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Foreword

Structuration of the thesis - storyline

This thesis is focused on the optimization and understanding of the valence-change memory
(VCM) mechanism in memristive devices. Even though each chapter has been written with the
intention of being self-contained, this dissertation should be read linearly as every new chapter
prepares the field for the next one. This project turned out to be highly multidisciplinary, from
the deposition optimization of complex oxides, the cleanroom fabrication of microelectronic
devices, the device characterization and finally the comprehension of the physical mechanism
behind the measured device properties, this thesis has been written in a way that better conveys
the logical steps giving rise to the story behind this PhD project.

The storyline is the following. The first chapter situates the work carried out during this
thesis in the rapidly evolving field of microelectronics, and more particularly in the emergent
memory technologies and new computing paradigms within the field. The materials charac-
teristics required to build these new memories with interface-type memristance are empha-
sized, in this case the need for mobile oxygen ions in the solid state. The material properties
of LayNiOy,5, an oxide with very interesting oxygen-ion conduction properties, when used
as building block for VCMs are presented in Chapter 2. Chapter 3 offers a transition be-
tween material science and device design, showing how a material such as LayNiOy,5 can
evolve into a functional device when evaporating electrical contacts on top of it. Chapter 4 is
mostly an experimental chapter where the electrical characteristics of a previously optimized
Pt/La;NiO4/Ti memristive device are assessed. Finally, Chapter 5 opens up new perspectives
of using a functional electrode such as LaNiO3 to grow complex-oxide epitaxial heterostruc-
tures such as LapNiOy4,3/LaNiO3. Each chapter has its own summary to facilitate the reading.
The manuscript ends with a general summary and perspectives for this PhD project. All the
results which did not fit into this storyline have been transferred to the (rather large) appendix
section of the thesis, in view of keeping the main message as clear as possible. Figure 1 illus-
trates the structure of the thesis and the links between the main chapters and the appendixes.

I wish you a pleasant reading!
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New memory and computation paradigms
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1.1 Beyond the von Neumann computation architecture

Traditional computation relies on the von Neumann architecture where the functional units
are both physically separated and rigid, meaning that they can only execute the task which
they were built for. These units comprise: the memory unit (MU), the control/processing unit
(the CPU, which encompasses both the control unit and the arithmetic/logic unit, or ALU)
and all of them are linked by the data paths (Figure 1.1). The spatial separation of the dif-
ferent units leads to a physical limitation in the maximum speed the information can travel
between memory and CPU, which is referred-to as the ‘von Neumann bottleneck’. Multi-core
processors were able to increase the computing performances artificially by multiplying the
amount of data being processed in parallel in different ‘cores’. Nevertheless, these processors
are still limited by the von Neumann bottleneck as the fundamental computing elements re-

main unchanged [114]. By way of illustration, the Watson supercomputer is a very good
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Figure 1.1 — Comparison of high-level conventional (von Neumann) and neuromorphic computer
architectures. The so-called “von Neumann bottleneck™ is the data path between the CPU and the
memory unit. In contrast, a neural network based architecture combines synapses and neurons into
a fine grain distributed structure that scales both memory (synapse) and compute (soma) elements
as the systems increase in scale and capability, thus avoiding the bottleneck between computing
and memory. Reprinted with permission from [114]

example of the technological prowesses that were enabled by the von Neumann architecture.
Watson was initially built by IBM to be able to understand natural - thus context dependent -
human language. As many as 2880 massively parallelized processors are providing its com-
putational power. The total weight of IBM’s Watson is close to 100 000 kg, for an energy
consumption of several megawatts . One of its key achievements already back in 2011 was
winning against two of the greatest champions at Jeopardy, a famous American television
game where three contestants are competing to be the first to figure out the question after
having heard a series of clues that are part of the answer. This is a very complex and highly
context-dependent task. Understanding the individual meaning of words is not enough to win
this game, but understanding the meaning of a word in the context of a sentence is at least as
important. Although the prowesses of this supercomputer are staggering, it is even more im-
pressive that our brain provides us with the same contextual understanding of natural language,
but with the major difference that it weighs just a little more than a kilogram, and consumes
as little as 20 W of energy, the equivalent of a low-power incandescent light-bulb [134]. Fur-
thermore, our brain makes us outstanding at performing a wide variety of highly diverse tasks
such as reading, speaking, driving, and abstract reasoning to name a few. The large intercon-
nectivity of our brain, provided by the 10'! neurons and 10'> synapses [73] is certainly one
of the key factors that allows for this flexibility. This is where the neuromorphic architecture

finds its inspiration.
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The neuromorphic computing architecture goes beyond the classical von Neumann archi-
tecture as all the computational elements are mixed together (Figure 1.1). Their strength lie
in the fact that they can evolve and adapt to changes in a dynamical way by “rewiring their
circuits” so to speak. This makes them perfect for learning processes. A neuromorphic cir-
cuit is also inherently fault and noise-tolerant, able to discriminate signal from noise in real
time. While non-volatile memories are also desired in this type of computational architectures,
memory volatility is a key aspect to implement learning processes. In fine neuromorphic sys-
tems should enable near real-time analysis of large amounts of data, have an embedded learn-

ing process and approach human-brain power efficiencies [114].

Software-based machine learning, and in particular ‘deep learning’, which is based on
multilayered neural networks will benefit highly from a hardware implementation of deep
neural networks. Neuromorphic computing systems are designed to support dynamic learning
of complex and unstructured data [114]. They are able to find patterns and classify data which
would otherwise be impossible to classify using explicitly-written rules. A concrete example
is the rising likelihood of having completely autonomous cars in the nearby future. Indeed,
it is impossible to ‘hard-code’ every action a self-driving car should take so not to crash into
another car, or a truck, a tree, a person or any other obstacle that has not been invented yet.
Nevertheless, the autonomous car should still understand that the object it is driving behind
is another car to adapt its speed if it wants to overtake it, or that a person standing next to a
pedestrian crossing might start crossing the street at some point, but that a tree certainly will
not. As human beings we are very efficient at making decisions based on this diverse and
unstructured continuous flow of data thanks to the ability of our brain to learn, improving our

decision-making capabilities by making it faster every time we discover or repeat a given task.

Today, the hardware of already commercialized neural networks are still mostly running
on CMOS-based von Neumann architecture. The ‘neural’ part is actually only a software
layer [73]. Already back in 2015, it was agreed during a roundtable about the needs for basic
research in the field of neuromorphic computing that ‘conventional approaches to computa-
tion will hit a wall in the next 10 years’ [114]. The biggest challenge in the field is to be able to
implement machine-learning on the hardware level, without requiring the additional software
layer. An entirely new architecture with a completely new flexible interconnectivity is there-
fore needed, but above all, new components which inherently show neuron-like programming
capabilities are required as the fundamental building pieces of this type of architecture. New
components means new materials and/or engineered combinations of materials to show the

desired neuromorphic memory properties.
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1.2 Memristive systems: a new memory paradigm

It was already in the early 60’s that Gordon Moore understood the immense influence integ-
rated electronics would have on our relation to technology, in fields such as communication,
transportation, data processing and many more. It would lead to a digital era where wonders
such as personal computers and portable communication equipment would be rendered pos-
sible. In his paper “Cramming More Components onto Integrated Circuits” from 1965 [87],
he first predicted empirically that the number of transistors on a chip would double roughly
every year (it was refined to every two years in 1975). This prediction has been unexpectedly
accurate over the past 50 years, and has led to very cheap integrated electronic systems. Gor-
don Moore foresaw that reducing the cost of integrated electronics would naturally decrease
the manufacturing costs and lead to the technological bloom we have been experiencing over
the last decades. In 1971, Intel released the first microprocessor that counted roughly 2300
transistors [59]. Today, the newly released processors count several billions of them and have
increased calculation speeds, less leakage currents and overall better performances. There is
no comparable technology that has seen such a drastic performance improvement within such
a short timespan.

Nevertheless, as elementary components such as transistors continue shrinking to the nano-
metre scale, fundamental scaling limits are being reached [114]. They are indeed fundamental
scaling limits as even if manufacturing technologies were to improve, they would not be able
to increase the performance of our CPUs or memory chips any further. The increase in in-
tegration density is already leading to increased fabrication costs and power consumption,
and more importantly to reliability issues. The complementary metal-oxide semiconductor, or
‘CMOS’ technology, with in particular the archetypal field-effect transistor (FET) is suffering
from tunnelling current issues, loss of effective gate control and threshold fluctuations upon
miniaturization [72]. It is thus the entire transistor architecture that needs to be rethought to
keep on improving the computational power of our integrated electronic circuits. Two paths
have been wandered to reach this goal. On the one hand new, but still transistor-based archi-
tectures (such as FInFETs or ‘gate all around’ FETs), which still rely on conventional CMOS
technology are being developed, together with new 3D stacking technologies, allowing for an
substantial increase in integration density. On the other hand, academia and industry are also
considering new non-FET architectures to replace or complement the transistor-based memory
and computation hardware still ubiquitous in our electronic devices as of today.

This thesis is focused on the further understanding and development of novel materials and
heterostructures to be applied in Two-Terminal Memristive Elements, widely used in resistive
random-access memories (ReRAM). ReRAM is an emerging non-volatile memory technology

using a two terminal capacitor-like structure as its fundamental building block. This building
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block is called a memristor. The characteristics of a memristor are discussed in the following
section.

1.2.1 The memristor

The crossbar array architecture offers the most densely packed memory or computational
architecture possible with a minimal device size' of 4F?, offering a large interconnectivity
between electrode lines (wordlines and bitlines) such that each memory unit can be pro-
grammed individually. This interconnectivity enables the random access of the stored inform-
ation instead of the sequential access leading to rather slow read/write delays experienced for
example in magnetic hard drives. Figure 1.2a is an illustration of a crossbar array constructed
from individual memristors.

—
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(a) Sketch of a crossbar memory array with a magni- (b) Simplified illustration of the I-V (top) and R-V
fication on an individual memristive unit cell showing (bottom) characteristics of a multilevel memristive

the top-bottom electrode configuration. cell.

Figure 1.2 — Memristor crossbar arrays and memristivity.

The memristor itself was first theorized by Leon Chua in 1971 as the missing circuit ele-

ment [30], an element as fundamental as the resistor, the capacitor or the inductor. Controversy

Ithe *F” in 4F? represents the smallest feature size possible at a given technology node. For example, ASML
the worldwide provider of lithography tools for chip manufacturers announced their “TWINSCAN NXE:3400B”,
to be commercialized in late 2018 or early 2019 which would reach the 7 and 5 nm technology nodes! [5]
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about finding the memristor [40, 123, 132] has lead to the appearance of a more general term
being used. Instead of memristor - which corresponds to a fundamental circuit element with
well defined theoretical properties - the term ‘memristive device’ is often used instead to refer
to devices showing hysteretic current-voltage characteristics with a so-called ‘pinched hyster-
esis’ at the origin (i.e. when V=0V,1=0 A).

A memristive device has a very simple architecture: it has a capacitor-like structure where
an insulating or semiconducting material is sandwiched between two electrodes. The applic-
ation of an external bias, for example in the form of a current or a voltage pulse enables a
reversible change in resistance of the device. Figure 1.2b illustrates how the current-voltage
(I-V) characteristics of a memristive device evolve under a bipolar voltage sweep. The device
can be programmed into two different resistance states, the high resistance state (HRS) and
the low resistance state (LRS). At a positive threshold voltage (Vsgr), the device is switched
from LRS to HRS while at a negative threshold voltage (Vrgsgr) the device can be switched
back from HRS to LRS. Furthermore, intermediate resistance states can also be programmed
as illustrated by the additional resistance levels in the R-V characteristics at the bottom of
Figure 1.2b. These intermediate resistance states can for example be attained when changing
the voltage sweep rate or the current compliance, or the pulse duration/amplitude in the case
of a pulse-controlled programming of the device (which is the final goal when implementing
it into the final ReRAM crossbar memory arrays). Finally, the programmed resistance-state of

the device can then be accessed in a non-destructive way using a lower readout voltage (Vi ead)-

This resistance-change phenomenon was first reported in 1962 by T.W. Hickmott [54] in
a Al/Al,O3/Au stack and many other works have documented this memristive behaviour ever
since, usually by using the terms ‘resistive switching’ (RS) although, electronic pulse induced
resistance (EPIR) or ‘memristivity’ have also been used.

In literature, the electrical response leading to RS can be categorized mainly into two types:
unipolar or bipolar, referring to the bias polarity that should be applied to switch the device
reversibly between HRS and LRS. Furthermore, subcategories such as filamentary switching
or interface-type switching have been made to get a better insight on the switching mechanism
and its location. Indeed, in filamentary switching, the phenomenon takes place locally (in the
form of filaments) within the bulk of the sandwiched material while in interface-type switching
it takes places throughout the entire electrode/insulator (or semiconductor) interface. Experi-
mentally, the two types of switching can be differentiated by the fact that only the interface-
type switching should scale with the electrode area while the localized filamentary pathways
should not be affected by a change in pad size (Figure 1.3.a and b). Nevertheless, other in-
termediate situations can also occur, such as the formation of multiple filaments or large but

incomplete switching regions beneath the electrode. Furthermore, a scenario where the two
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idealized switching mechanisms are present in the same device is also very likely [90, 108].
The reader is redirected to the review written by Bagdzevicius ef al. for more details about
interface-type switching in perovskite materials in particular [10].

The switching mechanisms can be narrowed down even further to the physical origin of
the measured memristivity. Figure 1.3.c illustrates the main resistive switching mechanisms
present at the microscopic level which have been reported in literature. The understanding
of the microscopic mechanisms behind memristivity is ultimately the goal of research carried
out at the academic level in hopes of better understanding, modelling and finally proposing a
rational design of material stacks for their implementation in reliable memory technologies.

The valence-change memory mechanism (VCM) will be detailed in the following section
as it is central to the work presented in this thesis.

1.3 Valence-Change Memories

A subcategory of bipolar memristive devices is referred-to as ‘Valence-Change Memories’ in
which internal redox reactions govern the resistance-change mechanism. More particularly,
in oxide materials, the motion of oxygen ions is held responsible for the local valence-change
(redox-reaction) in the cation sublattice [135], with as consequence a more or less import-
ant change in the electronic conductivity depending on the structure of the device and the
materials composing it. Both filamentary and interface-type switching can exhibit a VCM
mechanism (Figure 1.3.c). Nevertheless, it should be noted that once memristive devices are
manufactured at the nanometer scale, there comes a point where only interface-type switching
can be present due to the finite, nanometer-size of the filaments. When reaching that point, the
exact composition and structure (or lack thereof) of the filaments should be known in hopes
of being able to engineer them”. Currently there is little control over the filament properties as
they are most usually obtained after a so-called ‘forming process’, which is usually compared
to a soft dielectric breakdown of the sandwiched material.

1.3.1 Interface-Type Valence-Change Memories

In this section the functioning of oxide-based interface-type valence-change memories will be
described.
In interface-type VCMs, the resistance-change is usually attributed to a field-induced

change of a Schottky barrier at the metal/oxide heterojunction [135]. The externally-applied

2This understanding of the structure and composition of the material at the nanoscale is of course only inter-
esting from the academic point of view, in industry the priorities lie elsewhere (it does not really matter how it
works, as long as it does work!)
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Figure 1.3 — Area dependence of the high- and low-resistance state (HRS and LRS) values for
(a) filamentary and (b) interface-type RS. Data for each oxide-based memristive device extracted
from references: NiO [7], Mn:ZnO [97], Nb:STO [118] and LCMO [51]. (c) Classification and
illustrations of the reported RS mechanisms for filamentary and interface-type switching. From left
to right: thermochemical mechanism (TCM), electro-chemical metallization (ECM), filamentary
valence change mechanism (VCM), interface VCM, purely electronic and electrostatic effects and
ferroelectric polarization mechanism. For the ECM mechanisms, the arrows depict migration of
the electrode material in the form of cations (eg Cu* or Ag*) while in VCM-type switching, the

arrows show the migration of oxygen vacancies under device operation. Reprinted with permission
from [10].

electric field induces a drift of oxygen ions which accumulate at the positive electrode, locally
changing the metal/oxide junction properties, such as for example the depletion width (Wy)
of the majority carriers. This process is illustrated in Figure 1.4.

Besides changing the characteristics of the Schottky contact, the accumulation of oxygen
ions near the electrode can also lead to the generation of interlayers. The supply of oxygen

ions from the oxide layer (or from the atmosphere) into the metallic electrode can result in
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Figure 1.4 — (a) Schottky junction between a metal and an p-type oxide semiconductor with homo-
geneously distributed oxygen ions. (b) The same junction after having applied a positive voltage
on the metal electrode, causing the drift of the oxygen anions towards the metal/oxide junction and
changing the characteristics of the memristive device from HRS to LRS. Wy is the depletion width
and ®y is the Schottky barrier height.

the formation of these oxide interlayers. This process is mostly dependent on the Gibbs free
energy for the formation of the metal-oxide phase (from the electrode material) and will be
further discussed in Chapter 3, in the Section: Oxygen affinity of the electrode and formation
of interlayers. The additional oxide interlayer then adds a series resistance to the device,
increasing its resistance-state and (in some cases) can trigger a memristive behaviour.

Finally, an homogeneous bulk valence-change mechanism where internal redox reactions
change the electronic-conduction properties of the entire sandwiched oxide layer can also take
place, and was for example reported in [3]. Nevertheless, an oxygen reservoir (being it a solid
layer added to the stack or the atmosphere) is still required to store and restore the oxygen
content exchanged by the oxide film.

R. Waser pointed out that ‘The limiting factor of the switching process in VCM cells is
supposed to be the mobility of oxygen vacancies due to its low value at room temperature and
at low electric field’ [135]. Therefore, the different ways to trigger or improve oxygen migra-
tion in mixed ionic-electronic conducting materials will be discussed briefly in the following

section.

1.3.2 Triggering ion migration in oxides

There are multiple ways to trigger oxygen-ion migration in solid ionic conductors. In this
section we will describe how a chemical gradient, an electric-field or a temperature gradient

can trigger these migration dynamics.
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Electric Field When considering the oxygen atoms as negatively-charged point defects (or
similarly oxygen vacancies as their positively-charged counterparts), they become sensible to
coulombic interactions and thus to externally-applied electric fields. In a crystalline matrix,
oxygen-ion migration can be thought of as a hopping process in a periodic potential [77]
(Figure 1.5.a). Nevertheless, an electrical field can only modulate the oxygen distribution in a
nanoscale distance, as the expected field required to move oxygen ions is around the order of
10% V/em [8, 33]. Luckily this field strength becomes technologically viable at the nanoscale,
representing for example 10 V applied on a 100 nm-thick film. The more localized the voltage
drop (at the metal/oxide interface for example), the higher the electric field and the more likely
a field-induced drift of oxygen becomes.

On another side, a local temperature increase in the form of Joule heating could dramatic-
ally increase oxygen mobility. The local heating is however difficult to asses at the nanoscale.
Important atomic displacements can happen when combining these two effects: high electric
fields and subsequent Joule-induced temperature increase [8, 68]. In these conditions, hopping
rates can attain ~107 s™! [77], consistent with some reports of nanosecond switching speeds in
filamentary systems [26].

Soret diffusion A temperature gradient VT can result in an isotropic hopping of oxygen
atoms. The additional thermal energy an atom possesses makes it easier for it to hop to an-
other site until it finds itself trapped again in another potential well in a cooler region of the
material. The microscopic force leading to this net oxygen motion from hotter to cooler re-
gions in the sample is termed the Soret force [77] and is represented in Figure 1.5.b. The
Joule heating generated when applying an external electric field can generate these temperat-
ure gradients within the material, particularly in the presence of highly conducting filamentary
pathways [77]. In the case of interface-type switching, the metallic electrode could also play
the role of a heat sink (depending on the electrode material), generating more homogeneous
temperature gradients within the oxide material in a perpendicular direction to the contact,

effectively attracting oxygen atoms towards it.

Fick diffusion A chemical composition gradient will tend to re-equilibrate to maximize
entropy. Practically speaking, oxygen atoms present in oxygen-rich regions will tend to diffuse
towards oxygen poor regions until a flat oxygen profile within the material is achieved [77].
This process is illustrated in Figure 1.5.c. An oxide in its pristine (unprogrammed) state should

initially have a uniform® distribution of oxygen atoms, making the Fick diffusion process

3The term ‘uniform’ might be a bit of a stretch here as space-charge regions usually exist at the surface of a
material and/or at grain boundaries or other extended defects. Nevertheless, there should initially exist a stable
oxygen distribution taking into account all these chemical and electrical fluctuations within the material.
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Figure 1.5 — Schematic illustration of the forces that influence oxygen anion motion for (a) drift
(electrical potential gradient), (b) thermophoresis (temperature gradient) and (c) Fick diffusion
(concentration gradient). Adapted with permission from [122].

negligible.

Nevertheless, once an external field is applied, assuming that no solid state reactions take
place at the interface and that the oxide material allows for a wide range of oxygen stoi-
chiometries (e.g. perovskites), then oxygen ions would start accumulating at the positive elec-
trode interface (see for example Figure 1.4), the oxygen concentration profile is then no longer
uniform, and, once the field is removed, it would be expected to relax back to a state that re-
sembles the initial resistance state (IRS)*. This equilibration process should have a duration
which is characteristic to the oxide used as ionic conductor (related to its oxygen diffusion
coefficient), keeping in mind that some metastable states of a material can have very long time
constants.

The fickian diffusion process should be of key importance in the volatility-rate of VCMs.
Oxide-ion conductors with different oxygen-diffusion coefficients would then enable tuning
the retention time of memristive systems. This is particularly interesting for neuromorphic
applications as both volatile and non-volatile memories are of interest in the construction of
neuromorphic computing architectures, in the short-term plasticity and the long-term plasti-
city synapse arrays, respectively (see Figure 1.1). The three forces described above can be
present simultaneously with different magnitudes depending on the biasing conditions and
the material systems. They are also intricately connected: applying an external electric field
induces a current which can lead to a subsequent temperature increase through Joule heat-
ing, triggering Soret and Fickian diffusion processes. Temperature increase and concentration

gradients can then favour chemical redox processes and new chemical gradients... the complex

“only if the biasing did not lead to important and irreversible changes in the structure/composition of the
oxide material, as would be the case during an electroforming step.
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interplay between all these forces will determine whether or not the new state of the material
is thermodynamically stable, and if not how fast this new kinetically stable state will return to
equilibrium.

Interestingly, the important non-linearities in the oxygen mass transport activation provided
by temperature or electric-field, in conjunction with the chemical activity of oxygen are key to
solving the ‘voltage-time dilemma’. This dilemma was pointed out by Schroeder et al. [113]
to illustrate how, in purely electronic systems, very fast memory operation speeds (preferably
in the nanosecond-range) are not compatible with long-term memory retention capabilities
(which should be ~10 years for non-volatile memory applications). Additional mechanisms
such as redox reactions and mass transfer should also be present to render these contradictory

memory requirements possible.

Enhancing oxygen mobility in oxides Materials exhibiting slow ion migration can benefit
from an large amount of grain boundaries or amorphous phases while ionic conductors benefit
from a highly ordered single-crystalline micro structure [33]. Tensile or compressive chemical
stresses can - in theory - alter the oxygen mobility in a material by several orders of magnitude
when compared to its bulk values by modifying the activation barrier for migration [33]. In
particular, a tensile strain of the crystal lattice will favour the generation of oxygen vacancies
to relax stress, enhancing the overall oxygen mobility in an oxide material [75].

Other ways of increasing oxygen mobility in the particular case of filamentary resistive
switching is through a ‘forming step’, as will be discussed in the following section.

1.3.3 Triggering memristivity through electroforming

The electroforming step is typically a one-time application of a high voltage (or current) trig-
gering a large and usually irreversible change in resistance of the (pristine) memristive device.
After being formed, the device can normally be programmed using lower voltages than the
one required for electroforming.

In the final ReRAM devices, the implementation of a forming step leads to complications
such as current overshoots and/or a non-uniform forming bias distribution inherent to the ar-
chitecture of the memory [63]. The current overshoots can lead to a deterioration of any one
of the components present on the chip, or even to the hard breakdown of the formed memory
cell to a non-switchable resistance state. In the case of a voltage-controlled electroforming
(as opposed to current-controlled), the use of a current compliance is usually crucial to avoid
a hard breakdown of the device, setting it in an irreversible LRS [64]. On top of being a
hassle for technological implementation, an electroformed device is subject to highly variable

electrical properties [68]. Furthermore, the need for a forming step highly complicates the
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comprehension of the mechanism behind the change in resistance. While a chemical resemb-
lance might still exist, the formed device has no need to show any physical similarity to the
pristine material. The forming step is likely to create new phases, or dope the material locally
by generating new charge carriers through redox processes and/or point defects [129].

The forming step is usually needed when using an insulating material as switching me-
dium, generating the LRS state. The current overshoot during electroforming was shown to be
directly proportional to the pristine resistance of a HfO,-based memristive device [63]. The
pristine insulating material then defines the highest resistance state possible, which usually
cannot be retrieved after forming. The issue that arises when starting with a highly insulating
material is that the control over the forming step is highly non trivial and usually leads to a
stochastic switching process by nature. The forming step being analogous to a soft dielectric
breakdown of the insulating medium, it will therefore likely nucleate at defects present within
the bulk of the material. These defects come in the form of grain boundaries, regions with a
higher concentration of point defects (such as oxygen vacancies) or even film roughness cre-
ating localized current hotspots upon device operation. These types of defects have already
received a lot of attention and are now engineered in order to have a better control over the
forming step and thus on the location of the filaments (roughness engineering in SiOx [91],
electrode shape engineering in Ti/STO/Pt [98]).

In general, defective oxides (deposited for example in reducing conditions such that oxy-
gen vacancies are readily present in the material) can help getting rid of the forming step [41,
68]. This indirectly proves that the forming step is a destructive method, needed to generate
defects and/or new phases that will trigger the functionality in memristive devices.

We will show in Chapter 4, Section: The initialisation step that an electroforming step
is not required to trigger a memristive behaviour in Pt/La;NiO4/Ti heterostructure. Instead,
what we will refer to as an ‘initialisation step’ (carried out at the same voltage as the one used
for further programming of the memory), was needed to set the device in a HRS. It could be
argued that MIECs in general, which are already good electronic conductors in their pristine
state, allow eliminating the electroforming step and facilitate interface-type resistance-change

mechanisms.

1.4 Concluding Words

Valence-change memories (VCMs) are in essence electrochemical systems based on a metal
oxide capacitor-like structure where migrating defects give rise to the memory properties.
Their implementation in micro/nanoelectronic solid state devices relies on an electronic readout

to measure the state of the device and to operate them, but their functionality is highly depend-
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ent on the electrochemical properties of the materials constituting the final device. lon motion
and its subsequent oxidation/reduction reactions is a key parameter that needs to be controlled
in order to improve the properties of these types of memories.

In the following chapter we will present how the mixed ionic-electronic conducting prop-
erties of LapNiOy4,5 offer a perfect playground for valence-change memory applications and
how we could successfully prepare the material in the form of thin films using pulsed-injection

chemical vapour deposition.
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“L2NO4” will be used throughout the thesis to refer to La;NiO4 when the exact oxygen
stoichiometry is either not known or of little importance in the discussion. The exact composi-
tion will be detailed explicitly when needed (for example “La;NiOy4 9" means that there is no
over-stoichiometric oxygen in the lattice, in which case “La;NiOy4,5” would be used instead)

This chapter is divided into four main sections. The first section is a literature review on
the structural, oxygen diffusion and electronic conduction properties of L2NO4. The second
section then discusses the motivation that led to the consideration of L2NO4 as active material
in a memristive device and how it can be of interest for VCM applications. The third section

condenses the experimental results and material properties of L2NO4 prepared in the form of
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highly oriented thin films using Pulsed-injection Metal-Organic Chemical Vapour Deposition
(PIMOCVD). The chapter ends with a summary of the most important points exposed in each

section.

2.1 L2NO4: alayered structure with mixed conduction pro-

perties

This section details the structural properties of L2NO4 and how the crystal is affected by the
oxygen stoichiometry present in the sample. The mechanism for the incorporation of over-
stoichiometric oxygen as interstitial point defect will be explained, followed by the present-
ation of the most relevant oxygen diffusion mechanisms reported in literature obtained from
atomistic simulations. The origin of the p-type electrical conductivity in L2NO4 will end this

section.

2.1.1 Structural considerations and phase diagram

L2NO4 is a member of the Ruddlesden-Popper series with general formula La,,1NiyO3p41,
which electronic conduction properties evolves from semiconducting for n = 1 (LapNiOy,
K;NiFystructure) to metallic for n = « (LaNiOj3, perovskite structure) [20]. L2NO4 is best
described as an alternation along the c crystallographic direction of LaNiOj3 perovskite blocks
and LaO rock salt layers rotated by 45° in the basal plane of the parent tetragonal structure'.
Another description of the structure when considering only the shortest bond distances, would
be a succession of NiO; and rock salt type La;O, double layers. The two schematic de-
scriptions are depicted in Figure 2.1. An additional Jahn-Teller distortion mechanism induces
the elongation of the NiOg octahedra along the ¢ crystallographic direction. The mismatch
between these heterogeneous layers resulting from different Ni-O or La-O bond lengths is the
reason for a variety of structural lattice instabilities described next.

Several stable but temperature-dependent structures have been refined using X-ray or
neutron based diffraction techniques [52, 67, 102, 103, 119] on stoichiometric LayNiO4 g
samples”. A tetragonal I4 /mmm structure is stable at high temperature (T > 700 K [52]). At
lower temperatures (80 K < T < 700 K), a phase transition to an orthorhombic Bmab structure

has obtained general consensus. This symmetry lowering is the result of a strain-induced tilt-

La,NiOy: ICDD : 00-034-0314; SG : [4/mmm (139); a = b = 3.8617A; ¢ =12.6834; o0 = B =y = 90°

Zstoichiometric samples could only be obtained using reducing treatments as La,NiOg4 o was reported to
already incorporate over-stoichiometric interstitial oxygen ions when simply exposed to air in ambient condi-
tions [100, 101]
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Figure 2.1 — Two schematic representations of the tetragonal La;NiO4 oo structure based on the
NiOg perovskite-type octahedra (left) and closest bonds square-planar NiO, entities (right).

ing of the NiOg octahedra to release the internal stresses between compressed NiO; planes and
stretched LaO layers. At even lower temperatures, a new tetragonal P4, /ncm phase appears
but there is no general agreement on this phase transition as an orthorhombic Pccn structure
has also been reported. All these temperature-dependent structures are referred to in literature
as: HTT (High Temperature Tetragonal), LTO (Low Temperature Orthorhombic), LTT (Low
Temperature Tetragonal) and LTLO (Low Temperature Less Orthorhombic). These are the
main phases reported in literature for the indexing of stoichiometric L2NO4, but the possibil-
ity of monoclinic unit cells have also been evoked, showing the complexity to reach a general
consensus and a simple description of the crystallographic structure for this compound. One of
the reasons for this can be attributed to varying oxygen stoichiometry, meaning that different
synthesis methods (and thus for example differences in the oxygen partial pressure) can result
in the growth of different L2ZNO4 phases. The K,;NiF, structure indeed offers a flexible play-
ground for variable oxygen stoichiometry, with a preference for oxygen over-stoichiometry,
which is referred to in literature as the Greek letter ‘6°. In LayNiOy4,3, this 6 overstoichiometry
is induced by oxygen ions localized in interstitial sites within the LaO rock salt blocks. As
depicted in Figure 2.2, the additional oxygen which, when indexed in the tetragonal 14 /mmm
space group is located at (%, 0;z~ }1) where it finds itself tetrahedrally coordinated by four
La** ions and four O% ions, has an important influence on the lattice parameters and even the
crystallographic symmetry of the L2NO4 phase. High oxygen concentrations tend to prevent

the NiOg octahedra from tilting (which lowers the symmetry), leading to a better stabilization
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Figure 2.2 — (a) Location and local environment of the interstitial oxygen ion (arrow) in
La;NiOg445. The interstitial oxygen is tetrahedrally coordinated by (b) four La3* atoms and (c)
four O% atoms (the resulting tetrahedrons are displayed in red). The naming convention used in
the text for the different atoms and their bounds composing the structure is better evidenced in (d).
Opp stands for “apical oxygen atom”, Ocq for “equatorial oxygen atom”, O; for “interstitial oxygen
atom”, Ni-O,, for “nickel-apical oxygen bond” and Ni-Oq for “nickel-equatorial oxygen bond”.
L2NO4 is represented in the space group 14 /mmm (SG n°139).

of the HTT phase when T < 700 K [103].

While there is some level of discrepancy between the proposed phase diagrams in literat-
ure, Figure 2.3 proposes the phase diagram of La;NiOy,5 as a function of 6 and temperature.
A monoclinic unit cell has been reported at room temperature for stoichiometric LayNiOy4 g
samples [100, 101] although the Bmab LTO structure has been favoured in the more recent
studies [57, 67, 102, 128]. Jorgensen et al. stated that the Bmab phase has a finite solubility
for excess oxygen where 0.01 <6 < 0.05 [67]. Above this solubility limit the phase trans-
forms into the F/mmm structure allowing it to better release the additional strain induced by
the presence of the interstitial oxygen atom. Nevertheless, this finite solubility is believed
to be the reason for a miscibility gap where the two orthorhombic structures coexist as a
result of the interstitial oxide ions segregating into oxygen rich domains (with F'/mmm sym-
metry) and oxygen poor domains (with Bmab symmetry) when 6 > 0.05. According to Rice et
al. [102], the tetragonal F4/mmm structure is present at room temperature over a large range
of oxygen over-stoichiometry, from 6 ~ 0.06 to 6 ~ 0.15 beyond which La;NiO4,5 adopts the
orthorhombic F'/mmm structure.

The appearance of miscibility gaps is explained by the strong correlation effects between

these anionic defects. 1D ordering of the interstitials was reported for moderate oxygen con-
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Figure 2.3 — Phase diagram for La;NiO4,5. Open circles (diamonds) indicate phase boundaries
determined by neutron single-crystal (x-ray powder) diffraction. Solid circles denote Néel temper-
atures of primary phase, solid squares indicate Néel temperatures of secondary phases, and open
squares indicate these transitions translated to the appropriate values of §. The stage-3 phase re-
gion is an estimate that pure phase has not yet been observed. For 0.11 < 8 < 0.13, the interstitial
oxygens are ordered three dimensionally, and the incommensurate magnetic ordering involves a
simultaneous ordering of holes. Reproduced with permission from [128].

centrations while very high oxygen overstoichiometry can lead to 3D interstitial ordering [57].
More details on how a structure, which at first glance seems to be densely packed, can accom-

modate an extra oxygen atom is given in the following section.

2.1.2 Mechanism for the incorporation of excess oxygen in L2NO4

The oxidation of LayNiO4 oo being an exothermic process is widely accepted [86, 93]. This can
be explained when considering that the charge separation between the Lay0,2* and the NiO,*
layers is reduced upon incorporation of the negatively-charged interstitial oxygen defects in
the LayO,2* layer and the charge compensating holes in the NiO,>" layer [102]. This being
said, the incorporation of an additional oxygen atom in a structure composed of two densely
packed substructures (rock-salt and perovskite) is in itself a surprising phenomenon. Skin-
ner showed that this process is possible thanks to an important synergy between the different
atoms (and their bonds) composing the K,NiFy structure [119]. Through neutron diffraction

experiments, he has showed that the apical Ni-O,p, bond-length undergoes a dramatic length-
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ening with the loss of interstitial oxygen. What is more, he also showed that the Ni-O and
La-O bonds are continuously compensating the loss of interstitial oxygen by adapting their
bond length, keeping changes in the lattice volume minimal. The Ni-Ogp, bond shortening
in the presence of an interstitial oxygen atom was also confirmed in the work of Jorgensen
et al. who refined the L2NO4 structure either in Bmab or Fmmm depending on the oxygen
content [67]. In their work, the interstitial oxygen defect occupies the (‘1—“ }l, 7z~ 0.23) posi-
tion in the orthorhombic Fmmm lattice where it is coordinated to four neighboring La atoms
and triggers the displacement of four neighboring apical oxygen atoms (of nearly 0.5 A) from
their original sites to take its position. Regardless of the structure, the Ni-Ogp, bound is more
affected by the presence of O; than Ni-Ogq. According to Bassat et al., an additional anti-
phase boundary arising from the tilting of the NiOg octahedra is needed to provide sufficient
space for the accommodation of O; [11]. This cooperative effect of octahedra tilting can then
help the formation of other interstitial oxygen ions and act like an extended defect. A one
dimensional ordering of the interstitials induced by (and inducing) NiOg octahedra tilts has
been well described by Tranquada et al. where the ordering has been measured through the
presence of superlattice peaks in their XRD diffraction patterns [127, 128], or by Hiroi et al.
through electron diffraction techniques [55].

First-principle calculations carried out by Akbay ef al. have shown that L2NO4 exhibits
catalytic properties towards the reduction of oxygen [2]. Indeed, the presence of an electron
in the 5d orbital of La ([La] = [Xe]5d'6s?) polarizes the 6s valence orbitals, facilitating the
chemisorption and dissociation of molecular oxygen due to the charge transfer between O,
and the LaO surface of L2NO4. Furthermore, the presence of vacant oxygen sites in the
NiOg octahedra significantly lowers the activation energy required for the dissociation of O,
(0.28 eV instead of 1.095 eV in the case of a defect-free LaO terminated surface). Frayret et
al. calculated that the formation energy of a Frenkel-type defect where Ogq takes the place
of Oj, leaving behind an oxygen vacancy in the equatorial position (0’67 eq < Voeg T 0;-’) 1s
around 1.59 eV [39]. The presence of such a defect, as was shown by Akbay et al., is then
beneficial for the oxygen uptake and further explains why over-stoichiometric La;NiOy445 is a
stable compound, at least in ambient conditions.

Frayret et al. also evoke the possibility that these Voeq— 01 Frenkel pairs are a prerequisite
for the oxygen bulk conduction in L2NO4. This aspect will be developed further in the next

section.

2.1.3 Oxygen-ion diffusion in L2NO4

The structural anisotropy of L2NO4 is the origin of the important anisotropy in its oxygen

migration properties. Kharton et al. stated that the oxygen transport through nickelate ceram-
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ics is limited by both the bulk tracer diffusion coefficient D* and surface exchange coefficient
k* [70]. An important discrepancy exists between reported values for k*, which is attributed to
an evolution of the surface of complex oxides during high temperature annealing treatments
and/or possible contamination during the handling of the samples, making cross-comparison
between different studies difficult [22]. Studies on the effect of the crystal orientation on the
values of D* and k* have been carried out primarily by Bassat ef al. and Burriel et al. us-
ing bulk single crystals or epitaxial thin films of L2NO4, respectively. They measured faster
diffusion and surface-exchange coefficients along the a-b plane than in the perpendicular ¢
direction using a tracer diffusion coupled with a SIMS profiling experiment [11, 21, 22]. As
the two perpendicular oxygen diffusion pathways are different by several orders of magnitude
(D; p >> Dy, at least for temperatures in the ~300-900°C range), it is expected for polycrys-
talline samples to exhibit average D* values closer to DZ, » than to Dy. This being said, at lower
temperatures the contribution of D} to the total ionic conductivity could be larger. Figure 2.4
reports the values for D* and k* reported in literature for LZNO4 with different microstructures

and different crystal orientations.

As far as bulk diffusion is concerned, computational evidence has showed that an in-
terstitialcy diffusion mechanism is the preferred pathway for a fast diffusion along the a-b
plane [29]. This particular diffusion mechanism involves a doubly negatively-charged oxygen
interstitial (07 ), an apical oxygen from a nearby NiOg octahedron (Of)’ ap) and an available

interstitial site (V;") as follows. First the apical oxygen site is freed when the oxygen at O, ap
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moves to V;*, leaving behind an oxygen vacancy V,; ap - This vacancy is then filled with the
nearest interstitial oxygen O/. The transfer is usually referred to in literature as a “push-pull”

mechanism and can be expressed as follows (using the Kroger-Vink notation):

0] +00,4p + Vi 2 O + V5,4, + 0] 2 Vi + 05 4, + OF 2.1

Minervini et al. have calculated an activation energy of E, = 0.88 eV [86] for this interstitialcy
diffusion mechanism, equal to the one measured experimentally by Bassat e al. [11].

An additional mechanism should also exist as Equation 2.1 cannot directly explain the very
low activation energy measured experimentally for oxygen diffusion along [0 O 1]iono04 [11].
This pathway is more complex as it requires an oxygen atom to cross the LaNiO3 perovskite
block, finding a path through the NiO, layer where the Ni and Ocq atoms are closely bound to-
gether when compared to the less energetic Ni-O,p bounds. The following mechanism (largely
inspired from the two step reaction proposed by Bassat et al. [11]) is therefore proposed next.
First an electronic transfer from a doubly negatively-charged interstitial oxygen to a positively-
charged Ni atom” in his octahedral site allows reducing the Ni-Ogq bound strength:

0! + Niy,; = O, + Niy, (2.2)

The reduced Ni-Ogq bond strength facilitates the generation of an anionic Frenkel defect where

an equatorial oxygen takes the place of a vacant interstitial site:

O0.eq Vi T Voeq+ o} (23)

Finally, an anionic transfer between the singly negatively-charged oxygen interstitial O} (Equa-
tion equation (2.2)) and the newly generated oxygen vacancy V;, q (Equation equation (2.3))

can now ocCcur:

0; + Vé,eq = Vix + OO,eq (24)

The additional step described by Equation 2.3 has been introduced here (when compared
to the diffusion mechanism proposed by Bassat ez al. [11]) to explain the presence of the Vj; , g
site in Equation 2.4.

An important effect of Equation 2.2 is that it diminishes the size and the charge of the in-
terstitial oxygen Oj (by loosing an electron from its outer shell). This makes the ionic transfer
described in Equation 2.4 much less energetic, hence possibly explaining the low activation

energy measured for this diffusion pathway. Nevertheless, as this mechanism requires addi-

3The positive charge is the results of a charge compensation to balance the presence of the negatively-charged
oxygen defect
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tional steps, its probability decreases which would explain why higher oxygen diffusivity is
being measured along the a-b plane than in the perpendicular c-direction. It should also be
said that in their more recent joint work Bassat and Burriel [22] concluded that the very low
activation energy (0.22 eV [11]) measured by Bassat et al. for the oxygen diffusion along the
c-direction could be due to a limitation in the experimental method.

The different pathways (in the a-b plane and along the c-direction) are described schemat-
ically in Figure 2.5a.

Atomistic simulations carried out by Cleave et al. on perfectly stoichiometric LayNiOy o
showed that the oxygen follows a vacancy-mediated diffusion, where the most likely pathway
is between equatorial sites in the a-b plane, with an activation energy as low as 0.55 eV [31].
These vacancy mechanisms rely on the intrinsic anion Frenkel disorder present in the material
to provide equatorial vacancy sites for the diffusion of oxygen®.

Antiphase boundaries generated by the cooperative tilting of the oxygen octahedra through
interstitial ordering effects will locally increase the available space for oxygen atoms to self-
diffuse inside the lattice, and could be at the origin of higher oxygen diffusion coefficients
measured for increasing ¢ values. Additional phonon modes are likely a key parameter to
take into account as they could generate the necessary lattice dynamics allowing for the room
temperature diffusion of oxygen ions [99].

While the mass transport of 01 takes place mainly in the La,O; layer, the electronic con-
duction occurs within the NiO; layer. The electronic conductivity in LZNO4 mediated by hole

carriers generated through a self-doping mechanism will be discussed in the following section.

2.1.4 Hole self-doping and electronic conductivity in L2NO4

In the La;NiOy, s structure the negatively-charged defect O has to be electrically compensated
by positive holes to keep the overall charge-neutrality within the lattice, as shown in the fol-

lowing equation:

1
S02+V; & O+ 20 (2.5)

This means that the more O/ are present in L2NO4, the higher the charge carrier concentration.
. . . // . . . .

It is in this sense that O; can be considered as acceptor dopants, giving rise to the p-type

conductivity measured in this material [12]. While impurity doping is achieved through the

addition of a very small percentage of impurity atoms in the material, this particular doping

“Both Minervini ef al. and Cleave ef al. agree that the formation of an oxygen vacancy in the equatorial
site is more favourable than in the apical position (1.98 eV against 2.27 eV, respectively) upon generation of an
intrinsic O} Frenkel defect [31, 86].
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(a) Interstitial oxygen diffusion pathway in the ab
plane (@) and in the c-direction (®). The dashes
are delimiting two adjacent tetragonal unit cells of
L2NO4.

(b) Oxygen ion density in the (010) plane (left) and
the isosurface connecting the oxygen conduction sites

(right) from a simulation at 900 K and a delta value
of 0.09. Highlighted on the left is the proposed inter-
stitial conduction mechanism. Also note the highly
anisotropic liberation of the equatorial oxygen ions
along the c-axis in agreement with the neutron dif-
fraction data of Skinner [119]. Reproduced with per-

mission from [29]

(c) (a—c): Snapshots of a typical diffusion pro-
cess occurring during a molecular dynamics
simulation of La;NiOy4, 5 at 900 K and d = 0.09.
Only a small subset of ions is plotted to aid visu-
alization. Lanthanum ions are represented by
blue spheres, nickel-oxygen polyhedra are plot-
ted in green and individual oxygen ions repres-
ented by red spheres, or yellow in the case of
interstitial ions. Vacant sites relevant to the dif-
fusion process are indicated by red and yellow
squares, see text for details. Reproduced with
permission from [29]

Figure 2.5 — Oxygen diffusion pathways and molecular dynamics calculations
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mechanism in which oxygen point defects are generating additional charge carriers is usually

referred-to as “self-doping”.

Kharton et al. evoked hopping of p-type carriers between mixed valence Ni cations as the
electronic conduction mechanism for L2ZNO4 [70]. This hopping conduction has an activation
energy in the 50-100 meV range [13, 34]. More particularly, a polaronic hopping conduction

has been reported in several works [69, 95].

When incorporating interstitial oxygen into the structure, a Ni valence as large as +2.48
was measured for 6 = 0.24 [120]. The shortening of the Ni-O,, bonds is believed to be at the
origin of the charge transfer from the interstitial oxygen defect to the NiO, layer. However
Jorgensen et al. [67] showed that the Ni-O,, bond length was only affected by the intersti-
tial defect in the highly doped (0.13 < & < 0.18) Fmmm phase, while showing negligibly
small changes for the Bmab phase (0.00 < 6 < 0.02). This important result suggests that a
charge transfer between the interstitial oxygen and the NiO, conducting layer is not always
necessary, and that a charge-neutral defect could be formed in the Bmab phase. In the case
of very low doping (oxygen overstoichiometry) concentrations, the presence of oxygen va-
cancies in the NiO; layers could hinder the charge transfer between Ni and Ogq, drastically
increasing the resistivity of the material and explaining why stoichiometric LayNiOy4 g has
been reported an insulator [103]. Conversely, oxygen interstitial doping makes the material
semiconducting. Although initial works reported metallic behaviour at higher temperatures
(T > 400-500 K) [60, 103], this apparent metallicity was challenged by at least two groups
as being due to a carrier loss concomitant to the loss of oxygen occurring around these tem-
peratures [13, 95]. This fact has been proven and is now widely accepted. Anisotropy in the
thermally-activated electronic conduction was also measured by Bassat et al., conduction fa-
cilitated in the ab basal plane when compared to the c-direction [12]. Nevertheless, the overall
carrier mobility remains low (0.3 ecm2. V-1t at T =650 K) [14].

Gopalan et al. evoke a “near-localization” of the holes [46] when trying to explain the per-
sistence of magnetic ordering with increasing oxygen overstoichiometry. This would suggest
that, even though O and &' are residing in two different layers within L2NO4, the holes re-
main somewhat “attached” to the interstitial point defects that generated them and could move
along with them. This hole localization has also been mentioned by Tranquada et al. [128] and
Bassat et al. [14]. This is of high importance in our study of L2NO4 as memristive material as
our aim is to use this material as a medium for the transportation of oxygen. The fact that the
holes generated by this mobile O} are not itinerant suggests that there is a possibility to dope
the material only locally where the mobile dopant is residing. This aspect will be developed
further in Chapter 4.
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2.2 Motivation to use L2NO4 as a memristive material for

VCM applications

A better control over the ionic conductivity in a material can be achieved through a careful en-
gineering of the material’s composition and/or micro structure, favouring for example a high
concentration of grain boundaries [104] and defects or at the contrary single crystal samples,
depending on which one of the two “pathways” shows the highest ion mobility. Grain bound-
ary pathways can highly improve the oxygen mobility in oxide materials showing initially poor
bulk conduction [85]. Nevertheless, these localized pathways are prone to lead to concomitant
highly localized electric current flows, which in turn lead to Joule heating and ultimately to
a filamentary-like resistive switching mechanism. When thriving for a more homogeneous
interface-type resistance-change mechanism, a bulk ionic conduction becomes the pathway
of choice. Highly electrically insulating materials should also be avoided as they will likely
suffer from a dielectric breakdown upon device operation.

As detailed in the previous section, L2NO4 is a mixed ionic-electronic conductor (MIEC),
combining electronic conductivity and high oxygen exchange/diffusion coefficients. In addi-
tion L2NO4 presents anisotropic conduction properties when grown for example in the form
of epitaxial thin films or single crystals [11, 21]. Furthermore, it has the particularity - when
compared to other complex oxides - to accommodate interstitial oxygen anions within its lat-
tice. This additional oxygen is key to the bulk oxygen conduction present in the material. A
large range of oxygen over-stoichiometry can be stabilized in L2NO4, which is also a key
property when aiming for a better control over the oxygen supply/intake needed to operate a
VCM-based memristive device.

From a historical point of view, L2NO4 first received attention after the report of super-
conducting properties in its cuprate homologue: LayCuO4 [66]. In their work Jorgensen et
al. reached the remarkable conclusion that a significant oxygen diffusion was occurring near
room temperature. Some years later Chou et al. were able to measure diffusivity values for
LayCuOQy at even lower temperatures, obtaining a diffusion length of 60 um at 200 K and 90 A
at 150 K on a 1 h time scale [28]. Furthermore, in their structural study of L2NO4 [67] and
due to the large similarities between both isostructural compounds Jorgensen et al. evoked the
possibility of “significant oxygen diffusion near room temperature” for LZNO4. As no low
temperature data are available, we have extrapolated the oxygen diffusion coefficients at room
temperature from the literature values measured down to 340 °C.

When comparing with literature values extrapolated for other binary and ternary oxides
used in the memristor community, L2NO4 shows a significantly higher oxygen diffusion, and

thus a longer characteristic diffusion length at room temperature, as evidenced in Figure 2.6.
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Figure 2.6 — Comparison of the oxygen-tracer diffusion coefficient D" for several oxide materi-
als already used in the resistive switching community and known for their VCM-type resistance-
change mechanism (such as SrTiOs, Ta;Os and Al,O3). Yttria-stabilized zirconia (YSZ, with the
general formula Zr;4Y0O,3), which enables oxygen ion conduction while blocking electronic
conduction, is the most common electrolyte material used in SOFCs. L2NO4 has - to date - not
received much attention in the memristor community. This is surprising when considering its
potential oxygen conduction capabilities all the way down to room temperature.

While other compounds such as YSZ show excellent oxygen conduction properties at high
temperature, their high activation energies lead to rapidly decreasing diffusion lengths at lower
temperatures, and usually become negligible at room temperature. L2NO4 is an exception in
this matter. It shows potentially orders of magnitude higher diffusion coefficients at room
temperature compared to all other oxides presented in Figure 2.6 (YSZ, Al,03, Ta,O5 and
SrTiO3). Furthermore, it also exhibits highly anisotropic diffusion properties depending on
the diffusion direction which is another interesting aspect from a materials point of view when
aiming to engineer the oxygen conduction properties in oxide-based memristive systems. The
inherent oxygen storage and conduction capabilities of L2NO4 makes it a material of choice
for a rational design of VCM-based memories.

In addition to the high diffusivity of the oxygen interstitial ions, L2NO4 also possesses
good electrocatalytic properties at intermediate temperatures (500-700 °C) and a relatively low
thermal expansion coefficient that results in a good match with the common electrolyte mater-
ials, reasons why it became a material of interest as a cathode in the SOFCs community5 [71].

A multitude of materials, from high-k dielectrics such as HfO, [116] or TiO, [78], band
insulators such as SrTiO3 [9], both p and n-type semiconductors such as (Pr,Ca)MnOs3 [107]
or ZnO [97] and even electric conductors such as LaNiO3 [126] have shown VCM memory
properties, where the changes in resistance are ascribed to the movement of oxygen ions (also

often described as the movement of oxygen vacancies in opposite direction for the materials

SSOFC: Solid-Oxide Fuel Cell
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which present oxygen vacancy-type diffusion) and the concomitant redox processes in the
cation sublattice they induce on their passage. The electronic conduction properties of the
active material (it being for example a semiconductor or an insulator) does not seem to be
determinant for the appearance of resistance-change properties, as shown by the profusion of
different materials that have been used in the field.

Conversely, as VCM cells rely on the motion of oxygen ions, the ionic conductivity of the
material would be expected to be a key factor in the choice of RS medium. This is obviously
not the case as important advancements in the memristor field have been carried out on rather
poor ionic conductors, that is when considering these materials in their pure, stoichiometric
and defect-free form. Poor ionic conductors in their pristine state share a common character-
istic: they need to be doped to exhibit ionic conduction and VCM properties. The doping can
be controlled and implemented in the processing steps, through the incorporation of donor or
acceptor impurity atoms in the sample or by post annealing them in controlled atmospheres
and relying on a self-doping mechanism where the sample equilibrates with the atmosphere
through the generation of point defects (such as oxygen or cation vacancies or interstitials).
Doping can also arise during the device operation, and in particular during the forming step
as discussed in Section section 1.3.3. Nevertheless, these are all somewhat artificial or harsh
(for the electroforming) ways to trigger oxygen mobility, which remains rather low in most
homogeneously-doped materials. When the oxygen mobility is important, as can be the case
in extended defects such as grain boundaries or in the conducting filaments resulting from a
soft dielectric breakdown, it becomes difficult to relate the observed mobility to a given ma-
terial (what material composes a grain boundary or a filament?). Not being able to define
the material responsible for the ionic conduction then becomes an important handicap when
trying to reproduce the resistance-change and to model and validate its mechanism.

These considerations, combined with the material properties described in Section 2.1,
make an oxide with bulk ionic conductivity such as L2NO4 an appropriate material to build
memristive devices, an edge case to evidence and corroborate the role of oxygen mobility in

the valence-change memory mechanism.

2.3 Growth of L2NO4 thin films by PiIMOCVD

Pulsed injection Metal Organic Vapour Deposition (PIMOCVD) was used as depositon tech-
nique as it allows the growth of thin films on wafer level, facilitating the technology transfer
between academic research and industry. This technique needs to operate at relatively high
temperatures (T > 500 °C) in order to allow the decomposition of the metal-organic precursors

and the combustion of the organic ligands. If used at lower temperatures, carbon impurities can
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contaminate the prepared films although a rational precursor design can facilitate the combus-
tion reaction process. Thermodynamically stable phases can be obtained and depend mainly
on the stoichiometry of the reactants, the operating pressure and the deposition temperature.
A more detailed description of this technique as well as the optimization procedure followed

for the deposition of lanthanum-nickelate thin films is given in Appendix A and B.

2.3.1 Materials characterization aspects of the as-prepared thin films

In order to obtain stoichiometric L2ZNO4 thin films the La/Ni ratio of the precursor solution,
the deposition temperature and number of pulses were first optimized. The optimal growth
conditions for L2NO4 thin films are summarized in Table 2.1. Using these conditions, it
was possible to grow highly oriented films on [1 0 O]-oriented SrTiO3 (STO) single crystals.
The best temperature for the growth of L2NO4 is 750 °C, offering the highest peak intensity
and crystallinity (smaller FWHM) with no visible secondary phases in the diffraction pattern.
However, the deposition temperature was lowered to 650 °C to prevent the decomposition
of LaNiO3 (LNO3) as a compromise in view of the preparation of L2NO4/LNO3 bilayers
(see Chapter 5 for more details about this). Furthermore, by adjusting the La/Ni precursor
solution ratio to 2.38, it was also possible to grow the LNO3 perovskite phase (the optimization
procedure for the growth of LNO3 using PIMOCVD is described in Appendix B).

In this section, only the optimized L2NO4 thin films, which have been subsequently used
to build memristive devices (Chapter 4 and Chapter 5), will be described.

Table 2.1 — Optimized deposition conditions used for the growth of L2NO4 thin films by
PiMOCVD.

Parameter Value
Precursors La(TMHD); and Ni(TMHD),
Solution concentration 0.02 mol/L (solvent = m-xylene)
Injection frequency 1 Hz
Opening time 2 ms
Number of injected droplets 4000
Evaporation temperature 220 °C - 280 °C (several heating stages)
Substrate temperature 650 °C
Carrier gas 34% Ar (218 sccm) + 66% O, (418 sccm)
Total pressure inside the reactor 5 Torr

The composition of the films was measured by Electron Probe Microanalysis (EPMA) and

EDX as explained in Appendix A.
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The crystal quality of these films can be observed in Figure 2.7.a and b where the 0-20
X-ray diffraction (XRD) patterns show only 0 0 Iy ;n04 (1 even) reflections of a highly oriented
L2NO4 phase in addition to the & 0 Ogto substrate peaks. No crystalline impurity phases were
observed in the XRD patterns.

The Transmission Electron Microscopy (TEM) cross-section image in Figure 2.7.c shows
a continuous, homogeneous and dense film with a thickness of roughly 50 nm. The Root
Mean Square (RMS) roughness of the film measured by Atomic Force Microscopy (AFM)
is below 2 nm. The large magnification High Resolution TEM (HRTEM) image taken at the
L2NO4/STO interface (Figure 2.7.d) shows the high crystal quality of the L2ZNO4 film having
well defined and regularly-spaced lattice fringes growing perpendicular to the substrate, co-
herent with a [0 O 1] on04//[0 O 1]sto, [0 1 O]rono4//[0 1 O]sto orientation relationship. This
orientation relationship will be referred to as “czonps, 17 (c-axis of L2NO4 pointing out of

plane, perpendicular to the substrates surface).

Nevertheless, while the growth of L2NO4 is czonp4, 1 close to the interface with STO,
another orientation of the grains where the c-axis of L2ZNO4 “falls in plane” is observed above
a certain film thickness (= 30 nm). This orientation corresponds to a [0 1 0];ano4//[0 O 1]sT0,
[0 0 1]L2no4//[0 1 O]sTo orientation relationship and will be referred to as “crono4, I (c-axis
of L2NO4 in plane, parallel to the surface of the substrate). The two orientations of L2NO4
are better highlighted in the HRTEM image presented in Figure 2.8. This image was acquired
using a High-Angle Anular-Dark-Field (HAADF) detector, which offers a “Z-contrast” (the
contrast is highly sensitive to the atomic number Z of the probed elements, the heavier the
element, the brighter the contrast). The magnified region A’ in Figure 2.8 shows the epi-
taxial quality of c;on04, | at the interface with STO (similar to Figure 2.7.d) . It also puts in
evidence the presence of a few unit cells of LNO3 (4 to 7 u.c. depending on the region, ~ 1.5-
2.5 nm). We found that this interfacial layer is present in all the L2NO4/STO sample we have
deposited (it is also there in Figure 2.7.d). Bach et al. [6] have made the same observation for
L2NO4/STO samples prepared by PLD, although the interlayer was attributed to “a-domains”
of L2NO4 (having the c-axis parallel to the film surface) instead of LNO3. The authors claim
that the change in growth direction depends on the oxygen partial pressure used during the
growth of the film (higher oxygen partial pressures being favourable for the presence of the
interlayer). The relatively high oxygen partial pressure used in our PIMOCVD system (approx.
3.3 Torr) to grow the L2NO4 films is consistent with the po,-dependence of the presence of
this interfacial layer. Nevertheless, additional evidence (discussed hereafter) also shows that
the presence or absence of this layer is substrate-dependent (and thus very likely corresponds
to a substrate-induced strain relaxation mechanism in epitaxial thin films of L2ZNO4). The

magnified HRTEM images presented in Figure 2.8 'B’ show a twining between two crystals
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Figure 2.7 — (a) Typical XRD pattern of a L2NO4 thin film deposited on STO(100) at 650 °C by
PiMOCVD with La/Ni = 5.00 in the precursor solution. The diffractogram was calibrated to the
2 0 0 peak of STO. (b) Magnification of (a). (c) TEM cross-section image showing a wide angle
view of the L2NO4 film. (d) magnification of (c) showing the epitaxial quality of the sample in

the L2NO4/STO interfacial region.
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Table 2.2 — Lattice-mismatch values between the basal plane of tetragonal L2NO4 and three dif-
ferent substrates used for the deposition of highly-oriented L2NO4 thin films (STO, NGO and
LAO).

a lattice parameter Lattice mismatch with La;NiO4

Substrate Reference (ICDD)

(bulk, nm) (@substrate-8L2N04 bulk)/@substrate (%)
SITiO; (STO) 0.391 1.28 00-035-1734
NdGaO3; (NGO) 0.385 -0.26 01-089-4799
LaAlO; (LAO) 0.379 -1.85 01-070-4106
LazNiO4 (L2NO4) 0.386 0.00 00-034-0314

of the L2NO4 film where two czoy04, 1 and cponp4,| domains meet. The measured angle of
~ 94° between two twin boundaries shows that the c;oy04,| domains are not exactly parallel to
the growth direction, but slightly rotated of 4°. We did not go deeper into finding the reason for
the presence of twined domains, but they seem very easy to obtain in this material. The final
magnification (Figure 2.8 *C’) shows a completely c;oy04, |-oriented domain that grew in the
upper part of the film at the end of the deposition. The occurrence of a domain-reorientation
(from cron04, 1 O Cran0a,)) Was also reported by Telesca et al. [124] for L2ZNO4 films grown
by PLD, although it only happened for a critical film thickness > 450 nm which is much larger
than our critical thickness of ~30 nm. We will show later in section 5.3.2 (Chapter 5) that this
change of orientation during the PLD growth of L2ZNO4/STO samples with increasing L2NO4
film thickness also happened after a critical thickness between 30 nm < t < 80 nm.

In order to understand if the presence of the few unit cells of what we attribute to LNO3
at the L2NO4/STO interface is due to strain effects, a batch of three samples (grown simul-
taneously) was prepared on three different substrates: SrTiO3 (STO), NdGaO3; (NGO) and
LaAlO3; (LAO) which each have a different lattice mismatch with respect to L2NO4 (see
Table 2.2).

The TEM and HRTEM cross-section images of the three samples is shown in Figure 2.9.
Interestingly, the presence of the thin epitaxial interlayer is only present in the L2ZNO4/STO
sample (Figure 2.9.c). Films deposited on either one of the two other substrates (NGO or
LAO) show a direct growth of ¢;oy04, | domains without the presence of an additional “buffer
layer”. We propose that the tensile strain exerted by the clamping of L2NO4 on STO is the
reason for the presence of the additional ~2 nm of LNO3 as a stress-relaxation mechanism. It
should be noted that the L2ZNO4 film grown on STO is highly defective. Indeed, a large number
of dislocations can be seen in the HRTEM image in Figure 2.9.c, giving the impression that
the film is somewhat wavy. This is not the case for the compressed L2NO4 film grown on

LAO (Figure 2.9.a), although a small amount of reoriented grains corresponding to c;on04, I



(a) (c)

10 Unm

La:NiO/LaAIO,

LaAI0{001]
100 110 it
010 s

NdGa0;[001]

L2NO4/LAO L0, L2NO4/NGO Lothm

L2NO4/STO

e

Compressive strain Tensile strain

Figure 2.9 — TEM (top) and HRTEM (bottom) images of (a) LZNO4/LAO, (b) L2ZNO4/NGO and
(c) L2ZNO4/STO samples. Three electron-diffraction images are included on the side of the TEM
image for each sample and correspond to the L2NO4-only, the L2NO4/substrate and substrate-only
regions (from top to bottom, respectively). Illustrations at the bottom of each panel are provided
to illustrate the lattice distortions undergone by L2NO4 due to clamping on the different substrates
(evolving from compressive strain on LAO to tensile strain on STO).
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domains are also present in the sample. The highest epitaxial quality of L2NO4 is achieved
when grown on NGO (which has the lowest lattice mismatch of -0.26%).

The LNO3 interlayer present in the L2ZNO4/STO samples could be further confirmed using
the ASTAR technique. This particular technique couples electron-diffraction with a scanning
electron probe (of ~2 nm). The obtained diffraction pattern, when compared to several ref-
erence patterns, allows the indexation of the different phases present in the imaged region of
the sample and/or the domains-orientation, which in turn allows the delimitation of the dif-
ferent grain boundaries composing the material (only boundaries between grains with differ-
ent orientations are visible). Figure 2.10.a shows the different phases that could be indexed,
clearly showing the presence of a very thin layer of LNO3 (in red) at the surface of STO
(green) and just before L2NO4 (blue). Furthermore, the grain-boundary image presented be-
low (Figure 2.10.b) confirms the highly oriented growth of L2NO4, as most of the film grows
coherently from the bottom to the top of the film showing a single orientation. A few grain
boundaries can be seen at the top of the film and likely correspond to the ¢;5y04, |-Oriented

domains.

STO LNO3. - °.
( 4 o.o_o.o
. 4 ‘@o.o -
® o.®._.-o'i ¥
o .O"O o °
. .o#@ o

U

>

)

(72

@

7]

(b) @

&

L

g i)

g

. " et =
A e ™

EAREESENE e 5. aQ

)

=

)

(72}

Figure 2.10 — ASTAR reconstructed images of (a) the different phases (STO in green, LNO3 in
red and L2NO4 in blue) composing the L2NO4/STO sample and (b) the grain boundaries present
in the sample (boundaries either with grains from different phases or with different orientations).



36 LayNiOy4,5, a mixed ionic-electronic conductor for VCM applications

The cronps, | Tegions are expected to exhibit a high oxygen mobility in plane, parallel
to the surface of the substrate while the ¢;oy04,| domains should show a higher mobility in
the out of plane direction, perpendicular to the substrate (see Section Oxygen-ion diffusion
in L2ZNO4 for more details). The reorientation from czonp4, | close to the STO substrate to
Crano04,| When reaching the top of the film is in itself a very interesting and potentially very
useful phenomenon in memristive devices having a planar electrode configuration (also called
the “top-top” electrode configuration). Indeed, these different domains would allow for the
fastest oxygen transfer possible from one electrode to the other one, bypassing the slower
oxygen-diffusion along the c-axis of L2NO4 (path @ in Figure 2.5a). Although the oxygen
transfer at the twin boundaries linking the two cyan04, 1 and crono4, I domains together is yet
unknown and could be slow, the engineering of such “mixed oxygen-diffusion pathways” in
L2NO4 was unexpected and could be of interest for the further optimization and control over
the oxygen supply from one location of the memristive device to the other. Metaphorically
speaking, L2NO4 could potentially play the role of an “oxygen pipeline”, ensuring the mass

transport of oxygen ions between two regions interconnected by L2NO4.

2.3.2 Tuning the oxygen content through post-annealing treatments

In order to evaluate how the oxygen stoichiometry of L2NO4 affects its conduction properties,
first a batch of four identical L2NO4/STO samples was prepared during a single deposition.
One of the samples was kept as deposited (which will be referred to as pristine) while the other
three where annealed in O;, Ar or a highly reducing H, (6%)/Ar gas mixture at 500 °C for 1 h.
The diffractogram in Figure 2.11.b shows a clear displacement of the 0 0 6; on04 peak to higher
20 angles (lower interplanar spacing along the c¢ crystallographic direction of L2NO4) when
the samples are subjected to reducing conditions®. This is coherent with a loss of oxygen, and
more particularly of interstitial oxygen as the generation of vacancies should at the contrary
lead to a lattice expansion, although the two defects might coexist. The c lattice expansion was
calculated and is reported in Figure 2.11.d as a function of the oxygen off-stoichiometry. This
0 value was determined from X-ray Absorption Near-Edge Structure (XANES) experiments
carried out on the SpLine beamline (BM25) at the European Synchrotron Radiation Facility
(ESRF), measuring the displacement of the Ni-K edge, from which the Ni oxidation state was
calibrated. Figure 2.11.c shows the shift of the Ni K-edge towards higher energies when the
samples are treated in increasingly oxidizing atmospheres. The oxidation state of Ni then
allows the calculation of the oxygen off-stoichiometry by charge-balance (see Appendix D.1

for more details). A linear relationship is observed between the c lattice parameter and the

%the peak position was determined by fitting the 0 0 41 5n04 peak with a pseudo-voigt function. The interplanar
spacing was then obtained with the Bragg formula: dj,z; = ﬁw)
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Figure 2.11 — (a) Schematic of the L2NO4/STO epitaxial heterostructure and location of the mo-
bile interstitial oxygen site in the LaO rock-salt layer. (b) Out of plane 8-26 XRD pattern of
L2NO4/STO samples with different gas anneals (500 °C/1 h). A clear displacement of the out of
plane 0 0 6 Bragg peak to higher 260 values (lower interplanar spacing) is observed. The out-of-
plane ¢ parameter equals 12.62 A, 12.64 A, 12.66 A and 12.69 A for the H,, Ar, pristine and O,
anneal, respectively. This behaviour is expected when removing interstitial oxygen ions from the
lattice. (c) XANES spectra at the Ni K-edge obtained for L2NO4 with different gas anneals. The
inset shows a magnification of the edge area, better showing the shift of the Ni K-edge towards
higher energies when the samples are treated in increasingly oxidizing atmospheres. A solid Ni foil
was used as reference for the calibration of the curves (dashed-dotted line). The edge position was
obtained using the first/second derivative method. (d) Evolution of the c lattice parameter and film
resistivity of L2ZNO4 (measured with a 4 probe setup) with oxygen off-stoichiometry 6 (5 equals
0.00, 0.03, 0.04 and 0.08, respectively). The 6 value was determined by XANES, measuring the
displacement of the Ni K-edge (as shown in (c)). All the films are 7545 nm thick as measured by
XRR and are part of the same batch.
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oxygen off-stoichiometry, at least in the 0 <6 < 0.08 range, (black line in Figure 2.11.d). The
out of plane lattice parameter increases from ¢ = 12.62 A to ¢ =12.69 A when the estimated
oxygen over-stoichiometry varies from 6 = 0.00 to 6 = 0.08. The range of lattice parameters
for the highest 0 values are coherent with the results obtained by Bach ef al. who also prepared
L2NO4 thin films on STO but using pulsed-laser deposition (PLD) with two different oxygen
partial pressures (10 mTorr and 200 mTorr) [6]. They measured an out of plane c lattice
parameter of ~12.66 A and ~12.68 A for approximately 72-77 nm thick films grown with
Po, = 10 mTorr and 200 mTorr, respectively.

The resistivity of the films is also reported in Figure 2.11.d and shows a steady increase
in resistivity from 5.3x1073 Q.cm to 1.3x102 Q.cm when decreasing & from 0.08 to 0.03.
Interestingly, the film annealed in a highly reducing H,/Ar atm corresponds to close to stoi-
chiometric L2NO4 (estimated 6 = 0) and shows a jump in resistivity of over two orders of
magnitude to 5.7 2.cm. Similar values of resistivity (~5 {2.cm at 300 K) have been repor-
ted by Sayer et al. [109] for samples annealed in a highly reducing CO/CO, atmosphere. If
we consider the thermodynamic stability diagram of L2NO4, it can decompose into La; O3 +
Ni in very reducing conditions (both high temperatures and low oxygen partial pressure, for
example T = 1373 K and po, < 10710 bar was reported in [147]). Nevertheless, when com-
paring the integrated intensity of the diffraction peaks relative to the L2ZNO4 phase before and
after annealing the films, we could not measure a significant difference suggesting no phase
decomposition for any of the samples.

These results confirm that the oxygen content has an important influence on the electrical
properties of L2NO4 and that changes in its value are directly related to the changes in the ¢
lattice parameter in L2NO4/STO samples.

Photoemission Electron Microscopy (PEEM) measurements confirmed the p-type semi-
conducting properties of L2NO4. Indeed, the work function of two different L2NO4 films,
one pristine and one annealed in oxygen, were measured using PEEM. The oxidizing treat-
ment lead to an increase of 200 meV in the work function of L2NO4 (from 4.1 eV to 4.3 eV
for the pristine and the oxygen-annealed films, respectively - see Section C.2.4 in Appendix C
for more details). This is consistent with the supposition that the interstitial oxygen ions act as
acceptor dopants through a self-doping process, as described in subsection: 2.1.4, giving rise

to the p-type conductivity in this material.

2.4 Summary

The main points tackled in this chapter are summarized hereafter.

* Material properties of L2ZNO4 (literature review):
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— Stoichiometric LayNiOy4 g has a complex phase diagram. Its archetypal K;NiFy
tetragonal structure undergoes an orthorhombic distortion to accommodate the
internal stresses induced by the stacking of compressed electronegative N iO%f
planes and stretched electropositive La20%+ double layers;

— This distortion is reduced when increasing the temperature (due to different thermal
expansion coefficients of the two layers) or by the presence of an additional inter-
stitial oxygen located in the LaO rock-salt blocks;

— The incorporation of a negatively-charged Ol point defect into the electroposit-
ive LazO?L double-layer, together with the charge compensating holes it gener-
ates injected into the electronegative N iO%* planes reduces the charge separation
between the layers and explains the stability of the oxygen over-stoichiometric
La;NiOy4, s compound;

— A cooperative tilting of the NiOg octahedra is beneficial both for the oxygen incor-
poration and the oxygen diffusion in LayNiOy, s, creating extended defects such

as antiphase boundaries;

— The presence of an electron in the 5d orbital of La ([La] = [Xe]5d!6s2) polarizes
the 6s valence orbitals, facilitating the chemisorption and dissociation of molecular
oxygen due to the charge transfer between O, and the LaO. This can explain the

high oxygen-exchange coefficient k™ of L2NO4;

— The oxygen diffusion in LayNiO4,5 is amongst the highest in the MIEC field. Fur-
thermore, the diffusion is highly anisotropic due to its also anisotropic structural
properties. A fast diffusion path in the basal plane of L2NO4 was both meas-
ured experimentally and confirmed by atomistic simulations. The low activation
energies required for this diffusion process potentially leads to fast diffusion kinet-
ics when extrapolated to room temperature (relative to other materials used in the

memristor community);

— The incorporation of Ol point triggers a self-doping mechanism, where 01 can
be regarded as an acceptor dopant. The generated holes give rise to the p-type
semiconducting properties of LayNiOy,3;

— The combination of a high bulk oxygen-diffusion coefficient and good electronic
conduction properties makes the material less likely to suffer from a dielectric
breakdown when applying an external bias, while still showing high oxygen drift
capabilities. These two aspects are essential when aiming to achieve a mild, con-

trolled and homogeneous redox-induced change in resistance in an oxide-based
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memristive device. In other words, L2NO4 is a promising candidate to be used as

memristive medium in VCM cells.
* Experimental results on the preparation of L2NO4 thin films by PIMOCVD:

— Highly oriented L2NO4 films deposited on STO, LAO and NGO were successfully
deposited using PIMOCVD;

— A domain reorientation from czoyo4, 1 t0 cronos,| Was observed when L2ZNO4
grows on STO and after a critical film thickness of ~30 nm by analysing HRTEM
images of L2NO4/STO samples. The domain reorientation seems to be very fa-
vourable from an epitaxial point of view as they generate seemingly defect-free

twin boundaries;

— The presence of 4 to 7 unit cells of LNO3 at the L2NO4/STO interface could
be observed in HRTEM images and by using the ASTAR phase-indexation tech-
nique. The presence of this interlayer was attributed to a relaxation mechanism
of the tensile strain induced by the clamping of LZNO4 on STO. The interlayer is
absent when L2NO4 is grown on NGO or LAO substrates which have lower lattice
parameters than STO;

— The oxygen content in L2NO4 thin films was successfully tuned using post an-
nealing treatments, both in oxidizing and reducing atmospheres. Important effects
on the the out-of-plane c lattice parameter, Ni oxidation state (and thus on the oxy-
gen content)and the resistivity of the films were measured (increasing the oxygen

content in L2NO4 increases ¢ and decreases the resistivity);

— The increase in hole carriers through a self-doping mechanism was confirmed by
measuring the work function of two L2NO4 films, one of which was annealed in
an oxidizing atmosphere. This supports the idea that the over-stoichiometric inter-
stitial oxygen ions also play the role of acceptor dopants in L2NO4, thus affecting

its semiconducting properties.

The optimized L2NO4 thin films obtained by PIMOCVD are the basis for the following
step: the microfabrication of the metal/oxide/metal (MOM) memristive devices. The role
of the metal/oxide junction on the overall device properties will be discussed in the following
chapter.
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While the oxygen stoichiometry of L2NO4 is an important aspect from a materials point of
view!, the functionality of a memristive device also highly depends on its electrical contacts.
The intent of this chapter is to offer a transition between the material aspects of L2NO4 dis-
cussed in the previous chapter, and the following chapter that will tackle the device properties

of L2NO4-based memristive heterostructures. The chapter is divided into two main sections.

lthe reader is redirected to the previous Chapter: LayNiO,,5, a mixed ionic-electronic conductor for VCM
applications for more information about this
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The first section, entitled ‘7The Metal/Oxide heterojunction’ presents the fundamental aspects
necessary to better understand the experimental section that follows: ‘Metal/L2NO4 hetero-
Junction properties’. The important points discussed in this chapter are summarized in the

final section.

3.1 The Metal/Oxide heterojunction

This section provides a brief insight on the formalism developed by semiconductor physics and

used to characterize electric transport properties across metal/semiconductor heterojunctions.

3.1.1 Conduction mechanisms

The charge transport mechanism in a material (or a heterostructure) is an indirect but important
indicator of the nanoscale mechanisms responsible for the macroscopic changes in resistance
measured in memristive devices. Several conduction mechanisms can be present in a given
material, but usually only one of them prevails at a given electric field, temperature and loc-
ation (the bulk, a grain boundary, at an interface...). Bulk-limited conduction mechanisms
include: Poole-Frenkel (PF); hopping conduction, Ohmic conduction, Space-charge-limited
conduction (SCLC), ionic conduction and grain-boundary-limited conduction [27]. These
charge transport mechanisms depend on the intrinsic properties of the material used as res-
istive switching medium. This being said, a device is often composed of multiple materials
forming an heterostructure and the combination of these different materials gives rise to the
functionality of the final device. When working with heterostructures, additional conduction
mechanisms have to be considered as the material junctions and interfaces themselves can
govern the electrical properties of the entire device. In fact, the presence of these interface-
limited conduction mechanisms are key when trying to achieve an homogeneous change in
resistance across an entire heterojunction (such as the metal/oxide interface), a phenomenon
referred to in literature as interface-type resistive switching [10]. Interface-limited conduction
mechanisms include: thermionic or Schottky (Sch) emission, Fowler-Nordheim (FN) tunnel-
ling, direct tunnelling, trap assisted tunnelling (TAT) and thermionic-field emission [27].

The charge-transport mechanism in memristive devices can be easily probed using elec-
trical measurements. In particular I-V (applying a voltage and measuring the resulting current)
or I-t (measuring the evolution of the current over time while applying a constant voltage)
measurements are amongst the most widely used in thin-film characterization techniques to
extract and help modelling its conduction properties.

A schematic representation of all the previously mentioned conduction mechanisms is
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Figure 3.1 - Illustration of the electron conduction paths through a metal/oxide/metal heterostruc-
ture. (1) Schottky emission (Sch); (2) Fowler-Nordheim (FN) tunnelling; (3) direct tunnelling; (4)
Poole-Frenkel (PF) emission; (5) ohmic conduction (not shown); (6) space-charge limited conduc-
tion (SCLC) (not shown); (7) ionic conduction (not shown); (8) hopping conduction: 8a Nearest
Neighbour Hopping (NNH), 8b Variable-range Hopping (VRH); and (9) trap-assisted tunnelling
(TAT). The sandwiched oxide material is represented as a dielectric for simplification. It should be
kept in mind that oxides are often semiconductors and sometimes even show metallic properties.
Adapted from [10].

given in Figure 3.1 in the case of a metal/oxide/metal MIM heterostructure (the oxide material
is represented as an insulator for simplification). In addition, Table C.1 (in Appendix C.4)
summarizes the expressions for each of them, showing the electric field and/or temperature
dependence of the current density through a dielectric film.

In the following section we will focus our attention on a metal/semiconductor (MS) inter-
face and how different electrode materials can form MS junctions with very different conduc-
tion properties.

3.1.2 Ohmic and Schottky contacts

This section is inspired from the review article from R. Tung: the The Physics and Chemistry
of the Schottky Barrier Height [130].

The Metal/Semiconductor (MS) contact is a crucial aspect in most of the microelectronic
devices we use or study, and is in fact still not fully understood. The complexity in the descrip-
tion of the heterogeneous MS junction arises from the fact that it depends on many parameters
such as the atomic structure and chemistry of the interfaces brought in contact, as well as the
usually uncontrolled defects and impurities that arise during the processing of these interfaces.

As a full (and thus complex) description falls out of the scope of this thesis, only a sim-
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plified understanding of the MS junction will be exposed in this section, enough to gain some
insight and a general understanding of the electrical characteristics described in the rest of the
thesis.

The Shottky-Mott rule describes the MS interfaces before any charge or atomic relaxa-
tion/exchange happens and gives a first hint on the magnitude of the Schottky Barrier Height
(SBH) CI)%JI which is an indicator of how easy it will be for charges to be injected from the
metal into the semiconductor (and from the semiconductor into the metal):

DY, = om — Xsc 3.1)

where @), is the metal work function (energy difference between the vacuum level and
the Fermi level of the isolated metal) and )sc is the electron affinity of the semiconductor
(energy difference between the vacuum level and the conduction band minimum). While
Equation equation (3.1) describes a n-type SBH (resulting from the contact between a metal

and a n-type semiconductor), a p-type SBH is better described as follows:

q)?ip = Isc = om = Xsc + Egap — Ou 3.2)

where @%’ » is the p-type SBH, I5c is the ionization potential of the semiconductor (energy
difference between the vacuum level and the valence band maximum), E,,), is the energy gap
between the conduction band minimum and the valence band maximum, ¢y; and Ysc are the
metal work function and the electron affinity of the semiconductor like previously.

As is shown in Figure 3.2, the Schottky-Mott rule considers that the periodic electrostatic
potentials within the metal and the semiconductor superimpose at the interface, leading to a
band bending in the semiconductor to ensure that there is no discontinuity in the work function
of the two materials at the MS interface (i.e. that the Fermi levels are aligned throughout the

entire heterojunction).

In particular, Figure 3.3.a shows what happens when contacting a high work function
metal with a p-type semiconductor such as L2NO4. We are in the case where @y > @sc, i.e.
the work function of the metal is higher than the one of the semiconductor. Before contact both
materials are considered free, at this point surface states can already exist and lead to a slight
band bending due to a charge reorganization at the semiconductor’s surface, but this additional
complexity will not be considered here. When bringing the two materials in contact, as is for
example the case when evaporating metallic contacts on the surface of the semiconductor, the
energy difference between the Fermi level of the semiconductor and the Fermi level of the

metal will be the driving force for a charge re-equilibration at the MS junction. Electrons
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Figure 3.2 — Potential energy for isolated metal surface (dotted) and semiconductor surface
(dashed) plotted on the same energy scale. (a) When the two crystals are far apart. (b) When the
two crystals are next to each other but without allowing charge redistribution as would be the case
for a non-interacting MS interface described by the Schottky-Mott rule. The solid line is the sum
of the two individual potential energies. Note the relative position of the semiconductor potential
to the metal potential remains unchanged, independent of the distance separating the two crystals.
¢yr is the metal work function Ysc is the semiconductor electron affinity, Er is the Fermi energy
level of the metal, Ecpyy is the conduction band minimum energy level of the semiconductor, Ey gy
is the valence band maximum energy level of the semiconductor, Isc is the ionization potential of
the semiconductor, “1{/1, ¢ are the internal chemical potentials of the metal or the semiconductor in

their bulk form, —eV y sc are the average electrostatic potential energies per unit cell of metal (M)
or semiconductor (SC). Reprinted from [130]

will flow from the semiconductor into the metal until the two Fermi levels are aligned and
the MS junction reaches a thermodynamic equilibrium. This equilibrium is represented in
the bottom of Figure 3.3.a where a upwards band bending is present at the MS junction (on
the semiconductor side) and is the result of the depletion of electron carriers at this location.
Conversely, if electron holes are the majority carriers as is the case in a p-type semiconductor,
this region is actually enriched in free carriers and forms an accumulation zone with a very
small width of W, into the semiconductor. The accumulation of free carriers at the MS
junction results in an ohmic I-V characteristic. Furthermore the increased amount of carriers
also ensures that there is very little to no voltage drop at this location, ensuring a a good
contact, (generally with a negligible contact resistance).
In the opposite case where @sc > @7, the MS junction properties are very different as illus-

trated in Figure 3.3.b. Before contact the Fermi level of the metal lies above the Fermi level of
the semiconductor. This results in an electron diffusion from the metal to the semiconductor

when the two materials are put in contact with each other until charge equilibration is reached
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Figure 3.3 — (a) Shows how a high work function metal when brought into contact with a an
p-type oxide semiconductor (L2NO4 in our case) can form an ohmic contact. Conversely, (b)
shows that when contacting a low work function metal to the same semiconducting material, a
Schottky contact is more likely to form. ®;; = g.¢), is the energy needed to extract a charge from
the metal (@, is the metal work function), likewise @gc = q.¢sc is the energy needed to extract
a charge from the semiconductor (@sc is the semiconductor work function), Ysc is the electron
affinity of the semiconductor, Isc is the ionization potential of the semiconductor, Eg,, is the energy
difference between the conduction and the valence band of the semiconductor, E ys/sc is the Fermi
energy of the metal or the semiconductor, E; is the intrinsic energy level of the otherwise undoped
semiconductor, E¢ is the conduction band maximum, Ey is the valence band minimum, ®5 = q.¢p
is the Schottky barrier height, Vp, is the built-in voltage, Wy,, and W, are the depletion width and
the accumulation width, respectively. The insets show the I(V) characteristics for an Ohmic or a
Schottky contact (in the case where the semiconductor is being polarized).
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and the Fermi levels are aligned. In the case of a p-type semiconductor, the additional electrons
that are now present lead to a charge compensation and the formation of a zone that is depleted
of majority carriers. This depletion zone extends of a width W, away from the MS interface
and into the bulk of the semiconductor. The I-V characteristics of such a junction are highly
nonlinear and rectifying as a negative bias applied to the semiconductor will further increase
the band bending and the potential barrier (Vpy) that a hole has to overcome before it can drift
into the metal while a positive voltage will have the opposite effect of decreasing Vgy. The
low amount of carriers ensures that the voltage drop is located at this junction. This additional
highly localized electric field can be of assistance in interface-controlled resistance-change
mechanisms.

It should be noted that the Schottky-Mott rule is usually a simplified model of what oc-
curs when bringing a metal and a semiconductor in close contact to each other. Indeed if
we would look at this problem at the sub-nano scale, when putting the two materials in very
close proximity, the interface will start to “blur out” and new hybrid molecular orbitals and
thus chemical bounds can form, possibly leading to a completely new electrostatic potential
distribution coupled with a charge redistribution at the MS interface. The surface states of
the two isolated crystals are then replaced with new interface states localized at the MS in-
terface and these states will depend solely on the atomic structure and chemistry of the two
constituents and can therefore be very different for each new MS couple. This phenomenon is
usually referred to in literature as ‘Fermi level pinning’. The chemistry behind the electronic
(or sometimes even atomic) restructuring of the MS interface is the reason why the final charge
distribution can sometimes be very different from a simple linear superposition of the charge
distribution present on the initial surfaces.

This illustrates well that the electrode material and its work function should be chosen
carefully when aiming to prepare interface-controlled memristive devices, but that in the par-
ticular case where the semiconductor is also an oxide material, and even more so an oxygen-
ion conductor, an additional characteristic of the electrode material needs to be considered: its

affinity towards oxygen.

3.1.3 Oxygen affinity of the electrode and formation of interlayers

The MS junction discussed previously can be highly affected by the oxygen ‘affinity’ of the
electrode material. A material with a good “affinity for oxygen” is also referred to in literature
as being an “oxygen sink” or an “oxygen getter”’, and while all these terms are good meta-
phors, their more scientific and quantifiable equivalent is the value of the Gibbs free energy of
oxidation (AG,y, in kJ/mol) of the electrode material used as electrical contact. Figure 3.4.a

shows the free energy of oxidation for some noble and transition metals as a function of tem-
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Figure 3.4 — Ellingham diagrams.

perature. The lower the free energy of oxidation, the more stable the oxide compound is. For
example high and sometimes even positive (depending on the temperature) AG,, of metals
such as Pt or Ag means that their corresponding oxides (PtO, or Ag>,0O;) need energy to be
formed and are expected not to be stable over time. At the contrary, metals such as Al or Ti
have a very low AG,y, meaning that they form very stable oxides. Figure 3.4.b details the
free energy of formation of TiO;, both from metallic Ti and from its wide range of available
oxygen-deficient sub-oxides TixOy. The very low free energy of oxidation of stoichiometric
TiO; (around -800 kJ/mol at 300 K) means that, in the presence of oxygen, the forward oxid-
ation reaction 77+ O, = TiO; is very favourable from a thermodynamic point of view while
the backwards reduction reaction (leading to oxygen evolution) requires additional energy.
Nevertheless, another metal with an even lower free energy of oxidation can spontaneously
reduce TiO,. This would for example be the case if Al was to be deposited on top of TiO,, the
following reaction would then be thermodynamically favoured: Z%Al +TiOy — %A1203 +Ti.
The oxygen affinity of the electrode material needs to be considered when preparing oxide-
based memristive devices, as an additional interlayer can potentially form during the evapora-
tion of the metallic electrodes or during device operation. This interlayer will then likely have

a critical effect on the transport properties at the MS junction. For example, an insulating bar-
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rier can be formed, effectively turning the MS junction into an MIS (Metal/Insulator/Semicon-
ductor) heterojunction which will hinder the charge injection and can trigger new conduction
mechanisms such as direct tunnelling or Poole-Frenkel emission if the insulating layer is thin
enough (< 3nm) or if traps are present in the band gap of the insulator, respectively. A more
complex situation can also arise if the interlayer has semiconducting properties. This is for
example the case for oxygen deficient TiO;.x, a material in which the oxygen vacancies act as
donor dopants effectively turning it into an n-type semiconductor.

This illustrates how what started as a relatively simple junction between a metal and a
p-type semiconductor can quickly turn into a more complex MIS or even a metal/p-n hetero-
junction. Using a mixed ionic-electronic conductor with mobile interstitial oxygen ions such
as L2NO4 in conjunction with a metallic electrode having a high oxygen affinity such as Ti
means that the formation of an interlayer is a very likely scenario. This is however an interest-
ing aspect that will be discussed further in the following experimental section, where several
electrode materials were evaporated on top of the optimized L2NO4 thin films (discussed in
the previous Chapter, Section 2.3) in order to investigate their electrical properties and choose

the most promising contact materials for the preparation of M/L2NO4/M memristive devices.

3.2 Metal/L2NO4 heterojunction properties

This section presents the electrical characteristics of different metal/L2NO4 heterojunctions.
The effect of the metal work function will be discussed briefly in the first subsection. The last
two subsections will focus mainly on the spontaneous generation of TiOy interlayers when
using Ti electrodes, and their effect on the electrical conduction properties of a L2NO4-based

memristive device.

3.2.1 Choice of the electrode material

In order to investigate the transport properties across a M/L2NO4 heterojunction, several noble
metals with decreasing work function such as Pt (5.65 eV) and Ag (4.26 eV) were evaporated
on top of a pristine (non annealed) L2NO4/STO sample to study the role of the electrode
material on the final device characteristics. The resulting current-voltage (I-V) characteristics
for the different pairs of electrodes (Pt-Pt, Pt-Ag and Ag-Ag) are displayed in Figure 3.5.a
and clearly show an evolution from an ohmic contact with Pt to a more nonlinear and slightly
rectifying (not visible in the I-V characteristics presented in Figure 3.5.a) Schottky-like con-
tact with Ag. These results are coherent with the creation of a p-type SBH for L2NO4 given

the work function of these metals and the contact evolution (as illustrated in Figure 3.3). Ti
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Figure 3.5 — (a) I-V characteristics between +1 V for different metal/LL2NO4/metal heterojunc-
tions. The top inset is a top-view picture taken during the measurements, showing the two probes
and the rows of square pads composed of different electrode materials (either Pt, Ag or Ti). The
bottom inset is a sketch of the sample’s cross-section (b) R-V characteristics for the different junc-
tions presented in (a) from which the resistance was calculated. The L2NO4 film is 70+3 nm
thick.

electrodes were also evaporated on the same sample to test the possibility of forming a metal-
oxide interlayers. Ti is known for having a very low enthalpy of oxidation (as discussed in
Section 3.1.3), leading to the formation of TiOy interlayers when put in contact with oxide ma-
terials [142]. Many research groups in the memristor community have already reported using
this material as active electrode, or so-called “oxygen reservoir” [1, 4, 19, 53, 84, 107, 117].
The mechanism behind the oxygen storage is nevertheless completely different from the one
discussed earlier concerning L2NO4 as a new and likely amorphous TiOyx phase has to be
created in order to store the oxygen, while in L2NO4 the oxygen can occupy well-defined
interstitial sites within the rock-salt planes (see subsection 2.1.1 in Chapter 2). The import-
ant increase in resistance shown in the R-V characteristics for electrode pairs containing at
least one Ti electrode (Figure 3.5.b) suggest that a TiOy interlayer was indeed formed at the
Ti/L2NO4 interface. Since Ag and Ti have similar work functions (4.26 eV and 4.33 eV, re-
spectively), a conventional metal/semiconductor Schottky contact cannot explain the observed
increase in resistance. Instead, this result is attributed to the presence of an additional series
resistance from TiOy, effectively turning the initial Ti/L2NO4 into a Ti/TiOx/L2NO4 junction.
A n-p junction cannot be ruled out at this point as oxygen vacancies are known donor dopants
and are able to turn stoichiometric and insulating TiO; into a n-type semiconducting TiO;._y

(here ‘y’ represents the amount of oxygen vacancies V,; present in the material).

Only asymmetric devices with exactly one Ti electrode exhibited a reproducible change in
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resistance when applying an external electric field as will be discussed in detail in Chapter 4.
The other electrode could be either Pt or Ag. This is an important result that allows narrowing
down the active region responsible for the change in resistance at the Ti/L2NO4 junction of
the memristive device. A Pt/L2NO4/Ti device with a top-top electrode configuration was
selected to further test the electrical properties of L2NO4-based memories. Pt was preferred
over Ag since it exhibits the highest Gibbs free energy and lowest contact resistance with
ohmic characteristics, effectively locating the voltage drop across the rest of the device and
particularly at the opposite L2NO4/Ti junction since L2NO4 is a relatively good electronic
conductor (depending on its oxygen stoichiometry, Figure 2.11). This is expected to yield
electrical fields high enough to locally trigger the drift of oxygen ions near the L2NO4/Ti
interface.

3.2.2 Effect of the oxygen content in L2NO4 on the Pt/.2NO4 junction
properties.

A new batch of four L2NO4/STO samples with different oxygen contents was prepared in
the same conditions as previously described in subsection 2.3.2 (Chapter 2). Bar-shaped plat-
inum electrodes were evaporated on the samples to carry out transmission-line measurements
(TLM). This particular measurement technique allows the calculation of the contact resistance,

the film resistivity and the transmission length through the following relationships:

R

Rr = TSL+2RC (3.3)
R

Ry == (L+2Ly) (3.4)

where Ry is the total (measured) resistance of the Pt/L2NO4/Pt device, Ry is the sheet
resistance of L2NO4 (Rg = ’)Lzef’vm, with pronyos and e the film resistivity and film thickness
of L2NO4, respectively), [ is the lateral length of two electrodes facing each other, L is the
distance separating the two electrodes, R is the contact resistance (in the case of a symmetric
M/L2NO4/M device where the two M/L2NO4 junctions are equivalent) and Ly is the transfer
length, or the average distance a charge travels in the semiconductor beneath the contact before
being injected in it (Lt was defined as the distance at which 63% of the current has been
injected into the electrode [105]). More details on the derivation of Equations 3.3 and 3.4 are
given in Appendix C, section C.3. The sample geometries used for the TLM measurements
are shown at the top of Figure 3.6.

From the TLM fitting results presented in Figure 3.6.a-d, it appears that the Pt/L2ZNO4 con-
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Figure 3.6 — The top part of the figure is an illustration of the TLM test pattern (bar shaped contacts
in black). L is the distance between two electrodes, e is the thickness of the L2NO4 thin film, 1
is the length of the electrode and Lt is the transfer length. A picture of the TLM test pattern
deposited on the different L2ZNO4 films is also shown in the top-right corner of the figure. (a-d)
shows the TLM results carried out for the different L2ZNO4 films: the oxygen, pristine, Argon and
H,(6%)/Ar annealed samples, respectively. A linear fit of the data allowed calculating the contact
resistance (R;), the L2NO4 film resistivity (pronos4) and the transfer length (Lt).
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tact resistance (Rc) is not largely affected by the oxygen content in LZNO4. The values of R¢
are all similar within the uncertainty, and lies somewhere around 20-30 2. A contact resistiv-
ity of Pt/L2NO4 can be calculated (pc = R¢.Lr.1) and yields 1.7.102 Q.cm?, 5.4.103 Q.cm?,
3.0.102 Q.cm? for the oxygen, pristine and argon-annealed samples, respectively. The con-
tact resistance of the hydrogen-annealed sample is undefined (the uncertainty is larger than
the value), meaning that its contribution should be negligible with respect to the resistance of
the L2NO4 film itself. A value for the contact resistivity of the hydrogen annealed sample
can therefore not be calculated, but it should remain low due to the small transfer length
(Lt =7 um) extracted from the TLM plot for this particular sample.

The different annealing treatments have a clear effect on the film resistivity of L2NO4
(pr2no04)- The resistivity varies from 3.2x1073 to 1.6x107! Q.cm depending if the sample has
been annealed in an oxygen or a hydrogen atmosphere, respectively. The large difference in
resistivity of the samples was also measured by a 4-probe technique, yielding 7.9x10~and
1.2 Q.cm for the same two samples (oxygen and hydrogen annealed, respectively). The dif-
ferent resistivity values measured for different measurements techniques remains unexplained
for now and could be due to a problem of homogeneity of the sample or to our TLM measure-
ment which can contain some error as the pads have a finite lengthz. Nevertheless, the overall
trend is the same: the sample annealed in oxygen shows orders two orders of magnitude lower
resistivity values than the sample annealed in a highly reducing H,(6%)/Ar atmosphere, con-
firmed both by 4-probe or TLM measurement techniques, with the additional information now
from TLM that the contact resistance of Pt with L2NO4 is very low (a few tens of Ohms). An-
other information which could be extracted from the TLM measurements in Figure 3.6.a-d is
the transfer length Lt. It decreases from Lt = 63 pm to 49 um and finally 7 um for the sample
annealed in oxygen, argon and H;(6%)/Ar, respectively. The transfer length of the pristine
sample (Lt = 32 um) is of the same magnitude but does not fit exactly the trend shown by the
other three post-annealed samples. The reason for this might be a temperature-induced change
in the samples microstructure upon annealing, also influencing the Pt/IL2NO4 contact proper-
ties. As far as the post-annealed samples are concerned, the evolution of the transfer length is
consistent with an increasingly resistive L2ZNO4. By choosing the path of lowest resistance,
and as it becomes more difficult for the current to flow in L2NO4 the current will be injected
sooner into the Pt electrode (resulting in a decrease of Lt). In the case of the sample annealed
in oxygen, the transfer length represents is exactly 63% of the total pad width, which means
that the total current is likely being injected throughout the entire Pt electrode. The situation

is very different for the sample annealed in hydrogen where 63% of the total current is being

2to carry out rigorous TLM measurement the rectangular contacts should cross the entire width of the sample,
else additional current can be measured on the lateral sides which is not taken into account in the geometry we
used to calculate the film resistivity.
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injected in the first 7 um of the pad. The larger transfer length obtained for oxygen-enriched
(thus self-doped) L2NO4 samples is an important result as it means that the current injection
will be more homogeneously distributed throughout the surface of the Pt electrodes instead
of only along the pad edges, leading to local current hotspots and possible pad degradation.
This also means that if the contact resistance is increased, keeping the L2NO4 film resistivity
low, the transfer length could eventually be equal or even be limited by the pad size, ensuring
a more homogeneous current injection throughout the entire metal/L2NO4 junction which is
interesting for a homogeneous interface-type resistance-change mechanism.
This aspect is investigated in the following section where it will be shown that the M/L2NO4

junction properties are drastically different when replacing the Pt contacts with Ti contacts.

3.2.3 Pt/L2NO4 and Ti/LL.2NO4 MS heterojunctions

The pristine sample prepared for the study on the effect of the oxygen content in L2NO4 on
the Pt/L2NO4 junction properties (discussed in the previous subsection) was used to study
the effect of the pad size on the electrical characteristics of symmetric Pt/L2NO4/Pt and
Ti/L2NO4/Ti devices. Figure 3.7.a and b presents the total resistance of these two types of
devices as a function of the inverse pad-side (defined as ‘I’)’. The resistance of the device
was calculated at two different voltages (0.1 V and 1.0 V, represented in the figures by squares
and triangles, respectively) to detect possible nonlinearities in the electrical properties as a
function of the pad size.

The total resistance evolves linearly with the inverse pad side for the Pt/L2NO4/Pt device
(Figure 3.7.a), suggesting that the current flows homogeneously through the entire cross-
section of the device. This means that there are no filamentary pathways through the bulk
of the material locally short-circuiting the device. The resistivity of L2NO4 (pr2nv04) could be
calculated using the slope of the linear regression line (following Equation 3.4) and the transfer
length determined from the previous TLM experiment for the pristine sample (Figure 3.6.b).
Similar L2ZNO4 film resistivity values could be calculated for the pristine sample using the two
measurement techniques (4.040.4x1073 .cm against 3.240.5x1073 Q.cm for the TLM exper-
iment and the varying pad size measurement, respectively). An interesting observation is that
the applied voltage does not affect the slope of the curve (and thus p;onp4) in Figure 3.7.a,
which is consistent with the already established ohmic characteristics of the Pt/L2ZNO4 junc-
tion in Figure 3.5.a and confirms the good Pt/LL2NO4 contact properties (regardless of the pad

size).

3as the electrodes are in a “top-top” planar configuration, the current is, at least in a first approximation,
limited by the film’s cross-section with a width defined by the pad side. See inset in Figure 3.7 for a better
understanding of the device geometries.
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Figure 3.7 — (a) Resistance as a function of the inverse of the pad side for a symmetrical
Pt/L2NO4/Pt device. The inset shows the geometry of the sample (e = L2NO4 film thickness;
1 = pad side; L = distance between two facing pad edges, Lt = transfer length determined in the
previous TLM experiment). (b) Similar measurements carried out on a Ti/L2NO4/Ti heterojunc-
tion. Each data point corresponds to a different pad size as shown by the pictures at the top of the
figure. The resistance was measured at two different voltages (0.1 V and 1.0 V) for the two differ-
ent types of devices (the data points are superimposed in the case of the Pt/L2NO4/Pt device). The
continuous lines correspond to linear regression fits for the four sets of data points. The pristine
L2NO4 film is 705 nm thick.
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This is not the case for the Ti/L2NO4 junction. As can be seen in Figure 3.7.b, increasing
the voltage from 0.1 to 1.0 V changes the slope of the linear regression line, which would
imply that the resistivity of L2NO4 is voltage-dependent. Even though this could be true
at higher electrical fields, as this behaviour was not measured with the Pt/L2NO4/Pt device
(where the same electrical field has been used), this implies that Equation 3.4 is certainly
no longer valid. The Schottky-like characteristics of the Ti/L2NO4 junction are certainly the
reason for the measured voltage-dependence as the contact resistance of a Schottky junction
is itself highly voltage-dependent. Since the transfer length depends on the contact resistance
(Rc= %), the decreasing contact resistance resulting from the application of a higher voltage
means increasing the transfer length, which leads to an apparent decrease of the film resistivity
(the measured change of slope in Figure 3.7.b). Nevertheless, linearity is conserved at a fixed
voltage when changing the pad size, meaning that the current is still flowing homogeneously
throughout the entire cross-section of the device and that there are no filamentary pathways,
and even more importantly that the Schottky contact characteristics are preserved across the
entire Ti/L2NO4 interface.

The increased resistance of the Ti/L2NO4/Ti devices when compared to Pt/L2NO4/Pt
devices is understandable if we consider that an additional TiOy insulating interlayer adds

an additional series resistance to the stack.

3.2.4 Evidence of a TiOy interlayer

The spontaneous oxidation of Ti (or similarly Al) electrodes during the processing steps has
been mentioned in several research articles and is always attributed to the high affinity for
oxygen of the material [19, 82, 117, 138]. Therefore, the presence or not of a TiOy interlayer
in the L2NO4-based memristive devices containing at least one Ti electrode has been further
investigated using transmission electron microscopy (TEM). Cross-section specimens were
prepared using a focused-ion beam (FIB) milling technique, allowing to very precisely select
a region of interest below a given electrode material. Figures 3.8.a and b show the TEM
image of a Pt/L2NO4/STO stack and a Ti/L2NO4/STO stack, respectively. The two specimens
were analysed using a high-angle annular dark-field (HAADF) detector, highly sensitive to a
change in the atomic number Z of a given chemical element, or the average Z for a compound
material®*. The HAADF image of the Pt/L2NO4/STO half device (Figure 3.8.a) clearly shows
the presence of the three expected layers, being the STO substrate at the bottom followed by
the L2NO4 thin film and finally the Pt electrode that had been evaporated on top. In the case of

“the higher Z, the brighter the contrast. For example Pt with an atomic number of Z=78 will turn out much
brighter than Ti which has an atomic number almost four times lower (Z=22).
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Figure 3.8 - HAADF TEM images of a pristine Pt/LL2NO4/Ti device cross-section taken beneath
a Pt electrode (a) and a Ti electrode (b) showing the presence of a darker contrast (lower density)
interlayer beneath the Ti electrode which is not present on the Pt side. Chemical profiles for
oxygen (red) and titanium (yellow) are superimposed to the images. These profiles were measured
by EELS and have been normalized in intensity to the STO substrate. They are also plotted together
in (c) to ease the comparison between the two heterostructures. A clear oxygen peak is present at
the L2NO4/Ti interface and extends about 8 nm into the Ti electrode, suggesting a TiOy interlayer
has formed at this location.
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the Ti/L2NO4/STO half device, these three layers (electrode/film/substrate) are also present,
but an additional darker contrast can be observed between Ti and L2NO4. In HAADF, this
darker contrast suggests the presence of a low density (low Z) and likely amorphous material.
In order to obtain the composition of this interlayer, electron-energy loss spectroscopy (EELS)
has also been carried out on the two TEM specimens. The chemical profiles for O (red curve)
and Ti (yellow curve) are superimposed to the TEM cross-section images, clearly showing the
presence of an oxygen-rich interlayer at the Ti/L2NO4 interface which is otherwise absent at
the Pt/L2NO4 interface. Figure 3.8.c shows the same chemical profiles but this time altogether
on the same graph to better distinguish possible differences in the intensity of the two chemical
elements measured: O and Ti. These intensities are normalized to the STO substrate which
contains both O and Ti in a 1:3 ratio. It is interesting to see that the overall amount of oxygen
present in the L2NO4 film seems lower below Ti than below Pt, indeed suggesting that Ti
has scavenged oxygen from L2NO4. Furthermore, the oxygen peak present at the Ti/L2NO4
interface coexists with a high intensity of Ti. When considering the normalized intensities at
a distance of d >~ 100 nm, a Ti/O ratio of 1.75/3 can be calculated, which corresponds roughly
to the composition TiOy 79 (or TiO,.y with y ~ 0.29 the number of oxygen vacancies per
unit cell of TiO,). This calculation is of course a simplification as other elements that were
not considered could also be present in the interlayer. In addition, this interlayer is probably
amorphous, meaning that the composition can largely vary depending on the location and
could for example take the form of a chemical gradient between the Ti electrode and the
L2NO4 film (as Ti is being oxidized by L2NO4). The presence of a highly oxygen deficient
TiO,.y is plausible, meaning that the interlayer would rather be an n-type semiconductor than
an insulator.

3.2.5 Temperature-dependent measurements and transport mechanisms

Temperature-dependent electrical measurements have been carried out for an oxygen-annealed
L2NO4/STO sample to investigate the transport mechanisms in M/L2NO4 (M = Pt, Ti) het-
erojunctions where L2NO4 plays the role of a highly acceptor-doped p-type semiconductor.
Figure 3.9.a shows the evolution of the I-V characteristics between +1 V of a Pt/L2NO4/Pt
device with decreasing temperature (180K < 7" < 300K, measured in vacuum). The slope of
unity extracted from the log(I)-log(V) plot (inset in Figure 3.9.a) and the area dependence of
Figure 3.7 demonstrates an ohmic conduction mechanism which is valid for the whole tem-
perature range.

It is surprising to see that the temperature has very little effect on the measured current as
the number of carriers in a semiconductor depends exponentially on the temperature (equation
(5) in Table C.1). A reason for this might be that the Fermi level is very close to the the
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Figure 3.9 — Evolution of the electrical I-V characteristics for (a) Pt/L2NO4/Pt and (b)
Pt/L2NO4/Ti as a function of temperature. The corresponding activation energies for different
measurement voltages were obtained by fitting the data considering a conventional thermally activ-
ated process: I = Iyexp( ;sza ) as is shown in (b) and (d) for the data presented in (a) and (c), respect-
ively. The data in (d) presented two different regions: 300K < T < 230K and 230K < T < 180K
which were fit independently using two linear regressions, yielding two temperature-dependent
activation energies.
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valence band edge of L2NO4. Goodenough et al. have reported the possible degeneracy
of this material in the presence of a sufficient amount of Ni** [45]. The oxygen-interstitial
doping could thus be the reason for an almost degenerate L2NO4. The activation energies
were extracted from the measured I(V) curves and are displayed in Figure 3.9.b. Activation
energies (Ex) as low as 8 meV are obtained, which is %kBT at 180 K (the lowest measurement
temperature). Ea also has a (weak) field-dependence, which means that there should also be
a small but measurable field-activated drift process involved in the conduction mechanism.
The small temperature dependence of the I(V) data can be interpreted if the assumption is
made that the Fermi level is degenerate and resides in the valence band of L2NO4. At this
point, grain-boundary scattering likely becomes one of the limiting conduction mechanisms.
The very low activation energies are then coherent with a quantum tunnelling conduction
mechanism, which in the case of direct tunnelling for example (equation (3) in Table C.1)
is not affected by temperature but only by the thickness of the tunnelling barrier. The grain
boundaries themselves would then play the role of the tunnelling barriers, a phenomenon
well described by Nguyen ef al. to explain the charge-scattering mechanisms happening in
Al:ZnO thin films, a degenerate n-type semiconductor [94]. Even though we cannot conclude
on the degeneracy or non degeneracy of the Fermi level, the hole-doped L2NO4 is likely the
main contributor to the overall device resistance in Pt/LL2NO4/Pt, while the contribution of the

ohmic Pt/L2NO4 junctions is very small.

The transport properties are different when using Ti electrodes. The same temperature
measurements as previously with Pt have been carried out for an asymmetric Pt/L2NO4/Ti
device (Figure 3.9.c). First, the conduction is no longer ohmic in the entire voltage range
as can be concluded by the slope > 1 in the log(I)-log(V) plot presented in the inset. The
ohmic conduction only holds at low voltages, typically < 0.1 V, above which other nonlinear
(1 < slope < 2) transport mechanisms have to be considered to account for the extra current.
In this case the temperature has a visible effect on the measured I-V characteristics, but this
effect is still low compared with the temperature range used to carry out these measurements,
suggesting that the Fermi level of L2NO4 is still close to the valence band edge as was the
case for Pt/L2NO4/Pt. A ’de-doping’ effect due to the oxygen scavenging of Ti, reducing
the amount of hole carriers in L2NO4 remains a very likely situation as that would have the
effect of increasing the Fermi level away from the valence band edge, removing the possible
degeneracy discussed earlier. The activation energies extracted from this temperature data are
presented in Figure 3.9.d. These low activation energies are (65meV < E4 < 162meV') are sug-
gesting a tunnelling mechanism. However, a grain boundary-limited conduction mechanism
is less likely here as the degeneracy should be removed and the activation energy values are

ten-fold the ones obtained for Pt/L2NO4/Pt. Here a thermally-assisted tunnelling mechanism
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through a thin insulating barrier is more likely, and is in good agreement with the presence of
as TiOy interlayer. Interestingly, the activation energy of the conduction mechanism decreases
with temperature (change of slope around 230 K). This could be explained by the presence
of temperature-activated trap sites - such as oxygen vacancies - present for example in the
TiOy interlayer. Reducing the temperature could decrease the thermalization of carriers into
these trap sites, restoring the direct tunnelling current to its maximum values. In other words,
around 230 K the conduction mechanism could change from trap-assisted-tunnelling (TAT) to
direct tunnelling.

3.3 Summary
The main points tackled in this chapter are summarized hereafter.
* The metal/oxide heterojunction (theoretical aspects):

— Multiple conduction mechanisms can be present in a memristive device, perform-
ing electrical measurements varying the electrical field, the measurement temper-
ature and the materials composing the final memristive heterostructurecan help

elucidate and separate them;

— Both bulk and interface-limited conduction mechanisms need to be considered,
keeping in mind that interface-limited mechanisms are key to an homogeneous

interface-type resistance-change mechanism;

— The work function of the metal used as electrical contact material can play a decis-
ive role on the metal/oxide junction, providing either an ohmic or a Schottky con-
tact. The combination of the two types of contacts is interesting to build memrist-
ive devices as it allows a certain control over location of the voltage drop within
the device;

— It is often the case that so-called ‘Fermi-level pinning’ renders the contact insens-
ible to the metal work function. Surface states or chemical reactivity of the oxide

material with the electrode material needs to be considered;

— Electrode materials having a low Gibbs free energy of oxidation (eg: Ti, Al,...)
can easily form metal-oxide interlayers when brought in contact with an oxide

material, giving rise to new conduction mechanisms.

* The metal/L2NO4 heterojunction (experimental results):
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Functionality through interface: role of the electrodes

— An ohmic contact could be obtained when evaporating Pt (high work function)

on L2NO4 while a slightly more resistive Schottky-like contact could be obtained
with Ag (low work function), confirming the p-type semiconducting properties of
L2NO4. Devices built with at least one Ti electrode also showed Schottky-like

characteristics with an important increase in resistance;

TLM carried out on Pt/L2NO4/Pt devices with varying oxygen contents (and thus
a varying amount of hole carriers through the self-doping effect of L2ZNO4) con-
firmed the larger conductivity of L2ZNO4 when increasing its oxygen content. The
TLM also provided a relatively small (~20-30 €2) value for the Pt/LL2NO4 con-
tact resistance, which is almost independent on the electrical properties of L2ZNO4

(whether it is more or less resistive);

The transfer length has also been extracted from the TLM, showing that lower res-
istivity values of L2NO4 are beneficial for a more homogeneous current injection
throughout the entire Pt/L2NO4 interface instead of generating current hotspots
along the facing edges of the contacts (as would be the case for the film annealed

in a highly reducing H>(6%)/Ar atmosphere);

An homogeneous current flow has been shown both for the symmetric Pt/L2NO4/Pt
and Ti/L2NO4/Ti devices by changing the pad size used for electrical measure-
ments. This has confirmed the absence of current short-circuits, as well as the
presence of an homogeneous Ti/L2NO4 Schottky contact, regardless of the pad
size;

The presence of an amorphous and likely oxygen-deficient TiOyx interlayer has
been observed at the Ti/L2ZNO4 interface by HRTEM. This interlayer formed spon-
taneously when evaporating the Ti electrodes. Substoichiometric TiOy effectively
acts as a n-type semiconductor, meaning that the initial Ti/LL2NO4 p-type Schottky
junction should rather be considered a Ti/TiOx/L2NO4 metal/p-n heterojunction;

Temperature measurements (in the 300 K-180 K) were carried out on a symmetric
Pt/L2NO4/Pt device. The ohmic characteristics were maintained throughout the
entire temperature range, with very low activation energies (~10 meV) suggesting

a direct-tunnelling mechanism, possibly through grain-boundaries of L2NO4;

Similar temperature measurements carried out on an asymmetric Pt/L2NO4/Ti
device have shown that the conduction mechanisms are drastically affected by the
presence of a Ti contact as the temperature dependence of the current is more im-
portant. The conduction mechanism shows a higher activation energy (~150 meV)

which is still compatible with tunnelling mechanisms. In this case, the TiOy in-
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terlayer can act as the tunnelling barrier. A change of slope in the Arhenius plot
around 230 K could be explained by a change in the conduction mechanism from
trap-assisted tunnelling (between 300 K and 230 K) to direct tunnelling at lower
temperatures (at least down to 180 K).

In this chapter we have discussed the critical role of the electrode material on the electrical
properties of an oxide-based memristive device, in particular when trying to obtain a homo-
geneous interface-type change in resistance. After having investigated the electrical properties
of several M/L2NO4/M heterostructures, an asymmetric Pt/L2NO4/Ti was selected for fur-
ther experiments aimed at assessing the memory capabilities of this LZNO4-based memristive
device. These experiments are described and discussed in the following chapter.
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This chapter is mainly experimental dedicated to the in depth characterization of the
Pt/L2NO4/Ti device, focusing on its memristive properties. The first section will explain
the reasons for choosing the asymmetric ’top-top’ electrode configuration, with the use of a
Pt and a Ti electrode. The three subsections it contains will detail the device operation in
chronological order, starting with the need of an initialisation step to trigger the memrist-
ive behaviour, followed by a continuous analog-type resistance-change achieved through bi-

polar voltage sweeps, and finally the role of the oxygen content of L2ZNO4 (which has been
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varied through post annealing treatments) on the electrical characteristics of a Pt/L2NO4/Ti
memristive device. The second main section puts in the spotlight intriguing resistance relax-
ation characteristics of the device which have been first observed after the initialisation step.
The third section is dedicated to the highly multilevel neuromorphic programming capabil-
ities with synaptic functions achieved through the application of voltage pulses. The fourth
section is a discussion divided into two subsections. The first subsection is a brief literature
review on other MOM heterostructures having shown memristive properties with a ‘Gradual
Resistance-Change’ behaviour. A band diagram-based model is then proposed on the basis of
this literature review to explain the similar gradual resistance-change properties obtained with
the Pt/La;NiO4/Ti heterostructure in the second subsection. The important points discussed

in this chapter are summarized in the final section.

4.1 Memristivity in Pt/LL.2NO4/Ti using the ‘top-top’ planar

electrode configuration

A top-top configuration with macroscopic distances (a few hundreds of microns) between
electrodes was preferred to the more common top-bottom configuration with a narrow spacing
between electrodes. The reason behind this choice was to avoid the formation of conductive
filaments and have a better control of the interface-type resistance changes in the memrist-
ive devices. In the conventional top-bottom configuration the low series resistance of tens
of nm-thick L2NO4 is expected to lead to high currents, subsequent Joule heating and can
ultimately induce an important degradation of the electrode material. At this point, other
undesired resistance-change mechanisms such as electrochemical metallization (ECM) ther-
mochemical or even phase change memory mechanisms become more likely. While Cu or
Ag-based ECM cells have already been studied for their filamentary resistive switching mech-
anism, the formation of Pt filament in a Pt/TiO,/Pt memristive device has also been repor-
ted [62], suggesting that the majority of electrode materials can end up migrating through the
cell and short circuit the device if exposed to harsh programming conditions. The formation
of filaments (being either metallic or formed within the oxide e.g. oxygen vacancies) is an
undesired resistance-change mechanism here as we are aiming for a more homogeneous and
highly multilevel change in resistance induced by the movement and accumulation of oxygen
ions at the metal/L2NO4 interface instead.

Furthermore, and as has been discussed in the previous chapter, the electrode materials
have been chosen carefully. Platinum was selected as it forms an ohmic contact with L2NO4,

meaning that the Pt/LL2ZNO4 junction offers little resistance to the passage of current, but also,
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and maybe more importantly, that this same junction should be chemically inactive. The
chemical inertness is an important aspect here as it allows narrowing down the materials (and
their junctions) that are responsible for the memristive properties of the final device. Titanium
at the contrary was selected for its high oxygen affinity, making it a chemically active elec-
trode that can easily form a TiOy interlayer at the Ti/L2NO4 junction. This oxygen defective
interlayer may then play the role of an oxygen storage/release medium. The exchange of oxy-
gen between the two materials, which could also be put in terms of reversible redox reactions,
provides an effective playground for VCMs as some of the constituent elements composing the
materials (for example Ni and Ti for LZNO4 and TiOx, respectively) will increase (decrease)
their oxidation state to compensate for the gain (loss) of atomic oxygen.

It is in these terms that the Pt/L2NO4/Ti - with a focus on the L2ZNO4/Ti heterojunction -
is proposed as a prototypical device for VCM as it represents an experimental playground to
investigate and understand how oxygen motion and subsequent redox reactions (which are key
aspects of the VCM mechanism) are translated into the macroscopic electrical characteristics

of this particular type of resistance-change mechanism.

4.1.1 The initialisation step

First we have tested the supposition that L2ZNO4 can as an “oxygen dispenser” by applying an
increasing negative voltage to Pt (while grounding Ti). This leads to an external electric field
pointing towards the Pt electrode and thus to the movement of negatively-charged species -
such as O/ - in the opposite direction towards the L2ZNO4/Ti interface. An increase in the total
resistance of the device would be consistent with a further oxidation of the TiOy interlayer
which formed spontaneously when evaporating Ti on pristine L2NO4 (read section 3.2.4 for
more details) and is an indirect and partial proof that L2ZNO4 acts as an oxygen dispenser.
The results of such a biasing experiment are shown in Figure 4.1. The inset therein shows
the resistance-voltage (R-V) characteristics of the device at different stages of the experiment.
Initially the device shows non-linear and slightly rectifying electrical properties, with a res-
istance of 878 k) (calculated from the current measured at +10 mV). This resistance state
is stable as shown by the 200 s sampling measurement carried out at a low read voltage of
+10 mV. The device is then stressed electrically by applying successive 100 s long voltage
levels with increasing negative voltage amplitude (i.e. -1 V,-2V,-3V, -4 Vand -5 V). Itis
only after the stress at -3 V that the device starts to show a significant increase in resistance
and ohmicity. It should be noted that the apparent increase in ohmicity is in fact more likely to
be due to an increase in the built-in potential. This translates into an increase of the threshold
voltage, under which the thermally-generated carriers ensure an ohmic-like conduction. It

still remains an open question if the built-in potential is due to a MIS or to a p-n heterojunc-
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Figure 4.1 — (a) Response of a Pt/L2ZNO4/Ti device to an increasing voltage level. The upper
panel shows the applied voltage over time (2x100 s at +10 mV followed by 100 s at -1V, -2V,
-3V, -4V, -5V and finally 2x100 s at -5 V again) while the lower panel shows the relative change
in resistance as a percentage of the initial resistance over time (R(t)) and for each of these biasing
conditions. The inset in the lower panel shows the evolution of the R-V characteristics (log scale)
of the device at different stages of the experiment, these stages are indicated by the numerals in the
R(t) sampling curve.
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tion between Ti, TiOx and L2NO4. At the end of the experiment the resistance of the device
increased over more than two orders of magnitude up to 145 M.

We will refer to this experiment (the resistance-increase when applying a negative voltage
to Pt) as an “initialisation step” as it does not strictly correspond to the typical “electroforming
step”. The classical electroforming step is comparable to a soft dielectric breakdown which
occurs at high voltage (higher than the cycling/operating voltage), creating locally conducting
pathways in an initially insulating medium and gives rise to the memristive properties of the
device. The operation carried out here increased the resistance of a more conducting IRS,
ruling out the possibility of a soft dielectric breakdown and the formation of conducting fila-
mentary pathways. Also, as will be shown later, the amplitude of the forming voltages does
not need to be higher than the actual programming voltage, which is another major difference
with the dielectric-breakdown type of forming.

4.1.2 Analog I(V) characteristics and memory storage

The newly initialized high resistance state (HRS) of the Pt/LL2NO4/Ti device is then submitted
to bipolar voltage sweeps (0 V — +Vpax — 0 V — -Viax — 0 V), increasing the maximum
voltage amplitude (Vax) every five cycles as displayed in Figure 4.2.a-c. The first five sweeps
between +1 V show ohmic-like I-V characteristics with almost no rectification, suggesting that
we are still in the sub-threshold voltage region of the I(V) curve. Already at £2 V hysteretic
and rectifying I-V characteristics start to appear. Interestingly, the current levels and recti-
fication of the device increases with the number of cycles without needing to increase the
maximum voltage amplitude nor the dwell time at each voltage step. This suggests that an
additional dynamic relaxation in which both the HRS and the LRS are decreasing over time
is superimposed to each I(V) cycle. This effect is very clear when cycling at £3 V where an
hysteresis is now visible on both sides of the I(V) curve. At +4 V, the relaxation is still present,
but when cycling +5 V the device shows two stable and highly reproducible resistance states
separated by roughly one order of magnitude.

Figure 4.3.a and b respectively detail the highly reproducible I-V and R-V characterist-
ics of the formed Pt/L2NO4/Ti devices and their memristive behaviour when cycling them
between +5 V. The device shows very little variability upon cycling and the transition from
one resistance state to the other occurs gradually in a continuous analog way. The HRS and the
LRS are both rectifying, suggesting that the underlying carrier transport mechanism might not
have changed between the two states. The HRS features a large built-in potential (or threshold
voltage) that decreases when programming the device to the LRS, which is achieved here after
a0V — +5 V voltage sweep.

Once the device is in its LRS and the voltage is swept in the reverse bias, the modulus
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Figure 4.2 — (a) I-V characteristics of the same Pt/LL2NO4/Ti device after the initialisation exper-
iment described in Figure 4.1. Each panel shows five consecutive bipolar I(V) sweeps executed
in the same biasing conditions (0 V — +Vmax — 0 V — -Vmax — 0 V). The maximum voltage
amplitude (Vmax) is increased from 1 V to 5 V with a step of 1 V in each new panel. (b) is the same
as (a) but in semilogY scale and (c) is the same as (b) but described in terms of R-V characteristics.
The Pt electrode was biased while Ti remained grounded throughout the experiment.
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Figure 4.3 — (a) Stabilized I-V characteristics of a Pt/L2NO4/Ti device. As depicted by the arrows,
the cycle starts at 0 V in the HRS, is set in its LRS applying a positive bias of +5 V and reset to
HRS by applying a negative bias of -5 V. (b) R-V curve calculated from the measured current in
(a). The Pt electrode was biased while Ti remained grounded in all the biasing experiments. The
L2NO4 film is 67 nm thick.
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of the current increases until it reaches a maximum around -2.75 V (see inset in igure 4.3.a),
after which the current gradually decreases with the voltage modulus. This is often referred-
to in the literature as negative differential resistance (NDR), meaning that locally ‘2—‘1/ < 0.
This behaviour is in fact causing the change in resistance or ‘switching” of the device and the
possibility of returning to its HRS after the negative voltage sweep. The fact that this decrease
in current occurs in a gradual manner within the timescale of the measurement (e.g. here a
sweeping rate of ~350 mV/s), offers the opportunity of controlling the exact value of the HRS
in a very precise manner. On the contrary this gradual ‘analog-type’ control of the resistance
change is not easy to achieve in filamentary-type switching, in which the changes between
resistance states are very abrupt, in a very short period of time and occur in a narrow voltage
range. This ‘2—‘1/ < 0 region present between -2.75 V and all the way down to -5 V disappears
when the device is subjected to a series of negative unipolar sweeps as shown in Figure 4.4.
Eachnew 0 V — -5V — 0 V cycle gradually sets the device in a higher resistance state, but
the maximum resistance that can be achieved in these biasing conditions seems to saturate
around 50 MS).
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Figure 4.4 — R-V characteristics of a Pt/L2ZNO4/Ti device showing highly reproducible HRS and
LRS over five consecutive +5 V cycles. The device is then gradually programmed to an even
higher resistance state (HRS+) when carrying out five unipolar 0 V—-5 V—0 V voltage sweeps.
The inset shows the resistance state of the device (read out at -100 mV) after each cycle.
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4.1.3 Role of the oxygen content in L2NO4

To illustrate the key role of oxygen on the electrical characteristics of L2NO4-based memrist-
ive devices, several pristine L2NO4 films received an annealing treatment prior to the evapor-
ation of the Pt and Ti contacts. Similar treatments have been used as for the samples described
in Section 2.3.2: one sample was annealed in a pure oxygen atmosphere while the two oth-
ers were exposed to an increasingly reducing Ar or Hy(6%)/Ar gas mixture to lower its bulk
oxygen content. The samples were all annealed at 500 °C for 1 h. After the preparation of the
top electrodes in cleanroom facilities (see Appendix C.1), three Pt/L2NO4/Ti devices (one for
each sample) were programmed from their IRS to a HRS following the standardized initial-
isation procedure described in Figure 4.5.a and which goes as follows. First the IRS is readout
at +10 mV during 100 s to test its stability over time, followed by a train of 100 write/read ([-
10 V; 1500 ms]/[+10 mV; 250 ms]) pulses and, finally, another 100 s long readout at +10 mV
is carried out to probe the new resistance state of and measure its stability over time. The
results of this initialisation for the three Pt/L2NO4/Ti samples with different oxygen contents
are displayed in Figure 4.5.b-d. It can be noted that the three devices all have a different ini-
tialisation behaviour. First of all the IRS is different for the three samples and larger for the
samples annealed in a more reducing atmosphere. We can consider in a first approximation

that the total resistance equals:

Rt =Rc pi +Rionvos +Reri 4.1)

where Ry is the total resistance of the Pt/L2NO4/Ti device, Rc p; is the contact resistance
between Pt and L2NO4, R;on04 is the resistance of the L2NO4 film and Rc 7; is the contact
resistance between Ti and L2NO4. Figure 4.6 shows the relative contribution of Rzono4,
Rc pi» Re i to the total resistance of each of the three devices. Riono4 (= pL2N04.$) has been
estimated using the measured 4-probe resistivity of each L2NO4 film (yielding 8.0.107 .cm,
1.4.102 Q.cm and 1.2 Q.cm for the Oy, Ar and Hy-annealed samples, respectively) and the
device geometry' (see sketch at the top of Figure 4.5). Repi (= ’)‘LLT#) has been estimated
using the Pt/L2ZNO4 contact resistivity p. ;ono4 and transfer length Ly extracted from the TLM
experiment carried out in the previous chapter (see section 3.2.2). The remaining resistance
has been attributed to the contact resistance between Ti and L2NO4 and thus includes the
possible series resistance of the TiOy interlayer: Rc r; = Rt — (Rc,pr + Riano4)-

The relative contribution of the Pt/L2NO4 contact resistance (Rc p;) is either small (e.g.
~12 % for the highly conducting oxygen-annealed sample in its IRS) or negligible (< 2 %

A correction has been made to take into account the presence of the small Pt contact between the measured
electrodes, as previous measurements have demonstrated that the current will flow through the Pt electrode
instead of the L2ZNO4 film whenever allowed to do so.
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Figure 4.5 — (a) [llustration of the voltage-time initialisation sequence for the curves displayed in
(b)-(d). The sequence starts with a 100 s readout of the resistance state at +10 mV, followed by
100 write/read pulses [-10 V; 1500 ms] and ends with another readout at +10 mV during 100 s.
(b)-(d) Initialisation of a Pt/L2NO4/Ti device annealed in Hy(6%)/Ar, Ar and O,, respectively.
(e) Bar diagram summarizing the response to the initialisation procedure for the three different
samples. (f)-(g) I-V characteristics of the Pt/L2NO4/Ti devices annealed in O,, Ar or Hy/Ar in
their IRS and after being initialized to a HRS, respectively. The inset in (g) is a magnification of
the I-V curve between -0.2 V and +0.5 V. A picture and a sketch of the sample and the biasing
conditions is shown at the top of the figure.
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(a) Before initialisation
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Figure 4.6 — (a) Relative contribution of the LZNO4 film (RL2NO4), the Pt/L.2ZNO4 contact (R¢ p;)
and the Ti/L2NO4 contact (Rc ;) to the total resistance Rt of the oxygen, argon and hydrogen an-
nealed samples in their IRS (before the initialisation step). (b) Same as (a) but after the initialisation
step.

in all the other cases). The total resistance of the Pt/LL2NO4/Ti device can thus be attributed
mainly to Ryonvo4 and Re ;. When considering the three samples in their IRS (Figure 4.6.a),
the L2NO4 film initially has the highest contribution to the total resistance of the device for
both the hydrogen-annealed sample (contribution of ~95 %), while its contribution is ~26 %
for the oxygen-annealed sample and only ~2 % in the case of the argon-annealed sample.
Thus the increase in the L2NO4 film resistivity with decreasing oxygen cannot explain alone
the larger IRS when decreasing the oxygen content of the device. Rc r; represents ~96 %
and ~3 % of the total resistance for the argon and hydrogen annealed samples, respectively,
while Rc 1; represents ~62 % of the total resistance in the case of the oxygen-annealed sample
accounting for the spontaneously-formed TiOy interlayer.

In the case of the hydrogen-annealed sample, the important increase in the L2NO4 film

resistivity (of nearly two orders of magnitude) reduces considerably the relative importance
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(a) Reduced L2NO4 (b) | self-doped L2NO4

.........................

Figure 4.7 — Possible band diagram illustrating the Schottky contact between (a) Ti and reduced
L2NO4, (b) Ti and oxidized L2NO4. The oxidized sample contains a higher amount of interstitial
oxygen ions (represented here by O%"), resulting in additional hole carriers (yellow discs) through
a self-doping mechanism. The increasing amount of hole carriers reduces the depletion width Wy
at the Ti/L2NO4 junction, reducing the contact resistance Rc¢ ;.

of Rc r, its contribution remains however similar than for the argon-annealed sample (R¢,1; =
1.5.10* Q against 4.2.10*  for the hydrogen and the argon-annealed samples, respectively),
meaning that the Schottky contact properties might also be similar. The much lower Rc r;
contact resistance for the oxygen-annealed sample (Rc r; ~1.4.10% Q) implies very different
Ti/L2NO4 contact properties and likely also different conduction mechanisms. Neverthe-
less, these differences remain coherent with a Schottky contact model as illustrated in Fig-
ure 4.7. Indeed, when L2NO4 is post-annealed in an oxidizing atmosphere, the higher amount
of hole carriers obtained through a self-doping mechanism not only decreases the resistivity of
L2NO4, but it also decreases the depletion width in the case where a Schottky junction exists
between Ti and L2NO4. The decreased depletion width then allows new transport mechanisms

to take place (such as direct tunnelling for example).

Coming back to the initialization procedure of the three devices (Figure 4.5.b-d), it can be
noticed first that the IRS is stable during the first 100 s long readout at +10 mV, with a value
of 4.6.10° 2, 4.4.10*  and 2.2.103 € for the hydrogen, argon and oxygen-annealed sample,
respectively. When applying the write pulses (-10 V; 1500 ms), the samples follow two dif-
ferent behaviours depending on them having received a reducing or an oxidizing annealing
treatment. The resistance of the two reduced samples (Figure 4.5.b and c) first decreases dur-
ing the first ten write pulses before increasing again. The hydrogen-annealed sample needs the
first 55 pulses to retrieve its IRS value of 4.6.10° €2, while the argon-annealed samples needs
slightly less (42 pulses) to climb back to its initial 4.4.10% 2. The oxygen annealed sample

(Figure 4.5.d) does not show the initial decrease in resistance and is directly programmed to a
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higher resistance state after each new write pulse. Interestingly, this last device initially shows
a slow increase in resistance during the first 40 pulses, followed by a steeper increase after-
wards. The initial resistance drop for the two reduced samples could find its origin in the field-
induced drift of the interstitial oxygen ions still present in the sample towards the Ti/L2NO4
interface. This would reduce the contact resistance Rc 7; in the same way as is illustrated in
Figure 4.7, but instead of doping the entire L2NO4 film there would only be a local doping
increase at the Ti/L2NO4 interface. At a certain threshold concentration (achieved after the
first ten write pulses), the oxygen ions could continue oxidizing the Ti electrode and increase
the resistance of the device by increasing the thickness and/or the oxidation of the (thin) TiOy

interlayer.

In the case of the oxygen-annealed sample, the oxygen concentration at the Ti/L2NO4
interface is already high initially, meaning that oxygen ions could start drifting into the Ti

electrode and oxidizing it as soon as the first write pulse is applied.

At the end of the initialisation procedure, the resistance continues increasing spontan-
eously (i.e. without the application of an external electric field) during the second 100 s long
readout step. The increase is very subtle for the two reduced samples, and more substantial for
the oxidized sample. This effect could be explained by the diffusion of the oxygen ions away
from the Ti/L2NO4 interface to restore an homogeneous chemical gradient across the sample.
This Fickian diffusion process would lower the doping concentration, increase the depletion
width and would thus increase Rc 7; and the total resistance of the device. This effect is more
important for the oxygen-annealed sample as a higher gradient of interstitial oxygen ions has
to re-equilibrate. Figure 4.6.b shows the relative contribution of R;ono4, Rc prs Re i to the
total resistance of each one of the three devices after being initialized. The assumption has
been made that only R¢ r; (which also contains the series resistance of TiOy) changes during
the initialisation procedure. This is surely a simplification as Ryy04 is also expected to change
(increase) when loosing part of its oxygen during the oxidation process of Ti. Nevertheless,
the volume of L2NO4 affected by this oxygen loss is likely concentrated in close proximity to
the Ti electrode and should only represent a fraction of the total volume of L2NO4 traversed
by the current. An effect on Ryonyo4 can be expected when reducing the size of the device to
such dimensions where the ‘active volume’ of L2NO4 (i.e. the volume that exchanges oxygen
with Ti) becomes an important fraction of the total volume. Similarly, the assumption has been
made that R¢ p; remains constant throughout the initialisation procedure. This hypothesis has
been verified with the help of a third (non biased) Pt electrode serving as a reference to test
whether the resistance-change occurred beneath the Pt or the Ti electrode in the biased device.
This experiment revealed that only the region around the biased Ti electrode changed while the

electrical characteristics of the biased Pt electrode are unaltered after the initialisation experi-
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ment. The assumption that only Rc 7; changes during the biasing of the device seems therefore
reasonable as a first approximation. What is clear from Figure 4.6.b is that the three devices all
exhibited a resistance-increase, regardless of their annealing treatment. This increase is due
(following the approximation discussed before) to the increase of the relative contribution of
Rc 7 to the total resistance. Indeed, the Ti/L2ZNO4 contact resistance now represents ~98 %

of the oxygen and the argon-annealed devices and ~28 % of the highly H>-reduced device.

The bar chart in Figure 4.5.e summarizes the initialisation results, the bar height shows
the resistance value before and after the initialisation step for each one the three samples
annealed in increasingly reducing atmospheres. The oxygen-annealed sample stands out in the
relative resistance change it experienced after initialisation. This sample shows a more than
twenty-fold increase in resistance while the argon and hydrogen-annealed samples only show
a factor 1.8 and 1.4, respectively. A likely explanation of this result would be the presence of a
thicker or more oxidized (thus more resistive) TiOy interlayer in this sample that formed with
the field-induced drift of oxygen from L2NO4 into the Ti electrode. Furthermore, the larger
resistivity of the reduced L2NO4 samples leads to a larger voltage drop across the film, while
this voltage drop should be concentrated mostly at the Ti/L2NO4 junction in the case of the
more conducting oxygen-annealed sample, even more so in the presence of a continuous TiOx
interlayer. The lower amount of oxygen ions available in L2NO4 combined with a smaller
electric field at the Ti/L2NO4 junction makes the drift of these oxygen ions and the oxidation
of the Ti electrode more difficult. This then explains why the magnitude of the resistance-

change during device operation is lower for the reduced samples.

The I-V characteristics of the devices in their IRS are displayed in Figure 4.5.f in which
a non-linear behaviour with little rectification for the two reduced samples to almost no recti-
fication for the oxidized sample can be observed. The absence of rectification is an important
marker of an inhomogeneous Schottky barrier height [130]. The I-V characteristics of the ini-
tialized samples are shown in Figure 4.5.g where the inset (corresponding to a magnification
of the electrical characteristics at low voltage) puts in evidence that only the oxygen-annealed
sample has a significant difference in the HRS and LRS when cycling the devices between
+5 V. The argon-annealed sample has an hysteretic behaviour when V > 300 mV but the open-
ing vanishes at lower voltages. The hydrogen-annealed sample has a very small opening when
V > 1 V. The presence or absence of two well differentiated resistance states all the way down
to 0 V is certainly a marker of the potential retention capabilities of the device. This means
that only the oxygen-annealed sample has memory retention while the changes induced in the
two other reduced samples are volatile, at least in these biasing conditions. The oxidation (re-
duction) of Ti (TiOx) might explain the varying retention characteristics. Redox reactions are

likely present in the oxygen-annealed case, while in the reduced samples the hysteresis could
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be due to a temporary variation in the hole-doping concentration at the Ti/L2NO4 interface,
changing its electrical characteristics in a reversible and volatile way.

This section on the role of the oxygen content on the memristive properties of a L2ZNO4-
based memristive devices has shown that the additional oxygen ions present in the form of
interstitial point defects in L2NO4 are beneficial, and even necessary to give rise to the
memristive properties of the device. A precise interplay between the TiOy interlayer thick-
ness, stoichiometry and homogeneity and the oxygen content of L2NO4 are certainly crucial
parameters that need to be controlled to be able to tune the resistance-change and the retention
characteristics of the memristive device.

4.2 Spontaneous relaxation behaviour

To further investigate the previously observed dynamic resistance changes, a new pristine
device has been initialised. The voltage was applied in a pulsed mode with two different
pulse durations. The results of this new experiment are shown in Figure 4.8. First the IRS
of the device was readout at +10 mV during 1000 s showing a stable resistance of 1.4 M.
Then a train of 200 write/read ([-10 V; 300 ms]/[+10 mV; 300 ms]) pulses was used to pro-
gram the device to a HRS. However, this lead to a very small increase in the overall device
resistance. The device first decreased its IRS by 21 % after the first 5 write pulses, but
then slowly increased to an intermediate HRS lying 12 % above its initial IRS during the
next 195 write pulses. The write pulse duration was then increased fivefold (to 1500 ms)
to obtain a larger increase in resistance. Another pulse train consisting in 200 write/read
([-10 V; 1500 ms]/[+10 mV; 300 ms]) was launched, this time leading to a very substantial
and continuous increase in resistance, reaching almost 2400 % of the devices IRS. The de-
pendence of the resistance increase rate as a function of the duration of the write pulse, or in
other words, the fact that the resistance increases faster when applying a high voltage during
a longer period of time suggests that the temperature could have an important influence on
the resistance-change process. Indeed, increasing the duration of the voltage pulse means that
the device is submitted to a current flow for a longer period of time, generating more Joule
heating. Decreasing the pulse duration allows the device to release some heat between each
new voltage pulse, decreasing the temperature-activated ionic motion and thus the oxygen drift
towards the Ti electrode.

When sampling the resistance at a read voltage of +10 mV to probe the relaxation dynam-
ics of the device, the resistance continued increasing over more than one order of magnitude
during the first ten minutes that followed the stressing (‘Relax #1’ in Figure 4.8). The device

then decays back to a lower resistance state during the next twenty sampling minutes (‘Relax
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Figure 4.8 — Evolution of the resistance of a pristine Pt/L2ZNO4/Ti device over time. A stable
IRS is measured during the initial readout at V = +10 mV during t = 1000 s. The initialisation
step consisting in the application of 200 write[-10 V; 300 ms]/read[+10 mV; 300 ms], followed by
another 200 write[-10 V; 1500 ms]/read[+10 mV; 300 ms] voltage pulses (orange regions, only the
resistance readout at +10 mV is shown) shows a gradual increase of the resistance of the device
over approximately two orders of magnitude. The new HRS of the device is finally readout again at
+10 mV, showing a continuation in the resistance increase over the first ten read minutes, followed
by a relaxation to a lower resistance state until the experiment is stopped.
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#2’). The resistance increase has been attributed earlier (see previous section) to a Fickian
diffusion process, allowing the oxygen ions accumulated at the Ti/LL2ZNO4 junction during the
initialization procedure to relax back into the bulk of L2NO4, restoring a more homogen-
eous chemical gradient throughout the material. This de-doping process of the Ti/L2NO4
junction increases the Schottky barrier width, hence increasing the total resistance of the
device. Nevertheless, this cannot explain the spontaneous resistance decrease that follows
(when t > 3000 s). A plausible explanation for this second relaxation phenomenon would be
that the reduction of the TiOy interlayer which thickness (and stoichiometry) is directly in-
fluencing the total resistance of the device. Since the free energy of oxidation of Ti is very
low (the reaction Ti+ Oy — TiO; has AG,,(300K) ~ —800 kJ/mol, see Figure 3.4.b), there
are only few materials capable of spontaneously reducing the very stable TiO, compound (in
close to room-temperature conditions). Nevertheless, the free energy of oxidation of partially
oxidized TiO,.y into stoichiometric TiO is drastically larger, i.e. -200 kJ/mol (Figure 3.4.b),
meaning that the energy required to partially reduce TiOx only (without having to completely
regenerate the metallic Ti electrode) could be much lower. Furthermore, even though the value
of AG,, for the oxidation of L2NO4 (i.e. LayNiO4 oo+ O2 — LayNiOy, §) is unknown, it is
clear that the stoichiometric LayNiO4 g9 compound is highly unstable and can only be ob-
tained in highly reducing conditions [109], which is confirmed by the value of its enthalpy of
formation close to zero (2.2 + 5 kJ/mole) reported by Navrotsky et al. [93]. In the case where
a hole-depletion region exists at the L2NO4 side of the Ti/L2NO4 junction, there should loc-
ally be a concomitant absence of interstitial oxygen dopants in this same region. This ‘highly
reduced’ La;NiOy o interfacial region could then partially reduce TiO,.y in the regions where
the two materials are in contact with each other. Another possibility is that some of the oxy-
gen that drifted into the Ti electrode during the initialization step has not reacted chemically
with it. Instead of participating to the formation of the TiOy interlayer the oxygen might be
adsorbed at the surface or in the grain boundaries of the Ti electrode. This adsorbed atomic
(or maybe even molecular) oxygen could then easily be incorporated back again into L2NO4.
Even though the possibility of having adsorbed oxygen at the surface of a Ti electrode has
already been proposed in memristive devices based on graphene-oxide [92], it seems unlikely
that the oxygen would not react with metallic Ti and spontaneously reincorporate L2NO4 in-
stead. An additional stoichiometric TiO; layer only present after the initialization step could
play the role of a oxygen-saturated and thus ion blocking layer and is therefore more likely
to spontaneously restore adsorbed oxygen from its surface back into L2ZNO4. Nevertheless,
the two aforementioned cases - i.e. the spontaneous reduction of TiO,_y by the presence of a
thin layer of stoichiometric La,NiOy g or the reincorporation into L2NO4 of adsorbed oxy-

gen atoms from a thin insulating TiO, interlayer (or present in the grain boundaries of the Ti
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electrode) - have similar outcomes. In both cases the TiOy interlayer (here TiOx can be either
TiO,.y or TiO,) loses oxygen atoms which are likely playing the role of electron traps at the
TiOx/L2NO4 interface. When these oxygen ions diffuse back into L2NO4, they release the
trapped electrons and can restore additional conduction paths (such as TAT) through the TiOx
interlayer, increasing the total current and thus gradually lowering the resistance state of the
device (i.e. ‘Relax #2°).

4.3 Neuromorphic aspects

A new pristine sample was prepared to investigate the neuromorphic programming capabil-
ities of L2NO4-based memristive devices. The nonlinearities in the electrical characteristics
of the Pt/L2NO4/Ti device were studied in order to optimize the pulse characteristics and the
programming sequence. The aim was to find the optimal pulse characteristics that would ulti-
mately lead to an enhanced control over the resistance, being able to increase or decrease the
resistance gradually or, on the contrary, operate a hard RESET to the system when increasing
for example the pulse amplitude. Figure 4.9 shows an example of the programming capabil-
ities and large flexibility offered by the Pt/L2NO4/Ti memristive system. The device is first
initialized by applying two trains of ten pulses [-20 V; 750 ps] (Figure 4.9a and b) after which
it exhibits the usual resistance dynamics: first a fast increase followed by a slower decrease
of the resistance during the readout at +10 mV (only the read pulses are shown in the figure
for clarity). After having optimized the pulse characteristics (not shown), the device is then
subjected to a hard RESET using a single [+20 V; 100 ps] pulse (“2” in Figure 4.9.c). It
can be noticed that this hard RESET changes the resistance of the device to a resistance state
that lies 68% lower than its IRS. As the resistance of the L2NO4-based memristive system
can be changed to higher or lower values relative to the IRS, this shows that the IRS is not a
threshold that imposes a limit to the programmable resistance (as is usually the case in pure
filamentary memristive systems where the IRS is a HRS that cannot be retrieved after form-
ing). This could be attributed to the inherent oxygen storage/release capabilities of L2NO4
and its capacity to accommodate a wide range of oxygen stoichiometry without decompos-
ing. A single [-20 V; 750 ps] pulse is then able to program the device back to a HRS that
lies approximately 10% above the IRS (“3” in the inset in Figure 4.9.c). The corresponding
electrical characteristics presented in Figure 4.9.e and f show an important rectification of the
device when programmed to a HRS (“3”). The IRS (“1”), while showing highly nonlinear
electrical characteristics, presents very little rectification. This HRS is then gradually lowered
of a few percent when applying [+5 V; 24 ms] pulses (“4” and “5” in Figure 4.9.c). This is

accompanied with a change of shape of the electrical characteristics with a slight decrease
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Figure 4.9 — (a) Relative resistance change over time of a pristine Pt/L2NO4/Ti device after ap-
plying two trains of 10 pulses [-20 V; 750 ps] as presented in the top panel. (b) Magnifications
of (a) around the initialisation step. (¢) Programming sequence of the device where an optimized
pulse amplitude and width can either operate a hard reset of the device to a LRS when applying a
strong positive voltage (e.g +15 V or +20 V) or at the contrary change the resistance progressively
as shown in (d). Only the readouts at +10 mV of the devices resistance state is shown in all the
sampling measurements for clarity. (e-f) I-V and R-V characteristics of the Pt/LL2ZNO4/Ti device in
different resistance states. In chronological order, ‘1’ corresponds to the R-V characteristics of the
device in its IRS, ‘2’ corresponds to a hard reset of the device in a LRS (after a [+20 V; 100 ps]
pulse), ‘3’ is the resistance state after a hard set to HRS [-20 V pulse; 750 ps], ‘4’ and ‘5’ is the
resistance state of the device after two “gentle” resets to a slightly lower resistance [+5 V; 24 ms].
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in rectification as can be observed in the corresponding I-V and R-V characteristics in Fig-
ure 4.9.e and f. This rectification loss is mainly due to an increase in the reverse bias current
at -1 V while the current at +1 V (forward bias) remains constant. The resistance of the device
can then be decreased further or instead be increased back again with rates that depend on the
pulse polarity, amplitude, duration and the biasing history (Figure 4.9.c and d).

New programming experiments carried out on an oxygen-annealed Pt/L2ZNO4/Ti device
confirm that the resistance dynamics of the device are highly dependent on the programming
history. This new device showed an IRS of ~4 k{2 before being programmed to a HRS of
35 k2 after an initialization step consisting in the application of roughly 1000 [-15 V; 1 ms]
pulses (not shown here). The device was then intensively programmed during the next four
hours in order to find the optimal operating conditions of this new device. Indeed, as the
IRS of this oxygen-annealed device is different than that of the previously operated pristine
device (Figure 4.9), the pulse characteristics had to be adapted. This time the choice was
made to fix the pulse duration to 1 ms and to adapt the pulse amplitude accordingly to be
able to increase or decrease the resistance state of the device gradually, taking advantage of
the highly multilevel programming capabilities of these L2NO4-based memristive systems.
Figure 4.10 shows the interesting short-term memory characteristics the device acquired after
having been intensively programmed. First, it should be noticed that the resistance dynamics
of the device occurring after being programmed to a HRS (Figure 4.10.a) are different to
those measured after the first initialization step (see for example Figure 4.5.d or Figure 4.8).
The relative resistance increase is smaller during the programming step and saturates faster,
but more importantly, the first relaxation mechanism consisting in a spontaneous increase in
resistance (‘Relax #1’ in Figure 4.8) is no longer present. The device now directly relaxes
to a lower resistance state (‘Relax #2’ in Figure 4.10). The volatility of the memory is now
evident. During the first 6 h, the device looses almost half of its resistance (it decreases from
~14 400 €2 to ~7 300 €2). Nevertheless, after ~14 h of relaxation (during which the device
lost 54% of its previously programmed HRS), the device can still be programmed reliably
and gradually to another HRS by applying twenty [-15 V; 1 ms] pulses (Figure 4.10.b). The
newly programmed resistance state seems stable during the 60 s long readout that follows,
although a very slight positive slope (reminding ‘Relax #1°) is visible. The resistance can
then be lowered (also gradually) by applying another twenty [+7 V; 1 ms] pulses with the
opposite voltage polarity and a lower amplitude. These pulse characteristics were determined
from the pulse optimization procedure for this device. A negative slope (meaning a decrease

of resistance with time) is now visible during the 60 s readout that follows this ‘erase’ step.

The device is then left unbiased during the next 34 h, after which a similar write/erase

experiment is reiterated (Figure 4.10.c), showing that the device is still responsive with a very
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Figure 4.10 — Variation of the relative resistance of an oxygen-annealed Pt/LL2NO4/Ti device as a
function of time after having been initialised and intensively programmed during a few hours (not
shown). (a) The device is programmed to HRS again using 1000 [-15 V; 1 ms] pulses divided into 4
pulse trains each separated by a 60 s readout. (b) After letting the device relax back spontaneously
to a lower resistance state during 6 h, it is programmed again to a HRS using 20 [-15 V; 1 ms]
pulses, followed by a 60 s long readout of the new resistance state and a partial erase of the
memory after applying 20 [+7 V; 1 ms] pulses. (c) After having relaxed again to a lower resistance
state during 34 h, a similar write/erase experiment is reiterated.

reproducible resistance change response and preserving its highly multilevel programming
capabilities.

Although the programmed HRS is volatile, the resistance does not seem to relax back
completely to the IRS of the device. A new and higher resistance state with a value ~45%
above the IRS of the device seems to be the new stable resistance state. This higher resistance
could be explained by the formation of a stable TiOy interlayer during device operation.

The memory relaxation dynamics of this device are very interesting for neural applications.

This short-term memory characteristic, or ‘forgetting behaviour’, is important in synaptic fil-
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tering functions for real-time and on-chip information processing [16, 35, 73, 133].

4.4 Discussion

A model is proposed in this section to shine light on the possible mechanisms responsible
for the complex memristive behaviour measured for the Pt/L2NO4/Ti system. A literature
research opens the section, focusing on other works having reported a similar analog-type
memristive behaviour. As we believe that a gradual change in resistance is key in the valence-
change mechanism due to the self-limiting nature of Ti oxidation, we will focus mainly on
other studies having reported this “resistance anomaly” (usually put in terms of Negative Dif-
ferential Resistance, or ‘NDR’, in the resistive switching community).

To our knowledge, there are only two other studies which have used L2ZNO4 as memristive
medium [56, 125]. However those studies were not performed using thin films of LNO4
with Ti contacts; instead the authors used bulk Lay;NiOy,5 ceramic pellets to build symmetric
Ag/LayNiOy4,5/Ag heterostructures with memristive properties.

4.4.1 Analog-type change in resistance in metal/oxide/metal heterostruc-

tures

This subsection is a short literature review on different metal/oxide/metal (MOM) heterostruc-
tures that have been reported to present an analog-type change in resistance associated with
a particular region of the I-V characteristic that fulfils % < 0, in the same way as has been
previously shown for the Pt/La;NiO4/Ti devices (see inset of Figure 4.4.a). This behaviour is
quite counter intuitive as it means that an increase in the applied voltage leads at some point to
a decrease in the measured current. Tunnel diodes have been designed around this character-
istic and the advent of number of emerging applications, such as threshold switches, periodic
and chaotic oscillators, and small signal amplifiers working on the same principle, have been
proposed as key components enabling threshold logic and neuromorphic computing [44]. It
should be noted that although the term NDR is often used in the literature within the resist-
ive switching community, within the semiconductor physics community this term is normally
used only if ‘fl—‘l/ < 01n the particular case of a static measurement and regardless of the biasing
history of the device. In order to avoid using the same term (NDR) for different formal defini-
tions, we have preferred here to use the term GRC standing for ‘Gradual Resistance Change’,
when referring to the decrease in resistance that occurs only in one sweep direction and only
when coming from a different resistance state (from LRS to HRS), as is the case of memristive

devices.
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Au/BaTiO3/FTO [139] Yang et al. prepared Au/BaTiO3(BTO)/FTO top-bottom devices with
an analog-type memristive behaviour. According to them, the BTO/FTO interface can
be regarded as a n-n junction which contribution to the total resistance of the device is
negligible. The Au/BTO Schottky junction on the other hand dominates the transport
properties of the entire heterostructure and is responsible for the measured GRC beha-
viour observed in their devices. Although BTO is a well known ferroelectric material,
they showed that the resistance switching and GRC are independent on ferroelectric po-
larization effects. Interestingly, they also showed that a large positive voltage (> 4 V)
was first needed for the device to exhibit a GRC behaviour when swept in the oppos-
ite negative bias region (GRC starting around -3 V), as is the case in our Pt/L2NO4/Ti
system. Yang et al. attributed this behaviour to the need to store a sufficient amount of
charges (electrons) in interface states. In this case the memristive behaviour is attributed
to a trapping/de-trapping process of electrons from ‘donor-like’ interface states present
at the Au/BTO junction.

Pt/TiO,/Pt [64] Jeong et al. showed that several electroforming steps with different voltage
polarities and with increasing current compliance could activate the LRS in a Pt/TiO,/Pt
device and trigger a stable bipolar switching behaviour. They confirmed the completion
of the electroforming step with the observation of a gradual increase in resistance often
accompanied with a GRC behaviour. The evolution of oxygen gas during electroforming
was confirmed by TOF-SIMS (time-of-flight secondary ion mass spectroscopy) meas-

urements and suggests the reduction of TiO,, possibly explaining this GCR behaviour.

TiN/TiO,/Pt [38] Du et al. used an oxygen blocking electrode (TiN) to obtain reproducible
and symmetrical GRC characteristics with TiO, as sandwiched material. They claim
that a thin (~1.84 nm) insulating layer at the TiN/TiO, interface acts as a charge-trapping
layer and is at the origin of the GRC. The insulating layer is actually also TiO;, but de-
pleted of the conducting filaments that populate the bulk of the film (filaments that have
formed during a prior electroforming step). Interestingly, they consider that molecular
oxygen, when introduced into the TiO; lattice can act as the trapping sites, fixing the

electrons at the defect sites of the insulator layer.

Pt/Ga:Cr;03/Pt [17] Bhowmik et al. prepared thin pellets of polycrystalline Ga doped
Cr,03 (GCO) to investigate the electrical properties of a Pt/GCO/Pt heterostructure.
They measured a GRC behaviour when applying a large positive voltage (+50 V) and
attribute it to charge-trapping at defect sites.

Ti/TiOx/Lag7Cag3MnO3/Pt [84] Liu et al. prepared two samples: one simple Ti/LCMO/Pt
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stack and another similar stack with an additional ~20 nm-thick TiOy interlayer at the
Ti/LCMO junction to improve the memristive properties of a Ti/LCMO/Pt device (lar-
ger HRS/LRS ratio and endurance). A substantial GRC behaviour was measured only
for the first positive voltage sweep (positive with respect to the Ti electrode) in the
sample with no engineered TiOx layer and was attributed to the further oxidation of a
spontaneously-formed TiOy interlayer with oxygen ions coming from the LCMO film.
When TiOy is further oxidized, the depletion width of the TiOx/LCMO n-p heterojunc-
tion increases and prevents electron-tunnelling mechanisms, setting the device in HRS.
The device can be programmed to a LRS when applying an opposite negative voltage to
the Ti electrode, leading to a reduction of TiOx and the subsequent oxygen electromigra-
tion towards the LCMO layer.

Au/ZnO/Nb:SrTiO3 [65] Jia et al. reported on the memristive behaviour of a Au/ZnO/NSTO
device. While Au forms an ohmic contact with ZnO, the ZnO/NSTO junction can be
described in terms of a Schottky junction between a (degenerate) n-type semiconductor
and a metal. The GRC behaviour is present when a negative voltage is applied to NSTO
and is more prominent when the device is first swept with a large (V> +4 V) opposite
positive polarity. Bipolar RS and GRC were attributed to a change in the space-charge
region in ZnO and the trapping/detrapping of electrons at acceptor-like interface states
located at the NSTO/ZnO Schottky junction, respectively.

W/o-Fe;O3/FTO [24] Cai et al. claimed that the co-existence of memristivity and GRC is
possibly caused by defects such as oxygen vacancies and interstitial iron ions present
in their amorphous Fe,O3 nanorod film. They consider that the rupture of conducting
filaments (formed from oxygen vacancies) leads to a drop in the total conductivity and

explains the current-drop in the GRC region of the I-V characteristics.

Other I-V characteristics showing both memristivity and an GRC behaviour have also been
reported in several other works but without being discussed (for example in: [41, 81, 82, 96,
107, 138]). The GRC always corresponds to the change from LRS to HRS of the memristive
device.

The mechanisms described in the aforementioned examples can be roughly divided into
‘electrochemical mechanisms’ and ‘charge trapping/detrapping mechanisms’. The traps are
located at the metal/oxide interface and are generally considered fixed (read for example [65]).
It should be pointed out that the trapping/detrapping of charge carriers can also be considered
a redox reaction process, which means that in the particular case in which the trap sites are
mobile oxygen ions/vacancies, the oxidation and reduction of these trap sites is compatible

with both the electrochemical and the trapping/detrapping mechanisms. In the following sub-
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section we propose a mechanism where the trap states are not fixed but are instead generated
and removed in a dynamical way, together with the charge trapping/detrapping and electro-
chemical processes they can induce. Our model resembles most the one from Du et al. [38],
with the particularity of also explaining the dynamical behaviour we have measured such as

the resistance relaxation over time.

4.4.2 Proposed mechanism for the memristive behaviour in Pt/LL.2NO4/Ti

devices

As previously explained it is very likely that a n-p junction between an amorphous oxygen-
deficient TiO,.y phase (n-type) and an oxygen hyperstoichiometric LayNiOg4,5 phase (p-type
semiconductor) readily forms upon evaporation of the Ti top electrode material. A sketch
of the Ti/TiO5.y/LayNiO4,5 junction in terms of band alignment is presented in Figure 4.11.
The Ti/TiO,.y contact has been reported ohmic [141], allowing us to focus mainly on the
TiO;.y/La;NiOy,5 n-p junction. In thermal equilibrium (Figure 4.11.a) the alignment of the
different Fermi levels across the entire M/n-SC/p-SC stack results in an upwards and down-
wards band-bending of n-TiO;.y and p-La;NiOy,;, respectively. The resulting majority carrier
depletion regions in both materials concentrate most of the voltage drop across the junction.
Upon application of an optimized negative voltage pulse (or a train of pulses) on the L2ZNO4
side, the negatively charged oxygen ions (02/) gain sufficient energy to drift from the bulk of
L2NO4 towards the grounded Ti electrode (Figure 4.11.b). When the pulse ends and the bias is
removed, the system finds itself in a non-equilibrium state (Figure 4.11.c) where an important
dopant gradient exists on the L2NO4 side. Indeed, the 0;/ point defects act as mobile acceptor
dopants, locally generating hole carriers to ensure charge neutrality within the LayNiOgy,;
matrix. The opposite is true for TiO,.y, where positively-charged oxygen vacancies V,; act as
donor defects. The increase in hole carriers at the surface of Lay;NiOy,5 due to the external
field-induced accumulation of 0;, decreases its Fermi energy and shrinks the depletion width.
This has the double effect of increasing the built-in potential at the TiO;_y/LayNiOg4,45 junction
and to localize the voltage drop on a shorter distance (effectively increasing the electric field
across the n-p junction. Two scenarios are then possible. In the first scenario (Figure 4.11.d)
the device remains unstressed (at least for a characteristic amount of time), resulting in an
interdiffusion of the O;-/ species away from the TiO,.y/La;NiOy,; interface and back into the
bulk of LayNiOy4,5. This interdiffusion is triggered by the re-equilibration of the 0;-/ concen-
tration gradient within L2NO4 through a Fickian diffusion process, leading to a relaxation of
the device to the previous equilibrium state (Figure 4.11.a). In the second scenario, a new

negative voltage pulse is applied on the La;NiOy4,5 side (Figure 4.11.e). If the oxygen ions
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Figure 4.11 — Band-diagram based phenomenological model for the interface-type resistance-change mechanism in a Pt/L2NO4/Ti device
(only the active Ti/TiOx/L2NO4 junction is represented here). (a) IRS of the device, the assumption is made that a continuous (and homogen-
eous) TiOy interlayer is present at the surface of L2ZNO4 resulting from the spontaneous oxidation of the Ti electrode during its evaporation. A
depletion region (dashed vertical lines) is present on both sides of the n-p junction formed by TiO4 and L2NO4. (b) Application of a negative
voltage pulse (or a train of pulses) on the L2NO4 side, triggering the drift of negatively-charged oxygen interstitials towards the TiOx/L2NO4
interface. (c) A metastable state is created where an important chemical gradient of oxygen is present in L2ZNO4. The internal electric field
is increased due to the reduced depletion width induced by the acceptor-dopant nature of the interstitial oxygen ions that accumulated at the
TiO4/L2NO4 interface. (d) If no other voltage stress is applied after (c), the chemical gradient is re-equilibrated through a Fickian diffusion
process and the resistance remains in a low resistance state. (e) If another (or several other) negative voltage pulses are applied after (c), the
strong internal fields and high oxygen concentration present at the TiO/L2NO4 interface trigger the drift of an oxygen ion from the L2NO4
side to the TiOy side (redox process). (f) After a certain amount of iterations of step (e), TiOx gets more and more oxidized (higher series
resistance) and the amount of charge carriers (both in TiOx and in L2NO4) is reduced, effectively setting the device in HRS. The entire
process is reversible upon application of a positive voltage pulse on the L2NO4 side or by waiting a certain amount of time after which the
device spontaneously relaxes back to a lower resistance state. See text for more details.
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did not have the time to re-equilibrate, the interfacial region is doped further, and the previous
process (decreasing Fermi level and depletion width) is reiterated, further increasing the built-
in potential and the electric field across the n-p junction. At a certain threshold oxygen ion
concentration, the applied voltage now strongly assisted by the large internal electric fields is
able to trigger the drift of oxygen ions from the p-La;NiOy,; side to the n-TiO,.y side (Fig-
ure 4.11.e). This process is best described from the materials point of view as a reduction of
La;NiOy,5 followed by an oxidation of TiO,.y following the two half reactions:
Reduction reaction (occurring on the negatively biased L2NO4 side):

LaoNiOy, 5+ 2xe” — LayNiOy 5 +x0° (4.2)

Oxidation reaction (occurring on the TiO;.y side):

TiOy_y+20* — TiOy_yi+2z6” (4.3)

When combining the two half reactions together, assuring that the complete system re-

mains electro-neutral (z = x), we obtain the following equilibrated redox reaction:

LayNiOy, s+ TiOz_y — LapNiOy 5+ Ti02_y+x “4.4)

Both mass transport (movement of an oxygen ion from La;NiOy,5 to TiO,.y) and charge
transfer (from Ni to Ti, although several sub-transfer steps can exist) govern this reaction and
can be rate-limiting. There are at least two interesting conclusions to Equation 4.4. First, the
reaction appears self-limiting in the sense that in the particular cases where x=0 orx =y, or
in other words, if there are no more oxygen interstitials in La;NiOy4,5 or available/accessible
vacancy sites for them to occupy in TiO;.y the redox reaction should terminate. Furthermore,
for the formation of thin films of oxides which are predominantly insulating (such as TiO5),
the growth will take place until the electric field generated by the driving force is compensated
by the resistance drop in the oxide [131]. This can explain the apparent saturation behaviour
described in Figure 4.4 when carrying-out unipolar 0 V—-5 V—0 V sweeps. The other inter-
esting aspect of Equation 4.4 is that this particular redox reaction annihilated two point defects
together with their charge-compensating electric carriers (24" for 0;, and 2¢ for V(). From the
semiconductor point of view, a “de-doping” process happens simultaneously in both materials
composing the n-p junction when the oxygen ion drifts from the La;NiOy,5 side into TiO,.y.
This can explain the GRC effect discussed earlier (Figure 4.3.a) where an increase in electric
field in the reverse bias region would lead to a decrease in current due to the simultaneous loss

of n and p charge carriers assuring the electrical conduction at the TiO;.y/ La;NiOy,5 junction.



4.5 Summary 91

The annihilation of oxygen vacancies in TiO,.y leading to a larger resistance in a Pt/TiO,/Pt
memristive device has also been evoked in [64].

Finally, after this voltage-pulse-induced redox process, the device finds itself in a higher
resistance state (Figure 4.11.f). The resistance can nevertheless return to a lower resistance
state when applying a positive voltage pulse or if the device is not stimulated for a long period
of time, due to the reduction of TiOx and the release of oxygen ions which will diffuse back
into L2NO4 (dotted arrow from Figure 4.11.f to d) and the increase in the carrier concentration
(both in TiO4 and L2NO4). As said earlier, the oxygen loss experienced by TiOx can, on top
of releasing trapped electrons and increasing the overall carrier density, also restore other
conduction mechanisms through the TiOy interlayer (such as TAT or direct tunnelling if the
layer is thin enough) which effectively also decreases the resistance of the device.

The ion drift process is certainly temperature activated, meaning that increasing the pulse
duration, amplitude or number will assist the entire resistance change mechanism through
Joule heating. Furthermore, the presence of electrochemical redox reactions can explain
the polarity-dependant memristive properties of the device as changing the voltage polarity
changes the role of the electrodes (the cathode becomes the anode and vice-versa), effectively
inverting reaction 4.4 (and thus triggering the drift of an oxygen ion from the TiOy side to the
L2NO4 side).

4.5 Summary

The main points tackled in this chapter are summarized hereafter.
* Memristivity in Pt/L2NO4/Ti using the ‘top-top’ planar electrode configuration:

— An initialisation step, consisting in the application of a negative voltage on the
Pt side of the Pt/L2NO4/Ti device, leading to an increase in the total resistance
of the device is required to trigger reproducible memristive characteristics. This
initialisation step is however different to the more classical electroforming step as
the applied voltage does not need to be higher than the operation voltage. When
voltage pulses are used to program the device, the memory behaviour can arise
directly after applying the first pulse (for example at -20 V or -15 V). The lower
the pulse amplitude the more pulses are required to trigger a change in resistance

of the device;

— Highly reproducible analog-type 1(V) characteristics are obtained after initialisa-
tion when cycling the device between £5 V. The LRS and HRS are separated by
roughly one order of magnitude in resistance (~1 M¢2 and ~10 M2, respectively).
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Successive unipolar voltage sweeps (0 V — -5V — 0 V) can gradually increase
the resistance state above the HRS until saturation (around 50 MS2). This progress-
ive saturation of the resistance might be the fingerprint of a self-limiting redox

reaction;

— The evolution of the IRS of a Pt/L2NO4/Ti device with decreasing oxygen content
is consistent with a p-type Schottky contact model between Ti and L2NO4. The
hole-doping induced by annealing L2NO4 in an oxidizing atmosphere results in a
narrowing of the depletion width at the Ti/L2NO4 junction and thus in an overall

decrease in resistance of the device;

— The presence of interstitial oxygen ions in L2NO4 are beneficial, and even ne-
cessary to give rise to the memristive properties. A precise interplay between the
TiOy interlayer thickness, as well as its stoichiometry and homogeneity and the
oxygen content of L2NO4 are certainly crucial parameters that need to be con-
trolled to be able to tune the resistance-change and the retention characteristics of
a Pt/L2NO4/Ti memristive device;

— An intriguing spontaneous relaxation behaviour of a device after initialisation has
been measured, showing first a fast increase of the resistance before decaying back
to a low resistance state (without the application of an external electric field).
The increase in resistance has been attributed to a Fickian diffusion process re-
equilibrating the oxygen gradient that was built-up after the initialisation process,
leading to a de-doping and an increase of the depletion width of the p-type Schot-
tky contact at the Ti/TiOx/L2NO4 heterojunction. The second relaxation beha-
viour has been attributed to a spontaneous reduction of the TiOy interlayer, pos-
sibly restoring new conduction mechanisms through this thin insulating (or n-type

semiconducting) layer.
* Neuromorphic aspects

— Highly multilevel and bipolar memory characteristics can be obtained when op-
erating the device in pulsed-mode, which is a prerequisite for neuromorphic pro-
gramming;

— A controlled and still highly multilevel resistance change can be achieved with
optimized voltage pulses of 1 ms when increasing the voltage amplitude to -15 V
to initialise/set the device in a higher resistance state (or +7 V to reset it to a
lower resistance state). Even lower power consumptions of these L2NO4-based
memristive devices are expected when taking the architecture to the micro or even

nano scale;
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— The spontaneous relaxation (decrease of the resistance to LRS) mechanisms which
are measured when programming the device to a HRS are very interesting for
neuromorphic applications. Indeed, a dynamic change in resistance allows the im-
plementation of memory loss or at the contrary memory strengthening and mimics
brain-inspired computation capabilities in which both long and short-term memory
are of importance. Short-term memory is important in dynamic-filtering applica-

tions, enabling the discrimination between signal and noise;

— The neuromorphic characteristics of the memory are conserved even after harsh
programming conditions. There is however a possibility that a stable TiO; inter-
layer forms after long periods of electrical stimulation, which could ultimately lead
to the failure of the memory.

* Proposed mechanism for the memristive behaviour in La,NiOy4/Ti devices:

— Literature reports having observed a ‘gradual resistance-change’ (GRC) in memris-
tive devices (instead of a fast, almost binary resistance ‘switch’) explain this beha-
viour using mechanisms which can be roughly divided into two categories: ‘elec-

trochemical’ and charge trapping/detrapping’;

— We propose that these two mechanisms coexist, that the accumulation of oxygen
ions at the Ti/TiOx/L2NO4 junction play the role of the charge traps, trapping or

releasing electrons through redox reactions occurring between TiOx and L2NO4.

— The GRC behaviour and self-limiting nature of the memory properties in L2NO4-
based memristive devices could be explained by mass-transport (of oxygen ions)

being the kinetically limiting process of the redox reaction;

— Our current understanding of the memory properties of L2ZNO4-based memristive
devices is mainly based on experimental evidence. The further demonstration and
completion of the model requires an important simulation work. This task is how-
ever complex as it requires the coupling of Poisson’s equation to solve the coupled
continuity drift-diffusion equations for electron, holes and oxygen ions (where the
oxygen ions also act as mobile dopants).

The fact that a stable TiO; interlayer could eventually lead to the failure of the device, putting
the device in an irreversible HRS shows that this Pt/L2NO4/Ti prototype has its limits. Dif-
ferent material stacks with a comparable chemistry could be of interest to increase the control
over the meta-stability of the programmed resistance states. In the following chapter we will
therefore investigate the memory properties of a complex-oxide heterostructure composed of
L2NO4/LNO3 bilayers.
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This final chapter tackles both the materials and device aspects of LZNO4/LNO3 memrist-
ive heterostructures. The first section is a general introduction on the structural and electrical
properties of LNO3 reported in literature, and why it was chosen as functional electrode mater-
ial for the growth of textured L2NO4. The second section covers the most important aspect of
the deposition optimization and material properties of LNO3 thin films grown by PIMOCVD.
The third section exposes briefly the structural properties of LNO3 and L2NO4 thin films
deposited by a physical deposition method during an internship carried out in the Catalan In-
stitute of Nanoscience and Nanotechnology (ICN2) located close to Barcelona in Spain. The
electrical properties of the LNO3 and L2NO4 films grown by the two different deposition
techniques are then compared in the fourth section. The fifth section reiterates the comparison
between the two deposition techniques, but this time focusing on the material properties of
L2NO4/LNO3 complex-oxide bilayers. The sixth section is dedicated to the more advanced
electrical characterisation and memory capabilities of P/LNO3/L2NO4/Pt memristive devices
prepared by PLD. A summary of the main results presented in this chapter is given in the final

section.

5.1 The need for a functional electrode for the growth of ori-
ented L2NO4

When aiming for an large scalability of the elementary memory components, the so-called
“top-bottom” configuration of the electrodes is usually preferred over the planar architecture
discussed in Chapter . This vertical electrode configuration suits well the ideal crossbar
memory array type of architecture, presented in Figure 1.2a.

As has been discussed in Chapter 2, L2NO4 was chosen as a mixed ionic-electronic
conductor with high oxygen mobility to understand and control the resistance-change phe-
nomenon in VCMs. Nevertheless, as the oxygen mobility in L2NO4 is strongly affected by
its crystallinity and crystal-orientation, the use of a functional template electrode is neces-
sary and will answer a double purpose: on top of showing good electronic conductivity it
should also ensure a good lattice match with L2NO4, controlling its crystallographic orient-
ation through epitaxial considerations and thus, consequently, the ionic mobility in the final
memristive heterostructure. The perovskite LNO3 satisfies these two requirements: a high
electronic conductivity and a close lattice match with L2ZNO4. Furthermore, by measuring the
changes in the cell parameters using in-situ XRD on samples exposed to different gas atmo-
spheres, Moreno et al. demonstrated that L2ZNO4/LLNO3 bilayers exchange oxygen at high
temperatures (T=600°C), both between each other and with the surrounding atmosphere [88].
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Table 5.1 — Lattice parameters for rhombohedral LNO3 reported in literature. The pseudo-cubic
lattice-parameter of LNO3 is used for the calculation of the lattice mismatch with STO and L2NO4

. a —a
(mismatch = <3
Aref

in hexagonal axes  pseudo-cubic lattice mismatch (%)

SG: R-3¢ (167) lattice parameter with STO" with L2ZNO4° ref
ad)y @) a(A) (asto =3.905 A)  (arano4 = 3.8617 A)
5.4638 13.1445 3.863 1.06 -0.05 [49]
54561 13.1432 3.858 1.20 0.09 [140]
54573 13.1462 3.859 1.18 0.07 [43]
54397 13.192 3.846 1.50 0.39 [144]

“ICDD: 00-035-1734, SG: Pm-3m (221), a = b = ¢ = 3.905 A
°ICDD: 00-034-0314, SG: I4/mmm (139), a = b =3.8617 A, ¢ = 12.683 A

This capability makes this particular heterostructure an interesting playground for VCM ap-
plications.

This chapter is focused on the material properties of LNO3 thin films. The goal is to
use this oxide as template electrode for the growth of c-oriented L2NO4 due to the excellent
lattice match between the LNO3 perovskite structure and the layered L2NO4 Ruddlesden-
Popper structure (see Table 5.1), itself composed of LNO3 perovskite layers alternating with
LaO rock-salt type layers'.

LNO3 has already been used as a template electrode layer in ferroelectric thin film devices
[50, 80] due to a good lattice match with several state of the art ferroelectric perovskites such
as Sr-doped PbTiO3 and BaTiOs [61, 143]. LNO3 has metallic properties with a resistivity
as low as 90 uQ2.cm [36, 74, 144, 146] at room temperature and is thus a suitable candidate
for a template bottom electrode material. It shows no metal to insulator transition (MIT) over
the entire temperature range where the compound is stable. A MIT behaviour has only been
reported for epitaxial films of only a few unit cells of LNO3 [74, 111, 112, 121].

LNO3 films have been grown using various solid [76, 106], liquid [58, 79] and vapour de-
position methods [20, 25, 47]. On the other hand, to the best of our knowledge L2NO4/LLNO3
bilayers have only been prepared using pulsed layer deposition (PLD) in [89].

The material properties of LNO3 thin films deposited by PIMOCVD are discussed in the
following section.

I'The reader is redirected to Chapter 2: L.a,NiOy,5, a mixed ionic-electronic conductor for VCM applications
for more details about the structural properties of L2NO4
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5.2 The bottom electrode layer: LNO3 films deposited by
PiIMOCVD

The influence of the deposition conditions on the phase stability, the crystallinity and the
composition of LNO3 thin films deposited on STO and LAO substrates by PIMOCVD is
discussed in detail in Appendix B. These two single crystal substrates exert opposite strains
on LNO3 (tensile for STO and compressive for LAO).

5.2.1 Optimization of the growth of LNO3 thin films on STO and LAO

This section summarizes the most important material aspects of the LNO3 thin films depos-
ition optimization.

First, the La and Ni atomic concentration in the injected solution was optimized by fixing
the precursor concentration to 0.02 mol/L, the temperature at T = 750 °C and using the follow-
ing La/Ni atomic ratios in the injected solution: La/Ni =2.00, 2.25, 2.50 and 2.75. Combining
XRD and Electron-Probe Micro Analysis an optimized La/Ni precursor ratio of 2.38 was ob-
tained. Next the temperature was varied between 550 and 750 °C using an initial precursor
ratio La/Ni = 2.38 and 4000 pulses.

Figure 5.1.a and b show the 6-20 XRD patterns for films deposited on STO and LAO
at temperatures between 550 and 750 °C using an initial precursor ratio La/Ni = 2.38 and
4000 pulses. The presence of predominant 4 0 Opno3 (4 integer) is clearly observed over the
entire temperature range, both for films on STO and on LAO. At 750 °C the higher order RP
phases are present (dark blue dots, broad intensities around the /4 0 Opno3 diffraction peaks)
as well as h h O Nno3, L2NO4 and also a small amount of NiO impurities. When decreasing
the temperature, the higher order RP phases quickly disappear. At 550 °C, mainly 4 0 Opno3
reflections are present with a rather weak 2 0 Onjp reflection for LNO3/STO suggesting that
some NiO impurities are still present, while no NiO impurities are observed by XRD for the
550 °C film grown on LAO.

We finally note substrate-dependent effects in Figure 5.1.a and b: on the one hand the
difference in the predominant orientation of NiO (4 0 Onjo on STO and & h Onjo on LAO)
and, on the other hand, the strong correlation between & 0 Onio and 2 7 OpNo3, L2N04 1n the
films grown on STO, which will be detailed in the following section. The resistivity values
for LNO3 thin films deposited both on STO and on LAO as a function of the deposition
temperature are shown in Figure 5.2.

For LNO3 films deposited between 600 and 700 °C, despite the lower intensity of NiO im-
purity peaks present in the XRD diffractograms for LNO3/LAO, the resistivity is higher than
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Figure 5.1 — 6-26 XRD patterns of (a) LNO3/STO and (b) LNO3/LAO thin film samples using a
fixed La/Ni precursor ratio of 2.38 and increasing the deposition temperatures. All the films have
a thickness ranging between 80 and 90 nm (4000 injected pulses). Bragg peaks for rhombohedral
LAO and LNO3 are indexed in their pseudo-cubic lattice parameters.
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Figure 5.2 — Evolution of the LNO3 film resistivity as a function of the deposition temperature.
Films were deposited simultaneously on STO and LAO single crystals using 4000 pulses (corres-
ponding to a thickness of 85+7 nm) of the precursor solution (only the deposition temperature was
varied). The error bars were calculated using the standard deviation of five consecutive four probe
resistivity measurements at different locations on the sample (they lie within the data points when
not visible).



100 The top-bottom L2NO4/LNO3 heterostructure

for LNO3 films grown on STO. When decreasing the deposition temperature from 750 °C to
600 °C, the resistivity goes through a maximum at 700 °C for both types of samples before
reaching 1.6 m{2.cm and 0.5 m{2.cm at 600 °C for films on LAO and on STO, respectively.
When decreasing down to 550 °C, the sample deposited on LAO reaches state of the art res-
istivity values of around 200 u{2.cm. However, despite having been grown as part of the same
batch under identical conditions, the resistivity measured for LNO3/STO deposited at the same
temperature increases by several orders of magnitude up to 500 mS2.cm. To understand the
large resistivity difference for the films grown on different perovskite substrates, microscopic

characterization of the microstructure of the films was carried out by TEM.

The TEM observations confirm the columnar growth of a dense, continuous and homogen-
eous crystalline LNO3 film when grown at 550 °C on top of STO (Figure 5.3.a). Each column
corresponds to LNO3 in [0 0 1]pn03//[0 O 1]sTo, [0 1 O]Lno3//[0 1 O]sTo Orientation relation-
ship; it grows coherently (cube on cube) with the STO substrate. We could clearly identify the
presence of NiO impurities which grow perpendicular to the LNO3 film. Figure 5.3.d shows
a NiO impurity oriented in a [0 O 1]nio//[0 O 1]sto, [0 1 Olnio//[0 1 Olsto orientation rela-
tionship, obtained by applying a mask on the 2 0 Onjo spots on the FT (Fourier Transform)
of the HRTEM image shown in Figure 5.3.c and doing the inverse FT. When measuring the
in-plane resistivity of the films, these impurities would be crossing the path of the electrons
and therefore their presence along the whole film thickness could be the reason of the large
resistivity measured for these films submitted to tensile strain (on STO). When measuring the
in-plane resistivity of the films, these impurities could hinder the flow of current, their pres-
ence along the whole film thickness could be the reason of the large resistivity measured for
these tensily-strained LNO3 thin films.

The LNO3 film grown at 550°C on LAO observed by TEM (Figure 5.4.a) shows again a
columnarly-grown dense and uniform thin film. The film, which is now submitted to a com-
pressive strain, has a much lower density of defects and a high epitaxial quality (Figure 5.4.d).
A few localized 2 0 Onjo impurities can be found at the film-substrate interface. Nevertheless
as they are only a few unit cells thick they do not appear in the XRD patterns (Figure 5.1.b).
Furthermore, as they are punctual and do not cross the film thickness they do not seem to
affect the electrical properties of the sample. As previously shown (Figure 5.2) the resistivity
measured for these reaches almost state of the art resistivity (~10* Q.cm [74]), coherent with
a good film quality. As will be shown in the following section, for films grown by PLD, which
generally present a better crystalline quality (less impurities) such a low resistivity value is
only achieved for LNO3 films of a thickness lower that 10 nm. Moreover, HRTEM images
of LNO3/LAO films deposited at 650°C indicates that the increase in resistivity at this higher

deposition temperature is probably related to the intergrowth of NiO grains across the entire
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Figure 5.3 — (a) TEM cross-section presenting a general view of LNO3/STO obtained at 550 °C
with La/Ni =2.38 in the precursor solution (~75 nm thick films), (b-c) HRTEM images for different
regions of LNO3/STO and (d) Filtered images showing the [0 0 1]njo domains. The filtered image
(d) was obtained by applying a FT to to the HRTEM image (c), followed by the use of a mask on
the 2 0 Onjo and 0 2 Onjo spots in the Fourier space (red circles in inset) and doing the inverse FT.
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Figure 5.4 — (a) TEM cross-section presenting a general view of LNO3/LAO obtained at 550 °C
with La/N = 2.38 in the precursor solution (~90 nm thick films), (b-c) HRTEM images for different
regions of LNO3/LAO including electron diffraction pattern with the presence of 2 0 Onio spots
marked with an arrow (inset) and (d) showing a magnified area with a very good epitaxial growth.
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LNO3 film thickness which grow in a [0 1 -1]n;0//[0 1 O] A0 orientation relationship with the
substrate (see Figure B.9 in Appendix B).

To summarize, we have observed that for the whole temperature range studied (550°C
- 750°C) the crystalline quality of the films is better when grown on LAO (likely due to a
lower lattice mismatch). When the impurity grains (NiO) cross the film from top to bottom,
they lead to an important increase in resistivity, limiting the electronic conduction in the in-
plane direction (parallel to the substrate surface). By the combination of XRD, TEM and
electrical measurements can be concluded that the best deposition conditions achieved for
LNO3 is highly substrate-dependent. For LNO3 films grown on STO, we found that the
optimal deposition temperature is 600°C while for LAO it is slightly lower (550°C).

5.2.2 Role of the impurities on the growth of LNO3 films on STO

A common characteristic of all the LNO3 thin films deposited by MOCVD was the forma-
tion of NiO precipitates, which abundance and orientation depends strongly on the deposition
parameters and substrate used. In this section, we will focus on the LNO3 films deposited on
STO, only results obtained from samples prepared with an optimized La/Ni precursor ratio
of 2.38 will be presented. More information on the material characterization carried out on
LNO3/STO samples can be found in Appendix B.

Upon further analysis of the XRD patterns obtained from the temperature-optimization
study presented in the previous section, a correlation between the peak intensities of the 20 0
reflection of NiO (2 0 Onjo) and the 1 1 O reflection of either LNO3 or L2NO4 (1 1 Op.n03, 1.2N04)
can be observed, as shown in Figure 5.5.a (which is a magnification of Figure 5.1.a around
30° <26 < 50°). When plotting the integrated relative peak intensity of 1 1 OpNo3, LaNO4 as
a function of 2 0 Onjo, it appears that more NiO leads to more L2NO4 and/or LNO3 domains
oriented at 45° with respect to the STO substrate as shown in Figure 5.5.b. Understanding how
(or if) the two impurities are correlated requires further investigation.

A thinner (1000 pulses) LNO3/STO sample grown at 650°C was prepared for TEM ana-
lysis to try to locate the NiO defects and 1 1 OpNo3, L.2N04 domains, as well as apprehending
the overall film quality. Figure 5.6.a shows the cross section of the prepared LNO3/STO TEM
lamella, showing a dense microstructure and a film thickness of ~14 nm. Figure 5.6.b is an
electron diffraction image of the LNO3/STO interface region confirming the highly coherent
growth of the film. The diffraction image does not contain powder rings and all the diffraction
peaks could be indexed with only three different phases: 1 0 Osto, 1 0 Opno3 and 1 0 Onio plus
an extra LNO3 or in-plane L2NO4 domain rotated at 45°, coherent with the 1 1 OpNo3, 1.2N04
domain indexed in the XRD patterns discussed previously. The indexation of all these dif-

ferent phases/domains is shown in Figure 5.6.c. From these results it can be seen that all the
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Figure 5.5 — (a) XRD patterns for LNO3/STO samples deposited at different temperatures. (b)
Correlated evolution of the integrated relative peak intensities of 1 1 Orno3, L2n04 With 2 0 Onio.-
The intensity for each phase was normalized to a percentage of the total integrated intensity of
2 0 OLno3s 1 1 Opno3, 12804 and 2 0 Onjo. The dotted red curve is an empirical fit (exponential
decay function).

reflections of the 1 0 O no3 domain are aligned coherently with the STO substrate, showing
that certain regions of LNO3 indeed grew epitaxially on STO. An important mosaicity of the
1 0 Onjo domains is also observed (important spread of intensity perpendicular to the radial
distance from the transmitted electron beam to the NiO reflection). Another interesting ob-
servation is the non-alignment of the 1 1 OpN03, Lono4 domain with the STO substrate. This
suggests that these domains can grow freely and are not influenced by the substrate. They

seem to grow coherently with certain 1 0 Onjo domains that appeared within its mosaicity.

In order to control the film microstructure, structural and electrical properties it is useful
to understand how all the phases are cohabiting and how they might influence each other. For
this reason a HRTEM image has been acquired around an extended defect and is presented
in Figure 5.7.a. By applying a Fast Fourier Transform (FFT) to this image, we obtain a com-
plex image in the Fourier space (analogous to the reciprocal space used in crystallography).
We can filter through all the signals constituting the total mathematical Fourier signal of the
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Figure 5.6 — (a) Low magnification TEM cross section image of a LNO3/STO sample deposited at
650 °C using 1000 pulses of a precursor solution with La/Ni = 2.38. (b) Electron diffraction image
of the sample taken at LNO3/STO interface. The arrow shows the location of the transmitted
electron beam. (c) Magnification of the electron diffraction image and partial phase indexation of
the electron diffraction peaks.

Figure 5.7 — (a) Cross-section HRTEM image of LNO3/STO taken around a NiO defect. (b)
Unfiltered HRTEM image of the same area. (c-e) Filtered images showing the 1 0 Opno3 + 1 0 Osto,
1 0 Onio and 1 1 OpNo3, 1.2N04 domains, respectively. The filtered images were obtained by applying
a FFT to (b), followed by an appropriate masking of the diffraction peaks of interest in the Fourier
space followed by an FFT! to recover the amplitude information of the selected phase in direct
space.
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transformed image by masking the appropriate regions in Fourier space. The location in real
space of the feature that was responsible for the signal in the Fourier space can be retrieved by
applying the Inverse Fast Fourier Transform (FFT-!) on the masked region. In essence, it is
possible to locate a certain phase in a HRTEM image by masking one of its Bragg peaks in the
reciprocal space and operating an FFT-! on it. This is what was done in Figure 5.7.c-¢ where
the amplitude information of the FFT-! is displayed indicating which regions of the film have
the highest contribution to the selected diffraction peak (or, more accurately, the mathematical
Fourier signal for that Bragg peak). Each one of these images corresponds to the FFT-!of the
masked regions in Figure 5.6.c (coloured circles around the 1 0 Opno3//1 0 Osto, 1 0 Onio
and 1 1 OpNno03, Lono4 diffraction peaks). The first filtered HRTEM image (Figure 5.7.c) cor-
responds to a filtered Bragg peak composed of the sum of 1 0 Opnop3 and 1 0 Osto domains,
showing the regions of the LNO3 film that have grown coherently on the STO substrate. The
second filtered image (Figure 5.7.d) corresponds to the 1 0 Onjo impurity phase, which had
been found earlier using XRD. This image shows that the NiO phase is already formed close
to the substrate from the beginning of the deposition and crosses the entire film thickness. It
is not a relaxation mechanism that appears after having grown LNO3. This also explains why
this NiO phase is highly textured due to epitaxial considerations with STO. Finally, the last
image (Figure 5.7.¢) shows a 1 1 Op.No3, L.2N04 domain that grew inside the NiO impurity. This
supports the assumption that the presence of 1 1 OpN03, L2no4 domains is tightly linked to the
presence of NiO. A preferential decomposition of LNO3 into L2NO4 + NiO, supported by the
thermodynamic analysis of the La-Ni-O system carried out by Zinkevich et al. [147], could be
the reason for the presence of the two phases in close proximity to each other.

To conclude this section on the optimization of LNO3 as bottom electrode for the growth
of oriented L2NO4 by PIMOCVD, it appears that it is very difficult to eliminate the NiO
impurities which grow from the very beginning of the deposition and can sometimes cross
the entire thickness of the films. A deeper analysis of the XRD and TEM data suggests that
the defects could act as nucleation points for other LNO3 or L2ZNO4 domains oriented at 45°
(on STO substrates), lowering the overall film coherence. Controlling these NiO defects is
desirable to improve the LNO3 film quality, both from an electrical and structural point of

View.

5.3 Lanthanum-nickelate thin films deposited by PLLD

In this section we will present how lanthanum-nickelate thin films could be successfully pre-
pared using Pulsed Laser Deposition (PLD), a physical deposition method instead of the chem-

ical method used until now. This deposition technique operates in vacuum (several mTorr)
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and uses a high energy laser to ablate the surface of a ceramic target, transferring its chemical
composition to a hot substrate. The number of laser pulses will determine the thickness of the
film. Two batches of LNO3 and L2NO4 thin films were prepared on STO substrates using this
technique during a three-week internship carried out in the framework of a collaboration with
the Catalan Institute of Nanoscience and Nanotechnology (ICN2) in Barcelona, in the Nan-
omaterials Growth unit. Each batch consists in three different samples with increasing film
thickness, using respectively 200, 1000 and 3000 laser pulses to grow the LNO3 and L2NO4
single layers. The deposition conditions are summarized in Table 5.2.

Table 5.2 — Deposition conditions used for the growth of LNO3 and L2NO4 single layers by PLD.

Parameter LaNiO3 LapNiOy4
Rotation of the target 15 RPM
Distance target — substrate 55 mm
Laser spot size 2x3 mm?
Laser fluency 1.1 J/cm?
Laser energy 66 mJ
Number of pulses 200, 1000 and 3000
Substrate temperature 600 °C 700 °C
pPo2 70 mTorr

In the following subsection the structural characteristics of these two batches of samples

will be briefly described.

5.3.1 Structural properties of LNO3 films deposited by PLD

X-ray diffractograms have been acquired for the first batch of three LNO3/STO samples with
increasing LNO3 film thickness using a 6-260 measurement configuration around 2 0 Osto
(20 =~ 46.5°), encompassing the 260 range of both 2 0 Opno3 (20 ~ 47.5°) and the possible
NiO impurity peak discussed earlier in Section 5.2 (normally present around 26 ~ 43.5°). The
resulting diffractograms are presented in Figure 5.8 and all show a single diffraction peak in
addition to the substrate, which corresponds to 2 0 O no3. The NiO impurity peak is no longer
present in this sample grown by PLD. The increasing intensity and decreasing full-width at
half maximum (FWHM) of the 2 0 Oy no3 Bragg peak is coherent with a larger LNO3 film
thickness (from bottom to top). The clear thickness fringes present around 2 0 Opno3 are

markers of a good LNO3 thin film quality.
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Figure 5.8 — XRD patterns of LNO3 thin films deposited on (100)STO by PLD at T = 600 °C
and poz = 70 mTorr. Only the number of laser pulses was varied to grow films with increasing
thicknesses (from bottom to top: 6 nm, 30 nm and 110 nm-thick LNO3 films, respectively).

5.3.2 Structural properties of L.2NO4 films deposited by PLD

Similar diffractograms have been acquired for the second batch of three LZNO4/STO samples
with increasing L2NO4 film thickness. The results presented in Figure 5.9 provide very in-
teresting information about the growth of L2ZNO4. Indeed, when increasing the film thickness
from 5 nm to 30 nm, the XRD pattern shows only the 0 0 61,504 (20 ~ 43°), with a decrease
of the peaks FWHM and an increase in the integrated intensity consistent with an increase in
crystallite size and film thickness. However, when the thickness increases further to 80 nm, a
new peak appears at 20 ~ 47° coinciding with 2 0 Opyno4. There is thus a certain “threshold
thickness” (between 30 nm and 80 nm) where a-axis oriented L2NO4 is more stable than c-
axis oriented L2NO4. Furthermore, if we consider the intensities of 0 0 672504 for the 30 nm
and the 80 nm samples, we can see that it decreased for the thicker sample (the peak is also
broader). This tells us that there are less c-oriented domains in the 80 nm sample than in
the 30 nm sample, possibly meaning that once the a-axis domains are formed, they act as
nucleation sites and scavenge the previously grown c-domains.

The reciprocal space maps (RSMs) presented in Figure 5.10 corroborate this hypothesis.
Indeed, when looking at the in plane -1 0 11pyn04 reflection for the 30 nm-thick sample
(Figure 5.10.a), we see a fully strained L2NO4 thin film while for the 80 nm thick L2NO4
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Figure 5.9 — XRD patterns of L2NO4 thin films deposited on (100)STO by PLD at T = 700 °C
and poz = 70 mTorr. Only the number of laser pulses was varied to grow films with increasing
thicknesses (from bottom to top: 5 nm, 30 nm and 80 nm-thick LNO3 films, respectively).

film (Figure 5.10.b), the diffraction “spot” has a noticeably lower intensity and is more diffuse
and isotropic, evidencing the loss of strain of the film. The lost intensity for -1 0 11y n04 1
compensated by the appearance of the -1 -3 Opono4 and -3 0 -31 ono4 reflections, corresponding
to the in-plane a and b domains of L2NO4, respectively (see section C.2.2 in the appendix for
more details on the different crystal orientations taken by LZNO4 when grown on (1 0 0)STO).

For now, it appears that the growth of high quality c-axis oriented L2NO4 can only be
ensured for films having a thickness up to 30 nm, but a more complete study should be carried
out to know more precisely when the “threshold thickness” for the appearance of a-domains

is reached.

5.4 Comparison of LNO3 and L2NO4 single layers depos-
ited by PIMOCYVD and PLD

A systematic study on the influence of the LNO3 and L2NO4 film-thickness on their resistiv-
ity was carried out on the two batches of films prepared by PLD. The resistivity of the two

materials is plotted against the film thickness in Figure 5.11 and compared with those depos-
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Figure 5.10 — RSMs (in reciprocal space values Qx and Qy) around the -1 -3 Opono4 and -
1 0 1115n04 reflections of L2NO4, which corresponds to the a and c-oriented domains of L2NO4,
respectively. (a) 1000 laser pulses, corresponding to a 30 nm - thick L2NO4 film and (b) 3000
laser pulses, corresponding to a 80 nm film. The insets show the areas of the reciprocal space that
were scanned for both samples. The intensity colour map is normalized to -1 0 3sto, allowing for
a qualitative comparison between samples. More details on the RSM measurements are given in
appendix C.2.2.

ited by PIMOCVD, which deposition conditions are summarized in in Table 5.3. A major
difference between the two deposition techniques is the working oxygen partial pressure (used
as reactive gas during the deposition process), being 3.3 Torr against 70 mTorr for the chem-
ical and the physical deposition method, respectively. The deposition temperature used for the
growth of L2NO4 is also slightly lower for the CVD method (650 °C against 700 °C for PLD).
A lower growth temperature was used to limit as much as possible a possible decomposition
of LNO3 during the growth of L2NO4/LNO3 bilayers (presented in the following section). It
can be noticed that for the thicker films (30 nm < t < 110 nm) there is roughly a two order of
magnitude difference between the resistivity of LNO3 (~1073 Q.cm) and L2NO4 (~10"! ©2.cm)
thin films deposited by PLD. Interestingly, the resistivity values evolve in opposite directions

for the low film thicknesses. For example, when t = 5 nm, the resistivity of LNO3 reaches a



Table 5.3 — Deposition conditions used for the growth of LNO3 and L2NO4 single layers by
PiMOCVD.

Parameter LaNiO3 LayNiOy4
Precursors La(TMHD)3 and Ni(TMHD),
La/Ni precursor ratio 2.38 5.00
Solution concentration 0.02 mol/L (solvent = m-xylene)
Injection frequency 1 Hz
Opening time 2 ms
Number of injected droplets 1000, 2000 and 4000 4000
Evaporation temperature 220 °C - 280 °C (several heating stages)
Substrate temperature 650 °C 650 °C
Carrier gas 34% Ar (218 sccm) + 66% O, (418 sccm)
Total pressure inside the reactor 5 Torr
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Figure 5.11 — (a) Resistivity as a function of film thickness for L2ZNO4/STO and LNO3/STO
samples deposited both by PiIMOCVD (diamonds) and PLD (spheres). ‘O, Ar and H; anneal’
refers to pristine samples deposited by PIMOCVD having received a post annealing treatment in
an oxygen, argon or Hy(6%)/Ar gas atmosphere (at T = 500 °C during 1 h). The resistivity of
the samples has been measured with a 4-probe measurement setup. (b-c) I(V) characteristics of
Pt/L2NO4/Pt and Pt/LNO3/Pt heterostructures, respectively.
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very low (state of the art) resistivity (~10* ©.cm) while for L2NO4 it increases to ~3 .cm,
almost reaching the resistivity vaules of the highly reduced (hydrogen-annealed) samples pre-
pared by PIMOCVD. The scatter in the resistivity values which have been obtained for L2NO4
samples deposited by PIMOCVD (both pristine or post-annealed) is displayed on the same plot
(brown filled and half-filled diamonds, see legend in Figure 5.11 for more details) and shows
the range of resistivity values which can be obtained with L2NO4. It should be noted that,
except for highly reduced samples in Hy(6%)/Ar, the resistivity of L2NO4 films deposited by
PiMOCVD tends to be lower than the ones deposited by PLD (for a given film-thickness).
This could be related to the larger oxygen partial pressure used in PIMOCVD when compared
to the higher vacuum required in PLD systems. Conversely, the electrical resistivity of LNO3
thin films is similar for both deposition methods, despite having some impurities present in
the LNO3 films grown by PIMOCVD (mainly in the form of NiO precipitates). On the other
hand, the important dependence of the resistivity on the oxygen-stoichiometry of L2NO4 thin
films could be much more affected by the deposition method due to the important difference in
the operating oxygen partial pressure allowed by the deposition system (relatively high po; for
CVD methods and low for physical methods such as PLD). However, it is possible to mitigate
this ‘operating po; effect’ during deposition by using post-annealing treatments in controlled
atmospheres, although this adds an extra processing step to the fabrication of the devices. An
array of (3200 um circular Pt electrodes has been deposited on L2ZNO4/STO and LNO3/STO
samples prepared by PLD using e-beam evaporation through a shadow mask. A symmetric
Pt/L2NO4/Pt heterostructure shows ohmic characteristics (Figure 5.11.b), consistent with the
results already obtained for similar heterostructures deposited by PIMOCVD (see Section 3.2
in Chapter 3). Symmetric Pt/LNO3/Pt heterostructures also show ohmic characteristics (Fig-
ure 5.11.c) with a total resistance values of a few hundred Ohms (depending on the distance
between electrodes).

These first electrical measurements show that the individual Pt/LNO3 and Pt/L2NO4 het-
erojunctions are not active from a memory point of view. Nevertheless, an extra junction
has to be considered when working with a L2NO4/LLNO3 bilayer sample: the L2NO4/LNO3

junction itself.

5.5 L2NO4/LNO3 bilayers

5.5.1 L2NO4/LNO3 bilayers deposited by PIMOCVD

L2NO4/LNO3 bilayers were grown for the first time by PIMOCVD on STO and LAO sub-

strates using the conditions described in Table 5.4 (more details about this are available in
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Table 5.4 — Deposition conditions used for the growth of L2NO4/LNO3 bilayers by PIMOCVD

Parameter LaNiO3 Lap;NiOy4
Precursors La(TMHD)3 and Ni(TMHD),
La/Ni precursor ratio 2.75 5.00
Solution concentration 0.02 mol/L (solvent = m-xylene)
Injection frequency 1 Hz
Opening time 2 ms
Number of droplets 1000 5000%*
Evaporation temperature 220 °C - 280 °C (several heating stages)
Substrate temperature 600 °C 650 °C
Carrier gas 34% Ar (218 sccm) + 66% O, (418 sccm)
Total pressure inside the reactor 5 Torr

* a stainless-steel shadow mask was used to control the areas where L2NO4 is deposited. The
presence of this shadow mask might affect the film thickness: the measured L2NO4 film thickness of
~20 nm is much lower than would be expected with this amount of pulses (which should be

>100 nm).

Appendix B.4). A deposition temperature of 600 °C was chosen for the deposition of LNO3
as a compromise (according to their resistivity values, see Figure 5.2) to grow the films sim-
ultaneously on both substrates and the La/Ni precursor ratio was exceptionally increased from
2.38 to 2.75 in order to reduce the remaining NiO impurities, but without success.

Figure 5.12.a and b show the XRD patterns of the LZNO4/LNQO3 bilayer obtained by suc-
cessive depositions of LNO3 (600 °C, 15 nm thick) and L2NO4 (650 °C, 20 nm thick) layers.
They were acquired before the deposition (bare STO and LAO substrates), after the deposition
of LNO3 and after the completion of the entire L2ZNO4/LNO3/STO or L2NO4/LNO3/LAO
stack in order to better put in evidence the phases formed after each deposition step. The
thickness fringes visible around 2 0 Opno3 support a coherent growth of these films with a
homogeneous thickness. The top L2NO4 layer has two preferential orientations correspond-
ing to the c-axis oriented in-plane and out of plane respectively (0 0 6;yn04 and 2 0 Oponog
reflections in Figure 5.12.a and b). The orientation whis the c- axis of tetragonal L2NO4 ori-
ented in plane has been observed previously when growing L2NO4/STO single layers both by
PLD (section 5.3.2) and MOCVD techniques (section 2.3.1). It would be interesting to further
investigate if this is an intrinsic relaxation mechanism in strained L2NO4 thin films and how
the NiO impurities or 1 1 OpN03, L.2N04 domains present in the LNO3 bottom electrode could

help inducing this domain reorientation.
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Figure 5.12 — XRD patterns (6-26 scans) of (a) LZNO4/LNO3/STO and (b) L2NO4/LNO3/LAO
samples. A new pattern was acquired at each step of the deposition process. Each new pattern
has been manually offset with respect to the previous one to enhance readability. (c) XRD pattern
of the final L2NO4/LNO3/STO heterostructure prepared by PLD. A schematic of the sample’s
structure and the different film thicknesses is shown for each deposition technique.
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Figure 5.13 - HRTEM images of a L2ZNO4/LNO3/STO bilayer deposited by PIMOCVD. LNO3
and L2NO4 films were deposited at 600 °C and 650 °C using La/Ni ratios in the precursor solution
of 2.75 and 5.00, respectively. The LNO3 and L2NO4 layers are 15 nm and 20 nm thick, respect-
ively. (a) General view. (b) Enlarged area corresponding to the white square in (a). Magnified auto
correlation images of selected regions in (b) are also included.

The two in-plane and out-of-plane orientations of L2NO4 are clearly observed in the cross-
section HRTEM images of the L2NO4/LNO3/STO sample presented in Figure 5.13. The
LNO3 layer directly on top of the STO substrate has a cube-on-cube orientation relationship
([0 0 1]LNno3//10 0 1]sT0, [0 1 O]LNn03//[0 1 OlsT0). L2NO4 then grows on top of LNO3 with
an [0 0 1]ronoa//[0 O 1]Nno3//[0 O 1]sto, [0 1 O]Lonoa//I0 1 O]Lno3//[0 1 O]sto orientation
relationship (the basal plane of the tetragonal L2NO4 matching with the a-b plane of LNO3).
Nevertheless, while this orientation seems favourable from an epitaxial point of view, other
domains of L2NO4 tilted at 90°, corresponding to the [0 1 O] ono04//[0 O 1]1Nn03//[0 O 1]sTO,
[0 0 1]r2on04//10 1 0] no3//[0 1 O]sTo orientation relationship are also present. This reorienta-
tion had been previously observed when growing L2NO4/STO single layers [124].

A difficulty encountered when carrying out the deposition of the bilayer by PIMOCVD was
the fact that the stainless steel shadow mask used to cover certain regions of the sample when
growing L2NO4 (to be able to access the LNO3 bottom electrode during electrical measure-
ments) is not well adapted for the systems as it creates a gradient in the film thickness around
it. Furthermore, the places where the mask locally contacts the film is subjected to higher
temperatures (leading to film recrystallization) and possible contamination (for example from
the iron present in the stainless steel mask) when compared to other non-contacted regions
of the film. Other approaches will be used to grow bilayers by PIMOCVD in the future, for
example with the use of sacrificial layers or by post-etching the L2NO4 film to uncover the
LNO3 bottom electrode.
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5.5.2 L2NO4/LNOZ3 bilayers deposited by PLD

To overcome the aforementioned difficulties when depositing the bilayers by PIMOCVD and
to complement this work, L2ZNO4/LNO3 bilayers have also been deposited by PLD using the
conditions detailed in Table 5.5.

Table 5.5 — Deposition conditions used for the growth of L2ZNO4/LNO3 bilayers by PLD.

Parameter LaNiO3 LapNiOy4
Rotation of the target 15 RPM
Distance target — substrate 55 mm
Laser spot size 2x3 mm?
Laser fluency 1.1 J/em?
Laser energy 66 mJ
Number of pulses 1000 200
Substrate temperature 600 °C 700 °C
pPo2 70 mTorr

The L2NO4/LNQO3 bilayer sample prepared by PLD (Figure 5.12.c) has a full sheet LNO3
bottom electrode grown epitaxially on STO (100). A very thin L2NO4 layer was then grown
on top of LNO3. By taking advantage of the directional nature of the plasma plume in PLD,
a simple blade put between the target and the substrate can serve as a mask to leave a region
of the LNO3 film uncovered for electrical contacting. The L2NO4 and LNO3 films are 5 nm
and 30 nm thick, respectively. The thicknesses of each film was carefully selected to avoid
L2NO#4 in-plane reorientation (which occurs for thicker films deposited by PLD) and to have
a low enough sheet resistance of LNO3 for it to act as a bottom electrode. By choosing a
30 nm thick LNO3 bottom electrode layer and a 5 nm thick top L2NO4 layer, taking into
consideration the three orders of magnitude difference in the resistivity of the two materials
(Figure 5.11), the current is expected to take the shortest path through L2NO4 before flowing
into LNO3 (thus choosing the path of least resistance and ensuring a ‘top-bottom’ biasing
configuration).

The XRD diffraction pattern presented in Figure 5.12.c shows a LZNO4/LNO3/STO stack
prepared by PLD using the (already optimized) deposition conditions presented in Table 5.5.
Only the epitaxial LNO3 and L2NO4 domains are present, no NiO impurities nor phase re-
orientations could be observed in this sample. The clear thickness fringes visible around
2 0 Opno3 support the coherent growth and phase homogeneity of the LNO3 bottom electrode.

The electrical properties of a P/LNO3/L2NO4/Pt multi-junction device is described in the
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following section.

5.6 Resistance-change in Pt/LNO3/L2NO4/Pt heterostruc-
tures grown by PLD

An array of @200 um circular Pt electrodes has been deposited on the L2ZNO4/LNO3/STO
described in Figure 5.12.c using e-beam evaporation through a shadow mask, paying attention
that Pt electrodes are present both on top of LNO3 and L2NO4. The measurement setup is
better described in Figure 5.14

La2NiO4 (5 nm)

LaNiO3 (30 nm)

Yo ve vy bi
20 e we e ot

cssucases **
.

(100) SrTi03
Substrate

Figure 5.14 - Picture (left) and sketch (right) of the measuring configuration of a
Pt/LNO3/L2NO4/Pt sample. Black circles are Pt electrodes (diameter of 200 pm, thickness of
200 nm). The Pt electrode on the LNO3 side is biased while the Pt electrode on the L2NO4 side
remains grounded.

In this section we will show that an initialisation step can trigger a reproducible analog and
bipolar resistance-change behaviour. The initialised memory is volatile and shows interesting

relaxation dynamics highly dependent on the previously programmed resistance state.

5.6.1 The initialisation step

Figure 5.15 shows the evolution of the I(V) characteristics of a Pt/LNO3/L2NO4/Pt device
when the maximum voltage amplitude is gradually increased from 1 V to £10 V by steps
of 1 V every four sweeps. The IRS of the device when probed at relatively low voltages (for
example V = =1 V in Figure 5.15) shows a nonlinear behaviour in the -0.5V <V < +05V
region. Outside this region the electrical characteristics become ohmic. The ohmic character-

istics are likely corresponding to an LNO3 electrode-limited conduction, but the nonlinearities
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Figure 5.15 — (a-j) I-V characteristics showing the initialisation of a Pt/LNO3/L2NO4/Pt memrist-
ive device prepared by PLD. Each panel shows four consecutive bipolar I(V) sweeps executed in
the same biasing conditions (0 V — +Vax =0V — -Viax — 0 V). The maximum voltage amp-
litude (Vpax) is increased from 1 V to 10 V with a step of 1 V in each new panel. The Pt electrode
on the LNO3 side was biased while the one on the L2ZNO4 film remained grounded throughout the
experiment. The inset in (a) shows the small threshold voltage that needs to be overcome before
observing an ohmic behaviour.
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at very low voltages is a interesting and surprising phenomenon. Indeed, as has been previ-
ously measured, the individual Pt/LNO3 and Pt/L2NO4 junctions are ohmic (Figure 5.11.a
and b), the nonlinearity in the measured I(V) characteristics of Pt/LNO3/L2NO4/Pt has been
attributed to the LNO3/L2NO4 junction. The threshold voltage (Vy,, the onset of the linear
characteristics of the I(V) curve) is very low (~300 mV), meaning that the potential Schottky
barrier existing at the LNO3/L2NO4 junction is very thin, explaining the rather symmetric
I(V) characteristics with an almost absent rectification.

The electrical characteristics of Pt/LNO3/L2NO4/Pt show no hysteresis and are very re-
producible up to 6 V, even when cycling several times the same voltage ranges. However, at
+7 V the 1(V) characteristics in the negative voltage region start changing and each new +7 V
voltage cycle no longer exactly superimposes the previous one. This behaviour is drastically
enhanced when increasing the voltage amplitude to +8 V and 9 V. A hysteresis is now clearly
visible in the two voltage polarities, the shape of the I(V) curve in the IRS is still partially
present in the I(V) characteristics but a new more resistive and rectifying resistance state is
also present and closes the cycle between two well defined and reproducible resistance states.
When sweeping the voltage between +10 V, the hysteretic memory behaviour is intensified
further and becomes again highly reproducible after having completed the first cycle.

It is still unclear what exact physico-chemical processes occur at the interface during the
initialisation. A likely scenario is that it triggers the drift and rearrangement of oxygen anions
at the LNO3/L2NO4 interface, locally changing the amount of charge carriers and thus the
junction properties. What is clear is that the device needs to exhibit both nonlinear and recti-
fying electrical characteristics to show a reproducible analog-type memory behaviour. More
details on the memory characteristics of an initialized Pt/LNO3/L2NO4/Pt memristive device

are given in the following section.

5.6.2 Analog-type bipolar resistance change in Pt/LNO3/L2NO4/Pt

The electrical characteristics of an initialised Pt/LNO3/L2NO4/Pt memristive device are de-
tailed in Figure 5.16. Five £10 V cycles allow setting the device reproducibly in HRS and
LRS. A positive voltage sweep changes the devices from HRS to LRS while a negative voltage
sweeps resets it from LRS to HRS. It is interesting to notice that the first £10 V cycle (in or-
ange) is not superimposing with the following four cycles, this is particularly visible in the
positive voltage region. This is because this first 0 V—=+10 V—0 V sweep follows a 0 V—-
9 V=0 V sweep. The reset (at -9 V) was thus different than for the four following £10 V
cycles and this translates into an offset in the set voltage. The smaller reset voltage of -9 V
(instead of -10 V for the rest of the cycles) leads to a smaller set voltage needed to recover a

lower resistance state, and thus a shift of the I(V) curve to the left in the positive voltage quad-
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Figure 5.16 — (a) I-V characteristics of an initialised Pt/LNO3/L2NO4/Pt memristive device show-
ing five consecutive analog-type resistance-change cycles. As depicted by the arrows, the cycle
starts at 0 V in the HRS, is set in its LRS sweeping a positive bias up to +10 V and reset to HRS
when sweeping a negative bias down to -10 V. The same biasing experiment is described in terms
of I(log scale)-V and R-V characteristics in (b) and (c), respectively. The Pt electrode on the LNO3
side was biased while the one on the L2NO4 film remained grounded throughout the experiment.

rant (thus to smaller positive voltages). This is an important result as it shows that the biasing

history of the device will determine its response to a new stimulus, showing its remarkable

2

and intrinsic” memory properties. Not only the biasing conditions, but also the biasing history

of the biasing influences the current memory state of the device.

As far as the memory window is concerned, Figure 5.16.c shows that the resistance of the

device can be programmed between a HRS of ~5200 €2 and a LRS of ~2200 €2, corresponding
toa i%g = 2.4 for Vieadout = 10 mV. Nevertheless, as the electrical characteristics are highly
nonlinear at low voltages the resistance ratio can be ‘artificially’ increased by selecting a

slightly larger readout voltage (for example IZT{? = 5.2 for Vieadout = 700 mV). A trade-off

2the word ‘intrinsic’ has been used here to highlight the fact that no additional software layer is required to
program the memory properties of this device.
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between a larger programming window and a lower readout voltage (which should remain
non-destructive) might have to be made. Nevertheless, a large programming window is likely
unnecessary for neuromorphic applications. Furthermore, the programmed resistance state of
the P/LNO3/L2NO4/Pt memristive device has a certain degree of volatility, making it difficult
to define an optimal and fixed programming window. The memory relaxation behaviour is

discussed in more detail in the following section.

5.6.3 Resistance relaxation

A new pristine Pt/LNO3/L2NO4/Pt memristive device has been used to study the retention
properties of such a system. Figure 5.17.a shows the resistance state of the device (using a
readout voltage of Vieadout = +10 mV) as a function of the experiment time (including dead
times). The IRS of the device is first readout during 600 s showing a stable resistance state
of ~1900 €2. The bottom left inset shows the highly nonlinear and slightly rectifying R(V)
characteristics of the IRS measured between £500 mV. The device is then initialised follow-
ing the same procedure as has been described in subsection 5.6.1 (several bipolar voltage
sweeps with increasing maximum voltage amplitude, from 1 V up to +10 V). The initial-
isation procedure sets the device in a HRS of ~4200 2. The top right inset in Figure 5.17.a
shows the highly reproducible analog-type resistance change behaviour already presented in
Figure 5.16.c. Nevertheless, when the initialised HRS is readout during 600 s at a constant
voltage of +10 mV, the resistance quickly relaxes back towards the IRS. The device lost nearly
a third of its HRS in ten minutes (relaxation from ~4200 2 to ~2850 €2). The partially relaxed
R(V) characteristics are shown in the middle-right inset in Figure 5.17.a and resembles the
characteristics of the IRS with an additional vertical offset towards higher resistance values.
The second part of the experiment consisting in a series of stresses/relaxations applied
to the sample is detailed in Figure 5.17.b. After the ten minutes-long relaxation from the
initialised HRS, the sample is submitted to increasing and alternating positive and negative
voltage levels. Each one of these 100 s long voltage stresses is followed by an equally long
relaxation period during which the resistance state of the device is readout at +10 mV. Only
the readouts are displayed in the figure. The first voltage stress consists in a 100 s long voltage
level of V = +1 V. This positive stress significantly increased the relaxation rate of the device
as can be seen from the ‘jump’ in resistance from ~2850 €2 to ~2340 €2, creating a discontinuity
in the natural relaxation trend of the device (remember that the time scale is absolute: it also
takes into account the dead times of the experiment, or for example in this case the duration
of the voltage stress not represented in this figure). Nevertheless, the new resistance state
did not reach the ~1900 €2 of the IRS, meaning that even though the HRS is volatile, it still

has a certain stability as this first +1 V voltage stress did not manage to completely reset
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Figure 5.17 — (a) Evolution of the resistance over time of a Pt/LNO3/L2NO4/Pt memristive device from its IRS to its initialised HRS,
followed by the relaxation of the HRS and the relaxation of several programmed resistance states achieved by stressing the device with
increasing and alternating positive and negative voltages. The insets show the R-V characteristics of the device in its IRS, HRS and after
600 s of relaxation from the HRS. (b) is a magnification of (a) between 4500 s and 7500 s during the stressing experiment. The end of the
600 s long relaxation from the initialised HRS is visible, followed by the 100 s long relaxations from the +1 V, -1 V, +2 'V, -2V, +3V, -3V,
+4V, -4V, +5 V and -5 V voltage stresses (also 100 s). Only the readout voltage at +10 mV is shown in the two figures.
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the device to its initial resistance value. Furthermore, and very surprisingly, the relaxation
from this first ‘positive reset stress’ (indeed, positive voltages have been shown earlier to
reset the P/LNO3/L2NO4/Pt device from a HRS to a LRS) has a direction opposite to the
previous relaxation: the device now spontaneously relaxes towards a higher resistance state.
The opposite was true earlier as the HRS was decaying naturally to lower resistance values.
After 100 s of relaxation, an opposite negative V = -1 V stress is then setting the device back
to a higher resistance state of ~2660 (2. The following readout shows that the first natural
relaxation from higher to lower resistance states could be retrieved, although the relaxation
rate seems higher. The experiment is then continued and the same behaviour is measured:
positive voltage stresses decrease the resistance state of the device, but the resistance increases
back again during the relaxation period and the opposite is true for negative voltage stresses.
Increasing the positive voltage amplitude increases the absolute change in resistance and also
tends to increase the relaxation rate towards a higher resistance state, while increasing the
opposite negative voltage amplitude also increases the change in resistance but has little effect
on the relaxation rate towards lower resistance states. It can also be noticed that an increasingly
lower resistance state can be reached when increasing the positive voltage stress, even to the
point that after a voltage stress of V=44 V or +5 V, the device finds itself temporally in a lower
resistance state than its IRS, before spontaneously relaxing back towards a higher resistance
State.

This complicated and highly intriguing device dynamics is surely related to the exchange
and rearrangement of charges (electrons/holes) and/or ions (in the simple case, oxygen anions)
across the interface or within the two lanhanum-nickelate films in the close proximity region.
This type of electrical response offers a very versatile memory playground and is potentially
highly interesting for neuromorphic hardware applications due to their inherent adaptability
and analog response to a wide range of stimuli, proving that the current memory state of the

memristive device is intricately linked to its entire biasing (and also non-biased) history.

5.7 Summary
The main points tackled in this chapter are summarized hereafter.
* The need for a template electrode for the growth of oriented L2NO4:

— The perovskite compound LNO3 is a suitable candidate for a template bottom
electrode material due to its good electrical conductivity (resistivity values as low

as 90 uQ2.cm have been reported in literature), as well as its good lattice match both
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with STO (< 1.70 %) used as substrate material and L2NO4 (< 0.50 %) grown on
top;
— The chemical similarity between LNO3 and L2NO4 makes it easy to deposit one

material or the other simply by changing the La/Ni ratio in the precursor solution
when using a PIMOCVD system;

— The exchange of oxygen between L2NO4 and LNO3 in L2NO4/LNO3 bilayers
first reported by Moreno et al. [88] makes this system particularly interesting for

VCM applications.
* Optimization of LNO3 as functional bottom electrode material by PIMOCVD:

— The composition of the precursor solution (2.00 < La/Ni < 2.75) and the depos-
ition temperature (550 °C < T < 750 °C) were varied to optimize the growth
of LNO3 thin films on STO and LAO single crystal substrates. A substrate-

dependence of the optimal growth conditions has been observed;

— Resistivity values as low as 200 pohm.cm were obtained on LAO for La/Ni = 2.38
and T = 550 °C, while a resistivity of 500 m{2.cm was measured for LNO3 depos-
ited on STO (using the exact same deposition conditions). The important differ-
ence in the resistivity values has been attributed to a different microstructure, with

a larger amount of percolating NiO precipitates in the LNO3/STO sample;

— The effect of the persistent NiO impurities on the phase quality for LNO3 films
deposited on STO has been studied in details by XRD and TEM, showing that
these defects could be at the origin of some of the other defects observed in the

films, such as LNO3 domain reorientations and/or L2NO4 precipitates.
* Lanthanum-nickelate thin films deposited by PLD:

— LNO3/STO and L2NO4/STO samples with different film thicknesses have been
successfully prepared in the framework of a collaboration with ICN2 (Barcelona,
Spain). XRD measurements carried out on the LNO3 thin films confirm the high
crystal quality (single ¢ out of plane orientation and thickness fringes) of these
films throughout the entire 6-110 nm thickness range. Another orientation (c in-

plane) of L2NO4 appears when t > 30 nm;

— The several orders of magnitude lower resistivity of the optimized LNO3 thin films
when compared to L2NO4 (deposited either by PIMOCVD or PLD) validates its
further use as bottom electrode for the growth of L2ZNO4/LLNO3 bilayers. In par-

ticular, more than four orders of magnitude separate the resistivity of a 30 nm
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thick LNO3 film with that of a 5 nm L2NO4 film (p ~ 6.107* Q.cm and 3 Q.cm,
respectively) when grown by PLD. Such a stack has been used to construct a
Pt/LNO3/L2NO4/Pt memristive device.

* L2NO4/LNO3 bilayers:

— L2NO4/LNO3 complex oxide bilayers have been grown on STO both by PIMOCVD
and PLD. However, the PIMOCVD-prepared bilayers still need further optimiza-
tion to improve the epitaxial quality and the purity of the sample;

— The L2NO4/LNO3 bilayer sample prepared by PLD shows a high crystal quality,
with the presence of the desired epitaxial LNO3 and L2NO4 phases only.

» Resistance-change in Pt/LNO3/L2NO4/Pt heterostructures grown by PLD:

— The individual Pt/LNO3 and Pt/L2NO4 junctions show ohmic characteristics and
are inactive from a memory point of view. A slightly nonlinear Schottky character-
istic has been measured for a P/LNO3/L2NO4/Pt device and has been attributed
to the LNO3/L2NO4 junction;

— A reproducible analog-type memristive behaviour has been obtained in an asym-
metric PULNO3/L2NO4/Pt device after having carried out an initialisation step
(consisting here in applying several bipolar voltage sweeps with increasing max-
imum voltage amplitude, from +1 V up to =10 V) necessary to SET the device
in HRS. The initialization procedure could certainly be optimized by using a fixed
voltage level, or repeating only one type of voltage sweep (e.g. 210V, this has not

been tested yet);

— The programmed HRS exhibits a certain degree of volatility, which was probed
using long samplings (V = 10 mV). The device loses one third of its HRS resistance
value in ten minutes. However, the time it takes for the device to relax completely

back to its IRS (or another low resistance state) was not measured.

— 100 s long voltage stresses with opposite polarities could reversibly RESET and
SET the device in a lower or higher resistance state (applying a positive or a neg-
ative voltage on the LNO3 electrode side, respectively). A surprising relaxation
behaviour has been measured where the device alternatively changes its resistance
from lower to higher and from higher to lower values after applying a positive or a

negative voltage stress, respectively;

— Resistance states lying both higher and lower than the IRS of the device could

be programmed. The current resistance state of the device and its response to a
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new electric stimuli depends on a large part - if not entirely - on its programming

history.

Although LNO3 has been selected as electrode material mainly due to its good electronic con-
ductivity and lattice match with L2NO4 (needed for the growth of epitaxial L2ZNO4/LNO3
bilayers), the exact nature of the L2ZNO4/LNQO3 junction still requires a lot of attention. In-
deed, as the electrical properties of the two materials depend on their oxygen content, a range
of electrical contacts from ohmic to highly Schottky could (in theory) be obtained. This, com-
bined with the similar chemistry of the two materials, offers a huge playground for controlled
oxygen storage/release (at least locally at the interface between the two materials) which is
promising for interface-type VCM applications.



Concluding summary & perspectives

Valence-change memories (VCMs) are in essence electrochemical systems based on a metal
oxide capacitor-like structure with electrodes of different oxygen affinity and/or work func-
tion and migrating defects. Their implementation in micro/nanoelectronic solid state devices
relies on an electronic readout to measure the state of the device and to operate them, but their
functionality highly depends on the chemical properties of the materials constituting the final
device. Oxygen-ion motion and its subsequent oxidation/reduction reactions are key paramet-
ers that need to be controlled in order to improve the properties of this type of memories.
This thesis has addressed the need for a rational design of interface-type VCMs by choosing a
mixed ionic-electronic conducting material, as is the case of La;NiOy45, as the functional layer
around which the memristive device is constructed. The intrinsic bulk oxygen-ion conduction
properties of La;NiOy4,5, combined with the important range of oxygen overstoichiometry
(0 < 6 <0.26) it can accommodate within its structure without decomposing makes it an
interesting playground for VCMs.

L2NO4 was successfully prepared in the form of highly textured thin films on perovskite
single crystal substrates (STO, NGO and LAO) using pulsed-injection chemical vapour depos-
ition (T = 650 °C, p = 5 Torr, 63% O,/34% Ar gas mixture). The presence of 4 to 7 unit cells
of LNO3 at the L2NO4/STO interface could be observed by HRTEM. The interlayer is absent
when L2NO4 is grown on NGO or LAO substrates, meaning that the presence or absence of
this interlayer could be attributed to a relaxation mechanism of the tensile strain induced by
the clamping of L2NO4 on STO. A domain reorientation from czony04, | (c-axis of tetragonal
L2NO4 perpendicular to the substrates surface) to ¢;oy04, | (c-axis parallel) was shown when
L2NO4 is grown on STO after a critical film thickness of ~30 nm. The domain reorienta-
tion seems to be very favourable from an epitaxial point of view as it generates seemingly
defect-free twin boundaries. An important effect of the oxygen content in LayNiO4,5 on its
resistivity was measured (p = 5.3x1073 Q.cm, 1.1x102 Q.cm, 1.3x102 Q.cm and 5.7 Q.cm
for a 0 overstoichiometry of approximately 0.08, 0.04, 0.03 and 0, respectively). The oxygen
content was successfully tuned with post annealing treatments (1 h at 500 °C under O,, Ar

or Hy(6%)/Ar gas atmospheres). The incorporation of oxygen in L2NO4 has a direct effect
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on its structural lattice parameters (e.g. expansion of the c-axis). The increase in hole carri-
ers through a self-doping mechanism was confirmed by measuring the work function of two
L2NO4 films (Wg = 4.1 eV and 4.3 eV for pristine and oxygen-annealed L2NO4, respect-
ively).

The optimized L2NO4 films have been used to prepare M/L2NO4/M heterostructures
(M = Pt, Ag or Ti metallic electrodes prepared in cleanroom facilities by e-beam evapora-
tion after a mild Ar-etch surface treatment). An ohmic contact is obtained when evaporating
Pt (high work function) on L2NO4 while a slightly more resistive Schottky-like contact is
obtained with Ag (low work function), consistent with a p-type Schottky contact model with
L2NO4. Devices built with at least one Ti electrode also showed Schottky-like characteristics
with an important increase in resistance. TLM experiments allowed calculating a relatively
small Pt/L2NO4 contact resistance (20 €2 - 30 €2) , which is almost independent on the elec-
trical properties of L2NO4. The transfer length (also extracted from the TLM) shows that
lower resistivity values of L2NO4 are beneficial for a more homogeneous current injection
throughout the Pt/L2ZNO4 junction (in the ‘top-top’ electrode configuration). The presence
of an amorphous and likely oxygen-deficient TiOy interlayer at the Ti/L2NO4 interface has
been confirmed by HRTEM. This interlayer formed spontaneously when evaporating the Ti
electrodes. Temperature measurements (in the 300 K-180 K range) showed that the con-
duction mechanism measured for the Pt/LL2NO4 junction is almost temperature independent
(Ea ~ 10 meV). However, the presence of a Ti contact highly affects the conduction mechanism
and increases it’s temperature dependence. The activation energy increases (E; ~ 150 meV)
and depends on the temperature range that is considered (change of slope in the Arrhenius plot
around 230 K). An evolution of the conduction mechanism from TAT at high temperature to
direct tunnelling (when T < 230 K) has been proposed to explain this phenomenon. The newly

formed TiOy interlayer could act as the tunnelling barrier.

After having investigated the electrical properties of several M/L2NO4/M heterostructures,
an asymmetric Pt/L2NO4/Ti was selected as a prototype to study the memory properties of
L2NO4-based memristive device, as Ti is already known for its reactivity and oxygen storage
capabilities. An initialisation step (application of a negative voltage on the Pt electrode) is re-
quired to trigger reproducible memristive characteristics. This initialisation step is, however,
different from the more classical electroforming step, as the applied voltage does not need to be
higher than the operation voltage. Highly reproducible analog-type I(V) characteristics have
been obtained after initialisation when cycling the device between +£5 V. The LRS and HRS
are separated by roughly one order of magnitude in resistance. Successive unipolar voltage
sweeps (0 V — -5V — 0 V) can gradually increase the resistance state above the HRS until

saturation. The presence of interstitial oxygen ions in L2NO4 are beneficial, and even neces-
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sary to give rise to the memristive properties. A precise interplay between the TiOy interlayer
thickness, as well as its stoichiometry and homogeneity, and the oxygen content of L2ZNO4 are
certainly crucial parameters that need to be controlled to tune the resistance-change and the
retention characteristics of a Pt/L2NO4/Ti memristive device. Furthermore, highly multilevel
and bipolar memory characteristics can be obtained when operating the device in pulsed-
mode ([-15 V; 1 ms] and [+7 V; 1 ms] pulses to obtain a gradual SET or RESET of the
device, respectively). A spontaneous relaxation (decrease of the resistance to LRS) has been
measured when programming the device to a HRS, which is potentially interesting to study
hardware-based and on-chip neuromorphic computation for real-time information processing.
The gradual resistance-change behaviour (named here ‘GRC’) allows the device to transition
from LRS to HRS and has been proposed as being an important marker of mass-transport lim-
ited redox-reactions, giving rise to the highly multilevel analog-type memory properties of the
device. Reports on the mechanism leading to a GRC in literature can be roughly divided into
two categories: ‘electrochemical’ and ‘charge trapping/detrapping’. We propose that these
two mechanisms coexist, that the accumulation of oxygen ions at the Ti/TiOx/L2NO4 junc-
tion play the role of the charge traps. The self-limiting nature of the GRC could be explained
by mass transport-limited redox-reactions occurring at the metal/oxide interface.

The deposition optimization of metallic LNO3 thin films by PIMOCVD was carried out in
order to prepare L2NO4/LNO3 bilayers for ‘top-bottom’ memristive architectures. The per-
ovskite LNO3 is a suitable candidate for a template bottom electrode material due to its good
electrical conductivity (resistivity values as low as 90 u{2.cm have been reported in literature),
as well as its good lattice match both with STO (< 1.70 %) used as substrate material and
L2NO4 (< 0.50 %) grown on top, allowing the growth of highly-oriented L2NO4 films. Fur-
thermore, the oxygen exchange between L2NO4 and LNO3 first reported by Moreno et al. [88]
makes this system particularly interesting for VCM applications. LNO3 thin films with a high
crystal quality were obtained on LAO for La/Ni = 2.38 in the precursor solution and T = 550°C,
with a film resistivity of ~200 pfl.cm. A lower LNO3 film quality was obtained when grown
on STO, due to the presence of (in some cases percolating) insulating NiO impurities. These
impurities have been studied in detail by XRD and TEM, showing that they could be at the
origin of some of the other defects observed in the films, such as LNO3 domain reorientations
and/or L2NO4 precipitates. Pure (impurity-free) LNO3/STO samples were however success-
fully prepared in the framework of a collaboration with ICN2 in Barcelona (Spain). While
L2NO4/LNO3 bilayers deposited by PIMOCVD require further optimization, the electrical
properties of such complex-oxide heterostructures could be readily measured using samples
prepared by PLD. An asymmetric Pt/LNO3/L2NO4/Pt memristive device in its IRS showed a

small nonlinearity in the measured 1(V) characteristics. This nonlinearity at low voltage was
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attributed to the LNO3/L2NO4 junction as Pt/LNO3 and Pt/LL2NO4 both showed ohmic char-
acteristics when measured in the same voltage range. A reproducible analog-type memrist-
ive behaviour was obtained in this asymmetric Pt/LNO3/L2NO4/Pt device after initialisation
(setting the device in HRS). The programmed HRS is volatile. Voltage stresses with opposite
polarities could reversibly RESET and SET the device in a lower or higher resistance state
(applying a positive or a negative voltage on the LNO3 electrode side, respectively). The
resistance state of the device and its response to a new electric stimuli highly depends on its
programming history.

This thesis has showed that there is a large interest in studying complex-oxide materials,
and mixed conductors in particular, for their use in VCM-based applications. An extensive and
systematic device characterisation (varying for example the doping level, the film thickness,
the surface preparation before electrode evaporation, etc) is still required to shine light on the
very gradual analog-type resistance change characteristics measured in these L2NO4-based
systems. It should be pointed out that our current understanding of the memory properties of
L2NO4-based memristive devices is based only on strong experimental evidence. The further
demonstration and completion of the model requires a complex simulation work, using for ex-
ample a mobile dopant model to take into account the local self-doping induced by migrating
oxygen interstitial ions in the L2NO4 lattice (and into the metallic electrode material).

While this idea was always present in the back of my mind, I did not find the time during
this thesis to investigate the geopolitical and environmental aspects behind the extraction of
rare-earth metals such as La. Although at this first stage L2NO4 was selected and studied as
a prototypical memristive material due to its mixed ionic and electronic properties, if such a
material were to become technologically viable these considerations should be receiving much
more attention, in particular while no proper way of recycling the manufactured devices has

been discovered. The toxicity of Ni should also be assessed.

Concerning the implications of hardware-based neuromorphic technologies briefly dis-
cussed in this thesis, while the field of artificial intelligence is fascinating and could highly
improve our overall standard of living, too often social considerations are lacking behind
the so-called ‘technological progress’. These aspects are, to my humble opinion, topics that
should be receiving increased attention and should be discussed more openly and more of-
ten. Sometimes the conclusion should be drawn that the society is not yet ready for a certain
technology, and pushing through that technology (usually for economical reasons) would just
increase social inequities and tensions, leading to an unstable future. Throughout my studies,
I realized that becoming a specialist in a certain discipline tends to make you relativize the
implications of your research on society. As an illustration, specialists in the field of genetics

might genuinely believe and already spread the idea that with the right tweaks to our genome,
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we could for example eradicate all the diseases that have been and will ever be present on
this planet. While this is a noble cause, as long as social inequities are present in our highly
competitive societies, the likelihood of this type of human augmentation technology enabling
a peaceful and ethical future seems uncertain to say the least. The same goes for artificial in-
telligence, and even more so general artificial intelligence. While it could potentially address
beyond human-solvable problems such as climate-change, using it to create riches (or for mil-
itary and war purposes) instead and further spread social inequities would also certainly render
our future on this planet challenging. It is of the uppermost importance that these questions
enter the political sphere as it is difficult to predict how fast these technologies will mature

and become largely available without proper regulations.
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Appendix A

Lantahnum-nickelate thin film deposition
and optimization using PiIMOCVD
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A.1 PiMOCYVD: a chemical vapour deposition technique

The majority of the lanthanum-nickelate thin films presented in this thesis have been synthes-
ized using Pulsed-injection Metal-Organic Chemical Vapour Deposition (PIMOCVD) [115], a
chemical deposition technique based on the CVD process using metalorganic precursors in va-
pour phase, which are evaporated by injecting small drops of a solution containing the metals
(in the form of metalorganic compounds) required to form, in this case, the ternary oxide.
This technique allows to tune the film composition by varying the concentration of precursors
in the solution. The aim of this section is to give a general idea about the theory behind this

deposition method.
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A.1.1 Metal-Organic Chemical Vapour Deposition (MOCVD)

MOCVD is a chemical deposition process in which one or more gaseous metal-organic pre-
cursors react on a solid surface in order to form a more or less dense layer depending on
the deposition conditions (temperature, pressure, chemical nature and morphology of the sub-
strate...). There are several key steps of the chemical reactions taking place in the vapour
phase that should be taken into account in order to understand the process and thus have a
better control over it:

1) Generation of active gases reactant species;

2) Transport of the gaseous precursors into the reaction chamber;

3) Gas phase reaction;

4) Adsorption of the reactive species onto the substrates surface;

5) Heterogeneous gas/solid reaction of the precursors catalysed by the heated substrate;

6) Desorption of the gaseous reaction by-products;

7) Transport of the by-products away from the surface.

Figure A.1 illustrates the PIMOCVD deposition process. Each of these steps is detailed

hereafter.

1) Generation of active gases reactant species An important aspect of CVD is the need
of having gaseous precursors at the reaction stage. Several types of precursors can be used,
which can be either gaseous (e.g. silane, diborane, ammonia, etc), liquid or solid in their
natural form. Common precursors include metal carbonyls (Ni(CO)4, Fey(CO)og...), metal
hydrides (AlH3, BH3...), halides (AgCl, LiCl...) or metalorganic compounds (La(TMHD)s,
Al(acac)s. . .) in the case of MOCVD. All of these chemicals are usually available in their solid
form. In order to be able to use them for PIMOCVD they have to be dissolved in an appropriate
solvent, typically monoglyme or m-xylene. The obtained mixture is then pulverized into tiny
(but controlled) droplets with the help of high frequency piezoelectric elements or pulsed
injection. After being formed, the droplets are injected into a circuit where a flow of inert
carrier gas assures their transport to the reactor. Along the way, the droplets will be vaporized
with the help of heating elements.

2) Transport of the gaseous precursors into the reaction chamber As far as the carrier
gas is concerned, it does not necessarily have to be inert. Many oxide or nitride compounds can
be deposited by MOCVD using a carrier gas containing oxygen or nitrogen, respectively. The
flow rate of the gaseous precursor to the reaction chamber should be controlled to increase

reproducibility. A high flow rate tends to favour a kinetically pseudo-stable phase whereas
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a lower flow rate gives the system more time to achieve the thermodynamic stability. The

deposition is slower when the flow rate decreases.

3) Gas phase reaction When the gaseous precursor reaches the reaction chamber, the high
temperature usually leads to a preliminary gas phase reaction consisting in the partial break-
down of the precursor molecules. Part of the iono-covalent bounds between the organic mo-
lecules and the metallic centres are broken, leading to an ‘activation’ of these molecules. The
detached organic parts are evacuated away from the reaction chamber following the main gas
flow.

4) Adsorption of the reactive species onto the substrates surface This part of the CVD
process is crucial for obtaining a controlled deposition. In order to have this control, the sub-
strate should act as a catalyst for the chemical reaction. In other words, the reactive species
must not react among themselves before meeting the substrates surface. The pressure in the re-
action chamber, the substrate temperature and chemical nature are typical parameters that have
a strong influence on this reactivity. Low pressures (several Torr) tend to prevent undesired gas
phase reactions and allow the deposition of more homogeneous films. This is because they
favour the surface controlled deposition regime: the deposition is mainly controlled by the
substrate temperature. At the opposite, high pressures coupled with high temperatures will fa-
vour the diffusion controlled regime: any molecule that arrives on the surface will react almost
instantaneously. The kinetically limiting parameter is then determined by the time it takes the
reacting species to diffuse from the gas phase to the surface. Too high substrate temperatures
can be detrimental to the growth of the film since they can lead to fast desorption of the react-
ing molecules. There is always a temperature-related equilibrium between the adsorbing and

the desorbing molecules that acts as a limiting factor for the growth of the film.

5) Heterogeneous gas/solid reaction of the precursors catalysed by the heated substrate
Once the reactive gas molecules have adsorbed on the surface, a chemical reaction occurs at
the gas/solid interface and launches the so called “nucleation step”. Small nuclei are formed
and start to grow into bigger and bigger islands as long as there are reactants adsorbing on the
surface. This chemical reaction transforms the previously activated molecules (during the gas
phase reaction) into a deposit (the film) and by-products (the organic leftovers). The adsorbed
molecules can diffuse along the heated substrate to find nuclei or other surface inhomogeneit-

ies (like crystallographic steps) that will make the reaction easier.
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6-7) Desorption and transport of the gaseous reaction by-products away from the sur-
face The gaseous by-products formed during the previous reactions (in the gas phase and at
the gas/solid interface) can get adsorbed on the surface leading to film impurities. It is diffi-
cult to have a control over this phenomenon but high substrate temperatures and low partial
pressures prove to be favourable towards the desorption of these molecules. In the particular
case when oxide materials are grown, the presence of oxygen as reactive gas will help with
the combustion of the organic ligands (when using for example metalorganic precursor mo-
lecules). The gaseous by-products are removed from the boundary layer through diffusion
and/or convection and are then transported away from the deposition chamber with the rest of

the gases (carrier gas and unreacted gaseous precursors).

A.1.2 The particularities of PIMOCVD

Pulsed-Injection MOCVD is a particular type of MOCVD that uses a high speed electro-valve
to inject the precursor solution. This electro-valve makes it possible to form micro droplets of
the precursor solution with a controlled volume (typically some microliters). The frequency
of the pulses and the opening time of the valve are important parameters that will have a
strong impact on the structure and the microstructure of the deposited material [42]. The main
advantages of using PIMOCVD over regular MOCVD are listed below [23]:

* Precise control over the thickness and the stoichiometry of the deposited film;

* Use of unstable precursors since they are preserved under an inert atmosphere in the

injector;

* Possibility to inject a multi-component solution allowing the growth of more complex

films;
* It s also possible to use several injectors in parallel to obtain a multilayered structure;

* Finally, pulsed injection increases the reproducibility of the depositions.

A.1.3 Details on the substrate preparation and deposition procedure

The duration of the deposition itself can range from several minutes to several hours, depend-
ing on the thickness of the film that is targeted. Here, 70 minutes were needed to deposit an
approximately 100 nm thick film. In the particular case of this study, the preparation of the

substrates was done the day before the deposition. This preparation consists in the cleaning of
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the substrates and their pasting on the substrate holder. All the substrates followed a mild 3-
step cleaning process (acetone, isopropanol, deionized water) in an ultrasonicating bath. This
cleaning step allows for the elimination of all the particles and impurities adsorbed on the sur-
face (dust and other organic particles) and is an easy way to prevent big (um) inhomogeneities
in the deposited film. The substrates are then pasted on the sample holder. For this, silver
paste is used allowing a good thermal conductivity between the sample and the sample holder.
This paste makes it also possible to carry out depositions at high temperatures (up to 900 °C)
without it losing its properties. Since the single crystal substrates used are rather small (1 cm?),
it was possible to paste several (up to four) on the same sample holder. This allows to deposit
several films simultaneously and to compare the effect of different substrates on the deposited
film, eliminating the small (uncontrolled) variations which can occur between two different
experiments. The drying of the paste is rather long, this is why this first preparation step was
usually carried out several hours before the deposition (usually the night before).

The precursor solution was prepared just before the deposition to limit its possible degrad-
ation over time. For reproducibility sake, the injector was cleaned before and after each depos-
ition with cyclohexane (to limit the chances of it clogging) and kept in an argon overpressure
whenever possible. In order to study the influence of the precursor solution on the composition
of the deposited film, solutions with different La/Ni ratios were prepared, but the volume and
total concentration were kept constant at 20 mL and 0.02 mol/L, respectively. The following
chemicals were used for the growth of LNO3 and L2NO4 thin films: organometallic precurs-
ors of Tris(2,2,6,6-tetramethyl-3,5-heptanedionato)lanthanum(IIl) (La(tmhd)3, 99%, 99.9%-
La, CAS 1419-13-2 from Strem Chemicals) and Bis(2,2,6,6-tetramethyl-3,5-heptanedionato)-
nickel(II), (Ni(tmhd);, min. 98%, 99.9%-Ni, CAS 41749-92-2 from Strem Chemicals) dis-
solved in a meta-xylene organic solvent (C6H4-(CH3)2, 99%, CAS 108-38-3 from Alfa Aesar).
The prepared precursor solution was ultrasonicated during ten minutes to dissolve the solid
lanthanum and nickel precursors. Figure A.2 shows the structure of these metalorganic pre-

cursors.

The particular PIMOCVD frame which was used to prepare the samples presented in this
thesis was home built at LMGP and is referered to as the “Bati D11, It works in low pressure

(several Torr) and can go up to 800 °C.

There is the possibility of work under argon, oxygen and nitrogen atmospheres, or a com-
bination of these gases. Three injection entries allow connecting as many injectors to increase
the deposition possibilities. The depositions were carried out at a pressure of 5 Torr in a
mixed oxygen/argon atmosphere to obtain the desired oxides. Argon was also used as carrier
gas during the heating and the cooling of the reactor. The injector head is connected to a

software-controlled electrical casing which commands the injection parameters: the opening
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Figure A.2 — Metalorganic precursors used for the deposition of lanthanum-nickelate thin films by
PiMOCVD (left: La(tmhd)s and right: Ni(tmhd);).

Figure A.3 — Pictures of the « Bati D11 », the PIMOCVD reactor used for the deposition of

lanthanum-nickelate thin films.
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time (controlling the size of the injected droplets), the frequency of the pulses and their num-
ber. An opening time of 2 ms was used to inject droplets at a frequency of 1 droplet/s. These
conditions allow depositing an approximately 100 nm thick film.

A.1.4 Post annealing treatments

Some of the prepared samples received an additional ex-situ post annealing treatment in a
ceramic tubular furnace in order to tune the oxygen stoichiometry of the L2NO4 thin films
(the structural and chemical results of these annealings are described in Section 2.3.2). A
heating ramp of 10°C/min to 500°C with a 1 h dwell time and under 1 atm of either pure O,
pure Ar or a Hy(6%)/Ar gas mixture was used. The furnace was then cooled down slowly to
room temperature (without using any additional cooling system).

Figure A.4 — Picture of the tubular furnaces used for the post-annealing treatments.

A.2 Role of the solvent on the structural properties of L2NO4
thin films deposited by PiIMOCVD

A monoglyme precursor was used initially to grow the lanthanum-nickelate thin films. This
solvent was later replaced by the less-toxic m-xylene solvent.

Figure A.5 shows the XRD patterns of two sets of L2NO4/STO samples with differ-
ent La/Ni precursor ratios in the injected solution: 4.75 (top) and 5 (bottom), using either
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monoglyme (orange curves) or m-xylene (red curves) as the solvent. There is a striking differ-
ence between two samples deposited with two different solvents: in addition to the 0 0 /1 sno4 (/
even) reflections, new lanthanum-rich phases (LLapO3) or L2NO4 phase with other orientations
are present in the samples deposited with the monoglyme solvent, regardless of the La/Ni pre-
cursor ratio. There is also an overall increase in intensity (represented by the grey regions
which correspond to the integrated intensity difference between the two XRD patterns) of the
diffraction patterns acquired for the samples deposited with monoglyme, suggesting that more
impurity phases could be present in these samples. This represented an additional reason for
using m-xylene instead of monoglyme as the solvent for the further preparation of LNO3 and
L2NO4 thin films.

A.3 The La/Ni ratio in the precursor solution

A systematic study on the effect of the La/Ni ratio in the precursor solution on the lanthanum-
nickelate film structural properties deposited on STO substrates has been carried out. Only
the composition of the injected solution was varied, increasing the La/Ni ratio from 2.00 to
2.75 and from 4.75 to 5.25 (four samples were prepared for each range) to find the optimal
composition for the deposition of LNO3 (La/Ni in the film close to 1) and L2NO4 (La/Ni in
the film close to 2) thin films, respectively. The deposition temperature was fixed at 750 °C,
the number of pulses to 4000 and all the other deposition parameters were fixed to the standard
ones (detailed in Table 2.1). Figure A.6 shows the La/Ni ratio in the film (measured by EPMA)
against the one initially present in the precursor solution. A linear regression is satisfactory to
fit the data, the slope of the linear fit of ~0.5 shows that the deposition yield of Ni(TMHD); is
almost twice the one of La(TMHD)3.

As can be observed from the XRD results for the low La/Ni ratios (bottom XRD patterns),
the desired LNO3 perovskite phase is present in all the samples grown on STO and a high
texturization of the film can be observed in particular along the [1 O O] direction. The peak
intensities for this phase orientation are rather high. Nonetheless, there are some key differ-
ences between these patterns. First, the films with the lowest La/Ni solution ratio (La/Ni of the
solution of 2.00 and 2.25, corresponding to La/Ni ratio of the film of 0.87 and 0.96) present a
narrow peak around 44° that can be attributed to the presence of a textured cubic NiO phase.
This suggests that the precursor solution should be enriched even more in lanthanum. Fur-
thermore, for these compositions, two narrow peaks around 33° and 69° are clear evidence
of another orientation of the perovskite phase that, if the film is grown epitaxial, should not
appear due to the imposed orientation of the substrate (along [1 0 0]). When the La/Ni ratio
of the solution increases to 2.78 (1.28 in the film), the NiO peak disappears and two other
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Figure A.5 — XRD patterns of L2NO4/STO samples (log scale) showing the role of the solvent on
the quality of L2NO4 thin films. The films were deposited on STO at 750 °C using a precursor
solution with a concentration of 0.02 mol/L. and with two different La/Ni precursor ratios: 4.75
(top) and 5 (bottom), only the solvent was varied (either monoglyme or m-xylene has been used).

broader peaks appear around 26° and 54° corresponding to the oriented growth of a hexagonal
La;0O3 phase. Further details on the optimization of LNO3 are given in Appendix B. For the
diffractograms corresponding to the high La/Ni ratios (top of Figure A.7), all the samples
show a high texturization along 0 0 /; )xo4 (I even) phase as can be deduced by the five rather
intense peaks around 14°, 28°, 43°, 58° and 75° corresponding tothe 002,004,006,008
and 0 0 10 planes of L2NO4, respectively. As the La/Ni solution ratio increases from 4.75 to
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Figure A.6 — Correlation between the calculated La/Ni atomic ratio in the injected precursor solu-
tion and the effective composition (measured by EPMA) of the lanthanum-nickelate films depos-
ited on STO deposited at 750 °C. LNO3 is obtained for La/Ni ratios in the film close to 1 while
L2NO4 is obtained for ratios close to 2.

5.20 (La/Ni film ratio from 2.01 to 2.63), the characteristic peaks of the L2NO4 phase gain in
intensity. However, two small peaks situated at 30° and 62° appear when the La/Ni solution
ratio reaches 5.20 (2.63 for the film) and can be attributed to the presence of oriented La;O3
in the film. This confirms that the precursor solution is too rich in lanthanum, leading to the
precipitation of this lanthanum rich oxide phase. The La; O3 phase seems to be already present
at a lower ratio of 5.00 (2.19 for the film), but in a very small quantity.

These XRD patterns, combined with the EPMA results (Figure A.6) show that a La/Ni
solution ratio of 2.38 and of 5.00 are a good starting point for growing LNO3 and L2NO4
thin films, respectively, with the highest phase purity (on STO substrates and at T = 750 °C).
However, the deposition temperature of LNO3 was lowered afterwards to 600 °C to further im-
prove the film quality (details on the optimization procedure of LNO3 thin films are presented
in Appendix B). The deposition temperature of L2ZNO4 was also lowered (to 650 °C) as a com-
promise to prevent the decomposition of LNO3 in view of the preparation of L2ZNO4/LNO3
bilayers (discussed in Chapter 5).

The fact of having changed the deposition temperature would require an additional optim-
ization of the La/Ni ratio. However, this second optimization was not carried out due to a lack
of time, and because the films showed satisfactory structural and electrical properties for their

use in a proof-of-concept of L2NO4-based memristive devices.
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of the areas inside the red rectangles drawn in (a). All the films were grown at T = 750 °C with
4000 injected pulses of the different precursor solution.
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B.1 Experimental

B.1.1 Thin film deposition by PIMOCVD

LNO3 thin films were deposited by PIMOCVD on STO (100) and LAO (100) perovskite

single-crystal substrates (a pseudo-cubic setting was used for LAO). Silicon-based substrates
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Parameter Value
Substrate temperature 600-750°C
Evaporation temperature 280°C
Solution concentration 0.02 mol/L
Carrier gas 34% Ar (218 sccm) + 66% O; (418 sccm)
Total pressure 5 Torr
Number of pulses 1000 — 4000

Table B.1 — Deposition conditions used for the growth of LNO3 thin film by PIMOCVD

were also used for preliminary optimization tests. We used the PIMOCVD technique [115],
based on the CVD process using vapours of metalorganics precursors that are evaporated by in-
jecting small drops of a solution containing the cations. This technique allows to tune the film
composition by varying the concentration of precursors in the solution. We used for this study
Tris(2,2,6,6-tetramethyl-3,5-heptanedionato)lanthanum(IIl) (La(TMHD)3, 99 %, 99.9 %-La,
CAS 1419-13-2 from Strem Chemicals) and Bis(2,2,6,6-tetramethyl-3,5-heptanedionato)ni-
ckel(Il), (Ni(TMHD)2, min. 98 %, 99.9 %-Ni, CAS 41749-92-2 from Strem Chemicals)
dissolved in a meta-xylene organic solvent (C6H4-(CH3)2, 99 %, CAS 108-38-3 from Alfa
Aesar). The total precursor concentration was kept constant at 0.02 mol/L and the precursor ra-
tio of La/Ni was around 2. The number of pulses was varied between 1000 and 4000 to obtain
different film thicknesses. The standard deposition conditions are summarized in Table B.1.
The composition of the injected solution and the deposition temperature were optimized to
obtain highly oriented LNO3 thin films on STO (LNO3/STO) and LAO (LNO3/LAO) and

will be discussed in Section B.2.

The deposition optimization of L2ZNO4 by PIMOCVD was carried out in parallel and is de-
tailed in Chapter 2. A preliminary study on the structural characteristics of two L2NO4/LNO3
bilayers deposited on STO and on LAO, respectively, is presented at the end of the appendix
where LNO3 is used as a template for the growth of L2ZNO4. As these two lanthanum nick-
elate oxides show different thermodynamic stability ranges, a compromise in the deposition
temperature was made. The optimal deposition temperature for L2ZNO4 (750°C) was lowered
to 650°C to avoid the decomposition of the LNO3 bottom layer. An optimized precursor ratio
of La/Ni = 5.00 in the injected solution for the growth of L2ZNO4 was kept as a starting point

for future optimization of these bilayers.



B.1 Experimental 165

B.1.2 Thin film characterization

Phase identification, structural and crystallinity characterization of the samples were per-
formed using X-ray diffraction (XRD) in 6-20 geometry (Bruker D8 Advance diffractometer)
with monochromatic CuKal radiation (A = 1.5406 A). The presented XRD diffractograms
were normalized in intensity and in position to the 2 0 O substrate peak at 46.495° for LNO3 on
STO and 47.960° for LNO3 on LAO. A PANalytical X’Pert MPD diffractometer was also used
to acquire Grazing-Incidence XRD (GIXRD) diagrams for the films deposited on silicon dur-
ing the preliminary tests. Grazing incidence was needed to reduce the important contribution
of the substrate in the XRD diagrams. The morphology, chemical composition and thickness
of the films were analysed using a scanning electron microscope (SEM) QUANTA 250 ESEM
FEG. The overall atomic compositions and film thickness were determined by Electron-Probe
Micro Analysis (EPMA) using a CAMECA SX50 spectrometer. Several areas were measured
for each film at three different acceleration voltages in the range 10 to 20 keV. STRATAGem
software was used for data treatment. Film thickness, roughness and density were also de-
termined by X-Ray Reflectivity (XRR) with a RIGAKU Smartlab diffractometer. Detailed
structural characterizations of the films were carried out by transmission electron microscopy
(TEM) with a JEOL 2010 microscope operated at 200 kV with a beam current of 110 uA
(0.19 nm resolution) for high resolution TEM (HRTEM) studies. Scanning TEM (STEM)
images were carried out with a JEOL 2100F microscope. For cross-section imaging, the
samples were prepared with the MultiPrep™ system (Allied High Tech Products, Inc.), a
semi-automated polishing tripod technique using diamond lapping films to achieve a sample
thickness around 10 um. The final thinning of the TEM lamella was performed by a precision
ion polishing system (PIPS, 691 model) with a milling angle of +7° at 2.8 KeV and 500 eV
to obtain a good electron-transparent area. Topography maps of the surface of the films were
obtained using a Bruker Dimension 3100 Atomic Force Microscope (AFM) in tapping mode
with an ARROW-NC tip from Nano-World (force constant of 42 N/m, resonance frequency
of 285 kHz). The resistivity of the samples was obtained using a four probe measurement
setup. Raman spectra were recorded at room temperature using a Horiba/Jobin Yvon LabRam
spectrometer equipped with a liquid nitrogen cooled CCD detector. Experiments were con-
ducted in the micro-Raman mode in a backscattering geometry using a 488 nm Ar* laser line
for excitation. The laser light was focused with a x100 objective on a 1 pmz spot at the sample
surface and the laser power under the microscope was set to 1.3 mW to avoid laser heating
effects. The Raman spectra were calibrated using a silicon reference spectrum (theoretical

position at room temperature = 520.7 cm™).
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B.2 LNO3 deposition optimization using PIMOCVD

B.2.1 La and Ni atomic concentration in the injected solution

Prior to growing LNO3 on perovskite single crystal substrates, preliminary investigations were
carried out using films deposited at T = 750°C on a silicon-based substrate (Si(100) with a 300
nm thick SiNy passivation layer) and the following La/Ni atomic ratios in the injected solution:
La/Ni = 2.00, 2.25, 2.50 and 2.75. The corresponding GIXRD patterns (Figure B.1a.a) show
the presence of a predominant polycrystalline LNO3 phase (purple cross in the figure) coex-
isting with either a lanthanum rich phase (intermixed Ruddlesden Popper (RP) phases such as
L2NO4 or LasNi3019, dark blue dots in the figure) and/or a NiO phase (red triangle in the fig-
ure, cubic SG: Fm-3m (225),a=4.1771 /0%, ICDD: 00-047-1049). The amount of NiO is more
important for the lowest La/Ni ratio whereas the quantity of RP phases is more important for
high La/Ni ratios. This coexistence of LNO3, Ni-rich and La-rich impurity phases is expected
from thermodynamics [147] as low oxygen partial pressures (several Torrs for PIMOCVD) and
high temperatures favour the growth of higher order RP phases such as LasNizOg, LazNi,O7
and L2NO4 rather than LNO3. Figure B.1a.b shows XRD patterns corresponding to different
La/Ni ratio in the injected solution for LNO3/STO films. Note that the pseudocubic (resp.
tetragonal I4/mmm) setting is used for the indexing scheme of LNO3 (resp. L2NO4) and
“h K lppase” refers to the h k 1 Bragg reflection from any particular phase. For the three lowest
La/Ni film ratios, highly textured LNO3/STO films with h 0 Op o3 (purple label in the figure)
are observed coexisting with NiO (red triangle in the figure) and RP or LNO3 phases with
[1 1 OlLNo3, L2N0o4 out of plane orientation (corresponding to the presence of 1 1 Opno3 and/or
1 1 Orono4 in the figure that will be indexed as 1 1 Opno3, L2no4 1n all the XRD diagrams).
The observed coexistence of LNO3, NiO and L2NO4 results from an instability of the LNO3
at high temperature and low oxygen partial pressure [147]. Disordered RP phases (dark blue
dots in the figure) become the majority phase for La/Ni = 2.75 in the solution whereas the NiO
impurity is no longer present. The inset in Figure B.la.b shows a linear dependence of the
cationic ratio measured by EPMA in the films against the precursor ratios used in the injected
solution for a deposition temperature of 750°C. An optimized La/Ni precursor ratio of 2.38
was extrapolated from this EPMA calibration curve to obtain films with the desired La/Ni = 1
ratio. It should be kept in mind that the optimal La/Ni film ratio is temperature dependent
and that the coexistence of LNO3, NiO and L2NO4 is observed even for the stoichiometric
La/Ni = 1 ratio for the LNO3 films obtained under the described deposition conditions. The
presence of both Ni and La-rich impurities suggests that the deposition conditions are outside
the thermodynamic stability zone for the growth of LNO3 due to low oxygen partial pressure

and high temperature used [147]. As this relatively low oxygen partial pressure is inherent
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to the PIMOCVD technique, a study on the role of the deposition temperature on the phase

stability was carried out and is presented in the next section.

B.2.2 Temperature study

Two single crystal substrates with different lattice mismatch with respect to LNO3 - STO,
tensile strain of 1.79 % and LAO, compressive strain of -1.32 % - were used to study the ef-
fect of the deposition temperature on the phase stability and phase purity of the grown layer.
Figure B.1b.a and B show the 6-260 XRD diagrams for films deposited on STO and LAO
at temperatures between 550 and 750 °C using an initial precursor ratio La/Ni = 2.38 and
4000 pulses. The films thickness measured by XRR was between 78 and 92 nm (Figure B.2).
The presence of predominant h 0 Op no3 is clearly observed over the entire temperature range,
both for films on STO and on LAO. At 750 °C the higher order RP phases are present (dark
blue dots, broad intensities around h 0 O no3) as well as h h Op no3, L2ZNO4 and also a small
amount of NiO impurities. When decreasing the temperature, the higher order RP phases
quickly disappear. At 550 °C, mainly h 0 Opno3 are present with a rather weak 2 0 Oyjo re-
flection for LNO3/STO suggesting that some NiO impurities are still present. This deposition
temperature is coherent with the thermodynamic analysis carried out by Zinkevich et al. [147]
when considering the operating oxygen partial pressure used in our PIMOCVD system (around
1073 bar).

We finally note substrate-dependent effects in Figure B.1b.o and B: on the one hand the
difference in the predominant orientation of NiO (h 0 Onjo on STO and h h Oyjo on LAO) and,
on the other hand, the strong correlation between h 0 Onjo and h h Op No3, 1.2N04 1n the films
grown on STO. This points out a different microstructural accommodation of the NiO impur-
ities together with the potential LNO3 decomposition into L2NO4 and NiO. The optimization
procedure for L2NO4 by PIMOCVD gave an optimal growing temperature around 750 °C. We
therefore selected an intermediate temperature between 600-650 °C to grow LNO3 on STO
and LAO substrates in order to comply with these two conditions and minimize residual stress
during the process.

B.3 Film characterization

B.3.1 Electrical properties of the films

A relatively small influence of the La/Ni ratio on the resistivity is observed (Figure B.3a) as
compared to the deposition temperature. Figure B.3b compiles the resistivity values for LNO3

thin films deposited both on STO and on LAO as a function of the deposition temperature.
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Figure B.1 — Deposition optimization LNO3 - XRD diagrams
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When decreasing the deposition temperature from 750 °C to 600 °C, the resistivity goes
through a maximum at 700 °C for both types of samples before reaching 1.6 mf).cm and
0.5 m{2.cm at 600 °C for films on LAO and on STO, respectively. When decreasing down
to 550 °C, the sample deposited on LAO reaches state of the art resistivity values of around
200 pf2.cm. However, the resistivity measured for LNO3/STO deposited at the same temper-
ature increases by several orders of magnitude up to 500 m{2.cm. This is highly unexpected
as the two samples were part of the same batch, thus deposited under identical conditions. A
possible explanation could be a substrate-dependent percolation of insulating NiO impurities

crossing the entire cross-section of the film (see Section 5.2.1 for more details).

B.3.2 Strain effect in the epitaxial LNO3/LAO and LNO3/STO films

To assess the clamping on the substrate and the resulting strain and modification of the struc-
tural properties of the films, LNO3 films with three different thicknesses have been deposited
on STO and on LAO using the optimized deposition conditions discussed in the previous sec-
tions. The number of injected pulses was varied between 1000, 2000 and 4000 to obtain LNO3
films which correspond to thicknesses of around 15, 40 and 80 nm, respectively. The out of

plane XRD patterns of the different samples are displayed in Figure B.4.a.
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Figure B.3 — Optimization of the LNO3 film resistivity.

Table B.2 — Out of plane lattice parameters of LNO3 films from Son et al.[/2]] are compared

with our data on STO and LAO.

Lattice parameter Lattice mismatch with LaNiO3

LaNiOs; film

Measured out of plane lattice

Satistrate substrate (nm) (@substrate-aL102 buik)/@substrate IN %) thickness (nm) parameter LaNiOs (nm) Refererice
LaAlO, *0.379 -1.32 10 0.3854 Son, J. etal. Low-
dimensional Mott
LSAT 0.387 0.78 10 0.383 material: Transport in
ultrathin epitaxial LaNiO3
DyScO, 0.394 254 10 0.384 films. Appl. Phys. Lett.
96, 062114 (2010).
LaAlO, 0.379 -1.32 1o 0.385
This work
SrTiO, 0.391 1.79 15 0.381

*This value was corrected with respect to the one printedin the cited reference



B.3 Film characterization 171

—_—
2
~—

ol

3.85 4

20 0gr,

11 ULNGS. L2NO4

c lattice parameter/ A
%
w

Log(Normalized Counts) / arb. units

LNO3/STO oS
3.81 foYoteteTorsr 3.91 A
35 40 45 50 55 60 10 20 30 40 50 60 70 80
20/° Film thickness / nm

Figure B.4 — (a) XRD diagrams of LNO3/STO (black) and LNO3/LAO (grey) with increasing
LNO3 film thickness. The inset is a magnification of the diagrams in the 46° < 26 < 49° region,
encompassing the 2 0 0 Bragg reflections of the STO and LAO substrates to better evidence the
lattice relaxation of LNO3 when increasing the film thickness. (b) c lattice parameter relaxation
with film thickness. The insets are sketches of the strain-induced lattice deformations of LNO3
grown on compressive LAO (top inset) and tensile STO (bottom inset). All the depositions were
carried out at 650 °C and with La/Ni = 2.38 in the precursor solution.

A clear peak displacement of 2 0 O o3 is observed corresponding to a strain-induced lat-
tice deformation of the perovskite structure and matches with a negative Poisson coefficient.
Indeed, when grown on STO the basal plane of LNO3 experiences a tensile strain of 1.79 %,
leading to a shortening of the perpendicular out of plane lattice parameter (see Table B.2 in
supplementary information) as evidenced by a shift to higher 26 values of the correspond-
ing Bragg peak (inset in Figure B.4.a). The reverse situation is observed for the LNO3/LAO
films where LNO3 experiences a compressive strain of -1.32 %. Both types of films grown
on STO and on LAO relax to a common bulk pseudo-cubic out of plane lattice parameter of
¢~ 3.831 A when increasing the film thickness from 15 to 80 nm as evidenced in Figure B.4.b.
The schematics in this figure represent the strain state induced by clamping for both types of
films. For LNO3/LAO films, a complementary analysis of the strain effect was investigated by
Raman scattering experiments. A strong Raman scattering from STO precluded from record-
ing Raman spectra of LNO3/STO films. According to the group theory, the Raman spectrum
of LNO3 in its R-3¢ thombohedral structure is composed of five Raman-active modes (A,
+ 4gg) [48] which have been observed for thin films [25]. As shown in Figure B.5, the five
Raman-active modes are observed at 82, 153, 213, 401 and 447 cm™! for the 85 nm-thick
LNO3 film. These values are very close to the positions obtained for a strain-free polycrystal-
line LNO3 film deposited on a Si substrate [25]. Due to the strong Raman lines of the LAO
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Figure B.5 — Raman spectra of LNO3 films of different thicknesses (14, 38 and 85 nm). The films
were deposited on LAO at 650 °C using an initial La/Ni ratio = 2.38 in the precursor solution.
Lines are guides of for the eyes.

substrate in the thinnest film and to the proximity of several LAO and LNO3 modes, only the
positions of the E; and A, modes respectively at 401 and 213 cm™! can be followed with
decreasing film thickness. The most striking result concerns the shift of the E; mode from
401 cm™! for the 85 nm-thick film to 413 cm™! for the 14 nm-thick film. This mode, attributed
to a bending deformation of the oxygen octahedra [136], is directly related to the strain state
of the film. This large shift towards high wavenumbers indicates a compressive strain in the
film basal plane, which is in full agreement with the XRD results. No dependence on the film
thickness is observed for the Ajg mode at 213 cm’!, assigned to the [1 1 1] octahedral tilting
vibration [136]. This is in agreement with previous observations [136] where strain relaxa-
tion mechanisms with thickness were interpreted as resulting from oxygen NiOg octahedron
distortions rather than octahedron rotations (tilt).

Note that the additional mode observed at ~556 cm™! in the thickest film can be related
to NiO detected in the LNO3 XRD patterns [145] (see TEM discussion in the following sub-
section). As for the E; mode at 447 cm’!, its high intensity compared to the one usually
observed could be explained by the presence of an additional mode at the same position, one
possibility being the A, mode at ~450 cm! of L2NO4, which was detected by XRD in the
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LNO3 films [15, 32]. Raman and XRD results agree to indicate that the strain induced by
the substrate is fully relaxed for the film thickness close to 80 nm. This value appears very
large compared to that expected in high quality epitaxial films (usually relaxing the elastic
stress due to the clamping on the substrate by dislocations) and questions about the relaxation
mechanism which appears very complex in films thicker than 15 nm. It is certainly related
to 1 1 OrNno3, 1.2Nv04 and additional NiO defects as clamping effects should rapidly become
insignificant above a few nm. In particular, strain effects on the resistivity of LNO3 films in-
duced by clamping on the substrate should be negligible as they are usually reported for film
thicknesses lower than 10 nm. For example Son et al. [121] showed that LNO3 films depos-
ited on LAO can have resistivity values at room temperature between 0.1 and 0.2 m{2.cm for
film thicknesses varying from 2.5 to 9 nm (with a metallic behaviour above 3 nm). Similar
values are obtained for LNO3/LSAT films where the resistivity at room temperature evolves
from 10 to 1 m2.cm for 3, 4 and 5 nm thick films, respectively (LNO3 shows a semiconduct-
ing behaviour below 4 nm). For thicker films (10-30 nm) the film resistivity is stable around
0.2 mf2.cm. As the cubic lattice parameters of LSAT and STO are close, both should exert a
tensile strain on LNO3 (3.905 A for STO compared to 3.87 A for LSAT). This means that al-
though the strain can affect the resistivity of LNO3 over several orders of magnitude, it seems
very unlikely to have an effect on films featuring a thickness above 10 nm. The variation in
resistivity measured in our LNO3/STO and LNO3/LAO samples with increasing LNO3 film
thickness in the 13-85 nm range (Figure B.6) should thus be caused by a varying amount of
impurity phases and/or a change of composition during the growth of LNO3 (for example an
increasing amount of oxygen vacancies).

More investigation about the relation between the microstructure and the film thickness

has been undertaken using TEM and are presented in the next subsection.

B.3.3 Microscopic Characterization of the microstructure: a TEM study

Previous XRD results indicated that thin films (~15 nm) are dense and homogeneous with
clear oscillations in the XRR patterns presented in Figure B.7.

The experimental density obtained from XRR is close to the expected theoretical value
(d = 7 g/cm?) and the obtained thickness is 13.3+0.8 nm. This value is in good agreement
with the thickness obtained from STEM (15 nm) in Figure B.8.a showing a cross section
of a LNO3/STO lamella with a dense microstructure. The contrast in the STEM images
give evidence of the columnar-type growth of LNO3, where the central column (one grain)
is ~25 nm in diameter. Each column corresponds to LNO3 in [0 O 1]pno3//[0 O 1]sto,
[0 T O]Lno3//[0 1 O]sto orientation relationship; it grows in a coherent way (cube on cube)

with the STO substrate. This TEM observation corroborates the good microstructural qual-
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Figure B.6 — Resistivity of LNO3 as a function of film thickness for films deposited on STO
(triangles) and LAO (circles). All the films were deposited at 650 °C with La/Ni = 2.38 in the
precursor solution.

ity of the sample as the measured thickness (~15 nm) matches with the correlation length
calculated from the full with at half maximum of the 2 0 Opno3 diffraction peak, yielding a
crystallite size of 14 nm.

Figure B.8.b shows a typical HRTEM image of the LNO3/STO sample. Different con-
trasts are visible in the central region when compared to the lateral regions of the film (see
autocorrelation images). These lateral regions present a contrast very similar to the substrate,
corresponding to the cube-on-cube epitaxy of LNO3 on STO. This observation is in good
agreement with different orientations of the columns (Figure B.8.a) all corresponding to an
orientation relationship of the type [0 0 1]pno3//[0 O 1]sto, [0 1 OlNno3//[0 1 Olsto. The
columns with a different orientation grow coherently on STO and can retain strain due to
clamping on the substrate. Despite the coherent growth of the LNO3 epitaxial film, previous
results on the resistivity and XRD indicate the presence of defects (depending on the thick-
nesses) in the form of NiO, La-rich phases and/or LNO3 domains with a different orientation
relationship than [0 0 1]pno3//[0 O 1]st0, [0 1 O] Lno3//[0 1 Olsto. A deeper analysis of
the HRTEM images (exemplified at the end of this subsection for LNO3/LAO films) puts
in evidence the presence of epitaxial NiO grown cube-on-cube on top of the STO substrate
(with a [0 O 1]nio//[0 O 1]sto, [0 1 OlNio//[0 1 O]sTo orientation relationship). This is con-



N R IABTEE Lol inpul Thickneid  Asighness Minlile Gradhig Danalty T Dansity 0 Danaily N SLPoriod
1 | Lalin3 deniify 132978 0,645 Mo Gradiant in 7. 79515 T AR 7,058 122978
pau) 1 STl ity o 0 N dradent 0 3117 8117 5.117 L)
= l . -
v \
= \
W
?r— “* L)
i \
\ _,/’ =
Toru" b "\
Il ||IH- \\
gt v, L] %
-"'l' N~ o
s S e T
PR
] (¥} [ i 1 14 ik L T'] *
Py
m_l
N " Matesial _ Coll input__ Thickness _ Rough Piofile  Grading  Density T DensityD  Density N SLPeriod
1 1 103 dansty 131.B353 9018 o Gmdient 1 i 2400 B, B34435 7086 131.B353
UM 1 LaANTE darmity '] L] W3 Citcd ik 1] 25311 3111 55111 ']
2 e '1 (b)
I ."----l h-‘.
1 b | .'.-
f
?m—n
§ \
i \
Thm \
l Ty =8
L o S
B i 3
s
s e e e L
=y
L L1 LT e ba 3 3 8 a2 L1 s L

Figure B.7 — Measured and fitted XRR curves of LNO3 films obtained at 650 °C and with
La/Ni = 2.38 in the precursor solution (~15 nm thick films). (a) LNO3/STO and (b) LNO3/LAO.
Curve fitting was performed with LEPTOS software. The simulated layer density and thickness
values are given in the tables displayed on top of each curve.
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Figure B.8 — (a) STEM (top) and HRTEM (bottom) images presenting a general view of
LNO3/STO obtained at 650 °C with La/Ni = 2.38 in the precursor solution (~15 nm thick films).
(b) magnified HRTEM image for LNO3/STO. Enlarged auto correlation images of selected regions
are included.



B.4 L2NO4/LLNO3 bilayers prepared by PIMOCVD 177

sistent with the previous XRD observations. This NiO phase surrounds another phase with
a contrast compatible with L2NO4 with a [1 1 O]pno4//[0 O 1]sto, [0 O 1]in04//[0 1 Olsto
orientation relationship. The situation is further complicated when considering the intricate
thermodynamic stability of the La-Ni-O system and the different phases that can form (de-
pending on the composition, temperature and oxygen partial pressure [147]). The existence
of local intrinsic defects in the La-Ni-O system, for example in the form of RP-type of inter-
growths, results in an important amount of discontinuities in the observed spacing between
lattice fringes, and thus to additional reflections observed in the diffraction patterns [37]. Our
HRTEM images show an important amount of these intergrowth-type defects, but an overall
coherent growth of LNO3 is still achieved throughout the film. A rapid relaxation of the strain
due to clamping on the substrate is thus expected even for the thinnest 15 nm-thick film. The
lattice relaxation observed up to a thickness of ~80 nm probably finds its origin in another
mechanism that should be consistent with the resistivity increase observed when increasing
LNO3 film thickness on STO (Figure B.6).

A HRTEM image of the ~15 nm-thick LNO3 film grown on LAO shows that the film is
dense and homogeneous (Figure B.9.a). The experimental density obtained from XRR is close
to the expected theoretical value (6.6 instead of 7.1) and the fitted thickness is 13+1.4 nm in
agreement with the one obtained from HRTEM (15 nm). The dark contrast in Figure B.9.b cor-
responds to LNO3 whereas bright regions correspond to NiO and L2NO4 intergrowths. LNO3
and NiO are in [0 O 1]pn03//[0 O 1]La0, [0 1 Olpno3//[0 1 O]pao and [0 1 1]nio//[0 O 1]La0,
[0 1 -1]nio//[0 1 O] a0 orientation relationships, respectively. They grow coherently on the
substrate. A L2NO4-type phase is observed on top of the NiO phase and is better evid-
enced in the corresponding autocorrelation image. This phase has a [0 1 O]pono04//[0 O 1] 0,
[0 0 1]ono04//10 1 0] a0 orientation relationships.

B.4 L2NO4/LNO3 bilayers prepared by PiIMOCVD

Figure B.10a shows the XRD patterns of a L2NO4/LNO3 bilayer obtained by PIMOCVD
by successive depositions of LNO3 (600 °C, 15 nm thick) and L2NO4 (650 °C, 20 nm
thick) layers. They were acquired before the deposition (bare STO and LAO substrates),
after the deposition of LNO3 and after the completion of the entire L2ZNO4/LNO3/STO or
L2NO4/LNO3/LAO stack in order to better evidence the phases formed after each deposition
step. As almost no effect of La/Ni ratio is observed at 600 °C (Figure B.10b), the La/Ni pre-
cursor ratio was exceptionally increased from 2.38 to 2.75 in order to reduce the remaining
NiO impurities but without success. The thickness fringes visible around the 2 0 Opno3 sup-

port a coherent growth of these films with a homogeneous thickness. The L2NO4 layer has



Figure B.9 — (a) HRTEM image of a LNO3/LAO film (~15 nm thick) deposited at 650 °C with
La/Ni = 2.38 in the precursor solution. (b) magnification of (a) around the NiO/L2NO4 defect.
Magnified auto correlation images of selected regions are also shown. The NiO phase is beneath
the L2NO4 type phase.
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(b) Composition optimization carried out at 600 °C for () LNO3/STO and (8) LNO3/LAO
samples. 1000 pulses (f = 1 Hz, opening time = 2 ms) were injected, corresponding to ~15 nm
thick samples. The LNO3 films were deposited at the same time on both substrates using the

same precursor solution.

Figure B.10 — XRD patterns of L2ZNO4/LNO3 bilayers and LNO3 single layers deposited on STO
and LAO single-crystal substrates.
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Figure B.11 - HRTEM images of a LZNO4/LNO3/STO bilayer. LNO3 (L2NO4) was deposited at
600 °C (650 °C) using a La/Ni ratio in the precursor solution of 2.75 (5.00). The LNO3 and L2NO4
layers are 15 nm and 20 nm thick, respectively. (a) General view. (b) Enlarged area corresponding
to the white square in (a). Magnified auto correlation images of selected regions in (b) are also
included.

two preferential orientations corresponding to the c-axis oriented in-plane and out of plane
respectively (indexed as 0 0 61 sno4 and 2 0 Op yno4 reflections in Figure B.10a.a and f3).

These two orientations are clearly evidenced in the cross-section HRTEM images of the
L2NO4/LNO3/STO sample presented in Figure B.11. The LNO3 layer directly on top of the
STO substrate has a cube-on-cube orientation relationship ([0 O 1]ino3/[0 O 1lsto0,
[0 1 0] Nno3//[0 1 0]sTo). L2NO4 then grows on top of LNO3 with the orientation relationship
[0 0 1].Nno3//[0 0 1] an04//[0 0 1]s10,[0 1 0]LNn03//[0 1 O] on04//[0 1 O]sTo (the basal plane of
the tetragonal L2NO4 matching with the a-b plane of LNO3). Nevertheless, while this orient-
ation seems favourable from an epitaxial point of view, other domains of L2NO4 tilted at 90°,
corresponding to the [0 0 1]y no3//[0 1 0]Lono04//10 O 1]sT0, [0 1 0]LN03//[0 O 1]128n04//[0 1 O]sTO
orientation relationships are also present. This reorientation had been previously observed
when growing L2NO4/STO single layers [124].

B.5 Conclusions

The use of the PIMOCVD chemical deposition method allowed us to optimize the growth
of LNO3 thin films with low resistivity for applications as bottom electrode and as template
for growing L2NO4. In this study, the optimized parameters were the La/Ni precursor ra-
tio and the deposition temperature. The set of optimal deposition conditions (La/Ni = 2.38,
T =600 °C) led to the growth of highly oriented LNO3 thin films both on SrTiO3 and LaAlO3
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substrates with a reduced amount of coherent Ni and La-rich impurities. Resistivity values
as low as 200 p€2.cm validate further use of LNO3 as a template electrode for the growth of
oriented LNO4 layers. Strain effects induced by the substrate were observed in LNO3/STO
and LNO3/LAO films up to 80 nm of thickness, which are related to a complex microstructure
of the films due to the coexistence of NiO, LNO3 and L2NO4 especially for the thickest films.
Moreover, the first LZNO4/LNO3 bilayers were successfully grown using the PIMOCVD
technique, although further optimization is still required to obtain higher epitaxial quality
of the films with in particular less in-plane L2NO4 domain orientations.
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The details and instruments of the main microfabrication, structural, chemical and elec-

trical characterization techniques used during this thesis are briefly described in this Apppendix.

C.1 Cleanroom microfabrication

The microfabrication of Ag, Pt and Ti metallic contacts was carried out at the Plateforme de
Technologie Amont (PTA) cleanroom facilities in Grenoble. The contacts were fabricated by
e-beam induced metal evaporation (MEB550 from PLASSY'S evaporator) at ambient temper-

ature using a laser-assisted lithography processs. A mild Ar* etch was used to prepare the
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Figure C.1 — Process flow followed during the cleanroom microfabrication of metallic top electrodes.
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exposed surface of the patterned sample and remove potential left-overs of the photoresist be-
fore metal evaporation. Figure C.1 shows the process flow followed for the preparation of the

metallic top electrodes.

C.2 Thin film characterization

C.2.1 X-Ray Diffraction

Phase identification, structural and crystallinity characterization of the samples were per-
formed using X-ray diffraction (XRD) in 6-20 geometry (Bruker D8 Advance diffractometer
for the PIMOCVD films and PANalytical X’Pert Pro MRD diffractometer for the PLD films)
with monochromatic CuK,; radiation (A = 1.5406 A). If not specified otherwise in the text, the
presented XRD diffractograms have been normalized in intensity and in position to the 2 0 0
substrate peak at 46.495° for LNO3 on STO and 47.960° for LNO3 on LAO. A PANalytical
X’Pert MPD diffractometer was also used to acquire Grazing-Incidence XRD (GIXRD) pat-
terns. Grazing incidence was required (sporadically) to reduce the important contribution of
the substrate (eg. on Si substrates) in the XRD difractograms. The ‘h k lppase™ writing con-
vention has been used throughout the thesis to refer to the h k 1 Bragg reflection from any
particular phase (e.g. 0 0 6pyn04 refers to the 0 0 6 Bragg reflection of La,NiOy4). Bragg
peaks for rhombohedral LaAlO3; and LaNiOs have been indexed in their pseudo-cubic lattice
parameters.

Film thickness, roughness and density were also determined by X-Ray Reflectivity (XRR)
with a RIGAKU Smartlab diffractometer.

C.2.2 Reciprocal Space Maps of La;NiO4

Figure C.2 illustrates the regions of the reciprocal space for L2NO4/STO samples depos-
ited by PLD and measured using a PANalytical X Pert Pro MRD lab diffractometer (ICN2,
Barcelona) with a multichannel X-ray detector (PIXcel from Panalytical). It shows the in-
dexed theoretical diffraction peaks which can be expected in these regions when consider-
ing a sample composed of three orthogonal orientations of the c-axis of tetragonal L2NO4
(ICDD: 00-034-0314, SG: 14/mmm (139), a = b = 3.8617 A, c=12.683 A), consisting in one
out of plane orientation (c-domains) and two in-plane orientations which are referred to as the
a and b domains when the c-axis of L2ZNO4 lies along the a or the b-axis of the (1 0 0) SrTiO3
single-crystal substrate (taken as reference). The reuslts of the RSM mesurements are shown

in Section 5.3.2
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the reciprocal space measured are highlighted in yellow (the results are presented in Figure 5.10).
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Figure C.3 — Schematic representation of the crystal orientation of tetragonal L2NO4 on top of
STO and the position of the atomic planes responsible for the theoretical diffraction peaks shown
in Figure C.2.

Figure C.3 illustrates the aforementioned crystal orientations of L2NO4 on top of the same
(1 0 0) SrTiO3 substrate, better showing the family of crystal planes responsible for the theor-

etical diffraction peaks shown in Figure C.2.

C.2.3 Transmission Electron Microscopy

Detailed structural characterization of the films was carried out by transmission electron mi-
croscopy (TEM) with a JEOL 2010 microscope operated at 200 kV with a beam current of
110 A (0.19 nm resolution) for high resolution TEM (HRTEM) studies. Scanning TEM
(STEM) images were carried out with a JEOL 2100F microscope. For cross-section imaging,
the samples were prepared with the MultiPrep™ system (Allied High Tech Products, Inc.), a
semi-automated polishing tripod technique using diamond lapping films to achieve a sample
thickness around 10 um. The final thinning of the TEM lamella was performed by a precision
ion polishing system (PIPS, 691 model) with a milling angle of £7° at 2.8 KeV and 500 eV to
obtain a good electron-transparent area. In specific cases when a precise region of the sample
needed to be imaged (for example below a specific electrode), cross-section lamellas were
prepared with a focus ion beam (FIB) instead of the tripod technique.

For the specimens prepared by FIB (Figure 2.8 and Figure 3.8a-b), a FEI strata 400S
equipped with a dual beam electron/Ga* ions has been used. First an insulating layer is depos-

ited inside the FIB chamber followed by a tungsten layer, to protect the surface of the sample.
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A chunk of the sample is then extracted after milling it with Ga* ions accelerated at 30 kV.
The chunk is placed on a TEM copper (Cu) grid with the help of a micromanipulator (from
Omniprobe) and maintained in place with tungsten (deposited inside the FIB chamber). The
regions of interest (ROI) to be analysed are thinned using Ga™ ions with decreasing accelera-
tion, from 16 kV to 2 kV in order to limit the amorphisation of the sample. The ROI is thinned
to approximately 100 nm. High resolution STEM images have been acquired on a FEI TITAN
Themis microscope with an electron acceleration of 200 kV.

Electron Energy Loss Spectroscopy (EELS) measurements EELS mapping has been car-
ried out on a FEI Titan Themis microscope with an electron acceleration of 200 kV. The
microscope is probe corrected, and is equipped with a Gatan Image Filter (GIF) Quantum
with a CCD camera of 2048 pixels by 256 pixels allowing dual EELS and 2048 pixels-long
spectras, this GIF is monitored by Gatan Microscope Suite 3 (GMS 3). The probe current has
been fixed to 300 pA to maximize the intensity, at the same time increasing the signal to noise
ratio but also avoiding damaging the sample with the electron beam. Similarly, the pixel size
was set to 1.5 nm, offering a good spatial resolution and avoiding damaging the sample by the
electron beam. The spectra are aligned with respect to the zero loss peak acquired simultan-
eously thanks to the dual EELS GIF. The element profiles have been obtained by integrating

the area bellow the respective edges using a conventional GMS 3 data treatment.

C.2.4 X-ray Photoemission Electron Microscopy (XPEEM)

One L2NO4/STO 10x10 mm? ‘as deposited’ (pristine) sample was cut in two pieces, one
of which was annealed in flowing O, at 500 °C during one 1 h to increase its oxygen con-
tent and increase its hole carrier concentration by a self-doping process (see subsection: Hole
self-doping and electronic conductivity in L2NO4 in Chapter 2). The work function of the two
samples was then measured using a XPEEM with a high transmission, aberration-compensated
energy filter (double hemispherical analyser) and a focused monochromatic Al K source
(1486.6 €V), the results are presented in Figure C.4. Both samples received a very mild argon-
cluster etch (Ar*2500, 10 keV during 1 min) to remove possible surface contamination prior
to the PEEM measurements.

The samples were stored in UHV (1079 mbar) during 30 days after surface treatment and
before the XPEEM measurements due to an issue with the measurement setup that needed
to be fixed. A reduction of the L2NO4 films due to an equilibration of the sample with the
atmosphere during that time period cannot be discarded, making it difficult to relate the meas-
ured work function directly with a precise oxygen content of the two samples. Nevertheless,

relative differences between the pristine and the oxygen-annealed sample remain valid argu-
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ments for the presumption that the additional oxygen ions (incorporated into the lattice after

annealing the films in an oxidizing atmosphere) act as an acceptor dopants in L2NO4.

C.2.5 Electron-Probe Micro-Analysis

The morphology, chemical composition and thickness of the films were analysed using a scan-
ning electron microscope (SEM) QUANTA 250 ESEM FEG. The overall atomic composi-
tions and film thickness were determined by Electron-Probe Micro Analysis (EPMA) using
a CAMECA SX50 spectrometer. Several areas were measured for each film at three differ-
ent acceleration voltages in the range 10 to 20 keV. STRATAGem software was used for data

treatment.
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Figure C.4 — Secondary photoelectron energy spectrum (E-Ef) taken on two different L2ZNO4/STO
samples. The first sample (top) is as deposited by PIMOCVD without further annealing post
treatment (pristine), while the second one (bottom) is a piece of the same pristine sample but
post-annealed in O, at 500 °C during 1 h (with a heating ramp of 10 °C/min). The corresponding
secondary electron images taken at E-Ef = 4.65 eV are displayed on the right side of each spectrum.
Both samples received a very mild argon-cluster etch (Ar*2500, 10 keV during 1 min) to remove
possible surface contamination before carrying out the XPEEM measurements.
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C.2.6 Atomic-Probe Microscopy

Topography maps of the surface of the films were obtained using a Bruker Dimension 3100
Atomic Force Microscope (AFM) in tapping mode with an ARROW-NC tip from Nano-World
(force constant of 42 N/m, resonance frequency of 285 kHz).

C.2.7 Electrical Characterization

The resistivity of the samples was obtained using a four probe measurement setup.

When not expressed otherwise, all measurements were carried out in ambient conditions.
Current-Voltage (I-V) characteristics were obtained using a source-measurement unit (Agilent
B1500) using two tungsten-carbide probes operated in a voltage-control mode in a Karl-Suss
probe station. The devices were packaged when required, as in the case of the low temperature
measurements carried out in vacuum. When not specified otherwise, the sweeps always start
at zero bias and go as follows: 0 V — +Vmax — 0 V — -Vmin — 0 V. Current-time
(I-t) characteristics when operated in “pulsed mode” consist in applying a voltage stress at
higher voltages ( >1 V) to program the device to a higher or lower resistance state, applying
either a positive or negative voltage, respectively. The remnant resistance state of the device
is then readout after each programming pulse at a lower V = +10 mV bias to ensure that no

ionic movement would be triggered by the electrical field.

C.2.8 Raman Spectroscopy

Raman spectra were recorded at room temperature using a Horiba/Jobin Yvon LabRam spec-
trometer equipped with a liquid nitrogen cooled CCD detector. Experiments were conducted
in the micro-Raman mode in a backscattering geometry using a 488 nm Ar" laser line for
excitation. The laser light was focused with a x100 objective on a 1 p.rn2 spot at the sample
surface and the laser power under the microscope was set to 1.3 mW to avoid laser heating
effects. The Raman spectra were calibrated using a silicon reference spectrum (theoretical

position at room temperature = 520.7 cm™).

C.3 Details on the Transmission Line Measurements (TLM)

measurements

As explained in Chapter 3, subsection 3.2.2, TLM measurements have been carried out on
L2NO4/STO samples using bar-shaped platinum electrodes. The sketch and picture of the
TLM test pattern are shown in Figure 3.6.
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Here the derivation of Equation 3.3 and 3.4 used for the determination of the contact
resistance, the sheet resistance and the transmission length after having carried out a TLM

measurement (the equation is used for example in subsection 3.2.2) is detailed.

The total resistance measured in a passive metal/semiconductor/metal device can be ex-
pressed as follows:
R7 = Rgemi + 2Ry, + 2RC (C 1)

where R7 is the total resistance of the device, R, is the resistance of the Pt electrode, R¢ is
the contact resistance between the metal and the semiconductor and Ry,,,; is the resistance of
the semiconductor. As a metal is a very good electronic conductor, its contribution to the total
resistance is usually negligible compared to the resistance of the semiconductor, or even when
compared to the contact resistance. Furthermore, the resistance of the semiconductor can be

expressed as a function of its sheet resistance Rg:

L
Rsemi = R87 (C.2)
where L is the length of semiconductor traversed by the current (distance between the
electrodes used for the measurement), / is the length of the electrode. Equation C.I now

becomes:

R
Rr = TSL+ 2R¢ (C.3)
The contact resistance can also be expressed in terms of the specific contact resistivity pc
(expressed in Q.cm?):

_ Pc

R~ =
T Lrl

(C4)
where L7 is the transfer length, or the average distance a charge carrier travels in the
semiconductor beneath the contact before being injected in it. The transfer length can also be

expressed as a function of the contact resistivity of the metal/semiconductor junction and the

sheet resistance of the semiconductor (from equivalent circuit considerations) as follows:

(C.5)

When taking into consideration Equations C.4 and C.5, Equation C.3 becomes:



192 Methods

and finally:

R
Ry == (L+2Lr) (C.6)

When plotting the measured resistance Ry for different pairs of identical electrodes with
increasing distance between them, i.e. Rr vs L, and using a linear regression to fit the obtained
curve, the sheet resistance can be retrieved from the slope of the linear regression line, the
contact resistance and the transfer length can be obtained from the intercept of the linear
regression line with the y-axis and the x-axis, respectively.

Once we have all these values, the contact resistivity can then be calculated as follows
(using Equation C.4):

Pc = Rc.LT.l

The contact resistivity is an intrinsic property of every metal-semiconductor couple (it will

vary if one of the two is changed).

C.4 Conduction mechanisms in a metal/oxide/metal hetero-

structure

Table C.1 shows the electric field and/or temperature dependence of the current density for the

different conduction mechanisms illustrated in Figure 3.1 (Chapter 3).



Table C.1 — Equations expressing the field and temperature dependence of each of the conduction mechanisms presented in Figure 3.1

(from [27, 83]).

Conduction Mechanism

Current density dependence on electric field and temperature

Complete expression

Simplified expression

(A and B are constants)

Comments

Interface limited conduction:

(1) Schottky (Sch) emission

(2) Fowler-Nordheim (FN) tunnelling

(3) Direct tunnelling

Bulk limited conduction

(4) Poole-Frenkel (PF) emission

(5) Ohmic conduction

(6) Space-charge limited conduction
(SCLO)

a. Ohmic region

b. Trap-unfilled region

c. Trap-filled region
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(7) Tonic conduction Jionic < Zexp [*AG*} Jionic < % exp (__TA)

kgT

(8) Hopping conduction For low E

a. Nearest neighbour hopping T A

J = ogE exp(= J < Eexp (==

(NNH) NNH 0 p( T ) NNH p ( T )

b. Variable-range hopping (VRH) Jvra = 0oE exp(_TTO)l/ 4 Jvra o< Eexp (%A> 1/4
(9) Trap-assisted tunnelling (TAT) Jrar = Aexp _8”3— ‘;lEzq’”* ;/ 2 JTAT < exp (‘TA) Measured at low T

*1,2
J is the current density, A = 4”':3 ki is the Richardson constant, ¢ is the electronic charge, m* is the effective electron mass in the

oxide, kp is Boltzmann’s constant, / is Planck’s constant, 7T is the absolute temperature, E = % is the electric field across the oxide,
with V the applied voltage and d the oxide thickness, ¢p = g@p is the Schottky barrier height energy, € is the dielectric permittivity
of the oxide, Kk = 6% is the relative dielectric permittivity of the oxide layer, #,y ¢4 is the equivalent oxide thickness, u is the carrier
mobility, N¢ is the density of states in the conduction band, @r = g@r is the energy of the electron traps with respect to the
conduction band edge, 6 is the ratio of free and shallow trapped charge, AG™ is the free activation enthalpy, oy is the electrical
conductivity (at T = Tp), and finally E¢, Er and Ey are the conduction band, Fermi and valence band energies, respectively.
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Synchrotron experiments were carried out at the European Synchrotron Radiation Facil-
ity (ESRF) located in Grenoble, on beamline BM25 (SpLine). There are two branches on
this bending magnet beamline, branch A’ (BM25A) and branch B’ (BM25B). BM25A is
dedicated to X-Ray Absorption Spectroscopy (XAS) and High Resolution Powder Diffraction
(HRPD) experiments, while BM25B is allocated to Hard X-Ray Photoemission Spectroscopy
(HAXPES) and single-crystal X-Ray Diffraction experiments.

D.1 X-Ray Absorption Near-Edge Spectroscopy (XANES)

XANES measurements of the Ni-K edge were carried out in X-ray fluorescence mode due to
the presence of a thick substrate. The counting times thus had to be increased (due to the lower
intensities measured in fluorescence when compared to the direct transmission mode) to im-
prove the signal to noise ratio and obtain absorption curves with enough intensity. Four scans
were acquired and averaged for each measured energy edge to further improve the statistics.
The 6 value of L2ZNO4/STO samples which had been subjected to different annealing treat-

ments (in oxidizing or reducing atmospheres) to tune their oxygen content was estimated from
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X-ray Absorption Near-Edge Structure (XANES) experiments, measuring the displacement
of the Ni-K edge from which the Ni oxidation state was calibrated, and from there the oxygen
content calculated by charge balance . Figure 2.11.c shows the shift of the Ni K-edge towards
higher energies when the samples are treated in increasingly oxidizing atmospheres. A solid
Ni foil was used as reference for the calibration of the curves. The edge position was obtained

using the first/second derivative method.

The nickel oxidation state was determined with the help of a calibration curve constructed
from the data provided by Woolley et al. [137]. In particular, three nickelate samples with a
measured edge energy of 8333.0, 8345.2 and 8348.2 eV, corresponding to Ni(0), Ni(+1I) and
Ni(+III) oxidation states, respectively, have been used to plot the calibration curve. We have
used a second order polynomial function to fit the data (see Figure D.1a). From this curve
it was possible to estimate the Ni oxidation state in our films from the measured Ni-K edge
positions (turquoise data points in Figure D.1a). The edge position was determined using the
maximum of the first derivative of the XANES absorbance spectrum (first/second derivative
method). A sufficient amount of significant digits is required for the coefficients obtained from
the polynomial fit to obtain precision until the second decimal of the Ni oxidation state (we
used 10 significant digits for the three coefficients extracted from the cubic fit as shown in the
table inset of Figure D.1a). The oxidation state of Ni then allows the calculation of the oxygen

off-stoichiometry 6 through the following charge balance equation in LayNiOy,5:
3x24+y+(4+6)x(-2)=0

y—2
0=—
2

where 6 is the oxygen off-stoichiometry and y is the oxidation state of Ni extracted from
the position of the Ni-K edge and the calibration curve. If we use the Ni oxidation state
determined from the calibration curve, it is then possible to link directly the oxygen over-

stoichiometry to the Ni-K edge position:

50" 2 _ (765903.6816 — 183.8538005.Ey;, +0.01 103344319'E1%li1<) —2
2 2

where Ey;, is the measured energy of the Ni-K edge position. The resulting curve is shown
in Figure D.1b. Our data (turquoise spheres) are compared to the data reported by Woolley et
al. [137] (red circles), showing the important dependence of the oxygen over-stoichiometry in

La;NiOy4,5 on the preparation and atmospheric conditions during the XANES measurements.
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(a) Calibration curve linking the Ni oxidation state to the Ni-K edge po-
sition measured by XANES. The black hexagons correspond to calibra-
tion data extracted from [137]. The empty red circles correspond to the
Ni oxidation state calculated in [137] for a range of different nickelate
samples with varying oxygen stoichiometry. We have recalculated (filled
red circles) the Ni oxidation state for the same data using (slightly) dif-
ferent coefficients we obtained for the fitting of the same data calibration
points. Finally, the turquoise spheres correspond to the calibrated Ni ox-
idation calculated from the Ni-K edge position measured for our samples.
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(b) Relationship between the Ni-K edge position and the oxygen over-
stoichiometry 8. Our data (turquoise spheres) from L2NO4/STO samples
submitted to different annealing conditions (prior to the XANES meas-
urement) is compared to the (recalculated) data reported by Woolley et
al. [137] who measured the Ni-K edge position of L2NO4 pellets in situ
under varying temperature and/or atmospheric conditions (red circles).

Figure D.1 — XANES calibration curves
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D.2 Device in operation: microscopic aspects behind the

resistance-change mechanism (in Pt/L2NO4/Ti)

D.2.1 Sample preparation

A new device was prepared specifically for XRD and operando HAXPES measurements in
order to get a better insight in the microscopic mechanisms responsible for the resistance-
change mechanism in Pt/L2NO4/Ti devices. However, for the standard characterization rather
thick (200 nm) Pt and Ti top electrodes have been used for electrical contacting, mainly to
ensure the mechanical stability when contacting them with the hard WC tips used in the probe
station. As HAXPES is a surface technique, thinner electrodes were required to enable probing
the metal/L2NO4 interface, and the bulk of L2NO4 below. A total thickness of 10 nm was
used for both electrodes, with the particularity that an additional 5 nm-thick Pt layer was
evaporated on top of the also 5 nm thick Ti electrode to protect the surface exposed to the
atmosphere from oxidizing, while the Pt electrode was 10 nm thick.

The electrical characteristics of this new Pt/L2NO4/Ti sample were however ohmic and
did not show memristive properties. An additional processing step was added, i.e. a mild
Rapid Thermal Annealing (RTA) treatment consisting in a flash annealing (~30 s at 300 °C)
of the sample in an inert Ar atmosphere in order to oxidise (at least partially) the Ti elec-
trode from below (by giving some additional thermal energy to the oxygen ions in L2NO4
for them to diffuse into Ti). Figure D.2 shows how a large increase in resistance (from 1.4
to 9.5 k(2 measured at 10 mV) and nonlinear and slightly rectifying Schottky-like electrical

characteristics could be obtained after this RTA treatment.

D.2.2 XRD in selected micro-patterned regions of the device

Advanced X-ray diffraction experiments were carried out at the BM25B SpLine beamline at
ESRF. The X-ray beam (E = 15 keV) was focused down laterally to 250 um, while the entire
width of the sample (3 mm) was used, as required by the grazing incidence diffraction geo-
metry used for these measurements. This meant that the initial 10x10 mm? sample had be cut
along the edges of the electrodes used for the measurements to control the areas which would
be exposed to the synchrotron beam. Long rectangular-shaped electrodes were therefore evap-
orated to cover the entire electrode length (3000 pm) to maximize the thin film area exposed
and therefore the diffracted intensity. The rectangular electrodes were connected by metallic
stripes to larger squared electrodes (far from the measured region), which were electrically
connected using clamps and then by cables to a Keithley2400 SourceMeter. A picture of the

resulting sample is shown in Figure D.3.
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Figure D.2 — Electrical characteristics of a Pt/L2NO4/Ti/Pt device before and after the RTA treat-
ment. The device initially shows ohmic characteristics and low resistance (1.4 k{2 ), while an
increase in resistance (to 9.5 k{2) and a Schottky behaviour are obtained after RTA. The inset is an
illustration showing the evolution of the temperature over time during the RTA process.
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Figure D.3 — Picture of a Pt/L2ZNO4\Ti\Pt sample prepared for synchrotron measurements. A
schematic at the bottom of the figure shows the cross-section of the sample (corresponding to the
dashed red line in the picture).
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Figure D.6.c shows the XRD patterns acquired in the three regions of interest (ROI): on the
Pt electrode side (ROI#1), the bare L2NO4 film (ROI#2) and the Ti\Pt electrode side (ROI#3).
The diffraction peak at I" ~ 16° belongs to polycrystalline Pt which is present in the two Pt
and Ti\Pt electrodes, with a lower intensity in the later due to the lower thickness (10 nm
against 5 nm, respectively). The absence of this diffraction peak in ROI#2 (bare L2NO4 film)
confirms the proper alignment of the incident X-Ray beam (perpendicular to the sample). In-
terestingly, the two 0 0 6;2n04 and 0 O 8 ono4 reflections from the L2NO4 film (I" ~ 17.5°
and 25°, respectively) have slightly different positions depending on the measured ROI. The
difference is largest for ROI#3 (below the Ti electrode), showing a displacement of the two re-
flections towards higher I" values (lower interplanar distance), consistent with a lower oxygen
stoichiometry of L2NO4 (loss of interstitial oxygen ions). The corresponding out-of-plane
c-lattice parameter of L2NO4 has been calculated using the position' of the 0 0 8;2no4 peak.
The resulting ¢ parameter of L2NO4 for each ROI is shown in the upper part of Figure D.6.b
(dotted light blue curve), confirming the important structural differences of L2NO4 depending
on the measured region, and more particularly on the top electrode material. As said earlier,
the low value of ¢ measured in ROI#3 confirms the important oxygen scavenging capability of
Ti, it was however unexpected that the entire L2NO4 film would be reduced below Ti, instead
of only the first few nanometres at the surface in direct contact with the electrode. This can be
attributed to the RTA process, which, even though it was done at relatively low temperatures
(300 °C during 30 s), could strongly activate the oxygen diffusion in L2NO4 and make the
scavenging process almost instantaneous. The complete reduction of L2NO4 below Ti might
be the reason for the inferior memristive properties measured for this sample, suggesting that
a precise oxygen stoichiometry (both in the TiOy interlayer and in L2NO4) is required for

optimal memory properties.

D.2.3 Operando Hard X-Ray Photoemission Spectroscopy (HAXPES)

Operando HAXPES measurements were carried out (also on BM25B) using an X-Ray beam
focused down to 420x3000 um?, covering almost the entire electrode and film regions (ROI#1,
2 and 3 in Figure D.3), to maximize the low intensities measured in photoelectron emission
techniques (when compared to single crystal diffraction). Several core levels (for different
elements) were measured (La2ps/,, Nils, Ols, Tils, Pt3ds/,) to probe possible changes in the
binding energies characteristic of a reduction or an oxidation of for example Ti or Ni, but also
to witness the possible oxygen motion throughout the material by measuring the evolution

of the Nils or La2ps3, core levels during electrical biasing. Unfortunately, an issue with

IThe position was determined by fitting the diffraction peak with a pseudo-Voigt peak function
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Figure D.4 — Measurement setup for the HAXPES in-situ biasing experiment.

the detecting system made it unstable when measuring high kinetic energies of the emitted
photoelectrons (for Eyj, > 9000 keV), which prevented from using data acquired for core levels
with low binding energies (such as Ols). Figure D.4 shows the setup used for the operando
HAXPES measurements. The sample holder allows contacting the sample with two clamps,
the wires could then be passed through a feed-through compatible with the ultra high vacuum
(10" Torr) required for this type of measurements. The sample could then conveniently be
biased using a Keithley2400 SourceMeter directly from the control chamber.

Figure D.5 shows the Tils core level spectra’ of the Pt/L2NO4/Ti/Pt memristive device
in its initial (unbiased) resistance state, after having applied -30 V to the platinum electrode
to SET the device in a higher resistance state and after having applied an opposite voltage
(+20 V) to RESET the device in a lower resistance state. The SET voltage was applied for a
substantial amount of time (more than 14 h) leading to a (small) increase of resistance from
10.8 k€2 to 13.9 k€2. The RESET process (during which the bias was applied "only’ for 3 h)
had a negligible effect on the final resistance of the device. The increased voltage amplitudes’
and durations required to trigger a (small) change in resistance are at least partially due to
the device geometry. Indeed, these operando synchrotron measurements were subject to a

trade-off: large electrodes were required to improve the statistics and obtain quantifiable pho-

%Five individual scans were averaged to obtain one single Tils scan with good statistics (for each biasing
condition). A Shirley background was then removed from each averaged photoelectron emission spectrum.
Finally, the intensity of each spectrum was normalized in integrated intensity (the area below the curve is the
same for each spectrum). This allows comparing spectra acquired in different conditions ( for example two
measurements with different counting time).

3when compared for example to the 5V sweeps described in Chapter 4 which were sufficient to trigger a
memristive behaviour
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Figure D.5 — Operando HAXPES measurements of the Tils core level of the Ti top electrode

when the Pt/L2NO4\Ti\Pt memristive device is in IRS (light brown), after SET (black) and after
RESET (blue).

toemission spectra, but these large electrode areas (and the distance that separates them) leads
to an important loss off electric power (small current densities and low electric fields), which
might need to be higher to trigger oxygen ion motion and trigger the memristive response of
the device. Furthermore, the failed attempt to RESET the device in a lower resistance state
when applying +20 V could be linked to the ultra-high vacuum required for measurement, as
similar (same type of device) operando XANES experiments (results not shown) carried out in
atmospheric air did successfully obtain a change in resistance after the RESET biasing. Such
a high vacuum could effectively act as a reducing atmosphere, once a sufficient amount of
oxygen is removed from the sample, it could completely lose its memristive properties. Des-
pite the relatively small changes in resistance, Figure D.5 shows that the Tils core level was
subject to chemical changes during the biasing experiment. A clear decrease of the component
at high kinetic energy around 5069 eV (low binding energy) is visible after having SET the
device in HRS (when compared to the IRS - i.e. the black curve vs brown curve). The lower
binding energies are usually related to metallic bounds, meaning that the amount of metallic
Ti decreased after the SET process, which is coherent and confirms the oxidation of the Ti top
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electrode in contact with L2NO4. This intensity loss is not restored after the RESET process
as expected from the failed attempt to RESET the device to LRS discussed earlier, although a
(small) loss of intensity on the left side of the blue curve (when compared to the black curve)
is visible. This intensity loss of the high binding energy component in the photoemission
spectrum could be the marker of a slight reduction of the sample. These results are however
preliminary and require additional peak fitting to quantify the measured differences between
spectra.

An interesting observation was made when measuring the La2ps/, core level in different
regions of the sample while applying the SET bias (-30 V). Figure D.6.a shows the photoemis-
sion spectrum of La2ps/, in the IRS (brown curves) and during the SET process (blue curves)
for each of the three measured regions of the sample (ROI#1, 2 and 3). While the La2ps,
core level is similar for the three regions in their IRS, it is offset by several eV when apply-
ing the bias. The offset is expected, as applying a voltage shifts the electron energy levels to
higher or lower values depending on the voltage polarity (for example, applying a negative
voltage will make it easier to remove electrons from the sample due to coulomb repulsion,
hence increasing their kinetic energy). Nevertheless, we did not expect to be able to locally
probe the voltage drop across the sample this way. Indeed, even though all the La2ps3/, core
levels are offset towards higher kinetic energy regardless of the ROI, the magnitude of the
offset is different for each one of the three regions (21 eV in ROI#1, 18 eV in ROI#2 and
8 eV in ROI#3, see Figure D.6.a). As we are measuring a lanthanum core level®, we are sure
that the measured voltage drop is across the L2NO4 film only (the Pt and Ti electrodes do
not contain La). When plotting the voltage drop as a function of position (black arrows at the
bottom of Figure D.6.b), we can see that it correlates well with the evolution of the out-of-
plane c-lattice parameter of L2NO4 (dotted light-blue curve), which is related to the oxygen
content of L2ZNO4. This means that the lower the oxygen content, the larger the voltage drop
across L2NO4. The oxygen dependence of the resistivity of L2NO4 had already been meas-
ured ex-situ using samples annealed in different atmospheres (e.g. Figure 3.6 in Chapter 3).
However, it has now been measured in-situ, being able to relate for the first time differences
in the local oxygen stoichiometry of the L2NO4 film to resistivity changes within a single
L2NO4 memristive device.

4The same is true for the Nils core level
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Figure D.6 — (a) Operando HAXPES experiment showing the energy shift of the Layp,, core level in L2ZNO4 upon bias application for
different locations on the Pt/L2NO4/Ti device depicted in (b). The peak around 4550 eV (brown) corresponds to the energy of Layy,, in its
pristine unbiased state measured: beneath the Pt electrode; for the exposed L2NO4 film and beneath the Pt/Ti electrode (from top to bottom).
Upon the application of a strong negative bias (-30 V) on the Pt electrodes, the peak shifts towards higher kinetic energy (blue curves) with
different magnitude depending on the measuring location on the sample (+21 eV, +18 eV and +8 eV shift measured at the Pt, Center or
Ti location, respectively). (b) The graphic shows the values of energy shift extracted from (a) and the evolution of the c lattice parameter
extracted from (c) as a function of the region of the Pt/L2ZNO4/Ti device that was measured. The horizontal error bars show the lateral size
of the incident X-Ray beam. A cross-section schematic of the device showing the biasing conditions and the three regions of interest in the
L2NO4 film is also shown on top of the graph. (c) Out of plane XRD patterns measured in the Pt, Center and Ti regions. The shift of the
0 0 612nv04 and 0 0 8pon04 Bragg reflections to higher I' values when measuring beneath the Pt or the Pt/Ti electrode suggests a shortening of
the out of plane c lattice parameter of L2NO4, consistent with a loss of interstitial oxygen.



Appendix E

Résumé de la these en Francais

Les résultats présentés dans cette these s’inscrivent dans la recherche sur une nouvelle géné-
ration de mémoires basée sur le principe de la commutation résistive ou 1’application d’un
champ électrique externe peut faire varier 1’état de résistance du composant mémoire. Plus
particulierement, nous avons focalisé notre recherche sur les mémoires dites ‘a changement
de valence’ (VCM), une sous catégorie de mémoire résistive ou des réactions d’oxydoréduc-
tion sont a I’origine du changement de résistance du dispositif. Ce changement de résistance
peut avoir lieu dans le volume du matériau actif (prenant par exemple la forme de filaments
conducteurs) et/ou a I’interface avec 1’'une des deux électrodes utilisées en tant que matériau
de contact et permettant d’opérer la mémoire électriquement. Lorsque le matériau actif est
un oxyde, la dérive d’ions oxydes (O>7) induite par ’application d’un champ électrique ex-
terne peut provoquer des réactions chimiques responsables du changement de résistance de la
mémoire.

Nous avons choisi d’utiliser un oxyde complexe tel que La;NiOy4,5 pour une conception
rationnelle de VCMs. Ce matériau étant un conducteur mixte d’ions et d’électrons permettant
de tirer parti de ses propriétés de conducteur d’ions O>~ dans le volume du matériau, nous
avons voulu étudier si une amélioration du contrdle de la dérive/diffusion de ces ions améliore
le controle de la mémoire en permettant entre autre une programmation multi-niveaux ouvrant
la voie vers le calcul neuromorphique. LayNiOy,5 offre un terrain de jeu prometteur pour son
utilisation dans les VCMs dans la mesure ou, en plus d’étre un conducteur ionique, il présente
aussi une capacité de stockage d’oxygene sous la forme d’ions oxydes qu’il peut accommoder
dans sa structure cristalline au sein de sites interstitiels tétrahédriques sans se décomposer. Par
ailleurs, étant aussi un bon conducteur électrique (semiconducteur type-p), il rend plus difficile
la rupture diélectrique qui résulte bien souvent en un mécanisme de commutation résistive de
type filamentaire plus stochastique par nature.

Nous avons pu préparer La,NiOy,5 sous la forme de films minces (~70 nm d’épaisseur)



206 Résumé de la these en Francais

sur des monocristaux de SrTiOz, NdGaO3 et LaAlO3 en utilisant un bati de dép6t MOCVD a
injection pulsée. Les conditions de dépot optimales retenues sont : T = 650 °C, p = 5 Torr sous
une atmosphere composée d’un mélange 63% O,/34% Ar. Des images HRTEM nous ont per-
mis de constater la présence de 4 a 7 monocouches de LaNiO3 a I’interface LayNiOy4,5/SrTiO3,
ces couches ne sont pas présentes lors d’une croissance sur LaAlO3 ou NdGaOj3 et suggere un
mécanisme de relaxation de la mise en tension de LayNiOy4,5 par SrTiO3 (qui a un parametre
de maille plus grand). Une réorientation des domaines czono4, | (axe ¢ de La;NiOy,5 hors du
plan, perpendiculaire au substrat) en c;on04,|| (dans le plan, parallele au substrat) a ét€ mise

en évidence lorsque I’épaisseur du film dépasse les ~30 nm (pour une croissance sur SrTiO3).

Les propriétés électriques du LapyNiOy4,5 sont fortement liées a son contenu en oxygene.
En effet, nous avons pu mesurer une évolution de la résistivité de ce matériau variant de
p = 5.3x10 a 5.7 Q.cm pour une sur-steechiométrie en oxygene (8) allant de 0.08 2 0, res-
pectivement. Nous avons fait varier le contenu en oxygene des échantillons en effectuant des
recuits sous atmospheres contrélées (oxydante O, ou réductrices Ar et/ou Hy). L’incorpora-
tion d’oxygene (lors d’un recuit sous oxygene par exemple) a un effet direct sur le parametre
de maille du LayNiOy4,5. En particulier, nous avons pu mesurer I’expansion ou la contraction

du parametre de maille ¢ en fonction de la valeur de .

Les films minces de LayNiOy4,5 ont ensuite €té utilisés dans la préparation d’hétérostruc-
tures métal/La,NiO,4,5/métal. Le dépdt des contacts métalliques a été fait a I’aide d’un évapo-
rateur par faisceau d’électrons en salle blanche, en utilisant des cibles de Pt, Ag ou Ti permet-
tant d’obtenir différents types de contacts électriques. Nous mesurons par exemple un contact
ohmique entre le Pt et le LayNiOy,5 alors qu’une non-linéarité est présente dans les caractéris-
tiques électriques de la jonction Ag/La;NiOy,5. Lorsque Ti est utilisé comme électrode, la ré-
sistance du dispositif est fortement accrue suite a la création spontanée d’une couche amorphe
de TiOy a I'interface Ti/La;NiOg4,5 que nous avons pu observer par microscopie électronique
a transmission. Cette couche de ~8 nm d’épaisseur a un role décisif sur les propriétés d’une
mémoire résistive formée a partir de Pt/La;NiOy,5/Ti. Cette hétérostructure a été choisie en
tant que premier prototype visant a étudier les propriétés memristives d’'une VCM basée sur
LayNiOy4,5 puisque Ti est connu pour ces propriétés de stockage et d’affinité chimique pour
I’oxygene. Une étape dite ‘d’initialisation de la mémoire’ est nécessaire en vue d’obtenir des
propriétés memristives. Cette étape consiste en 1’application d’une tension négative au niveau
de I’électrode de Pt (tout en mettant la contre électrode de Ti a 1a masse) et differe de 1’électro-
formage plus classique en ce sens qu’il n’est pas nécessaire d’appliquer une tension supérieure
a la tension d’opération de la mémoire, limitant donc les risques de rupture diélectrique irré-
versibles du composant. Des caractéristiques I(V) de type analogique (transition graduelle

entre I’état de haute et de basse résistance du dispositif) stables et largement reproductibles
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Figure E.1 — (a) Caractéristiques I(V) d’un composant Pt/L2ZNO4/Ti entre £5 V. (b) Caractéris-
tiques R(V) du méme composant calculées a partir du courant mesuré dans (a). HRS (pour ‘High
Resistance State’) représente 1’état du dispositif en haute résistance alors que LRS (Low Resis-
tance State) représente son état basse résistance, il est possible de passer d’un état a I’autre en
balayant la tension de 0 V a -5 Vetde 0 V a +5 V, respectivement. La tension est appliquée sur
I’électrode de Pt (Ti est a la masse).

ont été€ obtenues apres initialisation de la mémoire. Un ordre de de grandeur sépare 1’état de
haute et de basse résistance (nommés HRS et LRS, respectivement) lors d’un balayage entre
+5 V. La présence d’oxygenes interstitiels dans le LayNiOy4,5 est bénéfique sinon nécessaire
a I’obtention d’un effet mémoire dans les dispositifs Pt/La;NiOy4,5/Ti. Une interaction entre
I’épaisseur et la composition de la couche de TiOx ainsi que la steechiométrie en oxygene du
La;NiOy4,5 sont surement des parametres cruciaux a prendre en compte pour I’optimisation
des propriétés memristives de ces dispositifs. Nous avons observé un comportement large-
ment multi-niveaux de la mémoire lorsqu’elle est programmée de maniere pulsée (largeur de
pulse d’une milliseconde pour une amplitude de -15 V). La mémoire est volatile en ce sens
qu’elle relaxe spontanément d’un état HRS vers un état LRS. Cette volatilité offre néanmoins
la possibilité d’implémenter une fonction d’oubli intéressante pour le calcul neuromorphique

et I’intégration de réseaux de neurones artificiels au niveau hardware.

L’ optimisation du dép6t de couches minces texturées de LaNiO3 par PIMOCVD a aussi été
effectué dans le cadre de cette these. Cette perovskite est un bon conducteur électrique (résis-
tivité pouvant descendre jusqu’a 90 uf2.cm) que nous avons voulu utiliser en tant qu’électrode
pour la croissance de films orientés de Lap;NiOy,5, permettant une configuration dite ‘top-
bottom’ des électrodes (au lieu de la configuration ‘top-top’ ou les deux €lectrodes se trouve

dans le plan a la surface du film que nous avons utilisé précédemment pour Pt/La;NiOy4,5/T1).
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Par ailleurs, I’échange d’oxygene entre le LayNiOy4,5 et le LaNiO3 décrit par Moreno et
al. [88] rend le systeme LayNiOy4,5/LaNiO3 tres intéressant pour son utilisation en tant que
VCM. Nous avons obtenu des couches minces de LaNiO3 sur LaAlO3 fortement texturées avec
une résistivité de 1’ordre de ~200 u€2.cm. La qualité cristalline des films est moins bonne (den-
sité plus importante de défauts) lorsque le LaNiOs3 est cri sur un monocristal de SrTiO3 di au
moins en partie a la présence d’impuretés de NiO (isolant) pouvant percoler sur toute 1’ épais-
seur du film. Nous avons observé que le substrat utilisé pour la croissance a un réle important
sur la qualité cristalline et la résistivité des films de LaNiOs. Bien que nous ayons initié le
dépot de bi-couches LayNiOy4,3/LaNiO3 par PIMOCD, leur optimisation est encore nécessaire
en vue de diminuer la densité de défauts (orientation mixtes, impuretés, ...) qu’ils contiennent
et d’améliorer I’épitaxie. Ce type d’échantillon a cependant pu étre préparé par PLD lors
d’un stage effectué dans le cadre d’une collaboration avec I’'ICN2 a Barcelone (au sein du
groupe ‘Nanomaterials Growth Unit’). Les résultats préliminaires issus des caractérisations
électriques sur des dispositifs Pt/LaNiO3/La;NiOy,5/Pt ont montré qu’il est possible d’obtenir
un comportement de mémoire analogique similaire a celui des dispositifs Pt/La;NiO4,5/Ti. La
mémoire est volatile est relaxe progressivement d’un état HRS vers un état LRS. Nous avons
pu observer que la réponse du composant a un stimulus électrique dépend fortement de son
historique de programmation.

Cette these a démontré qu’il y a un fort intérét a étudier 1’utilisation d’oxydes complexes,
avec en particulier les conducteurs mixtes ioniques-€lectroniques, pour leur utilisation dans
les composants de type VCM et pour I’'implémentation de réseaux de neurones artificiels au

niveau hardware.









Abstract

This thesis is focused on the understanding and development of novel materials for valence-change memories
(VCMs), a type of resistive switching memories in which the memory storage mechanism is based on internal
redox reactions. VCMs are in essence electrochemical systems. Their implementation in integrated electronic
circuits relies on a voltage (or current) to measure and operate the memory, but their functionality is highly
dependent on the chemical properties of the materials constituting the memory. In this work we present how the
mixed ionic-electronic conducting La,NiO4+s compound offers an interesting playground for VCM applications
due to its intrinsic bulk oxygen-ion conducting properties. We have successfully prepared LasNiOs+5 in the form
of highly oriented thin films on SrTiOs single crystal substrates using pulsed-injection chemical vapour deposition
(PIMOCYVD). Post-annealing treatments in oxidizing/reducing atmospheres allow tuning the oxygen content and
the p-type semiconducting properties of La;NiOu+s due to a self-doping mechanism. The obtained oxygen over-
stoichiometry in the 0 < 6 < 0.08 range induced a variation of the film resistivity between 5.7 Q.cm and 5.3x10
3 Q.cm for hydrogen or oxygen-annealed samples, respectively. The optimized La,NiOu;s thin films have been
used as a base for the microfabrication of metal/LaNiOs+s/metal heterostructures. The important role of the
metal/oxide junction in interface-type VCMs is discussed in detail. In particular, an ohmic contact is obtained with
La,NiOg4+5 when using a high work function metal such as Pt, while rectifying contact properties are obtained when
using Ti due to the presence of a spontaneously-formed TiOx interlayer (~8 nm) at the Ti/L2NO4 interface. An
asymmetric Pt/La,NiOs.5/Ti heterojunction has been selected as a first prototype to assess the memory capabilities
of a LapNiOg+s-based memristive device. A continuous bipolar analogue-type memory behaviour has been
measured, together with strong multilevel programing capabilities when operated in pulsed mode. In addition, the
promising results offered by this prototypical device have been extended for the first time to La;NiO4+5/LaNiOs
bilayers, showing memory relaxation properties, which are potentially interesting for short-term memory and
filtering applications in neuromorphic-based computational hardware.

Résumé de la theése en francais

Cette these porte sur la compréhension et le développement de matériaux innovants en tant que composant actif
pour les mémoires résistives a changement de valence (VCM), qui constitue une sous-catégorie des mémoires
résistives ou des réactions d’oxydoréduction sont a 1’origine du mécanisme de commutation résistive. Leur
incorporation dans les circuits intégrés nécessite une tension (ou un courant) électrique pour lire et programmer la
mémoire, cependant leurs fonctionnalités dépend essentiellement des propriétés chimiques des matériaux
constituant la mémoire. Dans ce manuscrit nous étudions les propriétés du composé La,NiO45, un conducteur
mixte d’ions et d’électrons qui de par sa conduction d’ions oxydes dans le volume du matériau offre un terrain de
jeu prometteur pour les VCMs. Nous avons pu obtenir des films minces de La,NiO4+s fortement texturés sur des
substrats monocristallins de SrTiOs par dépot chimique en phase vapeur a partir de l’injection pulsée de
précurseurs métalorganiques (PiIMOCVD). Des recuits sous atmosphere contrdlée ont permis de faire varier le
contenu en oxygene et d’ajuster les propriétés semiconductrices-type p de La,NiO4:5 par un mécanisme d’auto-
dopage. Une sur-steechiométrie en oxygeéne dans la plage 0 < 6 < 0.08 induit une variation de résistivité de 5.7
Q.cm a 5.3x10 Q.cm pour un recuit sous hydrogéne ou sous oxygéne, respectivement. Les films minces de
La;NiOg+5 ont ensuite été utilis€és comme base dans la conception d’hétérostructures métal/La;NiOas+s/métal. Le
role important de la jonction métal/oxyde sur les propriétés des VCMs de type interfaciales est discuté en détails.
En particulier, un contact ohmique avec La;NiOs.+5 est obtenu en utilisant un matériau d’électrode tel que le Pt
ayant un travail de sortie élevé, alors qu’un contact rectifiant est obtenu avec Ti résultant de la présence d’une fine
couche (~8 nm) de TiO formée de maniere spontanée a I’interface Ti/La,NiOa+s. Une hétérojunction asymétrique
Pt/La;NiO4.5/Ti a été sélectionnée comme prototype afin d’évaluer les propriétés memristives de composants
basés sur La;NiO4.5. Un changement de résistance bipolaire a été mesuré ainsi qu’une possibilité de
programmation largement multi-niveaux lorsque la mémoire est stimulée de maniere pulsée. Les résultats
prometteurs obtenus par ce premier prototype sont ensuite étendus pour la premiere fois a un systeme plus
complexe de bicouches La,NiO4.5/LaNiOs. Des propriétés de relaxation ont été mesurées, rendant ces mémoires
intéressantes pour leur utilisation en tant que mémoire volatile pour un filtrage dynamique dans des applications
neuromorphiques.
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