode in Ta/Ta2O5
devices. For a fixed Ta2O5 layer thickness of 5 nm, a 15 nm-thick Ta electrode leads to
bipolar resistive switching, while a 5 nm-thick Ta layer induces complementary switching
[89].

In terms of the switching, the Ta/Ta2O5/Pt structure follows the filamentary C8W-VCM
mode described in section 1.4.3. The RS proceeds typically between two different resistance
states: the LRS and the HRS. In the LRS there is a conductive filament connecting the
electrodes. Most of the literature considers the formation of a single conductive filament,
which has been observed, for example, via spectromiscroscopy [45]. The diameter of such
filaments normally ranges between approximately 10 nm and 100 nm [46, 65, 90]. On the
other hand, bilayer structures with two TaOx layers differing in composition, show multiple
filaments in the same device [91]. There are also studies that show different geometries of
the conductive region. For example, Skaja et al. clearly report the formation of dendrite-
like conductive paths, whose appearance was linked to the presence of an adsorbate layer
with moisture and hydrocarbons [44]. But the debate continues, because there is still no
consensus on the exact composition and structure of the conductive filaments. Many studies
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refer to filaments composed of oxygen vacancies [86, 92–94], whereas others mention filaments
consisting of very Ta-rich phases or even metallic Ta phases [46, 91, 95, 96].

1.6 Introduction of the thesis in the presented framework

As it was mentioned, the exact structure and composition of the conductive filaments in
Ta2O5-based ReRAM devices is not clear. This has obvious implications for the transport
properties of the ReRAM devices, therefore there are also different types of conduction mech-
anisms that have been considered. On the other hand, due to the nanoscale dimensions of the
filaments, it proves very challenging to study these objects using conventional methods for
composition and structure determination. For these reasons, this work focuses on the elec-
tronic transport properties as a tool to gain information on the filaments, more specifically
on the conduction mechanisms involved and their composition and structure. The ReRAM
structure selected to perform the study was the Ta/Ta2O5/Pt, for the reasons described
earlier.

One thing that is rather accepted by the community is the key role of the movement
of oxygen in the oxide layer. Starting from the stoichiometric Ta2O5, it is straightforward
to admit that the filament will then be composed of some oxygen-deficient phase based on
Ta and O. Although there are studies on the electrical transport in substoichiometric TaOx,
these mostly focus on films with x > 2 where the conductivity stems from phonon-assisted
tunnelling between traps [97–99], or on films where the TaOx behaves as a Fermi glass with
charge carriers hopping between conduction centers identified as neutral oxygen vacancies [79,
100]. These models should, however, fail in the interesting region where TaOx has low values
of x, as it is expected for the material that composes the conductive filaments.

Taking advantage of this link between the material that composes the filament inside the
Ta/Ta2O5/Pt ReRAM devices and the substoichiometric TaOx films, the work presented in
this thesis aims at experimentally studying the electrical transport properties of these two
systems. The work then naturally divides itself in two parallel roads, a “device road”, where
the transport in the conductive filaments inside Ta2O5 ReRAM devices is assessed, and a
“fundamental physics road”, where the transport in substoichiometric TaOx thin films is
studied. The flexibility in designing the geometry of the latter samples enables the use of
other experimental techniques that cannot assess the conductive filaments, such as typical
structure characterization techniques. The objective is to verify if the roads intertwine and
if there are correlations between the transport in both systems, with the final objective of
retrieving relevant information about the conductive filament material and conduction. The
preceding Fig. 1 in the introduction schematically shows the above mentioned approach to
the experimental work developed in the framework of the thesis and connects the different
parts of the work to the different chapters of the text, for an easier navigation.

1.7 Applications of ReRAM

Memristive devices in general, and ReRAM in particular, show excellent prospects for
numerous applications. The two biggest drivers of research in this topic are the memory
industry and neuromorphic computing. The former was acknowledged early on, while the
latter has been pointed out more recently and has evolved to be the main focus of research
in the last couple of years.
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1.7.1 Memory

The use of RS for the development of a memory technology was put forth in the 1960s [8, 9].
However, technological difficulties and the rapid development of Si-based technologies led to
a decrease in interest, until the idea was later revived in the 1990s. Another reason for the re-
cent increase in research in emergent memories like ReRAM is the scaling limitations that the
established complementary metal-oxide-semiconductor (CMOS) transistor-based technologies
are facing. Moore’s law [101], which states that the number of transistors that can be inte-
grated on a chip of fixed area doubles every 12 months (later amended to doubling every 18-24
months), is indeed coming to an end in the near future [102]. This is mostly related to the
problems in continuing with the miniaturization of the transistors, which leads to increased
heating and high leakage current through the gate oxide. An early sign that Moore’s law was
in its final stages came with the end of Dennard’s scaling rules in around 2004. Up until then,
Moore’s law ran in conjunction with Dennard’s scaling [103], which showed how to keep power
consumption of the integrated circuits constant while increasing their density. To maintain
the performance of the transistors with further miniaturization (according to Moore’s law),
it was necessary to limit the power density in the chips [104].

The great majority of the memory devices used nowadays are Dynamic Random Access
Memory (DRAM) to act as main memory and NAND-Flash for storage. These are based on
the CMOS technology, which means they too are facing the physical limits of miniaturization
and related consequences. Therefore, ReRAM, as well as other memristive phenomena-based
memory technologies, are promising as substitutes to enable the next generation of memo-
ries. Due to the excellent scaling prospects and competitive switching speed and endurance
compared to the DRAM technology, it was expected that ReRAM would grow to eventually
replace DRAM [21, 105], at least in some applications [106]. However, the still-low reliability
[107], limited endurance and operation speed of the ReRAM do not favour the immediate
transition from DRAM to ReRAM [21]. On the other hand, the NAND-Flash community
solved the problem so far with the exploration of the third spatial dimension, with the advent
of the 3D vertical NAND-Flash, which can be envisioned as a stack of layers of NAND-Flash
arrays. This disruptive transition enabled a change of focus from the continuing miniaturiza-
tion of the transistors to the stacking of the arrays [108].

In terms of performance, there is still a big difference between DRAM and NAND-Flash.
While the former enables very fast operation speed at a high cost, the latter is very cheap
to produce at a loss of operation speed. To bridge this performance/cost gap, a new type of
memory was put forth, called Storage Class Memory (SCM). The idea of the SCM is to fill this
gap between the fast, volatile DRAM, used for memory and computation, and the slower, non-
volatile NAND-Flash, used for storage [109]. Fig. 1.7 illustrates the emergence of the SCM by
comparing the main memory technologies in a plot of the access time vs. the cost of a die. This
vacant position for a SCM offers a great opportunity for the emergent memory technologies
based on resistance change, as these technologies are non-volatile, present operation speed
between that of DRAM and NAND-Flash and can, in principle, be cost-effective. Table 1.1
lists the main performance parameters of four of the emergent memories: ReRAM, phase-
change memory (PCM), spin-transfer-torque magnetic random access memory (STT-MRAM)
and ferroelectric random access memory (FeRAM). The table includes also the values for the
two established technologies, DRAM and NAND-Flash. All of the emergent memories can
almost reach DRAM in terms of speed and endurance offering at the same time non-volatility,
while they operate much faster and endure much more operation cycles than NAND-Flash.
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Beyond that, ReRAM offers very high density and simple fabrication (associated with low
cost) as the main advantages, while lacking the maturity of PCM and the high endurance
and performance of STT-MRAM. As main drawbacks the ReRAM technology still has a low
reliability and cycling endurance. On the other hand, PCM demands a higher switching
power, STT-MRAM technology faces difficulties in the fabrication of the magnetic tunnel
junctions, mainly patterning and etching issues, as well as a back-end-of-the-line thermal
budget, and FeRAM also struggles with reliability issues. Therefore, ReRAM is in a good
position to fill the role of SCM [110].

Recently, Intel and Micron have partnered in the development of a new technology coined
“3D X-Point”, with Intel releasing the first product that fits in the SCM typology, called
"Optane", based on this technology [112, 113].

1.7.2 Neuromorphic computing

The need for alternative forms of computing stems from the inefficiency of traditional
computing architectures to deal with the big data paradigm we are facing nowadays. The
computing architecture has suffered few changes since the initial modern computers and is
based on the pioneering work of the mathematician and physicist John von Neumann [118].
According to the traditional von Neumman architecture, the central processing unit (CPU),
responsible for processing the data, is physically separated from the memory unit, where both
the data and the processing instructions are stored. Therefore, to transfer the data between
the CPU and the memory, a communication lane, termed “bus”, is needed. This paradigm
is labeled “conventional computing” in Fig. 1.8 where different computing approaches are
presented. The problem of using conventional computing for data intensive applications is
that the data transfer rate of the bus effectively limits the computing speed and increases
the energy cost. This is known as the “von Neumann bottleneck". While this problem
has been traditionally solved by optimizing specific characteristics of this architecture or by
employing parallel computation, a much more radical and ingenious approach is to redesign
the architecture so that the CPU and the memory are no longer separated. This allows for
“in-memory” or “stateful logic” computing, as is also shown in Fig. 1.8. For this purpose,
devices that can function both as memory and as logic devices for computations are needed.
Interestingly enough, the brain computes in a similar fashion but with a totally different
architecture. The neurons in the brain establish many connection between themselves and
form a neural network, which acts both as memory and processing unit. This establishes the
third computing paradigm in Fig. 1.8, known as neuromorphic computing.

So far, brain-like computing has been achieved mainly by software emulation of several
brain functionalities by using the established CMOS technology. This approach is largely
based on artificial neural networks and machine learning algorithms such as deep learning,
which enabled very important steps in the demonstration of the potential of this kind of
computing [119]. Examples are IBM’s supercomputer Watson that beat the champions of the
American quiz show “Jeopardy!” in 2011 [120, 121] and the Google DeepMind’s AlphaGo
computer program that beat the world champion in the strategy game Go in 2016 [122, 123].
These are two very complex tasks for computers. The main issue is that these artificial brains
consume much more energy than the natural brain they take as a model. While the brain runs
at a power of approximately 20 W, these computers need several tens of kW to MW [119]. It
is then clear that new approaches are required to enable energy-efficient brain-like computing.
This can be achieved when the neuromorphic computing is achieved at the hardware level.
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Figure 1.7: Qualitative plot of the access time as a function of the production cost per die for
the main memory technologies, illustrating the emergence of the (speed) performance-cost gap
and the storage class memory as a new memory class to fill this gap. The emergent memory
technologies are naturally positioned in the SCM domain and, therefore, are promising for
this application. While the relative positioning of the three groups is the main information
of the figure, the relative positioning of the different technologies inside each group is not
necessarily meant to be real and accurate. The figure was drawn based on a figure designed
by Western Digital and published in PC Mag [111].

Table 1.1: Comparison of different emergent memory technologies based on the general device
requirements and main performance parameters. The data for the emergent memories was
taken from [110], while for DRAM and NAND-Flash the information was taken from [21,
114–117].

Technology ReRAM PCM STT-MRAM FeRAM DRAM NAND-Flash

Cell size 4-12F 2 4-30F 2 6-50F 2 15-34F 2 6F 2 5F 2

Multibit 2 2 1 1 Yes 4

Voltage < 3 V < 3 V < 1.5 V < 4 V < 1 V > 5 V

Read time < 10 ns < 10 ns < 10 ns < 10 ns 10 ns 10 µs

Write time < 10 ns ≈ 50 ns 1-10 ns ≈ 30 ns < 10 ns 100 µs

Write current 10-100 µA 80-200 µA > 50 µA < 100 µA —– —–

Retention 10 years 10 years 10 years 10 years 64 ms 10 years

Endurance > 106 − 1012 > 109 > 1015 ≈ 1010 > 3× 1016 > 105

ON/OFF ratio 101−4 101−4 TMR = 100− 200% 102−3 —– —–

Write energy 0.1-1 pJ per bit 10 pJ per bit ≈ 0.1 pJ per bit ≈ 0.1 pJ per bit < 1 pJ per bit 100 pJ per bit

F represents the minimum feature size of the technology.
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Figure 1.8: Summary of the different kinds of computing mentioned in the text: conventional
computing, using the traditional von Neumman architecture, with clearly separated memory
and processor (CPU); in-memory computing, also known as stateful logic computing, that
utilizes emerging devices that can act both for processing and data storage; neuromorphic
computing, where there is no distinction between memory and processing unit, and a new
brain-inspired architecture is used, thus avoiding the von Neumann architecture completely.

Neuromorphic computing architectures using memristive devices, such as ReRAM, can
revolutionize the brain-like computing paradigm by enabling an energy efficient approach. The
relationship between memristive devices and neurons was pointed early on due to the similar
behaviour to the Hodgkin-Huxley circuit model of the neuron [19]. Later on it was realized
that memristive devices behave very similarly to the biological synapses between neurons [16,
124]. The key feature of the memristive device that allows this comparison is the possibility
to tune its resistance values, thus allowing the modification of the synaptic weights between
neurons, what in biology is known as synaptic plasticity. It is widely understood that it is this
plasticity that enables learning in biological systems [124]. The biological process responsible
for this tuning of the weights is known as spike-timing-dependent-plasticity (STDP). STDP
can be obtained (or rather emulated) in memristive devices, as shown, for example, in Fig.
1.9(c), which compares fairly well to the STDP measured in biological systems, as shown
in Fig. 1.9(b). This allows the development of spiking neural networks, one of the ways to
achieve neuromorphic computing.

Ideally, pure analog behaviour of the memristive device, where all the resistance states
between two values are available, would be the best choice for artificial synapses. However,
in real devices it is much easier to obtain discrete resistance values due to the high variability
associated, for example, with the inherent stochasticity of the conductive filament formation
[125]. Therefore, neural networks based on crossbar arrays of devices operated in a binary
way, with just two discrete resistance states, have also been proposed [126].

This kind of computing is particularly important for data-centric applications such as
autonomous vehicles, real-time image recognition and natural language processing [127, 128].
The requirements of ReRAM for neuromorphic computing are less strict in comparison to the
application in memory and storage, in terms of operation speed, retention time and device
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Figure 1.9: (a) Schematic illustration of a synapse between two neurons and of a crosspoint
memristive device as a possible artificial synapse. (b) Demonstration of STDP in a memristive
device with the change in the synaptic weight as a function of the relative timing of the neuron
spikes. (c) Measurement of the excitatory postsynaptic current of rat hippocampal neurons
after repetitive correlated spiking as a function of the relative spike timing. Adapted from
[124].

density, which can further boost the practical implementation of the ReRAM technology.

1.7.3 Other applications

Besides these two main applications, ReRAM is also being investigated for new applica-
tions in logics [86, 129], modular arithmetics [130] and reconfigurable radiofrequency devices
[131, 132]. Due to the stochastic nature of the switching, which enables the construction of
true random number generators, memristive devices can also be used in security applications
[110].



Chapter 2

Theory and other relevant
background

This chapter deals with the background information that is essential for the analysis and
discussion of the electrical transport data that will be presented in the following chapters.
The content includes some important theoretical aspects related to electronic transport
and also a general review of the materials of interest to this study. Starting with the
semi-classical transport theory for metals based on the Boltzmann equation, the limits
of its application are then discussed, and the quantum corrections needed in some limit
cases are introduced. For the cases where the Boltzmann formalism is invalid, hopping
transport is presented. Afterwards, the transport characteristics of some relevant specific
systems are introduced. These systems include granular metals, metal-insulator-metal
structures and quantum point contacts. Finally, the Ta-O material system is presented,
with important material aspects of the different phases that can be obtained.

2.1 Electron transport

In terms of the electrical properties, materials are normally divided into three categories:
metals, semiconductors and insulators. In fact, the last two can be put in the same category
and just be called insulators. The physical quantity used to distinguish between the different
categories is the electrical conductivity σ. The electrical conductivity appears naturally as
the proportionality constant between the current density j and the electric field EEE :

j = σEEE . (2.1)

For the simple case of single-channel transport, the conductivity is determined by the charge
carrier concentration n and the charge carrier mobility µ through:

σ = eµn. (2.2)

The conductivity can be substituted by its inverse quantity, known as resistivity ρ = 1/σ.
There are two criteria to distinguish between metals and insulators [133]. The first is

25
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based on the temperature dependence of the resistivity:
∂ρ
∂T < 0 −→ insulator

∂ρ
∂T > 0 −→ metal.

(2.3)

The second criterion is based on the limit of the conductivity when the temperature ap-
proaches 0 K: 

limT→0 K σ(T ) = 0 −→ insulator

limT→0 K σ(T ) 6= 0 −→ metal.
(2.4)

However, the first criterion is not unambiguous, because there are metals that do exhibit the
∂ρ
∂T < 0 behaviour. These particular metals will be the focus of section 2.1.2.

2.1.1 Boltzmann equation and its limits

The electrical transport in solids is the net result of the driving force of external fields
and the dissipative effect of the scattering of charge carriers by phonons and defects. The
interplay of these two mechanisms is described by the Boltzmann equation. It assumes a
periodic potential in a crystalline solid and thus, that the electrons propagate as Bloch waves.
The equation describes how the distribution of carriers in thermal equilibrium changes with
these mechanisms [134]. At thermal equilibrium, the distribution of the carriers is defined by
the Fermi-Dirac distribution:

f0 [E (k)] = 1
exp

(
E(k)−EF
kBT

)
+ 1

, (2.5)

where E (k) represents the energy for the wave vector k and EF is the Fermi energy. In the
presence of external electric and magnetic fields, EEE and B, and/or a temperature gradient,
the non-equilibrium distribution f (r,k, t) is space- and time-dependent and is given by:

f

(
r + vdt,k + F

~
dt, t+ dt

)
= f (r,k, t) +

(
∂f

∂t

)
scatt

dt, (2.6)

where v = 1
~∇kE (k) is the group velocity of the Bloch wave, and F = −q

(
EEE + 1

cv ×B
)
is

the electromagnetic force caused by the external electric and magnetic fields. The Boltzmann
equation is obtained by performing a Taylor expansion up to the first order of the term on
the left side of equation 2.6, leading to:

∂f

∂t
+ v · ∇rf −

e

~

(
EEE + 1

c
v ×B

)
· ∇kf =

(
∂f

∂t

)
scatt

. (2.7)

The terms on the left side of the Boltzmann equation are called the drift terms and describe
the influence of the external fields on the distribution of the charge carriers. The term on
the right is the scattering term, which takes into account the different scattering mechanisms.
The sources of the scattering are deviations from the strict periodicity in the lattice caused by
defects (impurities, vacancies, dislocations, etc.), phonons and other electrons. However, the
electron-electron scattering is neglected in most cases, because the probability is much lower
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than that of electron-defect or electron-phonon scattering. Still, the Boltzmann equation is a
rather complicated one to solve due to the scattering term. Therefore, this term is normally
simplified by using the relaxation time approximation/ansatz. This approximation assumes
that the rate at which f returns to the equilibrium distribution f0 is proportional to the
deviation of f from f0. This assumption is mathematically described by:(

∂f

∂t

)
scatt

= −f (r,k, t)− f0 (r,k, t)
τ (r,k) , (2.8)

where τ (r,k) is the relaxation time for position r and wave vector k. For small electron
scattering rates and considering that the scattering mechanisms are independent of each
other, the relaxation time can be given by:

1
τ

= 1
τe-def

+ 1
τe-ph

+ 1
τe-e

, (2.9)

where τe-def, τe-ph and τe-e are the relaxation times for the different scattering mechanisms:
electron-defect, electron-phonon and electron-electron, respectively. The last term disappears
when this last interaction is neglected.

According to the Drude model, the conductivity of a metal is given by:

σ = e2τ(EF )
m∗

n, (2.10)

where m∗ is the effective mass of the electrons in the metal. With the relaxation time
approximation, the resistivity of a metal can then be rewritten into:

ρ = ρdef + ρph (T ) + ρe-e (T ) ≈ ρdef + ρph (T ) . (2.11)

This is known as Matthiesen’s rule and was first identified experimentally. In the limit when
temperature approaches 0 K, the resistivity tends to ρdef, as the scattering by phonons is
largely reduced.

The phonon scattering was theoretically approached by Grüneisen, who obtained the
following resistivity component:

ρph (T ) = A

(
T

θD

)5 ∫ θD
T

0

x5

(ex − 1) (1− e−x)dx, (2.12)

where A is a constant and θD is the Debye temperature. This expression is simplified for
temperatures far away from θD, such that the resistivity simplifies to:

ρ = ρdef + βT 5, T � θD

ρ = αT, T � θD,
(2.13)

with α and β being constants [135]. The T � θD regime gives the "normal" metallic behaviour,
i.e. a linearly increasing resistivity with increasing temperature.

The Boltzmann equation is very good to describe the resistivity of these "typical" metals.
However, for some cases, this formalism loses its validity. One remarkable example of a
case where the Boltzmann equation fails to explain the experimental data is the temperature
dependence of the resistivity of a variety of metallic alloys as shown extensively by Mooij [136],
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which will be described later. He showed that the temperature coefficient of the resistance
(TCR), defined as:

TCR = 1
R

dR
dT , (2.14)

changed its sign when the alloys reached a certain resistivity value. Alloys with a resistivity
below (100− 150) µΩ·cm showed a positive TCR, while the alloys with resistivity above the
same range exhibited a negative TCR. This empirical knowledge became known as Mooij
rule. In light of the Boltzmann equation, the negative TCR would translate into a scattering
mechanism where the respective relaxation time would increase with increasing temperature.
Such a scattering mechanism does not seem to exist in metals, therefore the Boltzmann
formalism fails to predict this behaviour.

Clearly there must be a way to know if the Boltzmann equation can be applied or not.
The key to understand the applicability limit of this equation is directly related to the as-
sumption that the electrons propagate as Bloch waves with the Fermi wave vector kF and
Fermi wavelength λF = 2π

kF
. The mean free path Le of the electrons is defined as the dis-

tance travelled by the electron between two successive and independent scattering events.
The Boltzmann equation is only valid if the mean free path is much longer than the Fermi
wavelength. Translating this mathematically, apart from some numerical factors of the order
of unity, leads to the relation:

kF · Le � 1. (2.15)

The same condition can be derived purely from quantum mechanics by invoking Heisen-
berg’s uncertainty principle: ∆k∆x ∼ 1. ∆k should be much less than kF , so ∆x & 1

kF
. The

mean free path should be greater than the minimum uncertainty, so we reach kF · Le & 1.
Eq. 2.15 is known as the Ioffe-Regel limit or criterion [135]. Based on this criterion it is
possible to understand if the Boltzmann equation is valid or not, i.e, if it can be applied to
the situation under study or not. Namely, three different situations arise:

1. kF · Le < 1 Strong localization - Boltzmann equation is invalid.

2. kF · Le & 1 Weak localization - Boltzmann equation is valid at high T but quantum
corrections are needed at low T .

3. kF · Le � 1 Ordinary metal - Boltzmann equation is valid.

Therefore, an estimation of kF ·Le is an important thing to consider in the analysis of the
experimental results. It can be estimated from experimental values of resistivity and carrier
concentration obtained from Hall measurements. The resistivity of a metal can be obtained
from Eq. 2.10. Approximating the Fermi surface of the metals to a sphere, the Fermi wave
vector is kF =

(
3π2n

)1/3, so the Ioffe-Regel parameter returns:

kF · l ∼
(
3π2

)2/3 ~
e2
n1/3

ρ
. (2.16)

For the case no. 2, the Boltzmann equation is valid for high temperatures, but there is
the need to consider quantum corrections to the conductivity at low temperatures in order
to properly describe the transport. These quantum corrections will be discussed in the next
subsection.
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2.1.2 Quantum corrections to the conductivity

It is now important to consider the different types of scattering processes possible. There
are two types of processes, depending on the kinetic energy of the electron being conserved
or not. In elastic scattering processes, both the electron energy and the phase are conserved,
while in inelastic scattering processes, the energy is not conserved and the phase of the electron
wave is changed stochastically (the electron "forgets" the phase it had prior to the collision).
The electron-defect scattering fits in the first group, while the electron-phonon and electron-
electron scattering processes fit in the second. There is an additional scattering process, the
spin-flip scattering, where the energy might not be conserved and the phase might be lost.
The spin-flip scattering only becomes important when the spin-orbit coupling is strong. For
both types of processes the respective mean free paths can be associated, being Le and Lin,
for elastic and inelastic scattering, respectively.

The phase-breaking length Lφ is defined as the spatial distance after which the phase of
the electron is changed stochastically. It can be related to the probability of losing the phase
memory 1/τφ, through the diffusion coefficient D by Lφ =

√
Dτφ. If there are no spin-flip

scattering events: Lin = Lφ.
The quantum corrections presuppose that Lφ � Le, i.e. that the elastic scattering from

static disorder occurs much more frequently than the inelastic processes. Additionally, the
transport has to be diffusive.

Weak localization and weak anti-localization

During the diffusive transport, an electron that at t = 0 was at the origin, the position
r = 0, can be later found at the point r with probability p (r, t), given by:

p (r, t) = (4πDt)−d/2 exp
(
− r2

4Dt

)
, with r2 =

d∑
1
x2
i and

∫
p (r, t) dr = 1, (2.17)

where d is the dimensionality of the space where the diffusion takes place. Interestingly, the
quantum mechanical approach to p differs from the classical approach at the particular point
r = 0. Considering the wave properties of the electron, there is an increase in the probability
of finding the electron at the origin. Fig. 2.1(a) illustrates an electron moving diffusively and
returning to the origin through a particular path. For classical diffusion, the probability of
the electron propagating on the same path but in the opposite direction is the same. The
sum of these two equal probabilities gives the total probability of 1/ (4πDt). However, in the
quantum mechanical interpretation, considering the wave-like character of the electron, the
two partial waves that propagate in both directions interfere constructively at the origin and
increase the probability by a factor of 2. This happens because the probability is obtained by
the square of the sum of the amplitudes of both waves, not by the sum of the squares, as it
is calculated in the classical case. For points in space other than the origin, the partial waves
are generally incoherent and only their intensities add. The increase in the probability of
finding the electron in the origin can be seen in figure 2.1(b). The width of the peak at r = 0
is determined by the uncertainty principle. This phenomenon was thought to be a precursor
of localization, because the electron tends to remain at a fixed position (the origin), so it is
called weak localization [137].

Obviously the constructive interference only happens if the electron remembers its phase,
therefore, only when the electron returns to the origin within time t < τφ. The quantum
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Figure 2.1: (a) Possible closed diffusion path of an electron. The electron propagates the
closed path in both directions: 0→1→2→...→11→0 and 0→1′ →2′ →...→11′ →0, indicated
by the black and red arrows, respectively. (b) Plot of the probability function given by Eq.
2.17 for two-dimensional diffusion (d = 2) at times t1 < τφ and t2 = 2t1 > τφ. For time t1
the increase of the probability due to the weak localization (WL) is clearly observed, while
for time 2t1 the probability at the origin is already the same as in the classical picture. For
the case where the spin-orbit coupling is strong, weak antilocalization (WAL) occurs, giving
the decreased probability shown in orange.

correction depends on the dimensionality of the transport. The dimensionality is determined
by comparing the sample size where the transport takes place to the phase-breaking length,
while the dimensionality for diffusion is determined by comparing it to the mean free path.
For the different dimensions d, the quantum corrections to the conductivity are [135]:

d = 3 : ∆σ3D ≈ −const. +
(
e2

~

)
L−1
φ

d = 2 : ∆σ2D ≈ −
(
e2

~

)
ln
(
Lφ
Le

)

d = 1 : ∆σ1D ≈ const.−
(
e2

~

)
Lφ.

(2.18)

The temperature dependence of these corrections is linked to the temperature dependence
of Lφ. Normally, it is considered that τφ ∝ T−p, where p is an index that depends on the
scattering mechanism and on the dimensionality [138]. The conductivity corrections as a
function of temperature then are calculated to be [138]:

d = 3 : ∆σ3D = σ0 + e2

~π3
1
a
T p/2

d = 2 : ∆σ2D = σ0 + p

2
e2

~π2 ln
(
T

T0

)
d = 1 : ∆σ1D = σ0 −

ae2

~π
T−p/2

(2.19)
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Figure 2.2: Resistance as a function of temperature (on a logarithmic scale) for thin films
of Au (left) and Cu (right), evidencing the upturn of the resistance at low temperatures
characteristic of weak localization. Taken from [135].

The 2D correction is normally sufficient for thin films, because at the low temperatures, at
which the weak localization is normally observed, the thickness of the film is lower than Lφ.
∆σ2D ∝ ln (T ) is thus the most well known signature of weak localization. This temperature
dependence is then used to identify a possible occurrence of this quantum interference effect
as it leads to a pronounced increase in the resistivity at low temperature. Fig. 2.2 shows an
example of this feature for thin films of Au and Cu below 10 K.

When the spin-orbit coupling is strong, the partial waves are no longer coherent at the
origin because of the loss of phase information with spin-flip scattering. The constructive
interference ceases to exist. In fact, there is a reduction in the backscattering probability that
leads to the exact opposite behaviour of the resistivity, which is named weak anti-localization
(WAL).

Another important characteristic of WL and WAL is the effect of the magnetic field. If
an electron travels along a loop in a magnetic field B, its wave function Ψ gets an additional
phase factor [135]:

Ψ −→ Ψ exp
(
i
e

~c

∫
Adl

)
= Ψ exp

(
± iπΦ

Φ0

)
, (2.20)

where A represents the vector potential of the magnetic field, defined by B = ∇ × A,
Φ0 = π~c/e is the magnetic flux quantum and Φ is the total magnetic flux. The plus and
minus signs represent the two different partial waves, one for each direction of motion along
the closed loop. These two partial waves will now have a phase difference at the origin of
∆φ = 2π (Φ/Φ0) due to the magnetic field, which will break the constructive interference
between the two waves at this point. It effectively changes the “strength” of the WL effect by
decreasing the probability of finding the electron at the origin. For a certain magnetic field the
effect will even be completely destroyed. Therefore, the increase of the resistance associated
with WL will disappear with the magnetic field, leading to a negative magnetoresistance
(MR). On the contrary, the decrease of the resistance observed in case WAL is taking place
will vanish, which translates into a positive MR.

The MR due to WL or WAL was theoretically calculated by Hikami, Larkin and Nagaoka
(HLN) [139]. The HLN formalism enables a quantitative fit to the MR data, so the MR
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Figure 2.3: Plot of the base function underlying the HLN formula expressed in Eq. 2.21.

measurements can be used as a tool to measure basic solid state properties of materials [138].
According to this formalism, the change in the conductance due to a magnetic field B is given
by:

∆G(B) =− e2

2πh

[
ψ

(
Bφ
B

+ 1
2

)
− ln

(
Bφ
B

)]
− e2

πh

[
ψ

(
Bso +Be

B
+ 1

2

)
− ln

(
Bso +Be

B

)]
+ 3e2

2πh

[
ψ

( 4
3Bso +Bφ

B
+ 1

2

)
− ln

( 4
3Bso +Bφ

B

)]
,

(2.21)

where Bi = ~
4eL2

i
are the characteristic fields for the different scattering channels, i = φ, so, e,

associated with the respective characteristic lengths Li: the phase-breaking length Lφ, the
spin-orbit scattering length Lso and the elastic scattering length or mean free path Le [139,
140]. This original formula can be approximated by a simpler form in the case of small
fields. Under this condition, the phase-breaking term clearly dominates, because the asso-
ciated length is much longer than both the spin-orbit and elastic scattering lengths, and
the underlying function decreases with the increase of the argument (see Fig. 2.3). Taking
this into consideration, the change in conductance caused by an applied magnetic field B is
approximated to [140]:

∆G(B) = −α2De
2

πh

[
ψ

(
~

4eL2
φB

+ 1
2

)
− ln

(
~

4eL2
φB

)]
+ bB2, (2.22)

where α2D is a factor included to account for possible contributions from the top and bottom
surface of the films and other effects, and b is the quadratic coefficient that includes not
only the classical component arising from the cyclotronic MR (bc), but also the simplified
components of the spin-orbit and elastic terms of the HLN model (bq) [140]. The classical
cyclotronic MR term arises from the deviation of the electrons’ trajectories due to the Lorentz
force in the applied magnetic field. It comes as:

bc = −µ2
MRG0, (2.23)
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where µMR is the MR mobility and G0 is the zero-field conductance [140]. The MR mobility
is related to the Hall mobility µH through the magnetoresistance scattering factor, but to
take µMR = µH is normally a good approximation [141]. The other components that add to
b are the approximated components from the HLN formula that deal with the spin-orbit and
elastic scattering. These can be simplified to bq:

bq = − e2

24πh

( 1
Bso +Be

)2
+ 3e2

48πh

(
1

4
3Bso +Bφ

)2

. (2.24)

In the case where Lso > Le, the ∆G arising from this last term is positive. The complete
term is then b = bc + bq [140].

If, however, the quantum interference occurs in 3D, the change in resistivity is described
by: [142]

∆ρ
ρ2 (B) = α3D

e2

2π2~

(
eB

~

) 1
2
[(1

2 + β

)
f3

(
B

Bφ

)
− 3

2f3

(
B

B4

)]
, (2.25)

with

f3 (h) =
+∞∑
n=0

2
[(
n+ 1 + 1

h

) 1
2
−
(
n+ 1

h

) 1
2
]
− 1(

n+ 1
2 + 1

h

) 1
2

≈


h

3
2

48

(
1− 7h2

64 + 91h4

2048 −
3h6

160

)
, h ≤ 0.6

0.6049− 2
h

1
2

+ 2.389
h − 2.355

h2 , h ≥ 25

, (2.26)

where α3D is again a fitting parameter. The field B4 is given by B4 = Bφ + 2BSO. The factor
β is related to the quenching of the superconducting fluctuations, where β ≈ 0 if T � Tc,
with Tc being the superconducting transition temperature.

Electron-electron interference

Whereas WL andWAL emerge as a consequence of the electron wave interfering with itself,
there is an additional effect stemming from the interference of different electron waves. This
is known as electron-electron interference or interaction and it also gives rise to a correction
to the conductivity. The problem was theoretically assessed by Al’tshuler and Aronov and
therefore is also known as Al’tshuler-Aronov effect [143].

In order for the waves of different electrons to interfere, the electrons must be close to
one another for a sufficient period of time. When the transport is diffusive, the electrons
stay close to one another, as the mean distance between electrons increases more slowly with
time than in the ballistic transport regime. Analogously to the weak localization case, where
the main factor is the phase-breaking length Lφ, for interelectron interference, there is also
a phase-breaking length Lee and the respective phase-breaking time τee. The phase of an
electron with the initial energy Ei as a function of time is described by exp (iEi/~) t. Two
electrons with an energy difference of ∆E with the same phase at t = 0 will have at time t a
phase difference of ∆Φ12 = ∆E

~ t. Therefore, after a time ~/∆E the phase difference is on the
order of unity. The electrons that take part in the diffusive transport are the ones that can
reach unoccupied states at temperature T , which have energies in the range:

EF − kBT . E . EF + kBT. (2.27)
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Therefore, the difference in energy of two electrons is ∆E ≈ kBT . This gives an approximation
of the phase-breaking time as:

τee ≈
~

kBT
(2.28)

From this, it is concluded that the lower the temperature, the longer the phase-breaking time,
i.e. electron-electron interactions are favoured at low temperatures. The phase-breaking
length for this interaction can be obtained by:

lee ≈ Le
√
τee
τe
≈

√
~D
T

(2.29)

The corrections to the conductivity due to electron-electron interactions have the same
form of the ones shown in equation 2.18, with Lφ substituted by the phase-breaking length
lee:

d = 3 : ∆σ3D ≈ −const. +
(
e2

~

)
l−1
ee

d = 2 : ∆σ2D ≈ −
(
e2

~

)
ln
(
lee
Le

)

d = 1 : ∆σ1D ≈ const.−
(
e2

~

)
lee.

(2.30)

Substituting relation 2.29 in equations 2.30, it is possible to get the temperature depen-
dence of the conductivity correction due to electron-electron interactions. For 3D, ∆σ3D ∝√
T , while for 2D, ∆σ2D ∝ lnT . The temperature dependence of the 2D case is exactly the

same as the one obtained for the weak localization. This becomes problematic in the dis-
tinction between the two quantum interference effects. The effect of the magnetic field then
becomes particularly important, as it destroys the weak localization, but has a much smaller
effect on the electron-electron interaction. Another important method to experimentally iden-
tify the occurrence of electron-electron interactions is tunnelling spectroscopy. Through this
technique, the density of states is measured, which is sensitive to the occurrence or not of the
mentioned interactions.

The corrections to the conductivity can be quantitatively obtained using the Kubo for-
malism. The corrections are [138]:

d = 3 : ∆σ3D = e2

2πh
1.3√

2

(4
3 −

3
2 F̃σ

)√
T

D

d = 2 : ∆σ2D = e2

2πh

(
2− 3

2 F̃σ
)

ln (Tτe)

d = 1 : ∆σ1D = − 1
A

e2

h

1.3√
2

(
4− 3

2 F̃σ
)√

D

2T

(2.31)

A is the wire cross-section area in the 1D case. The quantity F̃σ is given by:
F̃σ = 8

(
1 + F

2

) ln(1+F
2 )

F − 4, for d = 2

F̃σ = −32
d (d− 2)

[
1 + d

4F −
(
1 + F

2

)d/2]
F, for d 6= 2,

(2.32)
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where F is the Hartree term that quantifies the strength of the screening between electrons.
According to Eqs. 2.31, disordered metals where electron-electron interactions occur

should exhibit a σ ∝
√
T behaviour for transport in 3D, if the associated quantum correction

is dominating the temperature dependence.

Disordered metals

From the previous sections, it is now clear that disorder can induce very distinctive be-
haviour in the electrical transport of materials. This condition is verified in a group of metals
known as disordered metals, sometimes also called dirty metals. These materials serve as
a good playground to observe the effects of disorder on the conductivity, and share some
common characteristics among themselves.

As it was already mentioned, J. H. Mooij found a correlation between the resistivity of
disordered metals and their TCR (see Eq. 2.14). Mooij published a plot with data for many
different metallic alloys (such as NiCr or AlTi) in both bulk and thin film form, which is
reproduced in Fig. 2.4 [136]. This led to the so-called Mooij’s rule, which states that metallic
alloys having a resistivity lower than 100-150 µΩcm usually have a positive TCR, while those
with resistivity exceeding 100-150 µΩcm have a negative TCR [135].

The
√
T dependence of the conductivity is observed in many of these disordered metals.

Initially, the community tried to explain this behaviour within the Boltzmann transport the-
ory, but it is clear that the Ioffe-Regel criterion is violated for these systems, inhibiting its
use. Later, it was clarified that the observed behaviour had to be related with quantum cor-
rections to the Boltzmann transport. Howson and Greig proposed that the weak localization
explains the

√
T behaviour at high temperatures [144, 145]. According to these authors, the

conductivity of the amorphous metallic alloys is given by [146]:

σ ∝ T, T � θD

σ ∝
√
T , T & θD,

(2.33)

with θD being the Debye temperature. However, the effect of the electron-electron interference
also leads to the same temperature dependence of the conductivity with the

√
T term. To

which the authors mention that this effect appears only at very low temperatures [146]. On
the other hand, the WL shows a dependence with a higher power of the temperature, taking
the form T p/2, where p is greater than 1 and depends on the scattering mechanisms that
destroy the phase coherence (thus decreasing the WL effect). If the Coulomb electron-electron
scattering dominates in the dirty limit, p = 3/2; if the electron-electron scattering occurs in
the clean limit, p = 2; if, on the other hand, the electron-phonon scattering dominates, p = 3
[138].

In summary, for 3D disordered metals, the conductivity corrections are described by [138,
147]:

∆σ3D = AWLT
p/2 +Ae−e

√
T (2.34)

where the first term is due to the weak localization effect and the second term originates in
the electron-electron interactions. AWL and Ae−e contain all the factors detailed in Eqs. 2.19
and 2.31.
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Figure 2.4: Temperature coefficient of the resistance (TCR), here represented with α as a
function of the resistivity for different disordered metallic alloys, showing a clear correlation
between the two quantities. For a resistivity below approximately 150 µΩcm, the TCR is
positive, while above this value the TCR is negative. This experimental correlation is called
Mooij’s rule. The different symbols represent different types of samples, as indicated in the
legend of the figure. Adapted from [135].

2.1.3 Hopping transport

In the regime of strong localization, as described in section 2.1.1, the Boltzmann transport
equation is not valid. In this regime, the wave function of the states is concentrated in a very
small region of space, decaying exponentially outside of this region. This decay of the wave
function as r →∞ can be described by [135]:

ψ (r) = f (r) exp
(
−r
ξ

)
, (2.35)

where ξ is termed localization radius or localization length. In solids, impurity centres, such
as shallow donors and acceptors, are normally described as hydrogen-like centres with a Bohr
radius dependent on the effective electron mass m∗ and the electric permittivity ε:

aB = ε~2

m∗e2 . (2.36)

Transport between the localized states is called hopping transport and occurs through
carrier hopping from occupied to free states. Hopping transport considers that all the states
have different energies, i.e., that two states with the same energy are infinitely spaced from
each other. As there is an energy difference, the hopping must be accompanied by emission or
absorption of phonons [135]. These processes are rate determining, therefore, the conductivity
contains an activation energy Ea and takes the form [148]:

σ = σ0 exp (−Ea/kBT ) . (2.37)
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The conductivity tends to zero at low temperatures, which is a behaviour of insulators, ac-
cording to criterion 2.4.

The simplest form of hopping occurs via transitions between sites that are closest in space,
i.e. nearest neighbours. If ED is the energy of the localized states, the probability that this
state is free depends on its energy with respect to the Fermi level, which is proportional
to exp (−|EF − ED|/kBT ). Substituting this exponential term in equation 2.37 leads to the
nearest-neighbour hopping (NNH) conductivity:

σ = σ0 exp
(
−|EF − ED|

kBT

)
. (2.38)

If the temperature drops, so that kBT � |EF −ED|, the number of empty sites among the
nearest neighbours is too small, and the NNH freezes out. In this scenario, localized states
that are further away in space become increasingly important, as these states should be closer
in energy to the Fermi level. The lower the temperature, the longer the hopping distance.
Therefore, this kind of hopping is called variable-range hopping (VRH). The expression for
the conductivity is different from the one for NNH:

σ = σ0 exp
[
−
(
TM
T

)1/4
]
, (2.39)

where TM represents Mott’s temperature, which is inversely proportional to the density of
states at EF and to the cube of the localization length. The pre-factor σ0 is different from
the one in equation 2.38 and is a power function of the temperature, although this is usually
neglected [135]. This expression, however, is only valid for 3D transport. The VRH is depen-
dent on the dimensionality of the transport d. The general expression for the conductivity
is:

σ = σ0 exp
[
−
(
TM
T

)1/(d+1)
]
. (2.40)

This returns the exponents 1
2 ,

1
3 and 1

4 for 1D, 2D and 3D transport, respectively.
The density of states in the vicinity of the Fermi level is assumed constant in order to derive

the expression for VRH. When electron correlations play an important role, the density of
states vanishes at the Fermi level. This is caused by the Coulomb repulsion between electrons,
and is called the Coulomb gap. This phenomenon changes the VRH conductivity into the
expression:

σ = σ0 exp
[
−
(
TES
T

)1/2
]
, (2.41)

where TES ≈ e2/ (εaB), with aB being the Bohr radius. This variant is named Efros-
Schklosvkii hopping (ESH) after the physicists that first proposed it. The Coulomb gap
plays an important role in the low temperature conductivity of insulator materials [149].

The temperature plays a significant role in hopping. As the temperature decreases from
room temperature down to very low temperatures on the order of mK, it is possible to go
through all the discussed types of hopping mechanisms. Figure 2.5 illustrates this possibility
for a lightly-doped semiconductor, where the Fermi level lies in an impurity band formed by
the localized states. Besides the different mathematical expressions, also a schematics of the
evolution of the density of states with decreasing temperature is shown.
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Figure 2.5: Schematics showing the change of hopping transport mechanisms as temperature
is decreased for a lightly-doped semiconductor. The small inset plots represent the density of
states (DOS) around the Fermi level EF and are not depicted in the same scale. ED represents
the minimum of the conduction band, kBT represents the thermal energy at temperature T ,
δE represents the energy width of the Coulomb gap, while the other symbols retain the same
meaning as in the text. Based on a figure from [135].
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2.1.4 Granular metals

The different transport mechanisms presented up to this point all consider that the charge
carriers are moving in a homogeneous material. When a material is not homogeneous and
is rather composed of different phases with different electrical transport properties, a good
picture of the electrical transport in the material as a whole can be hard to envision. The
task of understanding the transport becomes simplified in the case where there are only two
phases with very different conductivity values, however. This is normally the case for a
mixture of metallic and insulating phases. Granular metals are arrays of metallic particles
(granules) embedded into an insulating matrix. The metallic granules usually range from a
few to hundreds of nanometers in size. It is important that the granules are sufficiently large
in order to possess a distinct electronic structure, but also small enough to be considered
mesoscopic and to exhibit quantization of the electronic levels of the confined electrons. This
class of artificial materials enables a tuning of the electronic properties with a control on the
nanoscale. On the other hand, it offers a good playground for the study of the effects of
disorder on the transport properties [150]. Granular metals are a particular case of a system
where a percolation threshold occurs, and therefore some of the results are based on the
percolation theory [151].

An example of the evolution of the morphology of a granular metal with the change in
concentration of the metal component is shown in Fig. 2.6, where In was deposited on top of
Si. The In does not wet the Si, therefore, the In atoms tend to coalesce in the form of individual
granules. For a sufficiently high amount of In, the resulting clusters are isolated from each
other, as in Fig. 2.6(a). For a higher amount of In, there are almost no isolated clusters
and there is a continuous region of metal on the surface of Si, which forms percolation paths
for conduction. This highlights that there are two very distinct regimes in granular metals:
the insulating regime and the metallic regime. In the former, the granules are isolated from
each other leading to an insulating behaviour. In the latter case, there is enough metal to
form a percolation of metallic granules or form large regions of metal, thus allowing metallic
transport.

The theoretical models devised to understand the transport in granular metals consider
metallic granules identical in size and shape, which is radically different from the real granular
metals. Nevertheless, the theory still enables accurate predictions. The electron coupling
between different granules is described via a tunneling matrix. Within this framework, the
key parameter determining most of the physical properties of the array of granules is the
average tunnelling conductance G between neighbouring granules [150]. It is useful to consider
the dimensionless conductance g = G/

(
2e2/~

)
. This parameter allows an easy distinction

between the insulating regime with g . 1 and the metallic regime with g & 1. A second
important parameter is the Coulomb charging energy of a single granule EC , which is equal
to the change in energy of the granule when one electron is removed or added.

Metallic regime

Deep in the metallic regime, with g � 1, the electrons tunnel easily between granules
and the granular metal behaves similarly to a homogeneous metal. Also here, the quantum
interference effects described in section 2.1.2 play a decisive role, as normally the metallic
granules present sufficient disorder. The electron transport across the granular metal is diffu-
sive, because on a scale larger than the granule size there is always scattering at least at the
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Figure 2.6: Scanning electron microscopy pictures of In deposited on top of Si for different
average In film thickness (δ), showing different kinds of coverage of the surface, exemplifying
a granular metal in the insulating regime in (a) and in the metallic regime (b). Adapted from
[135].

boundary of the granules, even though the intragranular transport can be ballistic. Ballistic
transport will not lead to quantum corrections to the conductivity. The effective diffusion
coefficient is given by:

Deff = Γa2, (2.42)

where Γ is called the characteristic energy and a is the average size of the granule (for example
its diameter for spherical granules). Using the Einstein relation to retrieve the mobility as a
function of the diffusion coefficient, the conductivity of the granular metal is:

σ0 = 2e2N (EF )Deff, (2.43)

where N (EF ) is the density of states at the Fermi level in the region inside the granule. As the
conductivity can also be affected by interference effects such as electron-electron interactions,
the final conductivity is given by:

σ = σ0 + δσ1 + δσ2. (2.44)

The correction δσ1 is caused by the granularity of the system and arises from the Coulomb
interaction between electrons at scales smaller than the granule’s size. This is possible due to
the diminished electronic screening enabled by the granularity of the system, which largely
reduces the amount of electrons moving around the granules. This increases the Coulomb
interaction between the electrons in the granules. The correction is given by:

δσ1
σ0

= − 1
2πdg ln

[
gEC

max (T,Γ)

]
(2.45)
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When the coherent electron motion on scales larger than the grain size a dominates the
physics, there is the correction δσ2:

δσ2
σ0

=


α

12π2g

√
T
Γ , d = 3

− 1
4π2g ln Γ

T , d = 2
− β

4πg

√
Γ
T , d = 1

=


α

12π2ga
√

T
Deff

, d = 3
− 1

4π2g ln Γ
T , d = 2

− β
4πga

√
Deff
T , d = 1

(2.46)

with d representing here the dimensionality of the array of granules, and α ≈ 1.83 and
β ≈ 3.13 being numerical constants. The expression has the same temperature dependence
as in the homogeneous disordered metal case shown in Eq. 2.31. This term dominates the
temperature dependence of the conductivity at low temperatures. However, for granular
metals the

√
T dependence has been observed up to room temperature. This is related to the

small mean free path of the electrons in granular metals caused by the strong disorder and the
higher probability of interaction between electrons in the reduced space of the granule. This
enables a stronger effect of the electron-electron interaction on the conductivity relatively to
homogeneous disordered metals [152]. Although widely observed and theoretically studied,
the ascription of the

√
T behaviour to the Al’tshuler-Arononv effect is still considered by some

authors as not satisfactory [153].

Insulating regime

In the insulating regime, there is a weak coupling between the granules, and no metallic
transport is possible. The transport then occurs similarly to the hopping case described in sec-
tion 2.1.3, with the hopping occurring between neighbouring granules. However, the charged
metallic granule induces an electric field in the space between it and another neighbouring
granule. This creates an electrostatic energy barrier, also known as Coulomb blockade, that
must be overcome in order for the hopping to occur. This results in the resistivity [135]:

ρ = ρ0 exp
(
T0
T

)1/2
. (2.47)

This situation is very similar to the Efros-Schklovskii hopping case, where there is the
appearance of a Coulomb gap (see section 2.1.3). More recent studies point toward a different
origin for this exp

(
T−1/2

)
behaviour [150, 154]. The electrostatic disorder causes fluctuations

in the electrostatic energy of the granules and lifts the Coulomb blockade at some of the
granules. Then, the transport is not possible between neighbouring granules, but it is in a
variable range sense. The electrostatic disorder is most likely caused by charged defects in
the insulating matrix. The transport between granules occurs through tunneling via virtual
electron levels in a sequence of granules, which is called co-tunneling, which can be elastic
and inelastic. Elastic co-tunneling occurs when tunneling in and out of the granule deals with
the same intra-granule electron state, while inelastic co-tunneling leaves behind an excited
electron-hole pair. Inelastic co-tunneling prevails at higher temperatures and elastic at lower
temperatures [154]. The tunneling probability decays exponentially with the distance between
the granules, simulating the effect of the exponentially decaying probability between hops with
similar energies of the variable range hopping, and thus gives rise to the same temperature
dependence of Eq. 2.47.
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Metal-insulator transition in granular metals

The transport regime of the granular metal is determined by the metallic fraction x. Fig.
2.7(a) shows the evolution of the resistivity of a granular system with x. The rapid increase of
ρ as x decreases indicates the metal-insulator transition. The x value for which this transition
occurs is related to the percolation threshold.

Figure 2.7: (a) Resistivity of a granular metal as a function of the metallic fraction x for the
example system Au + Al2O3. The solid lines and symbols are obtained at room temperature,
while the dashed line shows the data obtained at helium temperature, where a much steeper
transition with decreasing x is observed. Adapted from [135]. (b) Scheme of percolating
channel in the vicinity of a weak link between larger metallic regions. Gmetal is the conduc-
tance through the percolating cluster of metal granules and Ghop corresponds to the hopping
conductance over separated granules; (c) Simplified band diagram showing the energy levels
splitting owing to QSE in the small granule and energy barrier ∆E for conduction electrons
within the constriction.

Close to the percolation threshold, there is another effect that causes a kind of a metal-
insulator transition. This is determined by temperature and is due to the emergence of
quantum size effects (QSE) [147, 155]. Near the percolation threshold on the metallic side, the
chain of metallic granules can have joining points where the contact is minimum. This forms
constrictions that act as bottlenecks to the electron transport. A schematic depiction of such a
situation is shown in Fig. 2.7(b). The constriction at the contact between granules confines the
electron motion and therefore splits the electronic energy levels at the contact. In its turn this
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leads to an energy barrier for the electrons. At sufficiently high temperatures, the electrons can
overcome the barrier, and metallic conductivity is possible. At lower temperatures, when the
electrons cannot be thermally excited above the barrier, the transport occurs via tunnelling,
and the metallic conductivity is broken. Hence, a change in the temperature can also induce
a metal-insulator transition in granular metals [152].

In Fe-SiO2 granular metals, the transition from metal to insulator due to QSE occurs
at approximately 70 K and leads to a decrease of one order of magnitude of the carrier
concentration [147]. In PdxC1−x granular metals it was shown that the transition temperature
was always roughly the same, independently of the film thickness and metal fraction x [155].

2.2 The Ta-O material system
In order to understand the material dynamics during the resistive switching in the Ta2O5-

based ReRAM devices it is necessary to introduce the relevant Ta-O material system. This
system includes, naturally, the stable oxide Ta2O5 as well as other possible substoichiometric
TaOx phases and the metallic Ta phases.

2.2.1 Phase diagram of the Ta-O system

The phase diagram of the Ta-O system is presented in Fig. 2.8, as reported by Garg et
al. [156]. Several important things can be understood from the phase diagram. Namely:

1. Only two stable compounds exist: the stoichiometric oxide Ta2O5 and a solid solution
of Ta and O, i.e. Ta(O).

2. From the previous point, it is straightforward to conclude that there are no stable
suboxide phases of TaOx.

3. The Ta metal is able to accommodate a significant amount of oxygen without forming
the oxide Ta2O5.

In the following subsections, the main phases of the Ta-O material system, Ta metal and
Ta2O5, will be introduced in more detail. An overview of the more relevant metastable phases
will be also presented.

2.2.2 The oxide: Ta2O5

The stoichiometric tantalum oxide Ta2O5 is an electrical insulator with a band gap of
around 4 eV [97], although values up to 5.38 eV have also been reported [157].

Ta2O5 has two main crystallographic phases: α-Ta2O5 and β-Ta2O5, which are also named
H-Ta2O5 and L-Ta2O5, respectively, referring to a high (H) and a low (L) temperature phase.
The transformation occurs at a temperature around 1320 ◦C [156]. The H form has been
reported as tetragonal, hexagonal and monoclinic, while the L form has been reported mostly
as orthorhombic and sometimes as monoclinic [156]. Most of the structures are very similar
and can easily be interchanged by small variations of the ion positions [158] and the exact
symmetries of the structures are still unclear. Nowadays, however, the α phase is said to be
tetragonal, while the β phase is reported as orthorhombic. A third phase, the metastable
δ-Ta2O5, with an hexagonal structure, was also reported more recently [158]. However, in
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Figure 2.8: Phase diagram of the Ta-O system with: (a) Atomic percent of oxygen on the
horizontal axis scale; (b) Weight percent of oxygen on the horizontal axis scale. Taken from
[156].

most of the relevant applications, including ReRAM, the Ta2O5 is amorphous in nature. This
is the normally obtained oxide when the material is deposited at room temperature. The
transition from amorphous to the β phase occurs at approximately 650 ◦C [159].

In terms of optical properties, it is known to have a high dielectric constant of around
25 (measured at high frequency, probably around 1 MHz) and a refractive index between 2.1
and 2.2 (for ~ω = 2 eV) [160, 161].

The defect chemistry of β-Ta2O5 can be described by the following reactions that show
the intrinsic formation of defects [162]:

O×O −−⇀↽−− V••O + 2e′ + 1
2O2(g) (2.48)

O×O −−⇀↽−− O′′i + V••O (2.49)

nil −−⇀↽−− e′ + h•. (2.50)

The different species are written using the Kröger-Vink notation [41]. O×O represents an
oxygen ion in its right place in the β-Ta2O5 lattice, with neutral charge relatively to the
lattice indicated by ×. V••O represents a vacancy (V) in the oxygen (O) position of the lattice
with two positive charges relatively to the lattice given by the two •. O′′i represents oxygen in
an interstitial position (i) with two negative charges indicated by the two ′. The same rules
are used for the electron (e) and hole (h).

The electroneutrality condition for this situation is given by:

2
[
O′′i
]

+ n = 2 [V••O ] + p. (2.51)

that for the case of low oxygen partial pressure simplifies to

n = 2 [V••O ] . (2.52)
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The existence of oxygen interstitials is not clear, as there is a lack of experimental proof [163].
However, a recent work by Gries et al. suggests that oxygen interstitials play a major role in
the ionic conductivity of β-Ta2O5 under oxidizing conditions [164].

2.2.3 The metal: Ta

The tantalum metal occurs naturally in the body-centred cubic (BCC) phase. This phase
is called α-Ta and is the thermodynamically stable phase at the ambient conditions. However,
when Ta is deposited in the form of a thin film, the most common phase is the metastable
β-Ta phase, which has a tetragonal structure.

The origin of the β phase stabilization over the α phase in thin films is still not completely
understood [165]. Some works point to the importance of carefully controlling the oxygen
content in the atmosphere of the deposition chamber [166, 167]. The α phase is only obtained
via sputtering when the oxygen content is low enough. Others point to the importance of
the substrate material, as β-Ta seems to be favoured when the growth occurs on amorphous
oxide substrates [165, 168], or substrates that easily form surface oxides [168]. Crystalline
substrates, such as clean Si(100) or crystalline Mo, induce the formation of α-Ta [165, 169].
The α phase is also promoted by having a seed layer of face-centred cubic (FCC) TaN grown on
substrates with native oxides of Ti and Si [170]. These examples show the importance of the
initial nucleation of Ta for the final phase of the thin film. Other deposition parameters of the
magnetron sputtering process, such as chamber pressure during deposition and temperature,
also play an important role [169–171]. The post-growth β- to α-Ta transformation is normally
achieved with thermal annealing in vacuum of the as-grown films at temperatures in the range
from 400-650 ◦C [165], or at lower temperatures of 300-400 ◦C in oxygen-free films in ultra-
high vacuum [172].

The bulk phase, α-Ta, has a BCC structure with a lattice constant a = 3.306 Å and
belongs to the space group Im3̄m [165].

The β-Ta crystallographic structure is quite complex, and only in 2002 it was finally
studied in proper single crystals obtained at normal pressure conditions [173]. The structure
is tetragonal and belongs to the σ-type Frank-Kasper structures that are also observed in
β-U and binary intermetallic compounds. The unit-cell parameters are a = 10.211 Å and
c = 5.3064 Å, while the space group is P 4̄21m.

The two different phases are also easily distinguishable in terms of their electrical proper-
ties, namely in terms of resistivity and temperature coefficient of the resistance (TCR). The
α-Ta phase has a lower resistivity of approximately 1.5− 2.5× 10−7 Ωm and a positive TCR
of 1500 × 10−6 K−1 [171]. On the other hand, the β-Ta phase shows an order of magnitude
higher resistivity of around 2× 10−6 Ωm and a negative TCR of −150× 10−6 K−1 [174].

2.2.4 Metastable suboxide phases

As mentioned in the previous subsection, the phase diagram of the Ta-O material system
shows that only two compounds are thermodynamically stable, excluding suboxide phases.
These can, nevertheless, occur in conditions of metastability. Garg et al. mentioned that
none of the metastable forms have been isolated in pure form and that the reported synthesis
methods have poor reproducibility [156]. Still, they found 25 different reported phases. The
metastable phases are usually obtained after devitrification and thermal annealing under
oxidizing conditions [175–177]. The metastable phases eventually transform into Ta2O5 if the
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conditions are kept for a longer time and there is enough oxygen in the environment. Recent
works report the observation of metastable suboxide phases such as TaO2, crystallizing in
the rutile phase [40], and Ta2O showing a metallic transport behaviour [175], among other
phases, such as Ta2O2.2 and γ-TaOx, which is supposed to have a composition of Ta12O [176].

Particularly relevant to the resistive switching in Ta2O5-based devices is the TaO2 phase
reported by Wedig et al. [40]. The authors claim that TaO2 forms in the Ta/Ta2O5 inter-
face and mediates the ionic movement and consequently the oxidation of Ta, and thus, the
switching.

The Ta2O phase reported by Donaldson et al. is electrically conducting with a room
temperature resistivity of approximately (1.5− 3.3) × 10−4 Ωcm [176]. Hall measurements
showed a carrier concentration of (1.9− 3.0) × 1020 cm−3 with a mobility in the range of
62− 110 cm2V−1s−1. Optical measurements show transparency in the visible light range for
films up to 100 nm-thick and a bandgap between 2.04 and 2.17 eV. These films were deposited
by sputtering on a crystalline saphire substrate at temperatures in the range from 600-700 ◦C
and then subjected to a first thermal annealing for a few minutes at 700 ◦C under 0.5− 1 Pa
of oxygen gas, followed sometimes by a second annealing in vacuum at the same temperature.



Chapter 3

Experimental techniques

In the first part of the chapter, the main experimental techniques used during the ex-
perimental work are described, as well as some auxiliary techniques. The second part of
the chapter describes the fabrication process of the investigated samples.

3.1 Fabrication techniques

3.1.1 Sputtering

In materials science, sputtering is defined as the physical vaporization of atoms from
the surface of a material by momentum transfer from bombarding energetic atomic-sized
particles, which are normally ions accelerated in an electric field. The sputtered atoms can be
deposited onto a substrate in a process named sputter deposition, which is normally known by
sputtering [178, 179]. Different ways of bombarding the surface of the target (source of atoms)
and different conditions lead to different variants of sputter deposition. The most common
are known as DC sputtering, radiofrequency (RF) sputtering and ion-beam sputtering. The
first two make use of a plasma, a quasi-neutral gas of charged and neutral particles (atoms,
molecules, electrons and ions), as the source of the ions for the bombardment, while the third
directly uses ions to bombard the target. The sputtered atoms travel from the target to the
substrate where there is condensation and deposition.

The plasma is created by applying a sufficiently high electric field between two electrodes
in a chamber with adequate gas pressure (after vacuum was made). The gas will breakdown
into a plasma discharge, and afterwards inelastic electron-atom collisions sustain the plasma.
In DC sputtering, the plasma is created by a DC electric field. The substrate is the anode
and the target is the cathode. However, using a DC field becomes problematic when the
target is an insulator, because there is accumulation of charge on the surface of the target.
To circumvent this problem, RF sputtering employs an alternating current, usually with a
frequency of 13.56 MHz, which is applied to the target, while the substrate is grounded.
Additionally, a magnetron is commonly employed, enabling a magnetic field underneath the
target that limits the movement of the electrons and restrains the plasma to the target region.
This increases the sputter rate and impedes the heating of the substrate by the plasma.

Reactive sputtering enables the deposition of thin films of compound materials by sput-
tering from an elemental target in a partial pressure of a reactive gas. For example, a reactive
atmosphere containing O2 is used while sputtering from a transition metal target to produce

47
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Figure 3.1: (a) Simple schematic depiction of the sputtering of surface atoms by an accelerated
incident ion. (b) Simplified schematic representation of the magnetron sputtering process
inside a vacuum chamber with Ar gas. The violet region indicates the plasma with Ar+ ions
represented with green dots, the electrons are represented by the small black dots and the
yellow dots represent the atoms sputtered from the target (on top) that can be deposited
onto the substrate (on the bottom).

the corresponding transition metal oxide, if the right conditions are met. The reaction occurs
after the deposition of the target atoms on the film surface, which is exposed to the reactive
gas. Therefore, the rate at which the sputtering and deposition occur is an important factor
to consider in producing thin films in this way, because it controls the amount of time the
freshly-sputtered atoms are exposed to the reactive gas before being covered by other sput-
tered atoms. A second important factor is the amount of reactive gas molecules existent in
the chamber, which is controlled by the partial pressure of the gas.

3.1.2 Photolithography and lift-off

Conventional photolithography uses UV radiation to transfer a pattern from a mask to
a photosensitive film with the objective of microfabricating devices and structures. It is,
thus, an essential tool in the semiconductor industry [180]. The photosensitive film is called
photoresist and is a polymer-based material that changes its solubility in a developer solution
after UV exposure. A following development step selectively removes the resist leaving a
pattern in the wafer.

There are two different photolithography processes: in the positive process, the resulting
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photoresist pattern after development is the same pattern of the mask, while in the negative
process the inverted pattern is obtained after development.

A positive lithography process can be condensed into four different stages:

1. Photoresist application into the wafer/substrate

2. Alignment of the mask and the wafer/substrate

3. Exposure of the photoresist to the UV radiation

4. Chemical development of the pattern

In stage 1, the photoresist, which normally comes in the form of a solution, is spin-coated on
top of the substrate and is dried in a heating step. Afterwards, in stage 2, the mask must be
aligned in respect to the substrate in the exposure system. The alignment is essential when
multiple photolithograpy steps are required to obtain the final structure, enabling the correct
translation of the desired result. The alignment is normally achieved by designing structures
in the mask that enable easy orientation of the substrate in the alignment system. After the
alignment, in step 3, the photoresist is exposed to the UV radiation according to the mask
pattern. The simplest way to perform the exposure is by bringing the mask and the substrate
into contact for exposure. Finally, the substrate is immersed in a chemical developer that
removes the unexposed regions of the resist. The final result is the exact transfer of the
pattern from the mask into the substrate in the form of a resist layer. For the negative
process, two additional stages are needed before the development. After the exposure with
the mask the substrate must be heated again and then exposed to the UV radiation without
the mask (flood exposure). When the development is then applied, the resist regions that
were previously exposed to the UV radiation during the exposure with the mask, are now the
ones being removed by the chemical bath.

The transferred pattern can be used for different purposes in microfabrication. The pat-
tern can be used as a mask for wet or dry etching, as a mask for ion implantation or it can
be used to selectively deposit thin films. The latter application is called lift-off and is the one
used in this work. The material deposited on top of the resist is later washed away during the
stripping of the resist, leaving only the regions without the resist covered by the deposited
film. For lift-off, the thickness of the film to be deposited must be less than the resist thick-
ness and the deposition process should not exceed 120 ◦C due to the thermal limitation of
the resist. The stripping of the resist is achieved with acetone.

Figure 3.2 depicts a possible negative lithography process followed by lift-off used to
deposit a thin film only in certain regions and enable microstructuring of electronic devices.

The photolithography system used in this work was the Karl Suss MA6 Mask Aligner. The
photoresist was the AZ5214E and the developer was the AZ826MIF. UV radiation with a
wavelength of 365 nm was used for the exposure.

Experimental conditions for this work
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Figure 3.2: Schematic diagram of a negative lithography process used in this work for the
fabrication of the samples: (a) the solution with the photoresist (AZ5214E) is spin-coated
on top of a previously cleaned substrate at 6000 RPM during 30 s; (b) the photoresist is
dried during a heating step at 90 ◦C for 5 min; (c) After proper alignment of the substrate
relatively to the transfer mask, the photoresist and the mask are exposed to UV radiation for
4.5 s, leading to the photochemical change of the exposed regions of the photoresist. (d) The
radiation exposure is followed by a second heating step, this time at 115 ◦C for 2 min; (e) the
photoresist is exposed to UV radiation a second time now without the mask for 14.5 s (flood
exposure); (f) finally the photoresist is developed in a chemical bath (developer: AZ826MIF)
and afterwards cleaned in deionized water, resulting in the inverse pattern of the transfer
mask solidly drawn by the photoresist layer; (g) the desired thin film can be deposited on
the whole surface of the substrate with the lithographically defined resist pattern; (h) the
final step is the lift-off with the stripping of the resist by acetone. The final result shows the
deposited film remaining only in the regions that are defined in the transfer mask. In the
case of a positive process, the exposure time in (c) is increased to 7 s and steps (d) and (e)
are skipped.
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Figure 3.3: Schematic representation of the wave interference of X-rays that leads to Bragg’s
law. The lines in red indicate the path difference between the two reflected X-ray beams, which
must be a multiple of the wavelength of the X-rays in order for constructive interference to
occur. This condition is stated as Bragg’s law.

3.2 Structural characterization techniques

3.2.1 X-ray diffraction (XRD) and X-ray reflectometry (XRR)

X-ray diffraction

The classical and most used technique for the assessment of the crystal structure of ma-
terials is the X-ray diffraction (XRD) [181]. The technique is based on the diffraction of
X-rays in crystals that was discovered by Max von Laue in 1912. The diffraction results were
explained in a very simple way by W. H. Bragg and his son W. L. Bragg in 1913. While
Laue envisaged crystals in terms of a three-dimensional network of rows of atoms, the Braggs
thought of crystals as layers or planes of atoms that acted as reflecting planes for the X-rays,
analogously to optics. Although not physically correct, the geometrical framework made
sense, and the simplicity of the system led to the famous Bragg law:

nλ = 2dhkl sin θ, (3.1)

where λ is the wavelength of the X-rays, n is the order of diffraction, dhkl is the lattice plane
spacing for (hkl) planes and θ is the angle of incidence (and reflection) relatively to the lattice
planes, also known as Bragg’s angle. The hkl indices are called Miller indices and represent
a set of lattice planes. The expression 3.1 is a condition for constructive interference of the
waves scattered by atoms from adjacent (hkl) lattice planes, and can be calculated from the
geometrical analysis of the scheme in Fig. 3.3.

Bragg’s law enables the identification of the lattice planes of a crystal that produce diffrac-
tion in a certain configuration and their inter-planar spacing. This carries information on the
lattice parameters, and therefore on the size and shape of the unit cell of the crystal struc-
ture. A typical XRD diffraction pattern shows not only the geometry of the diffraction, but
also contains information on the intensity of the diffraction spots. For the latter, expression
3.1 does not provide explanation, however. The intensity of the diffraction depends on the
atoms where the X-rays scatter, more specifically on the number of electrons, which are the
main contributors to the scattering, and also on the position of the atoms in the unit cell.
Therefore, this already gives information of the chemical nature of the material. The atomic
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scattering factor represents the scattering amplitude of an atom. By summing the atomic
scattering factors of all the atoms in the unit cell of the crystal structure, the structure factor
Fhkl is obtained. The structure factor then modulates the intensity of the diffracted beams.

In practice, the X-ray beams have a finite breadth and are not perfectly parallel. These
instrumental factors give rise to a broadening of the diffracted X-ray beams, which translates
in a broadening of the diffraction peaks in a diffractogram. But the broadening can also
stem from the material under study, and is due to the crystallite size and its state of strain,
particularly important for thin films over substrates. The broadening of the X-ray beam due
to the crystal size is given by Scherrer equation:

β = λ

t cos θ , (3.2)

where the broadening β is the width at half the maximum peak intensity and t is the size of
the crystallite.

The more common experimental configuration for the measurement of XRD from poly-
crystalline samples is the Bragg-Brentano symmetrical arrangement. The X-ray source and
X-ray detector are positioned so that the incident and reflected beams make equal angles to
the specimen surface. For example, the sample is fixed while the source and detector are
rotated in opposite sense. It is geometrically identical to fix the source while rotating the
sample and the detector with double the angular speed of the sample. In this arrangement,
only the d-spacings of the planes that are parallel to the sample surface are measured. There-
fore, for a single crystal only one diffraction peak is obtained. For a powder sample, however,
due to the random orientation of the crystals, it is possible to obtain many more diffraction
peaks. A scheme of the Bragg-Brentano configuration is shown in Fig. 3.4(a).

For a sample with very thin films, the signal from the substrate can become problematic
due to the high penetration depth of the X-rays. In light of this, a different configuration
is better suited, where the angle of incidence of the X-ray relatively to the sample surface
is very small. This configuration decreases the interaction of the X-rays with the substrate
and largely increases the interaction length in the thin films. This approach is called grazing
incidence X-ray diffraction (GIXRD). Fig. 3.4(b) shows a typical geometrical configuration to
measure the GIXRD. The X-ray beam is made very parallel, for example using a mirror, and
is incident at a very small angle to the sample surface that is kept constant, while the detector
is swept along the arc centred on the sample. The scattering vector Q in the figure indicates
the (hkl) planes that are detected for each 2θ angle, which are the ones perpendicular to the
scattering vector [182, 183].

X-ray reflectometry

Beyond diffraction, the X-rays can be used to obtain more information on thin films. When
considering a sample composed of a thin film on top of a substrate, as depicted in Fig. 3.5(a),
the incident X-ray beam can be reflected on the surface of the thin film, can be transmitted
through it, or even be absorbed in the thin film or in the substrate bulk. There is, however,
a critical angle of incidence, relatively to the surface, below which there is no transmission
due to total reflection. The total reflection occurs because, for the majority of materials, the
refraction index for X-rays is below 1, the refraction index of air. This angle is normally
around 0.1◦. The X-rays that are transmitted through the thin film can be again reflected
at the film/substrate interface and be transmitted back to the air. This transmitted ray will
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Figure 3.4: Schematic illustrations of two different experimental configurations to measure
X-ray diffraction: (a) Bragg-Brentano configuration. (b) Grazing incidence configuration.

interfere with the reflected one, constructively or destructively, depending on the thickness of
the thin film. The mathematical treatment of this situation is based on the Fresnel reflection
and transmission coefficients as derived in the electromagnetic wave propagation theory. By
changing the angle of incidence, successive destructive and constructive interference conditions
can be achieved. By measuring the periodicity of the fringes pattern in the reflectivity vs.
incident angle plot, such as the one in Fig. 3.5(c), the thickness of the thin film can be
retrieved [184].

The critical angle of incidence, below which total reflection is observed, carries information
on the density of the thin film material. The complex refractive index is described by a
deviation from unity with a real dispersive part δ and an imaginary dissipative part related
to absorption β [185]:

n = 1− δ − iβ. (3.3)

The dissipative part β is usually much smaller than the dispersive part δ, so it normally is
neglected, giving n = 1− δ. The latter term is given by:

δ = λ2re
2π ρe (3.4)

where λ is the wavelength of the incident X-rays, re ≈ 2.818×10−15 m is the classical electron
radius and ρe the electron density. The electron density can be used to calculate the mass
density ρm of the material by:

ρm =
∑
i xiAi

NA
∑
i xi (Zi + fi)

ρe, (3.5)

with xi the atomic (or molar) ratio, Ai the atomic mass, Zi the atomic number and fi the
atomic scattering factor, all for the ith atom, and NA is Avogadro’s number. Using Snell’s
law for refraction and the knowledge that δ � 1, one arrives at the condition for the critical
angle θc for total reflection:

θc ≈
√

2δ. (3.6)

Therefore, the measurement of the critical angle enables the determination of the density of
the thin film.
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Figure 3.5: (a) Schematic illustration of the X-ray reflection and refraction at the air-film
interface, showing the path of the X-rays and the origin of the intereference that gives rise
to the fringes in the X-ray reflectometry data. (b) Sketch of the experimental configuration
used to measure the X-ray reflectometry. It is symmetrical just like the Bragg-Brentano
configuration for XRD measurements, but as it is dealing with very small angles of incidence,
takes the necessary instrumentation considerations used in the GIXRD configuration. (c)
Example of XRR data, showing how the film density and thickness can be retrieved from the
data. The data refers to a 36 nm-thick Pt thin film on top of SiO2 with a 6 nm-thick Ta
adhesion layer.
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The equipment used for the XRD and XRR measurements was the PANalytical “X’Pert
PRO” X-ray diffractometer. The characteristic Cu Kα radiation with λ = 1.5406 Å was
used in all measurements. The analysis of the layers by XRR with the determination of the
thickness and film density was performed by fitting the experimental data to a layer model
using a commercial software from PANalytical.

Experimental conditions for this work

3.2.2 Rutherford backscattering spectrometry (RBS)

Ernest Rutherford developed a model of the atom in 1911 based on the experimental
observation of backscattering of alpha particles from a gold foil, which was not compatible
with the “plum-pudding” model of the atom, put forth in 1904 by J. J. Thomson. Ruther-
ford’s experimental setup was later adapted into a technique for the analysis of solids named
Rutherford backscattering spectrometry (RBS) [186].

The technique consists in the irradiation of solid materials with accelerated light ions
(normally 4He+) and the detection of the backscattered ions due to collisions with the atoms
from the material. The energy lost by the backscattered ions gives quantitative information
on the chemical composition of the material and the depth profiling of individual elements.

In the Cornell geometry, the incident beam, the exit beam and the sample rotation axis
are in the same plane, as illustrated in Fig. 3.6(a). This geometry has the advantage of
combining a large scattering angle, which enables a better mass resolution, with the possibility
to irradiate the sample in a grazing incidence, which increases the depth resolution.

The determination of the energy of the backscattered ions is based on the classical kine-
matics of elastic collisions, with conservation of energy and momentum, where the ions are
considered hard spheres. The situation is schematically depicted in Fig. 3.6(b). Given an
ion with incident energy E0 and mass M1, its energy after the elastic collision is given in the
laboratory system by:

E1 = KE0, (3.7)

where K is the kinematic factor given by:

K = M2
1

(M1 +M2)2

cos θ ±

√(
M2
M1

)2
− sin2 θ

2

, (3.8)

with θ the scattering angle andM2 the mass of the target nucleus, considered to be initially at
rest. This is enough to determine the elements that compose the sample material. However,
this simple classical kinematic approach to the problem does not enable the quantitative
analysis of the material composition. For that, the model of the collision has to be enhanced
by considering the scattering due to the Coulomb repulsion between the charged ion and the
charged nucleus of the atom where the first scatters.

To quantify the number of atoms in the target per unit of cross section area, one needs
to know the probability of collision between the incident ion and the atoms of the target.
This can be obtained by measuring the total number of detected ions for a certain number
of incident ions. The effective scattering section describes the probability of an atom from
the target to scatter an ion at an angle θ inside a solid angle dΩ centred around θ. In a RBS
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system, the solid angle of the detector is small, so that the mean scattering section is given
by

σ (θ) = 4
(
Z1Z2e

2

16πε0E0

)2

[√
1−

(
M1
M2

sin θ
)2

+ cos θ
]2

sin4 θ

√
1−

(
M1
M2

sin θ
)2

(
m2sr−1

)
, (3.9)

with Z1 and Z2 the atomic numbers of the incident ion and of the target atom, respectively
and ε0 the electrical permittivity of the vacuum. This formula takes into account the recoil
of the target atom due to the Coulomb repulsion. The original formula by Rutherford did
not consider this recoil and comes simply as:

σ (θ) =
(
Z1Z2e

2

16πε0E0

)2 1
sin4

(
θ
2

) . (3.10)

The depth profiling is possible due to the inelastic scattering with electrons (electron
stopping) and target nuclei (nuclear stopping).

Complementary methods

The sensitivity of RBS for light elements is low, therefore it is often required to combine the
technique with other methods such as nuclear reaction analysis (NRA) and/or elastic recoil
detection analysis (ERDA). While NRA detects the ions that were inelastically scattered and
that took part in nuclear reactions, ERDA detects recoil atoms from the sample after the
collision at forward angles (Also shown in Fig. 3.6(a)). Depth profiling is also possible in
ERDA due to the same stopping effects mentioned before.

RBS measurements were made in the universal chamber, at grazing angle (78° or 80°) and
at 45°. ERDA spectra were collected at 24° forward angle. The RBS detector is located
at a scattering angle of 160° in the Cornell geometry. Spectra were collected for 2 MeV
4He+. The RBS data were analysed with the IBA DataFurnace NDF v9.6i [187]. Double
scattering was calculated with the algorithms given in ref. [188]. Pileup was calculated with
the algorithms given in ref. [189].

The TaOx films used for the RBS measurements had a thickness of approximately 50 nm
but were not the same as the ones used in the XRD study due to a special structure used
to optimize the oxygen signal from the TaOx layer in the RBS spectra. A study based on
simulations of RBS spectra using the RUMP software [190] revealed that for the materials
available in the deposition tools used, the TaOx layers should be covered with an Au layer.
This metallic layer is preferred to the Al2O3 used throughout the work, because the oxygen
signal stemming from the Al2O3 would decrease the sensitivity of the technique to the
determination of the oxygen content of the underlying TaOx layer. The same argument was
used against the use of the SiO2 insulating layer beneath the TaOx. So, a Si substrate with
just the natural oxide on the surface was preferred. The layer structure used for the RBS
samples is shown in Fig. 3.6(c), while the simulated RBS spectrum is shown in Fig. 3.6(d).

Experimental conditions for this work
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Figure 3.6: (a) Simplified schematic illustration of the RBS configuration in the Cornell
geometry. The incident beam, the detected backscattered beam and the sample rotation axis
lie in the same plane. The RBS detector is positioned in the backward region, while the
ERDA detector is positioned in the forward region relatively to the ion beam incident on
the sample. (b) Illustration of the simplified kinematic approach to the backscattering of
accelerated ions by atoms of the target (sample), where the ion and the atom are considered
hard spheres with mass M1 and M2, respectively. (c) Simulation of the RBS signal from a
Au/TaOx/Si stack obtained using the simulation tool RUMP.
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3.2.3 Transmission electron microscopy (TEM)

The smallest distance that can be resolved with a microscope is given by

δ = 0.61λ
n sinα, (3.11)

where λ is the wavelength of the radiation used in the microscope, n is the refractive index of
the viewing medium and α is the semi-angle of collection of the magnifying lens. The denom-
inator is known as the numerical aperture of the lens. Therefore, a smaller distance can be
resolved if the numerical aperture is increased and/or the wavelength decreased. Transmission
electron microscopy takes advantage of the fact that accelerated electrons have a very short
wavelength [191]. The wavelength of the electrons is determined by their kinetic energy Ec
through:

λ = 12.2√
Ec(eV)

(Å), (3.12)

ignoring relativistic effects. This relation means that with a higher accelerating voltage, a
higher resolution is achieved, i.e. a smaller distance can be resolved.

There are two main phenomena that are used to obtain a source for electrons in an
electron microscope: the thermionic emission and the field emission. In analogy with an
optical microscope, TEM also needs lenses to magnify and form the image. The lenses of the
optical microscope are substituted by magnetic lenses, normally based on the magnetically
induced deviation of the electron trajectory. There are different types of lenses in the TEM
and they control all the basic operations of the TEM. Either they act to demagnify the source
image onto the specimen or they magnify the image (or electron diffraction pattern) from the
specimen. Each lens is often accompanied by an aperture that can be inserted above, in, or
below the plane of the lens. Its objective is to limit the collection angle of the lens, i.e. the
electrons that will form the image. The aperture of the objective lens controls the resolution
of the image, the image contrast, the depth of field, the depth of focus, among other things.
The aperture of the condenser lens can select the electrons that illuminate the sample and
thus form a more parallel beam when a smaller aperture is used, at the cost of decreasing
the electron current. The apertures are usually circular holes made in refractory metal disks.
The placement of the objective aperture also allows to choose between two different types of
TEM images that can be acquired, a bright-field image or a dark-field image. For bright-field
imaging the aperture is centred on the direct beam, while for dark-field imaging it is centred
on a diffracted beam. Another approach to obtain dark-field is to tilt the electron beam
incident on the sample so that the diffracted beam is on the optical axis, which reduces the
effect of aberrations (greater effect in off-optical axis beams).

The images are formed due to contrast, which is the difference in intensity between two
adjacent areas. In TEM, the contrast arises from the scattering of electrons by the sample.
There are two distinct types of contrast, the amplitude contrast and the phase contrast. In the
amplitude contrast there are two main mechanisms of contrast, the mass-thickness contrast
and the diffraction contrast, so that in total there are three main mechanisms of contrast. The
mass-thickness contrast is related to the stronger scattering of the electrons by more dense
(higher mass of the elements) and thicker samples, which translates into higher scattering
angles and gives rise to a darker region in the bright-field image [192]. The diffraction contrast
arises from the differing amplitudes of the undiffracted and diffracted beams, which results
in different intensity variations in the image formed by the different beams. It is the major
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Figure 3.7: (a) Simplified scheme of a TEM with an EDX detector, showing the main com-
ponents used to form an image of a thin sample. The rays indicated are relative to the image
formation and not to the diffraction pattern. (b) Scheme illustrating the image formation
in STEM, highlighting the main instrumentation differences relatively to traditional TEM
shown in (a). For the specific case of HAADF STEM imaging the signal is collected at the
high-angle annular dark field (HAADF) detector and used to produce the image of the sample.

contrast mechanism in crystalline samples. The diffracted beams are used to form dark-field
images. Microstructural features like bends, variations in the thickness and crystal defects
show strong diffraction contrast. The phase contrast is due to the interference of electrons
with different phases and is specially important for high-resolution TEM (HRTEM). The
possibility of imaging the atomic structure comes from the dependence of the interference of
the electrons on the periodicity of the lattice.

The microscope

The TEM is normally composed by three main parts: the illumination system, the ob-
jective lens and stage and the imaging system. A simplified scheme is presented in figure
3.7(a).

The illumination system includes the electron gun and all the lenses that exist prior to the
sample, and its function is precisely to illuminate the sample. This system can be operated
in the parallel beam mode, used for TEM imaging and diffraction (selected-area), and in
the convergent-beam mode, used for scanning TEM (STEM) and auxiliary techniques such
as energy dispersive X-ray spectroscopy (EDX or EDS) and electron energy loss spectrome-
try (EELS). The illumination system operating in the parallel beam mode has at least two
condenser lenses that adjust the electron beam to be parallel as it illuminates the sample.
With only two condenser lenses, the second condenser lens is underfocused, so that the focus
plane is under the sample and the beam is approximately parallel as it hits the sample. By
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decreasing the size of the condenser aperture the beam can be made more parallel, at the
expense of the electron current. The inclusion of a third condenser lens makes it easier to
obtain of a parallel beam at the sample. For operation in the convergent beam mode, the
second or the third condenser lens is focused on the sample.

The objective lens and stage are the most important components as it is where the beam-
sample interactions occur. Also, the quality of the objective lens defines the quality of the
retrieved information as it is responsible for the creation of both the image and the electron
diffraction pattern. These can be obtained in the image plane and in the back focal plane
of the objective lens, respectively. The stage is used to fix the sample after the focusing has
been achieved and the eucentricity set. The eucentric plane is a reference plane for side-entry
sample holders where a tilt of the sample along the holder axis does not laterally move a point
in the optic axis. This simplifies the acquisition of the images and the diffraction patterns.

After the objective lens the image and diffraction patterns need to be magnified before
reaching the screen/detector, which is achieved with the imaging system that contains at least
two more lenses: an intermediate lens and a projector lens. If the selected area diffraction
pattern is wanted, an aperture, known as selected area aperture, is inserted in the image plane
of the objective lens in order to virtually select the area of the sample that is illuminated. If
the image is to be acquired, another aperture, known as the objective aperture, is inserted in
the back focal plane of the objective lens. The location of this aperture can be changed in
order to obtain a bright- or dark-field image.

Finally, the image is formed by transforming the transmitted electron beam into vis-
ible light through cathodoluminescence. Traditionally this was performed with a fluores-
cent screen, but this has evolved into detectors based on semiconductors or scintillator-
photomultiplier systems, such as a charge-coupled devices (CCD).

Scanning transmission electron microscopy

Scanning TEM (STEM) is obtained when the incident beam is scanned over the sample,
instead of being static and incident on a larger area as in the traditional TEM described
[191]. The beam is controlled by scan coils that deflect it into a point in the sample. The
signal generated from the transmission of this beam is then displayed in the final image at
an equivalent point. STEM uses double deflection scan coils in order to guarantee that the
incident beam is always parallel to the optical axis, so that the diffraction is achieved in the
same conditions for every scanning point.

In a STEM all the lenses after the objective lens are dispensed, as the detector is placed
on a conjugate plane of the back focal plane of the objective lens in the direct beam or a
diffracted beam, if a bright- or dark-field image is to be acquired, respectively. But a better
solution for dark-field imaging is to use an annular detector that surrounds the bright-field
detector, eliminating the need for the detector’s displacement. This establishes the annular
dark field imaging. If the electrons scattered at higher angles are collected by a detector
surrounding the first annular detector, the technique is called high-angle annular dark field
(HAADF) STEM. The scattering at higher angles is mostly caused by Rutherford scattering
of the electrons at the nucleus of the atoms of the sample. This enables a different contrast
mechanism, comparatively to the normal TEM, which is called Z-contrast (Z stands for the
atomic number). In this high-angle collection mode, the Z-contrast should superimpose the
diffraction contrast from crystalline parts of the sample, which is more prominent for lower
angles. The Z-contrast is highly chemically sensitive because the elastic cross section of the
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scattering is highly dependent on Z, resulting in a higher signal (brighter image) from heavy
elements.

EDX

The interaction of the electrons with matter leads to the generation of different types of
signals that can be detected accordingly by auxiliary techniques and give useful information to
aid the sample analysis. The accelerated electrons of the beam can induce electron transitions
in the atoms, which upon relaxing will emit characteristic X-rays. This characteristic radiation
can be collected in a detector in order to retrieve information about the chemical composition
of the sample. Combined with the STEM imaging, this allows a chemical mapping of the
sample. The technique associated with the detection and analysis of these X-rays is called
energy-dispersive X-ray spectroscopy (EDX or EDS).

The HAADF STEM imaging combined with EDX spectroscopy mapping was carried out
on a FEI Titan ChemiSTEM probe Cs-corrected TEM operated at 200 kV and equipped
with a Bruker “Super-X” wide solid angle EDX detector. The microscope is thoroughly
described in [193].

Experimental conditions for this work

3.3 Electrical characterization techniques

3.3.1 Current-Voltage measurements

An important way to characterize the electrical behaviour of an electronic device or elec-
trical circuit is achieved by measuring its current-voltage (I−V ) characteristic, which depicts
the current response of a device/circuit when an electric potential difference (voltage) is ap-
plied at its terminals. A simple I − V measurement can immediately distinguish different
types of devices, such as resistors, diodes, solar cells or memristive devices. The I−V charac-
terization is, in fact, an essential procedure in the study of the RS. Although memory devices
are meant to be operated in a pulsed voltage/current scheme, the I−V characteristics enable
the study of the memory operation [2]. Typically, continuous voltage sweeps are used to mea-
sure the I−V characteristics, but pulsed sweeps are also common, where the voltage increase
or decrease is performed by pulses interleaved by a time interval where no voltage is applied.
By analysing the I − V characteristics, the different resistance states can be distinguished
and the main RS characteristics can be obtained, namely the SET and RESET voltages,
the ohmic or rectifying character of the curves, as well as the resistance in each state. The
I − V curves, at least for a certain voltage range, also contain information on the conduction
mechanisms involved in the different resistance states.

The I − V measurements were carried out using a SourceMeter from Keithley. Different
models were used with little relevant changes in their specifications between them for the
measurements performed: either 2611A, 6440 or 2440. The measurements were automated
via in-house written software, written in LUA (RWTH) or Matlab® (UAveiro). The devices
were probed in a suitable probestation equipped with micropositioners, a microscope and

Experimental conditions for this work
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Figure 3.8: (a) Illustration of an arbitrarily shaped sample where 4 electrical contacts A,
B, C and D are made to measure the resistivity through the van der Pauw (vdP) method.
(b) Illustration of a possible symmetrical vdP configuration, the one used in this work. (c)
Schematic of one of the individual measurements required for obtaining the resistivity by
the vdP method, where the current is applied between adjacent contacts (A,B) and the
voltage is measured between the two remaining contacts (C,D). (d) Schematic of the wiring
configuration needed for a Hall measurement using the vdP method, where the current is
applied between diagonally opposite contacts (B,D) and the Hall voltage is measured between
the two remaining contacts (A,C).

tunsgten needles for electrical contacting (RWTH), or in a in-house-made sample holder with
wire-bonding via gold wires (UAveiro). The voltage was swept in a quasi-static (continuous)
regime with a sweeping rate of approximately 0.5 V/s.

3.3.2 Resistivity measurements

In a two-point measurement the sample is measured by using two contacts, which serve
as both current and voltage probes. While being the most simple measurement method, this
configuration leads to a measured resistance that includes not only that of the sample but also
the contact resistance and the resistance from the wires/probes that connect the sample to
the measurement equipment. This problem can be largely avoided by employing a four-point
configuration. Two additional contacts are made, separating the current probes, through
which a current is imposed into the sample, from the voltage probes, where the voltage drop
in the sample is measured. Due to the normally high input impedance of a voltmeter, the
current flowing through the voltage path is very low, greatly decreasing the voltage drops due
to the contact and wire resistances.

Typical 4-point methods to measure the resistivity (ρ) of materials include the collinear
4-probe method and the Hall test bar.

The van der Pauw method

An additional method for the measurement of the resistivity was developed by van der
Pauw in 1958 [194]. This is now known as the van der Pauw method, and it is particularly
useful for the measurement of the resistivity and Hall effect of arbitrarily shaped samples,
such as the example illustrated in Fig. 3.8. Applying a current IAB between the contacts A
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and B and measuring the potential difference VDC between contacts D and C, the measured
resistance is:

RAB,DC = VDC
IAB

. (3.13)

Analagously, we can write
RAD,BC = VBC

IAD
. (3.14)

The van der Pauw method is based on the theorem that there is a relation between these two
resistances, expressed as:

exp
(
−πRAB,DC

RS

)
+ exp

(
−πRAD,BC

RS

)
= 1, (3.15)

where RS = ρ/t is the sheet resistance, from which the resistivity can be directly obtained with
the knowledge of the thickness t of the sample. This equation has to be solved numerically to
obtain RS . However, if the sample is symmetrical, so that RAB,DC = RAD,BC = R, equation
(3.15) is simplified, and the sheet resistance can be directly calculated by:

RS = π

ln 2R ≈ 4.532R. (3.16)

The accuracy of the resistivity determination can be enhanced if the reciprocal values of
resistance are also measured, i.e. if the current and voltage probes are switched for each of
the resistances indicated above. An average of these resistances for each pair of contacts is
then calculated:

Rh = RAB,DC +RDC,AB
2 and Rv = RAD,BC +RBC,AD

2 , (3.17)

which are then introduced in eq. (3.15):

exp
(
−πRh

RS

)
+ exp

(
−π Rv

RS

)
= 1. (3.18)

Further accuracy is obtained when the direction of the current is reversed, leading to a total
of 8 resistance measurements. This is important for the case of strong voltage offsets due, for
example, to thermoelectric effects. Eq. (3.18) can be solved numerically, e.g. with Newton’s
method, in order to obtain RS and consequently the resistivity ρ.

The van der Pauw method is based on the assumption of negligibly small contacts located
on the sample periphery. Not taking this into consideration largely increases the experimental
error and compromises the resistivity value obtained [141]. For this work, a symmetrical
square sample with electrical contacts at the 4 vertices was chosen, as depicted in Fig. 3.8(b).
The contact configuration to measure the resistivity is shown in Fig. 3.8(c).

3.3.3 Hall and magnetoresistance measurements

Hall measurements are based on the Hall effect and enable the determination of the charge
carrier sign, density and mobility [141]. The Hall effect was discovered by Edwin Hall in 1879.
It describes the appearance of an electric field when a magnetic field is applied perpendicularly
to the current flow in the conductor. The electric field develops perpendicularly to both the
current and the magnetic field and is caused by the accumulation of charge carriers on one
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of the sides of the sample due to the deflection imposed by the magnetic field. The voltage
associated with the produced electric field is called the Hall voltage and, considering that
electrons are the only charge carriers, it is given by:

VH = − tRH
BI

, (3.19)

with t the film thickness, B the external magnetic field, I the current and RH the Hall
coefficient, which carries the information on the carrier concentration (n):

RH = − r

qn
, (3.20)

where r is the Hall scattering factor, which is dependent on the scattering mechanism of the
charge carriers, but that normally ranges between 1 and 2 at low magnetic fields. Therefore,
r is normally taken as unity. However, in some cases, it may be needed to account for the
actual value of r [195]. The Hall mobility differs from the conductivity mobility (as defined
in eq. (2.2)) and is given by:

µH = |RH |
ρ

= 1
qnρ

. (3.21)

The drift mobility is obtained by dividing the Hall mobility by the Hall scattering factor r.
The Hall effect is normally measured in a bridge-shaped sample. However, the van der

Pauw geometry enables an easier approach to measure the Hall effect. The measurement
configuration differs from that of the resistivity measurements as the measurement has to be
done diagonally. For the symmetric arrangement of Fig. 3.8(b), this means that the voltage
is measured betweeen contacts A and C (VAC), while sourcing current through the contacts
D and B (IDB), as can be seen in Fig. 3.8(d).

The application of an external magnetic field can also have an effect in the resistivity.
The change in resistance induced by a magnetic field is called magnetoresistance (MR) and
is calculated by:

MR = RB −R0
R0

, (3.22)

with RB being the resistance for an applied magnetic field B and R0 being the resistance
without an applied magnetic field.

3.3.4 Temperature and magnetic field dependence

To further characterize the electrical transport, resistivity, Hall and MR measurements are
performed in the temperature range from 1.8 K to 300 K. These measurements play a central
role in the study presented in this work, because the transport mechanisms have different
temperature fingerprints that are visible through the characteristic temperature dependence
of the resistivity, the Hall parameters and the MR. The access to the lowest temperatures is
especially relevant and may give useful information regarding the local disorder resulting in
quantum interference effects (as presented in chapter 2). These disorder-induced effects, such
as weak (anti)localization and electron-electron interactions, are normally only observable
at very low temperatures. Recently, this kind of analysis was successfully applied to phase-
change materials [196]. In order to have access to the low temperatures, a cryostat is needed.
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The electrical measurements performed in this work were mainly carried out in two cryostats
from Quantum Design, Inc.: the PPMS® and the PPMS® Dynacool™, where PPMS stands
for Physical Property Measurement System. The major differences between the two systems
are the lowest available temperature and the cooling technology. While the PPMS uses
liquid helium to refrigerate down to 2 K, the Dynacool uses a cryogen-free pulse tube
cryocooler to reach the lower temperature of 1.8 K. Both cryostats enable the application
of a magnetic field of up to 9 T to the samples. The magnetic field is provided by a
superconducting coil incorporated inside the cyostats. The magnetic field direction is fixed
with respect to the cryostat, but for angular dependence of the magnetic field, a rotating
sample stage was available. All samples were wire-bonded with Al wires to establish the
electrical contacting inside the cryostats. The temperature was measured directly at the
sample holder, minimizing the temperature offset, and it was swept at a maximum rate of
4 K/min. The magnetic field was swept at a maximum sweep rate of 10 mT/s.

For additional measurements, a third cryostat was employed: the TTP4 cryoprobesta-
tion from Lake Shore®. This cryostat uses liquid nitrogen to provide a flow of cooled He
gas to a metallic sample stage, where a minimum temperature of 80 K is achieved. This
enabled in-situ electrical contacting via four micropositioners equipped with tungsten nee-
dles, making it possible to change the device being measured while in vacuum and at low
temperature.

Experimental conditions for this work

3.4 Auxiliary techniques

3.4.1 X-ray photoelectron spectroscopy (XPS)

The photoelectric effect, famously explained by Albert Einstein in one of his annus
mirabilis papers of 1905, consists in the ejection of electrons from atoms of a solid through
bombardment with photons of sufficient energy. The ejected electrons are then called photo-
electrons. There is a minimum energy necessary to produce photoelectrons that is defined by
the work function of the solid Φ. This minimum energy is related to a threshold frequency
νt, which is then given by:

hνt = Φ. (3.23)

For photons with a higher frequency, there is an excess of energy that is converted into kinetic
energy of the photoelectrons:

hν = Φ + 1
2mev

2, (3.24)

where me and v are their mass and velocity. Photoelectron spectroscopy (also known as pho-
toemission spectroscopy) makes use of this effect in order to retrieve information of materials’
surfaces by the analysis of the ejected photoelectrons’ kinetic energy [197]. Compared to the
easily ionizable alkali metals, for which ultraviolet radiation was sufficient to eject electrons,
normal solid surfaces demand higher energy photons. The X-ray photoelectron spectroscopy
(XPS) is a particular kind of photoelectron spectroscopy, where X-rays are used to excite the
photoelectrons. XPS can induce the ejection of electrons not only from the valence orbitals
but also from the core orbitals of the atoms. Therefore, XPS may be used to retrieve chemical
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information of the materials under study, namely the valence state of the cations in transition
metal oxides and chemical changes that occur in interfaces.

The photoelectrons are inelastically scattered in the material, which largely reduces their
mean free path, and therefore the depth from which these electrons can reach the vacuum.
Therefore this technique is only surface sensitive and does not provide information of the bulk
of the materials or deep layers buried below the surface. This is particularly important in
samples where the surface is prone to be modified by atmospheric exposure.

The XPS measurements were carried out in a NanoESCA Photoemission electron microscope
from Scienta Omicron GmbH (described in detail in ref. [198]). The machine is equipped
with a monochromatic aluminum Kα source with an excitation energy of 1486.6 eV. For
obtaining regular, non spatially resolved, photoelectron spectra a single channeltron detector
was used.

Experimental conditions for this work

3.4.2 Local conductivity atomic force microscopy (LC-AFM)

Atomic force microscopy (AFM) is a powerful tool for materials research at the nanoscale.
It makes use of a small sharp tip to analyse the surface of materials with a high lateral
spatial resolution of the order of nm. The physical principle behind the technique is the
force exerted on the small tip by the atoms of the surface. This force is attractive or repulsive
depending on the distance between the tip and the surface, and can be qualitatively described
by the Lennard-Jones potential. This mechanism allows the mapping of a sample’s surface
topography.

The AFM is quite versatile, as the tip can be designed to enable measurement of other
physical properties of the sample’s surface. When the tip is carefully designed in order to be
conductive, the microscope can be used for local conductivity AFM (LC-AFM), also known
just as conductive AFM (CAFM) [199]. With this technique, when a voltage is applied
between the tip and the sample, the current through the sample can be mapped, along with
the topography of the surface. For measuring the current, the microscope needs to be operated
in contact mode.

The LC-AFM was applied for the first time to analyse the electrical properties of gate
oxides in the 1990s [200]. More recently it has been widely used to study the RS phenomenon
in oxides [201, 202].

The LC-AFM measurements were conducted in a VT-SPM XA microscope from Scienta
Omicron GmbH. An ultrananocrystalline diamond (UNCD) cantilever with a tip diameter
smaller than 150 nm was employed and a force of 2 nN was used for the contact mode
operation of the LC-AFM. The base pressure of the chamber was 10−9 mbar.

Experimental conditions for this work

3.4.3 Optical absorption spectroscopy

Electromagnetic radiation interacts with matter in different ways. When light, a particular
case of electromagnetic radiation, shines on the surface of a material, it can be reflected,
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transmitted or absorbed. From these different types of light-matter interaction it is possible
to obtain valuable information of the materials. In particular, the absorbed light carries
information on the electronic properties of the material, namely the energy bandgap and
other possible in-gap electronic states [203].

The absorption needs to be measured indirectly, by measuring the transmitted and re-
flected light. The most common approach limits the experiment to the measurement of the
intensity of the transmitted light and to its comparison with the intensity of the incident
light. The absorbance A is then given by the Beer-Lambert law:

A = log10

(
I0
I

)
, (3.25)

where I0 is the intensity of the light incident on the sample surface, which is measured without
the sample in the beam path, and I is the intensity transmitted through the sample.

The absorption spectroscopy measurements were performed in a Shimadzu UV-3600 UV-
Vis-NIR spectrophotometer. The subtrate was measured first, so its signal could be sub-
tracted from the data collected for the different samples with the thin films deposited on
top of the substrate.

Experimental conditions for this work

3.5 Sample fabrication details

Radiofrequency (RF) magnetron sputtering was used to deposit all the layers during the
fabrication of the samples. All the samples were grown on top of thermally oxidized p-
doped (100)-oriented Si substrates with approximately 430 nm of SiO2. The as-purchased Si
substrates (6 ” wafers) were cleaned and afterwards the SiO2 layer was formed via thermal
oxidation. The base pressure of the sputtering chamber was always lower than 10−5 mbar and
higher than 10−7 mbar before the deposition of the layers, and the sputtering was performed
at room temperature.

3.5.1 ReRAM devices

The ReRAM devices were fabricated in a crosspoint geometry. This not only allowed
the investigation of microdevices, but also enabled remote contacting of the devices without
significantly disturbing the active device area. This last point was particularly important for
the low temperature measurements performed in the cryostats, where wire bonding to the
samples was needed. To allow an easier bonding to the contact pads, these were designed as
300 µm-wide squares. On the other hand, the sample holder for the cryostats demanded a
maximum sample size of 1× 1 cm. Therefore, a special photolithography mask was produced
in order to abide to these conditions. A schematic depiction of the device geometry and
layout can be found in Fig. 3.9. UV photolithography and lift-off (as described in section
3.1.2, and more specifically in Fig. 3.2), were used to pattern the devices in the crosspoint
geometry with active cell areas of 5× 5 µm2, 10× 10 µm2 and 25× 25 µm2. The fabrication
was performed on top of 1” substrates and the devices were distributed evenly in four 1 × 1
cm2 samples (Fig. 3.9(c)).
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Figure 3.9: (a) Crosspoint geometry used in the fabrication of the Ta2O5-based ReRAM
devices. (b) Layout of the 1× 1 cm2 samples used in the cryostats, each one with 27 ReRAM
devices (3 of the devices were grown without the oxide layer to use as a reference). (c) Layout
of the 1× 1 inch2 samples from which the 1× 1 cm2 samples were cut.

The layer stack and thickness of the different layers of the fabricated ReRAM devices were
chosen based on a previous optimization process, in order to guarantee the obtention of the
desired bipolar counter-eightwise VCM-type switching [89]. The layer stack is composed of
20 nm Pt as a bottom electrode (BE), a 5 nm-thick Ta2O5 layer, a Ta layer of 15 nm as top
electrode (TE) and a Pt capping layer of 20 nm. This capping layer prevents the oxidation of
the Ta TE caused by exposure to the atmosphere. A second series of samples differed in the
thickness of the Pt layers, which was increased to 30 nm while maintaining the thickness of
the remaining layers. By changing the thickness of Pt, it is possible to tune slightly the series
resistance. The metallic layers, Ta and Pt, were sputtered in an inert Ar atmosphere. A Ti
or TiOx adhesion layer of 5 to 15 nm was sputtered prior to the sputtering of the Pt bottom
electrodes. The Ta2O5 layer was reactively sputtered from a Ta target (99.95 % purity) in a
reactive atmosphere composed of a mixture of Ar and O2. The produced Ta2O5 films were
all amorphous. A schematic flowchart with the main steps in the fabrication of the Ta2O5
crosspoint structures is depicted in Fig. 3.10(a). The main deposition parameters used for
the sputtering processes are shown in table 3.1.

3.5.2 Substoichiometric thin films

For the electrical transport measurements, the TaOx layers were patterned in a van der
Pauw structure with 30 nm-thick Pt electrodes using UV lithography and lift-off. The TaOx

layers have been sputtered with a thickness of 20 nm, mainly to keep a similar order of
magnitude to the thickness of the oxide layer in the ReRAM devices. To avoid oxidation
when exposed to air, the TaOx films were in-situ capped with a 20 nm-thick Al2O3 layer,
which is a good oxygen diffusion barrier [204]. This layer should not oxidize the TaOx layer,
because Al2O3 is a more stable oxide than Ta2O5 [82]. Fig. 3.10(b) schematically shows
the main fabrication steps used to obtain the van der Pauw TaOx samples. The layer stack
and sample geometry are illustrated in Fig. 3.11. For the composition calibration, XRD and
TEM measurements, the samples were sputtered without any patterning and with a thicker
TaOx layer of approximately 50 nm. For the absorption measurements, the TaOx layers were
sputtered on top of sapphire substrates.
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Figure 3.10: Schematic diagram illustrating the main fabrication processes of: (a) the Ta2O5-
based ReRAM devices; (b) the van der Pauw samples with the TaOx thin films. The column
in the left shows a perspective of the samples’ surface in order to schematically show the
evolution of the deposited structures, while the column in the right shows the evolution of
the layer stacks. BE = bottom electrode and TE = top electrode.
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Figure 3.11: (a) Schematic depiction of the van der Pauw structure used to fabricate the
TaOx samples for electrical measurements, with some relevant geometric dimensions. (b)
Illustration of the layer stack used in the van der Pauw structures.

Table 3.1: Summary of the reactive magnetron RF sputtering conditions used in the deposition
of the different thin films used in this work, which include the metallic layers of Pt and Ta,
the substoichiometric TaOx films, the stoichiometric Ta2O5 and Al2O3.

Film
composition

Power density
[W/cm2]

Ar contenta)

[%]
O2 contenta)

[%]
Pressure
[mbar]

O2 partial
pressure [bar]

Pt 15.79 100 0 0.005 0
Ta 19.74 100 0 0.004 0
TaOx, x ∼ 1 29.60 99.98 0.02 0.01 2× 10−9

TaOx, x ∼ 1.3 17.76 99.98 0.02 0.01 2× 10−9

TaOx, x ∼ 1.5 9.87 99.96 0.04 0.01 4× 10−9

Ta2O5 19.74 60 40 0.04 16× 10−6

Al2O3 9.87 100 0 0.005 0

a)Percentage of the gas in the atmosphere inside the sputtering chamber.

The Pt contacts were sputtered in an inert Ar atmosphere. The TaOx layers were reac-
tively sputtered from a Ta target (99.95 % purity) in a reactive atmosphere composed of a
mixture of Ar and O2 in different proportions. The oxygen content in the TaOx thin films
was tuned by modifying the O2-to-Ar ratio, the chamber pressure (operating pressure) and
the RF power. This influences two main parameters: the oxygen partial pressure and the
deposition rate. To allow the needed low oxygen partial pressure, a gas bottle with a mixture
of 1% O2 and 99 % Ar was used to obtain the TaOx films with the lowest oxygen content.
Also the deposition rate should not be too low, as increasing it increases the probability of the
reaction of sputtered Ta with the oxygen in the chamber. On the other hand, to guarantee the
deposition of the stoichiometric Ta2O5, it is important to have a high oxygen partial pressure
and a low deposition rate. For comparison of the experimental results obtained for the TaOx

samples, films of Ta and Ta2O5 were also sputtered. For the former, no O2 was introduced
in the deposition chamber. Finally, the capping layer of Al2O3 was sputtered from a ceramic
Al2O3 target in Ar atmosphere. The sputtering conditions for the five main compositions
used in this work are summarized in table 3.1.



Chapter 4

Correlation between the transport
mechanisms in Ta2O5-based
ReRAM devices and in TaOx thin
films

This chapter deals, in most part, with the electrical properties of the conductive fila-
ments in Ta2O5-based ReRAM devices and their relation to the in-plane transport in
substoichiometric TaOx thin films. First, the resistive switching in the Ta/Ta2O5/Pt
ReRAM devices used throughout the work is characterized. The ReRAM devices with
15 nm-thick Ta top electrodes and 5 nm-thick Ta2O5 show the typical bipolar RS of
VCM systems. Afterwards, the temperature dependence of the resistance in different
resistance states (low and high) of the ReRAM devices is shown. For comparison, the
temperature dependence of the resistivity of substoichiometric TaOx thin films is pre-
sented. Finally, a correlation between the transport in the conductive filaments in the
devices and the in-plane transport in TaOx thin films with x ∼ 1 is highlighted and
discussed.

The major results and conclusions presented in this chapter were published in: Carlos
M. M. Rosário, et al., Applied Physics Letters 112(21): 213504 (2018). https://doi.
org/10.1063/1.5024504

4.1 Resistive switching in Ta/Ta2O5/Pt ReRAM devices

As previously mentioned in chapter 1, Ta2O5 is one of the most popular insulators in MIM
structures for ReRAM devices as it enables high endurance and fast switching. To use the
advantage of having an oxygen exchange layer in the device stack, a Ta layer was chosen for
the top electrode, which also serves as the ohmic electrode. The second electrode was chosen
to be Pt, due to its low affinity to oxygen needed for its use as active electrode. The samples
fabricated and studied in the framework of this thesis were based on previously optimized
fabrication processes, work mainly done by Alexander Schönhals [205]. The balance between
the thickness of the Ta and Ta2O5 layers defines the polarity mode of the RS obtained.
Schönhals et al. showed that for a 5 nm-thick Ta2O5 layer, a 15 nm-thick Ta layer provides
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Figure 4.1: (a) Typical quasi-static current-voltage (I − V ) sweeps obtained during electro-
forming (EF) of the ReRAM devices, with the current axis on a logarithmic scale. The legend
links the EF data to the switching data shown in Fig. 4.2: e.g., (a) corresponds to the device
of Fig. 4.2(a). (b) Comparison of the I−V curves during and after electroforming, evidencing
the big difference between the resistance in the virgin state and in the HRS.

a bipolar RS, while a 5 nm-thick Ta layer induces complementary switching [89].

4.1.1 Electroforming

Before the RS is observable in the devices, an initial electroforming step is necessary.
For the 15 nm-thick Ta devices, the forming is typically achieved at around +2 V. Fig.
4.1 shows some examples of forming I − V curves obtained. The forming voltage shows a
dependence on the initial resistance of the device, which varies a few orders of magnitude
from device to device. This variability can be due to variations in thickness of the Ta2O5
thin film along the sample, or to differences in the size of the oxygen exchange region between
Ta and Ta2O5, which should be responsible for a decrease in the forming voltage (refer to
section 1.4.3). In order to limit the maximum current, a current compliance (CC) of 10 or
50 µA is always used, with no significant differences observed between devices formed with
these two different CC values. However, the measurement equipment cannot follow the fast
electroforming process, so that the main control of the current is achieved with the series
resistance. This series resistance is obtained from the crosspoint electrode lines. It has been
shown that the best way to control the maximum current through the ReRAM device is by
putting a transistor in series. However, an integrated resistor, such as the one achieved by the
lines’ series resistance in this case, is a good solution, still better than to rely exclusively on a
current compliance from the measurement equipment or on an external series resistor [206].
The current overshoot that exists when the current is not efficiently limited (i.e., on time)
is known to affect the filament’s size and the subsequent operation of the devices [207–209].
After the electroforming, the typical filamentary C8W VCM-type RS is obtained. As can be
seen in Fig. 4.1b, the current in the HRS after forming is several orders of magnitude higher
than the initial current in the virgin (pre-forming) state. The voltage needed to induce the
SET transition, from LRS to HRS, is also significantly lower than the voltage needed for the
electroforming, which can be understood as the first SET.
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4.1.2 Bipolar resistive switching

The typical I − V characteristics measured in the Ta/Ta2O5/Pt devices are summarized
in Fig. 4.2, showing the I − V characteristics measured for six different devices. Fig. 4.2(a)-
(d) show four devices where no CC was applied and the current was controlled by the series
resistance, either stemming from the line resistance, such as in cases (a)-(c), or from some
other internal resistance, as it seems to be the case for (d). Not having a CC normally leads
to less variability in the SET voltage, especially when the CC is of the order of 100 µA.
Having a CC normally leads to higher resistances in both LRS and HRS. For most of the
cases, the devices show a linear I − V characteristic in the LRS, while for the HRS it is
always nonlinear. In a few cases, such as the one shown in Fig. 4.2(c), the LRS shows a
more nonlinear behaviour, paired with a higher variability in the resistance. The linearity
of the LRS indicates an ohmic behaviour and precludes a strong nonlinear effect of contact
resistances and other interface effects. There is, thus, no rectifying behaviour dominating the
conduction through the ReRAM device in the LRS. This is important for the analysis of the
transport data, therefore, the subsequent electrical measurements were mainly based on the
devices showing the ohmic behaviour in the LRS.

Besides the nonlinearity, the HRS also exhibits a pronounced asymmetry of the I − V
curve, with a lower current (higher resistance) being observed at positive bias in comparison
with the same HRS when negatively biased. This is better observed in a R−V plot, where the
resistance is plotted as a function of the voltage. It can be clearly seen in Fig. 4.3(a), in the
region marked by the red square, that the resistance increases with increasing positive voltage
up until the threshold for the SET transition, contrarily to the decrease of the resistance for
decreasing negative voltage. This has been explained by a competitive switching process
taking place in an 8W fashion, i.e. with contrary polarity comparatively to the main RS
process. In the 8W switching, the RESET occurs for the same polarity where the SET of the
main RS process takes place. The full 8W cycle is sometimes clearly visible, as in the case
shown in Fig. 4.3(b), where both switching modes are observable in the same device, after a
C8W SET failure up to +1 V in the measurement of the data represented in red led to the
observation of the 8W cycle. The 8W RS has been associated with the exchange of oxygen
with the Pt active electrode, which can accommodate some oxygen while creating further
oxygen vacancies in the conductive filament [55]. The existence of this competitive process
limits the RESET of the C8W RS. Similar oxygen exchange with the Pt electrode has also
been reported for SrTiO3-based ReRAM cells [210].

4.1.3 "Intrinsinc" resistive switching curve

To obtain an estimate of the real “intrinsic” switching I − V characteristics, the volt-
age drop over the series resistance can be subtracted. The procedure is based on a paper
by Fantini et al. [211], where the authors conclude that the SET transition takes place at
a constant voltage. During this time, the applied voltage is still being increased, and the
remaining voltage (applied voltage minus the intrinsic SET voltage) drops at the series re-
sistance. Therefore, we can estimate the series resistance by calculating the resistance value
necessary to make the SET transition vertical in the I−V plot. Two examples of the intrinsic
I−V characteristics obtained by this method are shown in Fig. 4.4, along with the measured
data, for the first two cases of Fig. 4.2. Besides the change in the SET voltage, also the
RESET voltage changes significantly after the subtraction, relatively to the applied voltage,
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Figure 4.2: Summary of the typical I − V characteristics measured for the Ta/Ta2O5/Pt
ReRAM devices, along with some characteristics of the RS, the maximum current through
the device and the resistance values (measured at V = 0.1 V) in the LRS and HRS. Graphs (a)
through (d) show 4 different devices where no current compliance was imposed to control the
current during SET (current controlled by the series resistance), exhibiting slightly different
behaviour, especially in terms of the current values and SET/RESET voltage. Both the
voltage and current scales were kept the same between the four graphs in order to enable a
better comparison. Graphs (e) and (f) show the typical RS observed with the imposition of
a current compliance of 500 µA and 200 µA, respectively. The compliance was only active at
positive bias. The dashed line at negative currents is just an indication of the CC value to
compare with the maximum RESET current.
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Figure 4.3: (a) Resistance as a function of the voltage for the I − V curves shown previously
in Fig. 4.2(b). (b) Example of I − V characteristics evidencing the simultaneous occurrence
of counter-eightwise (in black) and eightwise (in red) RS in the same device, which leads to
the pronounced asymmetry of the HRS shown in (a).

revealing an almost symmetrical switching curve, with SET and RESET occurring at roughly
the same absolute value of the voltage. The voltage for which these transitions occur is known
to be around 0.4 − 0.6 V for typical VCM systems, independently of the materials used, for
relatively slow sweeping rates as used in the quasi-static measurements1 [212]. Even though
the origin of this universal voltage is not yet completely clarified, it should be local and/or
related to the interface where the switching takes place, because the voltage does not depend
on the thickness of the insulating layer [212].

For most of the measured devices, such as the examples shown in Fig. 4.4, the series
resistance calculated by using the procedure to obtain the intrinsic I − V curves compares
fairly well with the expected series resistance from the electrode lines. Therefore, this further
confirms that the lines’ resistance is the main origin of the series resistance. Other possible
causes for the series resistance, such as internal resistance in the Ta layer due to redistribution
of oxygen during the oxygen exchange reaction at the Ta/Ta2O5 interface, seem thus to have
a negligible effect for the cases shown. The same should not be applicable, however, to the
case shown in Fig. 4.2(c), where there should be an additional resistance limiting the current
during SET.

On the other hand, the procedure described is equivalent to a measurement performed in
a 4-wire configuration, where only the voltage at the ReRAM device terminals is measured,
avoiding the voltage dropped at the series resistance.

4.1.4 Cyclability and endurance

Extensive endurance and retention tests were not carried out for these samples. However,
the devices can be cycled a lot of times, as can be seen in Fig. 4.5 for two different CC levels,
and 100 and 200 µA. These measurements were, however, done using a different apparatus
compared to the rest of the measurements. Here, a signal generator and an oscilloscope were
used, in order to enable fast sweeping using a triangular wave with a frequency of 100 Hz.

1Sweep rates of the order of 1 V/s, for example.
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Figure 4.4: Graphs showing the measured I − V characteristics, in black, and the intrinsic
I − V characteristics obtained by the procedure mentioned in the text, in green, for two
ReRAM devices (shown before in Fig. 4.2(a) and (b), respectively).

Figure 4.5: I − V characteristics of a Ta/Ta2O5/Pt ReRAM device using a “high-frequency”
setup showing 1000 cycles. The vast majority of the cycles superimpose each other, with a
few outliers. Some current overshoot events are clearly visible but represent less than 1 % of
the data. The data is shown for two different current compliance levels: (a) 100 µA and (b)
200 µA. The thick black line represents an example single cycle, in this case the 450th cycle
for each data set.
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By measuring 100 cycles/s the voltage was swept with a rate of approximately 300 V/s. The
plots show approximately 1000 cycles without severe degradation, apart from some events of
current overshoot (less than 10 %) that lead to a lower LRS resistance and higher RESET
current. The higher frequency of cycling leads to an increase in SET voltage, as it is predicted
by the very nonlinear switching kinetics of RS, where a shorter time leads to an increase in
the voltage necessary to induce switching [27].

4.2 Temperature dependence of the transport in Ta2O5-based
ReRAM devices

4.2.1 Low resistance state (LRS)

After at least 10 switching cycles, the devices were set to the LRS, and their resistance
was measured as a function of temperature from 300 K down to 2 K in a cryostat. The
resistance was measured at a fixed current value in a 4-wire configuration to exclude the series
resistance and only probe the Ta/Ta2O5 stack. Having ohmic contacts is very important for
all the implemented analysis. The I−V data at 300 K already showed that the LRS exhibits
a clear linear behaviour, for the majority of the devices. The linearity is an indication of
the ohmic nature of the electrical contacts between the conductive filaments (CFs) and the
metal electrodes in the LRS. The I − V characteristics also show a linear behaviour in the
LRS at the lowest temperature of 2 K and up to the current values that were used for the
measurements. An example for the device presented in Fig. 4.2(a) is shown in Fig. 4.6.

The typical temperature dependence of the resistance observed is exemplified by the data
for four different devices presented in Fig. 4.9. To enable a better comparison, the data is
shown for the four devices that exhibit the RS shown in Fig. 4.2(a)-(d). For all the cases, the
resistance decreases with increasing temperature, exhibiting a negative temperature coefficient
of resistance (TCR). The temperature dependence is very weak, with the resistance changing
by less than 10% from 300 K to 2 K. Also, the resistance is clearly not diverging strongly
at low temperatures, evidencing metal-like behaviour. By visual inspection of the data, one
can see a slight change of behaviour of the temperature dependence in graphs (a) and (c) at
a temperature around 50 K, while in graphs (b) and (d), the resistance seems to follow the
same temperature dependence for the whole temperature range.

Fit to conduction mechanisms

In the literature, the main “bulk”, non-interfacial-dominated, conduction mechanisms as-
sociated with the conductive filaments have been hopping-based processes, such as nearest
neighbour hopping (NNH) and Mott’s 3D variable range hopping (VRH) [94, 96]. These
mechanisms are identified by their characteristic temperature dependences, which were pre-
sented in section 2.1.3. By plotting the data in the right set of axes to observe the dependence
predicted by these mechanisms, one can graphically assess their suitability to describe the
measured data. For the two mechanisms mentioned, the plots that should return a linear
behaviour are:

NNH : ln (1/ρ) vs. 1/T
3D VRH : ln (1/ρ) vs. T−1/4.

(4.1)
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Figure 4.6: I − V characteristic measured at a temperature of 2 K for an example device. A
linear behaviour is clearly observed, indicating the ohmic character of the electrical contacts
in the device.

Figure 4.7: Resistance as a function of the temperature for different LRSs, obtained for the
four devices whose I − V characteristics are depicted in Fig. 4.2(a)-(d). The graphs are
depicted in the same arrangement as before.
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Figure 4.8: Hopping fit tests, with the R vs. T data plotted in the right set of axes for VRH in
(a) and for NNH in (b). The insets show in more detail the high temperature region, difficult
to observe due to the inverse temperature scale in the x-axis.

Testing these mechanisms does not prove satisfactory, as can be seen in Fig. 4.8 for the
data depicted in Fig. 4.7(b). In the VRH plot shown in Fig. 4.8(a), there is just a limited
temperature range where the linear behaviour could exist near room temperature and at the
lowest temperatures. On the other hand, in the NNH plot presented in 4.8(b), the relationship
appears linear also just for a very limited temperature range in the vicinity of 300 K. The
obtained activation energy for the NNH fit is approximately 1.1 meV, which seems to be
a very small value for this kind of hopping process. Beyond this, the hopping mechanisms
lead to unrealistic parameters that are reported in the literature. More specifically, one
work assumes hopping distances such as 0.16 nm [96], which are smaller than the reported
minimum interatomic distance of 0.19 nm in amorphous Ta2O5 [213]. In another case, the
distance between oxygen vacancies, considered to be the hopping sites, is 0.3 nm [94], which
contradicts the hopping mechanisms involving localized energy levels, as for such a small
distance already small energy band should form and lead to a different kind of transport.
Therefore, it was concluded that the hopping mechanisms were not suitable to describe the
measured transport. This means that different mechanisms for the transport in conductive
filaments should be considered.

Going back to the measured temperature dependence of the resistance, for some of the
devices, (a) and (c) in Fig. 4.7, a distinctive change in the behaviour of the R vs. T curve is
observed at approximately 50 K, as already noted. This divides the R vs. T curve into two
regions. In the high-temperature regime, for 50 K < T < 300 K, a very good fit to the data is
obtained with a

√
T dependence of the conductance. In the low-temperature regime, at T < 50

K, an exp
(
T−1/2

)
dependence gives a good fit for the resistance. The motivation behind the

choice of these particular mechanisms and their respective mathematical expressions used in
the fitting procedure will be clearly presented in the next chapter. Fig. 4.9(a) shows the
results of the fitting procedure with these two expressions, with the linear fits evidenced in
the graphs shown in Fig. 4.9(b) and (c). For other devices, as exemplified by the curve in
Fig. 4.9(d), the same low temperature regime is less clearly observed. However, the high-
temperature regime is maintained until lower temperatures (below 50 K), indicating that, if
existent, the transition between the two regions is slightly shifted down on the temperature
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Figure 4.9: (a,b) Resistance as a function of the temperature for two different Ta/Ta2O5/Pt
devices in the low resistance state. The coloured curves are results of the least squares fitting
in two different temperature ranges. The smaller plots on the right show the data in the right
set of axes to evidence the linear behaviour and the respective linear fit both for the high- and
low-temperature regimes mentioned in the text. The high-temperature regime corresponds
to G = 1

R ∝ T
1/2, while the low-temperature regime corresponds to lnR ∝ T−1/2.

scale.
The data shown so far was measured in the devices with 20 nm-thick Pt electrodes.

Measurements were also performed on a second series of devices, with a higher thickness of
the Pt electrode of 30 nm. For the same active device area, the increase of the thickness
of the Pt layers decreases the series resistance. This allows higher currents through the
devices for the same voltage, considering that no CC is used. An example of such devices is
shown in Fig. 4.10(a). This particular device shows a temperature dependence of the LRS
resistance quite different than the one shown before in Fig. 4.7. As can be seen in Fig.
4.10(b), the TCR is positive, strongly contrasting with the negative TCR observed for the
other devices. Interestingly, the positive TCR is also observed for devices in both series that
suffered a hard breakdown, which creates a very low resistance state and impedes further RS.
This means that the positive value of the TCR is clearly a product of high currents through
the conductive filament, and consequent high temperatures achieved via Joule heating. The
resistance changes less than 10 % in the whole temperature range. At low temperatures there
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Figure 4.10: (a) Quasi-static current-voltage (I − V ) characteristics of a device with 30 nm-
thick Pt electrodes, and with a series resistance of ca. 300 Ω. The maximum value of the
current that passed through the filament was 2.2 mA. The black line shows the measured
data, measured in a 2-wire configuration, while the green curve was measured in a 4-wire
configuration, thus showing the “intrinsic” switching curve (without the voltage drop over
the series resistance). The inset plot shows the data with a logarithmic current scale. (b)
Temperature dependence of the resistance in the LRS for the device shown in (a), where a
positive TCR is clearly observed.

is again a change of the R vs. T behaviour with an upturn of the resistance, similar to the
change observed for the devices with negative TCR.

Parasitic effects

In a two-terminal device like ReRAM, which consists of layered stacks of different mate-
rials, it is hard to ascribe the conduction to the desired object of study [214]. Through the
measurement in a 4-wire configuration, it is possible to avoid the measurement of the series
resistance and only measure the Ta/Ta2O5 stack. However, there could still be additional
parasitic contributions involved.

In order to know the possible contribution from the vertical conduction in the Ta top
electrode, we measured a Ta layer with the same thickness of 15 nm used in the devices, also
sputtered on top of a 5 nm-thick Ta2O5 layer, in order to keep the same condition as the Ta
layers in the measured ReRAM devices. Fig. 4.11(a) shows the resistivity of the Ta layer as
a function of the temperature between 2 K and 300 K. A positive TCR is observed for the
whole temperature range.

The Pt layers also show a positive TCR, as can be seen in Fig. 4.11(b) for a Pt line as
used in the devices For this, small Hall bars with the Pt layers were fabricated on the same
wafer where the devices were grown in order to check the Pt resistivity.

Thirdly, a crosspoint structure with no Ta2O5 layer was measured. This allows for the
stack of Pt/Ta/Pt to be measured in the same configuration as in the fully functional ReRAM
devices. The results are shown in Fig. 4.11(c), where also a positive TCR is observed.

Another possible contribution for the temperature dependence of the resistance of the
ReRAM devices in the LRS can arise from the interfacial contact resistance. Following Wang
et al. [215], the possible contribution from the contact resistance was checked by measuring
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Figure 4.11: Overview of possible parasitic effects in the measurement of the electrical trans-
port in the Ta2O5-based ReRAM devices: (a) Resistivity as a function of the temperature for
a 15 nm-thick Ta film on top of 5 nm-thick Ta2O5, to evidence the transport behaviour of
the Ta film in the same conditions as the one in the stack of the ReRAM devices. (b) Resis-
tance as a function of the temperature for a 10 µm-wide Pt line used as metallic line in the
crosspoint Ta2O5 ReRAM devices studied. (c) Resistance as a function of the temperature
for a stack with no Ta2O5 layer (Pt/Ta/Pt). (d) Resistance as a function of the temperature
for a device after hard breakdown was induced.
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a device after breakdown, in order to reduce the contribution from the conduction through
the conductive filament. The resistance was also measured in the temperature range from 2
K up to 300 K. As can be seen in Fig. 4.11(e), a positive TCR is measured as well as a very
weak temperature dependence.

This analysis makes it clear that the negative TCR measured in most of the devices in
the LRS is caused by the transport in conductive filaments in the Ta2O5 layer and not by the
Ta electrode layer or any contact resistance. However, a positive TCR could be originated
in part by the conduction in the Ta top electrode or affected by the contact resistance. This
makes the ascription of the positive TCR solely to the conductive filament more complicated.

Magnetoresistance

To study the effect of an externally applied magnetic field in the electrical transport in
the LRS, the magnetoresistance was measured for different temperatures and for different
directions of the magnetic field relatively to the devices. Fig. 4.12(a) and (b) show the MR
for the same device in two different configurations. In Fig. 4.12(a) the magnetic field is
applied in parallel to the layer stack of the device, i.e. perpendicular to the vertical current
flow in the filament. In the case of a pure vertical flow of the current, this would maximize
the MR. However, as can be seen in Fig. 4.12(b), there is also a significant MR when the
field is perpendicular to the layer stack and thus parallel to the filament. Indeed the value of
the MR is almost the same as the one measured in the previous configuration, as can be seen
in Fig. 4.12(c). For a different measurement, there is a more pronounced anisotropy of the
MR, as can be seen in Fig. 4.12(d). These measurements were performed on the same device
but at a different time, with a slightly different resistance RT=2 K,B=0 T = 330 Ω, compared
to 260 Ω for (a-c). But still, there is no abrupt decrease of the MR as the angle is decreased
from 90◦ to 0◦. Similar MR data is obtained for different devices, as shown in Fig. 4.12(d).

The MR decreases rapidly with temperature as can be seen in both Fig. 4.12(a) and (b).
After approximately 30 K the change in the resistance is lower than the noise level, therefore,
no MR is measurable in the setup used.

The seamlessly low anisotropy of the MR can provide information on the geometry of the
current path, and thus, of the filament. As the interaction of the electrons with the magnetic
field is highly dependent on the relative direction of the electron’s velocity and the magnetic
field, the results indicate that the electrons responsible for the measured current probably
do not follow a strictly vertical path in the filament. The electron transport could be rather
directionally random in space, with significant movement perpendicular to the filament axis,
but with a vertical net flow.

4.2.2 High resistance state (HRS)

Besides the LRS, where the study of the transport in the conductive filament was the
main goal, also the HRS was measured as a function of the temperature in the same range
from 300 K down to 2 K. Fig. 4.13 shows two examples of the temperature dependence of
the resistance in the HRS. The resistance was measured at a fixed current of 1 µA. Similarly
to the LRS case, also a negative TCR is observed, but the dependence on the temperature is
higher. However, when compared to thermally assisted processes such as the ones observed
in typical insulators and semiconductors, the observed dependence seems rather weak.

The nonlinearity of the I−V characteristics in the HRS indicates, however, that interfacial
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Figure 4.12: (a-b) Magnetoresistance (MR) as a function of the applied magnetic field for a
Ta/Ta2O5/Pt ReRAM device in the LRS (same device as in Fig. 4.7(a))for different temper-
atures from 2 K up to 26 K. The magnetic field was applied in parallel to the plane of the
layer stack (perpendicular to the vertical current flow in the filament, θ = 90◦) in (a), while
for (b) the field is perpendicular to the layer stack (θ = 0◦). The insets clarify the orientation
of the magnetic field (B). The light coloured lines represent the (noisy) raw data, while the
coloured lines are a result of smoothing using a Savitsky-Golay filter. (c) Comparison of
the MR measured in the two configurations shown in (a) and (b) at T = 2 K. (d) MR as a
function of the applied magnetic field for different orientations of the magnetic field relatively
to the device. (e) MR for a different ReRAM device at T = 2 K and T = 6K, showing very
similar results to the device shown in (a-d). The inset shows the temperature dependence of
the resistance for this device.
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or other nonlinear I − V effects have a dominant role in limiting the current. Therefore, the
temperature dependence of the resistance, measured for a single current value, offers a limited
view of the transport processes taking place in the HRS.

Random telegraph noise

The data obtained for the HRS show evidences of random telegraph noise (RTN). At
the lowest temperature of 2 K, the device in the HRS for which the R vs. T data of Fig.
4.13(a) was obtained was subject to an applied magnetic field. The change of the resistance
in the HRS as a function of the magnetic field is rather small, however a bigger change of the
resistance in time was measured, which was not caused by the magnetic field. This can be seen
in Fig. 4.13(c). The inset shows the change in resistance with the application of an external
magnetic field of the middle branch of the resistance, which gives a MR of approximately
0.02%, and therefore not very significant. However, there are at least 3 distinct resistance
levels, with two more frequent, which is a strong experimental evidence of RTN. Another
example of RTN behaviour is shown in Fig. 4.13(d), where the data from Fig. 4.13(b) was
subtracted by a filtered version of the data that passes only through the points at the main
resistance branch. This allows the observation of the RTN effect.

The origin of the RTN is, however, not clear. RTN is commonly observed in ReRAM
devices, but its interpretation is based on the physical mechanisms used to understand the
switching and conduction in the devices. For example, for HfO2-based structures, the RTN is
related to the activation and deactivation of traps responsible for the charge transport through
the oxide according to trap-assisted tunneling [216]. The traps are normally considered to
be the oxygen vacancies [217]. RTN can also be caused by atomic hopping in and out of the
conductive filament, as discussed in the framework of the Quantum Point Contact model by
Degraeve et al. [218].

4.3 Transport in the substoichiometric TaOx thin films
The substoichiometric TaOx thin films show an increase of the (room temperature) re-

sistivity with increasing oxygen content. Fig. 4.14(a) displays the three TaOx films with x
= 1, 1.3, 1.5. According to earlier studies, the resistivity is expected to start changing more
drastically at around x ∼ 1.5 [80]. For the films sputtered in order to obtain higher oxygen
contents the resistivity ran out of the measurement range of the van der Pauw setup and the
used equipment, therefore there is no available data for more oxidized films. The stoichio-
metric Ta2O5 is highly insulating and has a resistivity between 105-107 Ωm, according to the
literature [219].

Fig. 4.14(b) shows the resistivity as a function of temperature for the three different
compositions mentioned before. The temperature dependence of the resistivity is qualitatively
similar for all compositions shown. The resistivity increases monotonically with decreasing
temperature. The dependence is rather weak for most of the temperature range from 300 K
down to approximately 50 K, temperature at which it gets stronger. The increase at lower
temperatures seems to scale with the oxygen content, because a more pronounced increase
is observed for a higher x value. With increasing x the behaviour gets more similar to an
insulator according to criterion number 2 (as defined in chapter 2), dealing with the divergence
of the resistivity (conductivity tends to 0) as the temperature decreases towards absolute zero.
An inspection of the individual curves in Fig. 4.14(c)-(e), where the resistivity is plotted in
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Figure 4.13: (a,b) Resistance as a function of the temperature in the HRS for two different
devices, with different active area and with different resistance values. (c) Resistance as a
function of the applied magnetic field at T = 2 K, evidencing random telegraph noise (RTN)
for the device shown in (a). The effect of the noise is greater than the effect of the magnetic
field, which can be seen for one of the RTN branches in the inset. The multiple data points for
the same magnetic field value are due to the magnetic field sweep used in the measurement,
where the field was swept from 0 T up to 3 T, then down to -3 T and finally back up to zero.
(d) Change in resistance due to RTN as a function of the temperature for the HRS of the
device shown in (b). The change was calculated by subtracting the resistance data shown in
(b) from a filtered version of the same data following only the main branch observed , which
does not have the noise component.
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Figure 4.14: (a) Room temperature resistivity as a function of x for the TaOx films with x
= 1, 1.3 and 1.5, a sputtered Ta film and literature values for Ta2O5 from Baker [219]. The
dashed line connecting the data points is a visual guide for the trend of the resistivity as
a function of the composition. (b) Resistivity as a function of temperature for TaOx films
with x = 1, 1.3 and 1.5. The individual data of these films is plotted in (c), (d) and (e),
respectively, showing the evolution of the resistivity with temperature with a linear scale for
the resistivity.

a linear scale, enables a more detailed look at the data. The resistivity of the film with x
= 1 is particularly interesting, because it has a striking resemblance with the temperature
dependence of the resistance of the ReRAM devices in the LRS that showed a negative TCR.

4.3.1 Fit to conduction mechanisms

The conduction in TaOx has been associated with Fermi glass behaviour and VRH [79].
However, for the sputtered TaOx thin films once again, similarly to the LRS case, hopping
mechanisms do not enable a sound fit of the data. As can be seen in Fig. 4.15, the data
approaches a linear behaviour in very limited regions.

Following the visible similarities between the temperature dependence of the resistivity of
the TaOx thin film with x = 1 and of the resistance in the LRS of the Ta/Ta2O5 ReRAM
devices, the same approach was attempted. Fig 4.16(a) shows the data along with the re-
sults of the least squares fit. Once more, the conductivity follows the

√
T and exp

(
−T 1/2

)
dependences. It can be observed, however, that in the very low temperature range, below 10
K, a deviation from the exp

(
−T 1/2

)
behaviour occurs for the TaOx film with x = 1, which

is not observed for the LRS. The origin of this deviation will be explored further in the next
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Figure 4.15: (a) Resistivity data for the TaOx film with x = 1 plotted in order to show
linearity for the case of Mott’s VRH conduction in 3D (similar results for the 1D and 2D
versions). (b) Same data as in (a) plotted in the right set of axis to show linear behaviour in
the case of temperature activated NNH conduction.

chapter.
The films with x = 1.3 and x = 1.5, although presenting a higher resistivity and more

pronounced increase of the resistivity below 50 K, are also well described by the same mech-
anisms as the film with x = 1, as shown in Fig. 4.16(b) and (c). For the film with x = 1.3
there is also a deviation at the lower temperatures from the exp

(
T−1/2

)
behaviour, just like

in the film with x = 1. For the film with x = 1.5, the low temperature regime seems to hold
up to a higher temperature than in the film with x = 1.

4.4 Correlations between the transport mechanisms in the
conductive filaments and in the TaOx thin films

The data presented in the previous sections clearly establish a link between the transport
mechanisms in the conductive filaments in the Ta/Ta2O5/Pt ReRAM devices and in the
TaOx thin films, especially the film with x = 1. These correlations are further supported
if one plots the reduced activation energy as a function of the temperature. The reduced
activation energy was popularized by Zabrodskii [220], and is defined as:

w = d ln σ
d lnT = − d ln ρ

d lnT . (4.2)

The limiting behaviour as T tends to the absolute zero further informs of the metallic or
insulating behaviour of the sample, where divergence to high values indicates an insulator
and convergence to zero indicates a metal [221]. The numerical method used to calculate the
reduced activation energy from the data is described in detail in appendix B. The calculated
reduced activation energies are plotted in Fig. 4.17 for the two ReRAM devices in the LRS
of Fig. 4.9 and the TaOx film with x = 1. The different samples show the exact same trend
for most of the temperature range of the measurement. The change in the sign of the slope at
around 25 K is clearly seen in both the TaOx film and the LRS represented in red (device A
in Fig. 4.17). For the other LRS (device B) the change in the sign of the slope is not visible,
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Figure 4.16: Temperature dependence of the resistivity for the TaOx films with: (a) x = 1 ,
(d) x = 1.3 and (g) x = 1.5. For each line, the pairs of graphs on the right show the linearised
plots for the two fitting regions identified in the graphs on the left, for each TaOx sample,
along with the result of the linear least squares fit to the data. The high-temperature regime
corresponds to σ = 1

ρ ∝ T
1/2, while the low-temperature regime corresponds to ln ρ ∝ T−1/2
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Figure 4.17: Reduced activation energy plots, where the reduced activation energy calculated
via equation (4.2) is plotted as a function of the temperature, for: (a) the two ReRAM devices
in the LRS shown in Fig. 4.9 and the TaOx thin film with x ∼ 1; (b) the TaOx film with
x ∼ 1.5.

as expected due to the non-observation of the transition in Fig. 4.9(b) already. However,
it is clear that down to the lowest measured temperature the samples do not diverge as the
temperature decreases to zero, and thus show a behaviour more typical of a metal. On the
other hand, the more oxidized TaOx film with x = 1.5, in Fig. 4.17(b), already shows clear
differences relatively to the first three and exhibits an insulating behaviour at low temperature.
The negative slope is the dominant feature at temperatures up to approximately 50 K, from
where the reduced activation energy stabilizes at around 0.6 up to around 250 K.

The observed correlations between the transport in conductive filaments in Ta2O5 devices
and TaOx thin films can seem rather strange at first sight, as the dimensionality for trans-
port could be different. However, firstly, the relatively high current measured in the devices
indicates a rather thick filament, possibly enabling 3D “bulk”-like transport. Actually, mag-
netoresistance measurements (see chapter 5) seem to imply that the mean free path of the
electrons is quite small in these systems, maybe even below 1 nm, so that even a rather thin
filament of a few tens of nm is large enough for the charge carriers to enable 3D transport.
This also applies to the TaOx thin films, where 2D transport was expected, but that due
to the very small mean free path also exhibits 3D transport. The origin of the transport
mechanisms will be the main concern of the next chapter, which focuses on the TaOx thin
films, especially on the region with x ∼ 1.

The observed correlations indicate that the material composing the conductive filaments
in Ta/Ta2O5/Pt ReRAM devices is probably very similar to the deposited films of TaOx with
x ∼ 1. In order to get a quick verification if such a material makes sense in terms of the
resistance values obtained for the ReRAM devices, it is assumed that the filaments have a
cylindrical shape, as illustrated in Fig. 4.18. The filaments in such VCM-type systems are
normally considered to have a diameter of the order of 10 nm in the simulation models [65].
Considering the thickness of the Ta2O5 layer of 5 nm and the measured resistivity for the TaOx

film with x = 1, a resistance of approximately 1.5 kΩ is calculated. Higher diameters lead
to a lower resistance, such as a value of approximately 620 Ω for a diameter of 20 nm, which
is a value quite similar to the ones measured for the LRS. Therefore, this quick calculation
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Figure 4.18: Schematic depiction of a simplified filament with a cylindrical geometry used for
the resistance calculations based on the resistivity of the TaOx film with x = 1.

further reinforces the assumption of the filament material as being very close to that of the
thin films of TaOx with x = 1.
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Chapter 5

Understanding the transport in
substoichiometric TaOx thin films

In the previous chapter, a correlation between the electrical transport mechanisms in the
conductive filaments inside Ta2O5-based ReRAM devices and in substoichiometric TaOx

thin films with x ∼ 1 was shown. This is a clear indication that the electrical transport
is dominated by the same underlying physical processes in both cases. In order to un-
derstand the origin of the electrical transport, a detailed study of the TaOx thin films
and also of metallic Ta is presented in this chapter. First, a structural study by means of
grazing incidence X-ray diffraction, electron microscopy and other auxiliary techniques is
reported. Secondly, the electrical transport was probed by measurements of the resistiv-
ity as a function of temperature besides Hall and magnetoresistance measurements. All
this information is then used in the development of a model for the electrical transport
in the substoichiometric TaOx thin films. Finally, the impact of this transport model on
the conductive filaments in the Ta2O5 ReRAM devices is discussed.

The major results and conclusions presented in this chapter were published in: Carlos
M. M. Rosário, et al., Nanoscale 11(36): 16978 (2019). https://doi.org/10.1063/1.
5024504

5.1 Composition and structure of the TaOx thin films

5.1.1 Composition determination

The sputtering processes used to deposit the TaOx thin films were obtained by an initial
study of the dependence of the density of the thin films with the different process parameters.
The final process parameters used for the majority of the studied films are shown in table
3.1 in chapter 3. The film density serves as a relative measure of the composition of the
films, because of the different amounts of the tantalum and oxygen chemical elements, which
have drastically different atomic masses. The oxide Ta2O5 presents the lower density, while
the Ta metal presents the higher density. In order to get a quantitative value of the film’s
composition, RBS measurements were performed in a set of films for which the density was
also measured. From the correlation between both quantities, film density measured by
XRR and composition (x in TaOx) measured by RBS, a calibration curve was obtained. All
subsequent compositions were calculated based on this initial calibration and XRR data.
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X-ray reflectivity

The film density can be obtained from the critical angle for total reflection for X-ray
by measuring the XRR. The critical angle is easily spotted in the XRR plot of Fig. 5.1(a),
where the intensity first starts decreasing abruptly, an indication that the X-rays are partially
transmitted through the sample/air interface. A higher density leads to a higher critical angle.
As can be seen in the same plot, the Ta film shows the highest critical angle and the Ta2O5
film the lowest. TaOx with x = 1 sits in between the two extremes.

The interference of the X-rays from successive reflections and transmissions in the various
interfaces of the layer stack is observed for angles higher than the critical angle. The peri-
odicity of the constructive (destructive) interference maxima (minima) informs of the layer
thickness, enabling the experimental determination of the TaOx films. For later sputtering,
the sputter time needed to obtain the desired thickness of the films was calculated from the
sputtering rate obtained from calibration processes for which the thickness was determined
in this way.

Rutherford backscattering spectrometry

RBS spectra were measured for a set of calibration samples spanning a composition range
from x = 0.97 up to stoichiometric Ta2O5. In order to optimize the oxygen signal from the
TaOx layer, a different stack was used. As the oxygen signal from other oxide layers would
superimpose on top of the signal stemming from the TaOx layer, the 50 nm-thick TaOx film
was deposited on top of a Si substrate with just the native oxide layer (approximately 4 nm
in thickness) and a Au capping layer was used instead of the Al2O3 used in the rest of the
work. Au was preferred in favour of Pt because of the atomic mass and the corresponding
superposition of the Pt signal with the signal from Ta that is also critical to capture in order
to determine the O/Ta ratio. The inset of Fig. 5.1(d) shows the layer stack used in the RBS
measurements, chosen to maximize the relative oxygen signal stemming from the TaOx layer.

Fig. 5.1(b) and (c) show the RBS spectra for the TaOx film with x = 0.97 and the stoi-
chiometric Ta2O5 film, respectively. The oxygen signal is superimposed on the Si signal from
the substrate, and is quite weak, but still visible for both samples. It is clear that the amount
of oxygen in (c) is higher than in (b) by comparing the relative intensities of the O and the Ta
signals for each sample. The quantitative analysis of the composition was performed by fitting
the measured spectra using specialized software that also made use of other measurements
such as elastic recoil detection analysis (ERDA), which is particularly useful to improve the
precision of the oxygen quantification (see details in chapter 3.) According to the data, there
is no pronounced O profile along the thickness of the TaOx film, indicating a homogeneously
distribution of the oxygen.

Calibration

Fig. 5.1(d) shows the obtained data of the film density determined by XRR as a function
of the x value in TaOx determined by RBS. The calibration line, shown in red, is a linear fit
used to determine the composition of the TaOx films. The composition in terms of the x index
was obtained from RBS measurements performed on a set of calibration samples. Using the
same sputtering processes as used for these calibration samples, five samples were deposited
for each process and their XRR was measured. The density of the films was extracted from
the XRR data. In the graph of Fig. 5.1, the mean density is represented with the error bar
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representing the highest deviation from the mean density value. The x index in TaOx is then
calculated from the experimentally obtained density (ρV ) via the formula:

x = (14.50± 0.34)− ρV
2.96± 0.18 (5.1)

The obtained data and linear fit are in agreement with the density vs. composition data
from the work of Waterhouse et al., also shown in the plot of Fig. 5.1 [222].

5.1.2 GI-XRD

Grazing incidence X-ray diffraction (GI-XRD) measurements were performed on the TaOx

films to study the dependence of the structural properties with the oxygen content. For
comparison, the measurements were also performed for two reference samples at the two
extremes of the Ta-O material system, a Ta film and a Ta2O5 film, both sputtered in the
same deposition tool as the TaOx films. Fig. 5.2 shows the obtained diffractograms for the
two reference samples and three TaOx films with intermediate oxygen content.

The Ta2O5 film shows a broad signal at small angles with no clear peaks from 2θ = 15° to
2θ = 40° and another one at higher angles centred at around 2θ = 54°. The absence of clear
peaks is characteristic of amorphous materials. Ta2O5 typically requires temperatures above
650°C to crystallize, [158, 223] so amorphous Ta2O5 is expected from sputtering on top of
a SiO2 substrate at room temperature. The broad features observed are in good agreement
with previously published data for amorphous Ta2O5 [158, 223].

On the other hand, the sputtered Ta film shows a diffraction pattern characteristic of the
crystalline tetragonal β-Ta phase. This phase is commonly observed for magnetron sputtered
thin Ta films grown on top of an amorphous oxide [165, 166]. The diffraction pattern shows
no evidence of the cubic α-Ta phase, the stable phase of bulk Ta when crystallized under
equilibrium conditions [165]. The clearly visible diffraction peaks corresponding to the β-Ta
phase are indexed in Fig. 5.2.

For the TaOx films with compositions between Ta2O5 and Ta, the diffraction peaks tend
to get broader and eventually disappear with increasing oxygen content. The TaOx film with
x = 1 shows a diffraction pattern that is very similar to the one observed for the Ta film,
with the difference of exhibiting broader peaks shifted to lower angles. As the oxygen content
is further increased to x = 1.5, the features observed for the films with x = 1 decrease in
intensity, and a small-angle broad contribution becomes more prominent. This contribution is
most likely associated with amorphous Ta2O5, as it appears in the same range of 2θ. However,
the diffraction pattern of the TaOx films cannot be explained solely by a combination of the
diffractograms of the pure Ta and Ta2O5 samples as they appear in 5.2. The presence of
suboxide phases could be one explanation, however, as discussed in section 2.2, the Ta-O
system is reported to have only two stable phases: Ta2O5 and the Ta(O) solid solution [156].
Indeed, the presence of oxygen in the tantalum seems to play a decisive role. Several works
report that the oxygen can occupy interstitial positions in the β-Ta lattice [222, 224]. The
incorporation of oxygen should lead to an expansion of the unit cell of the β-Ta lattice, and
would thus explain the observed decrease in the Bragg angle of the diffraction peaks for the
TaOx films due to an increase of the interplanar distances. The broadening of the diffraction
peaks is probably associated with a decrease of the crystallite size of the Ta grains with
increasing oxygen content.
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Figure 5.1: (a) X-ray reflectivity data for four samples: Ta, TaOx with x = 1, TaOx sputtered
for in-situ measurements and Ta2O5. (b) RBS spectrum for a TaOx film with x = 0.97 (de-
termined by the RBS experiment) taken at an incident angle of 78◦. The blue line represents
the total fitting curve, while the black lines represent the individual elemental contributions
to the fit. (c) RBS spectrum for a Ta2O5 film taken at an incident angle of 80◦.(d) TaOx

films’ density as determined by the XRR plotted against the x index in TaOx obtained by
RBS. The circle data points represent the mean value of the density, while the error bars
indicate the highest deviation from the mean value. The red line is the least squares fit to
the experimental data. For comparison, the data published by Waterhouse et al. [222] for
films with thicknesses between 140 nm and 620 nm is also included. The inset shows the layer
stack used in the samples measured with RBS to determine the composition.
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Figure 5.2: (a) X-ray diffractograms of TaOx samples with different compositions (x), includ-
ing two reference samples, a sputtered Ta film and a sputtered Ta2O5 film. The values on
the right side of the plot indicate the film density of the measured samples as determined
by XRR measurements. (b) Evolution of the 2θ value of the (202) reflection with the film
density (composition).

5.1.3 HAADF-STEM

HAADF STEM Z-contrast imaging was employed to enable the direct observation of a
TaOx film with x ∼ 1.3. As shown before in the previous chapter, this film exhibits a transport
behaviour similar to that of the TaOx films with x ∼ 1, namely the transport mechanisms
involved. So, it is considered that this film is representative of the structure of TaOx films in
this composition range.

Fig. 5.3 shows an overview micrograph of this TaOx film sandwiched between SiO2 and
Al2O3 layers. The TaOx film appears brighter than the two other oxide layers due to the
presence of the heavy element Ta, as expected with the Z-contrast mechanism. The film
exhibits a columnar structure with columns in the growth direction having a width from 2 to
5 nm. To map the elemental distribution along the TaOx film, EDX spectroscopy mapping
was performed in the area shown in the micrograph of Fig. 5.3(b). The general map with
the distribution of the elements Ta, O and Al is shown in Fig. 5.3(c), while the individual
maps for the elements Ta and O are shown in Fig. 5.3(d) and Fig. 5.3(e), respectively.
Tantalum is present in most of the TaOx film, while oxygen tends to accumulate along the
boundaries between the different columns observed in the HAADF micrograph in the less
bright areas. However, there seems to be oxygen along the columns as well, albeit with a
clearly lower concentration relatively to tantalum in the columnar area. In this scenario, the
bright columns visible in Fig. 5.3(a) and (b) should be related to tantalum grains with some
oxygen, while the darker intercolumnar space may be related to stoichiometric Ta2O5. These
findings are consistent with the GI-XRD results that support the existence of both Ta(O)
and Ta2O5 in the TaOx films.

The same procedure was also adopted for films of Ta2O5 and Ta and the results are
displayed in Fig. 5.4 and Fig. 5.5, respectively. The distribution of Ta and O in the Ta2O5
layer is much more homogeneous when compared to the TaOx film discussed above and the
film shows no apparent structural inhomogeneities either, further supporting its amorphous
character. Contrarily, the Ta film shows evidences of a polycrystalline character with grains
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Figure 5.3: (a) HAADF STEM Z-contrast image with an overview of the sample comprising a
TaOx film with x ∼ 1.3. (b) HAADF STEM Z-contrast image of the TaOx film with x ∼ 1.3
showing the area where the EDX mapping was performed. (c) Elemental mapping by EDX
showing the distribution of Ta, O and Al in the area shown in (b). (d,e) Individual elemental
maps of Ta and O, respectively. The individual mapping of aluminium is not shown because
its presence on the TaOx film is vestigial, and thus it is concluded that aluminium is not
incorporated in the TaOx film.

of approximately 20 nm in width in the cross section, therefore much larger than the columns
observed in the TaOx film. The grains’ composition is clearly dominated by Ta, however, once
more it is possible to see that O is present in the film and prefers to lodge in the intergranular
regions. The existence of oxygen can be one of the reasons to the occurrence of the β-Ta
phase in favour of the stable α-Ta phase.

5.1.4 Other auxiliary techniques

XPS

Further experimental evidences of the existence of both Ta and Ta2O5 in the TaOx films
were obtained by X-ray photoelectron spectroscopy (XPS). As the TaOx films’ surface is
easily oxidized when exposed to air, and XPS measures only the surface of the film, the
measurements had to be performed in-situ, making it necessary to sputter the films in a
different sputtering equipment. The sputtering process was, however, tuned in order to min-
imize the possible differences in the deposition, and once again the density obtained from
the XRR measurements was used to check the composition. In-situ XPS measurements were
performed on TaOx samples with x ∼ 1, grown in conditions similar to the ones studied in
terms of the electrical transport. The XRR data in Fig. 5.1(a) enables a comparison between
a TaOx film with x = 1 grown normally and the in− situ deposited sample used for the XPS
measurements. Although the latter shows a slightly higher density (higher Ta content) the
composition is very close to that of TaOx with x ∼ 1 and is representative of the films studied
in the rest of the work.

The measured Ta4f XPS signal is shown in Fig. 5.6(a). A simulation with contribu-
tions from the two stable oxidation states is able to provide a good fit to the experimental
data. The data shows a strong contribution from the metallic peak associated with Ta0, and
also a contribution from the Ta5+ state, which is associated with the stoichiometric oxide
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Figure 5.4: (a) HAADF STEM Z-contrast image of a Ta2O5 film showing the area where the
EDX mapping was performed. (b) Elemental mapping by EDX showing the distribution of
Ta, O and Al in the area shown in (a). (c-e) Individual elemental maps of O, Ta and Al,
respectively.

Figure 5.5: (a) HAADF STEM Z-contrast image of a Ta film showing the area where the EDX
mapping was performed. (b) Elemental mapping by EDX showing the distribution of Ta and
O in the area shown in (a). (c-e) Individual elemental maps of Ta, O and Al, respectively.
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Figure 5.6: (a) XPS data for an in-situ sputtered TaOx film with x ∼ 1. A fit to the data is
shown in red, with the individual fitting contributions from the different valence states shown
in green and orange. (b) Comparison of the XPS measurement performed on an in-situ sample
and an ex-situ sample (grown in the same conditions as the main samples described in the
text).

Ta2O5. During the fitting procedure, the Ta0 peaks were chosen to be asymmetrical because
transition metal XPS spectra are normally considered to have an asymmetry [225]. The Ta
metallic peaks are thus also normally fitted to asymmetrical curves [226]. The asymmetri-
cal contribution provides a good fit to the XPS data. A good fit is also obtained when the
Ta0 contribution is considered symmetrical, but there is the need to consider an additional
oxidation state, Ta2+. The Ta2+ contribution could arise because of a suboxide TaO phase.
However, it does not necessarily indicate the presence of this suboxide phase, because the
contribution could arise from the interfaces between Ta and Ta2O5. At these interfaces, the
bonding differs from that in pure Ta and Ta2O5 clusters. However, the main contributions
are clearly from the Ta0 and Ta5+ states. Therefore, the XPS data indicate the existence of
both Ta and Ta2O5 inside the TaOx films with x ∼ 1.

A comparison between the in-situ measurements and ex-situ data obtained on a sample
grown in the same conditions as the samples studied for the electrical transport is displayed
in Fig. 5.6(b). It is possible to conclude that the oxidation on the surface is responsible for
the increase in the relative contribution of the signal arising from the Ta5+ oxidation state.
Nevertheless, it is still possible to observe the contribution from the Ta0 oxidation state in
the ex-situ sample, corroborating the existence of Ta and Ta2O5 concluded from the analysis
of the XPS performed on the in-situ sample.

LC-AFM

The two stable phases in the Ta-O material system, Ta2O5 and the Ta(O) solid solution
should be easily distinguishable in terms of conductivity. While the former is an insulator, the
latter should exhibit a metallic behaviour. As shown before, the TaOx thin films appear to be
composed of a mixture of these two phases. Therefore, by using an AFM with a conductive
tip, it should be possible to see this phase segregation. As the TaOx films’ surface is easily
oxidized when exposed air, the measurements had to be performed in-situ, just as in the case
of the XPS measurements.
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Figure 5.7: AFM topography image (a) and the correspondent current map measured by
LCAFM (b) for an in-situ sputtered sample with x ∼ 1. For the current map, a voltage of
8 V relative to the grounded sample holder was used to measure the current through the
sample.

Fig. 5.7 shows a topography image of the surface of a film with x ∼ 1 and the correspond-
ing current map. This film was deposited on top of a SiO2/Si substrate with 430 nm of oxide.
The topography image shows a granular structure with grains with an approximate diameter
of 50 nm. The current map shows the existence of dark regions with low current embedded
in a purple and yellow matrix where the current is higher. There is no direct correlation
between the topography and current maps, as can be seen by comparing the same regions in
both images (shown as coloured marked circumferences). In some cases the regions with low
current correspond to the highest grains, while in others, the contrary is observed.

Optical absorption spectroscopy

Optical absorption spectroscopy also reveals the existence of a component with high ab-
sorption in the TaOx films. Fig. 5.8(a) shows the experimental results of the absorption
measurements in terms of absorbance as a function of the wavelength of the light. The re-
duction of the oxygen content increases the absorbance and promotes the appearance of an
Urbach’s tail. For the Ta2O5 sample, the existence of a bandgap is clearly visible, evidenced
by the sudden increase of the absorbance below 300 nm. The graphical representation shown
in Fig. 5.8(b) indicates an indirect bandgap of approximately 4.3 eV for the Ta2O5 film,
while a direct bandgap would have a value of 4.9 eV (respective plot not shown). This value
is in good agreement with the literature, where amorphous Ta2O5 is said to have a bandgap
value of 4.3 that decreases to 4.0 for substoichiometric oxide [227, 228], among other studies
where its value is higher and in the range from 4.4 to 4.9 [228–230]. As can be seen in Fig.
5.8(b), the thin films studied in this work also exhibit a monotonically decreasing bandgap
with decreasing oxygen content, until it disappears completely due to the high absorption of
the samples with lower oxygen concentration. This is another indication of the presence of
the metallic granules in the samples with less oxygen.
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Figure 5.8: (a) Optical absorption spectra, i.e., absorbance as a function of the wavelength
of the light for the TaOx thin films with different densities, and thus, oxygen content. (b)
Indirect bandgap test plot, used to visualize the indirect bandgap, with the data from the
TaOx films shown in (a). α represents the absorption coefficient, obtained from the absorbance
(A) and the sample thickness (t) by: α = 1

t ln
(
10A

)
. The dashed lines are linear fits to the

linear portion of the data, indicating the indirect bandgap of the samples where the fit line
intersects the energy axis.

5.1.5 Discussion

The measured XRD patterns of the TaOx films indicate the presence of the β-Ta phase
with oxygen interstitials and amorphous Ta2O5. Different mixtures of these two phases lead to
different overall oxygen concentrations in the TaOx films, as measured by X-ray reflectometry
and Rutherford backscattering spectrometry, which provide an average over a relatively large
sample area compared to the size of possible inhomogeneities. Considering this, it is more
likely that the TaOx films are composed of a mixture of Ta with oxygen interstitials and
Ta2O5. The columnar structures observed in the HAADF STEM Z-contrast micrographs
are associated with the β-Ta phase, while a higher concentration of oxygen between columns
indicates accumulation of Ta2O5 between the metallic columns. Besides these experimental
evidences, also the other experimental data shown in the preceding sections corroborate the
phase seggregation in the TaOx thin films, with the appearance of a metallic Ta(O) phase and
an insulating Ta2O5 phase. This is perfectly in line with the Ta-O material system presented
before in chapter 2. The phase diagram of the Ta-O system only has the mentioned two
stable phases: a Ta(O) solid solution and the fully oxidized Ta2O5 [156]. So the presence
of suboxides are not foreseen in thermodynamic equilibrium, even though some works do
report the obsevance of some of the metastable suboxide phases, mostly obtained at high
temperature either during deposition or through post-deposition annealing [40, 175–177].
The room temperature processing used for the deposition of the TaOx films should impede
the formation of these suboxide phases.

The experimental results obtained are further supported by a first-principles study using
molecular dynamics to investigate amorphous TaOx in a wide composition range of 0.75 ≤
x ≤ 2.85 performed by Xiao and Watanabe [231]. This study has shown that as the oxygen
concentration in TaOx is decreased, the Ta atoms tend to coalesce together and form Ta
clusters where Ta-Ta bonds prevail [231]. For x = 2.25, the Ta clusters are isolated and, thus,



5. Understanding the transport in substoich. TaOx thin films 103

do not form a continuous conduction path. In this case, the transport is mainly carried out by
hopping between the localized electrons at the metallic clusters. For a lower oxygen content
such as in the case with x = 0.75, the number of Ta-Ta bonds is high enough to enable a
continuous metallic conduction path with delocalized electrons.

The XRD of the Ta film indicates that the dominating structure is the one from the β-Ta
phase, with no evidences of the α-Ta phase. The appearance of the β phase instead of the
more thermodynamically stable α phase can be explained by the more favourable growth of
the β phase on amorphous oxide substrates [165, 168]. The base pressure in the sputtering
chamber was also not lower than 10−6 mbar prior to the sputtering, probably leaving enough
oxygen to promote the formation of β-Ta, as according to the literature the presence of oxygen
during the deposition can be one of the causes for the formation of β-Ta instead of the α
phase [167].

It is important to emphasize that the increase in the oxygen content is not only reflected
in the appearance of the amorphous Ta2O5 phase, but also in the increase of the amount of
oxygen interstitials in the Ta granules. The presence of oxygen along the grains observed in
the EDX maps corroborates the existence of oxygen in the β-Ta lattice. This is also concluded
from the shift of the diffraction peaks observed in the XRD data, caused by a change in the
lattice parameter of the Ta granules induced by the presence of interstitial oxygen atoms and
the respective expansion of the unit cell. The shift increases with increasing x index of the
TaOx films, showing that the solubility limit of the oxygen in the β-Ta grains may not yet be
reached in the films with oxygen content around x ∼ 1.5. Waterhouse et al. [222] report a
10% increase of the (202) interplanar distances for an oxygen content of approximately 60%.
Cheng et al. [224] report a 5.4 Å3 volume expansion of the unit cell after annealing β-Ta films
at 400°C in air, and also attribute this expansion to the presence of interstitial oxygen. The
simultaneous occurrence of Ta and Ta2O5 in the TaOx films is crucial for the understanding
of the electrical transport in the TaOx thin films.

5.2 Temperature dependence of the resistivity

The structural analysis revealed the existence of Ta clusters in the substoichiometric TaOx

thin films. Therefore, in order to gain more insight into the transport properties of the TaOx

films, the transport in Ta films was also measured and compared to the former. As for
Ta2O5, no transport measurements were possible in the configuration used, due to the very
high resistivity. This was also the case for samples with x > 1.5, which proved too resistive
as well.

Resistivity measurements using the vdP configuration were performed on the TaOx thin
films with different oxygen contents and on the Ta film. The temperature dependence of
the resistivity of the TaOx films is replotted in Fig. 5.9(a), now with the inclusion of the
data measured for the Ta film. The Ta film has a resistivity that is one order of magnitude
lower than the one from the TaOx film with x = 1. A close inspection of the temperature
dependence of the resistivity of the Ta film reveals that for most of the temperature range the
overall behaviour is very similar to the one exhibited by the TaOx film with x = 1. The plot
in Fig. 5.9(b) reflects exactly this similarity in a qualitative way (note that the resistivity
scale is different for each sample). This also shared with the ReRAM devices in the LRS with
a negative TCR, as it was previously highlighted in the preceding chapter and can also be
seen in the same plot. The similarity is further reinforced when the conductivity is plotted
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Figure 5.9: (a) Resistivity vs. temperature for three thin TaOx films with x = 1.0, 1.3 and 1.5
and the Ta film. (b) Comparison of the temperature dependence of the resistivity of the TaOx

film with x = 1 and of the Ta film. Data for a Ta/Ta2O5/Pt device in the LRS is also plotted.
(c) Conductivity plotted as a function of T 1/2 showing linear fits for both films and the device
in the LRS in the high-temperature region. (d) Logarithm of the resistivity as a function of
T−1/2 for the three TaOx films, to evidence the Efros-Schlovskii-like hopping mechanism at
the lowest temperatures. (e) Zabrodskii plot, with the reduced activation energy plotted
against the temperature on the double logarithmic scale, for the Ta film and the TaOx films
with x = 1.0 and 1.5. (f) Plot of the reduced activation energy exhibiting a linear dependence
on T 1/2 for both the Ta and the TaOx film with x = 1, thus evidencing a power-law behaviour
of the conductivity.
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as a function of
√
T for these three cases in Fig. 5.9(c). All of them show this dependence

in a wide temperature range from room temperature down to approximately 50 K. Below
this temperature, the TaOx films can be reasonably fitted by using an Efros-Schlovskii-like
hopping mechanism, where ln(ρ) ∝ T−1/2. The best fit is obtained for the film with x = 1.5,
while both the film with x = 1 and the one with x = 1.3 show clear deviations from this
behaviour at the lowest temperatures. On the other hand, this mechanism cannot explain
the Ta data below 50 K.

The reduced activation energy plot of Fig. 5.9(e) also shows the same behaviour for the Ta
and TaOx film with x = 1 and enables a better determination of the temperature where the
behaviour of the samples start to diverge, which happens at approximately 25 K. The more
oxidized film with x = 1.5 already shows noticeable differences in the temperature dependence,
even though its resistivity can also be explained by the same transport mechanisms. The sign
of the slope in the w vs. T plots is an important parameter in selecting the conduction
mechanisms eligible to explain the observed temperature dependence. An activated process,
such as hopping, normally described in the form σ = σ0 exp [(T0/T )α], has a reduced activation
energy given by:

w = (T0/T )α . (5.2)

This means that w should decrease with increasing temperature, which is observed at T < 25
K in the TaOx films. For x = 1, this trend is again interrupted at T < 10 K, where w starts
decreasing again with decreasing temperature. However, for x = 1.5, which shows a more
pronounced activated part, the trend lasts down to the lowest measured temperatures. On the
other hand, a positive slope in the w vs. T plot, with w increasing with rising temperature, is
typical of metallic systems, where the conductivity is dominated by a power law of the kind
σ = a+ bT p [221], for which:

w = pbT p

a+ bT p
. (5.3)

The plot of w vs. T 1/2 in Fig. 5.9(f) shows a linear behaviour of the data, thus p = 1/2 is a
good exponent for the power-law temperature dependence of the conductivity for Ta and the
TaOx film with x = 1. This agrees well with the

√
T behaviour of the resistivity observed at

T > 50 K. For the TaOx film with x = 1.5, also shown in Fig. 5.9(e), w has a constant value
of approximately 0.58 from 50 K almost up to room temperature. This should be expected for
a power-law dependence when a � bT p, which gives w ≈ p. So, the TaOx film with x = 1.5
also demonstrates the presence of a power-law dependence with an exponent close to 1/2. All
this analysis clearly links the transport in the TaOx films with x ∼ 1 with the transport in
the metallic Ta film.

Interestingly, the Ta film does not show the typical positive TCR observed for ordinary
metals, indeed showing a negative TCR. However, as shown before in Fig. 4.11(a), a 15
nm-thick Ta film sputtered on top of a 5 nm-thick Ta2O5 layer does show a positive TCR.
Indeed, the sign of the TCR as well as the resistivity value is highly dependent on the substrate
material and the thickness of the Ta film. A more detailed study of the dependence of the
resistivity and the TCR of the Ta films with different thickness on top of Ta2O5 and SiO2 is
presented in appendix C.

As mentioned in the preceding chapter, the temperature dependence of the resistivity of
the TaOx films can be divided into two regions. For the high temperature region (region I),
a very good fit of the data is obtained with a

√
T dependence of the conductivity, while for

the low temperature region (region II), an exponential behaviour of the kind ρ ∝ exp
(
1/
√
T
)
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Table 5.1: Summary of the important parameters associated with the fits shown in Fig. 5.9.

Film Region I slope (Sm−1K1/2) Region II slope (dimensionless)
Ta 1955± 2 —–

TaOx=1 431.1± 0.5 0.05874± 0.00007
TaOx=1.3 243.3± 0.2 0.677± 0.002
TaOx=1.5 84.88± 0.03 8.321± 0.007

enables a good fit of the measured data. These two functions allow a good fitting of the
data for all three TaOx films. For the Ta film, only the high temperature regime is observed.
The slope of the linear fit for region I decreases as x increases, i.e., with increasing oxygen
concentration in the films. Table 5.1 lists the slopes obtained from the linear fits in both
regions, obtained for the different TaOx films measured and also Ta, showing the evolution
of the slope with the oxygen concentration. With the increase of the oxygen concentration,
the slope from region I decreases, while the slope from region II increases. Among all the
samples, the highest slope for region I is obtained for the Ta film, which is the sample with
the lowest oxygen concentration, further confirming the trend.

However, there is one clear difference between Ta and TaOx films, which is the behaviour
at the lowest temperatures measured. While for the TaOx films the resistivity keeps increasing
at the lowest temperatures, for the Ta film the resistivity has a pronounced downturn below
10 K, as can be observed in Fig. 5.9(b). This downturn is a typical signature of weak
antilocalization, one of the quantum interference effects presented in chapter 2. To confirm
the existence of this effect, a magnetic filed can be applied to modulate the interference and
eventually destroy it, for a sufficiently high magnetic field. By decreasing the strength of
the weak antilocalization, the resistivity of the sample should increase. Fig. 5.10(a) shows
the temperature dependence of the resistivity for the Ta film for T < 50 K for different
magnitudes of an externally applied magnetic field up to 9 T. It is clearly visible that the
application of the magnetic field leads to the disappearance of the resistivity downturn at the
lowest temperatures. This magnetoresistance effect will be further explored in a subsequent
section. The same magnetic field test was applied to the TaOx film with x ∼ 1, with the
results shown in Fig. 5.10(b). Again, the application of the magnetic field leads to an increase
in the resistivity in the same fashion as for the Ta. This establishes another link between
the transport in TaOx films and the transport in Ta and reveals that weak antilocalization
can also be occurring in the TaOx films, although no clear characteristic downturn of the
resistivity is observed.

As the magnetic field is increased, the temperature dependence of the Ta and TaOx films
below 25 K changes significantly. For TaOx, the resistivity data approaches the characteristic
temperature dependence associated with VRH, when ln(ρ) ∝ T 1/4 , as can be seen for the
higher magnetic field values in Fig. 5.10(d). The same is not observed for the Ta film in Fig.
5.10(c), where at 9 T there is no linearity of the data in the same set of axes.

5.3 Hall measurements

The use of the van der Pauw geometry for the study of the thin films of substoichiometric
TaOx enables further measurements of the transport properties that are not possible to per-
form on the conductive filaments inside the ReRAM devices. A particular example is the Hall
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Figure 5.10: Temperature dependence of the resistivity for different applied magnetic fields
up to 9 T for: (a) TaOx film with x = 1.0; (b) Ta film. The magnetic field step between every
ρ vs. T data set is 0.5 T. (c) and (d) show the same data as (a) and (b) but in a VRH plot,
where the ln(ρ) is plotted against T−1/4.

effect, which was performed in the temperature range from 1.8 K up to 300 K. In the next
sections, the TaOx film with x = 1 is highlighted because it shows the biggest correlations
with the transport in the conductive filaments of the Ta2O5 resistive switching devices and
also with the transport in the Ta films.

For each temperature, the magnetic field was swept starting from 0 T, going up to +9 T
and then down to −9 T before finishing back at 0 T, with a small step of 10 mT and a slow
sweeping rate. This allowed the measurement of the Hall resistance, i.e. the ratio between
the Hall voltage and the applied current (measured in the correct vdP configuration), for a
broad range of the magnetic field. The Hall carrier concentration was then calculated from
the slope of the linear dependence of the resistance as a function of the magnetic field. The
MR contribution had to be subtracted in order to observe the linear dependence of the Hall
resistance. The magnetic field dependence of the Hall resistance measured for the Ta film and
for the TaOx film with x = 1 at T = 1.8 K is shown in Fig. 5.11(a). As can be seen, there is
no big change in the slope between the two samples, indicating similar carrier concentrations.

The measurement of the Hall resistance as a function of magnetic field also enabled the
observation of an abnormal behaviour for temperatures around T = 22 K in the TaOx films.
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Figure 5.11: (a) Hall resistance (Hall voltage divided by the applied current) as a function
of the magnetic field for the Ta film and the TaOx film with x = 1 at T = 1.8 K (coloured
symbols) and T = 300 K (light coloured symbols). (b) Same as in (a) but at T = 22 K and
for a smaller magnetic field range, evidencing an abnormal behaviour of the Hall resistance
(Hall voltage) at this temperature.

When subtracting the MR contribution from the Hall resistance and a voltage offset (prob-
ably due to small asymmetries in the vdP structure), the resistance depends linearly on the
magnetic field, as expected. However, for temperatures around T = 22 K, and only around
this temperature, a different dependence is observed for the lower magnetic fields, as can be
seen in Fig. 5.11(b). The Hall resistance barely changes for |B| < 0.3 T. This observation
suggests the critical nature of this temperature, indicating a possible transition between con-
duction mechanisms. This coincides with the temperature range where the transition in the
temperature dependence of the resistivity observed in the resistivity data occurs. This abnor-
mal behaviour of the Hall resistance is not observed, however, for the Ta film, as can also be
seen in Fig. 5.11(b) showing a clear difference between the metallic film and the TaOx films.
This seems to corroborate the non-observance of the low temperature region dependence in
the Ta films.

From the Hall resistance dependence with the magnetic field the values of the Hall carrier
concentration and the Hall mobility were obtained. It is considered that only one type of
charge carriers is responsible for the electrical transport, namely electrons, as concluded from
the signal of the measured Hall voltage and as expected for the metal. The Hall mobility is
calculated from the carrier concentration and the resistivity by:

µHall = 1
nHalleρ

, (5.4)

with e the elementary charge. Fig. 5.12(a) shows the two quantities as a function of the
temperature for the Ta film. It shows a carrier concentration of around 6 × 1022 cm−3,
in relative good agreement with literature values of 5.2 × 1022 [232]. The Hall mobility
is, however, rather low for a metallic sample. The temperature dependence of both the
carrier concentration and the mobility is very weak, being slightly more visible in the carrier
concentration, which increases for most of the temperature range from 1.8 K up to 300 K.
The mobility seems to exhibit an increase as the temperature decreases from 25 K down to
1.8 K, but remains constant for the rest of the temperature range. Fig. 5.12(b) shows the
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Figure 5.12: (a) Temperature dependence of the carrier concentration and mobility obtained
from the Hall measurements performed on the Ta film. The lines are visual guides connecting
the experimental data points. (b) Temperature dependence of the carrier concentration and
mobility obtained from the Hall measurements performed on the TaOx film with x = 1. (c)
Comparison of the Hall results obtained for the TaOx films with x = 1, x = 1.3 and the Ta
film.
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temperature dependence of the carrier concentration and Hall mobility for the TaOx film
with x = 1. The Hall measurements show again a very high carrier concentration of around
2.6×1022 cm−3 with a weak temperature dependence in the measured range. The temperature
dependence is stronger for T < 25 K, which coincides with the change of the temperature
dependence of the resistivity shown in the preceding section. The mobility does not show a
strong dependence on temperature either, increasing slightly as the temperature is increased
and similarly to the Ta case, increasing also with decreasing temperature for T < 25 K.

The comparison of the data between the two samples, Ta and TaOx, clearly evidences the
similarities. Both show a similar carrier concentration of the order of 1022 cm−3 and a weak
temperature dependence of the carrier concentration and mobility. For a better comparison,
the data are replotted in Fig. 5.12(c) and joined by a third set of data corresponding to a
TaOx film with x = 1.3. The latter shows similar values of the carrier concentration and
mobility relatively to the film with x = 1, although a smaller mobility is clearly measured.
This indicates that with increasing oxygen content both the carrier concentration as well as
the mobility decrease, which corresponds to the increase in the resistivity presented before.
For the TaOx films with higher oxygen content the data was too noisy to retrieve the Hall
carrier concentration and mobility.

5.4 Magnetoresistance
The MR as a function of the applied magnetic field for the Ta film as well as for the TaOx

film with x = 1 is shown at different temperatures in Fig. 5.13(a) and (b), respectively. The
MR is calculated through the expression:

MR = RB −RB=0
RB=0

, (5.5)

with RB the resistance with an external magnetic field B applied and RB=0 the resistance
measured with no externally applied magnetic field. The measured MR is positive, i.e. the
resistance increases when a magnetic field is applied. The MR is only measurable for temper-
atures below approximately 30 K, because for T > 30 K the MR is lower than the noise level.
For a fixed magnetic field, the MR decays exponentially with the increase of temperature as
can be seen in Fig. 5.13(d), with the MR at T = 25 K decaying to less than 1 % of the initial
value at 1.8 K. The temperature for which the MR becomes too small to measure, coincides
with the transition temperature between the two transport mechanisms in the TaOx films.

The two films show a very similar MR behaviour. Noticeable differences are the shape of
the MR, which exhibits a steeper increase of the MR for low fields compared to the TaOx

film. The plots in Fig. 5.13(e) and (f), where the MR was normalized for each temperature,
enable a better view of the evolution of the MR dependence with the magnetic field as the
temperature is changed. Interestingly, the normalized MR of the Ta film at temperatures
around 10 K has an almost identical shape to the one measured for the TaOx film at 1.8
K, although having a clearly different magnitude of the effect. This is another qualitative
indication that the underlying physical mechanism responsible for the MR is the same in both
cases. Another visible feature is the broadening of the field dependence of the MR as the
temperature increases, which in both cases, evolves from a cusp-like shape into a parabolic
dependence.

Additional evidences for the evolution of the MR as the oxygen content increases is pro-
vided by the comparison plot of Fig. 5.14, where the data for the aforementioned samples
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Figure 5.13: (a) MR of the Ta film as a function of the applied magnetic field at various
temperatures from 1.8 K to 30 K (b) Magnetoresistance (MR) of the TaOx film with x = 1
as a function of the applied external magnetic field at different temperatures ranging from
1.8 K to 30 K. (c) Decay with temperature of the MR at B = 9 T of the Ta film. The inset
shows the same data but on a logarithmic y-axis evidencing an exponential decay, at least in
some range, as shown by the linear fit (red line). (d) Same as in (c) but for the TaOx film
with x = 1. (e) Normalized MR as a function of the magnetic field for the Ta film, where the
normalization was performed for each individual temperature, enabling a comparison of the
field dependence of the MR at the different temperatures. (f) Same as in (e) for the TaOx

film with x = 1.
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Figure 5.14: MR as a function of the magnetic field at T = 1.8 K for the TaOx film with
x = 1.0 and for the Ta film, and at T = 2 K for the TaOx film with x = 1.3.

at T = 1.8 K is accompanied by the MR of a TaOx film with x = 1.3 at T = 2 K. As the
oxygen concentration in the film increases, the MR decreases for the same magnetic field
amplitude, i.e. the effect causing the MR tends to get weaker. Besides that, the shape of the
MR vs. B curve also changes, with the effect becoming progressively broader as the oxygen
concentration is increased.

With the positive cusp-like shaped MR just presented, and the decrease of the resistivity
at the lower temperatures that is destroyed with the application of an external magnetic field,
as shown before in Fig. 5.10, the samples show two distinctive fingerprints of weak antilo-
calization (WAL). WAL arises from a quantum correction to the classical metal conductivity
obtained from the Boltzmann transport equation, and is directly linked to the manifesta-
tion of the wave properties of the charge carriers when they scatter elastically from static
disorder [135]. The occurrence of WAL, and not weak localization, is explained by the high
spin-orbit coupling of the heavy Ta atoms (Z = 73). The change in the conductivity due
to the localization phenomena is mathematically described by the Hikami-Larkin-Nagaoka
(HLN) formalism (Eq. 2.21), which can be used to fit the magnetoconductance data [139].
The mathematical formula of the HLN formalism were presented in chapter 2. However, this
formula was originally developed for a 2D case. The dimensionality of the effect is deter-
mined by the phase breaking length (PBL) and the thickness of the film. When the PBL is
considerably higher than the film thickness, the WAL is then described by the 2D formula
developed by HLN (Eq. 2.21). For the case the effect takes place in 3D, the 3D formula is
better suited to describe the data (Eq. 2.25). In the case that the PBL is much higher than
the spin-orbit scattering length and the mean free path, the HLN formalism in 2D can be
simplified to depend only on the PBL (Eq. 2.22).

The data measured in the Ta film is accurately described with the simplified 2D formula
of Eq. 2.22 for T < 10 K, as can be verified in Fig. 5.15(a). The obtained PBL is considerably
higher than the film thickness, validating the used formula. The original HLN formula of Eq.
2.21 was initially used to fit the data, but the best fits were always achieved when only the
component associated with the PBL was considered, which indicated that the assumptions
leading to the simplified Eq. 2.22 are reasonable. For T > 10 K, the 3D formula is used with
success, as can be seen in Fig. 5.15(b), because the PBL becomes smaller than the thickness
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of the Ta film. As for the TaOx thin film with x = 1, the data is best described by the 3D
expression from Eq. 2.25 for all temperatures from 1.8 K up to 26 K, as can be seen in Fig.
5.15(c). This is justified by the obtained PBL, which is smaller than the film thickness of 20
nm for the whole temperature range.

The sound fit of the WAL formalism to the experimental data both for Ta and the TaOx

establishes a clear link between the MR behaviour of the two films. The major difference is
the magnitude of the PBL, which not only affects the dimensionality but also the shape of the
MR vs B curve. At T = 1.8 K, the Ta film has a PBL of 95 nm, while for the TaOx film with
x = 1.0 the value is reduced to 19 nm, i.e., five times smaller. The higher PBL in the Ta film
indicates that the charge carriers can keep their phase over a longer spatial distance, which
promotes WAL. In the TaOx film, as the PBL is smaller, the inelastic scattering events, like
electron-electron or electron-phonon collisions, occur more frequently, leading to the loss of
the phase and weaker interference. The PBL values obtained at different temperatures from
the fitting procedure are displayed in Fig. 5.15d for both samples. The PBL follows a power-
law decay with increasing temperature with an exponent of −0.55 ± 0.02 and −0.76 ± 0.02
for the TaOx and Ta films, respectively. For the Ta film and at temperatures above 10 K, the
exponent seems to decrease to −1.1± 0.2.

The remaining parameters obtained from the fits can be seen in Fig. 5.15(e) and (f). The
simplified formula of Eq. 2.22 includes a quadratic component b that relates not only with the
classic cyclotronic term but also with the simplified components of the spin-orbit and elastic
terms of the general Hikami-Larkin-Nagaoka model, giving b = bc + bq, with bc and bq being
the classical and quantum terms, respectively. The classical term arising from the cyclotronic
MR is given by [140]:

bc = −µ2
MRG0, (5.6)

where µMR is the MR mobility that can be approximated by the Hall mobility [140], and
G0 = (2e2)/h is the conductance quantum. On the other hand, the quantum term is given
by:

bq = − e2

24πh

( 1
BSO +Be

)2
+ 3e2

48πh

(
1

4
3BSO +Bφ

)2

. (5.7)

Considering the measured Hall mobility for the Ta film, the classical term b is much lower
than the parameter b obtained from the fits, therefore the quantum term is the dominating
one, and b ≈ bq. Considering also that the mean free path Le is much smaller than LSO, the
expression relating BSO = ~

4eL2
SO

with the fitting parameters Bφ = ~
4eL2

φ
and b can be derived,

giving:

BSO ≈
3
8

(B2
φ − 4Bφ + e2

4πhb

)1/2

−Bφ

 . (5.8)

The fit parameter Lφ is already shown in Fig. 5.15(d). The parameters α and LSO resulting
from the fit of the 3D WAL formalisms to the data measured on the Ta film and on the TaOx

film with x = 1 are shown in Fig. 5.15(e) and (f), respectively. For the 2D case, the LSO was
determined from the fitting parameter b using Eq. 5.8 and added to the plot of Fig. 5.15(e).
As can also be seen in the plot, the change of the fitting formula (from 2D to 3D) did not
create big discontinuities in the temperature dependence of both the α and LSO parameters.



114 5.4. Magnetoresistance

Figure 5.15: (a) Change in conductance (normalized by G0 = 2e2/h, the conductance quan-
tum) as a function of the applied magnetic field at 1.8 K ≤ T ≤ 8 K for the Ta film. The lines
show the least-squares fit to the simplified 2D Hikami-Larkin-Nagaoka formula shown in Eq.
2.22. (b) Change in resistivity as a function of the applied magnetic field at 10 K ≤ T ≤ 26 K
for the Ta film. The lines show the least-squares fit to the 3D weak antilocalization formula
shown in Eq. 2.25. (c) Same as (b) for the TaOx film with x = 1.0 for T ≤ 26 K. (d) Decay
of the PBL (Lφ) obtained from the fits shown in (a)-(c) for all temperatures. The lines show
a power-law fit to the full data points, with the indicated exponent p. For the Ta sample
(on the right), two fits were performed, with the data divided in two ranges: T ≤ 8 K and
T ≥ 10 K. (e-f) Remaining parameters α and LSO resultant from the fits using the weak
antilocalization formulas for Ta and TaOx with x = 1, respectively. The parameter b in the
inset of (e) is the true fitting parameter from which LSO is calculated.
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Figure 5.16: Schematic model (as it would be seen from the top view of the film’s surface
area) of the microstructure evolution in the TaOx films with increasing oxygen concentration
x. The blue region represents Ta(O), while the beige fields represent Ta2O5. The increasing
oxygen concentration leads to a higher Ta2O5 content, eventually breaking the percolation of
Ta granules and thus, inhibiting the metallic behaviour.

5.5 Discussion of a possible model for the transport in the
TaOx thin films

5.5.1 Structure model for the transport

The temperature dependent data of the resistivity of the Ta and TaOx films revealed
the same transport mechanisms, especially at temperatures above 25 K. Nevertheless, the
resistivity of the TaOx films with x = 1 is one order of magnitude higher than the resistivity
of the Ta films. Hall measurements revealed a high carrier concentration in the TaOx films
with x = 1.0 and x = 1.3, only approximately 2.7 times lower than the that measured in the
Ta film. And finally, the MR observed in the TaOx films with x = 1 at low temperatures
is accurately described by the same quantum interference effect as that observed in the Ta
film. These three experiments add to the structural analysis discussed before in favour of the
decisive role of metallic Ta in defining the electrical transport in the TaOx thin films.

Given a sufficient metal concentration in the films, provided by the Ta(O) phase, it is
possible to form a percolation path for transport consisting of metallic Ta granules. This
seems to be the case for TaOx films with x ≤ 1.5, as the films with higher oxygen content
proved too resistive for the methodology implemented in this work. A schematic model of the
evolution of the structure of the TaOx films with increasing x is shown in Fig. 5.16. At stages
1 and 2 of the schematics, representing the situation for lower x values, it is still possible
to have a continuous conduction path through the Ta granules. Considering this percolation
model, it is also understandable why the resistance of the samples with x > 1.5 is so high
that we could not measure it with the used setup. Most probably, the amount of oxygen was
high enough to form a sufficient quantity of the oxide phase to impede a percolation path, as
schematically depicted in the third stage of the schematics in Fig. 5.16. As the resistivity of
Ta2O5 is very high, the resistance of such a film would be dramatically higher than the one
obtained in films where the metallic percolation is achieved.
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5.5.2 Transport mechanisms

High temperature regime

The behaviour observed in the Ta and TaOx films, with the negative TCR and the power-
law temperature dependence of the conductivity with an exponent of 1/2, is typical of disor-
dered metals [138, 144], also known as dirty metals. An example of this is the transport of the
metal alloys studied by Mooij. The same is also observed in other disordered systems, such as
n-type nanocrystalline silicon with electron density above 1019 cm−3 [233]. The temperature
dependence of the conductivity in these metals, where disorder dominates the transport be-
haviour, is related to electron-electron interactions and weak localization [138]. These effects
are not considered when solving the Boltzmann transport equation for typical metals. How-
ever, they become important when the disorder is high, i.e., when the Ioffe-Regel criterion is
not fulfilled. The criterion is based on the calculation of the quantity kF ·Le, where kF is the
Fermi wave vector. kF · Le can be estimated based on the experimentally determined charge
carrier concentration and resistivity. For that an approximation to the Drude model and a
spherical Fermi surface is considered, which returns [135]:

kF · Le =
(
3π2

)2/3 ~
e2
n−1/3

ρ
. (5.9)

Based on the experimental results, kF ·Le is 4.4, for the Ta film, while for the TaOx film with
x = 1, it is approximately 0.58. As expected, the value is greater in the Ta film, indicating
a smaller degree of disorder relatively to the TaOx films. With these values, the Ioffe-Regel
criterion kF ·Le � 1 is not fulfilled, and the Boltzmann transport equation cannot be applied
without significant prediction error. Thus, the quantum corrections to the conductivity play
a decisive role in determining the electrical transport.

From the quantum corrections presented in chapter 2 there is one that stands out due
to the explicit dependence on

√
T : the electron-electron interference. This effect leads to a

correction to the metal conductivity known as the Aronov-Alt’shuler effect [143], which for
3D-transport is mathematically described by [138]:

∆σ = 1.3√
2

e2

4π2~

(4
3 −

3
2 F̃σ

)√
T

D
, (5.10)

where F̃σ = −32
3 F

[
1 + 3

4F −
(
1 + F

2

) 3
2
]
, F is the Hartree term that quantifies the strength

of the screening between electrons, and D is the electron diffusion constant. This correction
fits very well to the measured transport temperature dependence for the Ta and TaOx thin
films at T > 25 K. Furthermore, the analysis of the MR data suggests that the mean free
path is very small, very probably smaller than units of nm, enabling 3D transport in the 20
nm-thick films. Despite this good framework to understand the transport in the TaOx films,
it is observed that, from sample to sample, the slope in the σ vs

√
T plots (Fig. 5.9) changes

considerably. Considering Eq. 5.10, the only parameters that can change with the sample are
F and D. The linear fits indicate a decrease of the slope by a factor of 4.6 from Ta to TaOx.
The F term should take a value close to 0.44 for Ta, as reported in the literature [232], and it
should decrease going from Ta to TaOx. However, going to higher oxygen concentration, the
slope decreases further. This makes it problematic to explain the data solely in this framework



5. Understanding the transport in substoich. TaOx thin films 117

because the screening term F should not vary by orders of magnitude, unless there is a big
change in the carrier concentration [232], which is definitely not the case.

Electron-electron interference is also commonly observed in granular metals, where metal-
lic granules are surrounded by insulating domains [147, 150, 155]. For the TaOx films, con-
sidering the proposed model (Fig. 5.16), the increasing oxygen concentration leads to the for-
mation of the insulating oxide. Therefore, the granular-metal scenario in the metallic regime
could provide a better framework to explain the transport data. In this case, the correction
due to the electron-electron interference preserves the

√
T dependence for 3D transport but

would be directly proportional to the size of the granules a through the expression (calculated
from Ref. [150]):

∆σ
σ0

= α

12π2g
a

√
T

Deff
, (5.11)

where α = 1.83 is a numerical constant, g is the tunnelling conductance between granules, and
Deff is an effective diffusion constant related to the transport on scales much larger than the
granule size. Therefore, the decrease in the granule size with increasing oxygen concentration
can explain the decreasing slope. It should be noted, nevertheless, that the ascription of the
electron-electron interactions to the observed dependence up to room temperature is still a
controversial topic in literature, and thus still lacking a more consensual explanation.

Low temperature regime

The experimental resistivity data for the TaOx films show that the
√
T behaviour breaks

at low temperatures, especially below 25 K. Another mechanism should then be responsible
for the observed temperature dependence. The fits were fairly good with the Efros-Schlovskii
hopping mechanism.

It is also reasonable to think that in the granular metal scenario, the Ta granules are some-
times separated by a region of insulating Ta2O5, so that the electrons could have to overcome
or tunnel through a potential barrier during inter-granular transport. In fact, Eq. 5.11 al-
ready includes g, the tunnelling conductance between granules. This inter-granular transport
could, very probably, become the bottleneck for the transport below a critical temperature.
The situation is very similar to the case of a granular metal in the insulating regime, where
the granules are separated in space and no percolation is possible. In the insulating regime,
the transport is characterized by a temperature dependence with the exact same form of the
Efros-Schlosvkii hopping mechanism. Therefore, this offers a decent explanation for the low
temperature regime, especially for the film with x = 1.5. The application of a magnetic field
changes the behaviour for the TaOx film with x = 1, leading to a shift from the ln(ρ) ∝ T−1/2

dependence to a ln(ρ) ∝ T−1/4 dependence, which is characteristic of Mott’s VRH. This
could mean that the carriers become strongly localized at low temperature under the effect
of the magnetic field, thus breaking the metallic transport observed for higher temperatures.
However, the reduced activation energy plot does not clearly classify this particular sample
as insulating, because there is no obvious divergence to high resistivity down to 1.8 K. Al-
though a similar trend with the application of a magnetic field is observed also for Ta, the
VRH regime is not yet obtained at 9 T, and does not seem to evolve further, as the MR is
already saturated for this value of the magnetic field. Probably, the reason for this difference
comes from the lower amount of oxygen in the Ta film, which is not sufficient to break the
continuous path of Ta throughout the sample.
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Other possibility for the deviation from the
√
T behaviour was reported for other material

systems, such as Fe-SiO2 nanocomposite films behaving like a granular metal [147]. The
authors explain the deviation at low temperature with an emergence of quantum size effects.
These occur due to the small contact volume between neighbouring granules that create
nano-sized constrictions. However, this transition is accompanied by a decrease of the carrier
concentration of one order of magnitude. This does not seem to be the case for the measured
TaOx films, although a slightly stronger change of the carrier concentration is observed below
the transition temperature.

5.5.3 Magnetoresistance

The observed decrease of the PBL from the Ta to the TaOx films should be associated
with the increase of the oxygen concentration in the films. This increase is translated into an
increase of the interstitial oxygen concentration in the Ta granules, as well as into a reduction
of the size of the Ta granules due to the formation of Ta2O5. Both lead to an increase of the
inelastic scattering probability, thus reducing the PBL.

The decay exponent of the PBL with temperature provides information on the dominating
dephasing mechanisms involved. According to Assaf et al. and references therein [140, 234,
235], the exponents −0.5 and −0.75 are associated with inelastic electron-electron collisions in
2D and 3D, respectively. Electron-phonon collisions result in a faster decay with an exponent
of at least −1. For the TaOx film, the fitted exponent of −0.55 ± 0.02 indicates that the
dominating dephasing mechanism involves 2D electron-electron collisions. For the Ta film, at
lower temperatures the exponent of −0.76 ± 0.02 indicates that the scattering is dominated
by 3D electron-electron collisions, while at higher temperatures, electron-phonon collisions
become the dominant scattering mechanism giving an exponent of −1.1± 0.2.

5.6 Insight into the conductive filaments of ReRAM devices

Transport model for the filament

Chapter 4 presented a correlation between the transport mechanisms in the substoichio-
metric TaOx films with x ∼ 1 and in the Ta2O5-based RS devices in the LRS. The experimen-
tal evidences presented in this chapter enabled the understanding of the physical origin of the
transport properties of the TaOx thin films. Piecing these two parts of the puzzle together
reveals some insight into the physical properties of the conductive filaments inside the Ta2O5
ReRAM devices. The overall conclusion is that the transport in the conductive filaments is
also dominated by the metallic Ta(O) phase. There should indeed be a Ta percolation path
in the filament that is responsible for the transport behaviour. This is schematically depicted
in Fig. 5.17, where the filament body includes Ta clusters that enable metallic transport
between the two electrodes in the LRS.

This model describes well the Ta2O5-based ReRAM devices where the LRS shows a low
resistance, up to units of kΩ, and an ohmic I − V characteristic. However, it could fail for
devices where the resistance in the LRS is of the order of 10 kΩ, where potential barriers at
the Pt/Ta2O5 interface could play a key role [65, 80]. Considering our conductivity data, a
cylindrical filament of TaOx with x = 1 and a length of 5 nm returns a resistance of 1.5 kΩ
and 5.8 kΩ for diameters of 10 and 5 nm, respectively. These values should indicate an upper
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Figure 5.17: Schematic model of the conductive filament in Ta2O5-based ReRAM devices,
showing its structure, composed of granules of metallic Ta in an insulating Ta2O5 matrix.
The blue region represents Ta, while the beige region represents Ta2O5.

limit of the resistance for the validity of the proposed model. In our case, devices with an
LRS of 3.5 kΩ still exhibit metallic behaviour.

Besides LRSs exhibiting negative TCR, there are also LRSs which show a positive TCR.
This is actually in agreement with other previously published works [90, 96, 236]. The positive
TCR in the LRS was observed in RS devices where a higher current (typically above 2 mA)
was allowed through the conductive filaments. The positive TCR could be related with a
structural change of the Ta phase in the filament. Indeed, the TCR is normally used to
distinguish the two phases of Ta. While the bulk α-Ta phase exhibits a positive TCR, the
disordered β-Ta phase is known to exhibit a negative TCR [171, 174]. Additionally, for a
sufficient quantity of the α phase, a mixture of both phases can also lead to a positive TCR
[174]. For thin films, the β-Ta to α-Ta transformation is achieved via thermal annealing
in vacuum of the as-grown films at temperatures in the range from 400 − 650°C [165]. On
the other hand, it is widely understood that operation of the RS devices induces very high
local temperatures that can surpass 1000 K due to Joule heating in the conductive filaments
[27, 66–70]. Therefore, it is possible that during electroforming and during SET (switching
from the high-resistance state to the LRS) at a high current level, the local temperature in
the conductive filament is high enough to induce the structural change of the Ta granules
from the β- to the α-phase. The mixture of α-Ta and β-Ta would then enable the positive
TCR observed. Crystalline α-Ta and β-Ta phases have been observed in conductive filaments
in Ta/TaOx/Pt devices by means of electron diffraction, along with a positive TCR in the
LRS [236]. When the current through the filament is limited to lower values, the structural
transformation can be impeded, at least to a certain extent, and a negative TCR is obtained.
Another important thing to consider in the phase transformation is the amount of oxygen in
the Ta granules. The disordered β-Ta phase appears to be able to accommodate much more
oxygen than α-Ta. Structural studies of sputtered Ta films in a chamber with controlled
oxygen content reveal the phase transformation from α to β as soon as 4% of oxygen is
used, with the α-Ta disappearing completely after 10% of oxygen [222]. Based on this, the
movement of oxygen in and out of the conductive filaments during the RESET and SET could,
thus, also play a role in the β to α transition and vice-versa. The increase in current through
the conductive filaments is commonly perceived also as an increase in the filament’s diameter.
Other molecular dynamics studies show that the phase stability is dependent on the size of
the Ta clusters. The beta phase is more stable for smaller clusters (smaller than 200 atoms),
while the α phase is more stable for bigger clusters [237]. It is not possible, nevertheless,
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to completely disregard the parasitic effects at play when discussing the positive TCR, as
discussed in chapter 4. Although the measurements performed in the breakdown devices,
which show a significantly lower resistance, increase the confidence in that the positive TCR
effect stems from the conductive filament.

Model in the framework of the literature

The metallic Ta-rich filament model is supported by first-principles studies reported by
Xiao and Watanabe [231]. The authors suggest that the Ta-Ta bonds are the main con-
tributors to the formation of the conductive filaments in TaOx-based RS devices, instead of
oxygen vacancies. This theoretical study also reports that above 1400 K the Ta atoms tend
to arrange in a layered structure, crystallizing in the α-Ta phase with interstitial O atoms.
This last statement supports the β to α evolution obtained at higher currents.

Experimentally, Ta-rich conductive filaments have been observed in RS devices by means
of different techniques. However, the authors sometimes refrain from claiming the metal-
lic nature of such Ta-rich filaments. Strachan et al. imaged the conductive filaments in
Ta/Ta2O5/Pt devices with X-ray spectromicroscopy, which revealed a localized region less
than 150 nm in diameter with a Ta-rich composition sorrounded by nano-crystalline Ta2O5
[45]. These results highlight the role a material change in the insulating Ta2O5 to the re-
sistive switching phenomenon in TaOx-based ReRAM devices. High-resolution TEM and
related techniques have also been instrumental in revealing the Ta-richness of the conductive
filaments. Park et al. verified in-situ the formation and annihilation of conducting channels in
a more complicated TaOx-based structure with the Pt/SiO2/Ta2O5−x/TaO2−x/Pt layer stack
[91]. But the results also support internal atomic rearrangements that lead to the formation
of Ta-rich regions, with the authors reporting a probable composition of TaO1−x inside the
conducting channels that form in the SiO2 layer, while Ta-rich clusters form a percolation
path in the Ta2O5−x layer. More recently, the Skowronski group published two papers re-
vealing the atomic composition of the conductive filaments in TiN/TaO2.0/TiN structures
by HAADF STEM coupled with EDX and electron energy loss spectroscopy [48, 49]. They
show that the composition of the filaments can reach TaO0.4, a very high degree of oxygen
deficiency. The authors argue that the lateral motion of Ta and O driven by temperature
gradients (Soret effect) is a particularly important driving force for the re-distribution of these
two elements in the switching region. The conduction model put forth in this thesis intro-
duces a possible physical transport mechanism that is compatible with the metallic filament
picture supported by the experimental works mentioned. This picture is not compatible with
commonly reported oxygen vacancy-based transport mechanisms.



Conclusions and outlook

Summary of the conclusions

This work started with the objective of performing a detailed study of the electrical trans-
port in conductive filaments of valence change mechanism-based ReRAM devices. Ta2O5 was
chosen as the insulator material for being a popular choice among the resistive switching com-
munity, due to its resistive switching performance. Starting with the study of transport in the
Ta2O5 ReRAM devices, the work evolved in parallel to the structural and electrical transport
characterization of substoichiometric TaOx thin films, to recreate in a better geometry (for
research purposes) the material of the filaments.

The ohmic behaviour of the I − V characteristics in the low-resistance state (LRS), and
the weak temperature dependence of the resistance in the temperature range from 2 K up
to 300 K indicate that the conduction in this state is mainly determined by the conductive
filament. This precludes a strong influence from the interfacial effects. The weak temperature
dependence is accompanied by a negative temperature coefficient of the resistance (TCR),
typically observed in insulators. However, the small value for the TCR is more common
in metals and the resistance does not diverge strongly at the lowest temperature, which
is one of the conditions for being an insulator. On the other hand, in the high-resistance
state (HRS) I − V characteristics do show a more pronounced non-linearity, impeding the
analysis employed for the LRS. Interestingly, different HRSs show evidence for the occurrence
of random telegraph noise (RTN). Transport measurements in the substoichiometric TaOx

thin films show that resistivity evolves similarly with temperature for x = 1− 1.5. Moreover,
a clear correlation between the electrical transport mechanisms in conductive filaments in
Ta2O5-based ReRAM devices in the LRS and the in-plane transport in substoichiometric
TaOx thin films with x ∼ 1 was shown. At T > 50 K, the conductivity follows a

√
T

dependence for both cases. This also indicates that the dimensionality of conduction is similar
in both systems. The correlations provide strong evidence that both systems share common
material properties at microscopic level. This finding motivated further detailed analytical
studies on substoichiometric TaOx films, as they may provide a much needed insight into the
composition and structure of the conductive filaments in Ta2O5 ReRAM devices.

In order to clarify the origin of the observed electrical transport in the TaOx thin films,
the study was extended also to metallic Ta and Ta2O5, the two known stable phases of the
Ta-O material system. Grazing incidence X-ray diffraction (GIXRD) of the TaOx films re-
veals a mixture of the disordered β-Ta phase and amorphous Ta2O5. The change of the lattice
parameters relatively to the metallic Ta film evidences the existence of oxygen interstitials,
responsible for the expansion of the unit cell. The relative contributions from the β-Ta and
the amorphous Ta2O5 change with increasing x in TaOx, where the metallic peaks decrease
in intensity relatively to the broad features of the oxide phase. These findings agree well
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with the columnar structure and elemental distribution observed by scanning transmission
electron microscopy (STEM) using Z-contrast coupled with EDX. The microscopy experi-
ments also showed that there is an accumulation of oxygen in the space between the Ta-rich
columns. The temperature dependence of the conductivity in the TaOx films with x ∼ 1
is dominated by disorder-induced effects that lead to a power-law temperature dependence
with an exponent of 1/2. The same dependence was observed in sputtered β-Ta films. This
behaviour probably originates from electron-electron interactions. The Hall data shows a very
high carrier concentration of approximately 2.6× 1022 cm−3 and a rather low mobility on the
order of 0.1 cm2 V−1s−1 for the films with 1 ≤ x ≤ 1.3. This carrier concentration is only
half that which was measured in the Ta film. Magnetoresistance measurements on the TaOx

films indicate weak antilocalization at temperatures below 30 K. Once again, the Hall and
MR results establish a clear link between the TaOx films and the β-Ta film, which shows the
same characteristic magnetotransport behaviour. Therefore, the transport in TaOx films is
understood as conduction through a percolation path formed by disordered Ta granules.

Based on the correlations between the transport mechanisms in conductive filaments in
Ta2O5-based ReRAM devices and in substoichiometric TaOx thin films with x ∼ 1, it is
possible to infer that the transport in the conductive filaments also occurs by percolation
through metallic Ta granules. This agrees with previous literature results where metallic Ta
or a very Ta-rich material has been observed in the filaments. This understanding allows for a
more correct interpretation of the electrical transport in the scenario of a filament composed of
very O-poor TaOx, compared to the oxygen vacancy-based transport models. The transport
in the filaments is also dominated by disorder-induced effects that lead to a negative TCR
However, for sufficiently high currents, the conductive filaments show a positive TCR that
could be associated with an ordering of the disordered Ta phase to α-Ta.

These conclusions could possibly be applied to other material systems where similar fila-
mentary resistive switching is observed, such as HfO2.

Future work

This thesis clarified some aspects regarding the filamentary conduction in Ta2O5-based
ReRAM devices. However, it also opens various different roads for possible future work.

Although technically challenging to pursue, the direct observation of the conductive fil-
aments in operating ReRAM devices has been achieved by other research groups, mainly
through transmission electron microscopy and other microscopy techniques. Some recent
studies on Ta2O5-based devices point to the very Ta-rich conductive filaments, corroborating
the transport studies carried out in this work. Applying this kind of techniques to the same
samples used for the transport study could strengthen and reinforce these conclusions.

While the transport in the LRS was clarified in detail in this thesis, the transport in the
HRS still requires further investigation. It is clear that the emergence of the non-linearity of
the HRS is related to the atomic reconfigurations that cause the resistive switching. However,
these reconfigurations could occur in the filament, close to the active electrode interface, at
the interface itself or even at all these locations. A detailed study to uncover the origin of the
differences in transport between the LRS and the HRS could provide a much needed insight
into this topic. Towards this goal, a more systematic study of the random telegraph noise
effect, observed during this work, could also be useful.

With the objective of turning the input from this thesis into more significant information
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for the ReRAM community and industry, it is important to discuss the impact of the findings
on the state of the art models of the valence change mechanism. The metallic nature of the
filament could impose significant changes in the switching dynamics, mobility of the mobile
species, among other important electrochemistry and materials aspects. This could lead to
better physics-based dynamic models and compact models that can more accurately describe
the behaviour of the ReRAM devices and provide better device design rules.

This work also uncovered interesting questions of a more fundamental physics nature.
One such example is the obtained magnetoresistance results in the measured Ta and TaOx

samples. The main variable in the study was the oxygen concentration in the sample, and
the magnetoresistance showed considerable differences between the samples. However, the
physical origin of the changes in magnetoresistance with increasing oxygen concentration was
not completely clarified. A more systematic and detailed study could provide an answer to
this question. This should comprise not only the relevant transport and magnetotransport
measurements but also structural characterisation and theoretical simulations. This last
point is particularly relevant in evaluating the possible impact of the increase in oxygen on
the electrical transport.
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Appendix A

On the representativeness of the
samples

To simplify the discussion in the main text of the thesis, only a few representative samples
were chosen to show the overall trend and results of the experimental work. In this appendix,
additional data is presented in order to clarify the representativeness of the samples high-
lighted throughout the thesis.

A.1 Transport in Ta2O5 ReRAM devices in the LRS
As it was shown in chapter 4, the temperature dependence of the resistance of the LRS

of the studied Ta2O5 ReRAM devices shows a clear linear relationship of the conductance
with

√
T (identified as region I in the main text). As can also be seen in the same chapter,

in Fig. 4.7, sometimes the resistance clearly shows a transition at around 50 K. However,
this transition is not observed in other devices, where the temperature dependence of region
I is maintained until a lower temperature. Region I, however, always appears for the devices
where the LRS shows a negative TCR. Fig. A.1 shows additional data, evidencing the linear
relationship typical of region I also for the devices shown in Fig. 4.7(c) and (d).

A.2 Transport in substoichiometric TaOx thin films
For the case of the electrical transport in the sputtered substoichiometric TaOx thin films,

the same behaviour as a function of the temperature was observed. Fig. A.2 shows additional
data to support this. In Fig. A.2(a) resistivity data for a TaOx film with x ∼ 1 with a
thickness of approximately 100 nm. The data shows the same behaviour that was observed
for the samples shown in the main text for the same oxygen content. Again, the data can
be divided in the same two regions, where the two characteristic temperature dependencies
are clearly seen. The absolute value of the resistivity is, however, slightly different when
compared to the value obtained for the film with a thickness of 20 nm shown in the main
text. But the overall trend and behaviour with temperature is exactly the same.

In Fig. A.2(b) and (e), additional data for TaOx films obtained with the same sputtering
process as the film with x ∼ 1 shown in the main text at different times (in a period spanning
2 to 3 years). Again, the same behaviour is observed, with the resistivity exhibiting the
same characteristic temperature dependence of the two regions mentioned above, as can
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Figure A.1: Temperature dependence of the resistance in the LRS for the devices with the
switching shown in Fig. 4.2(c) and (d), respectively in (a) and (b). The data is shown in the
linearized plot to observe the linear behaviour of the conductance with

√
T . The red lines

show a linear fit to the data.

be seen in the linearized plots shown in Fig. A.2(c-d) and (f-g). The difference in the
absolute values of the resistivity can stem from small variations of the exact composition of
the films. This is probably due to the not exact repeatability of the sputtering processes at
room temperature. This clearly shows that the electrical transport properties of the TaOx

samples with x ∼ 1 shown in the main text is representative of the behaviour of different
samples with approximately the same composition.

In terms of magnetoresistance and Hall data, the trend is similar to the one observed
for the resistivity. All the sputtered TaOx samples with x ∼ 1 show the same characteristic
magnetotransport, with positive magnetoresistance that can be explained by weak antilocal-
ization, and the high values of the Hall carrier concentration. As an example, Fig. A.3 shows
the magnetoresistance and Hall data for the sample with the resistivity shown in Fig. A.2(b).
Once more, the absolute values, in this case of the MR and the Hall data, show a deviation
from the ones obtained for the sample highlighted in the main text. This variation is probably
due to the same reasons discussed above for the case of the resistivity.
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Figure A.2: (a) Temperature dependence of the resistivity for a TaOx film with x ∼ 1 and a
thickness of 100 nm. The insets show the fitting to the two regions mentioned in the main
text. (b) and (e) show the temperature dependence of the resistivity for different TaOx vdP
structures obtained with the process for x ∼ 1, deposited at different times and with different
thicknesses (approximately 50 nm for (b) and 20 nm for (e)). (c-d) and (f-g) show plots of
the data in the axis used for the fitting procedures mentioned in the text.
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Figure A.3: Magnetoresistance and Hall data for the sample with the resistivity shown in
Fig. A.2(b): (a) Magnetoresistance as a function of the externally applied magnetic field for
different temperatures from 1.8 K up to 30 K. (b) Hall carrier concentration as a function of
the temperature. (c) Hall mobility as a function of the temperature.



Appendix B

Numerical method to calculate the
reduced activation energy

The reduced activation energy is defined as [220]:

w = d ln σ
d lnT = − d ln ρ

d lnT (B.1)

The numerical differentiation needed to calculate w from the measured temperature depen-
dence resistivity data enhances the noise of the measurement, and thus can be problematic.
To minimize this problem, a centred moving average with an odd number of points n was
applied to the resistivity data, and then the reduced activation energy was obtained by cal-
culating the divided differences between adjacent points after the averaging procedure. n
varied between 10 and 15 for the used data. An additional moving average filtering was used
after the numerical differentiation, while keeping the same temperature dependence observed
prior to the smoothing procedure in order to make the dependence clearer. An example of
the effect of the smoothing procedure is shown in Fig. B.1, where the smoothed results are
compared with the raw numerical differentiation data.

Figure B.1: Reduced activation energy for a TaOx thin film with x = 1, exemplifying the
need for a smoothing procedure to make the numerical differentiation results clearer.
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Appendix C

Transport in Ta thin films: effect of
film thickness and substrate

The different electrical properties, namely the temperature coefficient of the resistance
(TCR), of the Ta thin films on top of SiO2 and Ta2O5, motivated further studies. Therefore,
Ta layers of different thickness were deposited on top of an insulating SiO2/Si substrate and,
simultaneously, Ta layers with the same thickness values were also deposited on top of 5 nm-
thick Ta2O5 layer (itself deposited on top of the same insulating SiO2/Si substrate mentioned
before). The samples were structured in a Hall bar configuration, where for each 1 inch
substrate, there were two Hall bars, one with the Ta2O5 additional layer, and one without,
as can be seen in Fig. C.2. Through this method, the Ta layer is deposited at the same
time for both cases, therefore allowing for a better comparison. All layers were capped by a
20 nm-thick Al2O3, to avoid oxidation of the Ta from the atmospheric exposure. For each
sample, the resistance was measured in the temperature range between 230 K and 300 K.
This allowed for the calculation of the resistivity and TCR for each sample. The thickness
of the Ta films varied from 2 nm up to 100 nm, while the focus was on films with a lower
thickness, closer to the thickness values employed in the ReRAM devices shown in this work.
A calibration was routinely performed in order to tune the deposition parameters to achieve
a desired thickness. Just like described before, in chapter 3, this calibration was achieved
through XRR measurements to determine the deposition rate.

The experimental data for the resistivity and TCR of the Ta thin films is summarized
in Fig. C.1. The room temperature resistivity decreases with increasing thickness up to
approximately 20 nm, where it stabilizes and does not show significant changes for higher
thickness values. This is observed for both substrates. However, by comparing the resistivity
as a function of the film thickness for the two substrates, it can be seen that the rate of
change is different. There is even a crossing at around 6 nm. Below that thickness the Ta
films deposited on top of Ta2O5 show a higher resistivity, while for a higher thickness, the
Ta films deposited directly on top of SiO2 present a higher resistivity. Interestingly, the TCR
shows a similar crossing at around the same thickness value of 4 nm. But the real difference is
that the TCR for the films on top of SiO2 is always negative, while for the case of the Ta2O5
substrate it starts being negative for lower thickness values but changes at around 7 nm to
positive. After peaking at around 20 nm, the TCR starts dropping again as the thickness
increases, even reaching a small negative value for a thickness of 100 nm. However, there
is always a quite distinct value of the TCR between the two substrates after the crossing
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thickness. This shows more clearly the differences in the TCR sign observed in chapters 4
and 5 for the Ta films deposited on SiO2 and the ones deposited on top of Ta2O5/SiO2.

Plotting the TCR as a function of the resistivity at T = 293 K in Fig. C.1(c), it is visible
that there seems to be a correlation between the two values. As the resistivity increases,
the TCR decreases, even changing sign. The resistivity value for which the TCR changes
from negative to positive values is of approximately 150 µΩcm. As seen in chapter 2, this
corresponds to the resistivity value defined by Mooij for the change of the TCR sign in
disordered metallic alloys [136]. This is another indication that the transport in the deposited
Ta thin films is strikingly similar to the one observed in disordered metals.

Figure C.1: (a) Resistivity of the Ta thin films as a function of the film thickness. The black
symbols indicate the data for the Ta films grown on top of the SiO2 substrate, while the red
symbols represent the data obtained for the Ta films grown on top of the 5 nm-thick Ta2O5
layer. The lines are connecting the experimental data points and serve as a visual guide of the
data trend. (b) Temperature coefficient of the resistance (TCR) of the Ta films as a function
of the film thickness. (c) TCR as a function of the resistivity for the data shown in (a) and
(b). The horizontal dashed line indicates the zero TCR value, while the vertical dashed line
indicates the limit of the Mooijs rule of 150 µΩcm.
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Figure C.2: (a) Illustration of the sample layout, with the sample divided in two areas, one
where there is only the SiO2 layer underneath the Hall bar structure, and another where
there is an additional Ta2O5 layer on top of SiO2. The Ta is represented in light blue, while
the electrodes are composed of Au. (b) Scheme of the Hall bar with the indication of the
electrical contacting configuration, where four electrical contacts were used. The current is
sourced and the voltage is measured.
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